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ABSTRACT OF THE DISSERTATION

GRML, a potential target for human melanoma

By Brian A. Wall

Dissertation Director:
Suzie Chen

The survival rate for patients with advanced metastasis ranges from 2 to 8 months
with prolonged survival rates of 5% after 5 years. Targeted therapies have emerged as a
paradigm for cancer treatments with the inhibition of multiple signaling pathways
required to achieve greater successes in pre-clinical and clinical settings. Recent studies
have demonstrated that disrupting the glutamatergic system yields promising therapeutic
benefits in several cancers [1, 2, 3, 4]. The impediment of glutamate signaling in several
of these cancer cell types activated apoptosis leading to decreased tumor cell proliferation
and survival in vitro and in vivo. The amino acid, glutamate, is produced rapidly in tumor
cells by the conversion of glutamine for use in protein and nucleotide synthesis, ATP
production, and expulsion of excess carbon resulting from increased glucose metabolism
(Warburg effect) in cancer cells. More recently, aberrant glutamate signaling has been
shown to play a role in the transformation and maintenance of various cancer types,
including melanoma. Glutamate secretion from these cells has been found to stimulate

regulatory pathways that control tumor growth, proliferation and survival in vitro and in



vivo. Our group showed that treatment of human melanoma with the glutamate release
inhibitor, riluzole, caused a decrease in extracellular concentrations of glutamate in
correlation with arrest at the G,/M phase of the cell cycle, followed by apoptotic cell
death. Despite these observations, the precise mechanisms through which riluzole
hampers melanoma cell survival remain to be elucidated. The present study begins to
unravel the modes of action of riluzole in in vitro cultured melanoma cells. We identified
a previously unknown consequence in cells treated with riluzole, DNA damage.
Furthermore this observation was detected exclusively in melanoma cells expressing
metabotropic glutamate receptor 1 (GRM1). Based on these two observations, we
hypothesize that suppression of glutamate export from within the cells causes a disruption
of intracellular homeostasis of glutamate/cystine exchange by the intracellular
accumulation of unreleased glutamate. The limited amount of cystine results in a
decrease of available glutathione (GSH) potentially increasing the levels of intracellular

reactive oxygen species (ROS) followed by a rise in DNA damage.
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Introduction

The management of malignant disease remains a challenge for contemporary
medicine. To date, the development of anticancer therapeutics with the ability to target
tumor-specific proteins or pathways faces significant challenges owing to the acquired
drug resistance resulting from the abnormal physiology of cancer cells. Cancer cells are
able to respond with epigenetic as well as genetic alterations to escape therapeutic
treatment. However, the multitude of abnormalities and deregulated behaviors that occur
while transitioning from a normal to a neoplastic transformed cell type makes it difficult
to effectively target all of the critical changes that occur in the cellular biochemistry and
molecular biology within a given mass [5]. Although each cancer harbors unique genetic
variations, they all share the ability to successfully bypass regulation checkpoints that
would otherwise detect errors that arise in critical events such as DNA replication and
chromosome segregation which would normally prevent heritable transmission of the
genetic lesion to future cellular generations. These mutations, in part, desensitize the cell
to antigrowth signals that would normally block proliferation as well as cause the cell to
become resistant to programmed cell death resulting in deregulated cell proliferation and
aberrant growth. For this reason, compounds that are capable of delaying the mitotic
entry of cells, inhibiting their progression through the cell cycle, could offer a therapeutic
advantage when used in conjunction with chemotherapies that target specific signaling

pathways, there-by increasing their efficacy.

To move from a quiescent state to an active proliferative state, cells require

mitogenic growth signals [6]. These signals are transmitted into the cell by



transmembrane receptors that bind distinctive classes of signaling molecules simulating
proliferation. Cancer cells either overexpress the receptors that transduce these growth
stimulatory signals or acquire the ability to synthesize the growth factors to which they

are responsive, creating a positive signaling loop [7].

Like most other cancers, melanoma is a genetically heterogeneous disease in
which single agent therapies are likely to fail due to multiple variations in the genomic
signatures identified in these tumor types. To this end, the availability of a model system
that exhibits a single type of neoplasm that recapitulates on both pathological and
molecular levels of that tumor type is a powerful tool to characterize the molecular events
leading to initiation, promotion and progression of a given neoplasia. Toward this goal,
our group has been using transgenic mouse lines that spontaneously develop melanoma
with 100% penetrance [8, 9, 10]. Molecular approaches identified that the ectopic,
aberrant expression of metabotropic glutamate receptor 1 (GRM1) in melanocytes in
these animals is the apparent cause for melanoma development [10]. To extend to the
human system, we have established that about 65% of human melanoma biopsies and cell
lines also displayed ectopic expression of the human version of the receptor, suggesting

its involvement in some human melanomas [11].

GRML1 is a member of the metabotropic glutamate receptor (mGIuR) family.
There are eight subtypes identified to date, GRM1 belong to the G-protein coupled
receptor (GPCR) superfamily, which is widely expressed in both neuronal and non-
neuronal tissues [12]. The natural ligand for GRML1, glutamate, has trophic functions in
early central nervous system (CNS) development where it is involved in the regulation,

the proliferation, migration, and survival of neuronal progenitor stem cells and immature



neuron [13, 14]. Many GPCRs have been found to be either overexpressed or aberrantly
expressed in various cancer types, contributing to tumor cell growth once activated by
circulating or locally produced ligand. It has been well established that the oncogenic
transformation of various cell types by the ectopic expression of GPCRs is characterized
by the development of autocrine and paracrine loops that enhance cellular proliferation
[15].

Earlier studies by our group have shown that mGIluR-1-expressing human
melanoma cells have elevated concentration of glutamate in their surroundings
suggesting the existence of autocrine loops in these cells. These findings prompted us to
examine the consequences of inhibiting glutamatergic signaling in these melanoma cells.
We found that an inhibitor of glutamate release, riluzole, was able to disrupt the
glutamatergic signaling cascade and led to a reduction in cell proliferation. Further
studies showed that inclusion of riluzole in the growth media of cultured human
melanoma cells led to an initial cell arrest in the G,/M phase of the cell cycle followed by
accumulation in the pro-apoptotic/ sub G; phase while having much less effect on normal
human melanocytes under same conditions [11].

It is known that cells arrested in the G, phase tend to be more sensitive to the
effects of agents that cause DNA damage, such as ionizing radiation (IR) [16, 17, 18, 19,
20, 21, 22]. lonizing radiation remains one of the most effective tools in the therapy of
cancer. It is an efficient DNA-damaging agent with and able to be spatially specific. The
class of lesion that is most closely correlated with cell death is the DNA double strand
break (DSB), which can be the result of direct ionization of DNA or by the generation of

free radicals. As a result, mammalian cells exposed to IR show a delay of progression in



the cell cycle from G; to S phase, inhibition of DNA synthesis and a delay in the
progression from G, phase into mitosis (G,/M) [23]. Therefore, to take advantage of
riluzole-elicited G,/M arrest, we performed a series of pre-clinical studies to test whether
riluzole could sensitize melanoma cells and augment the effects of sub-lethal doses of IR.
We were able to demonstrate that riluzole in combination with IR elicits a further
increase in apoptotic cell death and a decrease in tumor cell proliferation than each one
alone in in vitro cultured melanoma cells and in in vivo tumorigenicity assays[4]. We
assessed a well-known marker of DNA DSB, the phosphorylated form of histone variant
H2A (yH2AX) which has been shown to localize around sites of DSB and is frequently
used to assess damage induced by IR. Surprisingly, we found that not only did IR
treatment result in DNA DSB, but riluzole treatment alone also yielded substantial levels
of positive yYH2AX staining. Combining IR with riluzole led to further increase in yH2AX
levels detected. These results suggested that riluzole exposure of human melanoma cells
that express GRM1 contributes to G,/M arrest and further sensitizes the cells to the

effects of IR.

Riluzole is an FDA approved drug for the treatment of Amyotrophic Lateral
Sclerosis (ALS). In the CNS, inhibition of glutamate release from nerve terminals in the
CNS results in a decrease in the concentration of the excitatory amino acid, glutamate, in
the synaptic cleft, causes a reduction in post-synaptic activation of glutamate receptors.
Recent reports also indicate that, in addition to the ability of riluzole to inhibit glutamate
release from melanoma cells, similar observations have been made in other cancer cells

[11, 24, 25, 26, 27]. This thesis describes studies in a previously unknown mode of



action of riluzole: induction of DNA damage in cells, furthermore, this unexpected
property was dependent on mGIuR-1 expression. To understand the underlying
mechanisms of riluzole-mediated DNA damage in melanoma may provide a better means

to achieve increased therapeutic activity and selectivity for this deadly disease.

Part I: Classification of skin cancers

Cancer is characterized by the uncontrolled growth of an abnormal cell to produce
a population of cells that have acquired the ability to multiply and invade surrounding
and distant tissues (metastasis). The invasive characteristic of cancers is what deems
them lethal to the organisms in which they arise. The majority of cancers are derived
from a single cell (monoclonal) and the sequential accumulation of somatic mutations,
each providing the cell a proliferative/survival advantage that drives expansion in cell
number and tumor development. The mutations acquired result in gain-of-function of
oncogenes and loss-of-function of tumor suppressor genes. Mutations arise from
imperfect DNA replication and repair, oxidative DNA damage, DNA damage caused by
environmental carcinogens and epigenetic changes. These alterations allow the cancer
cell the ability to produce their own growth signals making them independent of growth
factors for proliferation indefinitely as well as the ability to evade apoptosis, invade
surrounding tissue, and induce the formation of new blood vessels (angiogenesis) and

tumorigenesis [6, 28, 29].

Skin cancer is the most common of all cancer types with more than 3.5 million

new cases diagnosed each year in the United States [30]. There are three major types of



skin cancer: squamous cell carcinoma, basal cell carcinoma and melanoma. Solar
ultraviolet (UV) light has been the major carcinogenic agent for non-melanoma skin
cancer (NMSC). The induction of NMSCs is mainly caused by the absorption of UV by
DNA forming UV-specific dipyrimidine photoproducts. The two main photo products
believed to be responsible for most of the carcinogenic effects of UV radiation are
cyclobutane pyrimidine dimer (CPD) and 6-4 pyrimidine —pyrimidone [31, 32]. These
photoproducts interfere with DNA replication leading to mutations with more specific
mutations induced by UV-B in DNA sequences most often including single-base
substitutions of cytosine (C) for thymine (T). Lesions involving double-base changes
from CC to TT also occur, however, but less frequently [32]. This damage can be
efficiently repaired by nucleotide excision repair or replicated by low fidelity class Y
polymerases. Insufficient repair of these lesions followed by errors in replication produce
characteristic mutations in dipryimidine sequences resulting in initiation events that lead

to carcinogenesis.

A. Squamous cell carcinoma

Skin squamous cell carcinomas (SCC) are derived from epidermal keratinocytes
and commonly manifest at the ages of 60-70 [33]. SCCs can be confined to cells in the
epidermis or can radiate down into the dermal layer (Bowen disease or SCC in-situ).
Clinically, lesions present themselves as an erythematous, indurated papule, plaque or
nodule with adherent scale. In the United States, an estimated 700,000 cases of SCC are
diagnosed each year resulting in approximately 2,500 deaths [30]. SCC is mainly caused

by cumulative UV exposure and for this reason occurs most often in areas on the body



frequently exposed to the sun. Ultraviolet B radiation (wavelength, 290 to 320 nm) from
the sun causes the majority of the damage with ultraviolet A radiation exposure (320 to
400 nm) causing an increased risk of incidence [34]. Ultraviolet radiation exposure
produces mutations in DNA, frequently via the formation of thymidine dimers in the p53

tumor-suppressor gene [35].

In addition to UV radiation, other agents are known to cause SCC’s, however,
whether the molecular progression for these lesions are the same as those caused by UV
is not well established. Arsenic exposure has been shown to cause skin cancer through
causation of gene amplifications [36]. Arsenical SCC develops as hyperkeratotic lesions
on the skin called arsenical keratoses often on the palms of the hands and soles of the
feet. In addition chemicals such as 7,12-dimethylbenz[a]anthracene (DMBA) and 12-O-

Tetradecanoylphorbol 13-acetate (TPA) have been shown to induce SCC in mice [37].

B. Basal cell carcinoma

Basal cell carcinoma (BCC) is a malignant neoplasm that arises from the basal
cells of the skin and the follicular infundibulum [38]. BCC constitutes approximately 80
percent of all non-melanoma skin cancers occurring predominantly in fair-skinned
individuals and is more common in males than females [39]. Clinically, BCC presents
itself as a slow-growing pearly papule with overlying spidery red skin lesions caused by
dilated blood vessels known as telangiectases or poorly demarcated erythematous.
Depending on the configuration of cells in the tumor, BCC’s are classified as superficial,

nodular, infiltrative or morpheaform. Superficial BCCs occur commonly on the torso and



presents as a scaly erythematous patch or plague on the surface of the skin. Superficial
BCCs are attached to the epidermis with little penetration into the dermal layer of the
skin [40]. Superficial BCC is very responsive the topical chemotherapies, imiquimod and
Fluorouracil [41, 42]. Nodular BCC is the classic form of the disease which presents
itself as a pearly papule or nodule with overlying telangiectases and a rolled border that
may exhibit central crusting or ulceration. Nodular BCC is found usually embedded in a
fibroblastic stroma located in the dermis with the tumor mass itself mainly located in the
dermal layer and not at the dermal-epidermal junction [43]. Both nodular and superficial
types may contain melanin and appear brown, blue, or black in color. Infiltrative BCC,
also known as sclerosing, fibrosing, or morpheaform, typically appears as an indurated,
whitish, scar-like plague with indistinct margins. This form of BCC is considered the
most aggressive type and is characterized by the tumor penetrating deeply into the
dermis. Infiltrative BCC can invade deep into the dermis and invade bone, cartilage

along the outside of nerves (perineural invasion).

In addition to sporadically occurring BCC, heritable disorders exist that cause
BCC to develop at an earlier age and a higher rate than the general population. These
include nevoid basal-cell carcinoma (or Gorlin’s) syndrome, albinism, xeroderma
pigmentosum, the Rombo syndrome and the Bazex syndrome [44, 45]. Inappropriate
activation of the hedgehog (HH) signaling pathway is found in both sporadic and familial
cases of BCC. Secreted sonic HH (SHH) protein binds the tumor-suppressor patched
homologue 1 (PTCH1), abrogating PTCH1-mediated suppression of intracellular

signaling by a transmembrane protein, the G-protein-coupled receptor smoothened



(SMO). Constitutive activation of SMO results in the activation of members of the GLI
family of zinc finger transcription factors leading to upregulation of target genes [46]. In
addition, mutations in the p53 tumor-suppressor gene are found in approximately 50% of
cases of sporadic BCC with many being C—T and CC—TT transitions at dipyrimidine

sequences, indicative of exposure to UVB radiation [47].

C. Melanoma

Human cutaneous malignant melanoma is potentially a highly aggressive,
metastatic form of skin cancer. Although melanoma accounts for only 5% of the three
major forms of skin cancer, it has the highest mortality rates of all skin cancers and is the
leading cause of cancer death in people under the age of 30. Patients who are diagnosed
of advanced malignant melanoma have a median survival of approximately 8 month and
a 5-year survival rate of about 5% [48]. While the incidence of many other cancers is
falling, the incidence of malignant melanoma is increasing rapidly worldwide at a rate
faster than that of any other cancers [49, 50]. In the United States, melanoma is the 3rd
most common cancer in men, the 4th most common cancer in women and the most
common fatal malignancy among young adults [51, 52, 53, 54]. An estimated 76,250 new
cases of melanoma will be diagnosed in the United States in 2012 alone and estimates
indicate that more than 1 in 50 Americans will be diagnosed with melanoma during their
lifetime [54, 55, 56]. Worldwide, the incidence of melanoma is increasing 3-7% per year
in people of European descent [57]. At the present time, prevention and early detection

are the only effective measures of successfully treating this disease.
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Once diagnosed, melanoma is commonly treated by surgical removal of the tumor
area. However, if melanoma cells become metastatic, these cancer cells can rapidly
spread throughout the body, resulting in poor prognosis and reduced survival. Despite
screening and early detection programs, the rising incidence of melanoma has been

correlated with stable or increasing melanoma-related mortality in the US [58].

Cancer staging systems are specific for each cancer type. Melanoma is classified
into different stages based on the size, growth and spreading of the tumor. It can range
from stage 0, where melanoma cells are only located in the epidermis, to stage 1V, where
the tumor has metastasized and spread to other parts of the body. Histological features
such as the tumor thickness, mitotic rate and ulceration of the primary melanoma become
important hallmarks of melanoma prognosis and staging [59]. During diagnosis,
physicians will determine the stage of the melanoma through several procedures
including biopsies, x-ray imaging (particularly in the chest area for lung metastasis),
computed tomography (CT) scan, magnetic resonance imaging (MRI) and positron
emission tomography (PET) scan. Once diagnosed, stage 0 and | melanomas and/or
nearby lymph nodes are surgically excised [60, 61]. In these early stages, melanoma is
confined to the skin, where the disease is curable in a high percentage of cases through
surgical removal of the tumor [62]. Once melanomas undergo metastasis and surgical
removal is not sufficient to remove the tumor, patients undergo adjuvant cancer therapies

such as chemotherapy, radiotherapy and immunotherapy.
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Part Il: Melanocytic Transformation

A. Normal melanocytes

In mammals, pigment is produced exclusively by pigment-producing cells called
melanocytes. The majority of melanocytes reside in the skin, particularly within the
epidermis and hair follicles. Melanocytes can also be found in the dermal and the basal
cell layer of the epidermis (cutaneous melanocytes) as well as the orbital cavity including
the retina, iris, and choroid; the inner ear, leptomeninges and the mucous membranes
(extracutaneous melanocytes) [63]. Melanocytes in mammals traditionally synthesize
three prototypes of melanin: eumelanin which is brown-black and insoluble;
pheomelanins which are reddish yellow and alkali soluble; and trichromes which, like
pheomelanins, occur in certain types of yellow or red and insoluble at neutral pH.
Epidermal melanocytes contribute to photoprotection and thermoregulation by packaging
melanin-containing melanosomes and delivering them to neighboring keratinocytes, a
relationship that has been termed the epidermal melanin unit [64, 65]. Melanocytes
found in hair follicles actively synthesize and transfer melanin into hair matrix cells

during the anagen phase of the hair cycle [66].

Eumelanin consists of a mixture large molecular weight polymers consisting of 5,
6-dihydroxyindole units. Pheomelanin is a polymer formed by cysteinyl-dopas through
reactions of dopaquinone with cysteine or glutathione and is more photoliable than
eumelanin. The metabolic biosynthesis of eumlenins, pheomelanins and trichomes

involve the oxidation of L-tyrosine by the enzyme tyrosinase to 3, 4-



12

dihydroxyphenylalanine (L-DOPA). L-DOPA is then oxidized to dopaquinone by the
same enzyme (Figure 1). During development, melanocytes are derived from pluripotent,
trunk neural crest cells that differentiate into numerous cell lineages that include neurons,
glial cells, medullary secretory cells, smooth muscle cells, and bone and cartilage cells

[67].

Melanogenesis is stimulated by melanocortins, including melanin-stimulating
hormone (MSH) and andrenocorticotropic hormone (ACTH), as well as androgens,

estrogens, and inflammatory mediators [68].

B. Nevus

The term “nevus” is a general term used to designate a benign tumor composed of
melanocytic cells [69]. In the skin, there are two main groups of nevi: the superficial
and the deep or blue nevi [70, 71]. Pathologically, there are three groups of nevi
classified by their distinct features in the skin (1) Common acquired nevi which include
atypical melanocytic nevi; (2) congenital melanocytic nevi; and (3) spitz nevus.
Superficial nevi are further subdivided into dermo-epidermal (junctional), dermal,
compound (junctional plus dermal) and spindle/epithelioid cell nevi [72, 73].
Epidemiological studies have suggested that persons with high numbers of acquired and
dysplastic nevi are at an increased risk of developing melanoma [74]. Persons who have
at least 12 nevi with a diameter of 6.35 mm or larger have a 41-fold increased risk of
developing melanoma while those having atypical, relatively large (dysplastic) nevi have

a 5-10% life-time risk of developing the disease [75, 76]. Approximately 40% of
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melanomas develop in a dysplastic nevus and symptoms of neoplastic transformation
include a change in color, development of a depigmented halo or total loss of pigment,
and superficial spreading of the borders. Surface elevation, itching, bleeding, and oozing

tend to occur at more advanced stages of initiation/progression [77].

C. Primary melanoma

Primary melanomas evolve from melanocytes or precursor lesions, nevi. The
steps of primary melanocytic neoplasia have been divided into six evident steps of tumor
progression from the neoplastic system that affects the human epidermal melanocyte: (1)
the common acquired melanocytic nevus; (2) a melanocytic nevus with lentiginous
melanocytic hyperplasia; (3) a melanocytic nevus with aberrant differentiation and
melanocytic nuclear atypia; (4) the radial growth phase of primary melanoma; (5) the
vertical growth phase of primary melanoma; and (6) metastatic melanoma. An acquired
nevus, or mole, is considered to be a focal proliferation of melanocytes that is to follow a
distinct pathway of differentiation resulting in the disappearance of the nevus; however,
if this pathway is not followed, aberrant differentiation occurs forming a characteristic
lesion termed melanocytic dysplasia which is regarded as the formal histogenetic

precursor of melanoma.

There are several criteria for classifying a new melanoma as an independent
primary. The presence of a melanocytic nevus (in situ melanoma) is the strongest

evidence in favor of a primary tumor. Additional criteria separating metastatic and
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primary lesions include location, grouping, invasion of lymphatic capillaries, and the

presence of inflammatory cell infiltrate [78, 79].

Primary malignant melanomas progress through two growth phases: radial and
vertical. Radial growth is characterized by the net enlargement of the tumor at its
periphery along the radii forming an imperfect circle spreading laterally into the
surrounding epidermis. Over time, the lesion may progress to the vertical growth phase at
which time the malignant cells become invasive and spread to the dermal layer of the
skin. Tumors at this stage can be further transformed and gain the ability to metastasize

to distal organs in of the body.

Radial Growth Phase (RGP)

This class of primary melanoma is classified by the enlargement of the tumor
slowly along the periphery of the lesion. The neoplastic lesion is considered a malignant
melanoma that is confined to the epidermis above an intact basement membrane (in situ)
or invasive, non-tumorigenic in the dermis [80]. These lesions are indolent and tend to
expand in a horizontal, plaque-like manner and do not invade into the dermal
mesenchyme. RGP melanomas found in the dermis are usually surround by an intact
basement membrane zone and are interpreted as invasive histologically, however, since
they are contained, metastases does not occur [81]. Primary melanomas found in the
RGP are easily removed by surgical excision with a cure rate that approaches 100% [82].
In culture, several cell lines derived from RGP melanomas lose their pigmentation

markers such as tyrosinase and tyrosinase related protein 1 (TRP-1) however, the
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expression of melanoma-associated antigens such as MART-1 are sustained [83].
Additional cellular features observed in RGP melanomas include lack of autocrine

stimulation for growth and independence of growth factors [84].

Vertical Growth Phase (VGP)

The vertical growth phase (VGP) of the primary melanoma is characterized by
focal, dermal growth that forms an expansile nodule [60, 85]. This stage of primary
melanoma grows rapidly and penetrates the basement membrane that separates the
epidermis from the dermal mesenchyme. These lesions contain a greater proportion of
metastatically competent melanoma cells [86]. Certain attributes of VGP melanomas that
predict whether or not they will become metastatic or not are: (1) the mitotic rate of the
lesion mm; (2) presence of tumor infiltrating lymphocytes; (3) the tumor thickness; (4)
the anatomic site of the primary; (5) the sex of the patient; and (6) the histologic foci of
complete regression of the primary lesion [87]. Thick vertical growth phase tumors have
chromosomal abnormalities, usually at chromosomes 1, 6, and 7 and these genetic
alterations appear in parallel with increasing biological aggressiveness. All VGP
melanomas are tumorigenic and independent of the phorbol ester, 12-O-
tetradecanoylphorbol-13-acetate (TPA). Additionally, the expression of proliferation
markers such as the antigen Ki-67, is increased in VGP melanomas compared to RGP.
The protein Ki-67 is a cellular marker strictly associated with cellular proliferation due to
its presence during all active phases of the cell cycle and its absence in resting cells [88].
The dermal Ki-67 staining index (SI) in RGP melanomas is 3.5% whereas the Ki-67 Sl in

VGP was shown to be 13% [89]. Additionally, VGP melanoma cells display extensive,
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non-random chromosomal abnormalities as opposed to those of RGP cells which are

minor in comparison [85].
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Part 111: Contribution of genetic alterations in melanocytic neoplasia

All cancers are fundamentally genetic. The transformation of normal cells is
caused by a series of genetic alterations including deletions, amplifications, chromosomal
translocations and inversions [90]. Approximately 10% of melanoma cases result from
the familial transmission of susceptibility loci in the germline [91]. Acquisition of the
melanoma phenotype occurs as a stepwise process resulting from the accumulation of
mutations at critical genetic loci that confers a growth advantage of the nascent “cancer”
cells [92]. Normal cellular genes termed proto-oncogenes are converted through gain-of-
function mutation to oncogenes which permit enhanced cellular proliferation. Tumor-
suppressor genes act in a recessive fashion since the genetic alterations associated with
these genes in carcinogenesis are loss-of-function mutations in which both alleles at the
genetic locus must sustain inactivating genetic lesions in order for the transformation to
occur [93, 94]. Most genes that are targeted for activation or inactivation during the
development of melanoma are involved in the control of cellular proliferation or cellular

survival.

A. Proto-oncogenes / tumor suppressor genes

The uncontrolled proliferation that represents the hallmark of neoplastic disease
involves deregulated cell proliferation through the quantitative or qualitative activation of
proto-oncogenes that lead to the aberrant expression or activation of their protein
products, or high frequency deletion of tumor suppressor genes [95]. Activation of an
oncogene is dominant in action over a proto-oncogene since only a single copy of an

activated oncogene is required to have an impact on the transformation of the cell [96].
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Many oncogenes encode growth factors and their receptors that participate in regulating
cellular proliferation. Inherited mutations leading to the gain-of-function of proto-
oncogenes or the loss-of-function of tumor suppressor genes increase individual cancer
susceptibility [97]. Cancer predisposition resulting from a mutation in a tumor suppressor
gene is inherited in a dominant fashion in that it is only necessary to inherit one copy of

the gene to be predisposed for cancer development.

Receptor Tyrosine Kinases

Signal transduction pathways are used by cells to receive and process information
to produce a cellular response. These molecular circuits detect, amplify, and integrate
information from the outside to the inside of the cell generating responses such as
changes in enzyme activity and gene expression in order to carry out the cellular
responses. The protein products of oncogenes are involved in signal transduction and are
represented by growth factors, growth factor receptors, small-molecular-weight GTPase,
receptor tyrosine kinases, nonreceptor tyrosine kinases, serine/threonine kinases, and

transcription factors [97, 98, 99, 100, 101].

Receptor tyrosine kinases are receptors that use intrinsic tyrosine kinases (RTK)
activity to mediate their proliferative effects. RTKs consist of three domains: an
extracellular N-terminal domain that binds to its specific ligands, a transmembrane
domain that spans the plasma membrane and an intracellular C-terminal domain that
contains intrinsic tyrosine kinase activity [102, 103]. Some RTKs are proto-oncogenes

that are involved in alteration of reactive oxygen species (ROS), activation of
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downstream signal transduction molecules, cellular proliferation, migration, and survival.

Examples of such RTK proto-oncogenes include c-Kit, Eph, PDGF, Flt3, and c-Met.

KIT

The KIT receptor tyrosine kinase gene (c-kit) was first identified in 1987 [104].
KIT is a type Il receptor tyrosine kinase characterized by a glycosylated extracellular
ligand transmembrane binding domain and an intracellular segment containing a
juxtamembrane inhibitory domain and two tyrosine kinase domains [105]. The ligand
for KIT, stem cell factor (SCF, also known as kit ligand, steel factor, or mast cell growth
factor) is expressed as a heavily glycosylated transmembrane protein whose biologically
active form is a noncovalently associated dimer. Binding of SCF to KIT results in
receptor dimerization, autophosphorylation, and activation of the intracellular tyrosine
kinase domain. Once activated, KIT has been shown to initiate multiple downstream
signaling pathways such as MAPK/MEK, PI3K/AKT and JAK/STAT [105, 106]. KIT
and SCF are important for proper melanogenesis, proliferation, migration, and survival
with loss of function of KIT resulting in the ability of melanocytes to migrate to distant
sites from the neural crest during development [107]. Although KIT is expressed in some
melanomas, loss of expression is observed with progression of the disease from
superficial to invasive to metastatic stages suggesting that expression of the receptor in
melanomas had tumor suppressive activities [108, 109]. Overexpression of KIT in
melanoma cells resulted in reduced tumor growth and cell death [108]. However, it has
been shown that specific subtypes of melanomas, particularly those of the acral

lentiginous, mucosal, and chronic sun-damaged sites frequently harbor activating
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mutations or increased copy number in the KIT tyrosine kinase gene. More specifically,
patients with melanoma harbor activating mutation K642E (KIT®*%#) as well as a 7-
codon duplication of exon 11 [110]. Melanoma patients with mutated KIT have been
reported to respond to treatment using imatinib mesylate, an orally available ATP-

competitive inhibitor of several tyrosine kinases including KIT [110, 111, 112].

c-MET

The receptor tyrosine kinase c-Met encodes the hepatocyte growth factor receptor
(HGFR), a membrane receptor that is primarily expressed in epithelial and mesenchymal
cells [113, 114]. Its normal function is associated with wound healing, liver regeneration,
and embryonic development. Dysregulation of c-Met through overexpression, gene
amplification, mutation, or a ligand-dependent autocrine/paracrine loop is known to play
a significant role in the pathogenesis of many types of solid tumor types via mediating

increased invasion and metastasis [103, 115].

The natural ligand for c-Met is hepatocyte factor/scatter factor (HGF/SF), a
disulfide-linked a-B heterodimeric RTK that has been previously identified as a proto-
oncogene and is produced predominantly by mesenchymal cells that acts primarily on
Met-expressing epithelial cells in an endrocrine/paracrine fashion [116, 117]. HGF is
known to be a paracrine factor that is produced by stromal and mesenchymal cells and act
on Met-expressing cells [118]. Activation of c-Met by HGF leads to autophosphorylation
of tyrosine residues located within the intracellular region that result in the intrinsic

activation of key oncogenic pathways such as RAS, PI3K, STAT3, and -catenin [119].
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The HGF/c-Met signaling pathway leads to an array of cellular responses including
proliferation, survival, angiogenesis, wound healing, tissue regeneration, scattering,

motility, invasion, and branching morphogenesis [120].

PI3K/AKT/PTEN

The serine-threonine protein kinase, AKT (also known as protein kinase B or
PKB) and phosphoinositide-dependent kinase 1 (PDK1) are important downstream
targets of PI3K. The main biological consequences of AKT activation are cell survival
and increased cell growth. AKT activation is known to involve in both mitogenic
signaling and cell survival in a number of human cancer types. Human AKT exists in
three isoforms: AKT1, AKT2 and AKT3. PI3K mediates cleavage of PIP,, which
produce PIP; at the inner surface of the plasma membrane. PIP which acts as a second
messenger to recruit AKT through interaction of its pleckstrin homology (PH) domain, a
domain conserved in signaling proteins that accumulate at sites of PI3K activation.
Phosphorylation of AKT is dependent on phosphorylation, in part, by PDK1 [121, 122].
Activated AKT in turn mediates signaling through the phosphorylating inactivation of a
multitude of downstream targets involved in apoptosis, including the phosphorylation of
cyclic AMP response element--binding protein (CREB) as well as IkB kinase (IKK),
which further activates central regulators of cell death: nuclear factor —xB (NF-kB) and
p53. AKT-mediated induction of NF-kB occurs via activation of IkB which induces
degradation of the NF-xB inhibitor IkB leading to release of NF-kB from the cytoplasm
and translocation to the nucleus leading to the expression of survival genes such as AP

that promotes survival by inhibiting downstream activation of caspase-9 and -3 [123, 124,
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125, 126, 127]. AKT influences p53 activity through phosphorylation of the p53-binding
protein, MDM2. MDM2 regulates p53 function by targeting p53 for degradation by its
E3 ubiquitin ligase. AKT phosphorylation of MDM2 allows increased translocation of
the proteasome to the nucleus where it binds p53 resulting in its degradation [127, 128].
In addition, the oncological significance of amplified AKT expression has been well
documented in gastric carcinoma, ovarian, pancreatic and breast tumors [129, 130, 131].
AKT phosphorylation of the apoptosis-inducing protein, Bad, prevents binding of Bad to
the antiapoptotic Bcl-2-type proteins, Bcl-2 and Bcl- x.. Bad promotes cell death by
forming a non-functional hetero-dimer with the survival factor Bcl-x. [132].
Upregulation of Bcl-x. promotes survival by regulating coupled respiration through
supporting ATP/ADP exchange across the outer mitochondrial membrane [133].
Phosphorylation of Bad by AKT prevents heterodimerization with Bcl- x, restoring its
anti-apoptotic function [134, 135]. In addition, it has also been implicated that PI3K-
AKT modulates tumor-induced angiogenesis in part through hypoxia-induced factor-1a
and NF-xB, which induces expression of the pro-angiogenic growth factor, vascular
endothelial growth factor (VEGF) and suppression the endogenous anti-angiogenic
molecule, thrombospondin-1 (TSP-1) [136, 137]. VEGF and its receptor, VEGFR are
major angiogenesis inducers associated with tumor angiogenesis in numerous

malignancies [138].

The PTEN tumor suppressor is a dual-specificity phosphatase, which has protein
phosphatase activity and lipid phosphatase activity that antagonizes the PI3K-AKT

pathway and is found to contain inactivating mutations in many human cancers including
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melanoma. PTEN negatively regulates PIP3-mediated signaling cascades by hydrolyzing
the 3-phosphate to generate PIP, making PTEN critical in phosphatidylinositol

homeostasis and regulating the proliferation and invasion of many cancer cells [139].

NRAS/BRAF

The mitogen-activated protein kinase (MAPK) pathway which encompasses the
Ras/Raf/MEK-extracellular signal-regulated kinase 1 and 2 (ERK1/2) signaling cascade
is one of the most frequently dysregulated pathways in melanoma as well as other human
cancers [140, 141]. Mutations in codon 12, 13, or 61 of the three RAS genes convert the
three major isoforms, H-RAS, K-RAS and N-RAS respectively, into oncogenes [142,
143]. The RAS family of small G proteins transduces signals triggered by extracellular
growth factors, a wide variety of hormones, and differentiation factors. Activation of
RAS proteins leads to an exchange of GDP with GTP dependent on the recruitment of
guanine nucleotide exchange factors (GEFs) to the cell membrane where RAS resides. In
response to receptor activation, the RAS GEF, SOS1 (son of sevenless) is recruited to the
membrane by the adaptor protein GRB2 (growth-factor-receptor-bound protein 2) which
recognizes tyrosine phosphate docking sites located on the receptors themselves or on the
receptor substrate proteins [144]. The binding of SOS1 to GBR2 causes its localization
to the plasma membrane where it activates membrane bound RAS [145].
Phosphorylation of the SOS complex mediated by activated ERK signaling induces
disassembly and termination of RAS activation. Activated RAS has a high affinity for,
and binds to downstream RAF kinases, causing their translocation to the cell membrane

where RAF activation occurs [146]. In melanoma, activating mutations in the N-RAS
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isoform are the second most commonly activated oncogene leading to constitutive
activation of MAPK signaling followed by activating mutations in BRAF [147].
Activating mutation Q61R has been found to be common in familial melanoma cases

suggesting its significance as a genetic marker for familial melanomas [148, 149].

RAF genes encode serine/threonine-specific protein kinases. In mammals, three
isoforms of Raf proteins, Raf-1 (or C-Raf), A-Raf, and B-Raf are expressed with C-Raf
being ubiquitously expressed in all tissues and isoforms A and B having more specialized
functions. Deficiencies in A-RAF expression have been shown to result in intestinal
and/or neuronal defects while defects in B-RAF expression show defects in
neuroepithelial differentiation and the maturation and maintenance of endothelial cells
[150]. Although the three Raf proteins share high amino acid homology, they are
differentially regulated and exert different functions. B-Raf has higher affinity and
stronger stimulation toward MEK than either A-Raf or C-Raf due to its high binding
affinity for GTP- bound Ras proteins [151]. Activation of Ras causes B-Raf to
translocate to the plasma membrane from the cytosol and bind to the activated, GTP-
bound Ras. Inappropriate and/or persistent activation of B-Raf results in abnormal
differentiation and proliferation and cancer development through activation of the
MAPK pathway [152]. Among the different B-Raf mutations, a single-base missense
substitution resulting in a T to A transition at nucleotide 1799 causes the substitution of a
valine for a glutamic acid at codon 600 (V600E) of the kinase domain. The mutant
BRAFY®™F causes the hyper-activation of the MAPK pathway as a result of a

conformational change in the protein structure caused by a phosphomimetic glutamic
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acid located between the Thr 598 and Ser 601 phosphorylation site [153]. This disrupts
the interaction between the P-loop and the activation segment of the B-RAF protein [154,
155]. Activating mutation BRAF*%° is the most prevalent activating mutation found in
human malignant melanomas, being detected in 66% of cases [156]. In addition,
approximately 70% of benign nevi and 10% of RGP melanomas carry the activating
mutation implying that B-RAF may be involved in the initiation rather than progression

of the disease [157, 158].

Cyclin-dependent kinase N,A (CDKN,A)

For decades, familial occurrences of melanoma and dysplastic nevi were
recognized in families having common deleterious germline mutations found on
chromosome 9p21 [159, 160]. This locus generates at least two alternatively spliced
variants: the cyclin-dependent kinase inhibitor ,A (CDKN,A/p16™*) and p14”7F,
translated in alternate reading frame (ARF). Both proteins are potent tumor suppressors
that function in cell cycle regulation. p16™** binds to and inhibits activity of cyclin
dependent kinases 4 and 6 (CDK4 and CDK®6) preventing them it from phosphorylating
the retinoblastoma (RB) protein [161]. G;-S phase transition is usually dependent on
hyperphosphorylation of RB by the cyclin D;/CDK, complex [162, 163].
Phosphorylation of RB causes the release of transcription factor E2F1, an inducer of S-

phase genes. Loss of p16™*

promotes G;-S transition and re-entry into the cell cycle.
p14”"F binds to human double minute-2 (HDMZ2) protein at its N-terminus and promotes
its rapid degradation. Loss of p14“% results in a decrease in HDM2 degradation and an

increase in HDM2-mediated ubiquitination and degradation of p53 [164]. In both the
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germline and somatic levels, lesions in the CDKN,A region eliminate both the RB and

6nk4A 4ARF

p53 pathway through loss p1 of and p1 , respectively.

B. Current therapies

Staging and Surgical Removal

Once diagnosed, early stage melanoma is commonly treated by surgical removal
of the tumor. However, if melanoma becomes metastatic, the cancer can rapidly spread
throughout the body, resulting in poor prognosis and reduced survival. Despite screening
and early detection programs, the rising incidence of melanoma has been correlated with

stable or increasing melanoma-related mortality in the US [58].

Melanoma is classified into different stages based on the size, growth, and
spreading of the tumor. The tumor-node-metastasis (TNM) classification system is used
for all solid tumors based on the size and extension of the primary tumor, its involvement
of lymphatics and presence of metastases [165, 166]. T denotes the description of the
primary tumor in regard to size and whether it has invaded surrounding tissue. N denotes
the degree of nodal involvement. M denotes the degree of metastasis to distant sites.
Further classification by use of letters and/or numbers after each category provides
further description as to the degree of the T, N or M staging with each cancer type having
its own version of this classification system. All TNM cancer staging is determined by
either a clinical stage or a pathological stage [167]. The clinical stage is an estimate of
how much cancer there is based on an overall physical exam including imaging tests, and

tumor biopsies. This stage is a key determinant for deciding the type of treatment and



27

provides a baseline for the overall response of the cancer to therapies. Pathological
staging (also called surgical staging) allows direct examination of the tumor following
removal of tissue during surgery or a biopsy allowing microscopic examination of the
tumor. Clinical stage and pathological stage are denoted by a small “c” or “p”,
respectively preceding T, N or M. Once the values for T, N and M have been determined
they are combined and the overall stage is assigned [167, 168]. The overall numerical
staging (also known as Roman numeral staging) describes the degree that the cancer has
advanced from the primary stage using numerals I, I1, 111 and IV (including 0) [169, 170].
Stage O indicates that the malignant melanoma is localized to the part of the body where
it initially developed (carcinoma in situ). Stage IV is the most advanced and indicates
that more cancer is present than in the lower stages. Stage IV is usually associated with
metastasis to distant organs throughout the body. Histological features such as the tumor
thickness, mitotic rate and ulceration of the primary melanoma become important
hallmarks of melanoma prognosis and staging [59]. During diagnosis, doctors will
determine the stage of the melanoma through several procedures including biopsies, x-ray
imaging (particularly in the chest area for lung metastasis), computed tomography (CT)
scan, magnetic resonance imaging (MRI) and positron emission tomography (PET) scan
[171, 172]. Once diagnosed, stage 0 and | melanomas and/or nearby lymph nodes are
surgically excised [60, 61]. In its earlier stages, melanoma is confined to the skin, where
the disease is curable in a high percentage of cases through surgical removal of the tumor
[62]. Once melanomas undergo metastasis and surgical removal is not sufficient to
remove the tumor, patients undergo adjuvant cancer therapies such as chemotherapy,

radiotherapy and immunotherapy.
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Chemotherapy

As is the case for numerous types of cancer, chemotherapy remains the most
common form of treatment for melanoma. Chemotherapy is generally initiated along
with surgical removal of the tumor in the case of melanoma. Currently, dacarbazine
(DTIC) is the only FDA-approved chemotherapeutic agent for the treatment of metastatic
stage IV melanoma [173]. Although the exact mechanisms of action are not known,
DTIC acts as an alkylating agent resulting in methylation of nucleic acids and inhibition
of DNA, RNA and protein synthesis. Resistance develops from increased activity of
DNA repair enzymes such as O6-alkylguanine-DNA alkyltransferase (AGAT). DTIC is
a prodrug and is metabolized by microsomal cytochrome P450s to the active metabolites
MTIC (monomethyl triazeno imidazole carboxamide) and AIC (5-aminoimidazole-4-
carboxamide). Studies conducted in the 1970s showed treatment response rates ranging
from 10 to 20% following intravenous administration of the compound [174]. Patients
treated with DTIC intra-arterially showed a reduction of lesions after 20 months of

treatment, although distant metastasis was not significantly affected [175].

Derivatives of DTIC, such as the prodrug temozolomide (TMZ), are also under
investigation as potential therapies for melanoma. TMZ acts in a similar manner to DTIC
having the ability to alkylate/methylate DNA, preventing cell proliferation and triggering
tumor cell death, but appears to undergo faster chemical conversion to the therapeutically
active compound MTIC than DTIC due to its rapid chemical conversion in systemic

circulation at physiologic pH to MTIC [176]. In addition to being orally administered,
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TMZ had an improvement on the response rate, overall survival and progression-free

survival of patients with advanced melanoma [177].

Unfortunately, melanoma is highly chemo-resistant after prolong treatment with
DTIC or TMZ and thus ongoing studies exploring combinatorial therapies and new

compounds to increase the efficacy of currently available drugs [178].

Radiotherapy

The goal of radiotherapy is to cause reproductive cell death of all malignant cells
in a tumor [179]. Radiotherapy for cancer treatment involves the use of ionizing radiation
caused by highly energized subatomic particles or electromagnetic waves to cause cell
death or genetic change either directly or indirectly. The class of lesion which correlates
with cell death is the DNA double strand break (DSB) that can be induced directly by
ionization of the DNA or indirectly by the formation of free radicals [180]. The majority
of lesions are repaired rapidly either by conserved enzymatic pathways such as
homologous recombination (HR) repair which occurs mainly in the S and G, phases of
the cell cycle or by non-homologous end joining (NHEJ) which can occur throughout the
cell cycle [181]. Lesions that are misrepaired result in a loss of fidelity of the genetic
message and give rise to mutations. Lesions that remain unrepaired may generate
chromosomal aberrations leading to cell death following several rounds of the cell cycle.
This mode of death is referred to as mitotic or clonogenic cell death and is the major
mechanism by which the majority of solid tumors respond to clinical radiotherapy [182].

Alternatively, apoptotic cell death also occurs following irradiation. Radiation-induced
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apoptosis involves DNA damage repair (DDR) response and subsequent initiation in the
activities of the phosphatidyl-inositol-3-OH kinase-like kinases (PIKKSs), ataxia
telangiecstasia mutated (ATM) and aminomethyltrimethylpsoralen (AMT)-and Rad3-
related (ATR) signal transduction pathways that inhibit cell-cycle progression. The ATM
kinase is activated following DNA damage whereas ATR is critical following the arrest
of replication forks during cellular replication [183]. ATM/ATR activation inhibits the
mitosis-promoting activity of cyclin B/CDK1 kinase causing cell cycle arrest at the G,/M
check point preventing cells from initiating mitosis [184] to permit repair of DNA
damage, if the damage is not repaired within a given time (about 24 hours) the cells
undergo apoptosis. Numerous studies have cast doubt on the effectiveness of
radiotherapy for the treatment of melanoma, categorizing this cancer as radio-resistant
[185, 186]. However, Olivier et al. found a positive correlation between radiotherapy
dose and survival in patients with melanoma [187]. Indeed, numerous other studies have
recorded various rates of melanoma palliation after radiotherapy treatment, offering a
new perspective on the use of this therapy as a treatment tool for melanoma [188, 189,

190].

Immunotherapy

Immunotherapy encompasses a series of methods used to target tumor cells for
eradication by stimulation of the immune system. The most common method used,
monoclonal antibody therapy, takes advantage of the unusual antigens found in the
surface of tumor cells. However, the immunosuppressive effect of melanoma limits the

effectiveness of this treatment [191]. Numerous biological components that are present at
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the tumor site, such as transforming growth factor B, nitric oxide, metalloproteinases and

interleukin 10, all contribute to the immunosuppressive cell network.

The first immunotherapy approved by the Federal Drug Administration (FDA) for
the treatment of unresectable melanoma was the cytokine interlekukin-2 (IL-2). The
administration of IL-2 by intra-venous injection causes the activation of killer T-cells that
can then attack tumor cells. Different doses of IL-2 are used when treating metastatic
melanoma; however, high-dose IL-2 has proven to be the most effective treatment in

which response rates generally range from 10% to 20% [192, 193, 194].

Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) is a protein receptor that
is recruited to the plasma membrane on T-cell activation where it binds to members of
the B7 family of accessory molecules expressed by dendritic cells and other antigen-
presenting cells [195] CTLA-4 ligation effectively inhibits further activation lessening
the chances of autoimmune response. Ipilimumab (Yervoy®) is the most recent human
monoclonal antibody approved by FDA for the treatment of melanoma. Ipilimumab is a
monoclonal antibody to CTLA-4 blocking its inhibitory signal therefore allowing
cytotoxic T lymphocytes to recognize and destroy cancer cells [196]. Several studies
have shown that the drug effectiveness against malignant melanoma varies widely upon

patients and also causes a variety of immune related adverse events [197, 198].

Part 1V. Glutamate and cancer
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The amino acid L-glutamine is a precursor for peptide and protein synthesis,
amino sugar synthesis, and nucleotide synthesis [199]. This amide of L-glutamate is the
most abundant free amino acid in the human body with a concentration ranging from
500-900 pmol/L depending on tissue type [200, 201]. In the majority of cell types, the
glutamine is rapidly converted to L-glutamate (glutamate), which is the most abundant
intracellular amino acid. Glutamate is a key component in cellular metabolism
contributing as a metabolic fuel for intermediates in energy producing pathways as well
as an important component in the body’s disposal of excess, or waste, nitrogen [202,
203]. Glutamate is a principal excitatory neurotransmitter in the mammalian central
nervous system where it is involved in cognitive functions such as learning and memory.
In an attempt to appease the insatiable needs that transformed cell types require to sustain
their energy expenditure and biosynthetic requirements, tumor cells become major

consumers of glutamine.

A. The role of glutamate in normal and cancer cells

Normal eukaryotic cells process the conversion of glucose to pyruvate via the
metabolic pathway glycolysis in the cytosol, then to carbon dioxide in the mitochondria
under aerobic conditions through the process of cellular respiration [204, 205]. In
oxygen deprived environments, or hypoxic conditions, glycolysis is the preferred energy-
generating pathway resulting in a decrease in the amount of pyruvate available to the
oxygen-consuming mitochondria. It has been observed that even in the presence of
physiological relevant levels of oxygen cancer cells have the ability to reprogram their

glucose metabolism allowing them to preferentially produce energy via the glycolysis
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while maintaining the same level of respiration. This “anaerobic respiration” is a process
known as the Warburg Effect [206, 207, 208]. Although aerobic metabolism including
oxidative phosphorylation is up to 15 times more efficient then anaerobic metabolism.
However, the metabolism of cancer cells occurs at an increased glycolytic rate up to 200
times than those of their normal surrounding tissues [209, 210]. Cellular ATP production
during such high rates of glycolytic flux can easily exceed the ATP produced via
oxidative phosphorylation. This high consumption of glucose requires much more
nicotinamide adenine (NAD+), which is consecutively regenerated from the conversion
of pyruvate to lactate by increased expression of lactate dehydrogenase making

glycolysis self-sufficient [211].

Glutamine serves as a major respiratory fuel of tumor cells and has been shown to
be the absolute requirement over glucose for many malignant cell types [212]. The
importance of glutamine in tumor cell metabolism is derived from its ability to satisfy the
bioenergetic needs of tumor cells as well as providing intermediates for macromolecular
synthesis [213]. During periods of rapid growth, the cellular demand for glutamine
surpasses its supply. At this time glutamine becomes essential and it is this reason that
glutamine has been designated a ‘conditionally’ essential amino acid. Traditionally, the
role of glutamine has been viewed to function as storage for excess nitrogen and to traffic
the nitrogen within, and between, various organs. Metabolically, glutamine is used
directly for reactions that require its y-nitrogen, such as nucleotide and hexosamine
synthesis, or indirectly in reactions that utilize the a-nitrogen (amino nitrogen) or its

carbon skeleton for energy production and biosynthesis [214]. These indirect reactions
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are necessary to generate the metabolic intermediates required for cell growth, which
begin with the conversion of glutamine into glutamate. Being an abundant extracellular
nutrient, glutamine is regularly converted into glutamate by phosphate-dependent
glutaminase (GLS), an enzyme found within the inner mitochondrial membrane that has
been shown to be overexpressed in both solid tumors and many tumor cell lines [215,
216]. In fact, the majority of glutamine consumption in cancer cells is owed to
mitochondrial GLS activity. Consequentially, tumor cells have large intracellular pools of
glutamate; through increased GLS activity, the abundantly available amino acid
glutamine is converted to less abundant glutamate, there-by maintaining the cells’
increasing demand for glutamate metabolism. This is the initial step in glutaminolysis, a
series of biochemical reactions by which glutamine is degraded to glutamate, aspartate,
pyruvate, alanine, citrate and carbon dioxide thereby providing metabolic intermediates

to feed and maintain cells in which aerobic respiration is the biosynthetic hub [211].

B. Aerobic glycolysis

Glycolysis and glutaminolysis both share the capacity to generate NADPH and
the secretion of lactate (Figure 2). As mentioned previously, the initial step of
glutaminolysis is the conversion of glutamine to glutamate, which is used, intracellularly,
as a primary source of energy for proliferating cells [204]. This rate-limiting step of
glutamine metabolism is the deamidation reaction catalyzed by GLS. The products
formed from this reaction, glutamate and ammonia, are released into the cytosolic
compartment of the inner mitochondrial membrane.  Glutamate is then further

metabolized by conversion to o-ketoglutarate via either oxidative deamination by
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glutamate dehydrogenase (GIDH) or alanine transaminase (ALT) (Figure 3). The
deamination reaction is localized to the mitochondrial matrix compartment and yields
both a-ketoglutarate and ammonium. The transamination can occur in either the
cytosolic and mitochondrial compartments and produces a-ketoglutarate and alanine
[217, 218, 219]. Alpha-ketoglutarate is a key intermediate in the citric acid cycle where it
is metabolized to regenerate oxaloacetate (OAA) through the production of malate.
Mitochondrial metabolism of a-ketoglutarate into malate also generates NADPH via
oxidation into pyruvate in the cytosol [220]. The NADPH produced is used by the
rapidly metabolizing cell as a required electron donor in lipid synthesis and nucleotide
metabolism as well as in antioxidant defense by maintaining glutathione (GSH) in its
reduced state. GSH is the major thiol-containing endogenous antioxidant used by the cell
to protect against various sources of oxidative stress. Maintaining a supply of GSH is
critical for tumor cell survival since the elevated metabolic demand of the rapidly

growing cell generates DNA-damaging byproducts that lead to oxidative stress [221].

Proliferating cancer cells consume vast amounts of glucose but only a small
portion of which undergoes oxidative phosphorylation, even in the presence of sufficient
oxygen [206]. It has been established that these rapidly dividing cells prefer to utilize
glycolysis, which yields less net ATP molecules per glucose molecule. However,
glycolysis can occur in hypoxic conditions that are usually associated with the highly
necrotic regions of rapidly proliferating tumor masses [222]. The end-product of
glycolysis, pyruvate, can then enter the TCA cycle or is reduced into lactate by lactate

dehydrogenase A, which is then excreted in the interstitial fluid. Within a tumor mass is
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a composition of genetically heterogeneous subpopulations of cancer cells that differ in
their energy production pathways [223, 224]. It is possible that these subpopulations
have the ability to function symbiotically within the tumor mass; one subpopulation of
cells, consisting of hypoxic, glucose-dependent cells, secretes lactate as waste while the
other subpopulation, located in a region that is more oxygenated, preferentially imports
and utilizes the lactate produced by the first subpopulation to be used in the citric acid
cycle [225, 226]. The idea of “metabolic symbiosis* that exists between hypoxic and
aerobic cells in which lactate produced by hypoxic cells and taken up by aerobic cells to
be used in oxidative support the bioenergetic needs of rapidly proliferating cancer cells

within a solid tumor mass.

Cancer cells utilize TCA cycle intermediates to provide proliferating tumor cells
with biosynthetic precursors (cataplerosis) as well as the production of ATP. The influx
of metabolic intermediates in an attempt to maintain the mitochondrial TCA cycle
(anaplerosis) is due to, in large part, glutaminolysis in which the first step is the
conversion of glutamine to glutamate [211]. Beyond its role in intermediary metabolism
and biomass production, glutamate is also involved in influencing signal transduction

pathways involved in promoting cellular proliferation, survival, and tumorigenesis.

Part V: G-protein coupled receptors

Guanine nucleotide binding-protein coupled receptors (GPCRs; G-protein
coupled receptors) comprise a large and diverse family of seven-pass membrane helix

proteins found in most eukaryotic organisms. The principal function of GPCRs is to
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transmit information about the extracellular environment via recognition of a variety of
ligands including peptide and non-peptide hormones and neurotransmitters, chemokines,
prostanoids and proteinases, biogenic amines, nucleosides, lipids, growth factors, odorant
molecules and light to the interior of the cell by interacting with G-proteins [227, 228,
229, 230]. G-proteins are heterotrimeric subunits, G,, Gg and G,, associated with the
inner surface of the plasma membrane where they function as dimers. These G-proteins
regulate the activity of small molecules that act as second messengers. Most of the
human GPCRs can be divided into five families based on phylogenetic criteria:
Glutamate, Rhodopsin, Adhesion, Frizzled/Taste2 and Secretin (GRAFS classification
system) [231]. The total number of verified human GPCRs is over 800 members. The
Glutamate family consists of 22 human proteins categorized into ionotropic receptors
(iGluRs) and metabotropic receptors (GRMs). The iGIuR family consists of N-methyl-D-
aspartate receptors (NMDAR, a-amino-3-hydroxy-5-methyl-4-isoazolepropionic acid
receptors (AMPAR), and kainite receptors (KAR). The GRM family consists of eight
different subtypes (GRM1-8) [232]. The GRMs are coupled to G-proteins, which
distinguishes them from iGluRs, which contain ligand-gated ion-channels. The GRMs are
key receptors in the modulation of excitatory synaptic transmission in the central nervous
system (CNS). The eight subtypes of GRMs are further classified into three groups (I, Il,
I11) based on sequence homology, signal transduction pathways, and agonist selectivity.
GRML1 and 5 belonging to subgroup I; GRM2 and 3 belonging to subgroup 1I; and GRMs
6, 7, and 8 belonging to subgroup 111 [233]. The structures of GRMs are composed of a
heterotrimeric extracellular region, a seven-o helical transmembrane region and a

cytoplasmic region. The extracellular region is further divided into the ligand-binding
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region (LBR) and the cysteine—rich region. The LBR has a sequence homologous with
the extracellular regions of both iGIuR and the y-amino butyric acid (GABA) receptor
[234, 235]. In recent years, expression of GRMs also has been detected in non-neuronal

cells (Table 1), suggesting GRMs may also function in non-neuronal cells.

lonotropic glutamate receptors (iGIuRs) are ion-gated channels where cations
such as Ca?*, K*, and Na* are transferred into the intracellular cytoplasm upon binding of
glutamate to the receptor. These iGIuRs are classified into three different classes based on
the homology and agonist/ antagonist response: N-methyl-D-aspartate (NMDA), a-amino
-3-hydroxy -5-methyl-4- isoxazole propionic acid (AMPA), and Kinate Receptor (KAR)
[236, 237]. The NMDA (N-methyl-D-aspartate) receptor is highly permeable to calcium
ions and plays a critical role in glutamatergic signaling in the synapse. Abnormal
activation has been suggested to lead to apoptosis of neuronal cells, which is observed in
many neuronal disorders including Alzheimer’s disease and Huntington’s disease [238,
239]. The AMPA (a-amino -3-hydroxy -5-methyl-4- isoxazole propionic acid) receptor is
also an ion channel transferring Na* and K* ions preferably with low affinity to calcium
ions. AMPA receptor has four isoforms: AMPAR1 (GluR1)--4 (GIuR1-GluR4). Most
AMPARs are composed of symmetrical heterotetramers, mainly dimmer of GluR2 with
dimmer of GIuR1, GIuR3 or GluR4 [240]. GIuR2 subunit determines the permeability of
calcium of AMPA receptor. When GIuR2 is absent, calcium ion is permeable together
with K+ or Na+ ions [241]. There are five types of KAR subunits, GIuUR5-GIuR7, KA1
and KA2. They are less well understood than NMDA and AMPA and are involved in

excitatory neurotransmission [242].
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A. GPCR signaling

The two principal signal transduction pathways involving GPCRs are the cAMP
signaling pathway and the phosphatidylinositol signaling pathway. Glutamate-stimulated
activation causes a conformational change in the extracellular domains, which catalyze
the exchange of a GTP for a GDP on the Ga subunit of the intracellularly coupled G-
protein [229, 243]. This exchange decreases the affinity of the Go subunit for the GBy
monomer at which time they either dissociate or rearrange [244, 245]. The dissociated
Ga and Gy subunits interact with and modulate downstream signaling targets including
adenylyl cyclases, phosphodiesterases, phosphlipases, tyrosine kinases, and ion channels
[246, 247]. Group | GRMs are coupled to G,q/Gy11 G-proteins that, upon glutamate-
mediated activation, result in stimulation of phospholipase C beta (PLCg) [248].
Activation of PLCy causes hydrolytic cleavage of phosphatidylinositol-4, 5-diphosphate
(PIPy) resulting in the formation of diacyl glycerol (DAG) and inositol 1, 4, 5-
triphosphate (IP3) [227]. DAG remains bound to the membrane while IP3 is released as a
soluble structure into the cytosol. Release of these secondary messengers results in
increased calcium release from the endoplasmic reticulum and activation of protein
kinase C (PKC) which phosphorylates other molecules, leading to altered cellular activity
(Figure 4). Group Il and Il GRMs are coupled to G, G-proteins that, upon activation
prevent the formation of cyclic adenosine monophosphate (CAMP). Upon activation,
group Il GRMs couple to G, subunit. Gy, G-proteins can inhibit adenylyl cyclase
activity. Activation of the G, results in G, -mediated inhibition of adenylyl cyclase

causing a reduced production of cyclic adenosine monophosphate (CAMP) [229, 249].
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GPCRs comprise the largest known family of cell surface receptors that mediate
cellular responses to a diverse array of signaling molecules including hormones,
neurotransmitters, and chemokines. In addition, potent mitogens such as thrombin,
bombesin, lysophosphatidic acid (LPA), gastrin-releasing peptide (GRP), endothelin and
prostaglandins can stimulate cell proliferation by interacting with their cognate GPCR in

various homologous cell types [250, 251, 252, 253, 254].

A fundamental trait of cancer cells involves their ability to sustain chronic
proliferation [95]. In normal cells, the production and release of growth-promoting
signals that allow entry and progression through the cell cycle are tightly regulated [255].
This regulation maintains cellular homeostasis promoting normal tissue structure and
function and is controlled, in part, by growth factors that bind cell-surface receptors,
which usually transmit signals through branched signaling pathways. By deregulating
these signals, cancer cells are able to bypass regulatory control allowing them to
proliferate and grow unconditionally. Cancer cells can acquire the ability to sustain
proliferative signaling by producing these growth factors themselves in which the cells
respond through the expression of cognate receptors which results in autocrine
proliferative stimulation [256, 257]. Alternatively, cancer cells may send signals to the
surrounding tissue in a paracrine-like manner causing them to release various growth
factors that promote growth of the cancer cells [256]. Activation of the surface receptors

may also cause the constitutive activation of downstream signaling pathways.
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Overexpression of GPCRs is detected in various cancer types, contributing to
tumor cell growth once activated by circulating or locally produced ligands. The
oncogenic potential of G protein-coupled receptors was revealed with the discovery of
the MAS receptor in 1986, which provided a direct link between misregulated cell growth
and GPCRs [15]. In contrast to most oncogenes identified at that time, MAS did not
harbor genetic mutations resulting in its constitutive activation. Subsequent to its
discovery, studies demonstrated that wild-type GPCRs have the ability to become
tumorigenic when exposed to an excess of locally produced or circulating ligands and
agonists while other GPCRs harboring mutations in key conserved residues can have
transforming activity even in the absence of their ligands [244, 246, 247, 258, 259, 260,
261]. It has also been found that the level of expression of GPCRs is not as imperative to
oncogenesis as is the receptor simply being expressed [261]. Since then, abnormal
functioning of GPCR pathways have been shown to be the cause of several human
diseases, and a large body of evidence links aberrant G-protein signaling to the

development and progression of certain cancers [247].

B. G-protein coupled receptors and cellular transformation

The oncogenic transformation of cell types by way of GPCRs occurs, in part, by
the establishment of autocrine or paracrine feedback in which the cell releases the ligand
which binds and activates the receptor, maintaining its activation, as well as that of
downstream effector proteins leading to enhanced cell proliferation [262, 263]. GRMs are
members of GPCR with glutamate as the natural ligand [264, 265]. Glutamate is the

predominant excitatory neurotransmitter in the central nervous system and stimulates
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both ionotropic (ligand-gated ion channels) and metabotropic (G-protein-coupled)
glutamate receptors [266]. Previously, glutamate signaling was believed to be exclusive
to the central nervous system (CNS). It has since become apparent that various
peripheral, non-neuronal cells express different types of glutamate receptors and these
receptors are required for normal physiological function [267].  Studies have
demonstrated that not only are GRMs involved in the normal maintenance and regulation
of physiological homeostasis, but they can also be involved in the progression of a
variety of human malignancies. Initially, because of prior implications of GPCR
expression being exclusive to the CNS, the first speculations of GRMs in human cancers
were in neuronal tumors such as neuroblastoma, medulloblastoma and glioma [268, 269,
270]. It was found that among these neuronal tumors that released excess amount of
glutamate into the surrounding microenvironment were growing at a much-increased rate
compared to neuronal tumors that were not secreting glutamate into their surroundings
[271]. Subsequent studies revealed that inhibition of glutamate release correlated with a
decrease in the proliferation of not only neuroblastoma, rhabdomyosarcoma, brain
astrocytoma, but also thyroid carcinoma, lung carcinoma, colon adenocarcinoma and
breast carcinoma while having no effect on the growth rates of normal human fibroblast

or bone marrow stromal cells [270].

C. Ectopic expression of GRM1
Our group has previously described an unknown mechanism of melanoma
pathogenesis in which the expression of an otherwise normal receptor, metabotropic

glutamate receptor 1 (GRM1) in an unnatural cellular environment (melanocytes) is able
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to upregulate cell proliferation and tumor development in vitro and in vivo. Chen and
colleagues have established a transgenic mouse line (TG-3) that spontaneously develops
melanoma with 100% penetrance that was constructed using a 2-kb genomic fragment,
termed clone B, which was previously shown to commit fibroblasts to undergo adipocyte
differentiation [8, 9]. In an attempt to establish an animal model of obesity, five founder
animals were established using clone B DNA: TG-1 through -5. Instead of the expected
obese phenotype, one of the five founders, TG-3, developed heavily pigmented lesions on
the ears, around the eyes, and the perianal region at approximately eight months of age
[9]. Upon histological analyses these pigmented lesions were identified as melanoma.
Further examination shown these lesions were metastatic as evident by detecting these
pigmented lesions in distant organs including the lymph nodes, brain, bone, lung and
muscle. Using physical mapping we identified a single insertion of clone B in mouse
chromosome 10, region A2, which is orthologous to human chromosome 6q23-24.
Further molecular mapping found a concurrent insertion of clone B in a head-to-head,
head-to-tail, tail-to-tail configuration and a deletion of approximately 70-kb of the host
sequences located in intron 3 of the gene encoding GRM1 [158]. Assessment of GRM1
at both the protein and mRNA levels revealed the expression of the murine form of
metabotropic glutamate receptor 1 only in the pigmented lesion but not normal
counterpart. These results suggested that ectopic expression of GRML1 in melanocytes
might be the driving basis for melanoma development [10]. To verify this hypothesis, we
engineered a new transgenic mouse line [TG(Grm1)EPv] directing GRM1 expression in
melanocytes under the control of a melanocyte-specific promoter, dopachrome

tautomerase (DCT). This new transgenic line displays a melanoma susceptibility
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phenotype and progression very similar to the TG-3 line [158]. It was concluded that in
vivo, aberrant GRM1 expression in melanocytes is sufficient to induce spontaneous
melanoma development with 100% penetrance. Progeny that are heterozygous at the
transgenic integration site develop melanotic lesions as soon as 4 months post-natal while
those homozygous at the integration site develop lesions within 30 days after birth.
Ohtani and co-workers confirmed our observation with an inducible GRML1 transgenic
mouse model, when the expression of GRML1 is conditionally activated in adult mice
melanoma develops in these animals 100% of the time [272]. The results that GRM1 has
a role in melanocytic neoplasia in the murine system prompted our group to examine
human melanoma for ectopic expression of the human form of metabotropic glutamate
receptor 1. Examination of numerous melanoma biopsies and cell lines demonstrated
aberrant expression of the receptor in approximately 60% of the samples suggesting that
GRM1 may be involved in the oncogenesis of a subset of human melanomas [10, 11].
These findings as well as those by others prompted our group to explore the underlying
mechanisms of GRM1- mediated melanocytic transformation. In a set of studies we
confirmed that GRM1 expression in melanocytes confers oncogenic activities in vitro and

is sufficient to cause malignant phenotype in vivo [273].

In both the murine and human melanoma cell lines, stimulation of GRM1 by
glutamate results in similar if not identical formation of second messengers as described
above for the CNS. One of the second messengers, DAG, stimulates PKC. PKC plays a
key role in a multitude of cellular processes including apoptosis, malignant

transformation, and metastasis [274] and once it is activated it in turn can activate the
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MAPK and PI3K/AKT pathways [275, 276, 277, 278, 279]. It is well known that the
RAS-RAF-MEK-ERK module of the MAPK signaling cascade regulates cell
proliferation and inhibits apoptosis. PI3K/AKT pathway activation is important for tumor
cell survival, epithelial-mesenchymal transition (EMT), and angiogenesis [280]. In
addition, gain-of-function mutations causing constitutive activation in G-proteins also
result in the activation of downstream effector pathways leading to uncontrolled cell
proliferation and cell survival. This is often a consequence of specific amino acid
substitutions in the GTP binding region of the Ga subunit resulting in defective GTPase
activity. The inability for GTP to be cleaved to GDP allows constitutive activation of
downstream effector molecules. Such hypermorphic mutant G proteins in melanocytes
were initially found to cause increased dermal pigmentation in transgenic mice. It was
later found that the two functionally related G protein subunits, GNAQ and GNA11l
encoding the stimulatory Gogq and Goy; subunits of heterotrimeric G-proteins
respectively, are genetic hotspots for somatic mutations found in early uveal melanoma
pathogenesis [281]. These mutations were also detected in benign intradermal
melanocytic tumors as well as primary and metastatic ocular melanocytic tumors.
Therefore, activation of ectopically expressed metabotropic glutamate receptors in human
cells upregulate signaling pathways known to be important in the pathogenesis of human
cancers associated with increased growth and angiogenesis while interruption of such
pathways would result in a decrease in cell proliferation and survival.

The acquisition of tumor phenotypes is dependent not on one, but on successive
alterations in the genomes of neoplastic cells. Specific genotypes confer selective

advantages on subclones of cells enabling them to outgrow, and eventually dominate, the
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local tissue environment. This idea of multistage tumor progression can be viewed as a
succession of clonal expansion each triggered by chance acquisition of mutant genotypes
transitioning a cell from normal through pre-malignant and eventually cancer. One stage
involved in malignant transformation of cell types is the ability of a cell to maintain its
capacity to spread and divide in the absence of a stable or inter surface to attach. In a
study performed by Prickett et al, exon capture sequencing of GPCRs in malignant
melanoma specimens identified activating mutations within a region encoding for a
member of the group Il metabotropic glutamate receptors, GRM3. 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 domains. Four somatic mutations (GRM357°", GRM3%*'%" GRM3®***F,
and GRM3™7%%) were found to selectively regulate the phosphorylation of MEK1/2
kinase in vivo and induce micro metastasis in vivo. This activation resulted in the
increased migration and anchorage independence growth of melanoma cells. These
studies suggest the existence of a melanoma tumor type in which activating mutations in
GRMB3 can lead to hypersensitivity to agonist stimulation of the MEK-MAPK pathway

that bypasses the RAF/RAS genotypes.

In addition to melanoma, inappropriate glutamatergic signaling has been shown to
be sufficient in the dysregulating growth leading to the transformation of other cell types.
The ectopic expression of GRM1 alone was able to induce the neoplastic transformation
of immortalized baby mouse epithelial cells (iBMK) in vitro and promote tumor cell

proliferation in vivo [282, 283]. The iBMK cell model was engineered to be immortal
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but not tumorigenic while also retaining normal epithelial characteristics. It was shown
that full-length wild-type GRML1 is tumorigenic when ectopically expressed in epithelial
cells via stimulated MAPK and AKT signaling pathways. Additionally, studies
performed by Speyer and colleagues described GRM1 expression in several triple-
negative breast cancer cell lines (TNBC) in which shRNA-mediated knockdown of
GRML1 expression as well as antagonists to the receptor inhibited cell proliferation in
TNBC lines [284]. Malignancies involving other GRMs include GRM4 first reported by
Chang and colleagues that GRM4 is overexpressed in more than 40% of colorectal
adenocarcinomas, malignant melanomas, laryngeal squamous cell carcinomas, and breast
carcinomas tested [285]. Among these cancers, there was a correlation with GRM4
overexpression and increased mortality rate in patients with colorectal carcinoma. GRM5
overexpression was found to induce melanoma in transgenic mice [286]. The increased
expression in GRM5 in the mouse melanocytes was correlated with enhanced levels of
MAPK activation. These studies suggested that glutamatergic signaling plays a

significant role in the initiation, progression and maintenance in human malignancies.

D. Inhibition of GRM1 expression

Targeting strategies for cancer therapy differ from chemotherapy and
radiotherapy in their potential to provide tumor specificity. Preclinical studies have
demonstrated that inhibition of glutamatergic signaling results in decreased tumor cell
growth and increased cell death. Identifying key upstream molecular targets that lead to

the activation of proliferation and survival pathways is important in cancer drug
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discovery. Gene-targeting techniques that selectively inactivate gene expression assist in

the validation of novel proteins involved in disease pathogenesis.

Suppression of GRM1 by siRNA

Gene silencing by short-interfering RNAs (SIRNASs) has been used to investigate
their roles in different cell types and in various organisms. However, constitutive
suppression the expression of a gene could have deleterious consequences therefore,
inducible silencing RNA approaches could be useful by relying on small molecules that
act as inducers to modify synthetic transcription factors thereby regulating the expression
of a target gene [287, 288]. The tetracycline operon based tetracycline inducible system
and the non-mammalian steroid based ecdysone inducible system are two complementary
approaches we have used. Previous attempts to inhibit GRM1 expression in human
melanoma cells using constitutively expressed Grm1 specific sSiRNAs resulted in the cells
exhibiting a dormancy-like state prior to dying. Employing the inducible knock-down of
GRM1 was shown to result in suppression of MAPK as evident by a decrease in the
phosphorylated form of ERK as well as inhibition of the PI3/AKT cell survival pathway
seen by the reduced form of activated AKT [1]. Our previous studies on mouse
melanoma cells as well as mouse melanocytic clones that stably expressed GRM1
showed elevated levels of glutamate were released into their surroundings compared to
normal mouse melanocytes or vector controls [289]. From these results, Chen and co-
workers hypothesized that instead of inhibiting GRM1 directly, if they were able to
interrupt the autocrine/paracrine activity by limiting the amount of free ligand this may

result in a similar decrease in cell proliferation/survival.



49

Suppression of GRML1 using an inhibitor of glutamate release

Glutamate is a major excitatory neurotransmitter in the CNS. The over activation
of neurons by excessive glutamate stimulation is excitotoxic, resulting in neuronal death
[290]. Interestingly, the brain is one of the most common sites of metastatic melanoma.
It has been proposed that the excessive glutamate found in the brain inducing
excitotoxicity to the surrounding neuronal tissue to create space for the growing tumor.
Chen and co-workers took advantage of using an inhibitor of glutamate release, riluzole,
a Food and Drug Administration (FDA)-approved drug for the treatment of amyotrophic
lateral sclerosis (ALS or Lou Gehrig’s disease). ALS is a degenerative motor neuron
disease of the upper and lower motor neurons that progressively causes weakness, muscle
atrophy and fasciculation. Riluzole is known to inhibit the release of glutamate from the
presynapse led to a reduction in glutamate levels in the synaptic cleft resulting in a
decrease in excitotoxicity mediated by the neurotransmitter and lessen progression of
ALS [291]. Riluzole treated melanoma cells showed a reduction in the levels of
glutamate in the surroundings in vitro, which correlated with a decrease in cell growth in
vivo when compared to normal cells exposed to the drug. Additionally, melanoma cells
treated with relatively low concentrations of riluzole were shown to undergo apoptosis by
an increase in the levels of a well-known marker of apoptosis, the cleaved form of PARP
[11]. The therapeutic potential of riluzole was validated in vivo using a human melanoma
cell xenograft model where animals were treated with a human equivalent of the

maximally allowed daily amount of riluzole per body weight per day via p.o. gavage and
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a reduction in tumor volume in treated animals vs. control was detected. These results

were translated to the clinic.

Translational study in patients

Clinical trials involving new compounds are classified into four phases: Phase 0,
I, Il and 1Il. Phase 0 is the designation for exploratory, first-in-human trials conducted
with the U.S. FDA’s guidelines on Exploratory Investigational New Drug Studies (IND)
[292]. Phase O trials are designed to speed-up the development of promising drugs or
imaging agents by establishing very early on whether the drug or agent behaves in human
subjects as was anticipated from preclinical studies. Based on results from previous
findings in preclinical studies using riluzole, a phase O trial using the compound in
patients with stage 11l and IV melanoma was performed to assess if its presence the
target, glutamatergic signaling, is modulated. The trial resulted in a significant short-term
response rate of 34% of patients. Tumors from patients that displayed shrinkage of
tumors showed an inhibition of signaling through both the MAPK and PI3SK/AKT
pathways, reflecting results that were previously observed in preclinical studies [11, 293].
Positron Emission tomography (PET) documented complete resolve of multiple nodal
and cutaneous metastases in several patients. One patient having six different tumors
measured by PET/CT demonstrated shrinkage of the lesions by 10% to 20%. Out of
eleven patients that completed the study, only two had shown progression of the disease
after treatment [293]. The tumor samples were a composed of patients harboring both
V600E BRAF as well as Q61K NRAS mutations. In addition all the patients admitted

into the trial expressed GRM1, although GRM1 expression status was not a requirement
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for entry. It is possible that, from this observation, that more advanced tumors, those
found in stage Il and IV metastases have a higher frequency of GRM1 expression and

that ectopic GRM1 occurs and is more frequent in more progressed stages of the disease.



Cell Type GPCR Reference
Melanocytes GRM5 Frati et al.,2000
Kerotinocytes GRML1, 2 Genever et al., 1999
Osteoclasts GRM8 Morimoto et al.,2006
Pancreatic GRM5,8 Storto et al.,2006
Islets/3 cells Tong et al.,2002
Hepatocytes GRMS5 Storto et al.,2000b
Myocytes GRM1,2,3,5 Gill et al., 1999
Thymocytes GRM1,2,3,5 Storto et al.,2000a
Embryonic GRM4,5 Melchiorri et al.,2007
Stem Cells

Table 1. Expression of GRMs in select non-neuronal cells
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Subclass | Malignancy | Reference
Group 1 | GRM1 Melanoma Chen et al 1996
Prostate Pollock et al.,2003
Ohtani et al 2008
Koochekpour et al 2012
Glioma Aronica et al.,2003
Breast Albasanz et al., 1997
Shinno et al., 1994
Speyer et al 2011
GRMS Osteosarcoma Kalariti et al.,2007
Oral squamous Park et al.,2007
cell carcinoma Choi et al 2011
Melanoma
Group II | GRM?2 Glioma D’Onofrio et al.,2003
GRM3 Glioma D’Onofrio et al.,2003,
Aronica et al , 2003
Arcella et al 2005
Melaonma Prickett et al 2011
Group 111 | GRM4 Colorectal Chang et al.,2005
adenocarcinoma
Malignant
Melanoma
Squamous cell
carcinoma
Breast carcinoma
Medulloblastoma | Lacovelli et al.,2006
GRM6 -
GRM7 -
GRMS8 | Melanoma Prickett et al 2011

Table 2. Implications of GRMs in human Cancer
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Figure 2. Metabolic pathways including glycolysis and glutaminolysis.

Glycolysis produces NADPH and 5-carbon ribose via the pentose phosphate pathway
(PPP) at glucose-6-phosphate (G-6-P) and detours toward lactate production (aerobic
glycolysis) at pyruvate. The carbons of glucose are further diverted into various synthetic
pathways to generate the precursors of hexosamines, amino acids and lipids.
Mitochondria are fueled by the anapleurotic substrate, a-ketoglutarate (a-KG), generated
from glutamate. Depending on the oxygen supply, a-ketoglutarate metabolizes through
the tricarboxylic acid (TCA) cycle to malate and oxaloacetate (OAA) providing energy
and a carbon resource for lipids.
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Figure 3. Glutamate metabolism in the mitochondria

Glutamine (GlIn) 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). o-KG is metabolized in the tricarboxylic acid 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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Figure 4. Signal transduction pathways activated by GRM1 stimulation.

Activation of GRM1 by its ligand, glutamate, results in the activation of signaling
pathways that upregulate cell proliferation (MAPK) and promotes cell survival
(PIBK/AKT).
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Section I: GRM1 Expression is Necessary in Riluzole-Induced
G,/M Arrest.

Aim 1: Rationale

We demonstrated that human melanoma cells that do not express GRM1 are less
sensitive to the effects of riluzole than cell lines expressing the receptor [11]. When
GRM1 is aberrantly expressed in melanocytes, one of the consequences includes a
metabolic switch that drives the cells to become addicted to glutamate, the natural ligand
of GRM1, resulting in a disturbance to the redox balance within the cells and causes
enhanced genome instability and, eventually, transformation. The occurrence of
autocrine loops in these melanoma cells bring about a constitutively activated GPCR
receptor, GRM1 [294]. Treatment of these cells with riluzole, an inhibitor of glutamate
release, results in the disruption of the established autocrine loop and elevated
intracellular glutamate levels. This leads to DNA damage and accumulation of the
damaged cells in the G,/M phase of the cell cycle, causing the cells to be more sensitive

to the effects of ionizing radiation.
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Materials and Methods

A. Antibodies and reagents

Anti-53BP1 antibody was purchased from Bethyl Laboratories Inc. (Montgomery, TX);
phospho H2AX and H4 antibodies were purchased from EMD Millipore Corporation
(Temecula, CA); monoclonal a-tubulin antibody, etoposide, glutathione reduced ethyl
ester, N-acetyl cysteine, riluzole and dihydrorhodamine 123 were obtained from Sigma
(St. Louis, MO). DMSO was purchased from Fisher Scientific (Pittsburgh, PA). Alexa
fluor 488 goat anti-mouse 1gG, alexa fluor 546 goat anti-rabbit IgG were purchased from

Life Technologies (Carlsbad, CA).

B. Cell culture
Immortalized non-tumorigenic human melanocytes, hTERT/CDK=?*“/p53°° were
provided by Dr. David Fisher (Harvard Medical School, Boston, MA) and maintained in
Medium 254 with added human melanocyte growth supplements (Invitrogen, Carlsbad,
CA) [295]. UACC930 and UACC903 were provided by Dr. Jeffery M. Trent
(Translational Genomics Research Center, Phoenix, AZ). C8161 and C81-61 were from
Dr. Mary J.C. Hendrix (Children’s Memorial Research Center, Chicago, IL). D3 iBMK
cells were provided by Dr. Eileen White (Cancer Institute of New Jersey, New
Brunswick, NJ) and derived as described previously [296]. Melanoma cell lines were

grown in RPMI 1640 plus 10% fetal bovine serum (FBS).

C. Cell Cycle Analysis
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For cell cycle analysis, cells were plated at 10° per 100-mm culture plate and treated as
indicated. After 24 and 48 h, cells were collected and washed twice with ice-cold PBS.
Cell pellets were fixed by drop-wise addition of ice-cold 70% ethanol and incubated for
20 min at 4° C. Fixed cells were then washed twice with ice-cold PBS and resuspended in
500 uL PBS. Cells were treated with RNase A solution (20 ug/mL; Sigma) and labeled
with propidium iodide (50 pg/mL; Sigma) for 30 min. Cell cycle analysis was done by
the Flow Cytometry Facility Core at Rutgers University (Piscataway, NJ) using a

Beckman Coulter system (Epics XL-MCL model).

D. Clonogenic cell survival assays
Human melanoma cells were treated with the vehicle control or riluzole (25 umol/L) for
20 hours and irradiated with escalating doses (0, 2, 4Gy) at room temperature. Drug
concentration (25 umol/L) was chosen on the basis of a 96-well plate ATP luminescence
cell viability assay with increasing concentrations of drug in irradiated cells (data not
shown). Following treatment, cells were trypsinized and counted. Known numbers were
then replated in 100-mm tissue culture dishes and returned to the incubator to allow
macroscopic colony development. Cells were irradiated by a Gamma Cell 40 Exactor
(MDS Nordion) irradiator and then incubated overnight (20 hours). Plates were then
monitored for 10 to 21 days and stained with crystal violet for visual counting. Colonies

which contained more than 50 cells were scored as clonogenic survivors.

E. DNA transfections
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The derivation of D3 baby mouse kidney epithelial cell line has been described [297]. D3
cells were cultured in DMEM supplemented with 5% FBS. All DNA transfections were
performed with Lipofectamine 2000 according to the manufacturer (Invitrogen, Carlsbad,
CA). Coding sequence for the full-length mouse form of the receptor was subcloned from
mouse-brain Grm1l cDNA [270, 298] into mammalian expression vector pCl-neo
(Promega, Madison, WI). Stable Grm1- or empty vector- transfected clones were selected

in 2 mg/ml (D3) Geneticin (Invitrogen, Carlsbad, CA).

F. Glutamate release assay
10° cells of HEK, UACC930, UACC903 and C8161 and HEK293A cells were plated in
each well of a 96 well plate and maintained in glutamine and glutamate free RPMI media
supplemented with 10% dialyzed FBS and 2 mM Glutamax. 50 ul of conditioned medium
was collected from the wells on day 0 and day 4 and the Amplex Red Glutamic

Acid/Glutamate Oxidase assay kit used to measure levels of glutamate.

G. Antibodies and Western immunoblots
Anti- total-ERK1/2, phospho-ERK1/2, total-AKT, phospho-AKT, were obtained from
Cell Signaling Technology (Danvers, MA); anti-GRM1 from BD Biosciences (San Jose,
CA); anti-GRM1 from Upstate/Millipore (Billerica, MA); Anti-53BP1 was purchased
from Bethyl Laboratories Inc. (Montgomery, TX); phospho H2AX and H4 antibodies
were purchased from EMD Millipore Corporation (Temecula, CA); monoclonal o-
tubulin antibody, etoposide and riluzole were obtained from Sigma (St. Louis, MO).

DMSO was purchased from Fisher Scientific (Pittsburgh, PA). Alexa fluor 488 goat anti-
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mouse 1gG, alexa fluor 546 goat anti-rabbit 1gG were purchased from Life Technologies
(Carlsbad, CA). Cells and tissue extracts were prepared in NP40-containing buffer with
protease and phosphatase inhibitors as described previously [299], and protein
concentrations were determined with Detergent Compatible Protein Assay (Bio-Rad
Laboratories, Hercules, CA). Proteins were resolved by Tris-Glycine polyacrylamide gel
electrophoresis and transferred to nitrocellulose membrane by wet tank electroblotting.
After overnight incubation with primary antibodies, blots were visualized with
Amersham ECL-HRP Linked Secondary Antibodies and ECL Plus Western Blotting
Detection Reagents (GE Healthcare Life Sciences, Piscataway, NJ). Densitometry of gel

intensities were quantified by OptiQuant software (PerkinElmer, Shelton, CT).

H. Immunofluorescent staining
Cells were grown on glass coverslips to the appropriate density and synchronized by
serum starvation for 48 h. Following synchronization cells were treated as indicated. At
each time point, cells were fixed with 4% paraformaldehyde in PBS and permeabilized
for 10 minutes in 0.5% Triton X-100 in PBS at room temperature. Cells were then
washed with PBS and blocked in 5% goat serum/PBS. Primary antibodies (53BP1 anti
rabbit 1gG and phospho H2A anti mouse IgG) were incubated at room temperature in
blocking solution. Cells were washed with PBS for 5 min and incubated with
Fluorophore-conjugated secondary antibody (Alexa Fluor 488 goat anti-mouse IgG and
Alex Fluor 546 goat anti rabbit IgG, Invitrogen, Carlsbad, CA) for 1 h in blocking
solution. Cells were washed with PBS for 5 min and mounted using Vectashield (Vector

Laboratories, Burlingame, CA). Images were captured using a Nikon Eclipse microscope
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coupled with a Coolsnap EZ camera powered by NIS-Elements BR 3.1 software. All

quantifications were performed using ImageJ software.

I.  Immunohistochemistry (IHC)
Phase Il human melanoma biopsy tissue IHC for y-H2AX was performed by the Tissue
Analytic Services at the Cancer Institute of New Jersey, and unbiased quantitative
assessment of IHC staining was completed using a digital Aperio ScanScope GL system
and Aperio ImageScope software (v 10.1.3.2028) (Aperio Technologies Inc., Vista, CA)

according to the manufacture's protocol.

J. Murine xenograft model

GRM-positive C8161 cells (1 x 10°) were injected into the flanks of 6-week-old nude
mice (Taconic, Hudson NY). When the tumors reached approximately 6 to 10 mm? the
mice were randomly divided into groups of 10 mice each: group 1 was left untreated (no
treatment or NT), group 2 was treated with the dimethyl sulfoxide (DMSOQ) vehicle only
(vehicle), group 3 was treated twice with 4 Gy of irradiation only (IR), group 4 was
treated with 10 mg/kg of riluzole by oral gavage only (riluzole), and group 5 was
administered 10 mg/kg of riluzole each day and radiation was delivered to these animals
in 3 weekly fractions of 4 Gy each. The experiment was terminated after 25 days of

treatment due to tumor burden in the NT and vehicle-treated animals.
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Results

1.1 Human melanoma cells excrete elevated levels of glutamate

The oncogenic transformation of cell types by ectopic expression of GPCRs is
characterized by the development of autocrine and paracrine activity that enhances
cellular proliferation [262, 263]. To investigate if an autocrine loop was present in our
system, we assessed the levels of glutamate release from human melanoma cell lines that
were shown to express functional GRM1 (Figure 5). We were able to demonstrate that
10 out of 10 cell lines did in fact prove to elevate the level of free glutamate in their
surroundings compared with GRM1-negative melanoma cells and normal melanocytes,
suggesting that a pro-proliferative autocrine loop could contribute to increased

proliferation in GRM1-expressing melanoma cells [11].

1.2 Cell cycle arrest of GRM1-expressing human melanoma cells after riluzole
treatment

Riluzole has been shown to block the release of glutamate the natural ligand for
GRML1 [11, 25, 300]. Depletion of extracellular glutamate interferes with downstream,
intracellular events that would follow stimulation of the receptor such as activation of cell
proliferation and survival pathways [11, 301]. Cell cycle profiles of GRM1-expressing
and GRM1-negative human melanoma cell lines treated with riluzole were performed. In
GRM1-positive cells, after 24 hours, half of the initial cell population is shown to arrest
in G,/M phase of the cell cycle. 48 hours following treatment, a substantial fraction of
these cells are found to shift from G,/M to sub G; which is indicative of apoptotic cell

death. 72 hours post treatment 50% of the total cell population is found to accumulate in
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sub G; of the cycle (Figure 6A). Apoptotic cell death was further confirmed on the
protein level by increased levels of cleaved caspase 3, a known marker indicative of
apoptosis (Figure 6C) [11, 263]. Human melanoma cells that do not express functional

GRM1 were not very responsive to the treatment (Figure 6B).

1.3 Riluzole causes hyper sensitivity to ionizing irradiation in GRM1 expressing
human melanoma cells

Cells that have the ability to successfully repair sublethal DNA damage can more
successfully survive small to medium doses of radiation and display broad initial
shoulders graphically when their survival fraction is plotted against increasing doses of
irradiation. Cells that have little or no ability to repair sublethal damage are more
sensitive to these doses of radiation and as a result graphically display shallower, steeper
shoulders. These differences in single-fraction survival become more apparent over long,
multifractional courses of radiotherapy. Our previous observations show that riluzole
caused cells to accumulate in the G,/M phase of the cell cycle 24 hours following
treatments. Cells in this phase of the cell cycle have been shown to be hypersensitive to
the sublethal doses of ionizing radiation [302]. To assess whether riluzole enhances the
effects of ionizing irradiation in GRM1-expressing human melanoma cells, clonogenic
assays were performed. It is important to note that in addition to expressing functional
GRML1, C8161 cells are wild type for both NRAS and BRAF and contain a functioning
p53 tumor repressor. Using the same experimental conditions, we performed the assay
using the GRM1-negative melanoma cell line, UACC930, as a negative control.

UACC930 cells express a truncated, non-functioning form of GRM1 and harbor



66

constitutively active BRAFY®®F mutation. In in vitro experiments, cultured cells were
treated with riluzole (25 uM) over a period of 24 hours and followed with increasing
doses (0-8 Gy) of ionizing radiation. Clonogenic assays show that riluzole enhances the
lethal effects of ionizing radiation at the 2 and 4 Gy dose levels with abrogation of the
initial shoulder in the survival curve of GRM1-positive C8161 melanoma cells. The
results shown in Figure 7A may appear subtle but are statistically significant (p=0.048)
and were consistent across three independent experiments. Very similar results were
observed in another GRM1-positive human melanoma cell line (data not shown). In
contrast, there was no difference in the survival curves between riluzole-treated and
untreated UACC930 cells that do not express GRM1. For GRM1-negative UACC930
melanoma cells, we increased riluzole concentration to 100 uM (Figure 7B) and the
results were the same as those attained using riluzole at a concentration of 25 uM. Based
on these observations, we propose that riluzole mediates its radiation sensitizing effects
on melanoma cells most likely through GRM1 signaling. Subsequently, the existence of
apoptotic C8161 cell populations was confirmed on the protein level showing elevated
levels of activated caspase-3 in Western immunoblots (Figure 7C). This suggests that
GRM1 expressing human melanoma cells treated with riluzole appear to be more
sensitive to irradiation as evident by the appearance of enhanced levels of cleaved

caspase-3 in comparison to irradiated cells alone.

1.4 Effects of ionizing radiation and Riluzole in a murine xenograft model:
To determine if riluzole-enhanced sensitivity to ionizing irradiation (IR) could

cause arrest or delay in tumor cell growth progression over time, we performed a
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xenograft experiment, spreading out the treatments of IR with daily riluzole treatment
throughout the duration of the experiment. Animals that were irradiated were treated once
a week with a dose of 4 Gy of irradiation. Animals that were receiving riluzole treatment
received the maximum FDA approved dose (2.5 mg/kg/day) and was administered by
oral gavage. Our results demonstrated that either riluzole or irradiation alone had a
substantial effect on tumor progression when compared to untreated or vehicle-treated
control xenografts. However, the combination of riluzole and irradiation resulted in
significantly smaller tumors as compared to control groups or to tumors treated with
riluzole or irradiation alone (Figure 8A). Since irradiation is known to elicit its effects
through the formation of double stranded DNA lesions to the genome, we performed
immunohistochemistry in order to detect the levels of the phosphorylated form of histone
variant 2AX (yH2AX). Phosphorylation of histone protein H2AX on serine 139 occurs at
sites flanking DNA double-stranded breaks (DSBs) and can provide a measure of the
number of DSBs within a cell. Further analyses on excised xenografts from this
experiment revealed a marked enhancement of DNA damage as measured by the
formation of yH2AX foci by immunohistochemistry (Figure 8B). However, in addition
to the expected foci formation being found in tumors that were treated with irradiation,
there was also a substantial level of DNA DSBs found in tumors from animals treated
with riluzole alone. This led us to hypothesize that riluzole enhances the effects of
ionizing radiation by inducing DNA damage to GRM1-expressing melanoma causing

them to accumulate in G,/M phase of the cell cycle.

1.5 Riluzole induces DNA damage in human melanoma cells that express GRM1
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Phosphorylation of histone H2AX (y-H2AX) is among the earliest responses to
DNA DSBs. To examine DNA damage elicited by riluzole, in vitro assays were
performed in which cell lines were treated with either DMSO (Veh), etoposide (Etop),
riluzole (Ril), or left untreated for 24 hours after which nuclear proteins were extracted
[303]. Etoposide, a widely prescribed chemotherapeutic agent used in the treatment of
various human cancers, was administered to cultured cells as a positive control for DNA
double strand breaks (DSB). Briefly, etoposide increases topoisomerase Il-mediated
DNA breakage via inhibiting its ability to re-ligate nucleic acids [304]. GRMZ1-positive
C8161 and GRM1-negative UACC930 melanoma cells were plated and subjected to the
same experimental conditions. Protein lysates from both cell lines were isolated and
analyzed by Western immunoblots using an antibody against y-H2AX to assess DSBs.
We show that, in both cell lines, etoposide treatment caused an increase in intensity in
bands indicative of y-H2AX when compared to untreated or vehicle treated samples
(Figure 9). However, only GRML1 positive C8161 and not GRM1-negative UACC930
cells showed an increase in the levels of H2AX phosphorylation when treated with
riluzole compared to the untreated or vehicle treated cells. These results confirmed our
previously reported immunohistological findings that riluzole has the ability to induce

DSBs in human melanoma cells that express GRM1 [4].

1.6 ATM is activated in GRM1-expressing cells after treatment with riluzole
Members of the PI 3-kinase family ATM (ataxia telangiectasia, mutated) and
ATR (ATM and Rad3-related) are known responders of DSBs in mammalian cells and

function as key regulators of the checkpoint pathways via activation of cell cycle
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checkpoint kinase [305]. ATM is the primary mediator in the response to DNA double
strand breaks by exposure to ionizing radiation. We wanted to know if the DNA damage
we observed in our previous results elicited the activation of ATM kinase. GRM1-
positive cell lines C8161 and UACC903 were treated with 10 uM of Ril and harvested at
various time points to assess for induction of the activated form of ATM. The GRM1-
negative cell lines UACC930 and C81-61 were used as a negative control (Figure 10).
Our results show that only GRM1-expressing cell lines demonstrated a time dependent
increase in levels of pATM compared to GRM1-negative UACC930 and C81-61 cells.
These results showed that riluzole treatment induced the activation of ATM in our
system, further suggested that the DNA damage that being caused by riluzole treatment

was double strand breaks.

1.7 Riluzole-induced DNA damage is dependent on GRM1 expression

The tumor suppressor 53BP1 is a checkpoint regulator that binds to the central
DNA-binding domain of p53. It relocates to the sites of DNA strand breaks in response to
DNA damage and is a putative substrate for ATM. Both y-H2AX and 53BP1 are known
to form punctated foci in immunofluorescence microscopy which show co-localization at
sites of DSBs [306, 307, 308, 309]. In an attempt to further assess the ability of riluzole
to induce DSBs in human melanoma cells, we performed immunofluorescence staining
against y-H2AX and 53BP-1. GRM1-expressing C8161 human melanoma cells were
seeded on coverslips in 35 mm culture dishes and synchronized by serum starvation for
48 h after which they were exposed to riluzole for 3, 5, 8, 12 or 24 hours. As a positive

control, we treated cells with etoposide for 30 minutes. Coverslips containing adherent
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cells were fixed, stained and visualized. GRM1 expressing, C8161 cells treated with
riluzole showed an increase in the amounts of both y-H2AX and 53BP1 sequestered to
sites of DNA damage via foci formation in the nucleus compared to untreated cells as
early as 3 hours and peaks at around 8-12 hours, an example is shown (Figure 11A). In
parallel we also included a human melanoma cell line known to harbor a nonfunctioning
form of the receptor, UACC930. Cells were treated in identical conditions as mentioned
above. GRM1-negative UACC930 melanoma cells showed no significant change in the
levels of y-H2AX and 53BP1 between riluzole and untreated cells (Figures 11B).
Fluorescence intensities were quantitated for statistical analyses and are shown in figures
11C and 11D. From these results, we further demonstrate that riluzole elicits DNA DSBs
as scene by the co-localization of both 53BP1 (p<0.005) and y-H2AX (p<0.05) in human

melanoma cells that express GRM1.

1.8 Formation of y-H2AX foci after riluzole treatment is independent of apoptosis

It has been proposed that the formation of y-H2AX foci not only reflect the
presence of local DNA double-strand breaks after exposure to DNA damaging agents, but
can also be seen in cells that undergo apoptosis [310]. In order to be certain that the
enhanced levels of y-H2AX induced by riluzole was reflecting focal DNA breaks and was
not simply an indicator of apoptotic cell death, we used immortalized baby mouse kidney
epithelial cells (iIBMK) that are deficient in apoptosis through the deletion of BAX and
BAK (D3 cell line) derived previously by Dr. Eileen White and colleagues [282].
Introduction of the murine form of the receptor (Grm-1) into D3 cells caused them to be

tumorigenic in vivo in comparison to those that were transfected with an empty vector
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(Figure 12) [283]. We treated D3 vector-containing cells (D3-Vec) and D3-Grm1cells
with etoposide as a positive control for DNA DSBs or riluzole for various time points up
to 24 hours. We showed that etoposide treatment induced both D3-vec and D3-Grm1cells
to display co-localization of 53BP1 and y-H2AX foci, consistent with induction of DNA
double-strand breaks (data not shown). Riluzole treated D3-vec cells showed barely
visible 53BP1 staining while y-H2AX stain yielded an overall diffused pattern (Figure
13A). In contrast, riluzole-treated D3-Grm1l cells displayed clear co-localization of
nuclear 53BP1 and y-H2AX foci, again consistent with the induction of DNA breaks in
this setting (Figure 13B). Further quantification of these data show a significant
difference exists in the amount of fluorescence detected in D3-Grm1 cells treated with
riluzole compared to control in contrast to D3-vec cells (Figure 13C and 13D). These
results support the idea that even in apoptosis deficient cells such as D3, riluzole still is
able to induce DNA damage but this depends in upon the cells expressing functional

Grm1, suggesting their necessity for glutamate signaling.

1.9 DNA damage increase in riluzole treated biopsies from responding patients
Previously, our group had reported on a completed Phase 0 and Phase Il trials
using single agent riluzole in stage Il or IV resectable melanoma patients [293, 311].
Based on our in vitro results described in this report, we were interested to see if
detectable changes in DNA damage markers would present themselves in vivo. We
performed IHC staining using y-H2AX antibody on pre- and post-riluzole treated tumor
samples from the Phase Il trial, these samples were positive for GRM1 expression [293,

311]. We detected a significant number of y-H2AX-positive cells in the post-treatment
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samples of 2 responding patients compared to samples from the same patients taken
before treatment (Figures 14A and 14B). The intensity of the entire slide was quantitated
using Aperio Imagescope imaging software (Fig 14C). These results further strengthen
our working hypothesis that in human melanoma, GRM1- expressing melanoma cells are
sensitive to the levels of intracellular glutamate and that intracellular accumulation of this

ligand causes an increase in DNA damage response.
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Figure 5. GRM1-expressing human melanoma cell excrete excess glutamate

Human melanoma cells that ectopically express GRM1 (UACC903 and C8161) have
elevated concentrations of glutamate in their surroundings compared to cells that do not
express the receptor (UACC930, HEK293A).
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Figure 6. Cell cycle analysis of GRM1 expressing human melanoma cells

(A.) Cell cycle analyses were performed with three different GRM1 expressing human
melanoma cell lines, all three gave very similar results and an example is shown. N (not
treated), V (vehicle, DMSO) and R (Riluzole, 10 uM). Percentages of cells in subG;, G,
S and G,/M phases were calculated from the resulting histograms, and mean values are
shown in the diagrams. (B.) Cell cycle profiles were obtained using the same
experimental conditions as in (A.) from two GRM1-negative human melanoma cell lines
and both cell lines yielded very similar results, an example is shown. (C.) Activated
caspase 3 was detected 48 and 72 hours after treatment with Riluzole in GRM1
expressing melanoma cells.
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Figure 7. Clonogenic assays Adapted from Khan and Wall et. al. Clin. Can. Res. 2011

(A.) Left: GRM1-positive C8161 human melanoma cells treated with Riluzole at 25uM
for 24 h followed by escalating doses of ionizing radiation. At 2Gy, there was a 48%
reduction (0.78 = 0.100 vs. 0.30+ 0.089, p= .010) in cell survival in Riluzole treated
cells versus non-treated cells. At 4 Gy, there was a 19% reduction (0.30 + 0.121 vs. 0.11
+ 0.055, p< 0.05) in cell survival in riluzole-treated cells vs. non-treated cells. No
differences were seen at 6 and 8 Gy. Right: There was no difference between treated and
untreated control UACC930 cells that do not express GRM1 when treated with 25 uM
riluzole concentrations (not shown) or at 100 mM concentration (shown). (B.) Western
immunoblots of C8161 GRM1-positive human melanoma cells either treated with
Riluzole for 24 h or no treatment. Both sets of cells were then either not irradiated or
irradiated at 2 or 4 Gy. Lysates were made at O or 24 hours after irradiation and probed
with activated-caspase-3 antibody to assess apoptotic cells.
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Figure 8. Murine Xenograft Model

(A.) C8161 cells were injected into flanks bilaterally at 10° cells per site. Tumor size was
measured twice a week with a vernier caliper. When tumor volumes reach 6-10 mm3 the
mice were randomly grouped into various treatments. Each treatment group consists of
10 mice. The groups were no treatment (NT), DMSO vehicle (Veh), Veh + irradiation
(V+IR), Riluzole (10mg/kg) (Ril), and Riluzole (10mg/kg) plus irradiation (Ril+IR).
Riluzole was given each day by oral gavage. Irradiation was delivered in three weekly
fractions of 4 Gy. The experiment was terminated after 25 days due to tumor burden in
the NT and wvehicle treated animals. (B.) Staining of y-H2AX in excised tumor
xenografts. Tumor xenografts from the xenograft experiments (Figure 4) were stained
with y-H2AX, a commonly use marker for DNA damage. Ten random fields of 500 cells
were scored and the percent of positive y-H2AX cells is shown below each representative
image.
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Figure 9. Western blot showing histone 2A phosphorylation

(A.) C8161 (GRM1-positive) and (B.) UACC930 (GRM1-negative) human melanoma
cells were not treated (NT), treated with vehicle (Veh, DMSO), Riluzole (10 pM) or
etoposide (10 uM) for 24 hrs. Nuclear extracts were prepared as described 4 and
subjected to Western immunoblot. Histone 4 (H4) levels were used as loading controls.
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Figure 10. ATM is activated in GRM1 expressing cells treated with riluzole

C8161 (GRMI1-positive. wild type B-RAF), UACC903 (GRM1-positive and mutated B-
RAFV600E) " UACC930 (GRMI-negative and mutated B-RAFV0%F) and C81-61 (GRM1

negative and wild type B-RAF) cells were treated with riluzole (10 uM) for various time
points. Levels of activated ATM (pATM) were evaluated by Western immunoblots.
Levels of a-Tubulin were used as loading controls.
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Figure 11. Riluzole induces DNA DSBs in GRM1 expressing human melanoma cells.

(A.)) GRM1 expressing human melanoma cells C8161 and (B.) UACC930 human
melanoma cells that express a truncated, non-functional version of GRM1 were treated
with 10 uM of etoposide for 1 h as a positive control (not shown) or 10 uM riluzole for 3
h. Immunofluorescence staining was performed using anti-bodies against 53BP1 (red)
and y-H2AX (green) to show colocalization to sites of DNA DSBs. DAPI is shown as a
nuclear control. Immunofluorescence was quantified and is shown (C and D). Each bar
represents mean £ SEM, n=10. * p <0.05; ** p <0.005.
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Martino and Wall et. al., Oncogene, 2012
Figure 12. D3-Grm1 clones express functional Grm1l

(A.) Expression of exogenous Grm1l receptor in D3 iBMK epithelial cell clones.
(B.) MAPK/ERK is activated by Grm1 agonist, L-quisqualate, in D3-Grm1 cells,
as assessed by immunoblotting, which demonstrated enhanced levels of

phosphorylated ERK (pERK).
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Figure 13. Amount of DSB in riluzole treated human melanoma cells is

independent of apoptosis.

Stable clones isolated from apoptosis deficient, immortalized baby mouse kidney
epithelial cells containing either (A.) empty vector (D3-Vec) or (B.) exogenous cDNA
encoding the murine Grm1l cDNA (D3-Grml) were treated with riluzole for 3 h and
immunofluorescence stains performed using DAPI as nuclear control and 53BP1 and y-
H2AX as a measure of DNA DSBs. Quantitation of immunofluorescence staining is
shown (C. and D.). Each bar represents mean + SEM, n=10. * p < 0.05; ** p < 0.005.
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Figure 14. Markers of DNA damage detected in post-treatment human melanoma
tumor samples from responding patients in Phase 2 trial of riluzole.

IHC against y-H2AX in pre-and post-riluzole treated specimens from responders of a
recently completed Phase Il riluzole trial. Positive staining is indicated by pinkish color
in the nucleus (Vector Red, Vector Labs). Panels are either 10X magnifications or 100X
magnifications. Patients 6 and 13 (A and B) are two post-treatment responders and show
higher positive staining in post-riluzole treatment biopsies compared to pre-treated ones
compared to a non-responder, patient 9 (C.) which shows no difference in staining
intensities between pre- and post-riluzole treated biopsies.



84

Section II. The molecular mechanisms of riluzole-induced
G,/M arrest in GRM1 expressing human melanoma cells

Aim 2: Rationale

Riluzole is an FDA approved drug used for the treatment of amyotrophic lateral
sclerosis (ALS) and also has off-label uses in other psychiatric and neurologic disorders.
Riluzole has been shown to influence glutamatergic signaling by decreasing the amount
of available ligand (glutamate) for the receptor [24, 312, 313]. We have shown that
riluzole is able to arrest melanoma cells in G,/M phase of the cell cycle and enhance the
effects of ionizing irradiation on human melanoma cell that express GRM1. In both
instances, an increase in the apoptotic cell population was detected, which was further
confirmed biochemically by elevated levels of apoptotic marker, the cleaved form of
caspase 3. In addition, previous studies performed to assess the extent of DNA damage
in riluzole treated mice exposed to y-irradiation revealed enhanced staining in tumors
from these xenograft-bearing mice treated with riluzole alone. Taken together, these
results prompted us to hypothesize that riluzole elicits its cytotoxic effects on GRM1-
expressing cells by way of inducing oxidative stress via the accumulation of “unreleased”
intracellular levels of glutamate, which alters the homeostasis of glutamate/cystine
exchange resulting in a decrease in the amount of available cystine reduce to cysteine,
which is required for the synthesis of glutathione (GSH), leading to enhanced

intracellular levels of ROS.

Materials and Methods

K. Cell culture
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Immortalized non-tumorigenic human melanocytes, hTERT/CDK??*“/p53°° were
provided by Dr. David Fisher (Harvard Medical School, Boston, MA) and maintained in
Medium 254 with added human melanocyte growth supplements (Invitrogen, Carlsbad,
CA)[295]. C8161 and C81-61 were from Dr. Mary J.C. Hendrix (Children’s Memorial
Research Center, Chicago, IL). UACC930 and UACC903 were provided by Dr. Jeffery
M. Trent (Translational Genomics Research Center, Phoenix, AZ). C8161 and C81-61
were from Dr. Mary J.C. Hendrix (Children’s Memorial Research Center, Chicago, IL).

Melanoma cell lines were grown in RPMI 1640 plus 10% fetal bovine serum (FBS).

L. DNA transfection
All DNA transfections were performed with DOTAP according to the manufacturer’s
instructions (Roche, Basel, Switzerland). Coding sequence for the full-length human
form of the receptor was subcloned from human GRM1 cDNA (Image Clone) into
mammalian  expression vector pCl-neo (Promega, Madison, WI). Stable
hTERT/CDK™*/p53°° clones expressing GRM1 were selected using 150 pg/ml of
Geneticin in Medium 254 with added human melanocyte growth supplements. Receptor

expression was confirmed by Western blotting.

M. Ponasterone inducible system
C8161 cells were transfected with 4 pg of pVgRXR plasmid DNA (A gift from Dr.
Danny Rangasamy, The Australia National University, Canberra, Australia) with the
Lipofectamine 2000 reagent as per manufacturer’s protocol. Stable clones expressing

PVgRXR receptor were selected for using 5 pg/ml of Zeocin in RPMI-1640 medium
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supplemented with 10% FBS. Receptor expression was confirmed by Western
immunoblotting. C8161 pVgRXR cells were transfected with 4 pg of siGRM1 plasmid
DNA with the siRNA sequence 5> GATGTACATCATTATTGCC 3°[314], cloned into
the pIND vector containing 5 repeats of ecdysone response elements [315], using
Lipofectamine 2000 per manufacturer’s protocol. Stable C8161 pVgRXR siGRM1 clones
were generated by selection with 5 pg/ml Zeocin and 300 pg/ml G418. Induction of
siGRM1 was achieved by treating the cells with 1-10 uM of Ponasterone A (PonA) as

described [316, 317].

N. Immunofluorescent staining
Cells were grown on glass coverslips to the appropriate density and synchronized by
serum starvation for 48 h. Following synchronization cells were treated as indicated. At
each time point, cells were fixed with 4% paraformaldehyde in PBS and permeabilized
for 10 minutes in 0.5% Triton X-100 in PBS at room temperature. Cells were then
washed with PBS and blocked in 5% goat serum/PBS. Primary antibodies (53BP1 anti
rabbit 1gG and phospho H2A anti mouse IgG) were incubated at room temperature in
blocking solution. Cells were washed with PBS for 5 min and incubated with
Fluorophore-conjugated secondary antibody (Alexa Fluor 488 goat anti-mouse IgG and
Alex Fluor 546 goat anti rabbit IgG, Invitrogen, Carlsbad, CA) for 1 h in blocking
solution. Cells were washed with PBS for 5 min and mounted using Vectashield (Vector
Laboratories, Burlingame, CA). Images were captured using a Nikon Eclipse microscope
coupled with a Coolsnap EZ camera powered by NIS-Elements BR 3.1 software. All

quantifications were performed using ImageJ software.
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O. Western immunoblots

Whole cell protein lysates were prepared as described previously [318]. Briefly, cells
were washed with ice-cold PBS and extraction buffer was added and cells were collected.
After incubation on ice for 20 min, supernatants were collected by centrifugation at
25,000 x g at 4°C for 20 min. Protein concentration was determined using DC protein
assay kit (Bio-Rad, Hercules, CA). Routinely, 25 pg of whole cell protein lysates were

loaded for each lane in Western immunoblots.

P. Detection of reactive oxygen species (ROS)
Cells were seeded at 3 x 10° per well in a 6 well plate and treated as indicated. At
appropriate time points, cells were loaded with dihydrorhodamine 123 (DHR123) for at
least 20 min at 37° C in a humidified 5% CO,/95% air incubator. The plates containing
the cells were washed by several changes of growth medium, trypsinized and cells
collected by centrifugation at 300 x g, washed, and resuspended in PBS. Cells were
immediately measured by the Flow Cytometry Facility Core at Rutgers University using
a Beckman Coulter FC500 Analyzer (Epics XL-MCL model). Rhodamine 123 derived
from DHR123 by oxidation was excited with an air-cooled argon ion laser at 488 nm.
Fluorescent emission of the marker was detected between 525 and 535 nm. Cell debris
and multi-cell aggregates were electronically gated out. For ROS rescue studies, cells
were either pretreated with N-acetyl cysteine pH 7.4 at a final concentration of 10 mM for
30 min prior to the addition of riluzole or co-incubated with reduced glutathione ethyl

ester at a final concentration of 1 mM.
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Q. Measurement of intracellular levels of glutathione (GSH)
Intracellular levels of total glutathione were measured using a GSH/GSSG quantification
kit (Dojindo Laboratories, Kumamoto, Japan) according to manufacturer’s instructions.
Briefly, cells were seeded at 5 x 10° cells in 200 mm culture dishes. Cells were treated,
collected and pelleted by centrifugation at 200 x g for 5 min at the indicated time points.
Pellets were washed with ice cold PBS and resuspended in 80 ul of 10 mM HCI solution.
Cells were lysed by freezing and thawing twice and 5% sulfasalicylic acid solution was
added to a final concentration of 1%. Cells were pelleted by centrifugation at 8000 x g
for 10 min and supernatant was collected. Each sample (20 pl) was placed in a 96 well
plate in triplicate in combination with 120 pl of buffer solution from the kit and incubated
for 1 hour at 37° C after which time 20 pl of substrate, coenzyme, and enzyme working
solutions were added. Samples were incubated for 10 min at 37" C and the absorbance
read at 405 nm in a Tecan infinite M200 plate reader (Tecan, Durham NC).
Concentration of glutathione was calculated using calibration curve and presented as fold

difference compared to untreated cells.

R. Measurement of intracellular levels of glutamate
Amplex Red Glutamic Acid/Glutamate Oxidase assay kit (Invitrogen-Molecular Probes)
was used to measure intracellular levels of glutamate. Cells were plated at 10° cells per
60 mm in media alone or media containing 10 uM of riluzole. After specified time, cells
were removed from the plate using trypsin. Cells were counted to attain density and

pelleted at 300 x g. Cells were rinsed twice using PBS then resuspended in 200 uL of
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PBS. Cell membranes were weakened by three freeze and thaw cycles. Cells were
transferred to a precooled dounce homogenizer with 30 strokes using a pestle to rupture
mitochondrial membrane. The suspension was then measured for the amount of

glutamate according to the manufacturer's protocol.
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Results

2.1 Riluzole-induced DNA damage only occurs in human melanoma cells that
express functional GRM1

To unequivocally determine whether our previous observations of riluzole-
induced DNA damage was dependent on GRM1 expression we took advantage of
isogenic  cell lines: immortalized, non-tumorigenic  human  melanocytes,
hTERT/CDK®**“/p53P° either transfected with an empty vector or one that contains
cDNA encoding human GRM1 in a mammalian expression vector (pCl Neo). Isogenic
clones were selected and expression of the receptor was assessed by Western immunoblot
and its functionality was confirmed by responsiveness of the cells to stimuli/inhibitors of
the receptor (Figure 15). We then assessed levels of riluzole-induced damage by way of
co-localization of 53BP1 and y-H2AX using immunofluorescent staining of these GRM1-
expressing clones after riluzole treatment. Immunofluorescent assays were performed
using the same controls and treatment groups as described in Section | for the human
melanoma cell lines. We found that hTERT/CDK?**¢/p53PP cells did not show discrete
foci co-localization of 53BP1 and y-H2AX after exposure to riluzole when compared to
untreated control (Figure 16A). In contrast, we found that with the introduction of the
exogenous GRML1 receptor there was induction of DSB by riluzole indicative by the co-
localization of 53BP1 and y-H2AX foci in hTERT/CDK?**¢/p53°° _GRM1(Figure 16B).
Fluorescence intensity was quantified and is shown (Figures 16C and 16D).
hTERT/CDKR?#“/p53°° cells treated with riluzole show no significant difference

compared to untreated cells while hTERT/CDK®?*“/p53°P-GRM1 isogenic cells show an
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increase in the amount of co-localization of both y-H2AX (p < 0.05) and 53 BP1 (p <

0.005) when exposed to riluzole

To further confirm that GRM1 expression is required in riluzole-mediated DNA
damage we isolated several stable C8161 isogenic clones that express an inducible sh-
GRM1 RNA containing the modified mammalian ecdysone-inducible hsp70 expression
vector were established (Figure 17A) [319, 320]. In the presence of the inducer,
ponasterone A (PonA), an analogue of ecdysone, the expression of GRML1 is reduced
(Figure 17B) [1]. C8161 isogenic clones containing the inducible siRNA to GRM1 were
either induced with PonA or left uninduced and treated with riluzole for 24 hours or left
untreated. Immunofluorescence staining against yH2AX and 53BP1 was performed to
assess the formation of foci. In the absence of the inducer riluzole elicited DNA damage
when compared no treatment (Figure 18A). In contrast, C8161 cells in which siGRM1
was induced show much reduced amount of co-localized yH2AX and 53BP1 foci which
points to a decrease in riluzole sensitivity with a decline in functional GRM1 receptor
(Figure 18B). Further quantification of the fluorescence intensity show a significant
increase in the amount of signal from both markers compared to no treatment in cells
where GRML is expressed (Figure 18C) in contrast to cell in which GRM1 was silenced
(Figure 18D) These results further confirm the requirement of GRML1 in riluzole

mediated DSBs.

2.2 Riluzole promotes accumulation of intracellular glutamate in GRM1 positive

human melanoma cells
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We have shown that human melanoma cells that express functional GRM1 have
elevated levels of extracellular glutamate in their surrounding environment (Figure 5)
[11]. Treatment with riluzole inhibits the release of glutamate from the intracellular to
extracellular space thus likely enhancing intracellular accumulation of glutamate. To
assess this, GRM1 positive C8161 and GRM1 negative UACC930 human melanoma cell
lines as well as hTERT/CDK?*¢/p53°° and hTERT/CDK®**“/p53°P-GRM1 isogenic cell
lines were treated with 10 uM of riluzole for 24, 48, and 72 h after which time cells were
collected and assessed for intracellular concentrations of glutamate (Figures 19A and B).
We found that GRM1 expressing C8161 cells treated with riluzole had approximately a
two-fold increase in intracellular glutamate concentrations at 48 hours after treatment
compared to untreated samples (Figure 19B). In contrast, GRM1-negative UACC930
cells showed no alteration in the amount of glutamate within the cells after treatment with
riluzole. Normal human melanocytic cell line h\TERT/CDKR?*¢/p53P° showed a decrease
of the amount of intracellular glutamate, however, in hTERT/CDK?**“/p53°> GRM1
cells, there was a dramatic increase in the amount of glutamate concentrations within the

cells (Figures 19A and B).

2.3 Riluzole treatment in GRM1l-expressing human melanoma cells increases
oxidative stress

Results from these experiments strongly suggest riluzole plays a role in inducing

DNA DSBs independent of apoptosis, however, how riluzole treatment elicits DNA

damage remains an open question. We postulated that riluzole inhibition of glutamate

release from within the cell to the extracellular environment leads to a build-up of
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intracellular glutamate and this abundance of glutamate could produce adverse effects
within the cell, possibly as a result of a compromise in intracellular homeostasis. It is
known that the export of glutamate is coupled to the import of cystine, by plasma
membrane transporters which regulate bidirectional transfer of specific amino acids
across the plasma membrane [321]. Cystine is reduced to cysteine, which is a building
block for the antioxidant glutathione (GSH) that plays a predominant role in cellular
defenses against oxidative and nitrosative stress as well as reactive electrophiles [322,
323]. Therefore, an excess of intracellular glutamate results in disruption of
glutamate/cystine homeostasis thus interfering with the glutamate/cystine-antiporter
system resulting in a reduced level of cysteine, a decrease in GSH synthesis and an
accumulation of reactive oxygen species (ROS). To begin to test this hypothesis, we
measured the levels of intracellular ROS formation in two GRMZ1-expressing human
melanoma cell lines, C8161 and UACC903. Cells were treated with 10 uM of Riluzole
for 12, 24, and 48 h using a cell-permeable ROS-specific fluorogenic marker,
dihydrorhodamine 123 (DHR123) and analyzed by flow cytometry. Examples of one-
parameter fluorescence histograms of C8161 at 24 h post-treatment are shown (Figures
20A and B). Results of both C8161 and UACC903 are summarized in Figure 20C. We
found that 24 hours following the treatment with riluzole, there was a 50% increase in the
mean DHR123 fluorescence in C8161 cells when compared to untreated C8161 cells.
UACC903 cells demonstrated a 14% increase when compared to control. This indicates

that treatment with riluzole results in an increase in ROS within these cells.
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The antioxidant function of glutathione is well established in physiological and
pathological states [324]. GSH can either scavenge radicals by hydrogen donation
directly or act as a cofactor for other antioxidant enzymes [325]. Because GSH itself is
not effectively transported into cells, compounds such as N-acetyl cysteine (NAC) and
GSH ethyl ester (GSH-Et) have been developed to increase cysteine transport into the
cell (NAC) or to deliver a GSH moiety directly into the cell, bypassing enzymatic control
of y-glutamyl transpeptidase (GGT) and y- glutamylcysteine synthetase (GCS) [326,
327]. GSH esters are hydrolyzed to GSH intracellularly whereas NAC is hydrolyzed to
cysteine and participates in GSH synthesis by formation of y-glutamylcysteine. It is the
availability of cysteine that usually limits endogenous GSH synthesis. To see if we could
rescue human melanoma cells from an increase of ROS, C8161 and UACC903 human
melanoma cells were either preincubated with a 10 mM NAC solution for 30 min prior to
riluzole exposure or dosed with 1 mM of a reduced form of GSH-Et at the time of
riluzole treatment. Cells were harvested at 12, 24, and 48 h at which time they were
loaded with dihydrorhodamine 123, washed and analyzed by flow cytometry.
Pretreatment of C8161 or UACC903 cells with NAC followed by riluzole exposure led to
a reduction of 20% or 6% in ROS levels (Figures 20A and C). Co-incubation of riluzole
and GSH-Et resulted in a decrease of 32% or 9% of ROS levels (Figures 20B and C). The
ability of supplementation of cysteine (NAC) as well as an exogenous form of GSH that
is readily absorbed by the cell can rescue the cells from an increase in ROS supports the
notion that riluzole elicits its effects on GRM1- expressing human melanoma cells, in

part, by decreasing the amount of available endogenous GSH.
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These experiments were repeated using the immortalized non-tumorigenic normal
human melanocytes and the stable GRM1-expressing clone previously derived from
them. We observed that the parental cells, hTERT/CDK®**“/p53°°, demonstrated no
significant differences between groups that were left either untreated, treated with vehicle
(DMSO) or riluzole (Figure 21A) while the GRM1-expressing isogenic cell line showed
a 15-34% increase in ROS levels within 12 hours following riluzole treatment and the
highest levels detected at 24 hours (Figure 21B). Calculated fold changes in ROS levels
are shown in Figure 21C. These results demonstrate that (i) an increase in ROS is
detected starting at 12 hours post treatment and that (ii) riluzole-mediated ROS formation

is correlated with GRM1 expression.

2.4 Decrease in GSH in human melanoma cells that express GRM1

Cellular GSH levels reflect a steady state balance between synthesis and loss. A
sufficient accumulation in ROS leads to an increase in the rate of GSH consumption
within the cell, which results in cellular injury such as damage to DNA, protein, and lipid
membranes. We treated human melanoma cell lines with 10 uM of riluzole for the 24
and 48 hour time points (Figure 22) at which time cells were harvested and assessed for
intracellular levels of GSH using a commercially available kit. We found that while
riluzole shows little effect on levels of GSH in immortalized non-tumorigenic human
melanocytic cell line hTERT/CDKR?*“/p53°° at 24 and 48 hours, GRM1- expressing
human melanoma cell line C8161 shows a time dependent decrease in levels of GSH over
48 h (Figure 22). GRM1 negative UACC930 cells displayed similar trend as seen in

normal melanocytes, possibly due to the lack of functional GRML1 in these cells while
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hTERT/CDK®*“/p53°°_GRM1 cells displayed similar decreases in intracellular GSH
compared to C8161. These results show that riluzole is able to alter intracellular
concentrations of the endogenous antioxidant GSH and is dependent of a functional

GRML1.
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Figure 15. GRM1 expression in hTERT/CDKA4%**¢/p53°° human melanocytes
transformed with human GRM1

Western immunoblots  of  stable =~ GRM1-human melanocytic  clones,
hTERT/CDK4"?*“/p53°° "GRM1. (A.) Lanes 1 and 10 are GRM1 expressing C8161,
lanes 2 and 8 are vector controls, lane 3, 5, 6, 7, and 9 are five independent GRM1-human
melanocytic clones, lane 4 is IMR32, human neuroblastoma cell line, a positive control
for GRM1 expression. (B.) MAPK/ERK is activated by GRM1 agonist, L-quisqualic
acid and shows no altered modulation when preincubated with the non-competative
antagonist of GRM1, Bay 36-7620.



R24C DD
hTERT/CDK __ /p53 -
DAPI y-H2AX 53BP53BP11  Merged

NT

Ril

R24C _ DD
hTERT/CDK  /p53 -GRM1
DAP y-H2AX 53BP1 Merged

98



99

hTERT/CDK®*4¢/p53PP_Vec hTERT/CDKR24¢/p53PD_hGRM1

a
o

250000 -
250000 7 = 53BP1 '
= 53BP1 =p <0.05
200000 4 * ., -

200000 | +-H2AX y-H2AX ** = p <0.005

150000 - 150000 -

100000 - 100000 - wx

Relative Fluorescence
(Arbitrary units)
Relative Fluorescence
(Arbitrary units)

50000 -

50000 -
OA* 0

NT Ril NT Ril

Figure 16. Riluzole induces DNA DSBs in human only in melanocytic cells that express
GRM1

(A.) A stable vector-only clone derived from immortalized, non-tumorigenic, normal
human melanocytes hTERT/CDKR?*¢/p53°° or (B.) a stable GRM1-expressing-
hTERT/CDK®?*“/p53°° isogenic clone were assessed for DNA damage following
treatment with 10uM riluzole for 3 h using markers for DSB, 53BP1 and y-H2AX .
Immunofluorescence was quantitated and values are shown (.C and D.). Each bar
represents mean + SEM, n=10. * p < 0.05; ** p < 0.005.
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Figure 17. PonA inducible shGRML1 clones .

(A.) Schematic showing ponasterone A inducible siRNA expression system. (B.)
(Bottom) pVgRXR shGFP control, no treatment (NT), vehicle (Veh, DMSO) or with the
inducer of the ecdysone system, the insect molting steroid 20-OH ecdysone (Ponasterone
A, PonA, 5uM). Levels of GRM1 were decreased only shhGRM1 clone but not shGFP
clone, a-tubulin was used to show equal loading. (Top) In vivo xenografts with the same
shGRM1cells as in panel A. The inducer PonA (10mg/kg) was given I.P. twice a week.
Reduced tumor volume was detected in PonA treated mice. C: Western immunoblots of
stable GRM1-human melanocytic clones. Lanes 1 and 10 are GRML1 expressing C8161
cells, lanes 2 and 8 are vector control clones, lane 3, 5, 6, 7, and 9 are the five
independent stable GRM1-human melanocytic clones, lane 4 is IMR32, human
neuroblastoma cell line, a positive control for GRM1 expression.
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Figure 18. Knock down of GRM1 expression reduces amount of DSB in riluzole
treated human melanoma cells independent of apoptosis.

Stable C8161 human melanoma clones harboring an empty vector (A and C) or a PonA-
inducible shGRM1 (B and D) were treated with 10 uM etoposide for 30 min as a positive
control (not shown) and 10 pM of riluzole for 3 h. Immunofluorescence staining was
performed using DAPI as nuclear control and 53BP1 and y-H2AX were used to show sites
of DNA DSB. Quantifications of the immunofluorescence images are shown (C and D).
Each bar represents mean + SEM, n=10. * p < 0.05; ** p < 0.005.
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Figure 19. Riluzole treatment of GRM1-positive human melanoma cells induces an
increase in intracellular levels of glutamate

Human melanoma cells C8161 and UACC930 were assessed for intracellular levels of
glutamate after treatment with riluzole for 24 and 48 h. Immortalized human
melanocytes, hTERT/CDKR**“/p53°°, and GRM1-expressing isogenic  clones
hTERT/CDK"*/p53P°-GRM1 were also assessed. Concentrations of glutamate were
normalized to the number of viable cells within each treatment group and are shown
graphically as percent of non-treated (NT) cells. Statistical analysis was performed
between untreated and treated pairs to show significance. Each bar represents mean +
SEM, n=10. * p < 0.05; ** p <0.005
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Figure 20. Riluzole treatment results in an increase in ROS in human melanoma
cells and is rescued by inclusion of NAC or reduced GSH-Et.

GRM1-expressing human melanoma cells C8161 and UACC903 were pre-incubated
with either (A.) 10 mM NAC for 30 min or co-incubated with (B.) 1 mM reduced GSH-
Et. Cells were then treated with 10 uM of riluzole for 12, 24, and 48 h and assessed for
levels of ROS using DHR123 followed by flow cytometry. The results of both human
melanoma cells lines are summarized in (C.) as the fold difference normalized to

untreated samples.
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Figure 21. GRM1 expression is necessary for riluzole-elicited increases in ROS.

(A.) Immortalized, non-tumorigenic human melanocytes hTERT/CDK"**¢/p53°° or (B.)
hTERT/CDK®#“/p53°P°°_GRML1 cells were treated with 10 uM of riluzole for 12, 24, and
48 h. Cells were loaded with DHR123 and fluorescence intensities used as a measure of
ROS production. Results are summarized as the fold difference of untreated cells in (C.)
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Figure 22. Riluzole treatment of GRM1-positive human melanoma cells induces a
reduction in glutathione levels

(A.) Immortalized non-tumorigenic human melanocytes, hTERT/CDK"#*“/p53°° and the
isogenic cell line hTERT/CDKR?*“/p53PP-GRM1 as well as human melanoma cell lines
UACC930 and C8161 cells were treated with 10 uM riluzole for 24 and 48 h. and total
intracellular glutathione levels were assessed and are shown as a percent of untreated
cells (NT). SEM, n=10. * p <0.05; ** p < 0.005.
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Section III: Riluzole is a Radio-Sensitizing Agent in an in vivo
Model of Brain Metastasis Derived from GRM1 Expressing
Human Melanoma Cells

Aim 3: Rationale

Brain metastases represent a common terminal or pre-terminal event in many
patients harboring malignancies including those diagnosed with metastatic melanoma.
Current treatment for patients having brain metastases involves combinations of steroids,
surgical resection, stereotactic radiosurgery (SRS), and whole brain radiation therapy
(WBRT). As opposed to other forms of cancers, melanoma patients with brain
metastases that receive these forms of treatment have inferior results, with a one year
survival rate of less than 13%. This finding confirms the known relative radioresistance
of melanoma cell lines found in vitro. Based on results presented in Sections I and Il of
this thesis, we wished to assess in vivo the radiosensitizing activity of riluzole in an

orthotopically implanted, intracranial human melanoma xenograft animal model.
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Materials and Methods

S. Cell culture and DNA transfections
C8161 human melanoma cell line was provided by Dr. Mary J.C. Hendrix (Children’s
Memorial Research Center, Chicago, IL). [296]. U87MG glioma cells were purchased
from ATCC (Manassas, VA). Melanoma cells were grown in RPMI 1640 plus 10% fetal
bovine serum (FBS); US87MG were grown in Dulbecco’s modified Eagle Medium
(DMEM) supplemented with 5% FBS. DNA transfections were performed with DOTAP
according to the manufacturer (Roche, Basel, Switzerland). Coding sequence for the
modified firefly luciferase, luc+, was subcloned into a mammalian expression vector
pCl-neo (Promega, Madison, WI,). Stable luc+- transfected clones (C8161-Luc) were

selected in growth medium plus 300 pg/ml Geneticin (Invitrogen, Carlsbad, CA).

T. Lucigenin chemiluminescence assay
To be certain that the luciferase in stable C8161-luc clones were functional we assessed
luciferase activity in these cells, We transiently transfected in the Renilla luciferase
construct using DOTAP (Roche, Basel, Switzerland) according to manufacturer's
instructions. At 48 h post-transfection, cell lysates were collected from both control
construct-containing cells and stable C8161-luc-containing clones. Firefly and Renilla
luciferase activity levels quantified using the Dual-Glo luciferase assay system (Promega,
Madison, WI) according to the manufacturer's specifications by a Veritas Microplate

Luminometer (Turner Biosystems, Sunnyvale, CA).

U. Xenograft animal model
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One million cells were injected subcutaneously into the dorsal flanks of each mouse,
when the tumor volumes reach 6-10 mm? as measured by vernier caliper the mice were
randomized into groups with similar tumor volume distribution and treatment is then
initiated. The groups were no treatment (NT), vehicle (Veh, DMSO) and riluzole (10
mg/kg) treatment administrated via oral gavage daily for 37 days. Quantitation of the
bioluminescence signal intensities acquired by IVIS small animal imaging system as
follows: Luciferin (15 mg/ml) stock solution was used and each animal received
intraperitoneal injection of luciferin (6 mg/mouse) at least 20-30 min prior to acquisition
of images. The data were expressed as photon flux (photons/s/cm2/steradian, where
steradian refers to the photons emitted). The background photon flux was subtracted from
the signal intensities measured at the same site. Data were normalized to peak signal

intensity of each time course.

V. Orthotopic human melanoma cell injections in immunodeficient nude mice
For the brain metastasis model, luciferase-expressing C8161-luc cells were inoculated
intracranially into 6 week old immunodeficient mice using a stereotactic device. C8161-
luc cells were harvested, counted, and adjusted to 100,000/5 pl in sterile low melting
agarose to a final concentration of 0.33%. Mice were anesthetized using 20 mg/ml
avertin (250-300 ul per 10 grams body weight) by way of intraperitoneal injection and
maintained throughout the procedure by inhalation of 5% isoflurane mixed with pure
oxygen. The mouse head was secured into the stereotactic frame using ear bars on the
device. Marcaine (0.5%) with epinephrine was injected subcutaneously at the proposed
incision site as a local anesthetic and to prevent bleeding. A 1 cm midline scalp incision

was made to expose the skull and a small hole drilled through the skull using a #33G drill
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bit at coordinates 0.5 mm anterior and 2 mm lateral to the bregma. A Hamilton syringe
with 10 pl capacity was used to deliver the cells to allow a slow, accurate injection rate
(0.6 pl/min) as to eliminate pressure at the injection point that could cause reflux of the
suspension.  The incisions were closed using the skin adhesive, Vetbond (3M

Corporation, St. Paul, MN).

W. Visualization of orthotopic mouse model of brain metastasis
The luciferase substrate, D-luciferin potassium salt (Perkin Elmer, Waltham, MA) was
prepared at a final concentration of 15 mg/ml in sterile PBS. Luciferin (6 mg/mouse) was
delivered via intra peritoneal injection. After 10-20 minutes, animals were visualized
using IVIS optical imaging system (Caliper Life Sciences, Waltham, MA) at a medium
binning for 1 minute. Upon initial detection of luminescence signal, mice were randomly
divided into four groups: group 1 was treated daily by oral gavage with the dimethyl
sulfoxide (DMSO, vehicle) only, group 2 was treated with vehicle daily and once weekly
for 3 weeks with 4 Gy of irradiation only (IR), group 3 was treated with 10 mg/kg of
riluzole by oral gavage daily (Ril), and group 4 was treated with 10 mg/kg of riluzole by
oral gavage daily followed by a once weekly exposure of 4 Gy of irradiation for 3 weeks
(Ril + IR). The irradiation was performed by the following protocol: mice were placed in
an individual container approved by Rutgers LAS for use in the y-irradiator (Gammator
50, cesium 137 source; Radiation Machine Corp.) with a sleeve of lead coving the body
of the animal with exception of the head. The mice were irradiated with 3 weekly
fractions of 4 Gy to the groups receiving irradiation. Tumors were measured weekly

using the VIS small animal imaging system for the detection of luminescent signal.
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Results
4.1 Isolation of stable luciferase-expressing C8161 cells

Bioluminescence using the reporter enzyme firefly luciferase (Fluc) and the
substrate, luciferin, enables noninvasive optical imaging of living animals with extremely
high sensitivity. This type of analysis enables studies of gene expression, tumor growth,
and cell migration over time in live animals that was previously not possible. We
introduced luciferase cDNA into C8161 GRM1-positive human melanoma cells. Several
stable clones (C8161-luc) were isolated. Expression was confirmed by luminescence
detection in the presence of the substrate (Figure 23). Luminescence detection in C8161-
luc cells was significantly high compared to positive control (plasmid with luciferase
under SV40 promoter) indicating successful expression of the luciferase containing

construct as well as well as selection efficiency.

4.2 Tumor volumes of subcutaneously injected cells measured by IVIS optical
imagining system

As a pilot experiment to be certain that the measurement of subcutaneously
inoculated tumor cells that were measured using a vernier caliper are similar to the
images acquired by IVIS optical imagining system, we injected one million luciferase-
expressing cells into the dorsal flanks of athymic nude mice. When the tumors reached a
minimal volume between six to ten cubic millimeters, as measured by Vernier caliper, the
mice were randomized into groups to attain similar volume distribution per group. The
groups were no treatment (NT), vehicle treated (Veh, DMSO), and riluzole (10mg/kg).
Riluzole and vehicle treated animals were administered treatment via oral gavage daily

for 37 days. In parallel to tumor measurement with a vernier caliper, the bioluminescence
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signal of the tumors was measured using the 1VVIS small animal imaging system. This
study allowed us to compare the physical measurements (Vernier caliper) to chemical
measurements (bioluminescence) and see if a similar measurement could be established
using either method (Figure 24). From the data, we conclude that the tumor
measurements attained from both methods are very similar and that there is a definite
correlation between the two allowing us to use the IVIS system to monitor tumor

progression in an intracranial model of brain metastasis.

4.3 Combination of riluzole and IR reduces human melanoma cell growth in
orthotopic model of brain metastasis

The brain is a common site of metastasis for patients with various neoplasias
including melanoma, breast cancer, lung cancer, and colorectal cancer. Despite
maximally tolerated doses of radiation to the whole brain, patients with multiple brain
metastases from solid tumors often show progression in the brain contributing to
neurological deterioration, decreased quality of life, and poor survival. We previously
showed in vitro cultured GRM1- positive human melanoma cells were more sensitive to
irradiation in the presence of riluzole. To mimic brain metastases observed in melanoma
patients, we examined brain metastases in an animal model C8161-luc cells were injected
intracranially and monitored for tumor establishment using luminescent imaging. Upon
initial detection animals were imaged weekly to determine if riluzole could further
sensitize orthotopic tumors to the effects of IR. Our results in the intracranial model

show that riluzole and irradiation alone resulted in decreased luminescence compared to
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vehicle treated alone (Figure 25). The combination of riluzole and irradiation resulted in

smaller tumor cell growth as suggested by luminescent signal detected.
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Figure 23. Stable C8161 luciferase containing clones

C8161 containing the construct pCI-Neo-Luc+ were assessed for luminescence using
Veritas Microplate Luminometer. pGL3-Basic vector (Promega) was used as a negative
control and pGL3-control vector (Promega) was used at a positive control.
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Figure 24. Comparison of actual tumor volume vs. luminescence intensity

(A.) Human cancer cells expressing luciferase were used to establish a correlation
between physical and bioluminescent measurement. The data were expressed as photon
flux (photons/s/cm2/steradian, where steradian refers to the photons emitted). The
background photon flux was subtracted from the signal intensities measured at the same
site. Data were normalized to peak signal intensity of each time course and expressed as
mean values with standard deviations. **, p<0.05, comparison of riluzole treated mice
with vehicle treated ones. C. Grayscale photograph of the mice was first acquired
followed by the acquisition and overlay of the pseudo-color luminescent image from
violet (least intense) to red (most intense), representing the distribution of detected
photon counts emerging from active luciferase within the animal. Panel (C.) are images
taken on the first day of treatment, vehicle (DMSO) or riluzole (10mg/kg) administered
by oral gavage daily. Panel (D.) are images from the last day of treatment.
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Figure 25. Intracranial orthotopic transplants of human melanoma

(A.) C8161-luc+ human melanoma cells were introduced into the brains of nude
mice. Once luminescent signal was detected, animals were separated into groups at
treated with either DMSO (Veh), riluzole (10 mg/kg), ionizing radiation (4 Gy) or a
combination of the two. Animals were terminated after 3 weeks of treatment. (B.)
Images of select animals showing initials and terminal images
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Section IV. Discussion

G-protein coupled receptors (GPCRs) represent a class of therapeutic targets that
have been widely exploited for drug designs and development. Metabotropic glutamate
receptors (GRMs) belong to Class C GPCRs and are predominantly involved in
maintaining cellular homeostasis in the central nervous system (CNS) [328]. The natural
ligand of GRMs, glutamate, interacts with receptor proteins leading to the activation of
multiple signaling pathways [1, 273, 283]. More recently, aberrant glutamate signaling
has been shown to play a role in the transformation and maintenance of various cancer
types, including melanoma. Glutamate secretion from these cells has been found to
stimulate regulatory pathways that control tumor growth, proliferation and survival [11,
301]. In addition to synaptic transmissions, accumulating evidence suggesting other
functional roles of glutamatergic signaling in human malignancies has presented
intriguing possibilities to make GRMs putative, novel targets for human cancer
treatments (Table 2). To this end, the aberrant expression of metabotropic glutamate
receptor 1 (GRM1) was found as the driving force in inducing melanomagenesis in
transgenic mouse models. Since then, other subtypes of GRMs have been implicated in
the pathogenesis of various cancer types such as malignant gliomas and
medulloblastomas. As such, increased efforts have been generated to elucidate the

mechanisms by which GRMs confer oncogenic potentials.

Our laboratory has studied glutamate signaling in melanoma. We have previously
described an unknown mechanism of melanoma pathogenesis in which the expression of

an otherwise normal receptor protein, metabotropic glutamate receptor 1 (GRM1) in an
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unnatural cellular environment (melanocytes) is able to upregulate proliferation and
tumor progression both in vitro and in vivo. We postulate that the oncogenic
transformation of cell types by way of GRMs occurs by the establishment of autocrine or
paracrine feedback in which the cell releases the ligand which binds and activates the
receptor, maintaining its activation, as well as that of downstream effector proteins
leading to enhanced proliferation as demonstrated earlier for other GPCRS with
oncogenic activity [262, 263] In mouse and human melanoma cell lines, stimulation of
GRML1 by glutamate results in activation of phospholipase C (PLC) which in turn cleaves
phosphatidylinositol  4,5-bisphosphate (PIP2) to secondary messengers inositol
triphosphate (IP3) and diacylglycerol (DAG) [329, 330]. DAG remains bound to the
membrane where it activates protein kinase C (PKC) that in turn can activate the MAPK
and PI3K/AKT pathways [275, 276, 277, 278, 279]. PKC plays a key role in a multitude
of cellular processes including apoptosis, malignant transformation, and metastasis [274].
It is well known that the RAS-RAF-MEK-ERK module of the MAPK signaling cascade
controls cell proliferation and inhibits apoptosis. PI3K/AKT pathway activation is
important for tumor cell survival, epithelial-mesenchymal transition (EMT), and
angiogenesis [280]. Therefore, activation of ectopically expressed GRM1 in melanocytes
would activate signaling pathways known to be important in the pathogenesis of
melanoma and interruption of this pathway would result in a decrease in cell proliferation
and survival. Despite the lack of specific GRM1 antagonists with clinical applications,
our group has used Rilutek® (riluzole), an FDA approved drug for the treatment of
Amyotropic Lateral Sclerosis (ALS) in clinical trials for the treatment of melanomas

[293, 331, 332, 333]. Riluzole is known to inhibit the intracellular release of glutamate to
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the surrounding cellular environment, allowing the drug to act as a putative antagonist,
not through direct interation with the receptor itself but by decreasing the levels of free

ligand available to bind to the receptor resulting in its decreased activation [24, 25].

We have demonstrated that human melanoma cells that express functional GRM1
also have elevated levels of free glutamate in the surrounding environment resulting in
autocrine/paracrine activity of the surface receptor [11]. Following exposure to riluzole,
GRM1-expressing human melanoma cells accumulate in the G,/M phase of the cell cycle
24 hours after treatment. Cell cycle checkpoints coordinate cell cycle progression with
DNA repair and apoptosis to minimize the probability of replicating damaged DNA
[334]. The G,/M checkpoint prevents cells from entering mitosis when there is DNA
damage present [335]. This was followed by a shift of the cell population into the sub G,
phase of the cell cycle, which is indicitive of apoptic cell death. It is known that cells in
the G,/M phase of the cell cycle are more sensitive to the effects of DNA damaging
agents, such as ionizing radiation (IR). This led us to perform studies combining riluzole
with IR in an attempt to take advantage of rilzuole-mediated G,/M arrest in order to
enhance the lethal effects of IR in cancer cells . We found that in vitro, human melanoma
cells that express GRM1, when treated with riluzole are more susceptible to the sublethal
doses of ionizing irradiation. Using a xenograft model, we showed that riluzole is able to
enhance the lethal effects of ionizing radiation in human melanoma cells that express
GRML1, resulting in significant tumor growth inhibition in vivo [4]. Tumors from these
xenografts were excised and IHC was performed using a marker of DNA DSB, y-H2AX.

As expected, the excised tumors from animals treated with ionizing radiation alone or in
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combination with riluzole showed positive for the stain. However, to our surprise,
xenograft samples from riluzole treated animals alone showed positive or increased
positivity in staining for yH2AX that was comparable to levels found in tumors treated
with IR [4]. We hypothesized from these studies that perhaps it was possible that riluzole
on its own is able to cause DNA damage in an GRM1-dependent manner causing the
cells to arrest in the Go/M phase of the cell cycle to allow the repair of damaged DNA

[336, 337].

Agents that are able to cause DNA damage and mutation have been the mainstay
of cancer therapy for decades. Drugs that induce covalent crosslinks between DNA bases
(i.e. cysplatin, carboplatin, oxaliplatin and mitomycin C), compounds that attach alkyl
groups to bases (such as methyl methanesulponate and temozolomide) and agents that
cause single strand breaks (SSBs) or double strand breaks (DSBs) by trapping
topoisomerase | or Il enzymes on DNA (such as camptothecin and etoposide) have
provided the core of cancer treatment for the past half-century [181]. To determine
whether riluzole on its own was able to induce genomic insult, we probed human
melanoma cells treated with riluzole for intracellular colocalization by way of
immunofluorescence for two markers of DNA damage, p53 binding protein 1 (53BP1)
and phosphorylated histone variant 2AX (yH2AX). 53BP1 is a nuclear protein belonging
to a family of evolutionary conserved DNA damage checkpoint proteins containing
BRCAL (breast cancer susceptibility protein) C-terminal (BRCT) domains and has been
shown to localize rapidly to sites of DNA double strand breaks (DSBs) which functions

upstream of ataxia-telangiectasia mutated (ATM) in response to DNA damage [305].
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53BP localization forms discrete foci along stretches of DNA or chromatin on either side
of the DNA DSB. H2AX is one of three types of conserved histone H2A protein species.
Following exposure of cells to agents that cause DNA DSB, such as IR, H2AX is rapidly
v-phosphorylated and localized to sites of DNA DSBs forming foci at large regions of
chromatin around the break [338]. Upon treatment with riluzole, we found that human
melanoma cells that expressed a functional form of GRM1, C8161, showed discrete foci
formation of both 53BP1 and y-H2AX starting at 3 hours with increasing amounts of
punctated foci formation up to 24 h although levels of 53BP1 were uniformly lower than
that of yH2AX. These results might be reasonable since 53BP1 needs to be recruited to
the foci after DNA damage and, in contrast, since H2AX already exists at the site of
DNA DSBs [339]. The majority of cells assessed past 24 hours were found to lose
adherence, possibly due to death response. We further investigated another human
melanoma cell line, UACC930, for appearance of punctated foci co-localized at sites of
DNA DSBs. UACC930 cells express a truncated, non-functional version of GRM1,
therefore allowing it to act as a negative control for the receptor. As expected, we found
that there existed no rise in number of 53BP1 or y-H2AX foci when compared to
untreated UACC930 cells. These results confirm our previous immunohistological data
showing that riluzole treatment alone, in a xenograft model of human melanoma, is able
to elicit DNA damage repair (DDR) in response to DNA DSBs. These foci were only
observed to form in C8161 cells and not UACC930 cells suggesting a requirement of

GRML1 expression in riluzole-mediated DNA damage.
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During the earliest stages of checkpoint activation, members of the Rad group of
checkpoint proteins, which are thought to act as DNA damage sensors, relay information
to members of phosphoinositide 3-kinase related kinases (PIKKs) [340]. In mammalian
cells, DNA-damage-induced checkpoints that occur at the G,/M boundary are transduced
by two PIKK family members, ATM (ataxia-telangiectstasia mutated) and ATR (ATM
and Rad3-related) which phosphorylate numerous target proteins involved in cell cycle
arrest, DNA repair, and apoptosis in response to DNA damage [184, 341]. ATM and
ATR are thought to share responsibilities as the apical protein kinases in all cell-cycle
checkpoints. Upon exposure of double-strand break-inducing agents, kinase domain of
ATM Dbecomes catalytically active within 1 hour after cellular exposure to IR or
radiomimetic agents [342]. Alternatively, ATR responds to DNA damage by undergoing
intranuclear localization, redistributing into DNA damage-induced nuclear foci [340].
This suggests that ATR is does not undergo activation by genotoxic agents or its
activation is restricted to ATR molecules that translocate into the nucleus. In this study,
GRML1 positive human melanoma cells exposed to relatively low concentrations of
riluzole were shown to have increased levels of activated ATM compared to cell lines
that did not express functional GRM1, with the maximum levels being detected 48 hours
after treatment which correlates with our cell cycle data showing possible G,/M

accumulation at a similar time.

ATM phosphorylates p53 directly on Ser 15 or indirectly through phosphorylation

of the regulation checkpoint kinase, Chk2, which then phosphorylates p53 on Ser20 as
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well as Ser 216 of Cdc25C [343]. Phosphorylation of p53 on Ser20 contributes to its
stabilization by interfering with its binding to MDM2 and activation, which plays a
pivotal role in the G; checkpoint, participates in the G, checkpoint and promotes
apoptotic cell death [344]. Phosphorylation of mitosis-promoting Cdc25C creates a
binding site for 14-3-3 proteins. In the 14-3-3 bound form, Cdc25C is either catalytically
inhibited and/or sequestered in the cytoplasm, prohibiting its activation and inhibiting
mitosis [345]. This could explain our results showing that riluzole treatment of GRM1-
expressing human melanoma cells ultimately resulted in sub G; cell cycle arrest and that
these cells had increased levels of the activated form of caspase-3, indicative of
apoptosis.  Further assessment in levels of activated Chkl and 2 as well as
phosphorylated Cdc25C would determine the role of ATR in the ATM-mediated DNA
response observed. Furthermore, ATM dependent checkpoint activation suggests the
prominence of homologous recombination (HR) as the major mode of DNA DSB repair.
In late G2 phase of the cell cycle, HR is the major mode of DNA dsb repair whereas
DNA-PK-dependent nonhomologous end joining (NHEJ) serves as the major mode of
DNA dsb repair during G; [346]. Studies performed by Takeda and colleagues showed
using reverse genetics that ATM and late stage S-G, recombinational repair mechanism
resided in the same maintenance pathway suggesting that ATM activation has a direct tie

to homologous recombination [347].

Isogenic disease models are used to genetically match ‘normal cells’ with the
various genetic variations that can be found in a specific population in order to model

human disease. To further assess the role of GRM1 in riluzole-mediated DNA DSB
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response, exogenous cDNA to GRM1 was introduced into an immortalized human
melanocytic cell line, \TERT/CDK®*¢/p53°°.  Stable isogenic cell lines that expressed
GRM1 (hTERT/CDKR?*“/p53°P-GRM1) were selected and assessed for receptor
functionality via modulation of downstream effector molecules [348]. Upon exposure to
riluzole, we observed an increase in the levels of co-localization of 53BP1 and y-H2AX
similar to those seen in C8161 cells which express an endogenous form of the receptor.
This was in contrast to the parental cell line were there was no increase in the amounts of
either protein, even up to 24 hours post treatment.  Since we were able to induce DSB
using riluzole after introducing an exogenous form of GRM1 into a melanocytic cell line,
it would make logical sense that if the receptor were necessary for riluzole-induced DNA
DSB, loss of function of the endogenous form of the receptor in a melanoma cell line that
has been shown to require its activation for proliferation and survival should result in a
decrease in the amount of DSB produced after exposure to riluzole. To answer this
question we decided to conditionally knock down GRM1 in C8161 human melanoma
cells using an inducible shRNA to GRM1. We have previously reported on the
requirement of GRML1 in these cells for growth and proliferation [11]. We performed
parallel in vitro studies treating C8161-shGRM1 with riluzole either in the presence or
the absence of the inducer of the ShRNA, ponasterone A. We found that C8161-shGRM1
cells in which GRM1 was knocked down exhibited a decreased amount of foci co-
localization of both 53BP1 and yH2AX when compared to cells that were left untreated.
C8161 shGRML1 cells, in which the shGRM1 was left uninduced, when treated to
riluzole, had elevated levels of DSBs that were observed for the parental riluzole treated

C8161 cells. Collectively, these data revealed the presence of an immediate response of



129

cells that express GRML1 to the introduction of DNA DSBs when exposed to riluzole.
However, since we know that riluzole treatment has been shown to ultimately result in
human melanoma cell death we had to demonstrate that it was indeed the DNA DSBs

that were leading to cells death.

We had reported previously that human melanoma cells expressing GRM1 were
found to accumulate in the G,/M phase of the cell cycle followed by a shift after 24 hours
of the cell population into the sub G; phase of the cell cycle, which is indicative of
apoptotic cell death [4, 11]. Reproductive cell death may be caused by three-
nonexclusive processes: irreversible blockage of cell division, necrosis, and apoptosis.
Many DNA damaging agents are known to induce apoptosis, though whether DSBs are
the result of apoptotic cell response or the apoptotic cell response leads to DSBs depends
on the mode of action of the agent. To address whether the co-localization of y-H2AX
and 53BP1 we are observing are either the cause or consequence in riluzole-mediated cell
death in our system, we established several stable isogenic cell lines that expressed the
murine form of metabotropic glutamate receptor 1 (Grm1) using an immortalized baby
mouse kidney (iBMK) epithelial cell line that was previously made apoptosis-deficient
(D3) via the deletion of pro-apoptotic proteins, BAX and BAK (D3-Grm1l) [282]. The
cell lines were assessed for expression of Grm1 on the protein level by detection of the
receptor via Western immunoblot. Further downstream modulation of ERK was used to
demonstrate functionality of the receptor. Using this model, we are able to demonstrate
that, upon expression of Grm1l in these cells, there was a definite introduction of DNA

DSB response as seen by the colocalization of 53BP1 and y-H2AX foci in the nuclei of
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the isogenic D3-Grm1 cell line after exposure to riluzole. This is in contrast to the vector
containing line (D3-Vec) in which there was no observed difference between the cells
that were treated or left untreated with riluzole. These studies demonstrated that the
DNA DSBs that were being elicited by riluzole were not only dependent on expression of
GRML1 but also that riluzole-induced DNA DSBs were independent of apoptotic cell
response. This suggests that the previous sub G cell cycle arrest that was observed in
GRM1 expressing human melanoma was the result of genomic insult induced by riluzole
exposure. These results led us to believe that the inhibition of glutamate from within
these cells was causing irreparable damage to the genome. However, how this damage

was being elicited remained unclear.

It is known that ionizing radiation (IR) generates reactive oxygen species (ROS)
such as superoxide anions, hydrogen peroxide, and hydroxyl radicals and oxides of
nitrogen of metabolic origin or that occur as a consequence of reactions secondary to
metabolism [349]. Extraordinary high levels of ROS as a result of exposures to IR or
chemicals that either directly produce or stimulate the metabolic production of ROS
would reasonably be expected to alter the overall redox status of cells [350]. Our
previous results in this thesis led us to hypothesize that perhaps inhibition of glutamate
release via riluzole is leading to an increase in the amount of intracellular ROS. We
found that GRM1-expressing human melanoma cells treated with riluzole did indeed
show an increase in the generation of ROS when compared to untreated cells. This was
further confirmed in our isogenic hTERT/CDKR?*¢/p53°P-GRML cell line which showed

that introduction of GRML1 resulted in an increase in levels of ROS indicating that
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riluzole-induced DSB are perhaps caused, directly or indirectly, by an increase in the
amounts of intracellular ROS. It is known that cells possess a wide range of interlinked
antioxidant defense mechanisms that protect from ROS. However, the capacity of these
systems is not unlimited and it is possible that excessive ROS production would breach

these levels resulting in a decrease in the amount of available antioxidants.

The tripeptide glutathione (GSH) is the major endogenous antioxidant produced
in cells [351]. It can directly neutralize free radicals and reactive oxygen compounds by
hydrogen donation, act as a cofactor for the enzyme GSH-peroxidase that scavenges
hydrogen peroxide, and maintain exogenous antioxidants such as vitamin E in their
reduced form. It is known that cysteine derivatives act as cysteine delivery systems that
increase GSH synthesis, resulting in increased intracellular GSH concentration. The
cysteine derivative N- acetyl-L-cysteine (NAC) is hydrolyzed within the cell to cysteine
and it is the availability of this amino acid that is usually the rate limiting step in GSH
synthesis [352]. The administration of NAC has been shown to lead to increase
intracellular GSH synthesis resulting in decreased oxidative stress in vitro [353]. We
proposed that the inhibitory effect of riluzole on the release of intracellular glutamate in
GRML1 expressing human melanoma was causing an increase in the levels of ROS
possibly by depleting intracellular concentrations of GSH. If this is the case, it should be
possible to rescue the cells by providing them with an alternative source of cysteine. To
do this, human melanoma cell lines used in our previous experiments that express GRM1
were pretreated with NAC prior to riluzole treatment. When the cells were collected and

assessed, we found that the cells that had been pretreated with NAC showed a substantial
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decrease in the levels of ROS detected. To confirm this observation, we repeated the
assay, this time using an ester of GSH, GSH reduced ethyl ester (GSH-Et) was used to
rescue the cells from increased ROS. GSH-Et are transported into the cell where it is
converted into GSH [326]. Our results show that human melanoma cells that express
endogenous GRM1 have an almost 100% rescue from the ROS induced by riluzole
treatment compared with untreated cells. These results led us to further examine our
hypothesis that riluzole elicits its DNA DSBs on GRM1 expressing human melanoma
cells by causing an increase in ROS resulting in an decrease specifically in the amount of
intracellular GSH. This was confirmed by measuring the levels of total GSH in riluzole
treated GRM1 expressing human melanoma cells. We found that compared to either
cells that did not harbor the receptor (nTERT/CDK®?*“/p53°°) or human melanoma cells
that expressed a nonfunctional version of the receptor (UACC930), human melanoma
cells that express GRM1, when treated with riluzole, showed a time dependent decrease
in the amounts of intracellular GSH. These data collectively suggest that, in GRM1-
expressing human melanoma cells, the increase of ROS is the result of a decrease in

intracellular GSH. This could be the result of the cells inability to release glutamate.

The sodium-independent cystine/glutamate antiporter/exchanger, system x.
(xCT), is a rate-limiting step for GSH synthesis in various cell types [354]. XCT functions
as the exchange system for cystine/glutamate, with cystine entry into the cells in
exchange for the release of glutamate at a ratio of 1:1. Once inside the cell, the cystine is
rapidly reduced to two molecules of cysteine, the rate-limiting substrate for the

biosynthesis of GSH. It is possible that by inhibiting the release of glutamate from within



133

the cells disrupts intracellular concentrations of cysteine [355]. This would result in a
decrease in the amount of GSH causing an imbalance in redox homeostasis. Although
XCT is expressed in various malignant tumors, its role and implication in our system is
currently being investigated by our laboratory. We detected various levels of XCT in
several human melanoma cell lines and in normal human melanocytes with no apparent
correlations with XCT levels, genotypes at BRAF/N-RAS, or stage of the disease being
noted (data not shown). To further assess the role of XCT in our system, we have attained
XCT-null mouse melanocytes (SUT2 cells) derived from a mouse model of Hermansky-
Pudlak syndrome, a rare autosomal recessive disorder which results in oculocutaneous
albinism, platelet abnormality, and lysosomal accumulation of ceroid lipfuscin [356]. In
culture, SUT2 cells have been shown to have reduced intracellular levels of GSH and are
maintained by supplementation of B-mercaptoethanol (BME) in the growth medium to
supply cysteine. By introducing either exogenous GRM1 alone or with functional xCT,
we can further assess the involvement of XCT in glutamatergic signaling by examining if
XCT is required for the maintenance of cellular homeostasis, is a potential target for
riluzole in riluzole-mediated inhibition of glutamate release, or if there are other

glutamate exchange transporters at play in our system.

Our group has performed a phase 0 to explore mechanistic and pharmcodynamic
effects of riluzole in human melanomas in which 12 patients with stage I11/1V resectable
melanoma received riluzole for 14 days. 4 of the 12 patients (34%) showed significant
post-treatment decreases in tumor levels of pAKT and/or pERK. In order to determine if

there were detectable differences in the levels of markers of DNA DSB, protein lysates
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prepared from biopsies resected from responding and non-responding patients were
assessed for 53BPI using Western immunoblots (data not shown). Interestingly, we see
that there is an increase in the amount of protein in post treatment biopsy samples
compared to that found in the initial biopsy in patients that were deemed responders of
the therapy. In non-responding patients there was no increase in the amount of 53BP1
detected. These results suggest that inhibiting glutamate signaling causes an increase in
the expression of 53BP1 in a subset of human melanomas. This is surprising, however,
since the assembly of 53BP1 foci is not dependent on its increased expression. 53BP1
becomes hyperphosphorylated and translocates to the nucleus, forming nuclear foci at the
sites of DNA damage. Therefore, it is not the level of expression of 53BP1 that
determines the amount of DNA DSBs but it’s concentration at actual sites of the breaks
and the number of foci formed that represents genomic insult. Further preliminary
immunohistological assessment of pre and post biopsies from two responders of a
recently completed phase Il trial demonstrate that riluzole treatment does indeed result in
a marked increase in the amount of DNA DSBs determined by the marked increase in
levels of yH2AX found in post-treatment biopsy samples. These in vivo results are very

intriguing imply a specificity of riluzole to tumor tissue.

Our group has completed a proof of principle Phase O trial with riluzole that
provided convincing evidence that glutamatergic signaling is operative in human
melanomas [293]. In addition, about 35% of patients in a Phase 1l trial had stable disease
for several months [311]. It is unlikely that riluzole as a single agent will offer long

lasting efficacy in genetically diverse human cancers including melanoma. Combinatorial
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therapies have been initiated for the past few years with the hope that targeting more than
one signaling pathway may provide sustained disease-free conditions [2, 4]. Our analyses
of preliminary assessment using pre- and post-treatment samples from responding
patients in single agent riluzole Phase Il trial showed marked increases in the number of
positive y-H2AX stains only in the responding post-treatment samples. These preliminary
results are very intriguing and imply that, as shown in the experimental settings, riluzole
appears to also induce DSBs in melanoma lesions that have been found to express
GRM1. DNA-damaging chemotherapies have been the mainstay of cancer treatment for
the past century. Many cancer drugs employed in the clinic are highly efficient in
producing excessive DNA damage that causes cell death directly or following DNA
replication [357]. However, the uniqueness of our finding with riluzole is several-fold.
Riluzole’s ability to induce DSBs depends on a functional receptor that has acquired an
oncogenic potential. One of the consequences of cell transformation/tumor formation by
this receptor is the establishment of autocrine loops that ensures the receptor is
constitutively activated in an aberrant cellular environment where the “normal” cells do
not express the receptor. Riluzole disrupts the autocrine loops by inhibiting the release of
the ligand, glutamate. Accumulation of glutamate disturbs the intracellular homeostasis
of glutamate/cystine, limits GSH synthesis leading to enhanced levels of ROS and DSBs
which when irreparable drive the damaged cells into apoptosis. Taken together, riluzole’s
tumor suppressive activity can be explained not only by its ability to lower extracellular
glutamate but also by increasing the level of oxidative stress in melanoma cells that

express GRM1. Our findings suggest that combining riluzole with other available
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regiments could deliver additional therapeutic responses offering further treatment for a

targeted subset of human melanomas.

Although surgery can be curative in stage 1, Il, or Il disease, a large number of
patients will develop distant metastases. Active systemic disease is associated with a poor
prognosis and a mortality rate of almost 100% [300]. Although brain metastases
represents a relatively minor problem in the management of malignant melanoma, it is an
indicator for palliative radiation therapy [22]. In contrast to most other cancer cell types,
significant evidence exists that at least some melanoma cell lines have increased aptitude
for the repair of sub-lethal DNA damage caused by ionizing radiation [22, 358]. As an
attempt to address the perceived radio-resistance of melanoma, many groups have
adopted radiotherapy schedules that deliver larger daily fractions of radiation (hypo-
fractionation) to exploit the sensitivity of cells to larger fraction sizes [16, 17]. However,
these large daily fractions cannot be delivered to the whole brain for patients with brain
metastases due to the risk of late neurotoxicity [358]. With an incidence of
approximately 170,000 to 200,000 cases per year, brain metastases are an exceedingly
common event in the progression of many human malignancies with lung, breast and skin
(melanoma) being the most common. Melanoma is the fourth most common cause of
brain metastases and is the second highest in incidence proportion percentage [359]. The
median survival of melanoma patients with brain metastases treated with whole brain

radiation therapy (WBRT) ranges between 3-5 months.
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Our preliminary results suggest that riluzole enhances the lethal effects of
ionizing irradiation in melanoma cells that ectopically express GRM1 and that a potential
cause is the arrest of cycling melanoma cells into G,/M phase, a radiosensitive phase of
the cell cycle [360]. Based on these findings and the fact that riluzole is able to cross the
blood brain barrier, it is particularly relevant that riluzole could be used as a potential
therapy with adjuvant radiation to treat melanoma metastases in the brain. In an attempt
to mimic melanoma metastasis to the brain, we performed orthotopic human xenograft
studies in mice using human melanoma cells that express GRM1. We were able to show
that animals that received treated with concurrent riluzole and IR showed a decrease in

intracranial tumor growth compared to either modality alone.

Conclusion

Melanoma is a genetically diverse disease owing to the dysfunction of multiple
regulatory pathways. As such, it is important to test the therapeutic potential of agents
that reflect the genetic diversity of this disease. In addition to ectopic expression of
GRM1, mutations in BRAF have been identified in more than 60% of melanomas, most
of these due to the substitution of a single amino acid at residue 600 in the B-RAF kinase
domain resulting in constitutive activation of the RAF/MAPK/ERK Kkinase signaling
pathway [140]. Melanoma cells with aberrant glutamate receptor signaling also exhibit
hyperactive PI3K/AKT and MEK/MAPK pathways [11, 361, 362]. Additionally, a recent
examination of a publicly available gene expression data bank identified a variety of
GPCRs that are over-expressed in diverse types of cancer tissues [363]. These findings

illustrate the role that glutamate receptors and transporters play in the cellular signaling
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somatic cell types. The molecular physiology of GPCRs allows them to be regulated by
many agonists and antagonists and are the target, directly and indirectly, of
approximately 50% of pharmaceutical agents used to treat various human diseases.
GPCRs have been shown to have a role in both normal and aberrant mitogenic signaling
in functions that regulate cell migration in tumor metastasis and angiogenesis as well as
key molecular events implicated in cancer progression and invasion. Based on these
findings, it is perhaps not surprising that interruption of the glutamatergic signaling
pathway by targeting GPCRs in cancers could result in more effective the treatment of

this devastating disease.

Future Directions

For all the proposed future studies we will use a panel of human melanoma cell
lines that are positive or negative in GRM1 expression. Mutations in N-RAS/B-RAF
comprise the most frequently altered genotypes in melanoma. Although our preliminary
results suggest riluzole-induced DNA damage was independent of N-RAS/B-RAF
genotypes, however, we need to test multiple lines to avoid a “single cell line
observation”. Individual cell lines have limited predictive value, however with numerous
cell lines, we will more effectively capture the molecular heterogeneity of the tumor as
well as their sensitivities to various putative therapeutic reagents.

In order to be absolutely certain that riluzole induces DNA DSB leading to an
increase in ROS formation in GRML1 expressing human melanoma cells, additional
experiments detecting DNA damage should be performed. We will use the two most

widely studied measures of oxidative DNA damage: the 8-o0xo0-7,8-dihydro-
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2’deoxyguanosine (8-0x0-dG) and the COMET assay. The amount of oxidized DNA
bases will be measured in control and riluzole treated cells by complementary methods:
a) ELISA using specific antibodies to 8-oxo-dG (Cell Biolabs, Inc.) b) HPLC-EC method
for directly assaying 8-oxo-dG in isolated DNA through our Analytical Chemistry
Facility Core. GRM1-negative cells will be used as negative controls [364, 365]. The
COMET assay is also known as single-cell gel electrophoresis, measures DNA strand
breaks and alkali-labile sites within individual cells. We will perform the classical
COMET assay as described, under both neutral and alkaline conditions to distinguish
between single-stranded and double-stranded DNA breaks [366, 367, 368]. By this
approach, the nature of the DNA lesions induced by riluzole will be determined.

In addition to COMET assays we will investigate two DNA repair activities. Non-
homologous end joining (NHEJ) is considered the major DNA repair mechanism in
mammalian cells; however, we will also examine if homologous recombination repair
(HRR) is involved. This will be achieved by the DR-GFP reporter assay as described
[369]. Briefly, this assay measures homology-directed repair of an 1-Scel endonuclease-
induced DNA double strand break via GFP reporter gene. For NHEJ assay we will start
by evaluating levels of pivotal NHEJ proteins (Ku70, Ku80 and the DNA-PKcs catalytic
subunit) by Western immunoblots92, 93. To examine the capacity of riluzole treated cells
to engage in NHEJ repair, we will use qualitative and quantitative functional NHEJ
assays as described94. To further assess the participation of NHEJ in repair riluzole-
induced DNA damage we will take advantage of RNA interference to one of the essential

components in NHEJ and examine the consequences of such manipulation. A
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complementary approach will be to introduce one of the NHEJ proteins exogenously and
perform cell cycle profile, and to monitor alterations in DNA damage.

The sodium independent cystine/glutamate antiporter/exchange transporter
(System Xc-, XCT) is a rate-limiting step for GSH synthesis in various cell types [370].
A mouse model of Hermansky-Pudlak syndrome (a genetic disease characterized by
abnormalities in biosynthesis and/or trafficking of lysosomal-related organelles) carries a
large deletion in the gene encoding for XCT resulting in an unstable truncated protein
[371, 372]. Cultured xCT null fibroblasts or melanocytes have reduced intracellular GSH
and cannot survive under normal culture conditions unless B-mercaptoethanol (BME) is
included in the growth medium to supply cysteine, the reduced form of cystine for GSH
synthesis [372]. In preliminary studies we detected various levels of XCT in several
human melanoma cell lines and much-reduced levels of expression in normal human
melanocytes by way of Western mmunoblots with no apparent correlations between xCT
levels, genotypes at BRAF/N-RAS or stage of the disease was noted. We have obtained
XCT-null mouse melanocytes from Dr. Bennett and we will use genetic means to
manipulate these xCT-null cells to elucidate its role(s) in glutamatergic pathway. We will
introduce exogenous GRM1 alone or with functional XCT into these XxCT-null
melanocytes and we will use these isogenic cells to a) assess if XCT is required for the
export of glutamate to maintain cellular homeostasis and to establish autocrine loops, b)
examine if XCT is a target of riluzole in riluzole-mediated inhibition of glutamate release,
c) evaluate if elevated levels of exogenously introduced XCT could overcome the
suppression of glutamate release in the presence of riluzole, d) examine if there are other

glutamate exchange transporters that may compensate for the lack of XCT in GRML1-
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XCT-null cells. In parallel, we intend to modulate xCT levels in several human melanoma
cell lines using inducible siRNA approaches. The availability of siGRM1-human
melanoma clones will provide means to evaluate the consequences in XCT function by
such manipulations. These in vitro assays will be validated in vivo.

Excitatory amino acid transporters 1-4 (EAAT1-4) are typically found on
neuronal cells to help reduce the excitotoxicity effect of excess glutamate released by
cells in the central nervous system [373, 374]. Reduced transcript levels of EAAT2/4
were recently detected in a panel of melanoma cell lines 116. To elucidate possible
involvement of one or more of EAATs we will first measure levels of EAAT1-4 and
examine if there are any correlations between EAAT and GRM1 expression. Depending
on the results from these studies, we will then modulate EAAT/GRML1 levels by
introducing exogenous EAAT/GRM1 or inducible siRNA and evaluate possible
consequences by such manipulations and examine if one or more of these transporters
may be involved glutamate uptake from extracellular environment in melanocytes or they

may function as XCT in glutamate export in these cells.
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