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Summary

Approximately 50% of patients having metastatic melanoma develop brain metastases during the
course of their illness. Evidence exists that melanoma cells have increased aptitude for the repair
of sublethal DNA damage caused by ionizing radiation therapy. To address the radio-resistance of
melanoma, many groups adopted radiotherapy schedules that deliver larger daily fractions of
radiation, but due to the risk of neurotoxicity, these large fractions cannot be delivered to the
whole brain for patients with brain metastases. Here, we used orthotopic implanted GRM1
expressing human melanoma cell xenografts in mice, to demonstrate that animals receiving
concurrent glutamate signaling blockade (riluzole) and radiation led to a decrease in intracranial
tumor growth compared to either modality alone. These preclinical results suggest riluzole may
cause radiosensitization that offers enhanced efficacy for a subset of human melanoma patients
undergoing radiotherapy for brain metastasis.
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The survival rate for patients with advanced stage melanoma ranges from 2 to 8 months with
prolonged survival rates from 15 to 20% after 5 years (American Cancer Society, 2013).
Targeted therapies have emerged as a paradigm for the treatment of a variety of cancers
including melanoma with inhibition of multiple signaling pathways required to achieve
greater successes in preclinical and clinical settings. Aberrant glutamate signaling has been
shown to play a role in the transformation and maintenance of various cancer types
including melanoma. Furthermore, recent studies have demonstrated that disrupting
glutamatergic signaling yields promising therapeutic benefits in melanoma and other cancer
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types (Khan et al., 2011; Lee et al., 2011; Teh and Chen, 2012; Wall et al., 2014; Wangari-
Talbot et al., 2012).

Our group and others have demonstrated that ectopic expression of metabotropic glutamate
receptor 1 (GRM1) in melanocytes is sufficient to drive spontaneous melanoma development
(Chen et al., 1996; Namkoong et al., 2007; Ohtani et al., 2008; Pollock et al., 2003; Zhu et
al., 1998). Despite the lack of specific GRM1 antagonists with clinical applications, our
group has successfully used Rilutek® (riluzole), an FDA approved drug for the treatment of
amyotrophic lateral sclerosis (ALS), in clinical trials for stage 111/IV melanoma patients (Yip
et al., 2009). Riluzole functions as an antagonist to GRM1 by decreasing the levels of free
ligand available to bind to the receptor resulting in reduced receptor activity (Doble, 1996).
We demonstrated that, as in the neuronal system, riluzole suppresses the release of glutamate
to the extracellular environment of melanoma cells that express GRM1 resulting in
accumulation of cell populations in the G,/M phase of the cell cycle (Namkoong et al.,
2007). It is known that cells arrested in the G2 phase are more sensitive to the reagents that
induce DNA damage, such as ionizing radiation (IR) (Ballo and Ang, 2004; Ballo et al.,
2006; Habermalz and Fischer, 1976). We performed a series of preclinical studies to assess
whether riluzole could sensitize melanoma cells and augment the effects of sublethal doses
of IR. We demonstrated that when riluzole is combined with IR a further increase in the
apoptotic cell population and a decrease in tumor cell proliferation than each one alone was
detected in in vitro cultured cells and in in vivo tumorigenicity assays (Khan et al., 2011).
We assessed levels of the phosphorylated form of histone variant H2A (yH2AX), a well-
known marker of DNA double-stranded break (DSB) and is frequently used to assess
damage induced by IR. We found that not only did IR treatment result in DNA DSB, but
riluzole treatment alone also yielded substantial levels of positive yH2AX staining.
Combining IR with riluzole led to further increase in yH2AX levels. These results suggested
that riluzole exposure of GRM1-expressing human melanoma cells contributes to G,/M
arrest and sensitizes the cells to IR. Based on these findings and that riluzole crosses the
blood-brain barrier, it is relevant that riluzole could be used as a potential therapy with
adjuvant irradiation to treat brain metastases. In this report, we use an orthotopic mouse
model of brain metastasis to demonstrate that riluzole is able to elicit its antiproliferative
effects on human melanoma cells and is enhanced with ionizing radiation.

To measure the growth of intracranial lesions without sacrificing the animals at time
intervals, we tagged the cells with bioluminescence using the reporter enzyme firefly
luciferase (Fluc). We introduced luciferase cDNA into the GRM1-positive human melanoma
cell C8161 and produced several stable clones (C8161-luc). IP injection of the substrate
luciferin (15 mg/kg) into the animals allows for oxidation of the substrate by the luciferase
resulting in photon emission that can be detected by a luminometer within 10-20 minutes
after injection. As an initial test to ascertain the expression of functional luciferase in
C8161-luc cells, we assessed luciferase activity in vitro using the Dual-Glo luciferase assay
system measured using a Veritas Microplate Luminometer. We found that luminescence
from the C8161-luc-expressing cells was significantly higher compared to positive control
(Figure 1).
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To see that luminescence acquired by an in vivo optical measurement could correlate to
physical measurements from subcutaneously inoculated tumor cells, we conducted a pilot
xenograft tumor experiment using C8161-luc cells. One-million luciferase expressing cells
were injected subcutaneously into the dorsal flanks of athymic nude mice. When the tumor
volumes reached 6-10 mms3 as measured using a vernier caliper, the mice were randomized
into three treatment groups (n = 5) with similar tumor volume distribution: no treatment
(data not shown), vehicle (Veh, DMSO), and riluzole (10 mg/kg b.w.). Treatment was
administrated via oral gavage daily for 37 days for vehicle and riluzole groups. Tumor
volumes were measured with a vernier caliper and acquisition and quantification of the
bioluminescence signal intensities as acquired by VIS small animal imaging system weekly.
The data were expressed as photon flux (photons/s/cm?/steradian, where steradian refers to
the photons emitted). The background photon flux was subtracted from signal intensities
measured at the same site. Data were normalized to peak signal intensity of each time
course. In parallel, tumors were measured using a vernier caliper and volumes calculated
using the equation as described (Jacob et al., 2004). This allowed us to compare physical
measurements to chemical measurements and conclude that a correlation in tumor size over
time could be established (Figure 2). The physical measurement of tumor size correlates
well with their luminescence in vivo; however, the correlation coefficient was low due to the
small sample size of the experiment. Furthermore, using luminescence, one is able to
measure the rate of growth of the same tumor in the same animal rather than sacrificing the
animals at various time points throughout the experiment. By doing the experiment this way,
one is able to accurately and effectively monitor the efficacy of a given compound on the
same tumor throughout a single experiment. This report is simply a proof of principle that it
is possible to monitor orthotopically implanted tumors particularly those that do not display
obvious tumor progression physically.

To mimic brain metastases in an animal model, C8161-luc cells were injected intracranially
and monitored for tumor establishment using luminescent imaging. Upon initial detection of
luminescence signal, mice were randomly divided into the following four groups: Group 1
was treated with dimethyl sulfoxide (DMSO, vehicle); group 2 was treated with vehicle and
a weekly dose of 4 gray (Gy) of irradiation (IR); group 3 was treated with 10 mg/kg b.w. of
riluzole daily via oral gavage (Ril); and group 4 was treated with 10 mg/kg b.w. of riluzole
daily via oral gavage daily as well as a once weekly exposure of 4 Gy of irradiation (Ril +
IR). The irradiation was performed in a y~irradiator (Gammator 50, cesium 137 source;
Radiation Machine Corp.) with a sleeve of lead (10 mm) covering the body of the animal
leaving only the head exposed. The groups receiving irradiation were exposed to weekly
fractions of 4 Gy. Tumors were measured weekly using the IVIS small animal imaging
system for the detection of luminescent signal. Our results show that riluzole and irradiation
alone resulted in decrease in tumor cell growth over time compared to vehicle treated alone
in the intracranial model (Figure 3). The combinatorial treatment led to an even smaller
tumor volume as demonstrated by the decrease of luminescent signal detected at week four
compared to vehicle control and either modality alone. These results suggest the
effectiveness of riluzole in sensitizing GRM1 expressing tumor cells to irradiation in the
brain in vivo.
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In contrast to most other cancer cell types, melanoma is more resistant to ionizing radiation
therapy (Habermalz and Fischer, 1976; McKay and Kefford, 1995). As an attempt to address
the perceived radio-resistance of melanoma, many groups have adopted radiotherapy
schedules that deliver larger daily fractions of radiation (hypofractionation) to exploit the
sensitivity of cells to larger fraction sizes. However, these large daily fractions cannot be
delivered to the whole brain for patients with brain metastases due to the risk of late
neurotoxicity (McKay and Kefford, 1995).

Our previous preclinical results suggest that riluzole enhances the lethal effects of ionizing
irradiation in melanoma cells that ectopically express GRML1 likely through the arrest of
melanoma cells in G,/M (Broadbent et al., 2004; Wall et al., 2014). Based on these findings,
and the ability of riluzole to cross the blood-brain barrier and only affects cells that express
the receptor, GRML, it is particularly relevant that riluzole could be used as a potential
radio-sensitizer enhancing adjuvant focal radiation and spares the rest of the brain and
preserves patients’ brains’ function. To identify a compound that is relatively non-toxic for
patients with brain metastases and, at the same time, is able to radio-sensitize the tumor cells
is a treatment that has been proposed for a long time. Pretreatment with riluzole not only
will sensitize brain metastases; the same principle can be applied to breast and prostate as
many breast and prostate cancer specimens demonstrate GRM1 expression (Teh and Chen,
2012).
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Significance

Brain metastases represent a common terminal or preterminal event in patients harboring
malignancies. Current treatment for patients having brain metastases involves
combinations of steroids, surgical resection, stereotactic radiosurgery (SRS), and whole
brain radiation therapy (WBRT). In contrast to other forms of cancers, melanoma patients
with brain metastases have inferior results, with a 1-year survival rate of < 13%. This
finding confirms the known relative radio-resistance of melanoma cell lines in vitro.
Based on previous results demonstrating increased radio-sensitivity of human melanoma
in vivo, we assessed the radio-sensitizing activity of riluzole, in a mouse model of brain
metastasis.
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Figurel.
Stable C8161 luciferase containing clones. C8161 cells containing the construct pCl-Neo-

Luc+(C8161-/uc+)were assessed for luminescence using a Veritas Microplate
Luminometer. The pGL3-basic vector (Promega), which lacks eukaryotic promoter and
enhancer sequences, was used as a negative control. The pGL3-control vector contains SV40
promoter and enhancing sequences and was used at a positive control. Each bar represents
mean = SEM *P < 0.05; **P < 0.01.

1duosnuepy Joyiny 1duosnuely Joyiny

1duosnue Joyiny

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2017 October 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wall et al. Page 8

700

>

600 [JVeh
B ri

Even ** =P <001

*=P<005 16

Tumor volume mm®

Photon flux (x105)

1 14 23 30 37 1 14 23 30 37
Days after treatment Days after treatment

(if)

ot

Comparison of physical measured tumor volume vs. luminescence intensity (A) C8161-/uc+
cells were used to assess the correlation between physical and bioluminescent
measurements. The data were expressed as photon flux (photons/s/cm?/steradian, where
steradian refers to the photons emitted). (B) 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 (i) contains images
of select animals taken on the first day of treatment, vehicle (DMSOQ) or riluzole (10 mg/kg)
was administered by oral gavage daily. Panel (ii) contains images of select animals from day
37 of the experiment. Each bar represents mean + SEM *P < 0.05; **P < 0.01.
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Figure 3.

Intracranial orthotopic transplants of human melanoma cells. C8161-luc+ melanoma cells
were introduced into the brains of 6—7-week-old nude mice. Briefly, C8161-luc+ cells were
harvested, counted, and adjusted to 10 000 cells/5 ul in 0.1% agarose in sterile PBS and kept
at 37°C. For the procedure, mice were anesthetized using avertin (250-300 I per 10 g body
weight) by way of intraperitoneal injection and maintained throughout the procedure by
inhalation of 5% isoflurane. Head was secured into a stereotactic frame using ear bars.
Marcaine was injected at the incision site to prevent bleeding. A 1-cm midline scalp incision
was made to expose the skull, and a small hole drilled using a #33G drill 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 at the rate 0.6 pl/min as to eliminate pressure causing reflux of
the suspension. Bone putty was used to seal the drill site and a skin adhesive to close the
wound. Once luminescent signal was detected, animals were separated into groups (7= 5)
and treated with either DMSO (\eh), riluzole at 10 mg/kg b.w (Ril), weekly fraction of 4 Gy
of ionizing radiation (IR), or a combination of the two (IR+Ril). Animals were sacrificed
after 3 weeks of treatment due to tumor burden of control animals. (A) Data were expressed
as photon flux (photons/s/cm2/steradian, where steradian refers to the photons emitted). (B)
Images of animals showing initials images and images at the termination of the experiment.
Each bar represents mean = SEM *P < 0.05; **P < 0.01.
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