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ABSTRACT	OF	THESIS	

Riluzole	Induces	DNA	Double	Strand	Breaks	in	mGluR1	Expressing	Human	Melanoma	

Cells	

	

By	ROBERT	MICHAEL	CERCHIO	JR	

	

Thesis	Director:	Dr.	Suzie	Chen	

	

Melanoma	is	the	most	aggressive	form	of	skin	cancer;	in	2018	about	90,000	new	cases	

and	9,000	deaths	are	expected	in	the	United	States.		Our	group	described	the	oncogenic	

potential	 of	 a	 normal	 neuronal	 cell	 receptor,	 metabotropic	 glutamate	 receptor	 1	

(mGluR1),	 when	 aberrantly	 expressed	 in	 melanocytes,	 the	 pigment	 producing	 cells.		

Deregulated	 melanocytic	 cell	 proliferation	 leads	 to	 neoplastic	 transformation	 and	

progression	 to	 spontaneous	metastatic	melanoma	 in	 a	 transgenic	mouse	model.	 	 The	

natural	 ligand	 of	mGluR1	 is	 glutamate	 and	 it	 is	 well	 known	 that	 all	 cells,	 particularly	

cancer	 cells,	 depend	 on	 glutamine/glutamate	 for	 growth.	 	 We	 showed	 that	 mGluR1	

expressing	 cells	 establish	 autocrine/paracrine	 loops	 by	 secreting	 glutamate	 to	 the	

extracellular	 space	 to	 ensure	 constitutive	 activation	 of	 the	 receptor,	 mGluR1	 and	

promote	 cell	 growth.	 	 Treatment	 of	 these	 cells	 with	 pharmacological	 inhibitor	 of	

mGluR1	 or	 through	 genetic	 manipulation	 by	 silencing	 RNA	 to	 reduce	 the	 receptor	

expression,	render	the	receptor	nonfunctional	and	 led	to	cell	cycle	arrest	at	the	G2/M	

phase	followed	by	apoptotic	cell	death.	 	Riluzole	is	FDA	approved	for	the	treatment	of	
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amyotrophic	lateral	sclerosis	(ALS)	and	one	of	its	functions	is	the	inhibition	of	glutamate	

release.	 	 This	 allows	 the	 drug	 to	 function	 as	 an	 antagonist	 to	 mGluR1	 activity.		

Examination	 of	 riluzole	 treated	 melanoma	 cells	 reveals	 elevated	 levels	 of	

phosphorylated	 histone	 H2AX	 (γH2AX),	 a	 protein	 marker	 for	 DNA	 double-stranded	

breaks	 (DSBs).	 	 Furthermore,	 increased	 ROS	 levels	 and	 decreased	 intracellular	

glutathione	were	also	detected	in	riluzole-treated	melanoma	cells.		We	hypothesize	that	

riluzole	interacts	with	the	glutamate/cystine	antiporter	(xCT)	to	reduce	glutamate	efflux	

and	 cystine	 influx.	 Cystine,	 when	 reduced	 to	 cysteine,	 is	 a	 critical	 component	 in	

glutathione	 synthesis.	 	 Limiting	 the	 influx	 of	 cystine	 reduces	 glutathione	 levels	 in	 the	

cell,	resulting	in	oxidative	DNA	damage.	 	The	overall	goal	of	this	thesis	 is	to	determine	

the	consequences	of	riluzole-induced	DNA	damage	when	an	ROS	scavenger	such	as	N-

Acetylcysteine	 (NAC)	 is	 included	 in	 the	 growth	 media.	 	 Effects	 on	 DNA	 damage	 was	

assessed	 using	 protein	 markers	 for	 single-stranded	 and	 double-stranded	 DNA	 breaks	

(SSBs).		Alkaline	and	neutral	conditioned	COMET	assays	are	used	to	ascertain	the	types	

of	riluzole-induced	DNA	damage.			Lastly,	by	using	flow	cytometric	intracellular	staining	

analysis	and	guided	by	the	presence	of	inhibitors	to	two	different	DNA	repair	pathways	

we	were	able	to	conclude	that	 the	oxidative	damage	 induced	by	riluzole	 is	 likely	DSBs	

and	 at	 Non	 Homologous	 End	 Joining	 (NHEJ)	 repair	 pathway	 is	 the	 preferred	 double	

strand	break	pathway	used	by	mGluR1-expressing	melanoma	cells.		
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INTRODUCTION	

A. Cancer	

In	 the	 year	 2018,	 there	 will	 be	 a	 predicted	 1.7	 million	 new	 cases	 and	 over	

600,000	deaths	related	to	cancer	in	the	United	States	alone	(Siegel	et	al.	2018).	Cancer	

is	 a	 devastating	 disease	 where	 normal	 cells	 experience	 uncontrolled	 cell	 growth	 and	

transform	into	what	is	referred	to	as	a	tumor.		The	disease	can	affect	multiple	different	

organ	systems	throughout	the	body	and,	as	a	result,	millions	of	 individuals	around	the	

globe	will	 develop	 some	 form	of	 this	 debilitating	 illness	 each	 year.	 	 Although	 they	 all	

share	 the	 characteristic	 deregulated	 cell	 growth,	 there	 are	 additional	 features	 that	

differentiate	individual	cancers	of	the	same	origin	from	one	another.	 	This	has	made	it	

difficult	to	develop	therapies	that	treat	a	broad	spectrum	of	cancer	types.	

The	nomenclature	of	a	cancer	describes	its	tissue	of	origin.		Cancers	that	classify	

as	carcinoma	arise	from	epithelial	tissue	and	are	the	most	commonly	diagnosed	cancer	

type	 because	 they	 can	 develop	 in	 almost	 all	 major	 organs	 such	 as	 breast,	 pancreas,	

colon,	 lungs,	 and	 skin.	 	 Tumors	 that	 arise	 from	 nonepithelial	 tissue,	 such	 as	 smooth	

muscle,	fat,	and	bone,	are	referred	to	as	sarcomas;	these	cancers	are	not	as	common	as	

carcinomas,	 but	 can	 be	 more	 deadly	 since	 they	 are	 more	 difficult	 to	 detect	 at	 early	

stages.	 Lymphomas	 and	 leukemia	 are	 cancers	 of	 lymphocytes	 and	 blood	 respectively	

and	 are	 most	 common	 in	 children.	 	 Lastly,	 melanoma,	 cancer	 that	 arises	 from	

transformed	melanocytes,	 the	pigment	producing	cells,	 is	 the	most	dangerous	form	of	

skin	cancer	and	accounts	for	the	majority	of	death	from	this	cancer	type.	Although	many	
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unique	characteristics	separate	the	different	types	of	cancers	from	one	another,	they	all	

share	the	distinctive	phenotype	of	uncontrollable	cell	growth.			

When	cells	transform,	the	consequential	tumor	is	described	as	either	benign	or	

malignant.		A	benign	tumor	remains	localized	in	its	tissue	of	origin	and	increases	in	size	

where	it	damages	local	healthy	tissue	around	it,	either	through	sheer	pressure	or	taking	

nutrients	from	healthy	cells.		A	malignant	tumor	is	one	that	not	only	grows	and	invades	

surrounding	tissue,	but	may	also	metastasize	to	distant	parts	of	the	body	either	through	

the	 lymphatics	 or	 the	 vascular	 systems.	 	 Once	 they	 spread	 to	 an	 organ,	 malignant	

tumors	interfere	with	normal	organ	function	by	consuming	more	nutrients	than	healthy	

cells	to	sustain	their	growth	and	activity.	

B. Melanoma	

Melanoma	 is	 a	 highly	malignant	 cancer	 estimated	 to	 comprise	 for	 91,270	new	

cases	 and	 9,320	 deaths	 in	 2018	 (Siegel	 et	 al.,	 2018).	 Risk	 factors	 associated	with	 the	

disease	 include	 familial	 history,	 sun	 exposure,	 immune	 suppression,	 and	 nevi	 on	 the	

skin.		Melanoma	tumors	arise	from	melanocytes,	which	are	the	pigment-producing	cells	

located	in	the	basal	layer	of	the	epidermis	of	the	skin.		It	is	possible	for	a	gain	of	function	

mutation	to	occur	in	melanocytes	that	allows	them	to	undergo	cellular	proliferation	and	

form	dark	 spots	 on	 the	 skin	 called	 nevi.	 	 Generally,	most	melanocytes	 in	 nevi	 rapidly	

proliferate	 until	 they	 enter	 cellular	 senescence,	 a	 state	 in	 which	 cells	 cease	 to	

proliferate.	 	 However,	 additional	 mutations	 in	 DNA	 may	 allow	 some	 melanocytes	 to	

bypass	cell	checkpoints,	transform	into	malignant	melanoma	cells,	and	further	progress	

into	a	tumor	(Ha	et	al.,	2008).		Neoplastic	transformation	of	melanocytes	into	melanoma	
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can	 result	 from	 a	 multitude	 of	 complications	 to	 a	 cell.	 The	 most	 common	 and	

preventable	 of	 these	 is	 DNA	 mutations	 resulting	 from	 UV	 radiation	 from	 absorbed	

sunlight.	 	 A	 specific	 example	 of	 DNA	 damage	 induced	 mutation	 that	 can	 lead	 to	

melanoma	development	is	the	mutation	of	protein(s)	that	regulate	cell	growth,	such	as	

the	serine-threonine	protein	kinase	BRAF.		

At	 least	 three	 major	 cell-signaling	 pathways	 have	 been	 linked	 to	 melanoma	

development:	 the	 mitogen-activated	 protein	 kinase	 (MAPK),	 phosphatidylinositide	 3-

kinase/AKT	 (PI3K/AKT),	 and	 p16INK4a/p14	 signaling	 pathways.	 	 Stimulating	 the	MAPK	

pathway	leads	to	cellular	proliferation;	and	mutations	in	proteins	within	MAPK,	such	as	

RAF	 and	 RAS,	 can	 lead	 to	 over	 activation	 of	 the	 pathway,	 resulting	 in	 continual	

proliferation.	 	 The	 PI3K/AKT	 pathway	 is	 an	 anti-apoptotic	 pathway	 whose	 activation	

increases	 cell	 survival;	 a	 mutation	 in	 proteins	 in	 this	 pathway	 prevents	 cells	 from	

undergoing	apoptosis	(Chappell	et	al.,	2011).		The	third	pathway	involves	p16INK4a	and	

p14	 where	 a	 loss	 of	 function	 mutation	 in	 the	 tumor	 suppressor	 protein,	 cyclin	

dependent	 kinase	 inhibitor	 2A	 (CDKN2A),	 allows	 tumor	 cells	 to	 bypass	 cell	 cycle	

checkpoints	and	enter	G1	of	the	cell	cycle	(de	Araújo	et	al.,	2016).			

If	 caught	 at	 stage	 I	 or	 II,	 melanoma	 tumors	 are	 usually	 treated	 by	 surgical	

removal	 to	prevent	metastasis	 from	occurring.	 	Metastasis	can	occur	during	 late	stage	

melanoma	 and	 many	 therapies	 used	 to	 treat	 the	 melanoma	 are	 designed	 to	 target	

mutated	 proteins	 within	 mutated	 pathways.	 	 These	 small	 molecule	 inhibitors	 aim	 to	

cease	 the	 activity	 of	 the	mutated	 proteins	 and	 halt	 the	 downstream	 effects	 of	 these	

signaling	pathways.		Some	FDA	approved	drugs	in	this	class	used	to	treat	melanoma	are	
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vemurafenib,	which	inhibits	mutated	BRAF	in	the	MAPK	pathway	and	trametinib,	which	

inhibits	MEK1	and	MEK2	to	reduce	MAPK	activity	(Cerchia	et	al.,	2017).		γ-irradiation	is	a	

second	type	of	therapy	used	during	late	stage	melanoma	treatment	and	involves	using	

high-energy	γ	waves	to	directly	damage	the	DNA	of	the	tumors	to	kill	them.		However,	

many	melanomas	prove	difficult	to	treat	with	these	therapies	as	the	tumors	can	evolve	

additional	mutations	to	avoid	the	treatment.	 	 In	 the	case	of	small	molecule	 inhibitors,	

the	tumor	cells	could	develop	a	mutation	allowing	them	to	bypass	the	inhibitor,	and	in	

γ-irradiaiton,	 the	 tumors	can	gain	 resilience	 to	 the	higher	energy	waves	 (Baskar	et	al.,	

2012;		Cerchia	et	al.,	2017).	

Recently,	 immunotherapy	 has	 proven	 to	 be	 a	 promising	 form	 of	 melanoma	

treatment.	 	 Immunotherapy	 involves	 educating	 the	 patient’s	 immune	 system	 to	

recognize	and	kill	tumor	cells.		Ipilimumab,	the	first	immunotherapy	drug	FDA	approved	

to	treat	melanoma,	is	a	cytotoxic	T-lymphocyte-associated	protein	4	(CTLA-4)	antibody.		

CTLA-4	 downregulates	 immune	 activity,	 therefore	 ipilimumab	 acts	 to	 reduce	 this	

function,	allowing	the	immune	system	to	better	recognize	and	eliminate	harmful	tumors	

(Wolchok	 et	 al.,	 2013).	 Although	 promising,	 immunotherapy	 still	 comes	 across	 the	

complication	of	tumors	evolving	new	ways	to	avoid	immune	detection.			

C. G	Protein	Coupled	Receptors	

G	 Protein-Coupled	 Receptors	 (GPCRs)	 are	 membrane	 bound	 receptors	

comprising	 the	 largest	group	of	 receptors	 in	 the	human	genome.	 	All	 receptors	 in	 this	

family	 share	 the	 same	 basic	 structure:	 an	 extracellular	 ligand	 binding	 domain,	 a	 7	

transmembrane	 α	 helical	 domain,	 and	 an	 intracellular	 heterotrimeric	 G	 protein	
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containing	the	subunits	Gα,	Gβ,	and	Gγ.		Upon	ligand	binding,	the	receptor	undergoes	a	

conformational	change	and	the	Gα	is	activated	through	an	exchange	of	GDP	for	GTP	via	

an	 enzyme	 called	 guanine	 nucleotide	 exchange	 factor	 (GEF).	 	 Once	 activated,	 Gα	

dissociates	 from	 Gβ	 and	 Gγ	 subunits	 to	 stimulate	 downstream	 effector	 protein(s),	

leading	to	the	release	of	secondary	messenger	molecules	to	trigger	a	cellular	response.			

Receptor	activity	is	highly	dependent	on	the	G	protein	coupled	with	it.		There	are	

multiple	 subgroups	 of	 Gα proteins	 such	 as	 Gαs,	 Gαi,	 or	 Gαq.	 	 The	 first	 two	 act	 on	

adenylate	cyclase	to	stimulate	or	inhibit	release	of	the	secondary	messenger	cyclic	AMP	

(cAMP).		Meanwhile,	the	Gαq	subunit	interacts	with	phospholipase	C	(PLC)	to	generate	

the	 secondary	messengers	diacylglycerol	 (DAG)	and	 inositol	 triphosphate	 (IP3).	 	 These	

secondary	messengers	interact	with	effector	proteins	to	activate	a	variety	of	responses	

within	 the	 cell	 such	 as	 increasing	 cytosolic	 Ca
2+	
by	 opening	 calcium	 channels	 in	 the	

sarcoplasmic	 reticulum.	 	 Increased	 intracellular	 Ca
2+
	 results	 in	 cell	 responses	 such	 as	

turning	 on/off	 transcription	 factors	 and	 the	 release	 of	 small	 molecules	 into	 the	

extracellular	space,	to	name	a	few.	

Currently	 GPCRs	 are	 classified	 into	 six	 categories	 depending	 on	 sequence	

homology.	 	 These	 categories	 are	 the	 rhodopsin-like	 receptors,	 the	 secretin	 receptors,	

the	 metabotropic	 glutamate	 receptors,	 the	 fungal	 mating	 pheromone	 receptors,	 the	

cyclic	 AMP	 receptors,	 and	 the	 frizzled/smoothened	 receptors.	 	 Receptors	 in	 each	

category	 are	 localized	 to	 different	 organ	 systems	 depending	 on	 their	 function.	 	 For	

example,	 glutamate,	 the	 ligand	 for	 metabotropic	 glutamate	 receptors,	 is	 a	 major	

neurotransmitter	 with	 excitability	 properties.	 	 Due	 to	 this,	 members	 of	 the	



	 	 6	 	 	

	

	

metabotropic	 glutamate	 receptors	 are	mostly	 localized	 to	 the	 central	 nervous	 system	

where	 they	 function	 in	 memory	 and	 learning	 formation.	 	 Meanwhile,	 glucagon-like	

peptide	receptors	mediate	glucagon	signaling	and	are	found	on	β	cells	of	the	pancreas.		

Finally	the	rhodopsin	class	GPCR	receptor,	known	as	the	protease-activated	receptor,	is	

involved	in	thrombin	signaling;	their	expression	is	high	in	platelets	and	can	also	be	found	

in	myocytes.	

Given	that	GPCRs	encompass	the	largest	receptor	group	in	the	human	genome,	

many	 drugs	 in	 development,	 and	 currently	 on	 the	market,	 target	 GPCRs	 for	 therapy.		

Receptors	 in	 this	 vast	 group	 are	 linked	 to	 a	wide	 variety	 of	 diseases	 across	 all	 organ	

systems.	 	 The	 aforementioned	 metabotropic	 glutamate	 receptors	 are	 linked	 to	

neurodegenerative	 disorders	 such	 as	 Huntington’s	 disease	 and	 Alzheimer’s	 disease	

(Mehta	et	al.,	2013).		Meanwhile,	prolonged	activation	of	protease-activated	receptors	

can	lead	to	thrombosis	(Leger	et	al.,	2006).		These	are	only	a	few	of	the	many	diseases	

linked	to	GPCRs	and	their	activity.		In	recent	decades	the	discovery	of	the	mas	oncogene	

opens	 up	 the	 discussion	 for	 a	 potential	 link	 between	 these	 receptors	 and	 the	

transformation	 of	 normal	 cells	 into	 cancer	 cells	 (Young	 et	 al.,	 1986).	 	 Proposing	 the	

possibility	to	target	GPCRs	as	rational	and	novel	therapeutic	designs	for	the	treatment	

of	human	cancers.	

D. Metabotropic	Glutamate	Receptors	

Glutamate	 is	 one	 of	 the	 20	 amino	 acids	 essential	 to	 building	 proteins	 and	 is	

found	 in	many	organ	systems	 (Julio-Pieper	 et	al.,	2011).	 	This	amino	acid	 is	 the	major	

neurotransmitter	 and	 its	 activity	 is	 linked	 to	memory	and	 learning	 formation.	 	Due	 to	
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this	crucial	function,	the	organ	system	where	glutamate’s	activity	is	well	documented	is	

the	 Central	 Nervous	 System	 (CNS)	 (Meldrum	et	 al.,	 2000)	 .	 	 There	 are	 two	 groups	 of	

receptors	 glutamate	 interacts	 with:	 the	 ionotropic	 glutamate	 receptors	 and	 the	

metabotropic	glutamate	receptors.		Ionotropic	glutamate	receptors	are	ligand-gated	ion	

channels	that	activate	upon	glutamate	binding.		When	bound	to	ligand,	iGluRs	change	to	

the	open	conformation,	which	allows	an	influx	of	cations	into	the	neuronal	cell	in	order	

to	depolarize	the	cell.		The	normal	function	of	iGluRs	is	neural	plasticity,	which	is	crucial	

for	the	brain	to	learn	and	form	memories	(Bliss	et	al.,	1993).			

The	 second	 group	 of	 glutamate	 receptors	 is	 the	 metabotropic	 glutamate	

receptors	 (mGluR).	 	 These	membrane	 bound	 receptors	 belong	 to	 the	 GPCR	 family	 of	

receptors.		Glutamate	binding	to	mGluRs	initiates	a	signaling	cascade	within	the	cell	to	

mediate	numerous	activities	through	downstream	effector	molecules.		There	are	three	

groups	of	mGluRs	simply	named	Group	I,	Group	II,	and	Group	III.		Group	II	and	III	mGluRs	

are	 coupled	with	 inhibitory	G	 protein,	which	 reduces	 levels	 of	 the	 second	messenger	

cAMP	 by	 inhibiting	 adenyl	 cyclase,	 and	 decreases	 signal	 transmission	 in	 the	 CNS	 and	

periphery	nervous	tissue	(Schoepp	et	al.,	2001).		Group	I	mGluRs	are	coupled	with	Gαq	

protein	and	function	to	increase	synaptic	activity.		When	activated,	the	dissociated	Gαq	

activate	 Phospholipase	 C	 (PLC)	 and	 its	 downstream	 effector	 proteins	 leading	 to	 the	

eventual	increase	of	Ca
2+
	in	the	cytosol	(Lüscher	et	al.,	2010).			

Metabotropic	glutamate	receptor	1	(mGluR1)	is	an	essential	mGluR,	functioning	

in	memory	 and	 learning	 formation	 (Menard	et	 al.,	 2012).	 	 The	 receptor	 contains	 four	

domains	 necessary	 for	 its	 function.	 	 The	 first	 domain	 is	 an	 extracellular	 N-terminus,	
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consisting	 of	 two	 lobes	 separated	 by	 an	 amino	 terminal	 domain	 (ATD)	 that	 gives	 the	

domain	a	“venus	fly	trap”	like	appearance.		The	ATD	is	where	the	ligand	binds	to	initiate	

mGluR	 signaling.	 	 The	 second	 domain	 is	 located	 between	 the	 ATD	 and	 the	

transmembrane	 region	 of	mGluR1	 and	 is	 a	 cysteine	 rich	 domain	 (CRD)	 encompassing	

multiple	 cysteine	 residues	bound	by	disulfide	bonds	and	 is	 crucial	 to	 the	activation	of	

mGluR1	after	ligand	binding.		Following	the	CRD	is	the	distinctive	seven	transmembrane	

domain	(TMD),	made	up	of	alpha	helices	interconnected	by	intracellular	loops.		The	final	

domain	is	the	cytoplasmic	tail	domain	(CTD)	located	after	the	transmembrane	domain	at	

the	C-terminus	of	 the	receptor	where	 it	modulates	G-protein	coupling	to	the	receptor	

(Niswender	et	al	2010).	

Activation	of	mGluR1	occurs	when	its	ligand,	L-glutamate,	binds	to	the	“venus	fly	

trap”	 extracellular	 ATD	 domain.	 	 Once	 ligand	 is	 bound,	 the	 receptor	 undergoes	 a	

conformational	 change	and	Gαq	dissociates	 from	Gβ/Gγ	 complex	 to	activate	PLC.	 	 PLC	

hydrolyzes	 phosphatidylinositol	 (4,5)-bisphosphate	 (PIP2)	 into	 the	 second	 messenger	

molecules	inositol	1,4,5-triphosphate	(IP3)	and	Diacylglycerol	(DAG)	(Taylor	et	al.,	1991).		

IP3	and	DAG	stimulate	the	release	of	calcium	from	the	endoplasmic	reticulum	(ER)	into	

the	 cytosol.	 	 The	 released	 calcium	 can	 activate	 protein	 kinase	 C	 (PKC)	 leading	 to	 a	

phosphorylation	cascade	ending	in	the	stimulation	of	pro-tumorigenic	pathways	such	as	

the	MAPK	and	PI3K/AKT	pathways	(Schonwasser	et	al.,	1998).	

Since	glutamate	is	the	main	neurotransmitter,	it	has	been	long	understood	that	

mGluRs	are	located	in	the	CNS.		As	such	studies	on	complications	and	disease	involving	

mGluRs	 relate	 to	 CNS	 disorders.	 	 For	 example,	 mGluR	 over-activation	 is	 linked	 to	
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neurodegenerative	diseases	such	as	Parkinson’s	and	Alzheimer’s	disease	(Vernon	et	al.,	

2007).	 In	 regards	 to	 cancers,	 Group	 I	 mGluR	 activity	 are	 postulated	 as	 possible	

mediators	 in	 the	 transformation	 of	 adult	 glial	 cells	 into	 gliomas	 (Zhang	 et	 al.,	 2015).		

mGluR	activity	is	linked	to	the	proliferation	and	differentiation	of	neuro-progenitor	cells	

into	 glial	 cells	 and	 stimulating	 the	 receptors	 with	 an	 mGLuR	 agonist	 has	 shown	 to	

increase	MAPK	activity	in	the	neural	cells	(Zhao	et	al.,	2011).	

Recent	 reports	 have	 established	 the	 notion	 that	mGluRs	 are	 not	 restricted	 to	

neural	 tissue,	but	 they	are	also	expressed	 in	periphery	 tissue	 such	as	 skin,	mammary,	

prostate,	gastrointestinal	(GI),	and	liver	(Chang	et	al.,	2005;		Pollock	et	al.,	2003;		Wu	et	

al.,	2012;		Yu	et	al.,	2016).		These	receptors	appear	to	act	as	oncogenes	on	these	tissue	

types,	 implying	 a	 possible	 role	mGluR	 signaling	 can	 have	 in	 transforming	 normal	 cells	

into	tumor	cells	(Martino	et	al.,	2013).		

E. Metabotropic	Glutamate	Receptor	1	in	Melanoma	

Hints	of	normal	mGluR1	activity	 linked	 to	 cancer	 formation	can	be	 seen	 in	 the	

transformation	of	glial	cells	to	the	benign	cancer	known	as	glioma.		Glial	cells	consist	of	

three	 cell	 types	 that	 provide	 specialized	 functions	 such	 as	 oligodendrocytes	 providing	

insulation	 and	 support	 to	 neurons	 by	wrapping	myelin	 around	 the	 axon	 (Jakel	 et	 al.,	

2017).	 	When	 glial	 cells	 overexpresses	 Group	 I	mGluRs,	 they	 undergo	 transformation	

into	glioma	cells.		Experiments	with	neural	progenitor	cells	reveal	mGLuR5	expression	in	

the	 early	 stages	 of	 embryo	 development	 (Jansson	 et	 al.,	 2014).	 	 Stimulating	 these	

receptors	with	an	mGluR5	agonist	 increases	proliferation	and	differentiation	of	neural	

cells	 into	 glial	 cells	 through	 the	 MAPK	 pathway	 (Zhao	 et	 al.,	 2011).	 	 After	 stem	 cell	
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differentiation,	 mGluR5	 expression	 remains	 in	 the	 adult	 glial	 cells	 (Luyt	 et	 al.,	 2004),	

indicating	its	potential	significance	in	mediating	proliferation	of	adult	glial	cells	well	after	

differentiation.	 Furthermore,	when	 glioma	 cells	 are	 treated	with	 L-quisqualic	 acid,	 an	

mGluR1	 agonist,	 they	 undergo	 increased	 cell	 proliferation	 and	 survival	 (Zhang	 et	 al.,	

2015).	 	 The	 activity	 of	 a	 Group	 I	 mGluR	 agonist	 resulting	 in	 these	 outcomes	 suggest	

mGluRs	participate	in	the	transformation	of	glial	cells	into	gliomas.		Most	likely	related	

to	group	I	mGluR’s	function	in	the	proliferation	and	differentiation	of	neural	stem	cells.	

Although	previously	assumed	localized	in	CNS	tissue,	mGluR1	was	discovered	to	

be	 expressed	 in	 peripheral	 tissue	 as	 well	 (Julio-Pieper	 et	 al.,	 2011).	 	 Therefore	 it	 is	

important	 to	 consider	 the	 activities	 of	 these	 receptors	 in	 peripheral	 tissue	 cell	 types.		

Our	 lab	 previously	 demonstrated	 mGluR1	 is	 expressed	 in	 about	 60%	 of	 melanoma	

biopsies	 and	 80%	 of	 melanoma	 cell	 line,	 but	 not	 in	 normal	 human	 melanocytes	

(Wangari-Talbot	 et	 al.,	 2012b).	 	 Furthermore,	 aberrant	 mGluR1	 expression	 in	 normal	

melanocytes	correlates	with	cellular	transformation	 in	vitro	and	tumor	development	 in	

vivo	(Pollock	et	al.,	2003;		Shin	et	al.,	2008).		Expression	and	functionality	of	mGluR1	is	

required	to	maintain	the	transformed	phenotype	and	tumorigenicity	in	vitro	and	in	vivo	

(Martino	et	al.,	2013).		Finally,	glutamate	has	proven	to	be	essential	for	the	viability	and	

growth	 of	 melanoma	 cells	 (Gelb	 et	 al.,	 2015).	 	 These	 details	 about	 mGluR1	 activity	

related	to	melanoma	allow	us	to	 investigate	the	GPCR	as	a	novel	target	for	melanoma	

treatment.			

Activated	 PI3K/AKT	 and	 MAPK	 pathways	 are	 associated	 with	 initiation	 of	

melanoma.		Human	melanoma	cells	confirmed	to	express	mGluR1	(UACC903	and	C8161)	
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demonstrate	higher	basal	 activity	of	 these	 two	pathways	when	compared	 to	mGluR1-

negative	 melanoma	 cell	 lines	 (C81-61,	 UACC930)	 and	 normal	 melanocytes	 (Wangari-

Talbot	et	 al.,	2012).	 	 Treating	mGLuR1
+
	melanoma	 cells	with	 an	 agonist	 increases	 the	

activity	 of	 these	 tumor	 pathways	 and	 in	 contrast,	 the	 addition	 of	 an	 antagonist	

decreases	pathway	activity.		These	data	suggests	that	tumorigenic	pathway	signaling	in	

mGluR1	expressing	melanoma	is	dependent	on	receptor	stimulation	on	the	cancer	cells	

(Namkoong	 et	 al.,	 2007).	 	 Finally,	 when	 the	 receptor	 is	 bound	 to	 ligand,	 sustained	

stimulation	of	 these	pathways	 is	maintained	 through	a	 release	of	 glutamate	 from	 the	

intracellular	space	to	the	extracellular	space.		Establishing	an	autocrine	loop	where	the	

cell	continually	self	activates	its	own	mGluR1,	and	a	paracrine	loop	to	activate	mGluR1	

by	neighboring	cells	(Burger	et	al.,	1999).		Disrupting	mGluR1	activity	either	by	blocking	

the	receptor	or,	at	the	 least,	 inhibiting	glutamate	release	will	 theoretically	slow	tumor	

growth.	

F. Using	Riluzole	to	Target	Metabotropic	Glutamate	Receptor	1	for	Therapy	

The	 first	 lines	 of	 targeted	drug	 treatment	 for	 late	 stage	melanoma	were	 small	

molecule	inhibitors	and	an	example	of	one	of	these	drugs	is	vemurafenib.		Vemurafenib	

reduces	 MAPK	 signaling	 by	 inhibiting	 mutated	 BRAF(V600E).	 	 However,	 despite	

promising	 early	 results	 in	melanoma	patients,	many	 tumors	 develop	 resistance,to	 the	

inhibitor	through	mutations	in	downstream	proteins,	such	as	NRAS,	and	patients	taking	

vemurafenib	risk	relapse	(Nazarian	et	al.,	2010).		Recently,	immunotherapy	has	emerged	

as	 the	 treatment	of	 choice.	 Immunotherapy	 is	 a	drug	 therapy	 type	used	 to	educate	a	

patient’s	 immune	 cells	 to	 recognize	 and	 kill	 tumors.	 	One	of	 the	 first	 immunotherapy	
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drugs	 approved	 to	 treat	 melanoma	 is	 ipilimumab.	 	 This	 drug	 inhibits	 the	

immunosuppressing	protein	CTLA-4,	allowing	cytotoxic	t	 lymphocytes	to	recognize	and	

kill	tumor	cells	(Lipson	et	al.,	2011).		More	recent	therapies	such	as	pembrolizumab	and	

nivolumab	antagonize	programmed	cell	death	protein	1	(PD1).		PD1	is	a	surface	protein	

that	downregulates	and	suppresses	T-cell	activity,	therefore	these	drugs	encourage		T-

cell	inflammatory	response	by	antagonizing	PD1	(Guo	et	al.,	2017).		Although	promising,	

this	therapy	has	yet	to	prove	to	be	effective	among	a	broad	spectrum	of	patients.	

Considering	the	apparent	significance	of	mGluR1	signaling	in	melanoma	initiation	

and	progression,	the	receptor	 is	being	 investigated	as	a	potential	therapeutic	target	 in	

treating	the	aggressive	disease,	potentially	to	be	used	in	conjunction	with	either	of	the	

previously	mentioned	 therapies.	 	 Silencing	mGluR1
	
expression	 in

	
melanoma	 cells	with	

short	interfering	RNAs	(siRNA),	decreases	tumorigenicity	in	vivo	and	reduces	MAPK	and	

PI3K/AKT	 leading	 to	 decreased	 proliferation	 and	 increased	 apoptosis	 respectively	 in	

vitro	 (Wangari-Talbot	 et	 al.,	 2012).	 	 An	 in	 vivo	 mouse	 model	 containing	 an	 mGluR1	

transgene	 demonstrates	 that	 inhibiting	 the	 transgene	 slows	melanoma	 growth	 in	 the	

mouse	(Ohtani	et	al.,	2008).			These	data	demonstrate	in	vitro	and	in	vivo	the	potential	

of	 targeting	 mGluR1	 in	 melanoma	 therapy.	 	 Possibly	 to	 use	 in	 conjunction	 with	

immunotherapy	 to	 slow	 tumor	 growth	 while	 educating	 immune	 cells	 to	 recognize	

tumors.	

Riluzole	 is	FDA	approved	to	treat	Amyotrophic	Lateral	Sclerosis	(ALS).	 	 	ALS	 is	a	

disease	 of	 the	 neuromuscular	 system	 where	 upper	 and	 lower	 motor	 neurons	

degenerate,	leading	to	muscle	weakness	and	eventual	paralysis	(Hardiman	et	al.,	2017).		
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Riluzole’s	 exact	 mechanism	 of	 action	 is	 unknown,	 however	 one	 of	 its	 functions	 is	 to	

inhibit	glutamate	release	from	neural	cells	in	order	to	slow	excitation	signals	(Martin	et	

al.,	 1993).	 	 Taking	 into	 account	 the	 autocrine/paracrine	 effect	 seen	 in	 mGluR1	

expressing	melanoma	cells,	riluzole’s	glutamate	release	inhibitory	action	may	allow	it	to	

functionally	 act	 as	 an	 inhibitor	 of	mGluR1-mediated	 pro-cell-growth	 activity	 and	 thus	

can	be	explored	as	a	potential	candidate	to	treat	mGluR1	expressing	tumors	 including	

melanoma.	 	 Inhibiting	 glutamate	 release	 will	 reduce	 the	 autocrine/paracrine	 loops	

established	by	the	tumor,	thereby	reducing	the	MAPK	and	PI3K/AKT	pathway	activity.	

Previous	 in	 vitro	 studies	 on	 melanoma	 and	 breast	 cancer	 cells	 that	 express	

mGluR1	 support	 that	 inhibiting	 the	 receptor’s	 activity	 using	 an	 inhibitor	 slows	 cancer	

cell	growth	(Banda	et	al.,	2014;		Le	et	al.,	2010).		Riluzole’s	glutamate	release	inhibitory	

effect	is	thought	to	functionally	inhibit	receptor	activity,	supporting	its	potential	use	in	

treating	mGluR1	expressing	cancer	types.		A	Phase	0	clinical	trial	of	riluzole	treatment	in	

melanoma	 patients	 with	 resectable	 stage	 III/IV	 melanoma	 given	 the	 FDA-approved	

maximum	dose	of	riluzole	for	2	weeks	demonstrated	a	significant	decrease	in	phospho-

AKT	 and	 phospho-ERK	 in	 1/3	 of	 the	 tumors	 resected,	 implying	 riluzole	 is	 negatively	

modulating	the	PI3K/AKT	and	MAPK	pathways	respectively	(Yip	et	al.,	2009).		A	phase	II	

trial	of	riluzole	in	patients	with	advanced	melanoma	showed	decreased	tumor	volume	in	

1/3	 of	 patients	 and	 6	 out	 of	 13	 patients	 who	 had	 rapid	 progression	 showed	 disease	

stabilization	 at	 first	 screening,	 4	 of	which	 continued	 to	 have	 stable	 disease	 for	 23-56	

weeks	(Mehnert	et	al.,	2018)	
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Although	 the	 biological	 evidence	 was	 present,	 disease	 stabilization	 was	 low	

across	the	patients;	meaning	riluzole	at	the	maximum	FDA	approved	dose	by	itself	may	

not	 be	 sufficient	 in	 melanoma	 treatment.	 Riluzole	 has	 been	 shown	 to	 be	 a	

radiosensitizing	agent	in	mGluR1
+	
melanoma	cells,	and	it	reduces	tumor	migration	when	

mGluR1
+
	melanoma	cells	are	exposed	to	it	(Khan	et	al.,	2011;		Le	et	al.,	2010).		Finally,	

mGluR1	 expressing	 melanoma	 cells	 exposed	 to	 riluzole	 demonstrate	 higher	 levels	 of	

cleaved	PARP,	suggesting	that	riluzole	is	inducing	programmed	cell	death,	or	apoptosis,	

in	these	cell	types	(Wangari-Talbot	et	al.,	2012).		These	results	support	the	notion	that	

riluzole	can	be	used	in	conjunction	with	other	therapies	to	improve	treatment	efficacy.	

In	 vitro	 exposure	 to	 riluzole	 reveal	 increased	 expression	 of	 the	 DNA	 damage	

marker	 γH2AX	 in	 mGluR1	 expressing	 human	 melanoma	 cells.	 	 γH2AX	 denotes	 the	

phosphorylated	 histone	 H2AX,	 a	 phenomenon	 that	 occurs	 when	 a	 strand	 break	 is	

introduced	 in	 DNA.	 	 Moreover,	 cells	 treated	 with	 riluzole	 display	 lower	 levels	 of	

cytoplasmic	 glutathione	 levels	 and	 high	 cytosolic	 glutamate	 (Wall	 et	 al.,	 2014).		

Glutathione	is	a	Phase	II	metabolism	enzyme	that	removes	harmful	free	radicals	from	a	

cell	that	are	the	results	of	metabolic	activities	(Yin	et	al.,	2000).		The	observed	decrease	

in	glutathione	and	 increase	 in	glutamate	points	 to	 the	 likelihood	 that	 riluzole	disrupts	

the	activity	of	the	Glutamate-Cystine	antiporter	xCT.		Cysteine	is	the	rate	limiting	amino	

acid	required	in	glutathione	synthesis,	however	the	amino	acid	is	not	synthesized	within	

the	cell.	 	 Instead,	cells	use	xCT	to	export	cytosolic	glutamate	in	exchange	for	import	of	

extracellular	cystine	 (Figure	1).	 	The	cystine	 is	 reduced	to	 form	cysteine,	which	can	be	

used	to	participate	in	glutathione	synthesis.		By	disrupting	the	release	of	glutamate	from	
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mGluR1	expressing	melanoma	cells,	riluzole	consequently	disrupts	the	entry	of	cysteine	

into	 the	 cell,	 preventing	 glutathione	 synthesis.	 	Without	 glutathione,	 reactive	 oxygen	

species	will	accumulate	inside	the	cell	and	induce	DNA	damage	(Wall	et	al.,	2014).			

G. Oxidative	DNA	Damage	and	Repair	

Chemical	 or	 physical	 insult	 to	 DNA	 can	 damage	 the	 integrity	 of	 chromosomal	

structure	and	DNA	sequences.	 	DNA	damage	 is	classified	under	one	of	two	categories:	

endogenous	 DNA	 damage	 or	 exogenous	 DNA	 damage.	 	 Exogenous	 DNA	 damage	 is	

induced	 directly	 by	 an	 external	 source	 to	 the	 cell,	 such	 as	 a	 xenobiotic.	 	 Endogenous	

DNA	damage	 is	 induced	by	compounds	 that	 result	 from	the	normal	metabolic	 cellular	

activity,	 such	 as	 reactive	 oxygen	 species	 (Swenberg	 et	 al.,	 2011).	 	 Common	 ways	 in	

which	DNA	damage	can	occur	are	through	alkylation,	radiation,	or	oxidation.		Alkylating	

agents	 induce	 DNA	 damage	 through	 intra/inter	 cross-linking	 guanine	 bases,	 which	

prevents	 strands	 from	 uncoiling	 during	 replication	 or	 repair	 (Kondo	 et	 al.,	 2010).			

Several	 types	 of	 radiation	 can	 damage	 DNA,	 UV	 radiation	 can	 form	 thymine	 dimers	

within	adjacent	thymine	bases	of	a	strand,	while	γ-radiation	can	directly	 induce	strand	

breaks,	 and	 ionizing	 radiation	 attacks	 the	 deoxyriose	 backbone	 of	 the	 DNA	molecule	

(Ward	 et	 al.,	 1988).	 	 Lastly,	 oxidative	 damage	 occurs	 when	 ROS	 oxidizes	 nitrogenous	

bases	 in	 the	DNA,	most	 commonly	 guanine	 into	 8-hydroxydeoxyguanosine,	which	 can	

improperly	pair	with	adenine,	resulting	in	potentially	harmful	mutations	(Barzilai	et	al.,	

2004)		

Our	 lab	 demonstrated	 that	 mGluR1	 expressing	 melanoma	 cells	 exhibit	 DNA	

damage	that	correlates	with	an	 increase	 in	ROS	when	treated	with	riluzole,	suggesting	
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that	 riluzole	 induces	 endogenous	 oxidative	 damage.	 	 Moreover,	 cells	 treated	 with	

riluzole	exhibit	a	decrease	in	glutathione,	pointing	to	an	inability	for	cells	to	remove	ROS	

as	a	result	of	normal	cell	metabolism.		Accumulating	ROS	can	oxidize	nitrogenous	bases,	

most	commonly	guanine,	and	may	lead	to	DNA	damage	in	the	form	of	inter/intra-strand	

cross	links,	mutation,	or	strand	breaks.	

An	early	 step	 in	 the	 repair	of	DNA	strand	breaks	 is	phosphorylation	of	Histone	

H2AX	 (γH2AX)	 and	 its	 presence	 in	 mGluR1	 positive	 melanoma	 cells	 after	 riluzole	

treatment	suggests	DNA	strand	breaks	occur	during	treatment	(Wall	et	al.,	2014).		H2AX	

phosphorylation	at	Ser139	occurs	rapidly	after	strand	breaks	and	is	commonly	mediated	

by	 ataxia	 telangiectasia	 mutated	 (ATM).	 	 Once	 phosphorylated,	 the	 H2AX	 acts	 as	 an	

anchor	 for	 DNA	 repair	 complexes	 at	 the	 site	 of	 damage	 to	 maintain	 chromosome	

integrity	and	initiate	repair	(Kuo	et	al.,	2008).				γH2AX	is	a	common	indicator	of	double-

stranded	 DNA	 breaks	 (DSBs),	 however	 it	 is	 possible	 for	 single-stranded	 DNA	 breaks	

(SSBs)	to	persist	into	DSBs.		In	the	case	of	SSBs,	one	protein	to	take	into	consideration	is	

replication	protein	A	(RPA).	

RPA’s	normal	 function	 is	 to	prevent	single-stranded	DNA	(ssDNA)	from	winding	

back	 together	 after	 DNA	 helicase	 unwinds	 the	 strands.	 	 However,	 in	 the	 case	 of	 SSB	

induction,	RPA	acts	 in	DNA	damage	 recognition,	excision,	and	 repair	 in	 the	nucleotide	

excision	 repair	 (NER)	pathway.	 	 Like	H2AX,	RPA	 is	 also	phosphorylated	 in	 response	 to	

DNA	damage,	particularly	during	genotoxic	stressed	introduced	during	mitosis	(Anantha	

et	al.,	2008).	Phosphorylated	RPA	mediates	DNA	replication	at	the	damage	site;	and	in	

the	case	of	SSBs,	 the	unbroken	strand	can	be	used	as	a	 template	 to	 repair	 the	strand	
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break.		This	objectively	means	that	SSBs	are	more	manageable	to	repair	than	DSBs	since	

DSBs	do	not	have	a	complimentarily	stand	readily	available	to	guide	the	repair	proteins.	

Since	 DNA	 is	 essential	 in	 storing	 and	 passing	 the	 genetic	 information	 of	

organisms,	a	variety	of	mechanisms	have	evolved	to	repair	any	damage	to	maintain	its	

integrity.	 	Base	excision	repair	 (BER)	and	nucleotide	excision	repair	 (NER)	are	common	

mechanisms	 for	 repairing	 ssDNA.	 	 They	 involve	 identifying	 an	 abnormality	 within	 a	

strand	 of	 DNA,	 excising	 the	 abnormal	 base	 or	 nucleotide,	 and	 repairing	 with	 the	

appropriate	 base	or	 nucleotide	 (Krokan	et	 al.,	 2013;	 	 Reardon	et	 al.,	 2005).	 	 For	DNA	

double-stranded	breaks,	 the	major	 repair	mechanisms	are	homologous	 recombination	

(HR)	and	non-homologous	end	joining	(NHEJ).			

These	pathways	are	more	complicated	than	BER	and	NER	as	they	usually	repair	

multiple	bases	and	nucleotides.			HR	most	commonly	occurs	in	the	G2/M	and	S	phases	

of	 the	 cell	 cycle	 (Mao	 et	 al.,	 2008).	 	 It	 requires	 a	homologous	 sequence	 from	a	 sister	

chromatid	 to	 guide	 repair	 proteins	 to	 add	bases	 in	 the	 correct	order.	 	 The	use	of	 the	

complimentary	 sequence	 allows	 HR	 to	 be	 an	 accurate	 repair	 pathway.	 	 Briefly,	 HR	 is	

initiated	 by	 Mre11-Rad50-Nbs1	 (MRN)	 complex	 binding	 to	 the	 site	 of	 DNA	 damage.		

Rad51	binds	to	the	3’overhangs	and	forms	a	filament	made	of	nucleic	acids	and	protein	

to	 begin	 strand	 invasion.	 	 Once	 strand	 invasion	 is	 completed,	 DNA	 polymerase	

reconstructs	 a	 new	 strand	 using	 a	 complimentary	 sequence	 from	 a	 sister	 chromatid.		

Once	this	is	completed,	a	cross	shaped	holliday	junction	is	formed	and	is	converted	into	

recombination	products	by	specialized	endonucleases	that	only	cut	one	strand	of	DNA	

(Jasin	et	al.,	2013).	
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NHEJ	 is	 a	 process	 present	 throughout	 the	 cell	 cycle	 that	 does	 not	 require	 a	

homologous	 sequence,	 and	 instead	 uses	 microhomologies	 present	 in	 single-stranded	

overhangs	to	guide	repair	 (Mao	et	al.,	2008).	 	This	makes	NHEJ	 less	accurate	than	HR,	

but	 also	makes	 it	 the	 common	 repair	mechanism	 in	 G1	 since	 it	 does	 not	 require	 the	

homologous	sequence.		In	NHEJ	a	heterodimer	consisting	of	Ku70/Ku80	that	complexes	

with	DNA-dependent	protein	kinases	(DNA-PKs)	to	bridge	the	broken	strands	together.		

Nucleases	 remove	 nucleotides	 and	 bases	 that	 are	 later	 resynthesized	 by	 DNA	

polymerases.	 	 The	 ligation	 step	 is	 the	 final	 step	 in	NHEJ	 and	 is	mediated	 by	 the	DNA	

ligase	IV	complex	which	can	ligate	strands	across	gaps	(Lieber	et	al.,,	2010).	

We	 hypothesize	 that	 riluzole	 interacts	 with	 xCT	 transporter,	 halting	 the	 efflux	 of	

glutamate	and	influx	of	cystine.		The	decrease	in	available	cystine	leads	to	a	decrease	in	

cysteine,	 resulting	 in	 depletion	 of	 the	 phase	 II	 enzyme	 glutathione.	 	 Consequentially	

resulting	in	an	accumulation	of	reactive	oxygen	species	resulting	from	normal	metabolic	

processes	that	lead	to	endogenous	DNA	strand	breaks.			

In	the	presented	study,	we	aim	to	indirectly	and	directly	determine	the	type	of	

DNA	 strand	 breaks	 induced	 by	 riluzole,	 whether	 it	 is	 SSBs	 or	 DSBs.	 	We	 also	 explore	

which	 DNA	 repair	 pathway	 is	 utilized	 in	 riluzole	 induced	 DNA	 damage.	 	 Results	 from	

these	investigations	will	provide	the	first	steps	toward	the	elucidation	of	riluzole’s	mode	

of	action	and	provide	knowledge	on	how	to	improve	its	therapeutic	efficacy	in	mGLuR1	

expressing	tumor	cells.	
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MATERIALS	AND	METHODS	

A. Cell	Culture	

The	cell	line	used	throughout	the	following	experiments	is	the	established	C8161	

human	melanoma	cell	 line.	 	C8161	 is	an	mGluR1	expressing	metastatic	melanoma	cell	

line	derived	from	a	patient,	maintained	in	RPMI-1640	media	(Sigma,	St.	Louis	MO),	10%	

fetal	 bovine	 Serum	 (Sigma,	 St.	 Louis),	 and	 1%	 of	 Pennicillin/Streptomycin	 (Sigma,	 St.	

Louis	MO),	 referred	 to	 as	 R10.	 	Once	 the	 cells	 reach	 about	 80%	 confluence,	 the	 cells	

were	split	into	their	treatment	groups	for	experimentation.			

B. Antibodies	

Anti-γH2AX	antibody	 and	 anti-rabbit	 secondary	were	purchased	 from	Millipore	

(Burlington,	 MA).	 Anti-phosphoRPA32	 (Ser4/Ser8)	 was	 purchased	 from	 Bethyl	

Laboratories	 (Montgomery,	 TX).	 	 Anti-RPA32	 was	 purchased	 from	 Santa	 Cruz	

Biotechnology	 (Dallas,	 TX).	 	 Anti-α-tubulin	 and	 anti-mouse	 IgG	 were	 purchased	 from	

Sigma	(St.	Louis,	MO).	 	Goat	anti-mouse	IgG	(H+L)	cross-adsorbed	secondary	antibody,	

alexa	fluor	488	and	goat	anti-rabbit	IgG	(H+L)	highly	cross-adsorbed	secondary	antibody,	

alexa	fluor	594	were	purchased	from	Thermo	Fisher	Scientific	(Waltham,	MA).	

C. Fixing	Cells	for	Immunofluorescent	Microscopy	

Cells	 for	 immunofluorescent	microscopy	were	 grown	 to	 80-90%	 confluence	on	

coverslips	in	35mm	plates	(Corning,	Tewksbury,	MA)	for	each	treatment.		The	treatment	

groups	were	no	treatment,	vehicle	(0.1%	DMSO),	10mM	N-Acetyl	Cysteine	(NAC),	10µM	

riluzole,	10µM	riluzole	+	10mM	NAC,	20µM	riluzole,	and	20µM	riluzole	+	10mM	NAC	for	

24,	48,	 and	72	hours.	 	 To	allow	 time	 to	attach,	 cells	 in	each	plate	were	 treated	at	24	
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hours	 post-passage.	 	 At	 their	 respective	 time	 points,	 cells	 were	 washed	 with	 1X	

phosphate	buffered	saline	(PBS)	and	fixed	with	3%	paraformaldehyde	for	10	minutes	at	

room	temperature.		Fixed	cells	were	kept	at	4
0
C	until	Immunostaining.		

D. Immunostaining		

Cells	were	washed	with	1X	PBS	four	times	and	incubated	with	0.5%	Triton	X-100	

solution	 for	5	minutes	at	4
0
	C.	 	After	 incubation,	cells	were	exposed	 to	anti-pRPA	and	

anti-RPA32	 or	 anti-γH2AX	 primary	 antibody	 using	 dilutions	 as	 recommended	 by	 each	

vendor	 for	20	minutes	at	37
0
	C.	 	After	 incubation	with	 the	primary	antibody,	 the	cells	

were	 washed	 three	 times	 with	 1X	 PBS	 and	 incubated	 with	 alexa	 fluor-488	 and	 alexa	

fluor-594	 conjugated	 secondary	 antibody	 for	 20	 minutes	 at	 37
0
	 C	 to	 image	 green	

fluorescent	protein	and	red	fluorescent	protein	respectively	on	a	single	coverslip.	Cells	

were	washed	four	times	with	1X	PBS	and	stained	with	DAPI	to	visualize	cell	nuclei.		The	

coverslips	were	sealed	onto	microscope	slides	using	nail	polish	and	examined	under	a	

confocal	fluorescent	microscope.	

E. Whole	Cell	Protein	Lysate	Extraction	

About	 3x10
5
	 cells	 were	 plated	 onto	 each	 60mm	 tissue	 culture	 plate	 (Corning,	

Tewksbury,	MA)	designated	for	treatments.		The	treatment	groups	were	no	treatment,	

vehicle	(0.1%	DMSO),	10mM	NAC,	20µM	riluzole,	and	20µM	riluzole	+	10mM	NAC	for	24	

and	48	hours.	 	 	Before	 treatment	cells	were	starved	 in	serum	free	RPMI	media	 for	48	

hours	 to	synchronize	 the	cells.	 	At	each	specified	 time	point,	 the	media	was	aspirated	

and	 cells	 were	 washed	 twice	 with	 1X	 PBS.	 	 Extraction	 buffer	 was	 prepared	 in	 a	 3:1	

volumetric	 water:laemmli	 sample	 buffer	 (Bio	 Rad,	 Hercules,	 CA)	 ratio	 plus	 β-
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mercaptoethanol	(Sigma,	St	Louis,	MO).	Depending	on	the	cell	confluence	at	the	time	of	

collection,	80-120µL	of	extraction	buffer	was	added	to	each	plate	and	cells	were	scraped	

into	 a	 1.5mL	 eppendorf	 tube	 and	 incubated	 at	 99
0
	 C	 for	 10	 minutes	 in	 a	 glycerol	

hotplate	 bath.	 	 The	 mixtures	 were	 centrifuged	 in	 a	 Z	 36	 HK	 refrigerated	 high-speed	

centrifuge	 (Labnet,	 Edison,	 NJ)	 at	 14,0000	 RPM	 for	 10	 minutes	 at	 4
0
	 C	 and	 the	

supernatants	were	collected	and	kept	at	-80
0
	C.	

F. Western	Blot	Analysis	

Equal	 volume	of	 protein	 lysate	was	 loaded	 into	 each	well	 of	 10%	 SDS	 gel	 after	

denaturation	at	95
o
C	for	five	minutes.	A	reference	protein	ladder	(Precision	Plus	Protein	

Standards-Bio-Rad,	Hercules,	CA)	was	used	to	determine	the	size	of	the	band.	Gels	were	

electrophoresed	for	1	hour	at	room	temperature	at	150	volts.		Next,	the	proteins	were	

transferred	onto	a	nitrocellulose	membrane	(GVS	North	America)	at	160mA	for	2	hours	

at	4
o
C.	 	Once	transferred	the	membranes	were	stained	with	Ponceau	S	Red	(Sigma,	St	

Louis,	 MO)	 to	 visualize	 the	 transferred	 proteins.	 	 The	 membranes	 were	 then	 cut	

according	to	target	protein	size	and	blocked	 in	5%	nonfat	dry	milk	solution	containing	

Tris	buffered	saline	+	Tween	20	(TBST)	for	1	hour.		After	blocking,	the	membranes	were	

incubated	 in	 anti-γH2AX	 primary	 antibody	 at	 1:500	 or	 anti-pRPA	 primary	 antibody	 at	

1:1,000	 overnight	 at	 4ºC	 on	 a	 rocking	 platform.	 	 For	 anti-α-tubulin,	 the	 membranes	

were	incubated	in	antibody	diluted	to	1:10,000	for	20	minutes	at	room	temperature	on	

a	rocking	platform.	 	The	next	day,	membranes	were	washed	with	TBST	using	a	SnapID	

(Millipore,	Burlington,	MA)	5	times	and	incubated	 in	anti-rabbit	secondary	antibody	or	

anti-mouse	IgG	secondary	antibody	diluted	to	1:5,000	for	1	hour	at	room	temperature	
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on	a	rocking	platform.	 	After	 incubation	with	the	secondary	antibody,	 the	membranes	

were	 washed	 5	 times	 in	 TBST	 with	 the	 SnapID,	 exposed	 to	 ECL	 HRP	 substrate	

(Millipore, Burlington,	MA),	and	bands	were	imaged	using	GeneSys	imaging	software.	

G. Cell	Harvesting	and	Lysis	in	Agarose	

About	3x10
5
	C8161	cells	were	plated	onto	60mm	tissue	culture	plates.		The	cells	

were	 starved	 in	 serum	 free	 RPMI	 media	 for	 48	 hours	 for	 synchronization.	 The	

treatments	were:	no	treatment,	vehicle	 (0.1%	DMSO),	10mM	NAC,	20µM	riluzole,	and	

10mM	NAC	+	20µM	riluzole.		At	48	hours	after	treatment	the	cells	were	trypsinized	and	

centrifuged	at	1,000RPM	for	10	minutes.		After	centrifugation	the	media	was	aspirated	

and	the	cells	were	resuspended	in	1X	PBS	at	a	concentration	of	1.0x10
6	
cells/mL,	2,000	

cells	were	pipetted	into	1%	low	melting	agarose	on	a	comet	assay	slide	containing	a	thin	

layer	 of	 agarose	 (Trevigen,	 Gaithersburg,	 MD)	 and	 incubated	 at	 4ºC	 for	 30	 minutes.		

After	 incubation	 the	 cells	were	 lysed	 in	 lysis	buffer	 (Trevigen,	Gaithersburg,	MD)	over	

night	at	4ºC.	

H. Neutral	Conditioned	COMET	Assay	

The	COMET	assay	 slides	were	 removed	 from	 the	 lysis	buffer	and	excess	buffer	

was	drained	off	the	slides.		Slides	were	immersed	in	50mL	of	1X	neutral	electrophoresis	

buffer	(Tris	Base,	Sodium	Acetate,	adjust	to	pH=9	with	glacial	acetic	acid	10X	diluted	to	

1X	 with	 ddH2O)	 for	 30	 minutes	 at	 4ºC.	 Approximately	 850mL	 of	 1X	 neutral	

electrophoresis	buffer	was	added	 to	 the	CometAssay
®
	ES	unit	 (Trevigen,	Gaithersburg,	

MD)	and	the	slides	were	immersed	in	1X	neutral	buffer	in	the	slide	tray,	covered	with	a	

slide	 tray	 overlay,	 and	 electrophoresed	 at	 21	 volts	 for	 45	 minutes	 at	 4ºC.	 	 After	
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electrophoresis,	excess	buffer	was	drained	from	the	slides	and	slides	were	immersed	in	

DNA	precipitation	solution	 (7.5M	Ammonium	Acetate,	ddH2O)	 for	30	minutes	at	 room	

temperature.		Afterwards,	the	slides	were	fixed	in	70%	ethanol	for	30	minutes	at	room	

temperature.		In	order	to	bring	all	the	cells	to	a	single	plane	for	observation,	the	samples	

were	dried	on	a	heat	block	at	37ºC	
for	15	minutes.	

I. Alkaline	Conditioned	COMET	Assay	

The	COMET	assay	 slides	were	 removed	 from	 the	 lysis	buffer	and	excess	buffer	

was	 drained	 off	 the	 slides.	 	 The	 slides	were	 immersed	 in	 50mL	 of	 alkaline	 unwinding	

solution	 (200mM	 EDTA	 pH	 8,	 NaOH	 pellets,	 ddH2O)	 for	 1	 hour	 at	 4ºC	 in	 the	 dark	 to	

unwind	the	DNA.	 	Approximately	850mL	of	1X	alkaline	electrophoresis	buffer	 (500mM	

EDTA	pH	8,	NaOH	pellets,	ddH2O)	was	added	to	the	CometAssay
®
	ES	unit	and	the	slides	

were	immersed	in	1X	alkaline	buffer	in	the	slide	tray,	covered	with	a	slide	tray	overlay,	

and	 electrophoresed	 at	 21	 volts	 for	 30	minutes	 at	 4ºC.	 	 After	 electrophoresis,	 excess	

buffer	was	drained	from	the	slides	and	immersed	twice	in	deionized	water	for	5	minutes	

to	 remove	 residual	buffer	and	 then	 fixed	 in	70%	ethanol	 for	another	5	minutes,	all	 at	

room	 temperature.	 	 To	 bring	 the	 cells	 to	 a	 single	 plane	 for	 observation,	 the	 samples	

were	dried	at	37ºC	for	15	minutes	on	a	heat	block.	

J. Propidium	Iodide	Staining	

Slides	processed	under	both	COMET	assay	conditions	were	stained	with	50µL	of	

2µg/mL	propidium	 iodide	 (PI)	diluted	 to	1:100.	 	 The	 samples	were	 incubated	at	 room	

temperature	 for	 30	 minutes	 protected	 from	 light.	 	 After	 incubation	 the	 slides	 were	

washed	in	water	for	5	minutes	to	remove	any	background	PI.	The	slides	were	then	dried	



	 	 24	 	 	

	

	

on	a	heat	block	set	to	37ºC	and	examined	under	a	confocal	fluorescent	microscope	at	

10X	magnification.	

K. DNA	Repair	Inhibitor	Treatment	

C8161	Cells	were	plated	into	12	well	plates	at	2.0x10
5	
cells/well.		The	cells	were	

treated	with	 either	 the	Rad51	 inhibitor	 B02	 (Millipore,	 Burlington	MA)	 or	 the	DNA	PK	

inhibitor	 Nu7026	 (Millipore,	 Burlington	MA)	 at	 a	 concentration	 of	 10µM	 for	 6	 hours.		

After	 pretreatment	 with	 the	 DNA	 repair	 inhibitors	 the	 cells	 were	 treated	 with	 either	

10µM	etoposide,	 vehicle	 (0.1%	DMSO),	or	20µM	riluzole	 for	24	and	48	hours.	 	At	 the	

end	of	the	treatment	the	cells	were	processed	for	flow	cytometry	

L. Fixing	Cells	for	Flow	Cytometry		

At	24	or	48	hours	post-treatment	 the	cells	were	 trypsinized	and	centrifuged	at	

1,000	RPM.	 	 The	media	was	 aspirated	 and	 the	 cell	 pellet	 resuspended	 in	 1xPBS.	 	 The	

cells	were	washed	twice	 in	PBS	by	centrifuging	the	cells	 for	10	minutes	at	1,000	RPM.		

Cells	were	 fixed	 in	1mL	of	70%	 ice-cold	methanol	added	drop	wise	while	vortexing	 to	

ensure	 all	 cells	 are	 fixed	 evenly.	 	 The	 cells	 were	 then	 incubated	 in	 methanol	 for	 20	

minutes	at	-20
0
C.		After	fixation,	cells	were	washed	twice	and	resuspended	in	1%	Bovine	

Serum	Albumin	in	PBS	and	stored	at	4
0
C	until	staining.	

M. Immunostaining	for	Flow	Cytometry	

100µL	of	0.5%	 Ipegal	 (Sigma,	St	 Louis	MO)	was	added	 to	 fixed	C8161	cells	and	

incubated	 for	 15	minutes	 in	 the	 dark	 at	 room	 temperature	 to	 permeabilize	 the	 cells.		

After	permeabilization,	 the	cells	were	washed	with	2mL	of	0.1%	Ipegal	by	centrifuging	

the	samples	at	1,500	RPM	for	7	minutes,	aspirating	the	supernatant,	and	resuspending	
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the	 pellet	 in	 the	 remaining	 volume	 (approximately	 50-100	 µL).	 	 Next,	 the	 cells	 were	

blocked	with	500µL	normal	rabbit	serum	(Thermo	Fisher,	Waltham	MA)	diluted	at	1:20	

for	15	minutes	at	room	temperature.		After	blocking,	the	C8161	cells	were	washed	with	

PBS	and	 incubated	with	anti-γH2AX	antibody	diluted	at	1:300	 for	60	minutes	at	 room	

temperature.	 	 After	 primary	 antibody	 incubations,	 the	 cells	 were	 washed	 in	 PBS	 and	

incubated	 in	 Alexa	 fluor-488	 conjugated	 antibody	 diluted	 to	 1:400	 for	 60	minutes	 at	

room	temperature	protected	from	light.		After	incubation	with	the	secondary	antibody	

the	cells	were	brought	to	flow	analysis	and	analyzed	for	intercellular	γH2AX.	

N. Statistical	Analysis:	

	 All	 statistical	 analysis	 was	 performed	 using	 StatPlus	 statistical	 software	

(AnalystSoft,	Walnut,	 CA).	 	 Statistical	 significance	 between	mean	 values	 of	 treatment	

groups	was	determined	using	a	one-way	ANOVA	with	bonferronis	correction.		Data	are	

presented	 as	 a	 mean	 +/-	 standard	 error	 of	 mean	 (SEM),	 pith	 a	 p<0.05	 considered	

statistically	significant.	
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RESULTS	

A. Phosphorylated	 histone	H2AX	 localization	 to	 the	 nuclei	 of	 C8161	 is	mediated	 by	

reactive	oxygen	species: 

Histone	 H2AX	 is	 phosphorylated	 (γH2AX)	 immediately	 after	 induction	 of	 DNA	

double-stranded	breaks	(DSBs).	 	The	function	of	γH2AX	is	to	localize	to	the	sites	of	the	

breaks	within	the	chromosome	and	recruit	DNA	repair	proteins	to	initiate	repair	of	the	

breaks	(Kuo	et	al.,	2008)).		We	used	immunofluorescent	(IF)	microscopy	to	visualize	the	

presence	 of	 γH2AX	 after	 exposing	 mGluR1-expressing	 melanoma	 cells	 to	 riluzole	 at	

various	 time	 points.	 	 Our	 lab	 previously	 demonstrated	 the	 induction	 of	 the	

phosphorylated	histone	after	 riluzole	 treatment	 in	mGluR1	expressing	melanoma	cells	

using	this	approach.	 	One	of	the	known	functions	of	riluzole	 is	 to	 inhibit	 the	export	of	

glutamate	 to	 the	 extracellular	 environment	 (Martin	 et	 al.,	 1993).	 Here	 we	 sought	 to	

establish	 our	 initial	 findings	 and	 evaluate	 any	 possible	 effect	 N-Acetyl	 Cysteine	 (NAC)	

may	have	on	the	induction	and	localization	of	this	DNA	damage	marker.		NAC	serves	to	

alleviate	DNA	damage	induced	by	reactive	oxygen	species	(ROS)	through	the	donation	of	

a	cysteine	to	the	cell.		This	will	allow	the	cells	to	synthesize	glutathione	even	if	riluzole	

were	to	 inhibit	 the	cystine/glutamate	antiporter	 (xCT)	 from	 importing	cystine	that	can	

be	 reduced	 to	 cysteine,	 the	 rate-limiting	 component	 of	 glutathione.	 	 Therefore	

glutathione,	 an	 important	 antioxidant,	 can	 remove	 ROS	 that	 result	 from	 metabolic	

processes,	 and	 prevent	 damage	 to	 DNA	 and	 γH2AX	 induction	 even	 when	 riluzole	 is	

present.	
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For	 this	 set	 of	 experiments	 we	 used	 the	 chemotherapeutic	 etoposide	 as	 the	

positive	 control	 due	 to	 its	 capability	 of	 inducing	 DNA	 strand	 breaks.	 	 Etoposide’s	

mechanism	of	action	is	to	inhibit	topoisomerase	II	activity,	preventing	the	re-ligation	of	

DNA	strands,	and	resulting	 in	DNA	strand	breaks	 (Burden	et	al.,	1998).	 	C8161	human	

melanoma	cells	were	plated	out	one	day	prior	to	treatment.	The	treatment	groups	are:	

no	treatment,	vehicle	(0.1%	DMSO)	with	or	without	NAC,	10µM	etoposide,	and	10µM	or	

20µM	 riluzole	 with	 or	 without	 NAC.	 Etoposide	 treatment	 was	 only	 for	 30	 min,	 the	

optimal	time	for	the	 induction	of	DNA	strand-breaks	determined	previously	 in	our	 lab.	

Vehicle,	 riluzole	 treatments,	 and	no	 treatments	were	 for	24,	48	and	72	hours	with	or	

without	 NAC.	We	 detected	 a	 clear	 induction	 of	 γH2AX	 foci	 localized	 to	 the	 nuclei	 of	

etoposide	treated	C8161	cells	(Figure	2).		C8161	cells	under	conditions	of	no	treatment,	

treated	with	vehicle	(0.1%	DMSO)	or	10mM	NAC	showed	very	little	γH2AX	foci	(Figure	3,	

left	panel).		Under	similar	conditions	C8161	cells	treated	with	10µM	or	20µM	riluzole	for	

24	 hours	 exhibit	 dense	 γH2AX	 foci	 localized	 to	 the	 nuclei	 of	 the	 cells	 (Figure	 3,	 right	

panel)	compared	to	no	treatment,	vehicle	or	NAC	treated	cells	(Figure	3).		Furthermore,	

when	 NAC	 is	 present	 in	 the	 media	 with	 either	 concentration	 of	 riluzole	 tested,	 a	

reduction	in	dense	γH2AX	foci	localized	to	the	nuclei	is	observed	(Figure	3,	right	panel).		

These	data	imply	that	γH2AX	induction	by	riluzole	is	reduced	when	NAC	is	present	in	the	

medium.	

A	similar	trend	can	be	seen	at	the	48	and	72	hour	time	points,	where	we	observe	

dense	 γH2AX	 foci	 localized	 to	 the	 nuclei	 of	 cells	 that	 were	 treated	with	 only	 riluzole	

(Figures	4	and	5).	 	At	 the	48	hour	 time	point	a	greater	 induction	of	γH2AX	 foci	 in	 the	
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nuclei	 compared	 to	 C8161	 cells	 treated	 with	 10µM	 or	 20µM	 riluzole	 for	 24	 hours	

(Figures	 3,	 4,	 and	 5).	 	 The	 amount	 of	 foci	 and	 intensity	 at	 the	 nuclei	 after	 72	 hour	

treatment	appears	 to	be	 similar	 to	 the	48	hour	 treatment,	 though	 these	 samples	had	

higher	cell	density,	possibly	due	to	the	longer	time	of	treatment	(Figure	5).		At	both	48	

hour	and	72	hour	time	points,	γH2AX	foci	 is	denser	and	greater	 in	the	riluzole	treated	

C8161	cells	than	 in	the	no	treatment	and	vehicle	(0.1%	DMSO)	treated	cells	 (Figures	4	

and	 5).	 	 When	 NAC	 is	 included	 alongside	 riluzole	 we	 observed	 a	 decrease	 in	 foci	

formation	in	the	48	hour	treatment	to	levels	similar	as	the	foci	induction	observed	in	the	

vehicle	(0.1%	DMSO)	treated	cells	(Figure	4).		However	this	decrease	does	not	appear	as	

substantial	 in	 the	72	hour	 treatment,	possibly	due	 to	persistent	damage	over	 time	by	

riluzole’s	action	during	this	time	point	(Figure	5).	

B. Replication	protein	A	 is	phosphorylated	after	riluzole	treatment	 in	the	cytoplasm	

of	mitotic	cells:	

Replication	 protein	 A	 (RPA)	 is	 a	 protein	 whose	 normal	 function	 is	 to	 prevent	

single-stranded	DNA	from	winding	back	together	after	being	unwound	by	DNA	helicase.		

In	 the	 incidence	 of	 mitotic	 DNA	 stress,	 RPA	 binds	 to	 single-stranded	 DNA	 and	 is	

phosphorylated	 to	 initiate	 DNA	 repair	 (Anantha	 et	 al.,	 2008).	 	 As	 a	 result,	

phosphorylated	 RPA	 (pRPA)	 can	 be	 used	 as	 an	 indicator	 of	 potential	 single-stranded	

DNA	breaks	(SSBs),	induced	by	riluzole.		Similar	to	the	set	of	experiments	for	γH2AX,	we	

used	a	 30	minute	10µM	etoposide	 treatment	 as	our	positive	 control	 for	 single-strand	

break	 induction	 (Figure	 6).	 	 The	 inhibition	 of	 topoisomerase	 II	 leading	 to	 DNA	 strand	

breaks	during	mitosis	can	result	in	pRPA	induction	(Liu	et	al.,	2012).				C18161	cells	were	
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plated	 at	 24	 hours	 prior	 to	 treatments	 and	 the	 treatment	 groups	 for	 this	 experiment	

were	no	treatment,	vehicle	(0.1%	DMSO),	and	10µM	or	20µM	riluzole	with	or	without	

NAC	for	24,	48,	and	72	hours.	

After	treating	C8161	melanoma	cells	with	riluzole	for	24	hours,	a	slight	induction	

of	pRPA	can	be	observed	by	an	increase	in	the	cytoplasm	of	the	cell,	indicated	by	green	

fluorescence	 (Figure	 7,	 right	 panel).	 	 Compared	 to	 the	 riluzole	 treatment	 groups,	

cytosolic	 phosphorylated	 RPA	 is	 not	 induced	 to	 a	 similar	 extent	 in	 no	 treatment	 or	

vehicle	(0.1%	DMSO)	treated	cells	(Figure	7,	left	panel).		Although	we	observed	pRPA	in	

the	cytosol,	across	all	treatment	groups	the	total	RPA32	(stained	red)	is	localized	to	the	

nuclei	 of	 the	 cells	 (Figure	7).	 	At	 the	24	hour	 time	point,	 the	 riluzole	with	NAC	group	

demonstrate	reduced	levels	of	cytosolic	pRPA	similar	to	those	seen	in	the	vehicle	(0.1%	

DMSO)	group	(Figure	7),	suggesting	the	presence	of	NAC	led	to	a	decrease	in	pRPA	and	

presumably	much	less	single-stranded	DNA	breaks.	

At	 the	48	and	72	hour	 time	points,	we	observed	hyper-phosphorylated	RPA	 in	

the	cytoplasm	of	cells	treated	with	riluzole	only	(Figures	8	and	9,	right	panels).		The	DAPI	

staining	of	these	riluzole	treated	cells	revealed	condensed	nuclei	localized	to	the	center	

of	cells	displaying	hyper-phosphorylated	RPA,	potentially	indicating	that	these	cells	are	

in	the	mitotic	phase	of	the	cell	cycle	(Figure	10).		RPA	is	phosphorylated	in	response	to	

DNA	damage	induced	during	mitosis	and	these	effects	induced	by	riluzole	were	not	seen	

when	 NAC	 is	 included	 in	 the	 treatment,	 hinting	 at	 the	 notion	 that	 NAC	 is	 mitigating	

phosphorylation	of	the	SSB	marker,	pRPA	(Figures	8	and	9,	right	panels).		These	results	
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reinforce	 the	 notion	 that	 DNA	 strand	 breaks	 induced	 by	 riluzole	 is	 likely	 due	 to	 ROS	

accumulation	potentially	brought	about	from	reduced	glutathione	synthesis.	

C. Protein	markers	for	double-stranded	DNA	breaks	and	single-stranded	DNA	breaks	

are	elevated	after	riluzole	treatment:	

After	visualizing	the	DNA	damage	markers	using	IF	microscopy,	we	used	Western	

blots	to	quantify	the	expression	of	these	proteins	after	riluzole	treatment.		For	this	set	

of	 experiments,	 the	 cells	 were	 serum	 starved	 for	 48	 hours	 to	 synchronize	 the	 cells,	

allowing	the	C8161	cells	to	have	a	uniformed	response	to	riluzole	treatment.		Cells	were	

plated	into	treatment	groups	24	hours	prior	to	starvation	to	ensure	cell	adhesion	to	the	

tissue	culture	plates.		The	experimental	groups	were	no	treatment,	vehicle	(0.1%	DMSO)	

and	20µM	riluzole	with	or	without	NAC.		Our	positive	control	for	both	protein	markers	

was	a	0.5	hr	10µM	etoposide	treatment	(Figures	11	and	12,	panel	A).		Whole	cell	protein	

lysate	 was	 collected	 to	 examine	 the	 protein	 levels	 of	 γH2AX	 and	 pRPA	 at	 24	 and	 48	

hours	post	treatment.			

Parallel	 to	 what	 we	 observed	 in	 IF	 microscopy,	Western	 blot	 band	 intensities	

demonstrate	elevated	levels	of	both	γH2AX	and	pRPA	in	C8161	cells	treated	with	riluzole	

compared	to	vehicle	control	cells	at	both	24	and	48	hour	time	points	(Figures	11	and	12,	

panel	A).		We	used	NIH	Image	J	software	to	quantify	band	intensities	and	normalized	to	

corresponding	 vehicle	 (0.1%	 DMSO)	 treatments	 (Figures	 11	 and	 12,	 panel	 B).	 	 We	

demonstrated	 that	 at	 24	 hours,	 riluzole	 treated	 cells	 exhibit	 a	 2-fold	 increase	 in	 both	

γH2AX	and	pRPA	compared	to	vehicle	(0.1%	DMSO)	was	detected	(Figure	11,	panel	B).		A	

one-way	ANOVA	statistical	 test	 reports	a	 statistically	 significant	 increase	 in	γH2AX	but	
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not	 pRPA	 when	 normalized	 to	 vehicle	 treatment	 (0.1%	 DMSO)	 (Figure	 11,	 panel	 B).		

Further	evaluation	with	a	compare	means	T	test	shows	a	significant	 increase	 in	γH2AX	

expression	 in	 riluzole	 only	 treated	 cells	 compared	 to	 vehicle	 (0.1%	 DMSO)	 treatment	

(Figure	11,	panel	B).		When	NAC	is	present	in	the	media	along	with	riluzole,	we	observed	

a	reduction	in	DNA	damage	protein	marker	levels	similar	to	that	observed	in	the	vehicle	

(0.1%	DMSO)	treated	cells	(Figure	11,	panel	B).			

Quantification	 of	 bands	 from	 the	 48	 hour	 treatments	 demonstrates	 a	

comparable	trend;	however,	instead	of	a	2-fold	increase	relative	to	vehicle	(0.1%	DMSO)	

treatment	we	detected	a	1.5-fold	increase	in	expression	of	both	proteins	in	the	riluzole	

treatment	 group	 (Figure	 12,	 panel	 B).	 	 A	 one-way	ANOVA	demonstrates	 no	 statistical	

significance	 in	 the	 γH2AX	 or	 pRPA	 Western	 Blots.	 	 Interestingly,	 γH2AX	 induction	 is	

marginally	higher	than	pRPA	induction	at	this	time	point	(Figure	12,	panel	B).		However	

unlike	 in	 the	 24	 hour	 treatments,	 this	 trend	 demonstrates	 no	 statistical	 significance.		

When	C8161	cells	are	treated	with	20µM	riluzole	and	NAC,	a	reduction	 in	both	γH2AX	

and	pRPA	expression	to	levels	almost	seen	in	vehicle	treatment	was	detected	(Figure	12,	

panel	B).			

D. Riluzole	induces	DNA	damage	under	both	neutral	and	alkaline	conditioned	COMET	

assays.	

Immunofluorescent	 microscopy	 and	 Western	 immunoblots	 experiments	 are	

indirect	measurements	of	DNA	strand	breaks;	in	order	to	take	a	more	direct	look	at	DNA	

strand	breaks	we	implored	the	COMET	(single-cell	gel	electrophoresis)	assay.		This	assay	

permits	 one	 to	 differentiate	 between	 single-stranded	 breaks	 (SSBs)	 and	 double	
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stranded-breaks	(DSBs)	by	performing	the	COMET	assay	under	two	conditions:	alkaline	

and	neutral.		The	alkaline	condition	contains	a	DNA	unwinding,	step,	which	allows	SSBs	

and	DSBs	to	migrate	out	of	the	nucleus	under	an	electric	field,	making	it	nonspecific	to	

the	type	of	DNA	damage	detected.	Meanwhile	the	neutral	condition	does	not	contain	a	

DNA	unwinding	step,	meaning	only	DSBs	can	migrate	out	of	 the	nucleus,	allowing	 the	

assay	to	be	specific	for	DSBs.		Under	both	conditions,	negatively	charged	damaged	DNA	

will	migrate	out	of	the	nuclei	during	the	electrophoresis	step,	forming	the	“tail”	of	the	

comet.	 Meanwhile,	 undamaged	 DNA	 remains	 within	 the	 nuclei,	 forming	 the	 comet	

“head”,	the	longer	the	tail	length,	the	more	DNA	damage	a	cell	endured.			

For	this	set	of	experiment	we	first	plated	out	3.0x10
5	
cells/60mm	cultured	plate	

and	24	hours	later	we	removed	the	serum	for	48	hours	to	synchronize	the	cells.	 	After	

synchronization	 the	 cells	 were	 subjected	 to	 the	 following	 treatments:	 no	 treatment,	

vehicle	(0.1%	DMSO),	and	20µM	riluzole	with	or	without	NAC	for	48	hours.		At	the	end	

of	 treatment	 period,	 the	 cells	were	 removed,	washed	with	 twice	 PBS	 and	 2,000	 cells	

were	 embedded	 in	 1%	 agarose	 on	 each	 agarose-coated	 slide.	 	 The	 cells	 were	 then	

electrophoresed	in	a	neutral	or	alkaline	buffer	for	45minutes	at	21volts.		

The	control	we	used	for	the	COMET	assay	is	bleomycin,	an	antibiotic	with	unique	

anti-tumor	activity.		This	compound	is	known	to	induce	both	types	of	DNA	strand	breaks	

via	 the	 formation	 of	 free	 oxygen	 radicals	 (Dorr	 et	 al.,	 1992).	 	 Bleomycin’s	 oxidative	

mechanism	of	action	allows	it	to	act	as	an	optimal	positive	control	for	our	COMET	assay	

experiments.	 	 As	 expected,	 clear	 tail	 formation	was	 seen	 in	 bleomycin	 treated	 C8161	
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cells	under	 the	alkaline	condition	and	the	neutral	condition	COMET	assays	 (Figures	13	

and	14,	panel	A).	

Under	 both	 neutral	 and	 alkaline	 conditions	 the	 formation	 of	 comet	 tails	 was	

evident	 in	 riluzole	 treated	C8161	 cells	 (Figures	 13	 and	 14,	 panel	 A).	 	 Tails	 form	when	

broken	 DNA	 migrates	 from	 the	 nuclei	 of	 lysed	 cells	 during	 electrophoresis.		

Qualitatively,	 it	 is	 difficult	 to	determine	 if	 tails	 in	 the	 riluzole	 treatment	group	appear	

longer	than	tails	in	the	no	treatment	and	vehicle	(0.1%	DMSO)	groups,	especially	in	the	

alkaline	 COMET	 assay	 condition	 (Figures	 13	 and	 14,	 panel	 A).	 	 Under	 the	 neutral	

condition	 the	 addition	 of	NAC	 in	 the	 growth	media	 appears	 to	 reduce	 the	 tail	 length	

induced	 by	 riluzole	 (Figure	 14,	 panel	 A).	 	 Qualitatively,	 this	 decrease	 is	 not	

distinguishable	when	 the	COMET	assays	were	performed	under	 the	alkaline	 condition	

(Figure	13,	panel	A).	

E. Comparison	 of	 neutral	 condition	 and	 alkaline	 condition	 COMET	 assays	 suggest	

oxidative	DNA	damage	induces	double-stranded	DNA	breaks	over	single-stranded	

DNA	breaks	

Using	the	Nikon	instruments	elements	analysis	software	(Nikon,	Melville	NY)	we	

can	measure	the	tail	moments	of	individual	cells.			The	tail	moment	is	measured	as	the	

sum	 of	 half	 the	 radius	 of	 the	 comet	 head	 and	 half	 the	 length	 of	 the	 come	 tail.	 	 This	

measurement	 is	a	more	accurate	representation	of	DNA	damage	because	 it	 takes	 into	

consideration	the	damaged	and	undamaged	DNA.		We	used	Graphpad	Prism	6	software	

to	 plot	 tail	 moments	 of	 individual	 cells	 onto	 scatter	 column	 plots	 to	 emphasize	 tail	

moments	 in	 individual	cells	within	a	treatment	group	and	then	compared	them	to	the	
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group	 average	 of	 that	 treatment	 (Figures	 13	 and	 14,	 panel	 B).	 	 Although	 there	 is	 a	

degree	of	variability	across	 treatment	groups	electrophoresed	under	both	neutral	and	

alkaline	conditions,	most	cells	contain	tail	moments	similar	to	the	mean	length	of	their	

respective	 treatment	 groups	 (Figures	 13	 and	 14,	 panel	 B).	 	When	 comparing	 the	 tail	

moments	 between	 treatment	 groups,	 riluzole	 treatment	 increases	 tail	 moment	

compared	to	no	treatment	or	vehicle	(0.1%	DMSO)	treated	samples	(Figures	13	and	14,	

panel	B).		Under	both	the	alkaline	and	the	neutral	conditions,	the	increased	tail	moment	

induced	by	riluzole	is	reduced	when	NAC	is	present	in	the	growth	media	(Figures	13	and	

14,	panel	B).	This	decrease	is	much	greater	in	the	neutral	conditioned	cells	than	in	the	

alkaline	conditioned	cells	(Figures	13	and	14,	panel	B).		These	results	are	comparable	to	

the	 ones	 observed	 in	 the	Western	 blots	 where	 riluzole	 treatments	 induced	 elevated	

levels	of	DNA	damage	associated	protein.		

Quantifying	and	comparing	tail	moments	between	both	comet	assay	conditions	

displays	 the	 trend	we	 observed	 in	 our	 IF	 and	western	 blots	 (Figure	 15).	 	 C8161	 cells	

treated	only	with	riluzole	revealed	higher	levels	of	DNA	damage	indicated	by	statistically	

significant	 tail	 moment	 increases	 when	 compared	 to	 vehicle	 (0.1%	 DMSO)	 control	

treatment	(Figure	15).		Under	both	conditions	we	observed	about	a	1.5	fold	increase	in	

tail	 moments	 compared	 to	 vehicle	 (0.1%	 DMSO)	 treated	 cells	 (Figure	 15).	 	 However,	

when	NAC	is	included	in	the	growth	media	with	riluzole,	there	is	a	difference	between	

neutral	 and	 alkaline	 conditions.	 	 In	 the	 alkaline	 condition	 we	 still	 see	 a	 statistically	

significant	increase	in	tail	moment	when	NAC	is	present	in	the	media	of	riluzole	treated	

cells	 compared	 to	 cells	 treated	 with	 only	 riluzole	 (Figure	 15).	 	 In	 contrast,	 the	 tail	
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moment	formed	under	the	neutral	condition	demonstrated	a	reduction	to	levels	below	

significance	and	similar	to	the	vehicle	treated	cells	(Figure	15),	suggesting	that	inclusion	

of	NAC	rescues	cells	from	riluzole	induced	oxidative	damage.	These	COMET	assay	results	

showed	 that	 riluzole	 treatment	 most	 likely	 induce	 DNA	 double-strand	 breaks	 rather	

than	single-stranded	breaks.	

F. Riluzole	 Induced	 DNA	 Damage	 is	 Increased	 when	 Non-Homologous	 End	 Joining	

Repair	Pathway	is	Inhibited	

In	order	 to	observe	the	effect	of	DNA	DSB	repair	pathways	on	riluzole	 induced	

DNA	DSBs	we	used	 intercellular	 flow	cytometric	analysis	of	γH2AX	 levels	after	 riluzole	

treatment	with	 or	without	 an	 inhibitor	 of	 the	DNA	 repair	 pathways,	 non-homologous	

end-joining	(NHEJ)	and	homologous	recombination	(HR).		The	assay	requires	the	use	of	

fluorescent-tagged	 antibodies	 to	 detect	 γH2AX	 induction	 through	 flow	 cytometry	 as	

read-outs	of	DNA	damage.		For	this	experiment,	we	synchronized	C8161	cells	in	100mm	

tissue	culture	plates	for	48	hours.		After	synchronizing	the	cells,	we	plated	2.0x10
5
	cells	

into	 each	well	 of	 a	 12	well	 plate.	 	 At	 24	 hours	 later	 the	 cells	were	 given	 treatments:	

vehicle	(0.1%	DMSO)	and	20µM	riluzole	with	or	without	DNA	repair	 inhibitor	for	24	or	

48	hours.	

The	 NHEJ	 inhibitor	 we	 used	 is	 Nu7026,	 which	 is	 a	 small	 molecule	 inhibitor	 of	

DNA-dependent	protein	kinase	(DNA-PK).	 	Briefly,	Nu7026	 is	a	competitive	 inhibitor	of	

DNA-PK,	which	prevents	Ku70	binding	to	strand	breaks	and	recruiting	DNA-dependent	

protein	 kinase	 catalytic	 subunit	 (DNA-PKcs)	 to	 facilitate	 rejoining	 the	 broken	 DNA	

strands	(Veuger	et	al.,	2003).			The	inhibitor	we	used	to	block	HR	activity	is	the	specific	
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Rad51	 inhibitor	 known	as	B02.	 	 This	 inhibitor	prevents	Rad51	 from	polymerizing	onto	

single-stranded	overhangs	of	DSBs,	preventing	reciprocal	and	nonreciprocal	DNA	strand	

exchange	by	homologous	duplexes	 (Alagpulinsa	 et	al.,	2014).	 	By	 inhibiting	DSB	 repair	

pathways	 with	 these	 inhibitors,	 we	 expect	 to	 differentiate	 which	 repair	 pathway	 is	

utilized	in	riluzole-treated	cells.	

To	confirm	that	the	assay	was	a	viable	approach	in	measuring	increases	in	DNA	

damage	 induction	 using	 γH2AX	 levels	 as	 read-outs	 when	 either	 repair	 pathway	 is	

inhibited,	we	 treated	 C8161	 cells	with	 etoposide	 as	 a	 control.	 	 Cells	were	 pretreated	

with	either	Nu7026	or	B02	for	6	hours	and	treated	with	10µM	etoposide	for	24	hours.	

After	 treatment,	 the	 cells	 were	 stained	 with	 a	 fluorescent-tagged	 γH2AX	 antibody	

followed	by	flow	cytometry.		Our	assay	demonstrated	an	increase	in	γH2AX	expression	

in	 cells	 pretreated	 with	 either	 inhibitor	 compared	 to	 cells	 treated	 with	 no	 inhibitor	

(Figure	16).	

In	C8161	 cells,	 at	24	hours,	we	detected	an	 increase	 in	 cell	 populations	within	

the	 fluorescent	gate	across	all	 riluzole	 treated	groups	compared	 to	DMSO	(Figure	17),	

indicating	 the	 induction	of	DNA	strand-breaks	 is	 increased	 in	 riluzole	 treatments.	 	We	

compared	 the	 percent	 of	 cells	 gated	with	 fluorescence	 between	 vehicle	 (0.1%DMSO)	

and	riluzole	treatments,	and	it	is	apparent	that	elevated	γH2AX	levels	were	detected	in	

riluzole	treated	ones	(Figure	17).	In	C8161	cells	pretreated	with	the	competitive	DNA-PK	

inhibitor	Nu7026,	a	statistically	significant	increase	in	γH2AX	levels	was	seen	compared	

to	 vehicle	 (0.1%	 DMSO)	 with	 Nu7026	 and	 riluzole	 without	 inhibitor	 treatments	

(Figure17).	 C8161	 cells	when	pretreated	with	 the	 specific	 Rad51	 inhibitor	 B02,	 γH2AX	
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levels	were	similar	to	levels	seen	in	riluzole	treated	cells	without	any	inhibitors	(Figure	

17).	 	C8161	cells	treated	with	riluzole	for	48	hours	showed	very	 little	change	in	γH2AX	

levels	across	all	treatment	groups	relative	to	DMSO	(Figure	18).		These	results	were	very	

similar	to	the	Western	blots	where	γH2AX	expression	levels	induced	by	riluzole	were	the	

highest	 at	 24	 hours	 and	 decreased	 at	 4	 8hours	 (Figure	 18).	 	 Taken	 together	 these	

findings	point	to	a	possible	role	of	NHEJ	in	repairing	riluzole	induced	DNA	DSBs	in	C8161	

cells.			
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Discussion	

Our	 lab	 showed	 that	 aberrant	 expression	 of	 a	 normal	 neuronal	 receptor,	

metabotropic	glutamate	receptor	1	 (mGluR1)	 in	melanocytes	 is	sufficient	to	transform	

normal	 melanocytes	 in	 vitro	 and	 induce	 spontaneous	 malignant	 melanoma	 in	 vivo	

(Pollock	et	al.,	2003).	 	The	elevated	glutamate	levels	in	mGluR1	expressing	cells	ensure	

the	 constitutive	 activation	 of	 the	 receptor	 through	 an	 autocrine/paracrine	 loop	

maintains	 the	 activities	 of	 two	 major	 signaling	 cascades,	 mitogen-activated	 protein	

kinase	 (MAPK)	 and	 the	 phosphatidylinositol	 3-kinase	 protein	 kinase	 (PI3K/AKT)	

pathways,	which	create	a	sustainable	cell	proliferative	environment	for	the	tumor	cells	

(Pollock	et	al.,	2003;	Shin	et	al.,	2008).		Further	investigation	of	mGluR1	receptor	activity	

in	melanoma	cells	shows	that	antagonizing	mGluR1	function	or	expression	level	results	

in	 decreased	 cell	 growth	 in	 vitro	 and	 tumor	 progression	 in	 vivo	 plus	 an	 increase	 in	

apoptosis	(Namkoong	et	al.,	2007;		Wangari-Talbot	et	al.,	2012).			

Among	 the	 various	 anti-mGluR1	 compounds	 tested,	 riluzole	 showed	promising	

results.	Riluzole	is	FDA	approved	to	treat	ALS	due	to	one	of	 its	functions,	the	ability	to	

inhibit	glutamate	release	 from	the	 intracellular	space	to	the	extracellular	environment	

(Martin	et	al.,	1993).		This	allows	riluzole	to	act	as	a	functional	inhibitor	by	disrupting	the	

autocrine/paracrine	loops	in	mGluR1	expressing	cells.		In	preclinical	studies	using	several	

human	melanoma	cell	lines,	we	demonstrated	the	induction	of	apoptotic	cell	death	in	in	

vitro	 and	 in	 vivo	 (Namkoong	 et	 al.,	 2007).	 Based	 on	 these	 preclinical	 results	 we	

performed	 a	 pilot	 study	 (phase	 0	 trial)	 in	 patients	 with	 resectable	 stage	 III/IV	

melanoma.	 We	 administered	 the	maximum	FDA-approved	dose	of	 riluzole	 to	patients	
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for	 2	 weeks	 prior	 to	 their	 definitive	 resection.	 We	 found	 that	 4/12	 patients	 had	

significant	 decreases	 in	 FDG-PET	 scans,	 decreased	 levels	 of	 pERK	 and	 pAKT	 in	 the	

post-	vs	pre-treatment	tumors,	and	significant	tumor	shrinkage	(Yip	et	al.,	2009).	We	

then	 conducted	 a	 therapeutic	 phase	 II	 trial	 of	 single-agent	 riluzole	 in	 patients	 with	

advanced	 melanoma,	 whose	 primary	 endpoint	 was	 response	 rate	 by	 RECIST	 criteria	

(Mehnert	et	 al.,	 2018).	 A	 significant	 reduction	 in	 tumor	 volume	was	 noted	 in	 1/3	 of	

the	 patients,	 but	 all	 initial	 responses	were	mixed.	 However,	6	out	of	13	 patients	 who	

initially	 had	 rapidly	 progressive	 disease	 were	 found	 to	 have	 stable	 disease	 at	 first	

screening	and	4	patients	continued	with	 stable	disease	for	23-56	weeks	(Mehnert	et	al.,	

2018).		These	results	support	mGluR1	as	a	novel	therapeutic	target	for	the	treatment	of	

late	stage	melanoma.	

We	 reported	 earlier	 that	 riluzole	 has	 the	 potential	 to	 induce	 DNA	 damage	 in	

mGluR1	 expressing	melanoma	 cells	 (Wall	 et	 al.,	 2014).	 	 For	 this	 study,	 we	 sought	 to	

perform	more	detailed	examinations	and	 to	 identify	 the	 specific	 type	of	DNA	damage	

mediated	by	riluzole	 in	mGluR1	expressing	human	melanoma	cells.	 	First	we	aimed	to	

discriminate	 the	 type	 of	 DNA	 strand	 breaks	 induced	 by	 riluzole	 by	 differentiating	

double-stranded	 DNA	 breaks	 (DSBs)	 or	 single-stranded	 DNA	 breaks	 (SSBs).		

Distinguishing	 between	 these	 two	DNA	damage	 responses	 is	 significant	 because	DSBs	

are	harder	for	cells	to	repair	than	SSBs	due	to	a	 lack	of	a	complimentary	sequence	for	

repair	 proteins	 as	 read-outs	 making	 them	 more	 toxic	 to	 the	 cell.	 	 DNA	 damage	 has	

dramatic	consequences.	Acute	effects	stem	from	disturbance	of	DNA	metabolism,	such	

as	transcription	and	replication,	triggering	transient	or	permanent	cell	cycle	arrest	or	cell	
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death.	Long-term	effects	arise	from	irreversible	mutations,	 lead	to	loss	or	alteration	of	

gene	function.	

We	 used	 immunofluorescent	 (IF)	 microscopy	 to	 visualize	 the	 induction	 and	

location	of	DNA	damage	protein	markers	and	western	blots	to	examine	their	expression	

in	mGluR1	expressing	human	melanoma	cells	after	riluzole	treatment.		We	hypothesize	

that	 riluzole	 induced	 DNA	 damage	 by	 ROS	 is	 due	 to	 loss	 or	 a	 reduction	 in	

glutamate/cystine	exchange	 function	of	 xCT.	 	 	 	A	decrease	 in	 the	 influx	of	 cystine	will	

prevent	cells	from	synthesizing	the	phase	II	enzyme,	glutathione,	to	remove	ROS.		This	is	

because	 the	 rate-limiting	 step	 in	 glutathione	 synthesis	 is	 the	 reduction	 of	 cystine,	 an	

amino	 acid	 that	 is	 not	 readily	 available	 in	 the	 cell,	 to	 cysteine	 (Meister	 et	 al.,	 1995).		

Hence,	 for	 these	 experiments	we	 included	 a	 treatment	 group	where	 cells	 are	 treated	

with	N-acetylcysteine	(NAC)	along	with	riluzole.		NAC	acts	to	prevent	ROS-induced	DNA	

damage	by	donating	a	cysteine	to	the	cells,	allowing	them	to	synthesize	glutathione	and	

eliminate	ROS	as	a	result	of	metabolic	processes	(van	Zandwijk	et	al.,	1995).	 	NAC	will	

help	 to	 provide	 evidence	 of	whether	 or	 not	 riluzole	may	 be	 inhibiting	 xCT	 in	mGluR1	

expressing	 melanoma	 cells.	 	 In	 the	 presence	 of	 NAC,	 C8161	 cells	 will	 synthesize	

glutathione	even	if	riluzole	inhibits	glutamate	release	by	blocking	xCT	activity.		This	will	

reduce	 the	 induction	 of	 DNA	 strand	 breaks	 and	 their	 protein	 markers	 by	 riluzole	

compared	to	riluzole	only	treatment.	

We	examined	phosphorylated	Histone	H2AX	 (γH2AX)	as	a	marker	 for	DSBs	and	

phosphorylated	 Replication	 Protein	 A	 (pRPA)	 as	 a	marker	 for	 SSBs.	 	 γH2AX	 is	 a	 well-

known	 indicator	 of	 double-strand	 breaks	 in	 DNA	 as	 the	 phosphorylated	 histone	
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functions	to	localize	to	the	site	of	the	DSB	and	initiate	repair	proteins	shortly	after	DSBs	

are	introduced	within	the	chromosome	(Kuo	et	al.,	2008).		RPA	is	well-known	to	bind	to	

single-stranded	 DNA	 during	 replication,	 however	 it	 can	 bind	 to	 single-stranded	 DNA	

during	 mitotic	 DNA	 stress	 where	 it	 is	 phosphorylated	 at	 Ser4/Ser8	 to	 initiate	 repair	

(Anantha	et	 al.,	 2008).	 	Meaning	 the	 phosphorylated	 form	 of	 RPA	 can	 be	 used	 as	 an	

indicator	of	SSBs.	

Our	 IF	 results	 confirmed	 that	 an	 increase	 in	 the	 DSB	 protein	 marker,	 γH2AX,	

occurs	 in	 mGluR1	 expressing	 melanoma	 cells	 after	 riluzole	 treatment	 compared	 to	

vehicle	 (0.1%	 DMSO)	 and	 untreated	 controls.	 	 When	 examining	 γH2AX	 levels,	 we	

detected	an	increase	in	the	number	of	dense	foci	localized	to	the	nuclei	of	cells	in	10µM	

and	 20µM	 riluzole	 treatment	 groups	 across	 24,	 48,	 and	 72	 hour	 time	 points.	 	 This	

phenomenon	is	reduced	when	NAC	is	included	in	the	riluzole	treated	cells.		The	number	

and	intensity	of	γH2AX	foci	in	the	nuclei	of	cells	decreases	across	the	three	time	points.		

Western	blot	analysis	of	γH2AX	reflects	what	we	observed	in	IF	microscopy,	we	detected	

increased	 γH2AX	 band	 intensities	 in	 riluzole	 treated	 samples	 that	 is	 decreased	 when	

NAC	 is	 included	 in	 the	 media.	 	 When	 normalized	 to	 vehicle	 treated	 samples	 the	

increased	 γH2AX	 expression	 is	 the	 highest	 at	 the	 24	 hour	 time	 point	 and	 is	 reduced	

during	 the	 48	 hour	 treatment.	 	 This	 is	 likely	 due	 to	 phosphorylation	 of	Histone	H2AX	

being	an	early	event	after	DSB	induction.		At	both	24	and	48	hour	time	points	with	the	

addition	of	NAC	the	γH2AX	expression	levels	were	reduced	almost	to	vehicle	treatment	

levels.		These	results	support	the	notion	that	riluzole	induced	DSBs	is	most	likely	due	to	

an	accumulation	of	ROS	through	the	depletion	of	glutathione	resulting	from	decreased	
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xCT	 activity	 and	 with	 the	 addition	 of	 NAC,	 cystine	 is	 supplied	 and	 participated	 in	

glutathione	synthesis.	These	western	immunoblot	results	confirmed	our	IF	observations.		

Moreover,	when	evaluating	pRPA	 in	 IF	microscopy,	we	observed	an	 increase	 in	

pRPA	staining	 in	 the	cytoplasm	of	 cells	 treated	with	10µM	and	20µM	riluzole	and	 the	

phenomenon	is	evident	across	24,	48	and	72	hour	treatments.		The	phosphorylated	RPA	

levels	appeared	to	be	higher	at	the	48	and	72	hour	time	points	compared	to	the	24	hour	

ones.	 Examining	 the	DAPI	 stains	 of	 riluzole	 treated	 samples	 at	 48	 and	 72	 hour	 reveal	

condensed	nuclei	localized	to	the	center	of	the	cells,	suggesting	that	these	cells	may	be	

at	 the	 mitotic	 phase.	 	 Riluzole	 has	 been	 shown	 to	 induce	 G2/M	 cell	 cycle	 arrest	

(Namkoong	et	 al.,	 2007),	 suggesting	 the	pRPA	 induction	may	be	due	 to	mitotic	 stress	

induced	by	riluzole	activity.		Similar	to	the	results	in	γH2AX,	pRPA	induction	by	riluzole	is	

also	 related	 to	 ROS	 formation	 as	 these	 outcomes	 are	 diminished	when	NAC	 is	 added	

with	riluzole	at	both	concentrations	tested.		Riluzole	induced	DNA	damage	in	the	form	

of	 SSBs	may	 occur	 as	 genotoxic	 stress	 during	mitosis.	 	 	 The	 subsequent	western	 blot	

experiments	 reflect	 similar	 observations	 as	 in	 IF	 microscopy.	 	 The	 riluzole	 mediated	

induction	of	pRPA	was	detected	 in	the	cytosol	of	cells,	 therefore	we	elected	to	collect	

whole	 cell	 protein	 lysate	 as	 opposed	 to	 nuclear	 protein	 lysate	 only	 to	 ensure	 we	

collected	all	pRPA	induced	by	riluzole.				The	western	blots	showed	a	clear	induction	of	

pRPA	by	riluzole	 in	 the	 form	of	 increased	protein	band	 intensities.	 	A	 reduction	 in	 the	

protein	band	intensities	was	noted	with	the	addition	of	NAC,	and	articulates	that	pRPA	

expression	 induced	 by	 riluzole	 is	 dependent	 on	 ROS	 accumulation.	 	Quantifying	 pRPA	

reveals	a	clear	 increase	 in	this	SSB	marker	after	24	hour	riluzole	treatment.	 	Similar	to	
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γH2AX,	 the	 increase	 in	pRPA	expression	 is	higher	 in	24	hour	and	 lower	at	 the	48	hour	

time	point,	but	overall	when	normalized	to	the	same	amount	of	 total	protein;	 riluzole	

mediated	induction	of	SSBs	specified	by	pRPA	levels	are	less	than	the	induction	of	DSBs	

designated	by	γH2AX	expression	level	in	westerns.		This	could	point	to	a	possibility	that	

DSBs	induction	by	riluzole	activity	is	more	severe	than	SSBs	induction.		Our	results	also	

point	to	that	SSBs	induced	by	riluzole	is	most	likely	caused	by	ROS	because	these	effects	

are	reduced	when	riluzole	is	treated	along	with	NAC.		NAC	rescue	of	this	DNA	damage	

protein	further	supports	the	concept	that	riluzole	may	be	inhibit	the	glutamate/cystine	

antiporter	xCT.	

Western	blots	and	IF	microscopy	only	illustrate	what	is	happening	at	the	protein	

level,	meaning	these	assays	are	indirect	methods	to	measure	DNA	damage	response	to	

riluzole.	 	 In	 order	 to	 have	 a	more	direct	 look	 at	DNA	damage	we	utilized	 the	COMET	

assay.	 	Cells	used	for	 this	assay	are	embedded	 in	agarose	and	can	be	electrophoresed	

under	 two	 conditions,	 alkaline	and	neutral.	 	 The	 cells	 in	 the	alkaline	 condition	have	a	

DNA	unwinding	step	prior	to	electrophoresis,	which	allows	the	assay	to	detect	DSBs	and	

SSBs,	making	it	nonspecific.	 	The	neutral	condition	does	not	contain	this	step,	allowing	

the	 assay	 to	 be	 specific	 for	 detecting	 DSBs.	 	 Earlier	 when	 we	 initially	 examined	 the	

genotoxicity	 of	 riluzole	 in	mGluR1	expressing	melanoma	 cells,	we	only	performed	 the	

alkaline	conditioned	assay	(Wall	et	al.,	2014).		Therefore,	it	was	nonspecific	and	served	

only	 to	demonstrate	DNA	damage	 induced	by	 riluzole.	 	 In	order	 to	 further	distinguish	

the	 type	of	DNA	damage	 induced	by	 riluzole,	we	performed	 the	COMET	assays	under	
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both	 conditions.	 	 This	 allows	 us	 to	 distinguish	 whether	 strand	 breaks	 as	 a	 result	 of	

oxidative	stress	induced	by	riluzole	is	single-stranded	or	double-stranded.		

	Similar	to	the	IF	and	western	blot	results;	we	observed	increased	damage	upon	

riluzole	treatment	in	COMET	assays	under	both	conditions.	However,	with	the	addition	

of	NAC	there	is	clearly	a	reduction	in	tail	moments	only	in	neutral	conditioned	COMET	

assays	to	levels	similar	as	the	vehicle	treated	groups.	Addition	of	NAC	did	not	modulate	

the	 tail	moments	 at	 all	 in	 alkaline	 conditioned	 COMET	 assays.	 	 These	 results	 showed	

that	 the	majority	 of	 riluzole-induced	 DNA	 damage	 is	 likely	 to	 be	 DSBs	 and	 not	 SSBs.		

Qualitatively	our	 results	 showed	DNA	damage	across	 the	no	 treatment	group	as	well.		

This	may	be	due	 to	 factors	 related	 to	 the	 cell	 passage	or	 the	handling	of	 cells	 during	

processing,	particularly	prior	to	lysis	where	the	cells	were	pipetted	up	and	down	with	a	

micropipette	to	mix	the	cells.		This	could	sheer	the	cells,	and	lead	to	the	displayed	DNA	

damage	we	observed	in	this	treatment	group.	

Taken	 together,	 IF	 microscopy,	 western	 immunoblots	 and	 COMET	 assays	 all	

pointed	 to	 the	 presence	 of	 DNA	 double-stranded	 breaks	 in	 riluzole	 treated	 samples.	

Upon	 the	 induction	 of	 DSBs,	 the	 DNA	 damage	 response	 plays	 a	 crucial	 role	 in	

maintaining	 genomic	 integrity.	 This	 prevents	 the	 development	 of	 cancer	 through	 cell	

cycle	checkpoint	arrest	and	ensures	that	the	DNA	repair	occurs	prior	to	the	resumption	

of	 the	 cell	 cycle.	 Cells	 have	 evolved	 two	 main	 pathways	 to	 repair	 DSBs,	 non-

homologous-end	joining	(NHEJ)	and	homologous	recombination	(HR).  

NHEJ	is	the	DSB	repair	pathway	present	throughout	the	cell	cycle	in	mammalian	

cells	and	requires	no	homologous	sequence	for	repair	proteins	to	read	off	(Mao	et	al.,	
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2008).		A	crucial	protein	in	NHEJ	repair	is	DNA-dependent	protein	kinase	(DNA-PK)	which	

complexes	with	Ku70/Ku80	 to	 initiate	 repair	of	DSBs	 through	 this	pathway	 (Veuger	et	

al.,	 2003).	We	 pretreated	 C8161	 cells	 with	 a	 small	 molecule	 competitive	 inhibitor	 of	

DNA-PK,	Nu7026;	to	examine	riluzole	induced	DNA	damage	when	NHEJ	is	inhibited.	HR	

is	another	DNA	DSB	repair	pathway	and	unlike	NHEJ,	is	a	pathway	that	utilizes	the	base	

sequence	from	a	sister	chromatid	to	polymerize	new	DNA	strands;	and	because	of	this	

HR	is	a	pathway	most	used	in	G2/M	of	the	cell	cycle	once	the	DNA	has	been	synthesized	

in	S	phase	(Mao	et	al	2008).	Rad51	plays	a	pivotal	role	in	the	recognition	of	the	strand	

breaks	and	intrastrand	cross	links	initiate	repair,	and	as	such	we	used	the	specific	Rad51	

inhibitor	B02	to	inhibit	HR	repair	pathway	in	C8161	cells	prior	to	riluzole	treatment.	

We	 used	 flow	 cytometric	 intracellular	 staining	 to	 examine	 the	 induction	 of	

γH2AX	 via	 a	 fluorescent-tagged	 antibody	 by	 riluzole	 while	 one	 or	 the	 other	 repair	

pathway	 is	 repressed.	 Pretreatment	 with	 the	 NHEJ	 inhibitor,	 Nu7026	 followed	 by	 24	

hours	with	riluzole,	we	detected	a	three-fold	increase	in	γH2AX	induction	compared	to	

the	 vehicle	 (0.1%	DMSO)	 control.	 	Meanwhile	 using	 the	 same	 conditions	 as	 the	NHEJ	

inhibitor	but	using	the	HR	inhibitor,	B02,	we	observed	a	1.5	fold-change	in	γH2AX	levels	

compared	to	vehicle	(0.1%	DMSO)	treated	cells,	which	is	similar	as	riluzole	treated	cells	

in	the	absence	of	either	inhibitor.		The	higher	induction	of	γH2AX	during	NHEJ	inhibition	

suggests	the	importance	of	this	repair	pathway	in	riluzole	induced	DNA	damage.		When	

we	 analyzed	 cells	 at	 48	 hour	 post-riluzole	 only,	 riluzole	 plus	Nu7026	 pretreatment	 or	

riluzole	plus	BO2	pretreatments,	γH2AX	 induction	was	very	 comparable	as	 the	vehicle	

(0.1%	DMSO)	 treatment	 group.	 	 These	 results	mirror	our	western	 immunoblot	 results	
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where	 the	 phosphorylated	 histone	 was	 decreased	 from	 24	 to	 48	 hour	 riluzole	

treatments.	 This	 is	 likely	 due	 to	 γH2AX	 induction	 being	 an	 early	 phenomenon	 when	

chromosomes	 endure	 DSBs.	 	 Over	 time	 it	 is	 possible	 for	 the	 histone	 to	 be	

dephosphorylated	as	cells	undergo	DSB	repair	or	apoptosis.	

We	 utilized	 IF	 and	 western	 immunoblot	 techniques	 to	 indirectly	 observe	 the	

induction	of	SSBs	and	DSBs	in	mGluR1	expressing	human	melanoma	cells	after	riluzole	

treatment.	 	 With	 both	 different	 but	 complementary	 approaches	 we	 showed	 the	

induction	of	protein	markers,	γH2AX	for	DSBs	and	pRPA	for	SSBs,	increased	after	riluzole	

treatment	relative	to	vehicle	(0.1%	DMSO)	treatment.		We	then	used	the	COMET	assays	

to	 directly	measure	 the	 induction	 of	 DNA	DSBs	 and	 SSBs	 by	 electrophoresing	 riluzole	

treated	cells	under	 the	neutral	 and	alkaline	 conditions	 respectively	and	demonstrated	

the	 induction	 of	 both	 strand	 breaks	 by	 riluzole.	 	 For	 both	 the	 indirect	 and	 direct	

approaches	when	we	 included	 the	 cysteine	 donator,	 NAC,	 in	 the	 growth	media,	 NAC	

mitigates	 the	 induction	 of	 both	 DNA	 damage	 evident	 by	 the	 reduction	 of	 respective	

protein	markers	and	a	decrease	in	DNA	damage	is	seen	under	the	neutral	COMET	assay	

but	not	under	the	alkaline	COMET	assay.		Taken	together,	these	data	support	the	notion	

that	DNA	damage	induced	by	riluzole	is	through	endogenous	oxidative	stress	leading	to	

DNA	DSBs.			

These	results	ascertain	that	functionally	inhibiting	mGluR1	function	with	riluzole	

induces	DNA	DSBs	rather	than	SSBs	that	may	be	easier	to	repair	in	melanoma	cells.		To	

further	 elucidate	 the	 mechanism	 of	 how	 riluzole	 induces	 this	 DNA	 damage	 through	

oxidative	 stress	 we	 will	 investigate	 the	 impact	 of	 riluzole	 on	 the	 glutamate/cystine	
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antiporter,	xCT.		We	have	on	hand	mouse	melanocytes	derived	from	a	C3H/HeSnJ	muse	

with	 spontaneous	 deletion	 in	 the	 last	 exon	 encoding	 xCT	 (Slc7a11)	 resulted	 in	 no	

detectable	 xCT	 protein	 (Chintala	 et	 al.,	 2005).	We	 will	 introduce	 exogenous	 xCT	 into	

these	cells	and	compare	the	responses	to	riluzole.	.		

An	interesting	find	we	present	in	this	study	is	a	possible	role	of	NHEJ	in	repairing	

riluzole	 induced	 DNA	DSBs.	 	 By	 pre	 treating	 C8161	 cells	 with	 a	 DNA-PK	 inhibitor	 and	

halting	 NHEJ	 in	 these	 cells	 we	 see	 a	 3-fold	 increase	 in	 γH2AX	 24	 hours	 after	 riluzole	

treatment	 compared	 to	 vehicle	 (0.1%	 DMSO)	 treated	 cells.	 	 Further	 research	 can	 be	

conducted	to	establish	the	 importance	of	NHEJ	 in	repairing	riluzole	 induced	DNA	DSBs	

over	 HR.	 	 We	 will	 want	 to	 see	 if	 we	 observe	 similar	 effects	 in	 vivo.	 	 Our	 results	

demonstrate	increased	DSBs	induced	by	riluzole	when	NHEJ	 is	 inhibited	 in	vitro,	but	 in	

vivo	combination	studies	will	reveal	what	happens	in	a	whole	organism.		NHEJ	is	a	repair	

mechanism	 not	 exclusive	 to	 cancer	 cells,	 as	 many	 healthy	 normal	 cells	 use	 NHEJ	 to	

repair	DNA.		Therefore	in	vivo	studies	will	provide	information	on	not	only	efficacy,	but	

of	potential	secondary	toxic	effects	when	combining	riluzole	with	an	NHEJ	inhibitor	for	

melanoma	treatment.		

There	are	limitations	to	the	presented	study,	first	and	most	obvious	of	which	is	

that	we	conducted	our	experiments	on	one	cell	 line.	 	 In	order	to	build	a	stronger	case	

for	riluzole	induced	DSBs	as	a	result	from	ROS	we	will	run	these	experiments	on	another	

cell	 line.	 	One	 such	 cell	 line	we	 can	use	 is	 the	UACC903	 cells	 line,	 like	C8161	 this	 is	 a	

human	melanoma	cell	 line	 that	expresses	mGluR1.	 	Another	 limitation	 to	 the	 study	 is	

our	 results	 come	 solely	 from	 in	 vitro	 experiments.	 	 The	 nature	 of	 such	 experiments	
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means	cells	are	exposed	to	much	higher	amounts	of	drug	than	they	would	realistically	in	

a	whole	organism,	whether	in	vivo	or	in	patient.		Western	blot	analysis	can	be	done	on	

in	vivo	protein	lystate	collected	from	tumors	or	treated	animals	to	look	for	the	DSB	and	

SSB	protein	markers.	 	 It	 is	also	possible	to	run	the	COMET	assay	on	such	experiments,	

however	 it	 is	 a	 more	 difficult	 procedure	 than	 its	 in	 vitro	 counterpart	 because	 of	 an	

additional	cell	isolation	step	needed	prior	to	embedding	the	cells	in	agarose.	

Future	 directions	 of	 this	 project	 is	 to	 first	 directly	measure	 riluzole’s	 potential	

effect	on	the	normal	 function	of	xCT.	 	The	reduction	 in	tail	moment	as	well	as	 in	DNA	

protein	damage	markers	 in	 riluzole	 treated	 cells	with	NAC	compared	 to	 riluzole	alone	

indirectly	suggests	riluzole	activity	results	in	xCT	inhibition.		Melanoma	cells	have	shown	

to	be	highly	dependent	on	glutathione	to	mitigate	oxidative	stress.		Additionally	a	study	

on	 p53	 mediated	 tumor	 suppression	 reveals	 p53	 activity	 inhibits	 xCT	 function	 and	

results	 in	 ferroptosis,	 or	 iron	 dependent	 cell	 death	 (Jiang	 et	 al.,	 2015).	 	 Hallmarks	 of	

ferroptosis	 include	 the	 accumulation	 of	 lipid	 peroxidases	 and	 glutathione	 depletion	

(Bertrand	et	al.,	2017).		The	results	in	the	present	study	indicate	it	may	be	worthwhile	to	

examine	the	potential	effects	of	riluzole	on	p53	induction	in	these	cells	as	an	increase	in	

p53	activity	induced	by	riluzole	would	theoretically	inhibit	xCT	depleting	glutathione	and	

accumulating	lipid	peroxidases	resulting	in	DSBs	due	to	oxidative	stress.	 	 In	addition,	 it	

may	 even	 be	 possible	 for	 riluzole	 itself	 to	 act	 on	 xCT	 similar	 to	 p53,	 resulting	 in	

ferroptosis	and	DNA	DSBs	as	a	result	of	ROS	from	lipid	peroxidases.	

As	more	research	 is	conducted	on	mGluR1	and	 its	relation	to	cancer,	 the	more	

apparent	 its	 role	 in	 initiation	 and	 progression	 of	 tumor	 types	 becomes.	 	 Our	 lab	 has	
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done	extensive	research	of	mGluR1	and	how	it	relates	to	melanoma	development	and	

as	 such	 we	 are	 looking	 into	 it	 as	 a	 therapeutic	 target	 for	 the	 debilitating	 disease.		

However	others	have	shown	mGluR1’s	role	in	tumor	progression	in	other	cancer	types,	

such	as	triple	negative	breast	cancer	(TNBC).		TNBC	is	a	highly	aggressive	form	of	breast	

cancer	 with	 very	 little	 effective	 treatments	 available	 to	 patients.	 	 It	 has	 been	

demonstrated	 that	 TNBC	 cells	 can	 express	 mGluR1	 and	 that	 antagonizing	 receptor	

activity	 on	 these	 cells	 can	 slow	 tumor	 growth	 (Speyer	 et	 al.,	 2012).	 	 Additionally,	

inhibiting	the	receptor	has	also	recently	shown	to	slow	tumor	growth	and	angiogenesis	

in	non-small	cell	lung	cancer	(Hui	et	al.,	2016).		Other	cancer	types	that	express	mGluR1	

include	hepatocellular	carcinoma	and	prostate	cancer	(Wu	et	al.,	2012,	Ali	et	al.,	2014).		

The	 results	 from	 the	 present	 study	 points	 to	 a	 direction	 in	 understanding	 if	 targeting	

mGluR1	 in	 these	cancer	 types	with	 riluzole	 leads	 to	DNA	double	stranded	breaks	as	 it	

does	in	melanoma	cells	expressing	mGluR1.		Opening	up	the	discussion	in	targeting	the	

receptor	as	a	therapeutic	option	in	these	cancer	types	as	well.	

G-protein	coupled	receptors	(GPCRs)	make	up	a	significant	portion	of	the	human	

genome.		Coupled	with	their	activity	being	linked	to	the	development	of	many	different	

disorders,	many	drugs	on	the	market	and	in	development	target	this	receptor	family	to	

achieve	their	therapy.	 	The	role	of	GPCRs	in	cancer	development	has	only	begun	to	be	

described	 within	 the	 recent	 decades	 because	 of	 the	 discovery	 of	 the	mas	 oncogene	

(Young	et	al.,	1986).			Since	then,	the	role	of	GPCRs	in	cancer	has	been	demonstrated	in	

a	variety	of	different	types	of	the	disease,	suggesting	these	receptors	can	be	a	target	in	

cancer	therapy.		Unlike	small	molecule	inhibitors,	GPCR	inhibitors	do	not	need	to	enter	a	
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cell	to	exert	their	action	because	their	targets	are	on	the	cell	membrane.		Compared	to	

γ-radiation,	 drugs	 that	 inhibit	 GPCRS	will	 target	 cells	 that	 express	 the	 receptor	 target	

and	not	healthy	 cells	 that	do	not.	 	 For	example,	mGluR1	 is	not	normally	expressed	 in	

healthy	melanocytes;	therefore	riluzole	cannot	inhibit	the	activity	of	these	normal	cells.		

Finally,	 compared	 to	 immunotherapy,	 these	drugs	will	 act	directly	on	 the	cancer	 itself	

and	not	rely	on	the	ability	of	immune	cells	to	recognize	and	kill	tumor	cell.	

The	 human	 relevance	 of	mGluR1	 expression	 in	 various	 cancer	 types	 has	 been	

supported	to	an	extent	in	vitro,	in	vivo,	and	clinically.		Targeting	this	receptor	may	prove	

a	 more	 efficient	 therapy	 across	 these	 different	 cancer	 types.	 	 Establishing	 the	

mechanism	 by	 which	 riluzole	 induces	 DNA	 DSBs	 in	 melanoma	 cells	 will	 bring	 up	 the	

discussion	of	whether	or	not	the	functional	mGluR1	inhibitor	can	induce	DSBs	in	these	

other	 cancer	 types	as	well.	 	 This	 could	potentially	 lead	 to	 the	development	of	 “broad	

spectrum”	 therapies	 that	 can	 be	 used	 in	 conjunction	 with	 other	 therapies,	 such	 as	

immunotherapeutic	 drugs,	 to	 slow	 tumor	 growth	 and	 improve	 the	 lives	 of	millions	 of	

patients	across	the	globe.	
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