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Abstract
Targeting	the	function	of	membrane	transporters	in	cancer	stemlike	cells	is	a	poten‐
tial	new	therapeutic	approach.	Cystine‐glutamate	antiporter	xCT	expressed	in	CD44	
variant	 (CD44v)‐expressing	 cancer	 cells	 contributes	 to	 the	 resistance	 to	 oxidative	
stress	as	well	as	cancer	therapy	through	promoting	glutathione	(GSH)‐mediated	an‐
tioxidant	defense.	Amino	acid	transport	by	xCT	might,	 thus,	be	a	promising	target	
for	cancer	treatment,	whereas	the	determination	factors	for	cancer	cell	sensitivity	to	
xCT‐targeted	therapy	remain	unclear.	Here,	we	demonstrate	that	high	expression	of	
xCT	and	glutamine	transporter	ASCT2	is	correlated	with	undifferentiated	status	and	
diminished	along	with	cell	differentiation	in	head	and	neck	squamous	cell	carcinoma	
(HNSCC).	The	cytotoxicity	of	the	xCT	inhibitor	sulfasalazine	relies	on	ASCT2‐depend‐
ent	glutamine	uptake	and	glutamate	dehydrogenase	(GLUD)‐mediated	α‐ketoglutar‐
ate	 (α‐KG)	 production.	Metabolome	 analysis	 revealed	 that	 sulfasalazine	 treatment	
triggers	the	increase	of	glutamate‐derived	tricarboxylic	acid	cycle	intermediate	α‐KG,	
in	addition	to	the	decrease	of	cysteine	and	GSH	content.	Furthermore,	ablation	of	
GLUD	markedly	 reduced	the	sulfasalazine	cytotoxicity	 in	CD44v‐expressing	stem‐
like	HNSCC	cells.	Thus,	xCT	 inhibition	by	sulfasalazine	 leads	 to	 the	 impairment	of	
GSH	synthesis	and	enhancement	of	mitochondrial	metabolism,	 leading	 to	 reactive	
oxygen	species	(ROS)	generation	and,	thereby,	triggers	oxidative	damage.	Our	find‐
ings	establish	a	rationale	for	the	use	of	glutamine	metabolism	(glutaminolysis)‐related	
genes,	including	ASCT2	and	GLUD,	as	biomarkers	to	predict	the	efficacy	of	xCT‐tar‐
geted	therapy	for	heterogeneous	HNSCC	tumors.
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1  | INTRODUC TION

Cancer	cells	reprogram	their	energy	metabolism	to	favor	aerobic	gly‐
colysis	or	oxidative	phosphorylation	and,	thus,	manifest	metabolic	fea‐
tures	that	differ	from	those	of	the	corresponding	normal	cells.1,2 The 
metabolic	changes	also	often	result	in	attenuation	of	reactive	oxygen	
species	 (ROS)	accumulation	through	either	suppression	of	mitochon‐
drial	respiration	or	promotion	of	antioxidant	defense	through	synthesis	
of	the	major	antioxidant	glutathione	(GSH),	and	they	thereby	contribute	
to	maintenance	of	intracellular	redox	homeostasis	and	resistance	to	an‐
ticancer	treatment.2‐5	Several	types	of	tumors	are	hierarchically	orga‐
nized,	and	are	sustained	by	a	distinct	subpopulation	of	cancer	stemlike	
cells	that	possess	an	enhanced	antioxidant	defense	system	compared	
with	 non‐stemlike	 cancer	 cells.6,7	 In	 contrast	 to	 differentiated	 non‐
stemlike	cancer	cells	that	rely	solely	on	glycolysis,8	cancer	stemlike	cells	
tend	to	be	highly	glycolytic	or	reliant	on	oxidative	phosphorylation,	de‐
pending	on	the	cancer	type,	suggesting	that	the	antioxidant	defense	
system	adapts	to	the	metabolic	reprogramming	in	the	stemlike	cells.

Our	investigations	into	the	mechanism	underlying	the	regulation	
of	intracellular	redox	homeostasis	in	CD44	variant	(CD44v)‐express‐
ing	cancer	stemlike	cells	recently	revealed	that	CD44v	interacts	with	
the	xCT	subunit	of	system	xc(−)	and	thereby	stabilizes	its	localization	
at	 the	 cell	 surface.9	 System	xc(−)	 is	 a	 cystine‐glutamate	antiporter	
that	is	composed	of	both	the	light‐chain	subunit	xCT	(SLC7A11)	and	
a	heavy‐chain	subunit	(CD98hc,	SLC3A2)	and	which	imports	cystine	
into	cells	in	exchange	for	intracellular	glutamate.10,11 The molecular 
interaction	between	CD44v	and	xCT	enhances	cystine	uptake	and	
thereby	promotes	GSH	synthesis	from	cysteine.	It	thus	potentiates	
antioxidant	defense	and	confers	treatment	resistance	in	CD44v‐ex‐
pressing	cancer	stemlike	cells.	However,	the	relevance	of	metabolic	
reprogramming	to	xCT	activity	in	cancer	cells	has	remained	unclear.

Sulfasalazine	is	administered	clinically	for	the	treatment	of	inflam‐
matory	bowel	disease	and	rheumatoid	arthritis.12	It	has	also	recently	
been	 found	 to	 act	 as	 a	 specific	 inhibitor	 of	 xCT‐dependent	 cystine	
transport.11,13,14	Inhibitors	of	xCT,	including	sulfasalazine	and	erastin,	
have	been	shown	to	induce	an	iron‐dependent	oxidative	cell	death,	or	
ferroptosis,	in	cancer	cells.15,16	Given	that	cancer	cells	often	manifest	
an	increased	intracellular	iron	concentration	due	to	a	high	level	of	ex‐
pression	of	transferrin	receptor	1	(which	mediates	cellular	iron	uptake)	
and	low	abundance	of	ferroportin	(which	contributes	to	iron	efflux),17 
xCT‐targeted	therapy	 is	expected	to	effectively	 induce	cell	death	 in	
cancer	cells	without	affecting	normal	tissue.	We	previously	found	that	
among	the	hierarchically	organized	cell	population	of	head	and	neck	
squamous	cell	carcinoma	(HNSCC)	tumors,	treatment	with	sulfasala‐
zine‐induced	oxidative	cell	death	in	and	thereby	reduced	the	number	
of	stemlike	tumor	cells	that	express	CD44v	at	a	high	level	(CD44vhigh),	
without	affecting	cells	that	express	CD44v	at	a	low	or	undetectable	
level	(CD44vlow‐neg).18,19	Furthermore,	a	recent	phase	I	study	of	sulfas‐
alazine	treatment	in	patients	with	advanced	gastric	cancer	revealed	a	
reduction	in	the	size	of	the	CD44v‐expressing	tumor	cell	subpopula‐
tion	in	posttreatment	biopsy	tissue	from	4	of	8	patients.20 These ob‐
servations	indicate	that	CD44vhigh	stemlike	tumor	cells	tend	to	rely	on	
the	CD44v‐xCT	system	for	their	survival	to	a	greater	extent	than	do	

CD44vlow‐neg	tumor	cells.	However,	the	factors	determining	the	sen‐
sitivity	to	sulfasalazine	in	heterogenous	cancer	cells	remain	unclear.

We	have	now	found	that	induction	of	oxidative	stress	by	sulfas‐
alazine	 treatment	 requires	ASCT2‐mediated	glutamine	uptake	and	
the	production	of	α‐ketoglutarate	(α‐KG)	mediated	by	glutamate	de‐
hydrogenase	(GLUD)	in	CD44vhigh	stemlike	HNSCC	cells.

2  | MATERIAL S AND METHODS

2.1 | Cell lines

OSC19	 cells	 were	 obtained	 as	 described	 previously18;	 HSC‐2,	 and	
HSC‐4	cells	were	from	RIKEN	Cell	Bank.	The	tongue	squamous	cell	
carcinoma	patient‐derived	primary	cancer	YH	cells	were	established	at	
Kumamoto	University	Hospital	after	informed	consent	was	obtained	
and	following	the	guidelines	of	the	Ethics	Committee	of	Kumamoto	
University.	HSC‐4	cells	stably	expressing	xCT	or	harboring	the	empty	
vector	were	established	by	retroviral	infection	with	the	pMXs‐IP	plas‐
mid	 containing	 human	 xCT	 cDNA	or	with	 pMXs‐IP	 alone.21	HSC‐2	
cells	stably	expressing	mCherry	were	established	by	retroviral	infec‐
tion	with	the	pMXs‐IRES‐mCherry	plasmid,	which	is	constructed	by	
replacement	of	the	puromycin	resistant	gene	in	pMXs‐IP	to	mCherry.	
After	infection	of	pMXs‐IRES‐mCherry	retrovirus,	mCherry	positive	
cells	were	purified	by	cell	 sorting.	All	cells	were	cultured	 in	DMEM	
supplemented	with	10%	FBS	and	maintained	under	5%	CO2	at	37°C.

2.2 | Antibodies

For	 immunoblot	analysis,	CD44	was	detected	with	rabbit	polyclonal	
antibodies	as	previously	described,22	xCT	with	rabbit	monoclonal	an‐
tibodies	(#12691,	Cell	Signaling	Technology;	1:1000),	 involucrin	with	
mouse	monoclonal	antibodies	(ab68,	Abcam;	1:200),	ASCT2	with	rab‐
bit	monoclonal	antibodies	(#8057,	Cell	Signaling	Technology;	1:1000	
dilution),	Myc	with	 rabbit	monoclonal	 antibodies	 (ab32072,	 Abcam;	
1:1000),	 and	 β‐actin	 with	 mouse	 monoclonal	 antibodies	 (sc‐47778,	
Santa	Cruz	Biotechnology;	1:200).	For	flow	cytometry,	CD44v	was	de‐
tected	with	rat	monoclonal	antibodies	specific	for	human	CD44v	(1	μg/
mL)	as	previously	described.7	ASCT2	was	detected	with	newly	gen‐
erated	rat	monoclonal	antibodies	 (10	μg/mL).	Mouse	CD31	(102410,	
Biolegend;	 1:200),	 CD45	 (MABF319,	 Millipore;	 1:200)	 and	 TER119	
(116212,	Biolegend;	1:200)	were	each	stained	with	allophycocyanin‐
conjugated	 rat	monoclonal	 antibodies.	For	 immunofluorescence	and	
immunohistochemical	analysis,	human	ASCT2	was	stained	with	 rab‐
bit	polyclonal	antibodies	(HPA035240,	Sigma;	1:200),	CD44v	with	the	
rat	monoclonal	antibodies	described	above	(1	μg/mL),	involucrin	with	
mouse	monoclonal	 antibodies	 (ab68,	 Abcam;	 1:200)	 or	 rabbit	 poly‐
clonal	antibodies	 (HPA055211,	Atlas	Antibodies;	1:25),	and	mCherry	
with	rabbit	polyclonal	antibodies	(ab167453,	abcam;	3.33	μg/mL).

2.3 | In vivo drug treatment

HSC‐2	cells	(2	×	106)	were	implanted	subcutaneously	in	the	flank	of	
athymic	nude	mice.	The	mice	were	 then	 injected	 intraperitoneally	
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with	physiological	saline,	sulfasalazine	(350	mg/kg	per	day)	or	cispl‐
atin	(2	mg/kg	every	3	days)	for	35	days.	All	animal	experiments	were	
performed	 in	 accordance	 with	 protocols	 approved	 by	 the	 Ethics	
Committee	of	Keio	University.

2.4 | Metabolome analysis

Metabolome	analysis	of	HSC‐2	and	control	or	GLUD	siRNA‐trans‐
fected	OSC19	 cells	 was	 performed	with	 the	 use	 of	 the	 C‐SCOPE	
package	of	Human	Metabolome	Technologies	(Yamagata,	Japan)	and	
either	capillary	electrophoresis	and	time‐of‐flight	mass	spectrome‐
try	(CE‐TOFMS)	for	cation	analysis	or	capillary	electrophoresis	and	
tandem	mass	spectrometry	(CE‐MS/MS)	for	anion	analysis	based	on	
methods	described	previously.23,24

2.5 | Measurement of oxidative consumption and 
extracellular acidification

Oxidative	consumption	(OCR)	and	extracellular	acidification	(ECAR)	
were	determined	with	the	use	of	a	Seahorse	XF	Extracellular	Flux	
Analyzer	(Seahorse	Bioscience).	Cells	were	seeded	in	24‐well	plates	
(1.5	×	104	cells	per	well)	and	cultured	overnight,	after	which	the	cul‐
ture	medium	was	replaced	with	extracellular	flux	(XF)	assay	medium	
(Seahorse	Bioscience)	 containing	 25	mM	glucose	 and	 10	mM	glu‐
tamine,	and	the	cells	were	cultured	for	1	hour	in	a	CO2‐free	incuba‐
tor	before	measurement	of	OCR	and	ECAR.

2.6 | Statistical analysis

Data	are	presented	as	means	±	SD	and	were	analyzed	with	the	un‐
paired	Student's	t	 test	or	 log‐rank	test	with	the	use	of	Excel	2013	
(Microsoft)	or	IBM	SPSS	statistics	version	23	(IBM),	respectively.	A	P 
value	of	<0.05	was	considered	statistically	significant.

2.7 | Data availability

Microarray	data	are	available	in	the	GEO	database	under	the	acces‐
sion	number	GSE97569.

2.8 | Other methods

Additional	methodology	is	included	in	Appendix	S1.

3  | RESULTS

3.1 | ASCT2‐mediated glutamine transport is 
essential for xCT inhibitor sensitivity in head and neck 
squamous cell carcinoma cells

To	examine	whether	the	CD44v‐xCT‐dependent	antioxidant	system	is	
selectively	activated	in	stemlike	undifferentiated	cells,	we	adopted	an	
adhesion‐restricted	culture	system	that	induces	cellular	differentiation	

of	HNSCC	cells.18,25	Consistent	with	our	previous	observations,18	the	
limited	adhesion	converted	the	undifferentiated	HSC‐2	(HSC‐2‐Undiff)	
human	HNSCC	cells	into	the	keratinocyte	differentiation	marker	invo‐
lucrin‐expressing	(involucrin+)	differentiated	HSC‐2	(HSC‐2‐Diff)	cells	in	
vitro.	(Figure	1A).	Furthermore,	the	abundance	of	xCT,	whose	expres‐
sion	and	activity	at	the	cell	surface	are	regulated	by	CD44v	in	HNSCC	
cells,18	was	also	decreased	in	HSC‐2‐Diff	cells	(Figure	1A).	These	results	
thus	suggested	that	the	CD44v‐xCT‐dependent	antioxidant	system	is	
selectively	activated	in	HSC‐2‐Undiff	cells	but	not	in	HSC‐2‐Diff	cells.

To	 further	 examine	 the	 impact	 of	 cellular	 differentiation	 on	
the	CD44v‐xCT‐dependent	 antioxidant	 system,	we	performed	mi‐
croarray	analysis	of	HSC‐2‐Undiff	cells	and	HSC‐2‐Diff	cells	(Figure	
S1A).	 Adhesion	 restriction	 increased	 the	 expression	 of	 genes	 re‐
lated	 to	 epidermis	 development	 (GO:	 0008544),	 keratinization	
(GO:	 0031424),	 keratinocyte	 differentiation	 (GO:	 0030216)	 and	
negative	regulation	of	cell	proliferation	 (GO:	0008285;	Figure	1B),	
confirming	that	adhesion‐restricted	culture	effectively	induced	the	
differentiation	of	HSC‐2	cells	 in	vitro.	We	next	examined	the	gene	
expression	of	SLC7A11	(xCT)	and	found	that	the	abundance	of	xCT	
mRNA	 was	 downregulated	 in	 association	 with	 cellular	 differenti‐
ation	 (Figure	 1C,D),	 indicating	 that	 xCT	 expression	 is	 regulated	 at	
both	 protein	 and	mRNA	 levels	 in	 HNSCC	 cells.	 Such	 comprehen‐
sive	analysis	as	well	as	reverse	transcription	(RT)	and	real‐time	PCR	
analysis	revealed	that	the	genes	for	the	major	glutamine	transport‐
ers,	 including	 SLC1A5	 (ASCT2),	 SLC6A15	 [B(0)AT2]	 and	 SLC38A5	
(SNAT5	 or	 SN2),	were	 selectively	 expressed	 in	 CD44v‐expressing	
HSC‐2‐Undiff	 cells	 compared	 with	 involucrin+	 HSC‐2‐Diff	 cells	
(Figure	1C,D,	Table	S1).	In	contrast,	expression	of	genes	for	the	SLC2	
facilitative	 GLUT	 transporter	 family,	 including	 SLC2A6	 (GLUT6),	
SLC2A1	(GLUT1)	and	SLC2A12	(GLUT12),	was	not	associated	with	
the	differentiation	status	of	HSC‐2	cells	(Figure	1C).	Together,	these	
results	 suggested	 that	 glutamine	metabolism	might	 be	 selectively	
activated	in	CD44v‐expressing	undifferentiated	HNSCC	cells.	Given	
that	 MYC	 was	 previously	 shown	 to	 upregulate	 the	 transcription	
of	SLC1A5	and	SLC38A5	genes,26	we	examined	 the	expression	of	
MYC	in	these	cells.	The	abundance	of	MYC	mRNA	and	protein	was	
substantially	 higher	 in	HSC‐2‐Undiff	 cells	 than	 in	HSC‐2‐Diff	 cells	
(Figure	1D,E),	suggesting	that	MYC	might	play	a	role	in	the	metabolic	
reprogramming	in	CD44v‐expressing	undifferentiated	HNSCC	cells.

ASCT2	is	a	major	cell	surface	transporter	that	mediates	the	uptake	
of	neutral	amino	acids,	including	glutamine,27	and	increased	ASCT2	
expression	has	been	shown	to	be	associated	with	disease	progression	
and	poor	prognosis	 in	HNSCC,	 including	oral	cancer.28	 Immunoblot	
analysis	revealed	that	the	abundance	of	ASCT2	protein	was	markedly	
increased	 in	 HSC‐2‐Undiff	 cells	 compared	 with	 the	 corresponding	
HSC‐2‐Diff	 cells	 (Figure	1E),	 suggesting	 that	 cellular	differentiation	
status	affects	both	glutamine	uptake	and	glutamate	efflux	at	the	level	
of	ASCT2	and	xCT	expression,	respectively,	in	HNSCC	cells.

To	 determine	whether	 enhanced	 glutamine	metabolism	 (glutami‐
nolysis)	might	confer	sensitivity	to	xCT‐targeted	therapy	in	CD44v‐ex‐
pressing	HNSCC	cells,	we	examined	the	effect	of	extracellular	glutamine	
depletion	or	ASCT2	inhibitor	treatment	on	the	induction	of	oxidative	
stress	by	sulfasalazine.	Removal	of	glutamine	or	addition	of	the	ASCT2	
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inhibitor	l‐γ‐glutamyl‐p‐nitroanilide	(GPNA)29	markedly	attenuated	the	
inhibitory	effect	of	sulfasalazine	on	cell	survival	(Figure	1F,G)	as	well	as	
the	sulfasalazine‐induced	intracellular	accumulation	of	ROS	(Figure	1H)	
in	 HSC‐2‐Undiff	 cells.	 We	 next	 examined	 the	 relevance	 of	 ASCT2‐
mediated	glutamine	uptake	 to	 the	sulfasalazine	sensitivity	 in	primary	
HNSCC	cells.	Treatment	with	ASCT2	inhibitor	GPNA	markedly	reduced	
the	anti–proliferative	effect	of	sulfasalazine	in	YH	cells,	the	HNSCC	pa‐
tient‐derived	primary	cancer	cells	(Figure	S1B),	suggesting	that	ASCT2‐
mediated	glutamine	uptake	enhances	SSZ	sensitivity	 in	HNSCC	cells.	
Together,	these	results	thus	indicated	that	the	xCT‐dependent	antiox‐
idant	system	might	counteract	the	oxidative	stress	resulting	from	en‐
hanced	glutaminolysis	in	CD44v‐expressing	HNSCC	cells.

3.2 | ASCT2+/CD44vhigh head and neck squamous 
cell carcinoma tumor cells are more sensitive to 
sulfasalazine compared with ASCT2 tumor cells

We	next	examined	whether	 the	xCT	 inhibitor	sulfasalazine	might	
selectively	impair	the	survival	and	proliferation	of	ASCT2‐express‐
ing	 (ASCT2+)	 CD44vhigh	 tumor	 cells	 in	 a	mouse	 xenograft	model	
based	 on	HSC‐2	 cells,	 which	 also	 possess	 the	 ability	 to	 undergo	
differentiation	and	 to	give	 rise	 to	differentiated‐type	HNSCC	 tu‐
mors	 in	 vivo.	 Almost	 all	 HSC‐2	 cells	 cultured	 under	 the	 normal	
condition	 express	CD44v	 and	ASCT2	 at	 a	 high	 level	 (Figure	2A),	
but	these	cells	form	differentiated‐type	HNSCC	tumors	consisting	

F I G U R E  1  Sulfasalazine‐induced	oxidative	stress	requires	glutamine	uptake	mediated	by	ASCT2.	A,	Immunoblot	analysis	of	CD44v,	
xCT,	involucrin	and	β‐actin	(loading	control)	in	HSC‐2	cells	cultured	under	normal	(Undiff)	or	adhesion‐restricted	conditions	for	96	h	(Diff).	
B,	Gene	ontology	(GO)	analysis	of	genes	whose	expression	was	upregulated	(blue)	or	downregulated	(red)	in	HSC‐2	cells	cultured	under	
the	adhesion‐restricted	condition.	C,	Heat	map	for	SLC	family	genes	whose	expression	was	upregulated	(red)	or	downregulated	(green)	
with	an	absolute	fold	change	value	of	>2.5	and	a	P	value	of	<0.01	as	revealed	by	microarray	analysis	of	HSC‐2	cells	cultured	under	normal	
(Undiff)	or	adhesion‐restricted	conditions	for	72	h	(Diff).	The	gene	names	of	glutamine	transporter	are	shown	in	red,	and	those	of	glucose	
transporter	in	blue.	D,	Quantitative	RT‐PCR	analysis	of	SLC1A5,	SLC6A15,	SLC38A5,	SLC7A11,	involucrin	(IVL)	and	MYC	mRNA	in	HSC‐2	
cells	cultured	under	normal	(Undiff)	or	adhesion‐restricted	conditions	for	72	h	(Diff).	Data	were	normalized	by	the	amount	of	RPS17	mRNA	
and	are	means	±	SD	from	3	independent	experiments.	**P	<	0.01	(Student's	t	test).	E,	Immunoblot	analysis	of	ASCT2,	MYC	and	involucrin	in	
HSC‐2	cells	cultured	under	normal	(Undiff)	or	adhesion‐restricted	conditions	for	72	h	(Diff).	F	and	G,	Survival	of	HSC‐2	cells	cultured	under	
the	normal	condition	with	sulfasalazine	(400	μM)	for	48	h	in	the	absence	or	presence	of	4	mM	glutamine	(F)	or	of	2	mM	GPNA	(G).	Data	are	
expressed	relative	to	the	corresponding	value	for	cells	not	treated	with	sulfasalazine	and	are	means	±	SD	from	3	independent	experiments.	
**P	<	0.01	(Student's	t	test).	H,	HSC‐2	cells	cultured	under	the	normal	condition	with	sulfasalazine	(400	μM)	or	DMSO	vehicle	for	24	h	in	the	
absence	of	glutamine	or	in	the	presence	of	GPNA	(2	mM)	were	stained	(or	not)	with	dichloro‐dihydro‐fluorescein	diacetate	(DCFH‐DA)	and	
subjected	to	flow	cytometric	analysis	for	measurement	of	intracellular	reactive	oxygen	species.	RFI,	relative	fluorescence	intensity
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of	CD44vhigh	undifferentiated	tumor	cells	and	CD44vlow‐neg/invo‐
lucrin+	 differentiated	 tumor	cells	 in	vivo	 (Figure	S2A),	 as	we	pre‐
viously described.18	 ASCT2+	 tumor	 cells	 were	 detected	 only	 in	
the	 basal	 portion	 of	 the	 CD44v+	 area	 adjacent	 to	 stromal	 tissue	
(Figure	2B	and	Figure	S2B),	suggesting	that	ASCT2‐promoted	glu‐
taminolysis	 is	 operative	 in	 a	 subpopulation	 of	 CD44v‐expressing	
stemlike	tumor	cells.

We	then	examined	the	effects	of	administration	of	the	antican‐
cer	drug	cisplatin	or	sulfasalazine	on	these	heterogeneous	HSC‐2	tu‐
mors.	Treatment	with	cisplatin	resulted	 in	a	significant	reduction	 in	
the	volume	of	tumors	formed	by	HSC‐2	cells	in	the	xenograft	model,	
whereas	 that	 with	 sulfasalazine	 had	 no	 such	 effect	 (Figure	 2C).	
However,	flow	cytometric	analysis	of	lineage	marker‐negative	tumor	
cells	revealed	that	the	administration	of	sulfasalazine,	but	not	that	of	

F I G U R E  2  ASCT2+/CD44vhigh	head	and	neck	squamous	cell	carcinoma	(HNSCC)	cells	are	highly	sensitive	to	xCT	inhibition.	A,	Flow	
cytometric	analysis	of	ASCT2	and	CD44v	expression	in	HSC‐2	cells.	FSC,	forward	scatter.	B,	Immunohistofluorescence	staining	of	
ASCT2	(green)	and	CD44v	(red)	in	tumors	formed	in	athymic	mice	injected	with	HSC‐2	cells.	Nuclei	in	the	merged	image	were	stained	
with	4 ,́6‐diamidino‐2‐phenylindole	(DAPI,	blue).	Scale	bar,	50	μm.	C,	Volume	of	tumors	formed	by	HSC‐2	cells	in	nude	mice	treated	with	
saline	(control),	sulfasalazine	(350	mg/kg	per	day)	or	cisplatin	(2	mg/kg	every	3	days).	Data	are	means	±	SD	for	5	mice	per	group.	*P	<	0.05	
(Student's	t	test);	NS,	not	significant.	D,	Flow	cytometric	analysis	of	CD44v	expression	in	lineage	marker‐negative	cells	isolated	from	tumors	
formed	by	HSC‐2	cells	in	nude	mice	treated	with	saline,	sulfasalazine	or	cisplatin	as	in	(C).	E,	Quantification	of	CD44vhigh	tumor	cells	as	in	(D).	
Data	are	means	±	SD	for	3	mice	per	group.	*P	<	0.05	(Student's	t	test).	F,	Immunohistofluorescence	staining	for	ASCT2	(green)	and	CD44v	
(red)	in	tumors	formed	by	HSC‐2	cells	in	nude	mice	treated	as	in	(C).	Nuclei	in	the	merged	images	were	stained	with	DAPI	(blue).	Scale	bars,	
50 μm.	G,	Quantification	of	the	area	occupied	by	ASCT2+	cells	in	the	CD44v‐expressing	region	of	tumors	formed	by	HSC‐2	cells	in	nude	
mice	as	in	(F).	Each	data	point	corresponds	to	an	individual	field	of	view,	and	bars	indicate	mean	±	SD	values.	**P	<	0.01	(Student's	t	test)
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cisplatin,	markedly	reduced	the	proportion	of	CD44vhigh	undifferen‐
tiated	tumor	cells	(Figure	2D,E),	indicating	that	sulfasalazine	was	se‐
lectively	cytotoxic	for	these	cells.	To	examine	the	relevance	of	ASCT2	
expression	 to	 sulfasalazine	 sensitivity	 in	 stemlike	 tumor	 cells,	 we	
performed	immunohistofluorescence	analysis	of	ASCT2	and	CD44v.	
Sulfasalazine	administration	markedly	reduced	the	relative	area	oc‐
cupied	 by	 ASCT2+/CD44vhigh	 tumor	 cells,	 whereas	 treatment	with	
cisplatin	had	no	such	effect	(Figure	2F,G).	Collectively,	these	results	
suggested	 that	xCT‐targeted	 therapy	selectively	depleted	ASCT2+/
CD44vhigh	undifferentiated	stemlike	tumor	cells	in	HNSCC	tumors.

3.3 | Glutaminolysis‐related genes expression 
is associated with the stemlike gene signature in 
head and neck squamous cell carcinoma

Given	 that	 HNSCC	 stemlike	 and	 non‐stemlike	 cells	 are	 distin‐
guished	 by	 the	 expression	 of	 involucrin	 and	 CD44,30	 we	 studied	

RNA‐sequencing	(RNA‐seq)	data	for	HNSCC	patients	obtained	from	
The	Cancer	Genome	Atlas	(TCGA)	database	to	examine	the	relation	
between	 CD44v	 and	 involucrin	 expression	 and	 disease	 progres‐
sion.	 An	 increased	 abundance	 of	 CD44v9	 mRNA	 in	 tumors	 was	
significantly	 associated	with	 a	 poor	 prognosis	 in	 HNSCC	 patients	
(Figure	 3A).	 Furthermore,	 a	 CD44v9high/involucrinlow	 gene	 signa‐
ture,	which	characterizes	stemlike	tumor	cells,	was	associated	with	
a	shorter	overall	survival	compared	with	a	CD44v9low/involucrinhigh 
signature,	 characteristic	 of	 non‐stemlike	 tumor	 cells	 (Figure	 3A).	
Expansion	 of	 CD44vhigh	 stemlike	 tumor	 cells	 thus	 appeared	 to	 be	
related	to	disease	progression	in	HNSCC.

To	investigate	whether	glutaminolysis	might	be	upregulated	in	
tumors	with	 a	 CD44v9high/involucrinlow	 gene	 signature,	we	 next	
examined	the	relation	between	this	signature	and	the	expression	
level	of	genes	that	contribute	to	glutaminolysis.	The	expression	of	
glutaminolysis‐related	genes	including	those	for	SLC1A5	(ASCT2),	
GLUD1,	GLUD2	and	glutaminase	(GLS),	was	significantly	higher	in	

F I G U R E  3  A	stemlike	gene	signature	is	associated	with	poor	patient	survival	and	glutaminolysis‐related	gene	expression	in	head	and	
neck	squamous	cell	carcinoma	(HNSCC).	A,	Kaplan‐Meier	plots	of	overall	survival	for	patients	with	HNSCC	tumors	characterized	by	
CD44v9high	or	CD44v9low	(left)	or	CD44v9high/involucrinlow	or	CD44v9low/involucrinhigh	(right)	gene	expression	signatures.	Data	are	from	
the	TCGA	cohort.	P	values	were	determined	with	the	log‐rank	test.	B,	Box‐whisker	plot	of	the	expression	of	KRT10	(differentiation	marker)	
and	glutaminolysis‐related	(SLC1A5,	SLC6A15,	SLC38A5,	GLS,	GLUD1	and	GLUD2)	genes	on	the	CD44v9high/involucrinlow	and	CD44v9low/
involucrinhigh	gene	signatures	for	head	and	neck	squamous	cell	carcinoma	(HNSCC)	tumors	in	the	TCGA	cohort.	**P	<	0.01	(Student's	t	test);	
NS,	not	significant
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HNSCC	 tumors	with	 the	CD44v9high/involucrinlow	 stemlike	 gene	
signature,	whereas	that	of	 the	genes	for	SLC6A15	and	SLC38A5	
was	 similar	 in	 HNSCC	 tumors	 with	 CD44v9high/involucrinlow or 
CD44v9low/involucrinhigh	 gene	 signatures	 (Figure	 3B),	 suggest‐
ing	that	the	upregulation	of	glutaminolysis	 in	CD44vhigh	stemlike	
tumor	 cells	might	 be	 associated	with	 the	 disease	 progression	 in	
HNSCC.

3.4 | xCT inhibition not only suppresses glutathione 
synthesis but enhances mitochondrial metabolism in 
head and neck squamous cell carcinoma cells

Extracellular	glutamine	is	 imported	into	cells	by	glutamine	trans‐
porters	and	then	converted	to	glutamate	by	GLS,	and	the	result‐
ing	glutamate	is	converted	by	GLUD	to	α‐KG	in	mitochondria.31,32 
To	 examine	 the	 impact	 of	 xCT	 inhibition	 on	 cellular	metabolism	

in	 ASCT2+/CD44vhigh	 HNSCC	 cells,	 we	 treated	 HSC‐2	 cells	 and	
OSC19	cells	which	manifest	high	expression	of	CD44v	and	ASCT2	
with	sulfasalazine	and	then	subjected	them	to	metabolome	analy‐
sis.	Sulfasalazine	treatment	significantly	reduced	the	amounts	of	
cysteine	and	GSH,	whereas	it	increased	those	of	tricarboxylic	acid	
(TCA)	 cycle	 intermediates,	 including	 α‐KG,	 succinate,	 fumarate,	
malate	and	citrate,	 in	both	cell	 lines	 (Figure	4A),	 suggesting	 that	
inhibition	of	glutamate	release	by	sulfasalazine	results	 in	 the	ac‐
cumulation	 of	 glutamate,	 its	 conversion	 to	 α‐KG,	 and	 increased	
activity	of	the	TCA	cycle.

To	 investigate	 the	 effect	 of	 enhanced	 xCT‐dependent	 gluta‐
mate	 release	 on	 cellular	 metabolism	 in	 HNSCC	 cells,	 we	 stably	
infected	HSC‐4	cells	 (in	which	endogenous	xCT	is	expressed	at	a	
low	level)	with	a	retrovirus	encoding	human	xCT	or	with	the	cor‐
responding	empty	virus	 (Figure	4B).	Forced	expression	of	xCT	 in	
HSC‐4	cells	resulted	in	a	significant	increase	in	glutamate	release	

F I G U R E  4   Inhibition	of	xCT	promotes	mitochondrial	metabolism	in	CD44vhigh	head	and	neck	squamous	cell	carcinoma	(HNSCC)	cells.	A,	
The	content	of	metabolites	related	to	the	GSH	synthesis	pathway	(GSSG,	oxidized	glutathione)	or	the	TCA	cycle	was	determined	for	HSC‐2	
and	OSC19	cells	cultured	in	the	presence	of	sulfasalazine	(SSZ,	400	μM)	or	DMSO	vehicle	for	6	h.	Data	are	means	±	SD	from	3	independent	
experiments.	*P	<	0.05,	**P	<	0.01	(Student's	t	test).	N.D.,	not	detected.	B,	Immunoblot	analysis	of	xCT	in	HSC‐4	cells	stably	infected	with	
a	retrovirus	encoding	xCT	or	with	the	corresponding	empty	virus	(Mock).	C,	Glutamate	release	over	24	h	and	glutathione	(GSH)	content	
for	cells	as	in	(B).	Data	are	means	±	SD	from	3	independent	experiments.	**P	<	0.01	(Student's	t	test).	D,	Oxidative	consumption	(OCR)	and	
extracellular	acidification	(ECAR)	for	cells	as	in	(B).	Data	are	means	±	SD	from	3	independent	experiments.	*P	<	0.05,	**P	<	0.01	(Student's	t 
test)
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as	well	as	in	the	intracellular	abundance	of	GSH	(Figure	4C),	sug‐
gesting	that	the	exogenous	xCT	enhanced	cystine‐glutamate	anti‐
porter	activity	and	thereby	promoted	GSH	synthesis	in	these	cells.	
With	the	use	of	these	cells,	we	next	measured	the	rates	of	OCR	and	
ECAR,	which	are	indicators	of	mitochondrial	respiration	and	glycol‐
ysis,	respectively.	Forced	expression	of	xCT	significantly	reduced	
OCR	 (Figure	4D),	 suggesting	 that	 increased	amino	acid	 transport	
by	xCT	suppressed	mitochondrial	metabolism.	 In	 contrast,	ECAR	
was	significantly	increased	in	the	cells	expressing	exogenous	xCT	
(Figure	4D),	suggesting	that	the	glycolytic	pathway	was	activated	
in	 these	 cells	 in	 a	 compensatory	manner.	Together,	 these	 results	
indicated	 that	activation	of	xCT‐dependent	amino	acid	 transport	
contributes	 to	 a	 shift	 in	 cellular	 metabolism	 from	mitochondrial	
respiration	toward	aerobic	glycolysis	in	HNSCC	cells.

3.5 | Competition between dependent glutamine 
uptake and glutamate dehydrogenase and xCT 
for glutamate in head and neck squamous cell 
carcinoma cells

Glutamate	can	be	used	both	for	xCT‐mediated	cystine	uptake	and	for	
GLUD‐mediated	α‐KG	generation	in	mitochondria.31	To	examine	the	
relevance	of	GLUD	expression	to	xCT‐dependent	glutamate	trans‐
port	and	GSH	metabolism	in	cancer	cells,	we	determined	the	effects	
of	 GLUD	 knockdown	 in	 sulfasalazine‐sensitive	 ASCT2+/CD44vhigh 
OSC19	cells	on	the	amounts	of	glutamine,	glutamate,	α‐KG,	cysteine	
and	GSH.	Given	that	GLUD1	and	GLUD2	share	97%	amino	acid	se‐
quence	 identity,	we	generated	siRNA	that	 target	both	 isoforms	of	
the	enzyme	(Figure	5A).	Metabolome	analysis	revealed	that	GLUD	

F I G U R E  5  Role	of	α‐KG	production	in	oxidative	stress	induced	by	xCT	inhibition.	A,	Quantitative	RT‐PCR	analysis	of	GLUD1	and	GLUD2	
mRNA	abundance	in	OSC19	cells	transfected	with	control	or	GLUD1/2	(#1	or	#2)	siRNAs.	Data	were	normalized	by	the	amount	of	GAPDH	
mRNA	and	are	means	±	SD	from	3	independent	experiments.	**P	<	0.01	(Student's	t	test).	B	and	C,	OSC19	cells	transfected	with	control	
or	GLUD1/2	#2	siRNAs	were	cultured	with	sulfasalazine	(400	μM)	or	DMSO	vehicle	for	6	h	and	then	subjected	to	metabolome	analysis	
for	determination	of	the	amounts	of	metabolites	related	to	glutaminolysis	(B)	or	to	the	glutathione	(GSH)	antioxidant	system	(C).	Data	
are	means	±	SD	from	3	independent	experiments.	*P	<	0.05,	**P	<	0.01	(Student's	t	test).	N.D.,	not	detected.	D,	OSC19	cells	transfected	
with	control	or	GLUD1/2	(#1	or	#2)	siRNA	were	cultured	with	sulfasalazine	(400	μM)	or	DMSO	vehicle	for	24	h	and	were	then	stained	
with	DCFH‐DA	for	determination	of	ROS	abundance	by	flow	cytometry.	E,	OSC19	cells	transfected	with	control	or	GLUD1/2	(#1	or	#2)	
siRNA	were	cultured	with	the	indicated	concentrations	of	sulfasalazine	for	48	h	and	then	assayed	for	cell	viability.	Data	are	means	±	SD	
from	3	independent	experiments.	**P	<	0.01	vs	the	corresponding	value	for	cells	transfected	with	the	control	siRNA	(Student's	t	test).	F,	
Competition	between	xCT‐mediated	cystine	uptake	and	GLUD‐mediated	α‐KG	generation	for	the	utilization	of	glutamate	in	HNSCC	cells	
either	depleted	of	GLUD	(left)	or	treated	with	the	xCT	inhibitor	sulfasalazine	(right)
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knockdown	resulted	 in	a	significant	 increase	 in	the	amount	of	glu‐
tamine	and	a	significant	decrease	in	that	of	α‐KG	(Figure	5B,	Figure	
S3A),	suggesting	that	GLUD	plays	an	essential	role	in	glutaminolysis	
leading	 to	 α‐KG	 generation	 in	 ASCT2+/CD44vhigh	 HNSCC	 cells.	 It	
should	be	noted	that	GLUD	knockdown	did	not	affect	the	glutamate	
levels,	 probably	 because	 production	 of	 glutamate‐derived	 amino	
acids,	 including	 proline	 and	 citrulline,	 was	 increased	 (Figure	 S3A).	
Furthermore,	GLUD	depletion	attenuated	the	sulfasalazine‐induced	
increase	 in	 the	 abundance	 of	 α‐KG	 (Figure	 5B),	 suggesting	 that	
xCT‐dependent	glutamate	export	negatively	affects	GLUD‐depend‐
ent	α‐KG	generation.	GLUD	knockdown	also	significantly	increased	
cysteine,	GSH	and	total	glutathione	(GSH	+	GSSG)	levels,	as	well	as	
attenuated	the	sulfasalazine‐induced	depletion	of	these	compounds	
in	OSC19	cells	(Figure	5C).	Collectively,	these	results	suggested	that	
xCT‐dependent	amino	acid	transport	was	activated	by	GLUD	deple‐
tion	in	HNSCC	cells	as	a	result	of	the	competition	between	xCT	and	
GLUD	for	glutamate.

We	then	examined	the	relevance	of	GLUD	expression	to	intra‐
cellular	ROS	accumulation	 in	HNSCC	cells.	Knockdown	of	GLUD	
resulted	 in	 a	 marked	 reduction	 in	 the	 intracellular	 ROS	 level	 in	
ASCT2+/CD44vhigh	OSC19	cells	(Figure	5D),	suggesting	that	GLUD‐
mediated	α‐KG	 production	 promotes	 ROS	 generation.	Depletion	
of	GLUD	also	markedly	attenuated	the	ROS	accumulation	induced	
by	sulfasalazine	treatment	in	these	cells	(Figure	5D).	Furthermore,	
GLUD	knockdown	prevented	 the	negative	effect	of	sulfasalazine	
on	 the	 survival	 of	 OSC19	 cells	 and	 YH	 cells	 (Figure	 5E,	 Figure	
S3B,C).	Together,	 these	observations	 suggested	 that	 xCT‐depen‐
dent	glutamate	release	suppresses	GLUD‐mediated	α‐KG	produc‐
tion	 and	 subsequent	 ROS	 generation.	 The	 competition	 between	
xCT	and	GLUD	for	glutamate	utilization	might,	thus,	be	expected	
to	 sensitize	 ASCT2+/CD44vhigh	 HNSCC	 cells	 to	 xCT	 inhibitors	
(Figure	5F).

4  | DISCUSSION

The	52	families	of	SLC	transporters	comprise	395	membrane‐bound	
proteins	that	include	ion‐coupled	transporters,	exchangers	and	pas‐
sive	transporters	and	which	play	key	roles	in	the	movement	of	vari‐
ous	substrates	across	biological	membranes.33,34	The	expression	of	
several	types	of	SLC	transporter	has	been	found	to	be	upregulated	
in	 cancer	 cells,	with	 these	proteins	mediating	 the	uptake	of	nutri‐
ents	essential	for	tumor	growth	and	survival.35	We	have	now	shown	
that	 CD44vhigh	 undifferentiated	 HNSCC	 cells	 express	 glutamine	
transporters	 at	 high	 levels.	 Glutamine	 transporters	 belong	 to	 the	
SLC1,	SLC1‐6,	SLC1‐7	and	SLC1‐38	families	of	SLC	transporters,33,36 
and	the	expression	of	high‐affinity	glutamine	transporters	such	as	
ASCT2	and	SNAT5	(SN2)	in	cancer	cells	has	been	shown	to	be	regu‐
lated	by	oncogenic	MYC.26	We	also	observed	that	the	expression	of	
MYC	was	markedly	increased	in	CD44vhigh	HSC‐2‐Undiff	cells	com‐
pared	with	the	corresponding	involucrin+	HSC‐2‐Diff	cells,	suggest‐
ing	 that	 the	MYC‐regulated	 transcriptional	 program	might	 play	 an	
important	role	in	glutaminolysis	 in	CD44v‐expressing	undifferenti‐
ated	HNSCC	cells.

The	 plasma	 membrane	 proteins	 CD44v,	 ASCT2	 and	 xCT	 are	
widely	expressed	in	several	types	of	human	cancer,	including	HNSCC,	
with	upregulation	of	 their	expression	having	been	associated	with	
poor	 prognosis.28,37	 We	 found	 that	 in	 the	 differentiated‐type	 of	
HNSCC	tumors	formed	by	HSC‐2	cells,	ASCT2	was	expressed	at	a	
high	level	in	a	subpopulation	of	CD44v‐expressing	undifferentiated	
tumor	cells	 located	adjacent	 to	stromal	 tissue.	Thus,	ASCT2	might	
be	responsible	for	glutamine	uptake	from	tumor	stroma	in	CD44v‐
expressing	 tumor	 cells.	 Treatment	with	 sulfasalazine,	 but	 not	 that	
with	 cisplatin,	 markedly	 depleted	 CD44v‐expressing	 undifferenti‐
ated	tumor	cells,	especially	those	also	positive	for	ASCT2,	in	tumors	
formed	by	HSC‐2	cells	 in	nude	mice,	suggesting	that	xCT‐targeted	
therapy	 is	 effective	 for	 elimination	 of	 ASCT2‐expressing	 stemlike	
HNSCC	tumor	cells	and	that	 the	ASCT2+/CD44v9high/involucrinlow 
gene	signature	might	predict	the	efficacy	of	such	therapy	in	HNSCC.

Triple‐negative	breast	cancer	cells	that	are	glutamine	auxotrophs	
were	 shown	 to	 be	 highly	 sensitive	 to	 xCT	 inhibition	 by	 sulfasal‐
azine,38	 suggesting	 that	 glutaminolysis	 is	 associated	with	 xCT	 de‐
pendency.	In	the	present	study,	metabolome	analysis	revealed	that	
sulfasalazine	treatment	not	only	reduced	the	intracellular	abundance	
of	cysteine	and	GSH	but	also	 increased	that	of	α‐KG	 in	CD44vhigh 
HNSCC	cells.	In	contrast,	forced	expression	of	xCT	in	xCTlow	HSC‐4	
cells	 markedly	 attenuated	 OCR	 and	 enhanced	 ECAR,	 suggesting	
that	an	increase	in	the	extent	of	xCT‐dependent	glutamate	release	
resulted	 in	suppression	of	mitochondrial	respiration	and	activation	
of	glycolysis.	The	expression	of	xCT	may,	thus,	shift	the	metabolic	
phenotype	 of	HNSCC	 cells	 toward	 aerobic	 glycolysis	 and	 thereby	
suppress	endogenous	ROS	production.

Glutamate	 dehydrogenase	 catalyzes	 the	 conversion	 of	 gluta‐
mate	to	α‐KG	and	ammonia	and	is	the	primary	driver	of	mitochon‐
drial	glutamate	metabolism	leading	to	TCA	progression.39	We	found	
that	knockdown	of	GLUD	markedly	attenuated	the	increase	in	α‐KG	
content	and	the	induction	of	oxidative	stress	in	sulfasalazine‐treated	
HNSCC	 cells,	 suggesting	 that	 GLUD‐dependent	 α‐KG	 production	
might	be	related	to	the	oxidative	stress	induced	by	sulfasalazine	in	
CD44v‐expressing	HNSCC	cells.	In	contrast,	depletion	of	GLUD	in‐
creased	the	intracellular	abundance	of	cysteine	and	GSH,	suggesting	
that	xCT	competes	with	GLUD	for	the	utilization	of	glutamate.	High	
GLUD	activity	thus	limits	the	glutamate	availability	for	xCT	leading	
to	the	suppression	of	cystine	transport	in	stemlike	HNSCC	cells	and	
thereby	sensitizes	them	to	xCT‐targeted	therapy.

Our	findings	establish	a	rationale	for	the	use	of	not	only	CD44v	
but	glutaminolysis‐related	genes	including	ASCT2	and	GLUD	as	bio‐
markers	to	predict	the	efficacy	of	xCT‐targeted	therapy	for	hetero‐
geneous	HNSCC	tumors.
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