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Summary	41	

The	natural	product	family	of	macrocyclic	lipodepsipeptides	containing	the	4-amido-2,4-42	

pentadienoate	(APD)	functionality	possess	intriguing	cytotoxic	selectivity	towards	hypoxic	43	

cancer	cells.	These	subpopulations	of	cancer	cells	display	increased	metastatic	potential	and	44	

resistance	to	chemo-	and	radiotherapy.	In	this	paper,	we	present	studies	on	the	mechanism	of	45	

action	of	these	natural	products	in	hypoxic	cancer	cells	and	show	that	this	involves	rapid	and	46	

hypoxia-selective	collapse	of	mitochondrial	integrity	and	function.	These	events	drive	a	47	

regulated	cell	death	process	that	potentially	could	function	as	a	powerful	tool	in	the	fight	48	

against	chemo-	and	radiotherapy-resistant	cancer	cells.	Towards	that	end,	we	demonstrate	49	

activity	in	two	different	mouse	tumor	models.	50	

	51	

Introduction	52	

Changes	in	oxygen	concentration	has	profound	impact	on	the	eukaryotic	cell	especially	at	53	

reduced	levels.	Tissue	hypoxia	is	vaguely	defined	as	a	state	of	insufficient	oxygen	delivery,	54	

which	results	in	pO2	levels	that	are	lower	than	normal	for	the	respective	tissue.	55	

Tumorigenesis	is	known	to	result	in	hypoxia	due	to	the	formation	of	a	disorganized	and	56	

ineffective	tumor	vasculature,	which	may	cause	cell	death,	genomic	instability	and	trigger	57	

metastatic	dissemination	(Conley	et	al.,	2012;	Rankin	and	Giaccia,	2016).	Hypoxia	also	58	

triggers	adaptive	responses	that	lower	energetic	demands	(e.g.,	macromolecular	synthesis)	59	

and	increase	oxygen-independent	energy	production	(glycolysis)	to	restore	homeostasis,	thus	60	

viable	hypoxic	cells	are	present	in	most	solid	tumors	(Wouters	and	Koritzinsky,	2008;	61	

Majmundar,	Wong	and	Simon,	2010).	Hypoxic	cells	are	resistant	to	killing	by	both	radiation	62	

and	chemotherapy	(Baumann	et	al.,	2016).	For	example,	hypoxia	typically	becomes	a	63	

significant	obstacle	in	radiotherapy	at	pO2	levels	below	10-20	mmHg	and	radiosensitivity	is	64	

reduced	to	approximately	half	maximal	at	3-4	mm	Hg.	Such	low	pO2	levels	are	typically	only	65	
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observed	in	tumor	tissue	suggesting	that	development	of	drugs	that	selectively	target	66	

severely	hypoxic	tumor	cells	could	be	favorably	combined	with	conventional	normoxia-67	

selective	therapies	to	put	a	stronger	pressure	on	the	tumor	tissue,	while	sparing	cells	in	68	

normal	well-oxygenated	tissues	(Foehrenbacher	et	al.,	2013).	Significantly	enhanced	cytotoxic	69	

activity	for	hypoxic	over	normoxic	cancer	cells	has	thus	far	only	been	observed	for	70	

bioreductively	activated	prodrugs,	such	as	tirapazamine	(TPZ)	and	TH-302	as	well	as	71	

quinone-containing	compounds	like	mitomycin	C	that	all	work	through	bioreductive	72	

formation	of	DNA-targeting	species	(Wilson	and	Hay,	2011;	Guise	et	al.,	2014;	Mistry	et	al.,	73	

2017).	Recently,	bioreductive	prodrug	versions	of	e.g.	chk1	and	aurora	kinase	inhibitors	have	74	

emerged	(O’Connor	et	al.,	2016)	and	the	full	potential	of	these	agents	await	future	studies.	A	75	

key	weakness,	however,	of	all	bioreductive	prodrugs	is	their	dependence	on	endogenous	pro-76	

drug	activating	reductases,	which	may	be	a	limiting	factor	for	biological	activity	(Hunter,	77	

Wouters	and	Wilson,	2016).	Indeed,	clinical	trials	have	overall	been	disappointing,	and	78	

hypoxia-selective	drugs	that	works	by	different	mechanisms	are	highly	warranted.	79	

The	endoplasmic	reticulum	(ER)	and	mitochondria	are	particularly	sensitive	to	the	change	in	80	

redox-potential	that	accompany	cellular	hypoxia	as	these	organelles	are	highly	dependent	on	81	

redox	active	co-factors	such	as	glutathione	and	NAD(P)H/NAD(P)+.	The	ER	consumes	82	

glutathione	(GSH)	for	disulfide	formation	during	protein	folding	and	excretes	oxidized	83	

glutathione	(GSSG),	whereas	NADH	shuttles	electrons	from	the	citric	acid	cycle	and	many	84	

other	catabolic	pathways	(e.g.	fatty	acid	oxidation)	to	the	electron	transport	chain	(ETC)	85	

within	the	mitochondria	(Chakravarthi,	Jessop	and	Bulleid,	2006;	Sajnani	et	al.,	2017).	Recent	86	

studies	have	demonstrated	that	the	ER	and	the	mitochondria	are	connected	via	mitochondria-87	

ER	contact	sites	through	which	ions	and	nutrients	are	exchanged	in	conjunction	with	the	88	

control	of	mitochondrial	fusion/fission	and	apoptotic	signaling	(Prudent	et	al.,	2015;	Bonneau	89	

et	al.,	2016).	Cancer	cells	generally	display	increased	levels	of	ETC-derived	reactive	oxygen	90	
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species	(ROS)	and	are	therefore	strongly	dependent	on	antioxidant	defense	systems	centered	91	

around	reduced	glutathione	(Sabharwal	and	Schumacker,	2014).	Hypoxia	exacerbates	ROS-92	

formation	from	distinct	respiratory	complexes.	At	moderate	ROS-levels	this	contributes	to	93	

HIF-1α-stabilization	and	consequent	hypoxia-adaption	whereas	more	severe	ROS	leads	to	cell	94	

death	(Guzy	et	al.,	2005;	Lin	et	al.,	2008).	The	expanding	knowledge	on	regulated	cell	death	95	

(RCD)	mechanisms	has	revealed	that	ROS	play	critical	but	apparently	distinct	roles	in	several	96	

cell	death	pathways	(e.g.	ferroptosis/oxytosis,	necroptosis	and	parthanatos)	(Vanden	Berghe	97	

et	al.,	2014)	and	although	mitochondrial	dysfunction	is	an	ultimate	outcome	in	most	types	of	98	

RCD,	the	involvement	of	mitochondria	in	the	early	stage	of	cell	death	is	often	not	clear	99	

(Galluzzi	et	al.,	2018).		Collectively,	the	interactions	between	mitochondria	and	the	ER	100	

constitute	a	potential	vulnerability	in	hypoxic	cancer	cells.		101	

	102	
Rakicidin	A	(1)	and	BE-43547	(2)	(Fig.	1a)	are	natural	products	with	enhanced	toxicity	under	103	

hypoxic	conditions,	which	was	initially	discovered	for	1	during	a	forward	chemical	genetic	104	

screen	for	new	hypoxia-selective	agents	(Yamazaki,	Kunimoto	and	Ikeda,	2007).	Following	the	105	

total	synthesis	of	1,	we	validated	this	initial	observation	(Tsakos,	Clement,	et	al.,	2016)	and	in	106	

recent	studies	we	discovered	that	the	BE-43547	compounds	also	possess	hypoxia-selective	107	

toxicity,	indeed	with	enhanced	selectivity	compared	to	1	(Fig.	1b)	(Villadsen	et	al.,	2017)	(for	108	

other	studies	of	the	natural	products	see	e.g.	Sang	et	al.,	2014;	Sun	et	al.,	2017).	Both	1	and	2	109	

feature	an	electrophilic	4-amido-2,4-pentadienote	(APD)	functionality	(blue,	Fig.	1)	embedded	110	

within	a	cyclic	lipodepsipeptide	(CLD)	scaffold	and	this	combination	(APD-CLD)	is	necessary	111	

for	hypoxia-selective	toxicity	(Tsakos,	Jacobsen,	et	al.,	2016).	Although	1	and	2	are	112	

structurally	different,	we	hypothesize	that	they	exploit	the	same	mode	of	action.	Here,	we	113	

report	our	efforts	to	characterize	the	hypoxic	cell	death	mechanism	employed	by	the	APD-114	

CLDs	which	we	demonstrate	involves	early	mitochondrial	demise	to	trigger	a	form	of	non-115	

apoptotic	cell	death	with	a	profile	that	also	appears	inconsistent	with	other	forms	of	RCD,	116	
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such	as	necroptosis	and	ferroptosis.	Through	the	investigation	of	the	APD-CLDs	we	identified	117	

two	modulators	of	ferroptosis	(NHI-2	and	antimycin	A).	Finally,	we	show	that	BE-43547	is	118	

potently	active	in	vivo	in	mouse	and	human	xenograft	tumor	models.		119	

	120	

Results	121	

Conditional	activity	and	selectivity	of	the	APD-CLDs		122	

The	hypoxia-selective	activity	of	1	and	2	stand	out	amongst	a	series	of	mechanistically	diverse	123	

bioactive	compounds	including	other	compounds	that	contain	electrophilic	functionalities	124	

(parthenolide	and	piperlongumine,	Fig.	1c).	We	initially	varied	different	physical	parameters	125	

to	study	fundamental	aspects	of	the	toxicity	of	1	and	2.	Pancreatic	cancer	cells	(PANC-1)	pre-126	

exposed	to	1	and	2	under	normoxic	conditions	(8	h	or	24	h)	followed	by	24	h	of	hypoxic	127	

incubation	precisely	reproduced	the	expected	activity	under	hypoxic	conditions.	This	simple	128	

experiment	demonstrates	that	the	enhanced	hypoxic	toxicity	is	not	due	to	chemical	instability	129	

of	1	and	2	under	normoxia	(Fig.	1d	and	Fig.	S1a,b).	Hypoxic	pretreatment	(47	h)	followed	by	130	

exposure	to	1	under	normoxia	(24	h)	did	not	provide	enhanced	toxicity	(Fig.	S1c)	which	131	

suggests	that	cell	death	induced	by	1	and	2	is	either	not	dependent	on	hypoxia-driven	132	

transcriptional	changes	or	–	alternatively	–	that	such	changes	would	need	to	be	very	rapidly	133	

reversed	by	subsequent	normoxia.		134	

	135	
Finally,	we	could	significantly	shift	the	IC50-value	by	performing	a	normoxic	incubation	(up	to	136	

24	h)	with	1	and	2	followed	by	exchange	of	the	medium	to	fresh	medium	without	APD-CLDs	137	

(washout)	immediately	before	24	hours	of	hypoxia	(for	2:	97	nM	to	843	nM,	Fig.	1e	and	Fig.	138	

S1d,e).	Interestingly,	this	suggests	that	interactions	under	normoxic	conditions	are	at	least	139	

partially	reversible.	We	have	earlier	demonstrated	that	a	simplified	APD-containing	140	

macrocycle	can	conjugate	to	thiol	nucleophiles	(Clement	et	al.,	2015)	thus	demonstrating	141	

electrophilic	reactivity	of	the	APD-group.	However,	under	buffered	aqueous	conditions	142	
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exposure	of	rakicidin	A	(1)	to	a	large	excess	of	the	simple	thiol	N-acetylcysteine	(NAC)	143	

afforded	no	measurable	reactivity	(Fig.	S1f),	demonstrating	that	the	reactivity	of	the	natural	144	

product	is	modest	overall	and	may	require	additional	interactions	to	be	effective.		145	

	146	

APD-CLD	probe	identifies	covalent	binding	targets	in	hypoxic	cells	147	

We	decided	to	first	focus	our	attention	on	the	identification	of	potential	covalent	binding	148	

targets	in	hypoxic	cells	and	we	diverged	our	reported	synthetic	route	to	rakicidin	A	(Tsakos,	149	

Clement,	et	al.,	2016),	to	generate	the	alkyne-linked	analog	6	(Fig.	2a),	which	was	found	to	150	

induce	a	similar	hypoxia-selective	cell	death	(Fig.	S2c).	In	addition	to	the	mapping	of	covalent	151	

protein	interactions,	probe	6	also	enables	visualization	of	the	subcellular	distribution.	With	152	

respect	to	the	former,	we	incubated	live	hypoxic	cells	with	6	(up	to	1	µM)	for	12	hours	and	153	

subsequently	performed	a	CuAAC	reaction	in	the	resulting	lysates	with	rhodamine	B	azide.	154	

We	found	that	probe	6	did	indeed	dose-dependently	label	majorly	three	proteins	at	50,	25	155	

and	22	kDa,	respectively,	and	that	this	interaction	was	dependent	on	the	presence	of	the	APD-156	

group	(Fig.	2b),	even	though	the	control	probe	5	also	contains	a	potentially	reactive	motif.	157	

Next,	using	6	we	enriched	all	binding	proteins	from	live	hypoxic	cells	via	CuAAC	to	biotin	158	

azide	followed	by	streptavidin	pulldown	(Fig.	2c).	Three	of	the	binding	partners	–	with	159	

mobility	identical	to	the	three	major	bands	observed	by	in-gel	fluorescence	–	were	identified	160	

by	LC-MS/MS	analysis	of	the	excised	bands	as	reticulon-4	(RTN4	isoform	2/Nogo	B,	17.4%	161	

coverage,	7	unique	peptides),	reticulon-3	(RTN3	isoform	3	or	4,	20-21.6%	coverage,	8	unique	162	

peptides),	and	CYB5B	(45%	coverage,	7	unique	peptides).	Additionally,	we	also	identified	163	

VDAC2	and	HMOX2	as	covalent	binding	targets.	All	five	binding	proteins	are	associated	with	164	

either	mitochondria	or	ER.	Transient	knockdown	using	siRNA	(Fig.	S2a)	followed	by	165	

treatment	with	1/2	did	however	not	result	in	alterations	in	the	potency	under	hypoxia	or	did	166	

by	itself	phenocopy	the	hypoxia-selectivity	of	1/2.	Given	the	known	role	of	reticulon-proteins	167	
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in	maintaining	ER-mitochondria	interactions	(Sutendra	et	al.,	2011),	we	were	still	intrigued	168	

by	the	affinity-purification	of	two	family	members	by	probe	6	and	we	therefore	sought	169	

alternative	means	to	chemically	perturb	the	reticulon	proteins.	To	the	best	of	our	knowledge,	170	

this	is	only	possible	using	the	electrophilic	fragments	recently	reported	by	the	Nomura	lab	171	

with	reactivity	towards	cysteine	1101	in	full	length	RTN4	(Bateman	et	al.,	2017).	We	172	

synthesized	two	active	ligands	(DKM	3-30,	AMR	1-125)	and	a	negative	control	(YP	1-46)	173	

affording	us	the	ability	to	at	least	perturb	RTN4	with	electrophiles	chemically	distinct	from	174	

the	APD-CLDs.	Interestingly,	we	found	that	DKM	3-30	and	AMR	1-125	display	modest	175	

hypoxia-selective	toxicity	in	PANC-1	cells	(Fig.	S2)	and	in	BxPC3	cells	(only	DKM	3-30)	but	not	176	

in	MCF-7	cells	(Fig.	S2).	Given	the	low	potency	of	the	acrylamides	that	could	result	in	off-177	

target	alkylation	at	elevated	concentrations,	clear	conclusions	regarding	the	involvement	of	178	

RTN4	(or	RTN3)	as	hypoxia-selective	targets	are	not	possible	at	this	stage.		179	

	180	

APD-CLD-treatment	result	in	GSH-depletion	and	ER	and	oxidative	stress	181	

To	gain	broader	insight	into	the	cellular	pathways	affected	by	the	natural	products,	we	182	

conducted	additional	unbiased	experiments	(Fig.	3).	We	surmised	that	by	profiling	the	183	

metabolic	and	transcriptional	consequences	of	treatment	of	hypoxic	cells	with	1	and	2	we	184	

could	identify	enzymatic	processes	and/or	signaling	pathways	that	are	directly	or	indirectly	185	

modulated	by	the	compounds	which	could	further	help	to	illuminate	key	aspects	of	the	cell	186	

death	mechanism.	In	the	following	experiments,	we	treat	2a	and	2b	as	the	same	compound	187	

since	they	only	differ	in	the	constitution	of	the	lipid	tail	(Fig.	1a).	Treatment	of	PANC-1	cells	188	

with	either	DMSO	or	1/2a	for	12	hours	under	hypoxia	followed	by	a	metabolomics	workflow	189	

revealed	a	strong	compound-induced	reduction	in	levels	of	several	metabolites	including	190	

carbamoyl	aspartate,	pyridoxine	5’-phosphate	(PNP),	taurine,	glutathione	(GSSG	+	GSH	+	191	

derivatives),	and	short	chain	carnitines	(Fig.	3a	and	Supplementary	information	Table	1,	Fig.	192	
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S3a,b).	In	addition,	intermediates	of	the	TCA	cycle,	except	succinate,	were	significantly	193	

reduced	in	the	treated	cells	suggesting	mitochondrial	perturbation	(Fig.	3b)	which	was	194	

further	supported	by	the	strong	depletion	of	taurine	-	intricately	connected	to	mitochondrial	195	

dysfunction,	ROS	and	ER	stress	(Jong	et	al.,	2017).	Increases	in	methylthioadenosine	(MTA,	196	

1.5-fold)	and	acetylspermidine	(4-fold)	were	observed	suggesting	a	concomitant	synthesis	197	

and	degradation	of	polyamines.	Finally,	we	found	an	upregulation	of	ophthalmate	(2-fold)	–	a	198	

metabolite	marker	for	failed	glutathione	synthesis	and	oxidative	stress	(Soga	et	al.,	2006).		We	199	

initially	verified	the	MS-profiling	data	for	GSH	using	an	enzymatic	assay	(Fig.	3c)	and	we	200	

observed	a	dose-dependent	increase	in	fluorescence	with	the	general	ROS-sensitive	dye	201	

H2DCFDA	in	hypoxic	cells	treated	with	1/2	(Fig.	3c	and	Fig.	S3c).	Next,	we	conducted	a	202	

RNAseq	experiment	under	treatment	conditions	that	mirrored	the	metabolomic	profiling	(Fig.	203	

3d,e).	A	gene	set	enrichment	analysis	amongst	the	genes	regulated	significantly	by	both	204	

rakicidin	A	(1)	and	BE-43547A1	(2a)	disclosed	the	enrichments	outlined	in	Fig.	3e.	A	205	

dominating	transcriptional	consequence	of	APD-CLD-treatment	is	induction	of	stress	in	the	206	

ER,	notably	ATF4	(4.4-fold,	FDR	<	10-320),	ATF3	(82-fold,	FDR	<	10-320),	CHOP	(22-fold,	FDR	=	207	

1.21	x	10-319),	and	CHAC1	(10-fold,	FDR	=	2.16	x	10-50)	an	axis,	which	mediates	the	cytotoxic	208	

arm	of	the	ER	stress	response	(Mungrue	et	al.,	2009).		Additionally,	we	found	a	4-fold	209	

upregulation	of	polyamine-degrading	enzymes	(SMOX,	4.1-fold,	FDR	=	2.02	x	10-65	and	SAT1,	210	

4.0-fold,	FDR	=	2.61	x	10-213)	supporting	the	findings	in	the	metabolomic	profiling.	We	used	211	

RT-qPCR	to	validate	induction	of	the	ER	stress	marker	CHAC1	and	in	contrast	to	erastin,	a	212	

known	inducer	of	CHAC1	that	triggers	oxidative	cell	death	(ferroptosis/oxytosis),	CHAC1-213	

upregulation	by	1	and	2a	was	hypoxia-selective	(Fig.	3f).	Despite	its	ability	to	degrade	GSH	214	

(Kumar	et	al.,	2012),	ChaC1	appears	not	to	be	functionally	important	for	cell	death	induced	215	

through	cystine/cysteine	depletion	(erastin,	sulfasalazine),	but	rather	could	serve	as	a	216	

mechanistic	marker	(Dixon	et	al.,	2014).	We	will	return	to	ferroptosis/oxytosis	below.	In	cells	217	
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treated	with	1/2,	we	observe	increased	levels	of	pyroglutamate	(Table	S1)	–	the	expected	218	

product	of	ChaC1-mediated	GSH-degradation	–	suggesting	that	ChaC1	may	in	fact	contribute	219	

to	the	loss	of	glutathione	(Kumar	et	al.,	2012).	This	observation	needs	further	confirmation	in	220	

future	studies.		221	

	222	

The	cell	death	mechanism	of	APD-CLDs	is	oxygen	dependent		223	

To	place	the	cell	death	mechanism	induced	by	APD-CLDs	on	the	scale	between	apoptosis	and	224	

regulated	necrosis	we	performed	a	real-time	assay	to	clarify	the	events	in	the	early	stages	of	225	

compound	treatment.	Specifically,	we	measured	the	translocation	of	phosphatidylserine	to	226	

the	outer	leaflet	of	the	plasma	membrane	by	annexin	V-binding	as	well	as	the	overall	227	

membrane	integrity	by	a	profluorescent	membrane-impermeable	DNA	stain	under	both	228	

hypoxic	(0.5%	O2)	and	normoxic	(21%	O2)	conditions.	Apoptotic	cell	death	is	characterized	by	229	

a	delay	between	phosphatidylserine	translocation	and	the	loss	of	membrane	integrity	230	

whereas	necrotic	cell	death	is	defined	by	concomitant	annexin	V-binding	and	loss	of	231	

membrane	integrity.	To	our	surprise	we	found	that	2b	(3	µM)	induced	an	apoptotic	signature	232	

after	4-5	hours	under	normoxia	whereas	the	cell	death	under	hypoxia	shifted	to	a	distinctly	233	

necrotic	profile	that	set	in	already	after	2-3	hours	(Fig.	4a,b).	At	lower	concentrations	(2b,	234	

300	nM)	the	activity	under	normoxia	was	lost	whereas	the	onset	of	hypoxic	cell	death	was	235	

delayed	to	10	hours	still	maintaining	the	necrotic	profile	(Fig.	S4l,m).	As	control,	we	employed	236	

the	small	molecule	raptinal	to	induce	canonical	apoptotic	cell	death	(Palchaudhuri	et	al.,	237	

2015),	which	proceeds	with	similar	kinetics	under	both	oxygen	concentrations	in	our	238	

experiment	(Fig.	4c,d).	In	accord	with	the	findings	from	the	real-time	assay,	only	raptinal-239	

induced	cell	death	could	be	blocked	with	the	pan-caspase	inhibitor	Q-VD-OPh	under	hypoxia	240	

(Fig.	4e).	Further,	we	found	that	APD-CLD-induced	cell	death	(48	h)	in	hypoxic	cells	could	not	241	
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be	blocked	with	the	RIP1	kinase	inhibitor	necrostatin-5	(Nec-5)	and	PARP-inhibitor	DPQ	–	242	

inhibitors	of	necroptosis	and	partanathos,	respectively	(Fig.	4f)	(Galluzzi	et	al.,	2018).		243	

Integrating	the	necrotic	cell	death	profile	with	the	metabolomics	and	transcriptomics	data	244	

(combination	of	GSH/GSSG-loss,	ROS-formation	and	induction	of	ER	stress)	suggested	a	245	

degree	of	mechanistic	similarity	of	1	and	2	to	erastin,	whose	mode-of-action	has	been	246	

unveiled	in	a	series	of	reports	over	the	last	decade	(Dixon	et	al.,	2012;	Yang	et	al.,	2014;	247	

Lewerenz	et	al.,	2018).	It	is	now	understood	that	erastin	blocks	the	cellular	uptake	of	cystine,	248	

which	is	required	for	GSH-synthesis,	and	thereby	triggers	ferroptosis/oxytosis	(Lewerenz	et	249	

al.,	2018),	driven	by	formation	of	polyunsaturated	lipid	hydroperoxides.	Other	inducers	of	250	

this	type	of	cell	death,	such	as	RSL3,	act	by	direct	blockade	of	glutathione	peroxidase	4	251	

(GPX4),	a	pivotal	lipid-ROS	scavenging	enzyme	that	utilizes	GSH	as	co-factor	(Seiler	et	al.,	252	

2008).	Although	neither	erastin	nor	RSL3	displayed	hypoxia-selective	toxicity	(Fig.	1c),	we	253	

hypothesized	that	1	and	2	could	trigger	ferroptosis/oxytosis	specifically	under	oxygen-254	

depleted	conditions.	It	is	known	that	erastin-induced	cell	death	can	be	initiated	under	hypoxia	255	

albeit	with	a	slight	loss	in	potency	(Dixon	et	al.,	2014).	To	test	the	hypothesis,	we	employed	256	

specific	inhibitors	of	ferroptosis/oxytosis,	such	as	ferrostatin-1	and	ebselen,	but	these	agents	257	

did	not	rescue	cells	from	1	and	2	(Fig.	4g-j	and	Fig.	S4c,d),	which	effectively	also	rules	out	this	258	

type	of	regulated	cell	death	as	responsible	for	toxicity.	259	

	260	

Inhibitors	of	oxidative	phosphorylation	modulate	APD-CLD-induced	cell	death	under	261	

hypoxia	262	

Systematic	modulatory	profiling	has	been	pioneered	by	the	Stockwell	lab	as	an	approach	to	263	

identify	cellular	pathways	that	impinge	on	the	activity	of	cytotoxic	molecules	(Wolpaw	et	al.,	264	

2011).	While	our	experiments	thus	far	had	identified	several	APD-CLD-induced	cellular	265	

responses	that	can	be	linked	to	toxicity,	we	saw	this	technique	as	an	optimal	platform	to	266	
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identify	processes	with	a	direct	functional	impact	on	1/2.	The	compounds	were	dosed	at	a	267	

concentration	that	significantly	reduce	viability	and	the	effects	of	a	diverse	panel	of	small	268	

molecule	modulators	were	evaluated	(Fig.	4g	and	Fig.	S4e-k).	In	accord	with	our	previous	269	

experiments,	the	response	pattern	clearly	separated	1/2	from	the	controls	in	this	experiment:	270	

erastin	and	RSL3	(Fig.	4g-j	and	Fig.	S4e-k).	The	latter	can	be	selectively	rescued	with	271	

antioxidants	(trolox,	ferrostatin-1	as	mentioned	above),	iron	chelators	(ciclopirox,	272	

deferoxamine)	and	MEK-inhibitors	(U0126)	and	not	by	inhibitors	of	apoptosis	or	necroptosis.	273	

Deferoxamine	(DFO)	and	N-acetylcysteine	(NAC)	could	counter	the	toxicity	of	1/2b	as	well	as	274	

erastin/RSL3	under	hypoxic	conditions	(Fig.	4g	and	Fig.	S4a,b).	However,	DFO	can	block	cell	275	

death	by	antimycin	A	during	glucose-starvation	and	thus	is	not	a	specific	ferroptosis/oxytosis	276	

inhibitor	(Hagar,	Ueda	and	Shah,	1996).	Likewise,	rescue	by	NAC	is	in	the	experience	of	our	277	

own	and	other	labs	not	a	strong	indicator	of	GSH-depletion	and	oxidative	stress	(Ezeriņa	et	al.,	278	

2018).		279	

Interestingly,	this	screen	identified	NHI-2,	a	lactate	dehydrogenase	inhibitor	(Granchi	et	al.,	280	

2011),	as	well	as	antimycin	A	(an	ETC	complex	III	inhibitor)	as	anti-ferroptotic/oxytotic	281	

compounds.	This	data	was	verified	with	full	dose-response	measurements	(Fig.	4l,m	and	Fig.	282	

S4e,f).	We	hypothesize	that	iron	chelation	by	the	N-hydroxyindole-2-carboxylate	motif	of	NHI-283	

2	is	responsible	for	this	activity.	Additionally,	we	found	that	inhibition	of	the	Qi-site	at	284	

complex	III	with	antimycin	A	lead	to	an	almost	complete	inhibition	of	cell	death	induced	by	285	

both	RSL3	and	erastin	(Fig.	4l,m	and	Fig.	S4e,f).	This	is	in	accord	with	the	fact	that	antimycin	A	286	

protects	against	glutamate-induced	oxidative	cell	death	(Tan	et	al.,	1998)	even	though	the	287	

same	combination	only	provided	a	very	modest	modulation	of	erastin	activity	in	earlier	288	

studies	(Yagoda	et	al.,	2007).	Glutamate-induced	cell	death	(oxytosis)	is	triggered	by	289	

inhibition	of	the	 	antiporter	and	has	many	features	in	common	with	ferroptosis	(Lewerenz	290	

et	al.,	2018). Co-treatment	with	other	ETC	inhibitors	(Fig.	4j	and	Fig.	S4e,f)	as	well	as	a	291	
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selective	ROS	inhibitor	of	complex	III	S3QEL2	did	not	inhibit	ferroptosis/oxytosis	consistently	292	

(Fig.	S4j,k)	(Orr	et	al.,	2015).	The	apparent	strong	sensitivity	of	ferroptosis-inducers	to	Qi-site	293	

inhibition	is	surprising	since	erastin,	RSL3	and	FIN56	have	been	shown	to	induce	robust	cell	294	

death	in	ρ0	cells	indicating	that	ferroptosis/oxytosis	is	independent	of	oxidative	295	

phosphorylation	(OXPHOS)	(Dixon	et	al.,	2012;	Stockwell	et	al.,	2017).	This	could	be	explained	296	

by	the	fact	that	antimycin	A	inhibits	ubiquinol	(QH2)	oxidation	in	the	mitochondrial	297	

membranes	shifting	the	Q-pool	to	a	more	reduced	state.	The	resulting	accumulation	of	QH2	298	

would	function	like	the	known	ferroptosis	inhibitors	α-tocopherol,	idebenone	and	trolox	299	

(Kroger,	Klingenberg	and	Schweidler,	1973;	Yagoda	et	al.,	2007;	Dixon	et	al.,	2012;	300	

Poursaitidis	et	al.,	2017;	Stockwell	et	al.,	2017;	Lewerenz	et	al.,	2018).		301	

	302	

The	activity	of	1	and	2	was	attenuated	by	azoramide	(Fu	et	al.,	2015),	a	small	molecule	303	

modulator	of	the	ER	stress	response	(Fig.	4k	and	Fig.	S4i).	Although	azoramide	co-treatment	304	

only	rescues	toxicity	of	1/2	within	a	narrow	dose	range	(Fig.	4k	and	Fig.	S4i),	this	data	305	

supports	the	involvement	of	deleterious	ER	stress	in	the	toxicity	of	1/2	under	hypoxia.	Being	306	

typically	accompanied	by	an	increase	in	baseline	ROS	(Smith,	Waypa	and	Schumacker,	2017),	307	

hypoxia	places	further	pressure	on	the	protein	folding	machinery	in	the	ER	of	cancer	cells	and	308	

consequently	ER	stress-inducers	should	be	endowed	with	an	intrinsic	ability	to	kill	hypoxic	309	

cells.	However,	canonical	ER	stress-inducers	failed	to	elicit	significant	hypoxia-selective	310	

toxicity	in	our	experimental	setup	using	PANC-1	cells	(Fig.	1c)	(Fels	et	al.,	2008).	A	further	311	

outcome	of	the	modulator	screen	concerned	the	subpanel	of	molecules	which	interfere	with	312	

oxidative	phosphorylation	and	the	electron	transport	chain	(ETC).	Inhibitors	of	respiratory	313	

complexes	I,	III	and	IV	(rotenone,	myxothiazol/antimycin	A,	azide)	as	well	as	ATP-synthase	314	

(oligomycin	A)	significantly	attenuates	toxicity	of	1	and	especially	2b	(dose-response	315	

measurement	in	Fig.	S4g,h).	This	data	implies	that	functional	electron	transport/oxidative	316	
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phosphorylation	are	required	to	trigger	cell	death	by	1/2.	The	uncoupler	CCCP	sensitized	317	

PANC-1	cells	to	treatment	by	2b	(Fig.	4h,i	and	Fig.	S4g,h)	without	displaying	hypoxia-selective	318	

toxicity	in	itself	(Fig.	5e).	Collectively,	these	results	indicate	that	APD-CLDs	induce	a	form	of	319	

regulated	necrotic	cell	death	in	hypoxic	cells	that	appear	incongruent	with	other	types	of	RCD	320	

and	which	displays	sensitivity	towards	oxygen	concentration	in	the	cell	at	the	time	of	insult.	321	

		322	

An	APD-CLD	probe	preferentially	localize	to	the	mitochondria	323	

We	next	studied	whether	mitochondrial	perturbations	were	apparent	in	the	early	stages	of	324	

APD-CLD-induced	toxicity	using	transmission	electron	microscopy	(TEM),	fluorescence	325	

microscopy	employing	the	APD-CLD	probe	(6)	and	Mito	Stress	test.	TEM	reveals	a	clear	326	

hypoxia-selective	mitochondrial	collapse	in	PANC-1	cells	after	short	(4	hours)	exposure	to	327	

100	nM	2b	(Fig.	5a	and	Fig.	S5a).		The	mitochondrial	collapse	is	characterized	by	loss	of	328	

cristae,	mitochondrial	shrinkage	and	a	more	intense	staining	as	a	result	of	increased	329	

mitochondrial	protein	concentration.	This	effect	was	not	seen	with	identical	exposure	to	a	330	

synthetic	rakicidin	A	analog	(pre-rakA)	that	lacks	the	APD-unit	(Tsakos,	Clement,	et	al.,	2016).	331	

By	immunostaining	the	ER	(calnexin)	and	the	mitochondria	(TOMM20),	respectively,	we	332	

could	visualize	the	cellular	distribution	of	6	under	hypoxia	by	post-fixation	conjugation	to	5-333	

FAM-N3.	The	probe	displayed	significant	co-localization	with	the	mitochondrial	marker	under	334	

hypoxia	and	normoxia	(Fig.	5b	and	Fig.	S5b).	Interestingly,	calnexin-expression	was	strongly	335	

dependent	on	the	oxygen	level	(Fig.	S5b),	however	under	hypoxia	co-localization	between	336	

probe	6	and	calnexin	was	not	observed	visually	(Fig.	5c).	This	experiment	supports	that	APD-337	

CLDs	indeed	are	present	in	mitochondria	also	under	normoxic	conditions	without	triggering	a	338	

toxic	response	(compare	to	Fig.	1d).	In	further	accord	with	the	normal	mitochondrial	339	

morphology	observed	in	normoxic	cells	treated	with	2b,	a	Mito	Stress	test	conducted	under	340	

normoxia	showed	no	change	in	mitochondrial	function	in	BxPC3	cells	(Fig.	5d).	We	341	
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qualitatively	assessed	the	mitochondrial	membrane	potential	using	the	fluorescent	reporter	342	

JC-1,	which	revealed	a	dramatic	loss	of	membrane	potential	specifically	under	hypoxia	after	6	343	

hours	with	2b	(100	nM)	(Fig.	5f).	All	in	all,	the	effects	outlined	above	demonstrates	that	344	

mitochondrial	perturbation	happens	early	and	at	nM-concentrations	upon	administration	of	345	

APD-CLDs	under	hypoxia.	346	

	347	

Evaluation	of	BE-43547	in	mouse	tumor	models	348	

	349	
Finally,	in	vivo	activity	of	the	compounds	was	tested	in	mice	bearing	murine	C3H	foot	tumors.	350	

For	in	vivo	studies,	mice	were	treated	with	a	pool	of	BE-43547	lipid-congeners	isolated	from	351	

bacterial	fermentation	(Micromonospora	sp.	RV43).	BE-43547	treatment	(5	mg/kg,	pool	of	352	

lipid	congeners),	which	was	administered	IP	daily	for	7	consecutive	days	starting	when	353	

tumors	reached	a	volume	of	200	mm3,	clearly	attenuated	tumor	growth	without	dramatically	354	

reducing	body	weight	(Fig.	6a,b).	We	also	calculated	the	tumor	growth	time	(TGT)	required	to	355	

reach	3-times	the	pre-treatment	volume	(TGT3),	which	is	another	common	way	to	assess	356	

tumor	response	to	treatment.	Administration	of	BE-43547	increased	TGT3	from	(mean	±	SD)	357	

4.4	±	1.0	days	in	DMSO-treated	mice	to	7.5	±	0.46	days	in	BE-43547-treated	mice.	This	358	

difference	was	highly	significant	with	a	p-value	of	0.0003	(two-tailed	t-test	assuming	unequal	359	

variance).	In	a	separate	experiment,	the	influence	of	treatment	on	tumor	viability	and	360	

metabolism	was	evaluated	in	mice	bearing	SiHa	human	xenograft	tumors	(Fig.	6c).	SiHa	is	an	361	

appropriate	model	for	invasive	analysis	of	drug-induced	cytotoxicity	in	tumor	tissue	since	it	362	

grows	slowly,	contains	viable	hypoxic	cells	and	have	little	necrosis	at	baseline	(Busk	et	al.,	363	

2008).	Intriguingly,	five	doses	of	BE-43547	IP	administered	over	six	days	resulted	in	massive	364	

central	necrosis	(HE	staining)	with	reduced	FDG	retention	(Fig.	6d	and	Fig.	S6).	These	365	

experiments	highlight	the	relevance	and	importance	of	further	pre-clinical	studies	into	the	366	

APD-CLDs.		367	
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	368	

Discussion	369	

All	currently	known	hypoxia-selective	cytotoxins	(e.g.	tirapazamine	and	derivatives,	TH-302,	370	

A4QN,	mitomycin	C)	are	pro-drugs	that	are	converted	to	their	active	form	under	hypoxia	with	371	

DNA-targeting	as	the	near	exclusive	MoA.	Activation	of	such	compounds	is	dictated	by	the	372	

cellular	reduction	potential	and/or	nitroreductase	activity	and	as	a	result,	their	potency	in	373	

hypoxic	cells	varies	widely	and	in	an	unpredictable	way.	Our	study	demonstrates	that	potent	374	

hypoxia-selective	toxicity	in	cancer	cells	can	also	be	achieved	by	a	mechanism	that	appears	375	

not	to	involve	DNA-targeting.	Specifically,	we	demonstrate	that	APD-CLDs	induce	fast	collapse	376	

of	mitochondrial	function	and	ultrastructural	integrity	in	hypoxic	cancer	cells	with	377	

concomitant	oxidative	and	ER	stress.	Given	the	lipid-substituent	inherent	to	rakicidin	and	BE-378	

43547,	membrane	association	is	expected.	In	line	with	this,	an	APD-CLD-probe	enriched	379	

binding	proteins	from	both	mitochondria	and	ER	suggesting	interaction	with	both	organelles.	380	

Two	of	the	binding	proteins,	RTN3	and	Nogo	B,	are	ER-sculpting	proteins	with	several	381	

interesting	functions	in	hypoxic	cancer	cells;	for	instance	the	average	distance	between	382	

mitochondria	and	the	ER	increases	during	hypoxia	in	a	Nogo	B-dependent	manner	to	protect	383	

cells	against	mitochondrial	Ca2+	overload	and	subsequent	cell	death	(Sutendra	et	al.,	2011).	384	

Also,	RTN3	is	involved	in	vesicle	trafficking	between	the	ER	and	the	Golgi	apparatus	(Wakana	385	

et	al.,	2005)	–	a	role	that	falls	in	line	with	the	transcriptional	events	we	identified	by	RNAseq	386	

(Fig.	3d,e).	We	show	that	the	alkylation	of	RTN4	at	C1101	using	recently	developed	387	

acrylamide	electrophiles,	can	result	in	a	modest	hypoxia-selectivity	in	some	cell	lines.	388	

Although	hypoxia-selective	toxicity	is	a	very	rare	phenotype	(Fig.	1c),	the	low	potency	of	these	389	

fragment-sized	molecules	unfortunately	prevents	firm	conclusions	regarding	the	mechanistic	390	

relevance	to	the	APD-CLDs	to	be	made	at	this	stage.	It	is	possible	that	combinatorial	effects	391	

are	required	to	drive	the	very	high	hypoxic	selectivities	of	the	APD-CLDs.	The	details	that	392	
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underlie	the	APD-CLD-induced	mitochondrial	collapse	are	of	strong	interest	as	we	e.g.	393	

discovered	that	cell	death	can	be	significantly	abrogated	by	pharmacological	inhibition	of	394	

complex	I,	III,	IV	and	V	of	the	electron	transport	chain.	Similar	observations	have	e.g.	been	395	

observed	for	raptinal	–	a	small	molecule	that	induces	rapid	caspase-dependent	apoptosis	396	

through	the	intrinsic	pathway	by	an	unknown	mechanism	(Palchaudhuri	et	al.,	2015),	397	

however,	inhibition	of	caspases	fails	to	modulate	APD-CLD	toxicity.	Interestingly,	uncoupling	398	

of	the	mitochondrial	membrane	potential	blocks	toxicity	of	raptinal	(Palchaudhuri	et	al.,	399	

2015)	as	well	as	erastin	(Fig.	4j)	while	the	same	perturbation	exacerbates	toxicity	of	APD-400	

CLDs	under	hypoxia.	While	unprecedented,	these	observations	would	be	compatible	with	a	401	

mechanistic	model	involving	APD-CLDs	acting	as	hypoxia-selective	mitochondrial	uncouplers.	402	

The	findings	reported	here	could	by	extension	govern	the	toxicity	in	stem-like	leukemia	cells	403	

originally	reported	for	rakicidin	A	(Takeuchi	et	al.,	2011)	and	recently	reported	for	BE-404	

43547A2	in	pancreatic	cancer	stem	cells	(Sun	et	al.,	2017),	although	further	confirmatory	405	

studies	towards	this	end	is	required.		Finally,	the	proof-of-concept	in	vivo	data	demonstrates	406	

that	natural	APD-CLDs	and	synthetic	analogs	are	high	priority	compounds	for	more	extensive	407	

pre-clinical	investigations,	in	particular	in	combination	with	other	treatment	modalities,	such	408	

as	radiation,	that	preferentially	target	the	normoxic	cell	population.	409	

	410	

Significance	411	

Bioreductively	activated	pro-drugs	that	target	DNA	have	thus	far	been	the	all-dominant	class	412	

of	experimental	therapeutics	with	ability	to	provide	enhanced	toxicity	in	cancer	cells	413	

cultivated	in	hypoxic	conditions.	While	such	compounds	have	seen	clinical	development,	their	414	

mode-of-action,	including	demand	for	activation,	has	not	been	optimal.	Here,	it	is	415	

demonstrated	that	potent	and	strongly	enhanced	hypoxic	toxicity	can	be	achieved	by	416	

targeting	of	mitochondrial	function	by	a	privileged	group	of	complex	natural	products,	417	
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rakicidin	A	and	BE-43547.	The	cellular	response	to	these	compounds	under	hypoxia	is	418	

characterized	by	a	collection	of	techniques	to	reveal	a	distinct	and	oxygen-dependent	cell	419	

death	mechanism.	The	study	also	provides	demonstration	of	in	vivo	anti-tumor	effects	of	these	420	

compounds.	Given	the	critical	function	of	tumor	hypoxia	in	treatment	resistance	and	disease	421	

progression,	the	hypoxia-selective	mechanism	of	rakicidin	and	BE-43547	has	exciting	422	

perspectives	for	further	pre-clinical	development.		423	
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331.	615	

Figure 1 | Conditional activity and selectivity of the APD-CLDs. (a) Representative members of the APD-CLD family of natural 616	
products rakicidin A (1), BE-43547A1 (2a) and BE-43547A2 (2b). APD group in blue. (b) Viability of PANC-1 cells treated with 1 or 2a 617	
for 48 hours under normoxia (red) or hypoxia (blue). Viability was assessed with CellTiter BlueTM (Promega). (c) Cells were treated 618	
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with well-established toxic compounds for 48 hours under normoxia or hypoxia and selectivity indices (SI) were determined by 619	
dividing the normoxic IC50-value with the hypoxic IC50-value determined by CellTiter Blue. (d) Normoxic treatment of PANC-1 cells 620	
with 2b for 8 or 24 hours followed by 24 hours of hypoxic incubation confirms the stability of the APD-CLDs in normoxic cell culture. 621	
N = normoxia, H = hypoxia. Viability was assessed as in (b). (e) PANC-1 cells were treated with 2b under normoxia for 4.5, 8 or 24 622	
hours before the medium was exchanged for fresh complete medium and cells were placed under hypoxia for additionally 24 623	
hours. For comparison cells were kept under normoxia for 24 hours followed by 24 hours under hypoxia in presence of 2b (No 624	
wash). Viability was assessed as in (b). Data in (b), (c), (d) and (e) represents experiments repeated twice. N = 3. Mean ± SD. SI = 625	
selectivity index. IC50 = concentration needed to reduce viability to 50%. **** designates p < 0.0001, Dunnett’s multiple 626	
comparisons test. See also Figure S1. 627	

 628	

Figure 2 | Quantitative pulldown with APD-CLD probe (6) identifies covalent binding targets. (a) An alkyne-linked derivative of 1 629	
was synthesized in three steps from an advanced intermediate in the synthesis of rakicidin A. (Tsakos, Clement, et al., 2016) (b) 630	
PANC-1 cells were treated with probe 6 or precursor 5 (125-1000 nM, 2-fold dilution) for 12 hours under hypoxia. The lysates were 631	
tagged with rhodamine-N3 via CuAAC, separated by electrophoresis and visualized by excitation of rhodamine B. (c) Covalent 632	
binding targets in living PANC-1 cells were enriched by CuAAC to biotin-PEG3-N3 followed by pulldown on streptavidin-coated 633	
Dynabeads. The enriched proteins were separated by electrophoresis and visualized by SimplyBlue Safe Stain. (d) Sequence 634	
coverage of the proteins identified in the three major bands in (c). Peptides identified by LC-MS/MS is colored red. Cysteines are 635	
underlined and bold. See also Figure S2. 636	

 637	

Figure 3 | Unbiased profiling reveals concomitant ER stress and oxidative dysregulation. (a,b) PANC-1 cells were treated with 2a 638	
or DMSO for 12 hours under hypoxia after which metabolites were extracted and identified by LC-qTOF-MS. Statistically significant 639	
changes (p < 0.05, VIP > 1) in metabolite levels are plotted relative to DMSO-treated cells. N = 10. (c) GSH-depletion in PANC-1 cells 640	
by APD-CLDs were confirmed by GSH-GloTM assay (Promega) after 12 hours under hypoxia or normoxia. Sidak’s multiple 641	
comparisons test. N = 2. Likewise, the ROS levels was quantified by fluorescence of the ROS-activated fluorophore H2DCFDA 642	
(Molecular Probes) in normoxic versus hypoxic PANC-1 cells treated with 1. Data is normalized to the average of the two lowest 643	
dosings of rakicidin A. N = 3. Unpaired t-test. (d) PANC-1 cells were treated as in (a) and after 12 hours total RNA was isolated. 644	
Transcripts were sequenced, quantified and the combined gene expression of 1 and 2a-treated cells was plotted relative to DMSO-645	
treated cells. N = 3. (e) A gene ontology search discloses clear cellular responses to ER stress and unfolded protein response. (f) RT-646	
qPCR on CHAC1 transcription after treatment with erastin, 1 and 2b for 12 hours under hypoxia or normoxia. All data is normalized 647	
to normoxic DMSO treatments. Sidak’s multiple comparisons test (hypoxia vs. normoxia). N = 3. Data in (a), (b), (d) and (e) 648	
represent experiments performed once. Data in (c) and (f) represents experiments performed twice. Mean ± SD. **, *** and **** 649	
designates p < 0.01, p < 0.001 and p < 0.0001, respectively. n.s. designates “not significant”. See also Figure S3 and Table S1. 650	

 651	

Figure 4 | APD-CLDs induce a hypoxia- and ETC/OXPHOS-dependent necrotic cell death. (a,b,c,d) PANC-1 cells were treated with 652	
BE-43547A2 (3 µM) or the apoptosis-inducer raptinal (10 µM) under either hypoxia or normoxia while the membrane integrity and 653	
phosphatidylserine translocation was followed in real-time using a membrane impermeable DNA stain and an annexin V-luciferase 654	
fusion protein, respectively (RealTime-Glo™ Annexin V Apoptosis and Necrosis Assay, Promega, Cat#: JA1011). A delay between 655	
phosphatidylserine translocation and loss of membrane integrity designates a canonical apoptotic cell death. Data is represented in 656	
relative fluorescent and luminescent units. N = 3. (e) BE-43547A2-induced cell death in hypoxic PANC-1 cells cannot be blocked by 657	
the pan-caspase inhibitor Q-VD-OPh (24 h). As a positive control normoxic cells treated with the apoptosis-inducer raptinal could 658	
be rescued with Q-VD-OPh. Toxicity was measured by CellTox GreenTM (Promega). N = 3. (f) PANC-1 cells were treated with BE-659	
43547A2 in combination with serial dilutions of necrostatin-5 (Nec-5) or DPQ for 48 hours under hypoxia. Toxicity was measured by 660	
CellTox Green. N = 3.  (g) PANC-1 cells were treated with lethal concentrations of APD-CLDs or ferroptosis-inducers in combination 661	
with a panel of small molecule modulators of various cellular processes. Each data point represents the mean of three replicates. 662	
Statistically insignificant (p > 0.05) changes were colored white (Dunnett’s multiple comparisons test). (h,i,j) Hits in (g) were 663	
confirmed by treating PANC-1 cells with serial dilutions of APD-CLDs or ferroptosis-inducers in the absence or presence of the hit 664	
compound for 48 hours under hypoxia. N = 3. (k) PANC-1 cells treated with APD-CLDs can be rescued by the ER stress inhibitor 665	
azoramide. N = 3. (l,m) Full dose-response curves from the experiment in (h,i,j) representing the ferroptosis-inhibitors NHI-2 and 666	
antimycin A. N = 3. Data represents experiments repeated at least twice with consistent outcome. Mean ± SD. *, ** and **** 667	
designates p < 0.05, p < 0.01 and p < 0.0001, respectively. n.s. designates “not significant”. See also Figure S4. 668	

 669	

Figure 5 | Microscopy illustrates a hypoxia-dependent mitochondrial degradation. (a) PANC-1 cells were treated with active and 670	
inactive APD-CLD-derivatives under differential oxygen concentrations for 4 hours after which the cells were fixated in 671	
glutaraldehyde and analyzed by transmission electron microscopy. White arrows: collapsed mitochondria. Black arrows: regular 672	
mitochondria. N = 1. (b,c) MCF7 cells were treated with the APD-CLD-probe 6 under hypoxia for 6 hours. 6 was conjugated to FAM-673	
N3 via CuAAC. Subsequently, cells were stained with either rabbit anti-TOMM20 Ab (left panel) or rabbit anti-calnexin Ab (right 674	
panel) overnight followed by a goat anti-rabbit Ab conjugated with AlexaFluor647. Randomly selected pictures illustrate that the 675	
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probe has strong co-localization with TOMM20. The intensity range of the individual channels of the merged images has been 676	
adjusted (See STAR methods). Scale bars = 10 µm. N = 1.  (d) Normoxic treatment of BxPC3 cells with 2b does not alter the 677	
mitochondrial respiratory chain activity as measured by oxygen consumption. N = 7. (e) PANC-1 cells were treated with CCCP for 48 678	
hours under hypoxia or normoxia and the viability was assessed with CellTiter Blue. The uncoupler did not display hypoxia-selective 679	
toxicity by itself. N = 3. (f) MCF7 cells were treated with 2b, CCCP or DMSO under hypoxia or normoxia for 6 hours. Cells were 680	
stained with JC-1 (Cayman Chemical). Randomly selected pictures illustrate a hypoxia-selective loss of membrane potential after 681	
treatment with 2b. The intensity ranges of individual channels of the merged images has been adjusted (See STAR methods). Scale 682	
bar = 10 µm. N = 1.  All data represents experiments that has been consistently reproduced twice. Mean ± SD. See also Figure S5. 683	

	684	
Figure 6 | BE-43547 has in vivo anti-tumor activity in mouse tumor models. (a) Tumor volume in mice bearing C3H mammary 685	
adenocarcinoma subcutaneous foot tumors, treated with vehicle (DMSO) or 5 mg/kg of BE-43547 for 7 consecutive days (indicated 686	
by arrows) starting when tumors reached 200 mm3 (day 1). Mice were sacrificed when the maximum allowable tumor volume was 687	
reached or when mice showed clear signs of morbidity, this was the case for two mice in the treated group. The number of mice is 688	
shown within parentheses in the figure. (b) Body weight of the same mice as in (a). (c) Treatment regime and experimental set-up 689	
for invasive analysis in mice carrying subcutaneous SiHa xenografts. (d) Comparison of intratumoral glycolytic activity (18FDG) and 690	
necrosis (HE) in representative SiHa tumor slices (control vs. treated).  All data are presented as mean ± SEM. Statistical analysis of 691	
tumor growth inhibition was performed using a two-tailed t-test on adjusted area under the curves (aAUC) calculated for each 692	
animal (i.e., weighted mean of repeated measures) for the entire treatment period (day 1-7). Using aAUC data allows inclusion of 693	
animals where the tumor size limit was reached before the end of treatment, which was the case for two control animals (for 694	
further details on statistics see ref: (Wu and Houghton, 2010)). See also Fig. S6. 695	

STAR	methods	696	

CONTACT FOR REAGENT AND RESOURCE SHARING 697	
Further	information	and	requests	for	resources	and	reagents	should	be	directed	to	and	will	be	698	
fulfilled	by	the	Lead	Contact,	Thomas	B.	Poulsen	(thpou@chem.au.dk).	699	

EXPERIMENTAL MODEL AND SUBJECT DETAILS 700	

Cell culture 701	
PANC-1	cells	(RRID:	CVCL_0480,	taken	from	56-year-old	male)	were	cultured	in	DMEM	702	
(Gibco,	Cat#:	21969-035)	supplemented	with	FBS	(10%,	Gibco,	Cat#:	A31698-02),	703	
Penicillin/Streptomycin	(1%,	Sigma-Aldrich,	Cat#:	P0781),	and	Ala-Gln	(200	µM,	Sigma-704	
Aldrich,	Cat#:	G8541).	BxPC3	cells	(RRID:	CVCL_0186,	taken	from	61-year-old	female)	were	705	
cultured	in	RPMI	1640	(Gibco,	Cat#:	61870-010)	supplemented	with	FBS	(10%)	and	706	
Penicillin/Streptomycin	(1%).	MCF7	cells	(RRID:	CVCL_0031,	taken	from	69-year-old	female)	707	
were	kept	in	MEM	(Gibco,	Cat#:	41090-028)	supplemented	with	FBS	(10%),	708	
Penicillin/Streptomycin	and	insulin	(0.01	mg/mL,	Sigma,	Cat#:	I9278).	The	cervical	tumor	cell	709	
line	SiHa	(RRID:	CVCL_0032,	taken	from	55-year-old	female)	was	cultivated	as	monolayers	in	710	
MEM	supplemented	with	10%	FBS	(Fisher	Scientific,	Cat#:	12350273),	1%	711	
Penicillin/Streptomycin	(Life	Technologies,	Cat#:	15140-122),	1%	non-essential	amino	acids	712	
(Life	Technologies,	Cat#:	11140035)	and	1%	sodium-pyruvate	(Life	Technologies,	Cat#:	713	
11360039).	Cells	were	grown	under	normoxic	conditions	in	T75	flasks	(Biolite,	Thermo	714	
Scientific,	Cat#:	130190)	in	a	humidified	atmosphere	with	5%	CO2	at	37	°C.	For	hypoxic	715	
conditions	cells	were	placed	in	a	modular	incubator	chamber	(MIC-100,	Billups-Rothenberg)	716	
equipped	with	a	10-cm	dish	with	milliQ	water	and	flushed	with	CO2/N2	(5%/95%,	BioNERT,	717	
AGA	Cat#:	100466065)	for	8	minutes	at	20-25	L/minute.	Cells	were	passaged	approximately	718	
every	third	day	by	trypsination	(Sigma-Aldrich,	Cat#:	T4049)	followed	by	transfer	of	1/5th	of	719	
cells	to	a	new	flask.		720	
	721	
Tumor models 722	
Human xenograft model 723	
Female	athymic	NMRI-nu/nu	mice	(Rj:NMRI-Foxn1nu,	MGI:6143814)	were	used	as	a	host	for	724	
the	human	squamous	cell	carcinoma	SiHa	tumor	model.	Mice	were	obtained	from	Janvier	725	
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laboratories	(France)	and	maintained	in	individually	ventilated	cages	at	constant	room	726	
temperature	(22±2	°C)	with	free	access	to	water	and	food	under	a	12:12	h	light:dark	cycle.	To	727	
further	suppress	the	immune	system,	mice	aged	15	weeks	were	whole-body	irradiated	with	4	728	
Gy.	Three	days	after	irradiation,	mice	were	inoculated	subcutaneously	in	the	lower	back	with	729	
2.5	x	106	SiHa	cells.	To	ensure	uniform	tumor	growth,	cells	were	co-injected	with	high	730	
concentration	Matrigel	(BD	Biosciences).		731	
	732	
Murine model 733	
Female	CDF1	((C3H/HeNRj	x	DBA/2JRj)F1/Rj,	MGI:6157323)	were	used	as	a	host	for	the	734	
murine	mammary	carcinoma	tumor	model	C3H	(female).	Mice	were	obtained	from	Janvier	735	
laboratories	(France)	and	were	maintained	in	at	constant	room	temperature	(22±2	°C)	with	736	
free	access	to	water	and	food	under	a	12:12	h	light:dark	cycle.	Mice	aged	13	weeks	were	737	
inoculated	in	the	right	foot	pad	with	tumor	material	obtained	from	a	previously	established	738	
flank	tumor	(for	further	details	on	the	derivation,	maintenance	and	implantation	of	this	tumor	739	
model	see	(Overgaard,	1980)).			740	
	741	
All	animal	experiments	were	conducted	according	to	the	animal	welfare	policy	of	Aarhus	742	
University	(http://dyrefaciliteter.au.dk)	with	approval	from	the	Danish	Animal	Experiments	743	
Inspectorate	(2015-15-0201-00742).	744	

METHOD DETAILS 745	

Biological experiments 746	
All	cell	cultures	were	handled	aseptically	in	a	laminar	air	flow	bench	and	grown	in	sterile-747	
filtered	(Jetbiofil,	Cat#:	FPE204500)	medium	according	to	ATCC’s	recommendations.	All	748	
human	cell	lines	were	correctly	identified	by	STR-analysis	(www.IdentiCell.eu)	and	tested	749	
free	of	mycoplasma	contamination	by	MycoAlert	(Lonza,	Cat#:	LT07-218).		750	
	751	
Chemistry 752	
All	reactions	were	conducted	in	flame-dried	glassware	under	an	atmosphere	of	argon	unless	753	
otherwise	stated.	Dichloromethane	and	THF	were	dried	over	aluminum	oxide	via	a	MBraun	754	
SPS-800	solvent	purification	system.	The	dryness	of	solvents	was	controlled	via	Karl	Fischer	755	
titration.	Reagents	were	used	as	received	from	commercial	suppliers	unless	otherwise	stated	756	
(Sigma	Aldrich,	Merck,	AK	Scientific,	and	Fluorochem).	DIPEA,	was	dried	by	stirring	for	at	757	
least	30	minutes	over	CaH2	followed	by	distillation	onto	preactivated	molecular	sieves	(4	Å).	758	
Concentration	in	vacuo	was	performed	using	a	rotary	evaporator	with	the	water	bath	759	
temperature	at	40	°C,	followed	by	further	concentration	using	a	high	vacuum	pump.	TLC	760	
analysis	was	carried	out	on	silica	coated	aluminum	foil	plates	(Merck	Kieselgel	60	F254).	The	761	
TLC	plates	were	visualized	by	UV	irradiation	and/or	by	staining	with	either	CAM	stain	762	
((NH4)6Mo7O24∙4H2O	(10	g),	Cerric	ammonium	sulfate	(4	g),	10%	H2SO4	(aq.,	400	mL)),	763	
ninhydrin	stain	(ninhydrin	(12	g)	and	AcOH	(12	mL)	in	n-butanol	(400	mL))	or	KMnO4	stain	764	
(KMnO4	(5.0	g),	5	%	NaOH	(aq.,	8.3	mL)	and	K2CO3	(33.3	g)	in	H2O	(500	mL)).	Molecular	sieves	765	
were	activated	by	drying	in	the	oven	at	120	°C	for	at	least	24	hours,	before	they	were	heated	766	
in	a	microwave	at	maximum	power	for	1	minute,	followed	by	evaporation	of	the	formed	vapor	767	
on	the	high	vacuum	line.	This	was	repeated	3-4	times,	and	at	least	until	no	vapor	appeared	768	
after	microwave	heating.		769	
Flash	column	chromatography	(FCC)	was	carried	out	using	silica	gel	(230-400	mesh	particle	770	
size,	60	Å	pore	size)	as	stationary	phase.	Infrared	spectra	(IR)	were	acquired	on	a	771	
PerkinElmer	Spectrum	TwoTM	UATR.	Optical	rotation	was	measured	on	an	ADP	440+	772	
spectrometer.	Mass	spectra	(HRMS)	were	recorded	on	a	Bruker	Daltonics	MicrOTOF	time-of-773	



	
	

28	

flight	spectrometer	with	electrospray	ionization.	Nuclear	magnetic	resonance	(NMR)	spectra	774	
were	recorded	on	a	Bruker	BioSpin	GmbH	400	MHz	spectrometer,	running	at	400	and	101	775	
MHz	for	1H	and	13C,	respectively.	Chemical	shifts	(δ)	are	reported	in	ppm	relative	to	the	776	
residual	solvent	signals	(CDCl3	@	7.26	ppm	1H	NMR,	77.16	ppm	13C	NMR;	DMSO-d6	@	2.50	777	
ppm	1H	NMR,	39.52	ppm).	Multiplicities	are	indicated	using	the	following	abbreviations:	s	=	778	
singlet,	d	=	doublet,	t	=	triplet,	q	=	quartet,	hept	=	heptet,	m	=	multiplet,	br	=	broad.	LC-MS	and	779	
HPLC	analysis	and	purification	were	performed	using	a	Gilson	HPLC	system	and	a	780	
PerkinElmer	Flexar	SQ	300	MS	detector.	781	
	782	
Viability assays 783	
Cells	were	seeded	in	black	96-well	plates	(2000	cells/well,	75	µL/well,	ThermoFisher	784	
Scientific,	Cat#:	137103)	in	complete	medium.	Subsequently,	the	cells	were	allowed	to	adhere	785	
to	the	substratum	overnight.	The	next	day,	compounds	were	serially	diluted	in	DMSO	as	200X	786	
solutions.	The	200X	solutions	of	compounds	were	initially	diluted	in	complete	medium	to	4X	787	
solutions	containing	2%	DMSO.	Finally,	the	compounds	were	given	to	cells	by	the	addition	of	788	
25	µL/well	in	triplicates	resulting	in	1X	solutions	of	compounds	in	100	µL/well.	The	cells	789	
were	then	incubated	under	either	normoxia	or	hypoxia.	90	minutes	before	the	end	of	the	790	
experiment	all	cells	were	given	CellTiter	Blue	(20	µL/well,	Promega,	Cat#:	G8080)	and	791	
reincubated	under	normoxia	for	the	remaining	time	of	the	experiment.	The	viability	of	the	792	
cells	was	assessed	by	measuring	fluorescence	in	a	plate	reader	(ex/em:	552±10/598±10,	793	
Tecan	Spark	10M).	Data	were	normalized	to	the	two	lowest	concentrations	of	compound	and	794	
fitted	to	a	4-parameter	nonlinear	regression	in	Prism	7.04	for	Windows,	GraphPad	Software,	795	
La	Jolla	California	USA,	www.graphpad.com.	796	
	797	
Toxicity assays 798	
Cells	were	seeded	in	black	96-well	plates	(7500	cells/well,	75	µL/well)	in	the	presence	of	799	
CellTox	Green	dye	(Promega,	Cat#:	8741).	Cells	were	allowed	to	settle	overnight.	The	next	day	800	
cells	were	given	compounds	as	described	above	for	cell	viability	assays	and	incubated	under	801	
normoxia	or	hypoxia.	At	the	end	of	the	experiment	the	plates	were	analyzed	in	a	plate	reader	802	
(ex/em:	487±10/532±10).	Data	was	plotted	as	absolute	values	and	fitted	to	a	4-parameter	803	
nonlinear	regression	in	Prism.		804	
	805	
Real-time apoptosis and necrosis assay 806	
PANC-1	cells	were	seeded	in	white	96-well	plates	(10,000	cells/well,	50	µL/well)	and	were	807	
allowed	to	adhere	to	the	substratum	overnight.	The	following	day	the	test	compounds	were	808	
prepared	as	4X	solutions	in	medium	and	the	assay	reagents	were	prepared	according	to	the	809	
manufacturers	protocol.	The	compounds	were	added	(25	µL/well)	followed	by	the	assay	810	
reagents	(25	µL/well)	and	the	plate	was	immediately	incubated	in	a	plate	reader	at	37	°C	811	
fitted	with	a	humidity	chamber.	For	normoxic	incubations	the	atmosphere	was	kept	at	5%	812	
CO2	in	air,	while	hypoxic	incubations	were	kept	at	0.5%	O2,	5%	CO2	and	94.5%	N2.	The	813	
membrane	integrity	was	measured	as	fluorescence	(ex/em:	485±10/525±10)	and	814	
phosphatidylserine	translocation	was	measured	as	a	luminescence	signal	(Counts/s,	815	
integration	time	1000	ms)	produced	by	the	Annexin	V-dependent	assembly	of	two	fragments	816	
of	a	luciferase.	Measurements	were	performed	every	30	minutes	for	24	hours.		817	
	818	
Rescue assays 819	
Rescue	assays	were	performed	as	a	viability	or	toxicity	assay	as	described	above	except	that	820	
the	cells	were	seeded	in	50	µL/well	allowing	for	an	additional	addition	of	a	4X	solution	of	a	821	
rescue	compound	(25	µL/well).	Rescue	compounds	were	added	first	at	a	constant	822	
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concentration	followed	by	the	addition	of	the	toxic	compounds	in	serial	dilution.	For	6-point	823	
curves	data	were	normalized	to	the	single	lowest	dosing	of	compound.		824	
	825	
Modulatory profiling assays 826	
Modulatory	profiling	assays	were	performed	as	rescue	assays	but	modulator	compounds	827	
were	added	in	a	single	concentration	in	triplicates	followed	by	the	toxin	to	be	modulated	in	a	828	
single	toxic	concentration	across	the	96-well	plate.	The	cells	were	grown	under	hypoxia	for	24	829	
hours	before	viability	was	measured	using	CellTiter	Blue.	Subsequently,	viabilities	were	830	
normalized	to	untreated	controls	and	the	viability	of	cells	treated	with	APD-CLDs	or	831	
ferroptosis-inducers	alone	was	subtracted	from	all	data	points.	The	resulting	percental	rescue	832	
is	plotted	in	a	heatmap	using	Graphpad	Prism.	833	
	834	
In vitro stability of rakicidin A 835	
N-acetylcysteine	(NAC,	1.6	mg,	5	mM)	or	N-acetylglycine	(NAG,	1.2	mg,	5	mM)	was	dissolved	836	
in	a	mixture	of	acetonitrile	and	milliQ	water	(1:1).	To	these	solutions	was	added	rakicidin	A	to	837	
a	final	concentration	of	20	µM.	These	mixtures	were	analyzed	by	HPLC	(Agilent	1100	series)	838	
by	injection	once	every	third	hour	on	a	C18	column	(Kinetex,	4.6	x	250	mm,	C18,	5	µm,	100	Å,	839	
Phenomenex)	equipped	with	a	guard	column	and	eluted	with	MeCN/H2O	(40:60	-->	100:0	840	
over	33	minutes).	Retention	time	=	20-21	minutes.	841	
	842	
Stability of APD-CLDs in normoxic cell culture 843	
Cells	were	seeded	and	treated	as	for	the	cell	viability	assays	but	after	compound	addition	the	844	
cells	were	kept	under	normoxia	for	8	or	24	hours	before	they	were	shifted	to	hypoxia	for	845	
additionally	24	hours.	As	a	baseline	control	a	plate	was	kept	under	normoxia	for	48	hours.	846	
Viability	was	quantified	using	CellTiter	Blue	as	described	for	the	regular	cell	viability	assays.		847	
	848	
Hypoxic pretreatment assays 849	
Cells	were	seeded	and	allowed	to	adhere	overnight	as	in	a	regular	viability	assay.	The	next	850	
day,	the	cells	were	placed	under	hypoxia	for	47	hours	prior	to	addition	of	rakicidin	A.	The	851	
cells	were	treated	with	rakicidin	A	as	8-point,	5-fold	serial	dilutions	for	24	hours	under	852	
normoxia.	Viability	was	measured	with	CellTiter	Blue.		853	
	854	
Washout experiments 855	
Cells	were	seeded	and	treated	as	for	cell	viability	assays	but	after	compound	addition	the	cells	856	
were	kept	under	normoxia	for	4.5,	8	or	24	hours	before	the	medium	was	aspirated	and	857	
exchanged	for	fresh	complete	medium.	Immediately	after,	the	cells	were	placed	under	858	
hypoxia	for	additionally	22.5	hours.	After	22.5	hours,	the	cells	were	given	CellTiter	Blue	(20	859	
µL/well)	and	incubated	under	normoxia	for	1.5	hours.	The	viability	was	measured	in	the	plate	860	
reader	as	described	for	regular	viability	assays.	861	
	862	
ROS measurements 863	
BxPC3	cells	were	seeded	in	clear-bottom	black	96-well	plates	(5600	cells/well,	50	µL/well)	864	
and	cells	were	allowed	to	adhere	overnight.	The	next	day,	medium	containing	H2DCFDA	(10	865	
µM	final,	25	µL/well)	was	added.	Subsequently,	cells	were	treated	with	compounds	as	a	4X	8-866	
point,	5-fold	serial	dilutions	in	medium	(25	µL/well).	The	plates	were	placed	under	normoxia	867	
or	hypoxia	for	24	hours.	After	24	hours,	the	plates	were	analyzed	for	fluorescence	in	a	plate	868	
reader	by	reading	from	below	(ex/em:	485±10	nm/530±10	nm).	Data	was	normalized	to	the	869	
two	lowest	concentrations	of	compound	and	plotted	in	Graphpad	Prism.	870	
	871	
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GSH measurements 872	
PANC-1	cells	were	seeded	in	white	96-well	plates	(5000	cells/well,	75	µL/well).	The	cells	873	
were	allowed	to	grow	until	the	next	day	before	they	were	treated	with	BE-43547A2	(100	nM),	874	
erastin	(6	µM),	RSL3	(100	nM)	or	DMSO	(0.03%)	in	triplicates.	The	cells	were	incubated	875	
under	hypoxia	and	normoxia	for	12	hours.	The	medium	was	removed	and	GSH	levels	were	876	
quantified	according	to	the	GSH-Glo	protocol	(Promega,	Cat#:	V6911).	GSH	levels	were	877	
determined	as	luminescence	in	the	plate	reader	as	counts	per	second	with	an	integration	time	878	
of	one	second.	The	triplicate	data	points	were	averaged	and	normalized	to	the	DMSO	control.		879	
	880	
In-gel fluorescence 881	
PANC-1	cells	were	seeded	in	a	12-well	plate	(125,000	cells/well,	1	ml/well)	in	complete	882	
medium	and	allowed	to	adhere	overnight.	For	dose-response	labeling	with	the	APD-CLD-883	
probe	(6)	a	2-fold	serial	dilution	of	6	was	made	as	21X	solutions	in	medium.	The	resulting	884	
solutions	were	added	to	the	cells	(50	µL/well)	and	the	cells	were	placed	under	hypoxia	for	12	885	
hours.	After	12	hours	the	cells	were	washed	in	cold	PBS	and	lysed	using	lysis	buffer	(1%	886	
Triton-X	100,	150	mM	NaCl,	50	mM	triethanolamine)	containing	protease	inhibitors	(Thermo	887	
Scientific,	Cat#:	88266).	The	lysates	were	kept	on	ice	for	approximately	30	minutes	until	they	888	
were	centrifuged	at	10000	g	for	10	minutes	at	4	°C.	The	supernatants	were	transferred	to	889	
fresh	Eppendorf	tubes.	Next,	probe-conjugated	proteins	were	tagged	with	rhodamine	B	azide	890	
via	CuAAC	(final	concentrations:	THPTA	(5.9	mM),	CuSO4	(1.2	mM),	sodium	ascorbate	(4.1	891	
mM)	and	rhodamine	B-N3	(255	µM)).	After	2	hours	the	proteins	were	precipitated	by	addition	892	
of	9	volumes	MeOH	at	-20	°C	for	30	minutes.	The	precipitates	were	pelleted	at	10000	g	for	10	893	
minutes	at	4	°C.	Pellets	were	washed	in	90%	aqueous	MeOH	and	repelleted	by	centrifugation.	894	
Pellets	were	air-dried	for	5	minutes	and	then	dissolved	in	1X	Laemmli	Sample	Buffer	(Bio-895	
Rad,	Cat#:	1610747)	with	β-mercaptoethanol	and	boiled	at	95	°C.	Finally,	proteins	were	896	
separated	by	electrophoresis	in	a	TGX	gel	(4-15%,	Criterion	or	Mini-PROTEAN,	Bio-Rad,	Cat#:	897	
5671084	or	4561085,	respectively).	Immediately	after	electrophoresis	the	gel	was	analyzed	898	
in	a	LAS4000	CCD	camera	(GE	healthcare)	for	fluorescence	in	the	Cy3	channel.	Following	the	899	
fluorescence	scan,	the	gel	was	stained	by	SimplyBlue	Safe	Stain	(ThermoFisher	Scientific,	900	
Cat#:	LC6060)	and	the	total	protein	stain	was	imaged	in	the	LAS4000.		901	
	902	
RT-qPCR 903	
PANC-1	cells	were	seeded	in	6-well	plates	and	allowed	to	grow	to	70-80%	confluence.	904	
Subsequently,	cells	were	treated	with	compounds	of	interest	in	triplicates.	For	hypoxic	905	
treatments,	the	plates	were	placed	in	a	hypoxia	chamber	(Billups-Rothenberg)	and	flushed	906	
with	BioNert	gas	(5%	CO2	in	N2,	20-25	L/min)	for	8	minutes.	Then	the	chamber	was	sealed	907	
and	placed	at	37	°C	until	RNA	is	harvested	by	NucleoSpin	RNA	Plus	(Macherey-Nagel,	Cat#:	908	
740984.250)	according	to	the	manufacturers	protocol.	The	RNA	was	snap-frozen	in	liquid	N2	909	
and	stored	at	-80	°C	until	the	RT-qPCR	was	performed.	RT-qPCR	was	performed	with	the	910	
TaqMan	RNA-to-CT	1-step	kit	(ThermoFisher	Scientific,	Cat#:	4392938)	using	TaqMan	911	
assays	towards	β-actin	as	endogenous	control	or	CHAC1	as	gene	of	interest	912	
(ThermoFisher	Scientific,	Assay	ID	(ACTB):	Hs00357333_g1,	Assay	ID	(CHAC1):	913	
Hs00225520_m1).	Assays	were	performed	in	96-well	plates	(Agilent	Technologies,	Cat#:	914	
401490)	sealed	with	an	optical	lid	strip	(Agilent	technologies,	Cat#:	401425).	The	RT-qPCR	915	
was	performed	in	an	Agilent	AriaMx	according	to	the	RNA-to-CT	1-step	protocol	with	a	sample	916	
volume	of	10	µL/well.	RNA	concentrations	(measured	by	NanoDrop)	were	normalized	to	the	917	
sample	with	the	lowest	concentration	prior	to	reverse	transcription	leading	to	a	RNA	loading	918	
of	less	than	1	µg/well.	RT-qPCR	data	were	analyzed	in	the	Agilent	AriaMx	software	version	919	
1.5.1707.2042	for	Windows.		920	
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 921	
Metabolomics 922	
PANC-1	cells	were	seeded	in	6-well	plates	(132,000	cells/well,	2	mL/well)	and	allowed	to	923	
grow	for	three	days.	Subsequently,	medium	was	exchanged	for	medium	containing	rakicidin	A	924	
(42	nM),	BE-43547A1	(41	nM)	or	DMSO	(0.04%)	in	ten	replicates.	The	cells	were	placed	under	925	
hypoxia	for	12	hours	after	which	metabolites	were	extracted	three	times	by	methanol/H2O	926	
(1:4).	Cell	debris	were	pelleted	by	centrifugation	at	13,000	g.	The	supernatants	were	927	
combined	and	concentrated	under	a	flow	of	nitrogen	gas.	The	samples	were	redissolved	in	928	
0.1%	formic	acid	in	water.	Quality	control	(QC)	samples	were	prepared	by	pooling	equal	929	
volumes	of	each	sample.	930	
UHPLC−MS Analysis 931	
The	samples	were	analyzed	on	an	Acquity	UPLC	I-Class	system	(Waters	corporation,	Milford,	932	
CT)	coupled	to	a	Q-TOF	maXis	Impact	mass	spectrometer	(Bruker	Daltonik	GmbH,	Germany)	933	
operated	in	positive	(ESI+)	or	negative	(ESI−)	mode.	Liquid	chromatographic	(LC)	reverse	934	
phase	(RP)	chromatography	was	performed	by	an	Acquity	UPLC	HSS	T3	Column	(100Å,	1.8	935	
µm,	2.1	mm	X	100	mm,	Waters	Corporation).	The	column	temperature	was	50	°C.	Mobile	936	
phase	A	consisted	of	0.1%	formic	acid	in	milliQ	water,	and	mobile	phase	B	consisted	of	0.1%	937	
formic	acid	in	50:50	acetonitrile/methanol	(LCMS	Hypergrade,	Sigma-Aldrich).	The	mobile	938	
phase	was	kept	at	100%	A	for	2	min,	linear	from	0%	to	40%	B	at	2	to	6	min,	linear	from	40%	939	
to	60%	B	at	6	to	6.5	min,	linear	from	60%	to	88%	B	at	6.5	to	11	min,	linear	from	88	to	100%	B	940	
at	11	to	11.5	min,	kept	at	100%	B	at	11.5	to	17	min,	linear	from	100%	to	0%	B	at	17	to	18.1	941	
min	and	kept	at	100%	A	for	column	equilibration	at	18.1	to	21.0	min.	The	flow	rate	was	0.6	942	
mL/min,	sample	temperature	was	6°C	and	the	injection	volume	was	2	μL	in	ESI+	mode	and	10	943	
μL	in	ESI-	mode.	The	parameters	of	the	QTOF	were	a	mass	range	of	m/z	50−1000,	a	sampling	944	
rate	of	4	Hz	and	the	capillary	voltage	was	4000	V	(ESI+)	and	2500	V	(ESI-).	The	nebulizing	gas	945	
pressure	was	4	bars,	and	the	drying	gas	flow	and	temperature	were	11	L/min	and	220	°C.	946	
Calibration	of	the	instrument	was	performed	using	sodium	formate/acetate	for	positive	947	
ionization	mode	and	sodium	formate	for	negative	ionization	mode	and	was	followed	by	a	948	
subsequent	recalibration	of	all	samples	in	DataAnalysis	(Bruker)	to	improve	mass	accuracy	949	
further.	Blank	samples	and	instrument	control	(IC)	samples,	containing	adenosine,	allantoin,	950	
citric	acid,	fumaric	acid,	riboflavin,	glutamic	acid,	inosine,	xanthine,	hippuric	acid,	histidine,	951	
malic	acid,	succinic	acid	and	tryptophan	were	analyzed	in	the	beginning	and	end	to	validate	952	
the	performance	of	the	instrument.	QC	sample	(a	pool	of	all	samples)	was	injected	in	the	953	
beginning	and	following	every	approximately	five	samples.	954	
UHPLC−MS Data Processing 955	
Calibrated	data	obtained	from	UHPLC-QTOF	was	converted	to	the	mzXML	file	format	by	956	
BrukerCompassXport	(www.bdal.com).	Data	with	retention	time	<30	s	was	excluded	because	957	
it	contains	the	calibration	and	void	volume	of	the	column.	The	mzXML	data	were	processed	958	
with	XCMS	(Smith	et	al.,	2006)	and	CAMERA	(Kuhl	et	al.,	2012)	in	R	project	3.2.5	(www.R-959	
project.org	).	For	peak	picking,	the	centWAVE	(Tautenhahn,	Böttcher	and	Neumann,	2008)	960	
algorithm	was	applied	with	12	ppm	resolution	and	with	a	signal-to-noise	threshold	of	6.	The	961	
Obiwarp	(Prince	and	Marcotte,	2006)	algorithm	was	used	for	retention	time	correction.	962	
Adducts	and	isotopes	were	identified	by	CAMERA	(Kuhl	et	al.,	2012).	Coefficients	of	variation	963	
(CV)	for	QC	samples	were	calculated,	and	features	with	CV	>	30%	(Gika	et	al.,	2014)	were	964	
omitted	from	further	processing	and	each	sample	was	normalized	to	total	peak	intensity.		965	
The	intensity	from	the	XCMS	results	was	exported	to	Simca	13.0	software	(Umetrics,	Sweden)	966	
for	multivariate	data	analysis.	Principal	component	analysis	(PCA)	was	used	to	show	potential	967	
cluster	trend	of	the	groups	and	QC	samples.	Subsequently,	orthogonal	projections	to	latent	968	
structures	discriminant	analysis	(OPLS-DA)	was	used	to	assess	the	global	change	between	969	
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treated	and	control	cells.	Variable	importance	in	the	projection	(VIP)	scores	were	calculated	970	
from	OPLS-DA.		971	
Potential	metabolomics	biomarkers	were	selected	when	the	VIP	score	was	>1,	the	p-value	972	
(Student	t	test)	<	0.05	and	the	foldchange	>	20%.	For	identification,	an	in-house	database,	973	
Metlin	(www.	metlin.scripps.edu),	The	Human	Metabolome	Database	(www.hmdb.ca)	and	974	
Metfrag	(www.msbi.ipb-halle.de/MetFrag)	were	used.	The	identity	of	the	metabolites	was	975	
confirmed	by	comparison	of	m/z	values,	retention	time,	and	fragments	of	available	authentic	976	
standards	with	those	obtained	in	the	samples.	The	level	of	identification	was	designated	977	
according	to	the	guidelines	of	the	Metabolomics	Standard	Initiative	(Sumner	et	al.,	2007).	978	
Results  979	
A	total	of	4568	features	were	detected	in	ESI+	mode,	and	2583	features	were	detected	in	ESI−.	980	
Principle	component	analysis	(PCA)	showed	clustering	of	the	tree	groups	of	samples,	981	
rakicidin	A	(RakA),	BE-43547A1	(BE-A1)	and	control	(DMSO)	as	well	as	clustering	of	the	QC	982	
samples	in	the	middle	of	the	PCA	plot.	The	clearest	separation	was	between	the	BE-A1	and	the	983	
control	(DMSO)	group	and	selection	of	features	for	identification	was	accordingly	based	on	984	
these	data.	985	
To	clarify	data	robustness,	we	subjected	the	data	to	OPLS-DA,	a	supervised	model.	The	model	986	
parameters	in	positive	ionization	mode	were	R2X	(cum)	=	0.525,	R2Y	(cum)	=	0.998,	and	Q2	987	
(cum)	=	0.938,	while	in	negative	ionization	mode,	the	parameters	were	R2X	(cum)	=	0.56,	R2Y	988	
(cum)	=	0.979,	and	Q2	(cum)	=	0.944,	where	R2	is	used	to	investigate	the	goodness	of	fitting	989	
and	Q2	for	goodness	of	prediction.	Because	the	values	are	higher	than	0.5,	it	suggests	that	it	990	
was	a	robust	and	predictable	model.		991	
A	total	of	336	features	for	positive	mode	and	238	features	for	negative	mode	passed	the	992	
abovementioned	selection	criteria.	From	all	these	features	48	down-regulated	and	12	up-993	
regulated	metabolites	were	identified,	as	well	as	13	downregulated	(see	Table	S1)	and	18	994	
upregulated	(see	Table	S1)	feature	groups	i.e.	tentative	metabolites	were	classified	995	
“unknown”	(see	Table	S1).	996	
	997	
RNAseq analysis 998	
PANC-1	cells	were	seeded	in	two	6-well	plates	(120,000	cells/well,	2	mL/well)	and	allowed	to	999	
grow	for	three	days.	Subsequently,	medium	was	exchanged	for	medium	containing	rakicidin	A	1000	
(42	nM),	BE-43547A1	(41	nM)	or	DMSO	(0.04%)	in	triplicates.	The	cells	were	placed	under	1001	
hypoxia	for	12	hours	after	which	total	RNA	was	extracted	using	High	Pure	RNA	Isolation	Kit	1002	
(Roche,	Cat#:	11828665001)	according	to	the	manufacturers	protocol.	The	quality	of	the	RNA	1003	
was	assured	by	NanoDrop	UV	before	the	samples	were	snap-frozen	in	liquid	N2	and	stored	at	-1004	
80	°C	until	further	processing.	1005	

Total-RNA	(800	ng	per	sample)	were	depleted	for	rRNA	using	the	Ribo-Zero	GOLD	technology	1006	
(Epicentre,	an	Illumina	company).	Synthesis	of	directional,	paired-end	and	indexed	RNASeq	1007	
libraries	were	conducted	using	the	ScriptSeq	v2	kit	(Epicentre,	an	Illumina	company)	1008	
following	the	recommended	procedure.	Depletion	and	library	preparation	were	automated	on	1009	
a	Sciclone	NGS	(Caliper,	Perkin	Elmer)	liquid	handling	robot.	The	qualities	of	the	RNASeq	1010	
libraries	were	estimated	by	on-chip	electrophoresis	(HS	Chip,	LabChip	GX,	Caliper,	Perkin	1011	
Elmer)	of	a	1	µL	sample	and	the	concentrations	were	estimated	using	the	KAPA	Library	1012	
Quantification	Kit	(Kapa	Biosystems).	The	RNASeq	libraries	were	multiplexed	paired-end	1013	
sequenced	on	an	Illumina	NextSeq	500	(High	output,	75	+	6	+	75	bp).	1014	

Paired	de-multiplexed	fastq	files	were	generated	using	bcl2fastq	v2.17.1.14	(Illumina)	and	1015	
initial	quality	control	was	performed	using	FastQC.	Adapter	trimming	was	conducted	using	1016	
the	Trim	Galore	tool	v.	0.4.1.	Reads	were	mapped	to	the	human	genome	(hg19)	with	Tophat	1017	



	
	

33	

v2.1.1.	Gene	expression	counts	were	performed	with	HTSeq	v.	0.6.1	(Anders,	Pyl	and	Huber,	1018	
2015)	using	the	gene	set	defined	in	the	GENCODE	data	base	v.	19.	Differential	gene	expression	1019	
analysis	was	performed	using	EdgeR	(Robinson,	McCarthy	and	Smyth,	2010)	and	the	R	1020	
statistical	language	v.3.0	(R	Core	Team,	2016).	Gene	set	enrichment	analysis	was	performed	1021	
using	the	Database	for	Annotation,	Visualization	and	Integrated	Discovery	(DAVID)	v6.8	1022	
(Huang,	Sherman	and	Lempicki,	2009).	1023	

The	data	discussed	in	this	publication	have	been	deposited	in	NCBI's	Gene	Expression	1024	
Omnibus	(Edgar	et	al.,	2002)	and	are	accessible	through	GEO	Series	accession	number	1025	
GSE112058	(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE112058).	1026	

Fluorescence microscopy 1027	
JC-1 staining of mitochondrial membrane potential 1028	
Two	LabTek	8-well	chamber	slides	(ThermoFisher	Scientific,	Cat#:	155411)	were	washed	1029	
twice	in	PBS	and	coated	with	poly-D-lysine	hydrobromide	(Sigma-Aldrich,	Cat#:	P7405)	for	2	1030	
hours	at	room	temperature.	Subsequently,	the	slides	were	washed	in	PBS	and	MCF7	cells	1031	
were	seeded	in	complete	medium	(300	µL/well,	12,500	cells/well).	The	next	day,	medium	1032	
was	exchanged	for	fresh	complete	medium	(100	µL/well).	Compounds	were	prepared	as	2X	1033	
solutions	in	medium	and	added	to	the	designated	well	(100	µL/well).	The	cells	were	placed	1034	
under	hypoxia	or	normoxia	for	6	hours	after	which	the	cells	were	stained	with	JC-1	for	20	1035	
minutes	at	normoxia	according	to	the	manufacturers	protocol	(Cayman	Chemical,	Cat#:	1036	
10009172).	The	membrane	potential	was	visualized	using	a	Zeiss	Axio	Observer.Z1	using	the	1037	
DsRed	filter	for	JC-1	aggregates	and	the	GFP	filter	for	JC-1	monomers.	8-bit	single-channel	1038	
images	(1388x1040	pixels)	were	merged,	falsely	colored	and	each	channel	intensity	range	1039	
was	adjusted	in	Zen	2.3	(Blue	edition).	The	GFP	channel	was	set	to	cover	from	0	to	222	gray	1040	
scales,	whereas	the	DsRed	channel	was	changed	to	cover	from	0	to	254	gray	scales.	Gamma	in	1041	
both	channels	was	set	to	1.	After	adjustment	and	merging	images	were	arranged	in	Photoshop	1042	
ver.	12	where	the	resolution	was	enhanced	to	meet	graphical	requirements	by	Cell	Press.	1043	
Co-localization of APD-CLD-probe 6 1044	
MCF7	cells	were	seeded	in	poly-D-lysine-coated	(Sigma-Aldrich,	Cat#:	P7405)	Ibidi	8-well	1045	
slides	(Ibidi,	Cat#:	80841.)	at	a	density	of	12,500	cells/well	in	300	µL	medium.	The	cells	were	1046	
allowed	to	grow	for	two	days	before	medium	was	exchanged	for	fresh	complete	medium	(100	1047	
µL/well).	Subsequently,	cells	were	given	either	probe	6	(1	µM	final)	or	DMSO	(0.01%	final)	as	1048	
2x	solution	in	medium	(100	µL/well).	The	cells	were	incubated	under	hypoxia	or	normoxia	1049	
for	6	hours.	After	incubation,	the	cells	were	quickly	washed	in	cold	medium	and	subsequently	1050	
fixed	for	15	minutes	at	room	temperature	in	10%	formalin	(200	µL/well,	Sigma-Aldrich,	Cat#:	1051	
HT501128).	The	membranes	were	permeabilized	by	addition	of	triton	X-100	in	PBS	(0.2%,	1052	
200	µL/well)	for	10-15	minutes	at	room	temperature.	Prior	to	CuAAC	the	cells	were	washed	1053	
with	PBS	(3	x	5	minutes).	Click	chemistry	was	performed	by	addition	of	the	following	1054	
reagents	(156.4	µL/well):	Final	concentrations:	THPTA	(5.9	mM),	CuSO4	(1.2	mM),	sodium	1055	
ascorbate	(4.1	mM)	and	5-FAM-N3	(255	µM).	The	click	reaction	was	performed	in	the	dark	at	1056	
room	temperature	for	1-2	hours.	All	wells	were	aspirated	and	washed	with	PBS	(200	µL/well,	1057	
3	x	5	minutes).	Then	wells	were	blocked	with	blocking	buffer	(PBS	with	0.1%	Tween-20,	1%	1058	
bovine	serum	albumin	and	glycine	(0.3	M))	for	30	minutes	at	room	temperature	in	the	dark.	1059	
After	aspiration	of	the	blocking	buffer,	the	primary	antibodies	were	added	to	the	designated	1060	
wells	and	the	slides	were	incubated	on	a	shaker	at	4	°C	overnight	in	the	dark	(Anti-TOMM20	1061	
Ab	(Abcam,	Cat#:	ab78547,	RRID:	AB_2043078)	and	anti-calnexin	Ab	(Abcam,	Cat#:	ab22595,	1062	
RRID:	AB_2069006),	1:1000	in	1%	BSA	in	PBST,	Host:	rabbit).	The	next	day,	wells	were	1063	
washed	in	PBS	(200	µL/well,	3	x	5	minutes)	before	addition	of	the	secondary	antibody.	1064	
Incubation	with	the	secondary	antibody	was	performed	at	room	temperature	for	1	hour	on	a	1065	
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shaker	(AlexaFluor647	conjugate	of	anti-rabbit	Ab,	1:200	in	1%	BSA	in	PBST,	Host:	goat,	1066	
Abcam,	Cat#:	ab150079,	RRID:	AB_2722623).	Finally,	all	wells	were	washed	with	PBS	(200	1067	
µL/well,	3	x	5	minutes)	and	slides	were	mounted	with	high	precision	cover	slips	(1.5H,	24	x	1068	
60	mm,	Marienfeld,	Cat#:	0107242)	using	SlowFade	Diamond	Antifade	mounting	medium	1069	
with	DAPI	(ThermoFisher,	Cat#:	S36968).	The	coverslips	were	sealed	using	clear	nail	polish	1070	
(Essie,	All	in	one	base).	Images	were	acquired	using	a	Zeiss	Axio	Observer.Z1	equipped	with	a	1071	
63x	oil	immersion	objective.	AlexaFluor647,	5-FAM	and	DAPI	was	visualized	with	the	filters	1072	
for	Cy5,	GFP	and	DAPI,	respectively.	Single-channel	images	(1388x1040	pixels,	12-bit,	TIFF)	1073	
were	merged,	falsely	colored	and	the	signal	intensity	in	each	channel	were	adjusted	using	Zen	1074	
2.3	(blue	edition).	Images	of	the	endoplasmic	reticulum	were	adjusted	as	follows;	GFP	gray	1075	
scales:	43-779,	gamma	=	1,	Cy5	gray	scales:	38-1240,	gamma	=	1.	Images	of	mitochondria	1076	
were	adjusted	as	follows;	GFP	gray	scales:	43-779,	gamma	=	1,	Cy5	gray	scales:	47-1971,	1077	
gamma	=	0.45.	After	adjustment	and	merging	images	were	arranged	in	Photoshop	ver.	12	1078	
where	the	resolution	was	enhanced	to	meet	graphical	requirements	by	Cell	Press.	1079	
	1080	
Transmission electron microscopy 1081	
PANC-1	cells	were	seeded	in	10-cm	dishes	(480,000	cells/dish,	10	mL/dish,	Thermo	Scientific,	1082	
Cat#:	130182).	When	cells	reached	90%	confluence	the	medium	was	exchanged	for	medium	1083	
containing	BE-43547A2	(100	nM),	rakicidin	A	precursor	(100	nM)	or	DMSO	(0.01%)	and	1084	
incubated	under	hypoxia	or	normoxia	for	4	hours.	The	experiment	was	ended	by	aspirating	1085	
off	the	medium	and	adding	glutaraldehyde	(2%,	2	mL/dish)	into	the	dishes	at	room	1086	
temperature.	The	glutaraldehyde	was	allowed	to	fixate	the	cells	for	1.5	hours	before	they	1087	
were	scraped	off	with	a	cell	scraper	(Sarstedt,	Cat#:	83.1830).	The	cell	suspensions	were	1088	
transferred	to	falcon	tubes	and	cooled	to	4	°C	until	further	preparations	for	TEM.		1089	
The	cells	were	washed	in	0.1	M	cacodylate	buffer,	pH	7.2	and	embedded	in	2%	agarose.	This	1090	
was	followed	by	post-fixation	in	1%	osmium	in	0.1	M	cacodylate	buffer,	pH	7.2	for	60	min,	1091	
washed	as	above	and	subsequently	in	maleate	buffer,	pH	5.2.	The	agarose	embedded	cells	1092	
were	én-bloc	stained	with	0.5%	uranylacetate	in	maleate	buffer	for	60	min.	The	cells	were	1093	
washed	again,	dehydrated	in	graded	alcohols,	transferred	to	propyleneoxide	3	×	10	min,	1094	
followed	by	overnight	incubation	in	50%	propylenoxide	and	50%	Epon	(TAAB,	Berkshire,	1095	
England)	and	finally	infiltrated	with	Epon.	Sections	with	a	thickness	of	50–70	nm	were	cut	for	1096	
electron	microscopy	with	a	Reichert	Jung	Ultracut	E	microtome.	The	sections	were	stained	1097	
with	saturated	uranyl	acetate	for	10	min	and	Pb-citrate	for	2	min.	EM	images	were	taken	1098	
using	a	JEOL	JEM	1400	Plus	electron	microscope	equipped	with	a	Veleta	digital	camera.	1099	
	1100	
Pulldown 1101	
PANC-1	cells	were	seeded	in	two	T175	flasks	(5.56	x	106	cells/flask,	29	mL/flask)	and	the	1102	
cells	were	allowed	to	grow	to	90%	confluence	before	the	medium	was	exchanged	with	1103	
medium	containing	either	rakicidin	probe	6	(1	µM)	or	DMSO	(0.01%).	The	cells	were	then	1104	
incubated	under	hypoxia	for	12.5	hours	until	they	were	scraped	off	in	cold	PBS,	pelleted	and	1105	
lysed	in	lysis	buffer	(1%	Triton-X	100,	150	mM	NaCl,	50	mM	triethanolamine)	containing	1106	
protease	inhibitors	(Thermo	Scientific,	Cat#:	88266).	The	lysates	were	centrifuged	(10000	g,	1107	
10	minutes)	and	supernatants	were	transferred	to	new	falcon	tubes.	The	samples	were	mixed	1108	
with	reagents	for	CuAAC	reaction	(final	concentrations:	THPTA	(6	mM),	CuSO4	(1.3	mM,	1109	
sodium	ascorbate	(4.3	mM),	biotin-3PEG-azide	(0.1	mM),	reaction	time:	1.5	hours).	After	the	1110	
click	reactions,	the	samples	were	precipitated	by	addition	of	MeOH	(9	volumes)	and	samples	1111	
were	placed	at	-20	°C	for	at	least	30	minutes.	The	proteins	were	pelleted	by	centrifugation	1112	
(10000	g,	10	min)	and	the	supernatants	were	discarded.	The	pellets	were	washed	in	1113	
H2O/MeOH	(1/9)	and	centrifuged	(10000	g,	10	min).	The	pellets	were	then	dissolved	in	1%	1114	
SDS	in	water	and	the	labelled	proteins	were	allowed	to	conjugate	to	streptavidin-coated	1115	
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Dynabeads	M-280	(400	µL/sample,	50%	slurry,	Invitrogen,	Cat#:	11205D)	for	1	hour.	After	1116	
conjugation,	the	beads	were	washed	six	times	in	1%	SDS	in	PBS	by	vigorous	vortexing	1117	
followed	by	precipitation	of	the	beads	by	a	magnetic	rack.	The	proteins	were	eluted	from	the	1118	
beads	by	boiling	in	Laemmli	Sample	Buffer	(Bio-Rad,	Cat#:	1610747)	at	95	°C	for	5	minutes.	1119	
The	resulting	protein	samples	were	electrophoresed	in	a	mini-Protean	TGX	gel	(4-15%,	Bio-1120	
Rad,	Cat#:	4561083)	according	to	the	manufacturers	protocol.	The	gel	was	stained	by	1121	
SimplyBlue	SafeStain	(ThermoFisher	Scientific,	Cat#:	LC6060).	Visual	bands	were	cut	out	and	1122	
in-gel	digested	(Shevchenko	et	al.,	2007).	The	peptides	were	desalted	by	micropurification	1123	
(Rappsilber,	Mann	and	Ishihama,	2007).	One	plug	of	C18	Teflon	material	(Empore)	were	1124	
placed	in	the	tip	of	a	10	µL	pipet	tip	and	the	material	was	activated	with	MeCN,	washed	in	1125	
aqueous	formic	acid	(0.1%)	and	the	peptides	were	loaded	onto	the	C18	material.	The	peptides	1126	
were	washed	in	formic	acid	(0.1%)	and	eluted	with	MeCN	(2	x	10	µL,	70%	in	water	with	0.1%	1127	
formic	acid)	(Rappsilber,	Mann	and	Ishihama,	2007).	The	eluates	were	concentrated	in	the	1128	
SpeedVac	and	samples	were	dissolved	in	aqueous	formic	acid	(0.1%).	The	samples	were	1129	
analyzed	by	nanoLC-MS/MS.	1130	
Mass spectrometry 1131	
Samples	were	analyzed	on	an	Eksigent	nLC	400	system	(SCIEX)	connected	to	a	TripleTOF	1132	
6600	mass	spectrometer	(SCIEX)	equipped	with	a	NanoSpray	III	source	(SCIEX).	Samples	1133	
were	injected	and	trapped	on	an	in-house	packed	trap	column	(2	cm	×	100	μm)	using	RP	1134	
ReproSil-Pur	C18-AQ	3	μm	resin	(Dr.	Maisch	GmbH).	Peptides	were	eluted	from	the	trap	1135	
column	and	separated	on	a	15-cm	analytical	column	(75	μm	i.d.)	packed	in-house	with	RP	1136	
ReproSil-Pur	C18-AQ	3	μm	resin	(Dr.	Maisch	GmbH)	in	a	pulled	emitter.	Peptides	were	eluted	1137	
using	a	20-min	gradient	from	5%	to	35%	phase	B	(0.1%	formic	acid	in	MeCN)	with	a	flow	rate	1138	
of	250	nL/min.	The	acquisition	method	was	set	up	as	an	information-dependent	acquisition	1139	
experiment	collecting	up	to	25	MS/MS	spectra	in	each	cycle	and	using	a	6-sec	dynamic	1140	
exclusion	window.	The	collected	MS	files	(wiff	and	wiff.scan)	were	peak	picked	and	converted	1141	
to	mascot	generic	format	(mgf)	using	the	AB	SCIEX	MS	Data	Converter	beta	1.1.	The	generated	1142	
peak	lists	were	searched	against	the	human	proteome	using	an	in-house	Mascot	2.5.1	search	1143	
engine	(matrix	science).	Search	parameters	were	allowing	two	missed	cleavage	sites	and	1144	
carbamidomethyl	and	methionine	oxidation	as	fixed	and	variable	modification	respectively.	1145	
Peptide	tolerance	was	10	ppm	and	MS/MS	tolerance	was	0.1	Da.	1146	
	1147	
Mito Stress Test 1148	
BxPC3	cells	were	seeded	in	a	Seahorse	XF96	Cell	Culture	Microplate	(30,000	cells/well,	80	1149	
µL/well,	Agilent,	Cat#:	101085-004)	and	allowed	to	settle	overnight	in	the	incubator.	The	next	1150	
day	they	were	washed	with	serum-free	XF	base	medium	(2x200	µL/well)	and	added	either	1151	
pure	medium	or	medium	containing	BE-43547A2	(5	µM,	180	µL/well)	in	six	replicates.	The	1152	
cells	were	incubated	in	a	CO2-free	incubator	at	37	°C	for	one	hour	before	the	Mito	Stress	test	1153	
was	initiated.	The	concentrations	of	electron	transport	chain	inhibitors	used	were	oligomycin	1154	
(1	µM),	FCCP	(0.5	µM),	rotenone	(0.5	µM)	and	antimycin	A	(0.5	µM).		1155	
	1156	
Knockdowns of potential target proteins 1157	
PANC-1	cells	were	seeded	(9x105	cells/dish)	in	10-cm	petri	dishes	and	were	allowed	to	grow	1158	
for	3	days.	The	medium	was	exchanged	for	antibiotic-free	medium	containing	siRNA	against	1159	
the	target	gene	(25	nM)	or	non-targeting	siRNA	(25	nM,	Dharmacon,	SMARTpool)	complexed	1160	
with	the	transfection	agent	DharmaFECT4	(0.04	v/v%,	Dharmacon,	Cat#:	T-2004-02).	The	1161	
cells	were	kept	in	transfection	medium	for	approximately	24	hours	before	being	reseeded	in	1162	
96-well	plates	(2000	cells/well,	75	µL/well)	in	normal	growth	medium.	After	24	hours,	the	1163	
cells	were	treated	with	compounds	as	4X	solutions	in	medium	with	a	constant	final	DMSO	1164	
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concentration	of	0.5%.	These	cells	were	immediately	incubated	under	hypoxia.	As	a	control,	1165	
non-targeted	knockdown	cells	and	targeted	knockdown	cells	were	treated	with	DMSO	(0.5%)	1166	
and	kept	under	normoxia.	The	rest	of	the	experiment	was	carried	out	as	a	regular	cell	viability	1167	
assay.	Samples	of	RNA	were	collected	from	each	knockdown	culture	and	mRNA	levels	of	each	1168	
target	were	determined	as	described	under	RT-qPCR.	1169	
	1170	
In vivo experiments in mice bearing xenograft tumors 1171	
Intratumoral	glycolytic	activity	versus	necrosis	in	SiHa	xenograft	tumors	1172	
Nine	weeks	after	inoculation,	when	an	appropriate	tumor	size	of	≈0.5	cm3	was	reached,	mice	1173	
were	treated	intraperitoneally	(IP)	with	vehicle	(1.73	µl	DMSO	per	g	mouse	mixed	in	≈1	ml	1174	
saline)	or	with	a	pool	of	BE-43547	congeners.	Mice	were	administered	with	an	initial	dose	of	1175	
10	mg/kg	followed	by	four	doses	of	5	mg/kg/day	over	a	total	period	of	six	days.	One	day	after	1176	
the	last	treatment,	mice	were	injected	IP	with	the	glucose	tracer	analogue	18FDG.	One	hour	1177	
later	mice	were	sacrificed	and	tumors	were	removed	and	snap-frozen	in	pre-cooled	1178	
isopentane.	Subsequently,	multiple	10	µm	tumor	sections	were	prepared	using	a	cryostat,	and	1179	
analyzed	for	intratumoral	glucose	retention	(FDG)	with	digital	autoradiography	as	described	1180	
previously	(Busk	et	al.,	2008).	Following	autoradiographic	analysis,	tissue	sections	were	1181	
hematoxylin	and	eosin	(H&E)	stained	for	visualization	of	necrosis	and	digitalized	using	a	1182	
Hamamatsu	NanoZoomer	slide	scanner	(Hamamatsu	Photonics,	Shizuoka,	Japan).	1183	
Tumor growth assay in murine C3H foot tumors 1184	
Mice	bearing	C3H	foot	tumors	were	administered	IP	with	DMSO	or	BE-43547	(5	mg/kg)	in	1185	
saline	(as	described	above)	for	7	consecutive	days	starting	approximately	14	days	after	1186	
inoculation	when	tumors	reached	a	volume	of	200	mm3	and	tumor	growth	and	body	mass	1187	
was	monitored	daily.	Tumor	volume	was	calculated	from	the	three	orthogonal	diameters	(D	1188	
values)	using	the	formula:	D1×D2×D3×π/6.	Mice	were	sacrificed	when	the	maximum	1189	
allowable	tumor	volume	was	reached	or	when	mice	showed	clear	signs	of	morbidity.	1190	
	1191	
Fermentation of BE-43547 and rakicidin 1192	
Media:		1193	
ISP-2:	(yeast	extract	4	g/L,	malt	extract	10	g/L,	glucose	4	g/L,	pH	7.3)	supplemented	with	1194	
Instant	Ocean®	(22	g/L).	M8:	Soluble	starch	20	g/L,	glucose	10	g/L,	yeast	extract	2	g/L,	meat	1195	
extract	2	g/L,	hydrolyzed	casein	4	g/L,	CaCO3	3	g/L,	pH	7.0.	supplemented	with	Instant	1196	
Ocean®	(22	g/L).	1197	
	1198	
BE-43547:	A	single	colony	of	Micromonospora	sp.	RV43	was	taken	from	ISP-2	agar	and	1199	
expanded	in	liquid	M8	medium	with	Instant	Ocean®	(12	L)	at	28	°C	in	indented	conical	flasks	1200	
shaken	at	130	rpm.	The	production	of	BE-43547	was	monitored	daily	by	analytical	LC-MS	and	1201	
cultures	were	harvested	by	ethyl	acetate	extraction	when	deemed	appropriate.	Purification	1202	
was	performed	as	we	previously	reported	to	obtain	BE-43547	as	a	mixture	of	congeners	1203	
(Villadsen	et	al.,	2017).		1204	
Rakicidin	A:	Rakicidin	A	was	isolated	from	Micromonospora	sp.	M42	growing	in	ISP-2	with	1205	
Instant	Ocean®	following	a	similar	procedure	to	described	above.	1206	
	1207	
Organic synthesis  1208	
(S)-2-hydroxy-2-((3S,11S,14S,15S,E)-11-(hydroxymethyl)-7,14-dimethyl-15-((R)-14-1209	
methylpentadecan-2-yl)-2,5,8,13-tetraoxo-1-oxa-4,7,12-triazacyclopentadec-9-en-3-1210	
yl)-N-(3,6,9,12-tetraoxapentadec-14-yn-1-yl)acetamide	(5)	1211	
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	1212	
The	starting	acetonide	3	was	made	according	to	our	previously	reported	route	(Tsakos,	1213	
Clement,	et	al.,	2016).		The	acetonide	3	(9.8	mg,	0.015	mmol,	1.0	equiv.)	was	dissolved	in	1214	
AcOH/H2O/THF	in	a	2:2:1	ratio	(3	mL	total)	in	a	round	bottom	flask.	A	glass	stopper	was	1215	
fitted,	and	the	mixture	was	heated	to	45	°C	while	stirred.	After	22.5	hours	the	reaction	was	1216	
allowed	to	cool	to	room	temperature	and	7	mL	H2O	was	added.	The	sample	was	concentrated	1217	
via	lyophilization	to	obtain	the	free	α-hydroxy	acid	(quantitative)	as	an	amorphous	white	1218	
solid	(analyzed	by	1H-NMR	in	DMSO).		1219	
The	α-hydroxy	acid	(0.015	mmol,	1.0	equiv.)	was	put	in	a	dry	flask	and	dissolved	in	anhydrous	1220	
THF	(1.5	mL)	under	argon,	then	cooled	to	0	°C.	The	alkyne	amine	4	(10	mg,	0.043	mmol,	3	1221	
equiv.)	was	added	followed	by	(benzotriazol-1-yloxy)tripyrrolidinophosphonium	1222	
hexafluorophosphate	(PyBOP®)	(15.7	mg,	0.030	mmol,	2.1	equiv.)	and	N-methylmorpholine	1223	
(NMM)	(10	µL,	0.091	mmol,	6.3	equiv).	The	reaction	was	stirred	at	0	°C	under	argon	for	19	1224	
hours.	The	reaction	was	quenched	with	H2O,	diluted	with	brine	to	increase	polarity	of	the	1225	
water	phase,	and	extracted	three	times	with	EtOAc.	The	combined	organic	phases	were	dried	1226	
over	Na2SO4,	filtered,	and	concentrated	in	vacuo.	FC	(SiO2)	CH2Cl2/MeOH	85:15	to	50:50	1227	
yielded	the	product	5	(10.1	mg,	0.014	mmol,	84%)	as	a	sticky	solid.	For	biological	experiment	1228	
a	small	amount	was	purified	by	LCMS,	1x25	cm,	C18,	7	mL/min,	MeCN/H2O.	Gradient	50%	to	1229	
95%	(MeCN)	over	8	min,	hold	for	10	min,	then	100%	(MeCN)	1	min.	1230	
Rf	 0.28	(EtOAc/MeOH	85:5,	UV	and	CAM).	1231	
Opt.	Rot.										[α]26D	=	-28.0	(c	=	0.5,	THF).	1232	
1H	NMR	 (400	MHz,	DMSO-d6)	δ	8.09	(d,	J	=	9.5	Hz,	1H),	7.68	(t,	J	=	5.9	Hz,	1H),	7.32	(d,	J	=	7.6	Hz,	1233	

1H),	6.55	(dd,	J	=	15.4,	3.5	Hz,	1H),	6.21	(d,	J	=	6.2	Hz,	1H),	5.95	(dd,	J	=	15.4,	2.1	Hz,	1H),	1234	
4.98	–	4.87	(m,	2H),	4.82	(dd,	J	=	7.4,	4.7	Hz,	1H),	4.38	(dd,	J	=	6.1,	2.3	Hz,	1H),	4.25	(d,	J	=	1235	
18.1	Hz,	1H),	4.13	(d,	J	=	2.4	Hz,	2H),	3.71	(d,	J	=	18.2	Hz,	1H),	3.56	–	3.46	(m,	16H),	3.42	(t,	1236	
J	=	2.4	Hz,	1H),	3.41	–	3.35	(m,	1H),	3.31	–	3.13	(m,	1H),	2.85	(s,	3H),	2.81	–	2.72	(m,	1H),	1237	
2.18	–	2.06	(m,	1H),	1.78	(dt,	J	=	14.2,	6.8	Hz,	1H),	1.48	(dhept,	J	=	13.2,	6.6	Hz,	1H),	1.41	–	1238	
1.16	(m,	20H),	1.13	(q,	J	=	6.7	Hz,	2H),	1.05	(d,	J	=	7.2	Hz,	3H),	0.84	(d,	J	=	6.6	Hz,	6H),	0.81	1239	
(d,	J	=	6.8	Hz,	3H).	1240	

13C	NMR	 (101	MHz,	DMSO-d6)	δ	171.5,	170.7,	170.2,	168.2,	166.8,	140.9,	121.8,	80.6,	80.3,	77.1,	1241	
71.9,	69.8,	69.5,	69.4,	68.8,	68.5,	62.2,	60.7,	57.5,	55.1,	53.0,	52.1,	38.5,	38.1,	35.3,	35.3,	1242	
34.0,	32.6,	32.3,	29.4,	29.3,	29.1,	29.1,	29.0,	29.0,	29.0,	28.9,	28.1,	27.5,	27.4,	26.8,	26.2,	1243	
25.5,	22.5,	15.7,	15.3.	1244	

HRMS	 Calc.:	[C43H74N4O12+NH4+]	856.5645;	found:	856.5645.	1245	
IR	(neat)	 νmax	/	cm-1:	3310,	2924,	1659,	1544,	1101.	1246	

	1247	
(Z)-2-((14S,15S,E)-7,14-dimethyl-11-methylene-15-((R)-14-methylpentadecan-2-yl)-1248	
2,5,8,13-tetraoxo-1-oxa-4,7,12-triazacyclopentadec-9-en-3-ylidene)-N-(3,6,9,12-1249	
tetraoxatetradec-13-yn-1-yl)acetamide	(6)	(PubChem	SID	374367004)	1250	
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	1251	
The	diol	(5)	(9	mg,	0.011	mmol,	1.0	equiv.)	was	dissolved	in	0.9	mL	anhydrous	MeCN/THF	2:1	1252	
in	a	dry	flask	under	argon.	N,N-diisopropylethylamine	(5	µL,	0.029	mmol,	2.7	equiv.)	was	1253	
added	followed	by	disuccinimidyl	carbonate	(DSC)	(6	mg,	0.023	mmol,	2.2	equiv.).	The	1254	
mixture	was	sealed	using	a	glass	plug	and	parafilm	and	heated	to	45	°C	while	stirred.	After	14	1255	
hours	the	sample	was	allowed	to	cool	to	room	temperature,	then	the	seal	was	broken	and	1256	
DMSO	(1.5	mL)	was	added.	The	reaction	mixture	was	loaded	directly	onto	a	glass	Pasteur	1257	
pipet	containing	reverse	phase	silica	(C18,	40-64	µm).	The	pipet	column	was	eluted	with	1.5	1258	
mL	fractions	(H2O:MeCN)	15:0	to	0:15	over	15	fraction	with	stepwise	increments	of	MeCN.	1259	
The	product	eluted	in	the	first	neat	MeCN	fraction,	and	was	obtained	as	a	white	solid	after	1260	
lyophilization	(5.5	mg,	0.007	mmol,	64%,	single	isomer).	For	biological	experiments	the	1261	
compound	was	purified	by	LCMS,	1x25	cm,	C18,	7	mL/min,	MeCN/H2O.	Gradient	50%	to	95%	1262	
(MeCN)	over	8	min,	hold	for	10	min,	then	100%	(MeCN)	1	min.	1263	
Rf	 0.65	(EtOAc/MeOH	85:5,	UV	and	CAM).	1264	
Opt.	Rot.										[α]26D	=	+10.4	(c	=	0.3,	DMSO).	1265	
1H	NMR	 (400	MHz,	DMSO-d6)	δ	10.32	(s,	1H),	8.70	(s,	1H),	8.52	(t,	J	=	5.5	Hz,	1H),	6.93	(d,	J	=	15.1	1266	

Hz,	1H),	6.29	(s,	1H),	6.25	(d,	J	=	15.2	Hz,	1H),	5.42	(2,	1H),	5.41	(2,	1H),	4.95	(dd,	J	=	7.8,	1267	
3.8	Hz,	1H),	4.38	(d,	J	=	18.6	Hz,	1H),	4.13	(d,	J	=	2.4	Hz,	2H),	4.02	(d,	J	=	18.7	Hz,	1H),	3.56	1268	
–	3.39	(m,	14H),	3.26	(h,	J	=	6.0,	5.1	Hz,	2H),	3.02	(s,	3H),	2.93	–	2.84	(m,	1H),	1.86	–	1.71	1269	
(m,	1H),	1.48	(dhept,	J	=	13.2,	6.6	Hz,	1H),	1.23	(s,	20H),	1.14	(q,	J	=	6.7	Hz,	2H),	1.08	(d,	J	1270	
=	7.0	Hz,	3H),	0.92	(d,	J	=	6.8	Hz,	3H),	0.84	(d,	J	=	6.6	Hz,	6H).	1271	

13C	NMR	 (101	MHz,	DMSO-d6)	δ	171.7,	167.4,	166.2,	164.8,	163.4,	139.4,	138.7,	137.9,	1272	
128.3,	119.4,	108.5,	80.3,	77.1,	69.8,	69.7,	69.6,	69.5,	68.8,	68.5,	57.5,	38.5,	35.9,	1273	
34.9,	29.3,	29.0,	27.4,	26.8,	26.6,	22.5,	15.4,	14.2.	1274	

HRMS	 Calc.:	[C43H70N4O10+H+]	803.5165;	found:	803.5169.	1275	
	1276	
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Spectra 1277	

1278	

	1279	
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	1280	

	1281	
	1282	
	1283	
	1284	
	1285	
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QUANTIFICATION AND STATISTICAL ANALYSIS 1286	
All	experiments	were	repeated	at	least	twice	unless	otherwise	stated	in	the	legends.	Exact	N	1287	
values	are	stated	for	each	experiment	in	the	legends.	P-values	were	calculated	in	Excel	or	by	1288	
multiple	comparisons	in	Graphpad	Prism	7.04	for	Windows.	Data	represent	mean	±	SD.	*, **,	1289	
***	and	****	designates	p	<	0.05,	p	<	0.01,	p	<	0.001	and	p	<	0.0001,	respectively.	n.s.	1290	
designates	“not	significant”	unless	otherwise	stated. 1291	

DATA AND SOFTWARE AVAILABILITY 1292	
The	data	discussed	in	this	publication	have	been	deposited	in	NCBI's	Gene	Expression	1293	
Omnibus	(Edgar	et	al.,	2002)	and	are	accessible	through	GEO	Series	accession	number	1294	
GSE112058	(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE112058). 1295	
	1296	
Table	S1:	Full	list	of	metabolites	significantly	regulated	by	BE-43547A1	–	1297	
downregulated,	upregulated	and	unidentified.	Metabolites	are	identified	to	different	levels	1298	
of	certainty	defined	by	Sumner	et	al.	(Sumner	et	al.,	2007).	Related	to	Fig.	3.	1299	

1300	
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Figure	1	1302	
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Figure	2	1305	
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Figure	3	1308	
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Figure	4	1311	
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Figure	5	1314	
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Figure	6	1317	
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