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Abstract	
	

Mitochondrial	apoptosis	is	mediated	by	BAK	and	BAX,	two	proteins	that,	upon	

activation,	oligomerise	in	the	mitochondrial	outer-membrane	to	induce	its	

permeabilisation	(MOMP).	This	event	allows	cytochrome-c	efflux	from	the	

mitochondria	subsequently	triggering	a	family	of	cysteine-dependent,	aspartic-

specific	proteases,	the	caspases.	These	caspases,	once	initiated,	cleave	hundreds	of	

substrates	to	bring	about	global	cellular	demolition.	In	doing	so,	they	mediate	

many	key	characteristics	of	apoptosis,	such	as	DNA	laddering,	membrane	blebbing,	

and	phosphatidylserine	exposure.	For	many	years	caspases	were	thought	to	be	

essential	for	death,	but	it	is	increasingly	apparent	that	they	do	not	instigate	the	

killer	event,	instead	acting	to	accelerate	cellular	demise.	Furthermore,	there	exists	

a	burgeoning	literature	suggesting	apoptotic	caspases	may	have	functions	beyond	

cell	death.	One	such	study,	reported	apoptotic	caspases	also	control	hematopoietic	

stem	cell	(HSC)	proliferation	and	function,	and	recent	work	from	our	lab	suggested	

this	phenotype	was	driven	by	increased	levels	of	circulating	Type	I	interferons	

(IFNs).	Yet	the	molecular	pathway	responsible	for	the	increased	Type	I	IFN	

secretion,	and	how	the	apoptotic	caspases	fit	into	this	response,	was	unknown.	

	

The	work	presented	here,	characterizes	the	mechanism	by	which	caspase	blockade	

drives	an	IFN	response.	It	shows	that	during	intrinsic	apoptosis,	BAK/BAX-

mediated	damage	to	the	mitochondria	not	only	triggered	cytochrome-c	release	but	

also,	the	subsequent	efflux	of	mitochondrial	DNA	(mtDNA)	into	the	cytoplasm.	In	

the	absence	of	caspase	activation,	mtDNA	activated	the	innate	anti-viral	

cGAS/STING-signaling	pathway	to	induce	IFN	production.	To	further	this	

investigation,	a	live-cell	imaging	assay	was	developed,	which	utilized	lattice	light-

sheet	microscopy,	to	document	mitochondrial	morphology	and	behavior	during	

apoptosis.	The	resulting	images	showed	mtDNA	was	delivered	to	the	cytoplasm	via	

an	orchestrated	process	involving	mitochondrial	fragmentation	and	inner	

membrane	herniation	through	large	BAK/BAX	pores.	This	event	was	downstream	

of	BAK/BAX	activation,	occurred	independently	of	caspases,	and	was	assisted	by,	

but	not	reliant	on,	DRP1-mediated	fission.	Thus,	mtDNA	release	is	a	common	

consequence	of	BAK/BAX-mediated	MOMP,	however	subsequent	caspase	
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activation	prevents	mtDNA-triggered	IFN	production	from	dying	cells,	thereby	
maintaining	the	immunological	silence	of	apoptosis.		
	
Despite	the	extensive	literature	implicating	mtDNA	in	disease,	the	images	
presented	in	this	thesis	represent	the	very	first	demonstration	of	mtDNA	release	in	
real-time,	in	any	setting.	Thus,	this	live-cell	imaging	assay	presents	an	exciting	
opportunity	to	further	our	understanding	of	mtDNA	release	in	a	wide	range	of	
human	pathologies.		
	
Furthermore,	this	thesis	also	presents	preliminary	data	demonstrating	that	
pharmacological	caspase	inhibition	is	capable	of	driving	apoptotic-IFN	production	
in	vivo,	and	suggests	that	caspase-inhibitors	may	have	thus-far	unappreciated	
potential	as	anti-viral	and	anti-cancer	therapies.		
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Chapter	1:	Introduction	

	

	

1.1 Apoptosis	
	

1.1.1	An	Introduction		

Apoptosis	is	a	physiological	and	programmed	form	of	cell	death	that	is	vital	to	the	

development	and	homeostasis	of	all	multicellular	organisms.	Unlike	other	forms	of	

cell	death	such	as	necroptosis	or	pyroptosis,	apoptosis	is	primarily	thought	to	

proceed	in	an	immunologically	silent	manner,	without	inducing	inflammatory	

responses	from	neighboring	cells.	Morphologically,	apoptosis	is	characterized	by	

nuclear	condensation,	DNA	fragmentation,	membrane	blebbing	and	the	

dismantling	of	a	cell	into	apoptotic	bodies	that	are	rapidly	recognized	and	engulfed	

by	phagocytes.	Perturbations	in	apoptosis	have	dire	consequences.	Due	to	its	role	

in	tissue	homeostasis,	diminished	apoptosis	can	contribute	to	oncogenic	

transformation2-5.	The	evasion	of	apoptosis	is	one	of	the	archetypal	hallmarks	of	

cancer6,7	and	therapies	that	specifically	target	apoptotic	proteins	are	currently	in	

the	clinic	for	the	treatment	of	cancer8-10.	In	contrast,	excessive	apoptosis	is	thought	

to	contribute	to	neurodegenerative	diseases,	such	as	Alzheimer’s	and	Parkinson’s	

disease11-13,	cardiovascular	disorders	such	as	ischemia	and	heart	failure14,15,	and	

autoimmune	diseases	such	as	systemic	lupus	erythematosus	(SLE)	and	rheumatoid	

arthritis	(RA)16,17.	Thus,	understanding	the	molecular	mechanisms	and	essential	

mediators	that	govern	apoptosis	is	of	critical	importance	to	a	wide-range	of	human	

pathologies.		

	

	

1.1.2	A	brief	history		

In	1972,	Kerr,	Wyllie	and	Currie	first	defined	apoptosis	as	a	“little	recognized	

mechanism	of	controlled	cell	deletion”	and	described	that	its	hallmark	features	

comprised	two	phases18.	The	first:	nuclear	and	cytoplasmic	condensation	of	the	

cell	resulting	in	the	formation	of	smaller,	membrane-bound,	apoptotic	bodies.	The	

second:	phagocytosis	of	the	apoptotic	bodies	by	surrounding	cells,	which	degraded	

the	engulfed	cellular	fragments	using	lysosomal	enzymes.	At	the	time,	it	was	
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hypothesised	that	such	an	orchestrated	demolition	of	cells	was	likely	to	be	

important	for	normal	embryonic	development	and	homeostatic	cell	turnover18,	but	

the	generality	of	this	phenomenon	to	all	multicellular	organisms	was	yet	to	be	

proven.		

	

Subsequent	studies	tracking	single	cell	fates	in	C.	elegans	in	the	1980s	led	to	a	

greater	appreciation	for	the	significance	of	apoptosis.	In	the	developing	worm,	it	

was	observed	that	1090	cells	were	generated	but	131	subsequently	died	through	a	

morphologically	similar,	apparently	programmed,	mechanism19,20.	Genetic	screens	

revealed	a	handful	of	key	genes	that	regulated	the	death	of	these	cells,	hence	

denoted	“cell	death	abnormal”(CED)	genes21,22.	Mutations	in	CED-1	and	CED-2	

inhibited	the	ability	of	neighbours	to	engulf	dying	cells.	In	contrast,	cells	normally	

fated	to	die	would	not	do	so	in	worms	carrying	CED-3	mutations,	but	nor	would	

they	divide.	Despite	a	grossly	normal	appearance,	CED-3	deficient	worms	often	

had	excess	cells,	including	extra	neurons	along	the	ventral	cord	and	in	their	

heads22.	

	

Meanwhile,	parallel	studies	in	mammalian	cells	were	converging	on	the	same	

process.	In	1988,	Vaux	and	colleagues	noticed	that	BCL-2,	a	protein	expressed	at	

unusually	high	levels	in	follicular	lymphoma,	could	increase	the	survival	of	

cytokine-dependent	hematopoietic	cells23.	Not	only	this,	but	BCL-2	could	prevent	

cell	death	in	a	range	of	hematopoietic	cells24-26,	and	could	also	inhibit	cell	death	in	

CED-1	deficient	C.	elegans27.	This	implied	that	the	BCL-2	and	the	CED	genes	were	

components	of	an	evolutionarily	conserved	programmed	cell	death	pathway.	This	

was	confirmed	when	BCL-2	was	found	to	share	homology	with	another	C.	elegans	

protein,	CED-928,29.	As	research	continued,	additional	BCL-2-like	proteins	were	

discovered,	and	it	became	clear	that	mammals	expressed	a	family	of	proteins	that	

possess	conserved	regions	of	sequence	homology	(called	BCL-2-homology	(BH)	

domains)30-33	(Figure	1.1.2).		

	

1.1.3	Pathways	governing	apoptosis	

We	now	understand	there	are	two	pathways	that	govern	apoptosis,	often	referred	

to	as	the	intrinsic	and	extrinsic	pathways	(Figure	1.1.3).	Both	pathways	culminate	
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in	the	downstream	activation	of	a	family	of	proteases	called	caspases34-39	

(reviewed40).	

	

Intrinsic	apoptosis,	also	called	“classical”	or	“mitochondrial”	apoptosis,	centers	

upon	the	mitochondria	and	is	governed	by	a	delicate	balance	between	three	

different	subsets	of	the	BCL-2	family	of	proteins	(Figure	1.1.2)40.	The	pro-survival	

members	(e.g.	BCL-2,	BCL-XL,	BCL-W,	MCL-1	&	A1)	keep	cells	alive	by	antagonising	

the	activation	of	the	pro-apoptotic	“executioner”	proteins	BAK	and	BAX.	In	

response	to	developmental	cues	and	stress	signals,	the	third	subset,	the	“BH3-

only”	proteins	(e.g.	BIM,	BID,	BAD,	NOXA	&	PUMA)	become	activated	and	promote	

BAK/BAX	activation,	either	by	overwhelming	pro-survival	protein	function,	or	

through	direct	interactions	with	BAK/BAX41.	Once	activated,	BAK/BAX	oligomerise	

in	the	mitochondrial	outer	membrane	causing	its	permeabilisation	(MOMP)	and	

the	release	of	apoptogenic	factors	to	the	cytosol.	The	best	characterized	of	these	is	

cytochrome-c42,43.	Cytoplasmic	cytochrome-c	forms	part	of	a	complex	called	the	

apoptosome,	which	successively	activates	a	cascade	of	proteases,	starting	with	the	

“initiator”	protease,	caspase-9,	which	in	turn	activates	the	“effector”	proteases,	

caspase-3	and	caspase-7.	Together,	these	caspases	cleave	a	multitude	of	substrates	

within	the	cell	to	accelerate	its	demise44.		

	

In	contrast,	the	extrinsic	pathway	is	driven	by	extracellular	ligands	of	the	tumor	

necrosis	factor	(TNF)	superfamily.	Ligands	such	as	TNFα	or	FAS	ligand	(FasL)	bind	

to	death	receptors	on	the	plasma	membrane,	which	together	with	adaptor	proteins	

such	as	the	FAS-associated	via	death	domain	(FADD),	facilitate	the	recruitment	and	

oligomerization	of	a	different	initiator	protease,	caspase-845-49.	Oligomerisation	of	

caspase-8	prompts	its	cleavage	(so-called	proximity-induced	activation50,51)	and	

subsequently,	its	activation	and	release	from	the	receptor	signaling	complex52,53.	

Active	caspase-8	cleaves	the	effector	caspases	-3	and	-7	as	well	as	the	BH3-only	

protein	BID,	converting	it	to	its	active	form	tBID,	and	thereby	launching	a	parallel	

amplification	loop	through	the	intrinsic	apoptotic	pathway36,38,54,55.		
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1.1.4	Mitochondria	in	apoptosis	

Mitochondria	are	a	network	of	double	membrane-bound	organelles	tasked	with	

many	essential	functions	for	cellular	survival,	including	ATP-generation	and	

calcium	homeostasis.	They	are	now	also	realized	as	central	mediators	of	cell	death.	

Early	studies	reported	mitochondrial	localization	of	BCL-2	family	proteins56-58,	and	

documented	dramatic	changes	in	mitochondrial	morphology	during	apoptosis59-62.	

However,	it	was	the	discovery	that	cytochrome-c,	an	integral	component	of	the	

electron	transport	chain,	was	a	potent	apoptosis-inducing	factor	upon	its	release	

into	the	cytosol	that	cemented	the	link	between	mitochondria	and	apoptosis63.	

Later	work	demonstrated	that	cytochrome-c	release	from	mitochondria	during	

apoptosis	was	key	to	inducing	caspase-3	activation,	and	that	its	release	could	be	

blocked	by	BCL-2	overexpression42,43.	Additional	mitochondrial	proteins	have	also	

been	shown	to	be	released	into	the	cytosol	following	BAK/BAX-mediated	MOMP	

and	are	thought	to	serve	pro-apoptotic	functions.	These	include	second	

mitochondrial-derived	activator	of	caspases	(SMAC)	and	HTRA2/Omi64-67.	Thus,	

mitochondria,	their	contents	and	their	membrane	integrity	are	central	to	

apoptosis.		
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1.2	Caspases	

	
1.2.1	A	family	of	proteases	

In	1992,	two	groups	described	a	mammalian	protease	capable	of	processing	the	

pro-inflammatory	cytokine	IL-1β,	and	thus	named	it	Interleukin	Converting	

Enzyme	(ICE)68,69.	Soon	after	its	description,	ICE	was	recognised	as	the	first	

mammalian	homologue	of	CED-370,71.	Overexpression	of	either	ICE	or	CED-3	in	rat	

fibroblasts	was	capable	of	inducing	apoptosis.	This	could	be	inhibited	by	co-

expressing	either	CrmA	(a	virally	encoded	ICE-inhibitor)	or	BCL-272.	Soon	after,	

Nedd2,	a	gene	identified	for	its	regulated	expression	in	the	developing	brain	of	

mice,	and	its	human	homologue	ICH-I,	were	also	shown	to	share	homology	with	

CED-373,74.	Similar	to	ICE,	overexpression	of	NEDD2	could	induce	apoptosis	that	

was	inhibited	by	expression	of	BCL-273.	In	the	following	years,	a	quick	succession	

of	mammalian	ICE-homologues	were	identified	and	by	1996,	10	human	members	

of	the	CED-3/ICE	family	had	been	described.	A	unifying	nomenclature	system	was	

proposed	and	the	term	‘caspase’	was	coined	(Cysteine-requiring	aspartate-specific	

proteases)75.	ICE	would	henceforth	be	known	as	the	first	member	of	the	family,	

caspase-1	and	NEDD2	as	caspase-2.	To	date,	13	caspases	have	been	identified	in	

humans,	11	in	mice76(Figure	1.2.1).	All	caspases	possess	a	similar	catalytic	site	that	

requires	a	key	cysteine	residue	for	function	and	dictates	a	strict	specificity	for	

cleaving	protein	substrates	after	aspartic	acid	residues.	A	comparison	of	known	

caspase	structures	showed	all	caspases	contain	identical	pockets	where	the	

substrate	aspartic	acid	residue	interacts,	denoted	the	S1	pocket77.	Between	

caspases,	substrate	specificity	is	fine-tuned	by	3	-	4	residues	on	the	amino-terminal	

side	of	the	substrate’s	aspartic	acid.	These	residues	interact	with	the	S2-S4	pockets	

in	the	caspase	active	site,	which	have	slightly	different	orientations	and	therefore	

prefer	slightly	different	substrate	sequences	for	each	caspase	(reviewed78).		

	

The	caspase	family	is	commonly	subdivided	into	three	groups	based	on	their	best-

characterized	functions.	These	are	the	apoptotic	caspases,	which	are	further	split	

into	initiator	caspases	(2,	8,	9	&	10)	and	effector	caspases	(3,	6	&	7),	and	the	

inflammatory	caspases	(1,	4,	5	&	12)79.	This	functional	divide	was	clear	from	early	

genetic	studies	in	mice,	whereby	strikingly	different	developmental	phenotypes	
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resulted	from	the	deletion	of	certain	caspases80.	Mice	deficient	in	caspase-1	or	-11	

(the	murine	homologue	of	human	caspase-4)	only	displayed	defects	in	cytokine	

processing81-83.	In	contrast,	deficiencies	in	caspases	-3,	-8	or	-9	proved	embryonic	

lethal.	Embyros	lacking	caspase-3	or	caspase-9	exhibited	abnormal	neuronal	

development	and	brain	hyperplasia39,84-86,	echoing	the	early	findings	in	CED-3	

deficient	worms.	Those	lacking	caspase-8	suffered	from	abnormal	heart	muscle	

development	and	multiple	hematopoietic	cell	defects87,	reflective	of	what	is	now	

understood	to	be	an	interaction	with	RIP	kinases.	This	interaction	appears	to	be	

unique	to	caspase-8	within	the	caspase	family,	and	places	caspase-8	as	a	regulator	

of	both	apoptosis	and	necroptosis	(an	alternative	form	of	programmed	cell	

death)88.	In	addition,	caspase-14,	which	seems	to	be	the	exception	to	the	rule,	

appears	to	have	no	apoptotic	or	inflammatory	function.	Instead,	caspase-14	

reportedly	functions	in	keratinocyte	differentiation89-92.	Finally,	a	recent	genomics	

study	identified	yet	another	human	caspase,	caspase-1676	whose	function	

currently	remains	unknown.	Caspase-13	and	-15	have	been	described,	but	are	not	

expressed	in	humans	and	thus	even	less	is	known	of	these76,93.	

	

The	inflammatory	caspases	function	primarily	in	cytokine	processing,	while	the	

apoptotic	caspases	are	more	prolific:	they	are	capable	of	cleaving	hundreds	of	

substrates	within	a	cell,	and	once	activated,	rapidly	dismantle	the	cell	to	bring	

about	its	demise.	As	such,	apoptotic	caspase	activity	must	be	carefully	regulated	at	

multiple	levels.	First	and	foremost,	all	caspases	are	initially	synthesised	as	inactive	

zymogens,	which	must	undergo	oligomerisation	or	cleavage	in	order	to	become	

proteolytically	active94.	Caspases	are	also	regulated	by	protein-protein	interactions	

with	the	FLIP	(FLICE-like	inhibitory	protein)	and	IAP	(inhibitor	of	apoptosis,	e.g.	

XIAP,	cIAPs)	families	of	proteins95-97.	For	example,	XIAP	(x-linked	IAP)	binds	

directly	to	the	active	sites	of	caspase-3	and	caspase-7	and	inhibits	their	

function98,99.	During	apoptosis,	SMAC	(a	mitochondrial	protein	mentioned	

previously)	is	released	from	the	mitochondria	and	antagonises	XIAP,	thereby	

freeing	caspases	from	this	antagonism97.	In	addition,	there	is	evidence	to	suggest	

caspases	are	also	regulated	through	post-translational	modifications	such	as	

phosphorylation	(reviewed94).	
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1.2.2	Caspases	in	apoptosis	

As	mentioned	previously,	intrinsic	apoptosis	(initiated	by	BAK/BAX-mediated	

MOMP)	and	extrinsic	apoptosis	(initiated	by	death	receptor	activation)	both	

culminate	in	the	activation	of	caspases	in	a	cascade-like	fashion34,36,100.	Initiator	

caspases	(2,	8,	9,	&	10),	which	function	at	the	apex	of	the	cascades,	contain	long	

pro-domains	and	typically	become	active	through	proximity-induced	auto-

proteolysis79.	For	example,	caspase-9	is	activated	by	oligomerisation	within	the	

apoptosome	complex,	while	caspase-8	is	activated	through	dimerisation	upon	

recruitment	to	death	receptor	complexes.	Initiator	caspases	appear	to	have	a	

limited	repertoire	of	substrates,	functioning	almost	exclusively	to	cleave	effector	

caspases78,101.	In	contrast,	effector	caspases	(3,	6	&	7)	do	not	contain	pro-domains,	

and	require	cleavage	by	initiator	caspases	to	become	active54,100.	They	cleave	a	

wide	variety	of	cellular	substrates101,	which	subsequently	promote	many	of	the	

typical	hallmarks	of	apoptosis	(reviewed44).	This	includes	substrates	whose	

cleavage	has	been	reported	to	cause	the	loss	of	cellular	adhesion	(e.g.	

cadherins)102,	nuclear	fragmentation	(e.g.	nuclear	lamins103	and	iCAD104,105),	

membrane	blebbing	(e.g.	ROCK	kinase)106,107	and	cellular	remodelling	into	

apoptotic	bodies	(e.g.	cytoskeletal	proteins	such	as	actin,	tubulin,	spectrin	and	

vimentin)108.	Caspase	cleavage	events	also	ensure	the	shutdown	of	protein	

synthesis	through	targeting	of	transcription	factors	(e.g.	Rel,	NFkB	and	Mef2)108-

110,	ribosomal	proteins	(e.g.	hnRNPs)111	and	translation	initiators	(e.g.	eIF	

proteins)112.	Furthermore,	it	was	recently	demonstrated	that	caspase	cleavage	of	

the	membrane	flippase,	ATP11C,	is	responsible	for	the	exposure	of	

phosphatidylserine	on	the	outer	leaflet	of	cell	membranes113:	a	critical	signal	for	

neighbouring	phagocytes	to	engulf	and	clear	dying	cells.	

	

1.2.3	Caspase	substrates	

In	an	attempt	to	curate	all	the	substrates	of	each	caspase,	an	online	database,	the	

CASBAH,	was	compiled	to	catalogue	every	caspase	substrate	identified	in	the	

literature108.	Subsequently,	two	studies	by	Mahrus	et	al.	and	Dix	et	al.,	using	

different	methodologies	(N	terminal	labeling	or	gel	electrophoresis,	both	combined	

with	mass	spectrometry),	attempted	to	profile	all	the	caspase	substrates	within	

Jurkat	cells114,115.	Combined,	these	three	studies	identified	747	caspase	substrates,	
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yet	only	19	were	common	between	all	three116.	Within	five	years,	the	CASBAH	

database	was	superseded	by	the	DegraBase	from	the	Wells	lab,	which	identified	an	

impressive	1700	substrates117	and	the	CaspDB	from	the	Cieplak	lab,	which	

catalogues	1500	substrates118,	and	has	since	been	updated	to	become	

MerCASBA119.	A	substantial	fraction	of	the	substrates	in	these	databases	are	yet	to	

be	validated:	many	substrates	were	identified	by	in	vitro	proteolysis	assays	which	

provide	only	limited	information	about	the	context	in	which	cleavage	occurs,	what	

effect	cleavage	has	on	substrate	activity,	stability	or	localization,	or	the	functional	

consequences	of	substrate	cleavage	at	a	cellular	level.	It	remains	to	be	seen	how	

many	proteins	in	the	list	of	substrates	have	functional	roles	in	apoptosis,	and	how	

many	are	innocent	bystanders44,101,120.		

	
	

1.2.4	“Non-apoptotic”	functions	of	the	apoptotic	caspases	

To	add	further	complexity	to	the	landscape	of	caspase	biology,	apoptotic	caspases	

have	also	been	reported	to	function	outside	apoptosis	in	a	variety	of	settings.	An	

entire	issue	of	the	journal,	Cell	Death	&	Differentiation,	was	recently	dedicated	to	

this	topic,	with	its	editorial	stating	that	more	than	50	distinct	“non-apoptotic”	

caspase	functions	have	been	described	to	date121.	From	blood	cells	to	neurons,	

muscles	to	skin	cells,	it	appears	that	apoptotic	caspases	may	be	activated	to	

promote	outcomes	seemingly	the	contextual	opposite	of	cell	death,	namely,	

proliferation	and	differentiation	(Figure	1.2.4).		

	

Caspases	were	first	proposed	to	be	involved	in	differentiation	in	1998,	when	

evidence	of	caspase	activity	(i.e.	DNA	fragmentation	and	PARP	cleavage)	was	

observed	in	differentiating	lens	cells122.	This	was	later	reinforced	by	the	suggestion	

that	caspases	activated	by	the	intrinsic	apoptotic	pathway	could	initiate	

differentiation123,	but	then	contradicted	by	another	group	who	found	no	evidence	

of	caspase	activation	in	any	of	their	in	vitro	lens	cell	differentiation	assays124.	

Interestingly,	the	second	group	did	report	that	50%	of	caspase-3	deficient	mice	

had	profound	cataracts	at	3	weeks	of	age124,	potentially	indicative	of	

undifferentiated	epithelial	cells	and	incomplete	organelle	degradation.	However,	

cataracts	have	also	been	described	in	the	eyes	of	mice	over-expressing	BCL-2	in	



	28	

the	lens125,	hence	it	may	be	simply	that	apoptosis	is	necessary	during	lens	

development,	rather	than	a	specialised	caspase	function	in	lens-cell	differentiation.		

	

In	the	following	years,	apoptotic	caspases	(and	in	particular	caspase-3)	have	been	

implicated	in	the	differentiation	of	multiple	cell	types	in	mammals,	including	

skeletal	muscle126,127,	osteoblasts128,129,	platelets130,131,	neurons132-135,	

erythrocytes136-148,	keratinocytes149-151,	odontoblasts152,	stem	cells153-155,	

cardiomyocytes156,157	and	macrophages158-160.	Other	“remodelling”	events	such	as	

lymphocyte	proliferation,	mast	cell	degranulation	and	cell	migration	have	also	

been	reported	to	involve	caspase	activation161-170.	Intriguingly,	despite	the	many	

reports	(Figure	1.2.4),	and	in	addition,	the	many	reviews	that	have	discussed	this	

topic171-194	many	questions	still	surround	these	proposed	non-apoptotic	functions.	

There	is	little	explanation	as	to	the	mechanism	that	drives	caspase	activation.	To	

be	confident	that	the	caspases	had	truly	become	active	in	these	settings,	and	had	

been	activated	through	non-apoptotic	mechanisms,	a	thorough	demonstration	that	

BAK/BAX	or	death-receptor	activation	had	not	occurred	would	be	required.	

Furthermore,	there	is	little	evidence	of	how	caspase	function	is	restricted	during	

these	non-apoptotic	events.	Given	the	efficiency	of	caspase	proteolysis,	and	the	

extensive	list	of	identified	substrates,	it	would	be	expected	that	some	means	of	

restraining	caspase	function	(e.g.	localization	or	inactivation)	would	be	required	in	

these	settings	to	avoid	cell	death.	Some	reports	have	suggested	that	activated	

caspases	in	neurons,	megakaryocytes	and	mast	cells	are	confined	to	distinct	

subcellular	domains,	which	would	limit	their	access	to	substrates131,168,169,195,196.	

However,	such	a	mechanism	has	not	been	confirmed	in	the	majority	of	cases	where	

non-apoptotic	functions	for	caspases	have	been	proposed.	In	one	report,	caspase	

function	was	proposed	to	be	restrained	by	IAP	interactions123,	however	again,	this	

has	not	been	confirmed	elsewhere.		

	

1.2.5	Caspases	maintain	apoptotic	silence	

Caspases	were	once	thought	to	be	essential	for	apoptotic	cell	death,	but	it	has	since	

been	shown	that	inhibiting	caspases	downstream	of	BAK/BAX-mediated	

mitochondrial	damage	does	not	prevent	cell	death:	death	is	delayed	and	lacks	

some	of	the	typical	hallmarks	of	apoptosis,	but	transpires	nonetheless197,198.	Thus,	
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caspases	are	not	responsible	for	the	“killer	blow”	during	intrinsic	apoptosis,	

instead	functioning	to	accelerate	cellular	demolition	and	clearance.	Consequently,	

it	has	been	suggested	that	one	of	the	main	functions	of	caspases	is	to	maintain	the	

immunological	silence	of	apoptosis199,200.	In	this	sense,	it	can	be	argued	that	the	

majority	of	apoptotic	cleavage	events	are	simply	extensions	of	this	function.	For	

example,	nuclear	fragmentation	and	the	inhibition	of	protein-synthesis	both	

ensure	dying	cells	do	not	produce	or	secrete	inflammatory	cytokines.	The	loss	of	

cellular	adhesion	and	membrane	blebbing	both	assist	the	partitioning	of	cellular	

debris	within	apoptotic	bodies	thereby	ensuring	containment	from	the	

extracellular	space	where	they	might	otherwise	activate	an	immune	

response44,199,201.	Furthermore,	caspase	cleavage	events	ensure	phosphatidylserine	

exposure113,	a	so-called	“eat-me”	signal,	which	together	with	similar	“find-me”	

signals	promotes	the	rapid	clearance	of	apoptotic	bodies	by	phagocytes202,203.	In	

addition,	it	appears	caspases	are	also	involved	in	the	direct	deactivation	or	

sequestration	of	danger	associated	molecular	patterns	(DAMPs)204,205.	DAMPs	are	

endogenous	molecules	that	if	found	in	inappropriate	cellular	locations	(e.g.	during	

necrosis206),	will	activate	potent	immune	responses	akin	to	those	induced	by	

pathogen	associated	molecular	patterns	(PAMPs)207,208.	Taken	together,	these	

examples	strongly	imply	that	extensive	caspase-mediated	proteolysis	during	

apoptosis	contains	what	would	otherwise	be	an	inflammatory,	necrotic-like	

cellular	death.	
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Non cell death function Caspase Implicated Inhibitors/Genetics Utilized Evidence of Caspase Activity Proposed Mechanism of Activation Reference
Casp 3 z-VAD.fmk WB PARP cleavage, TUNEL staining FGF and insulin induced differentiation Ishizaki 1998 J Cell Biology
Casp 3 z-VAD.fmk DEVD reporter, WB for IAP STS induced, IAP prevention of apoptosis Weber 2005 J Biol Chem

Casp 3 and 6 Ac-DEVD-AMC, VEID-CHO, Casp 3 KO mice qPCR, DEVD/VEID reporters, confocal imaging, phenotype not assessed Zandy 2005 J Biol Chem
Casp 3 z-DEVD.fmk, z-LETD.fmk, Casp 3 KO cell lines Casp activity assay, WB active Casp & PARP cleavage, Confocal imaging Specific differentiation conditions Fernando 2002 PNAS

Casp 3 and 9 QVD-OPh, z-VAD.fmk, shRNA Casp 9 DEVD reporter, WB active Casp differentiation conditions, inhibited by BCL-XL over-exp Murray 2008 J Cell Science
Casp 3 z-DEVD.fmk WB iCAD cleavage, siRNA CAD, LM-PCR for DNA fragmentation Low-sera differentiation conditions Larsen 2010 PNAS

Casp 3 and 9 z-VAD.fmk, p35 DEVD/IETD/LEHD reporters by FACs, Confocal imaging, WB active Casp M-CSF, TPA, TNF, BCL-2 over expression Sordet 2002 Blood
Casp 8 Casp8 conditional KO mice phenotypic comparison WT v Casp8 flox M-CSF stimulation (NB: Mx1-Cre require IFN signaling) Kang 2004 J Immunol
Casp 8 p35, CrmA, siRNA Casp 8, dominant-neg Casp 8 WB active Casp & PARP cleavage, altered proteolytic events TPA Cathelin 2006 J Biol Chem
Casp 8 siRNA Casp 8, dominant-neg Casp 8 LETD/DEVD/LEHD reporters by FACs, WB active Casp M-CSF or TPA Rebe 2007 Blood

Casp 3 and 8 QVD-Oph DEVD/IETD reporter by FACs, WB active Casp CSF-1, PI3K/AKT-mediated signaling Jacquel 2009 Blood
Casp 3 unnamed "SantaCruz caspase 3 inhibitor" none, only comparison between untreated and inhibitior treated not assessed Liu 2016 Exp Cell Res

Casp 3, 8 and 2 Ac-DEVD/IETD/LEHD.CHO, DEVD/YVAD/IETD reporters, WB active Casp BMP (bone morphogenic protein)-4 induced differentiation Mogi 2003 J Biol Chem
Casp 3 z-DEVD.fmk, Casp 3 KO mice phenotypic comparison WT v Casp 3 KO TGF-b Miura 2004 J Biol Chem

Odontoblasts Casp 7 Casp 7 KO mice active Casp by immunohistochemistry, phenotypic comparison WT v Casp 7 KO not assessed Matalova 2013 Dev Growth Differ
Casp 14 none mRNA in-situ hybridisation Casp 14, WB active Casp, immunohistochemistry not assessed Lippens 2000 Cell Death Differ
Casp 14 none qPCR Casp 3 and 14, Confocal imaging, WB active Casp 14 not assessed Eckhart 2000 J Invest Dermatol
Casp 3 Casp 3 KO mice WB active Casp 3 and 14, immunohistochemistry, Casp 3 reporter correlative with Notch expression Okuyama 2004 Dev Cell

Casp 3, 9 and 2 z-VAD.fmk, DEVD.cmk DEVD/IETD/LEHD reporters, WB for active Casp, substrate cleavage mitochondrial de-polarisation Zermati 2001 J Exp Med
Casp 3,1 and 9 z-VAD.fmk, BocD.fmk WB active Casp, WB lamin cleavage not assessed, correlative with Raf-1 degradation Kolbus 2002 J Exp Med

Casp 3 siRNA Casp 3 DEVD-AMC reporter, WB active Casp 3 differentiation conditions Carlile 2004 Blood
Casp 3 z-DQMD.fmk DEVD reporter assay by FACs, WB active Casp & substrate cleavage EPO, STS, CAD-down reg prevents apoptosis Lui 2006 FEBS
Casp 3 z-DQMD.fmk, siRNA Casp 3 WB active Casp, DEVD Reporter TIMP1 (tissue inhibitor of metalloproteinase-1) Dasse 2007 Leukemia
Casp 3 not used DEVD reporter assay, WB active Casp 5-FU induced "acute anemic stress" Aispuru 2008 Cell Biol Intern
Casp 3 z-VAD.fmk or DEVD.fmk active Casp 3 by FACs drug induced differentiation Czyz 2008 Biochemical Pharma
Casp 3 z-DEVD.fmk DEVD reporter and NucView casp substrate assay by FACs drug induced differentiation Sztiller-Sikorska 2009 Brit J of Pharma
Casp 3 z-VAD.fmk, QVD-OPh WB active Casp, WB ROCK cleavage not assessed, correlative with ROCK-1 degradation Gabet 2010 Cell Death Differ
Casp 3 Casp 3 KO cell lines, Ac-DMQD.CHO WB active caspase & PARP cleavage, Casp3/7 Glo assay differentiation conditions Naarmann-de Vries 2013  Cell Death Differ
Casp 3 z-VAD.fmk, shRNA Casp 3, Casp 3 KO mice WB active Casp, phenotypic comparison differentiation conditions Zhao 2016 Dev Cell
Casp 3 N/A Confocal and EM imaging of active Casp Ab not assessed Yan 2001 J of Comp Neurol
Casp 3 DEVD.fmk, siRNA Casp 3 WB and confocal imaging active Casp Ab Neuronal growth factor Rohn 2004 Exp Cell Res
Casp 3 N/A Confocal imaging active Casp Ab not assessed Oomman 2005 Dev Brain Res
Casp 3 z-DEVD.fmk, Ac-DEVD-CHO, z-IETD.fmk, z-VAD.fmk widefield microscopy, WB active Casp & PARP cleavage differentiation conditions Fernando 2005 FASEB
Casp 3 DEVD.fmk, IETD.fmk DEVD/IETD reporters DMSO induced differentiation, Wnt11 expression Abdul-Ghani 2011 Mol Cell Biol
Casp 3 QVD-OPh CaspGlo assays, confocal imaging STS, differentiation conditions Bulatovic 2015 PLoS ONE
Casp 3 Casp-3 KO mice phenotypic comparison WT v Casp 3 KO not assessed Janzen 2008 Cell Stem Cell
Casp 3 Casp 3 KO cell lines, z-VAD.fmk YFP reporter, CaspGlo, WB active Casp & PARP cleavage, inducible active Casp 3 retinoic acid or differentiation conditions Fujita 2008 Cell

Casp 3 and 8 z-VAD.fmk, CrmA, Dominant-neg & shRNA Casp 3 & 8 IETD and DEVD reporters, WB active Casp, over-exp of Casp 8 transduction with transcription factors (e.g. Oct4, Nanog) Li 2010 Cell Stem Cell
Casp 3 DEVD.fmk, YVAD.fmk DEVD/YVAD reporters, WB active Casp platelet activating stimuli Shcherbina 1999 Blood

Casp 3 and 9 z-VAD.fmk, z-LEDH.fmk, z-DEVD.fmk WB active Casp & PARP cleavage, confocal imaging thrombopoietin (TPO) De Botton 2002 Blood
Casp 8, 3 & 6 z-VAD.fmk, z-IETD.fmk, z-DEVD.fmk WB active Casp, WB Casp substrates TCR stimulation Alam 1999 J Exp Med

Casp 8 IETD.fmk, z-VAD.fmk, YVAD.fmk, DEVD.fmk WB active Casp CD3 stimulation Kennedy 1999 J Exp Med
Casp 8 z-VAD.fmk, RNAi Casp 8 DEVD reporter, WB active Casp panel of Ab stimulations Chun 2002 Nature
Casp 8 Casp8 conditional KO mice phenotypic comparison WT v Casp8 flox not assessed Salmena 2003 Genes Dev
Casp 3 Ac-DEVD-CHO, Casp3 KO mice WB active Caspase, phenotypic comparison WT v Casp 3 KO LPS, CD40, IgM Woo 2003 Nature Immunol

Casp 8 and 6 IETD.fmk, z-VAD.fmk, VEID.fmk IETD/DEVD/VEID reporters, WB active Casp & PARP cleavage CD40 stimulation Olson 2003 J Immunol
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1.3	Interferons	

	
1.3.1	IFN:	a	family	of	cytokines	

Interferons	(IFNs)	are	proteins	that	are	produced	in	response	to	pathogens	to	

stimulate	the	immune	system,	and	were	first	described	by	Isaacs	and	Lindemann	

in	1957209.	Three	different	types	of	IFN	have	since	been	detailed.	The	Type	I	IFNs	

are	the	prototypical	interferons	and	fit	into	several	different	classes.	IFN-α	and	-β	

are	the	most	commonly	produced,	but	Type	I	IFNs	also	include	-ω,	-ε,	-δ	and	–κ210.	

Almost	every	cell	type	is	capable	of	producing	and	responding	to	Type	I	IFNs.	In	

contrast,	there	is	only	a	single	Type	II	IFN,	IFN-γ,	and	its	production	is	limited	to	T	

cells	and	NK	cells,	and	possibly	B	cells	and	APCs211.	Finally,	the	Type	III	IFNs,	also	

known	as	“IFN-like	cytokines”	or	IFN-λs,	include	IL-28	and	IL-29.	They	signal	

through	similar	pathways	as	Type	I	IFNs	but	only	a	limited	number	of	cell	types	

express	their	receptor212-214.		

	

1.3.2	Type	I	IFNs	

Type	I	IFNs	are	the	main	cytokines	produced	by	the	host	for	defense	against	

viruses215,216.	They	signal	through	the	IFNAR	receptor,	a	heterodimer	comprised	of	

IFNAR1	and	IFNAR2	subunits.	Upon	activation,	IFNAR	initiates	JAK/STAT	signaling	

to	induce	the	transcription	of	a	plethora	of	genes	denoted	as	IFN-stimulated	genes	

(ISGs),	which	are	vital	for	limiting	the	spread	of	infectious	agents	and	for	priming	

the	immune	system217-221.	However,	inappropriate	activation	of	Type	I	IFN	

signaling	(either	elevated,	sustained,	or	out	of	cellular	context),	can	have	dire	

consequences	for	the	host,	driving	autoinflammatory	and	autoimmune	

conditions222.	One	early	example	was	first	recognized	by	Jean	Aicardi	and	

Françoise	Goutières,	who	noted	neurological	symptoms	and	increased	IFN-α	in	the	

sera	and	cerebrospinal	fluid	of	young	children	with	a	condition	now	known	as	

Aicardi-Goutières	Syndrome	(AGS)223,224.	These	children	suffer	symptoms	

reminiscent	of	systemic	lupus	erythematosus	(SLE),	a	severe	autoimmune	disease	

that	had	also	been	associated	with	increased	interferon	signaling225.	A	number	of	

similar	diseases	have	subsequently	been	discovered,	and	the	term	

“interferonopathy”	has	been	coined	to	group	these	autoimmune	disorders	

together226.	Thus,	the	levels	of	Type	I	IFNs,	with	their	potent	and	complex	



	 33	

pleiotropic	functions,	must	be	acutely	balanced	to	serve	their	protective	function	

and	avoid	detrimental	impacts.		

	

The	production	of	Type	I	interferons	can	be	induced	by	many	different	stimuli	

including	bacteria,	viruses,	or	their	products	(e.g.	LPS,	viral	glycoproteins,	CpG	

motifs,	RNA	or	DNA)219,227.	The	most	potent	stimuli	are	the	nucleic	acids.	Their	

presence	in	a	cell	can	be	sensed	by	endosomal	Toll	like	receptors	(e.g.	TLR3,	4,	7,	8	

or	9),	which	subsequently	signal	through	either	MyD88	or	TRIF.	Alternatively,	they	

can	activate	cytoplasmic	receptors	such	as	the	RNA	sensor	RIG-I,	and	the	DNA	

sensors	DAI,	DDX41,	cGAS	and	IFI16,	which	all	signal	through	the	stimulator	of	

interferon	genes	(STING)	and	interferon	regulatory	factors	(IRFs)227,228(Figure	

1.3.2).	Notably	all	of	the	genes	implicated	thus-far	in	AGS	and	other	Type	I	

interferonpathies,	have	roles	in	recognizing	or	modulating	signaling	by	nucleic	

acids222,229.		

	

Of	the	multiple	cytoplasmic	DNA	sensors	mentioned	above,	the	recently	described	

cyclic-GMP-AMP	synthase	(cGAS)	is	now	considered	the	cell’s	primary	mechanism	

for	sensing	cytoplasmic	DNA.	Genetic	deficiency	of	cGAS	or	STING	completely	

abrogates	the	induction	of	interferon	in	response	to	DNA	transfection	or	DNA-

virus	infection230,231,	(reviewed232,233).		In	contrast,	the	role	of	the	other	reported	

cytoplasmic	DNA	sensors,	DAI,	DDX41	and	IFI16,	and	the	contexts	in	which	they	

may	be	relevant	are	less	clear.	Genetic	studies	have	thus	far	failed	to	confirm	their	

involvement	in	cytosolic	DNA	sensing233.		

	

	

1.3.3	The	cGAS/STING	signaling	duet	

STING	was	first	described	in	2008,	as	an	endoplasmic	reticulum	(ER)-associated	

molecule	and	later	shown	to	respond	to	cyclic	dinucleotides	(CDNs)231,234,235.	CDNs	

such	as	cyclic	di-AMP	or	-GMP	are	well-recognized	bacterial	second	messengers236,	

however	it	wasn’t	until	the	description	of	cGAS237-240	with	its	ability	to	catalyse	the	

formation	of	a	novel	dinucleotide,	cyclic	GMP-AMP	(cGAMP)241-243,	that	the	link	

between	DNA-sensing	and	STING	activation	was	cemented.	Upon	binding	to	

DNA244,	cGAS	catalyzes	the	generation	of	cGAMP	involving	a	unique	2’-5’,	3’-5’	
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linkage	between	the	nucleotides	GMP	and	AMP241,242.	It	has	been	suggested	that	

this	unique	linkage	confers	2’3’-cGAMP	with	the	highest	affinity	for	STING	amongst	

all	CDN	species245.	cGAMP	binding	induces	a	conformational	change	in	STING242	

and	promotes	its	relocalization	to	perinuclear	regions	where	it	forms	a	complex	

with	TANK-binding	kinase	1	(TBK1)231,246,247.	TBK1	then	facilitates	the	

recruitment,	phosphorylation	and	activation	of	transcription	factors	IRF-3	and	

NFκB247,	which	translocate	to	the	nucleus	and	transcribe	multiple	genes248,249.		

	

The	cGAS/STING	signaling	axis	has	been	shown	to	be	essential,	not	only	for	

mounting	appropriate	immune	responses	to	pathogen	derived	DNA,	but	also	to	

DNA	derived	from	dying	tumor-cells	engulfed	by	phagocytes250,	implicating	

cGAS/STING	in	a	mechanism	that	drives	anti-tumor	immune	responses251-253.	

Furthermore,	given	this	ability	to	sense	self-DNA,	cGAS/STING	have	also	been	

implicated	as	downstream	effectors	of	the	aberrant	Type	I	IFN	signaling	

characteristic	of	interferonopathies	such	as	AGS229.	Clearly,	cGAS/STING	signaling	

must	be	appropriately	regulated	to	avoid	autoimmunity.		

	

1.3.4	Regulation	of	cGAS/STING	signaling	

At	steady	state,	both	cGAS	and	STING	are	maintained	in	an	inactive	conformation.	

The	binding	of	DNA	between	the	spine	and	zinc-thumb	of	cGAS	induces	a	

rearrangement	of	the	catalytic	residues	within	its	active	site	promoting	an	open	

conformation	that	allows	GMP/AMP	access240,244.	In	contrast,	double	stranded	

RNA,	although	capable	of	binding	cGAS,	is	not	able	to	trigger	conformational	

change,	and	thus	cGAS	can	only	be	activated	by	dsDNA244.	Likewise	STING	is	only	

able	to	translocate	to	signaling	complexes	with	TBK1	once	it	has	been	activated	by	

CDNs231,242,254.	At	the	transcriptional	level,	expression	of	cGAS	and	STING	is	limited	

in	certain	cell	types	(e.g.	T	cells	and	hepatocytes)255,256,	though	their	expression	

can	be	induced	by	IFN	signaling,	which	in	cGAS/STING	competent	cells	functions	

as	a	positive	feedback	loop257.	In	addition,	post-translational	modifications	such	as	

phosphorylation	and	ubiquitylation	are	reported	to	regulate	cGAS/STING258-260.	In	

particular,	ubiquitylation	of	STING	has	received	much	interest,	as	different	TRIM	

proteins	have	been	implicated	as	negative	regulators	of	STING,	with	multiple	

ubiquitylation	sites	reportedly	leading	to	STING-degradation261-263,	reviewed233.	
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Finally,	both	cGAS	and	STING	have	been	reported	to	interact	with	autophagy-

related	proteins,	however	the	functional	significance	of	this	remains	to	be	

seen260,264.	Taken	together,	the	many	levels	of	regulation	discussed	here	highlight	

the	importance	of	cGAS/STING	signaling	in	cytosolic	DNA	sensing	and	its	status	as	

one	of	the	major	pathways	for	IFN	production.			

	

1.3.5	Interferons	and	apoptosis	

In	addition	to	their	immune-regulatory	and	antiviral	actions,	IFNs	have	also	been	

linked	to	cell	death	pathways	including	apoptosis,	necroptosis	and	pyroptosis.	Of	

the	>300	ISGs	that	have	been	identified	by	microarray	analysis218,	19	have	roles	in	

apoptosis;	including	PKR,	BCL-2	family	members	and	the	apoptotic	inducers	TRAIL	

and	FasL265,266.	Indeed,	it	has	been	reported	that	IFNs	can	induce	TRAIL	expression	

in	T	cells267	and	more	broadly,	that	IFNs	can	sensitize	cells	to	apoptosis	in	viral	

infection	settings268,269.	

	

Recent	work	from	our	lab	has	revealed	a	novel	link	between	Type	I	IFNs	and	

apoptosis	(discussed	in	more	detail	in	Chapter	3).	Briefly,	mice	with	a	

hematopoietic-specific	deficiency	in	apoptotic	caspases	exhibited	elevated	serum	

levels	of	IFN-β.	This	resulted	in	hematopoietic	stem	cell	(HSC)	expansion	and	

dysfunction.	Intriguingly,	this	phenotype	was	not	observed	in	mice	lacking	in	BAK	

and	BAX,	indicating	that	the	links	between	IFN	production,	apoptosis	and	caspases,	

if	real,	may	be	complex.	It	suggested	that	either	the	apoptotic	caspases	have	a	

“non-apoptotic”	role	in	suppressing	IFN	production,	or	they	are	required	to	

prevent	IFN	production	from	cells	undergoing	BAK/BAX-mediated	apoptosis.	As	

such,	this	observation	provided	the	foundation	for	the	work	presented	in	this	

thesis.		
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Aims	

	

The	apoptotic	caspases	function	at	the	terminal	end	of	apoptosis,	cleaving	a	

multitude	of	substrates	to	ensure	global	cellular	demolition	in	an	immunologically	

silent	fashion.	Recent	evidence	suggested	that	selectively	disabling	the	apoptotic	

caspase	cascade	in	hematopoietic	tissues	in	vivo	resulted	in	the	secretion	of	the	

potent	antiviral	and	immune-stimulatory	cytokines,	Type	I	interferons.		

This	thesis	aimed	to	understand	the	mechanism	responsible	for	this	IFN	

production	and	delineate	its	relationship	to	the	apoptotic	caspases.		

Specifically,	we	sought	to	address	the	following	aims:	

a) Elucidate	the	molecular	pathway	responsible	for	Type	I	IFN	production	

during	caspase-deficient	apoptosis	

b) Clarify	how	caspases	suppress	this	IFN	response	

c) Investigate	whether	this	mechanism	of	IFN	production	can	be	induced	

by	pharmacological	inhibition	of	caspases	and	assess	the	therapeutic	

potential	of	this	approach.	
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Chapter	2:	Materials	and	Methods	

	

2.1	Media	and	Buffers	

Table	2.1	Composition	of	media	and	buffers	

Media	/	Buffer	 Composition	 Use	

Dulbecco’s	Modified	
Eagle’s	(DME)	medium	
	

DMEM	powder		
(Gibco/Thermo,	Cat#31600083)	
40	mM	NaHCO3	
1x	Penicillin-Streptomycin	solution	
(Sigma,	Cat#P0781)	

Generation	of	MEFs	
(2.2.1)	
Maintenance	of	HeLa	
cells	(2.3.1)	

DME	KELSO	 DMEM	powder		
(Gibco/Thermo,	Cat#31600083)	
40	mM	Sodium	Bicarbonate	
1	mM	HEPES	
0.0135	mM	Folic	Acid	
0.24	mM	L-asparagine	
0.55	mM	L-arginine	
22.2	mM	D-glucose	
1x	Penicillin-Streptomycin	solution	
(Sigma,	Cat#P0781)	

Maintenance	of	MEF	
lines	(2.3.1)	

DMEM	–	phenol	red	free	
	

DMEM,	high	glucose,	HEPES,	no	phenol	red	
(Gibco/Thermo,	Cat#21063029)	

Live-cell	confocal	
imaging	(2.11.1)	

Leibovitz’s	L-15	Medium	
–	phenol	red	free	

Leibovitz’s	L-15	Medium,	no	phenol	red	
(Gibco/Thermo,	Cat#21083027)	

3D-SIM	imaging	(2.11.3)	
LLSM	imaging	(2.11.4)	

FACs	buffer		
(KDS-BSS,	2-3%	FBS)	

150	mM	NaCl		
3.7	mM	KCl		
2.5	mM	CaCl2		
1.2	mM	MgSO4		
1.2	mM	KH2PO4		
0.8	mM	K2HPO4		
7.4	mM	HEPES	NaOH	

Cell	viability	assays	
(2.6.1)	

Phosphate	buffered	
saline	(PBS)	pH	7.3	

20	mM	Na2HPO4		
4.5	mM	NaH2PO4		
150	mM	NaCl	

Wash	steps	/diluent		
(2.2,	2.3,	2.9,	2.10,	2.11)	

TNKE	lysis	buffer	 50	mM	Tris	pH	7.5		
120	mM	NaCl		
2	mM	KCl		
2	mM	EDTA		
1%	Triton	X-100	

Western	Blotting	
(2.10.1)	

KALB	lysis	buffer	 1%	Triton	X-100		
150	mM	NaCl		
50	mM	Tris	pH	7.5		
1	mM	EDTA		
1	mM	phenylmethylsulfonyl	fluoride		
0.1	mM	Na3VO4	

Western	Blotting	
(2.10.1)	

SDS	reducing	buffer	 62.5	mM	Tris-HCL	pH	6.8	
10%	glycerol		
2%	SDS		
0.0025%	Bromophenol	blue		
50	mM	DTT	

Western	Blotting	
(2.10.1)	
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2.2	Mice	

All	mice	were	backcrossed	for	at	least	ten	generations	on	a	C57BL/6	background	

and	all	animal	procedures	were	carried	out	as	approved	by	the	Walter	and	Eliza	

Hall	Institute	Animal	Ethics	Committee.	Mcl1-/-270,	Bak-/-271,	Bax-/-271,	Casp9-/-85,	

Ifnar1-/-272,	Apaf1-/-273,	Casp3-/-84,	Casp7-/-274,	STING-/-275	and	Myd88-/-276	strains	

have	all	been	described	previously.	All	bone-marrow	chimeras,	transplantation	

assays	and	fetal-liver	cell	analyses	were	performed	by	Dr.	White	as	described1(see	

Appendix	A).		

		

2.2.1	Generation	of	MEF	cell	lines	

Mouse	embryonic	fibroblasts	(MEFs)	were	derived	from	WT,	Mcl1-/-,	Casp9-/-,	

Casp3-/-	Casp7-/-,	Bak-/-	Bax-/-	Casp9-/-	or	STING-/-	mice	on	a	C57BL/6	background	

and	prepared	from	embryonic	day	(E)13-14	embryos.	Following	the	removal	of	the	

head,	thoracic	cavity,	and	fetal	liver,	a	single	cell	suspension	was	prepared	in	DME	

supplemented	with	4	mM	L-glutamine,	4.5	g	/	L	glucose	and	10%	heat-inactivated	

FBS	(Sigma	Cat#12003C)	and	cultured	at	37°C,	5%	CO2	on	tissue	culture	plates	

coated	with	0.1%	gelatin.	Immortalization	of	MEFs	was	performed	by	Amaxa	

optimized	transfection	(Nucleofector	MEF	Kit,	Lonza	Cat#VAPD-1004)(protocol	as	

per	manufacturer’s	instructions)	of	an	expression	plasmid	encoding	the	SV40	

Large	T	antigen	(a	gift	from	D.	Huang).	

	
2.2.2	In	vivo	caspase	inhibition	assay	

C57BL/6	mice	were	administered	pan-caspase	inhibitor,	QVD-OPh	(MedKoo	

Biosciences	CAS#1135695-98-5)	[60	mg	/	kg;	DMSO]	or	vehicle	control,	in	a	

volume	of	50	-	100	μL	via	intra-peritoneal	(i.p.)	injection.	Where	indicated,	QVD-

OPh	administration	was	immediately	followed	by	a	second	i.p.	injection	(on	the	

opposite	flank)	of	BH3-mimetic	(apoptosis-inducer)	75	-	150	μL	ABT-737	(Active	

Biochemicals	Cat#A-1002)	[75	mg	/	kg;	10%	DMSO,	58.5%	D5W,	27%	propylene	

glycol,	4.5%	Tween	80,	buffered	with	1M	HEPES	to	pH	4.0]	or	vehicle.	Mice	were	

sacrificed	at	1,	2,	3	and	4	h	post	QVD-OPh	administration,	at	which	point	cardiac-

bleeds	were	performed	and	serum	samples	were	collected	for	analysis	of	IFN-β	

levels	by	ELISA	(see	Section	2.7.2).	
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2.3	Cell	Culture	

2.3.1	Maintenance	of	cell	lines	

Immortalised	MEF	lines	were	routinely	maintained	at	37°C,	5%	CO2	in	DME-KELSO	

medium	supplemented	with	10%	heat-inactivated	FBS,	10	μL	/	mL	

Penicillin/Streptomycin	(Pen/Strep)	(Sigma	Cat#P0781)	and	100	μM	L-asparagine	

(Sigma	Cat#A4159).	HeLa	cells	were	maintained	at	37°C,	5%	CO2	in	DME	medium	

supplemented	with	10%	heat-inactivated	FBS	and	Pen/Strep.	In	all	cases,	MEF	

lines	were	generated	as	per	section	2.2.1,	with	the	exception	of	the	Drp1-/-,	Opa1-/-	

and	Mfn1-/-	Mfn2-/-	MEF	lines,	which	were	gifted	by	M.	Ryan.	HeLa	cells	were	gifted	

by	D.	Huang.		

	
2.3.2	Retroviral	infections	

To	generate	cell	lines	stably	expressing	the	different	imaging	constructs,	cGAS	

constructs	or	BIMs	variants	used	throughout	this	study,	4	μg	of	plasmids	were	

transiently	transfected	into	Phoenix	ecotropic	packaging	cells	using	a	1:3	ratio	of	

DNA:Fugene	6	(Roche,	Cat#E2691)	as	per	manufacturer’s	instructions.	Viral	

supernatants	were	collected	48	h	later,	filtered,	supplemented	with	6	μg	/	mL	

polybrene	(Sigma,	Cat# H9268),	and	used	to	infect	MEFs	by	spin	infection	(1	h,	

1500	x	rpm,	32°C).	Viral	supernatants	were	left	on	cells	for	a	further	12	–	24	hr	

before	replacement	with	culture	media.	After	a	further	24	h	to	recover,	MEFs	were	

then	cultured	in	hygromycin	[1:200](Sigma/Roche,	Cat#10843555001),	and	

where	required,	sorted	by	flow	cytometry	(Influx,	BD).	

	
2.3.3	Lentiviral	transfections	

For	the	inducible	CRISPR	system	the	CAS9	and	sgRNA	sequences	were	encoded	on	

lentiviral	vectors.	CRISPR	plasmids	[4	μg],	along	with	packaging	plasmids	

(pMDLg/pRRE	[2	μg]&	pRSV-Rev[1	μg])	and	an	envelope	plasmid	(pCMV-VSVG)	[1	

μg],	were	transiently	transfected	into	293T	cells	using	a	1:3	ratio	of	DNA:Fugene	6	

(Roche,	Cat#E2691)	as	per	manufacturer’s	instructions.	Lentiviral	supernatants	

were	collected	48	h	later,	filtered,	supplemented	with	6	μg	/	mL	polybrene	(Sigma,	

Cat# H9268),	and	used	to	infect	cells	by	spin	infection	(1	h,	1500	x	rpm,	32°C).	

Lentiviral	supernatants	were	left	on	cells	for	a	further	12	–	24	h	before	
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replacement	with	culture	media.	After	a	further	24	h	to	recover,	cells	were	sorted	

by	flow	cytometry	(Influx,	BD).	

	
2.3.4	Transient	transfections	

For	the	transient	CRISPR	system,	multiple	lipofectamine-based	reagents	were	

trialed	for	the	delivery	of	plasmids	into	immortalized	MEFs	(Fugene6,	

Lipofectamine	2000,	Lipofectamine	3000,	X-tremeGENE	HP),	yet	none	were	

particularly	efficient	(efficiencies	ranged	from	3-10%).	However,	given	the	rapid	

proliferation	of	these	cells,	the	low	transfection	efficiency	was	tolerable	for	this	

application.	Thus	we	opted	to	continue	using	Fugene6	(Roche,	Cat#E2691),	again	

utilizing	a	ratio	of	1:3	DNA:Fugene6,	and	following	all	manufacturer	instructions.	

Target	MEFs	were	seeded	in	10	cm	tissue	culture-treated	dishes	(100,000	cells	per	

dish),	or	6	well	tissue-culture	plates	(25,000	cells	per	well)	and	allowed	to	adhere	

overnight.	Following	this,	media	was	replaced,	DNA:Fugene	mixes	were	added	

drop-wise	to	wells/plates	and	MEFs	were	incubated	for	24	-	48	h	before	sorting	by	

flow	cytometry	(Influx,	BD).		

	
2.3.5	mtDNA	depletion	

MEFs	were	cultured	in	DME-KELSO	(see	2.3.1)	that	was	further	supplemented	

with	100	mg	/	ml	sodium	pyruvate,	and	50	mg	/	ml	uridine	as	described277.	Cells	

were	treated	with	a	titration	of	ethidium	bromide	(EtBr)	to	optimize	robust	

mtDNA	depletion	whilst	maintaining	viability,	and	a	concentration	of	100	ng	/	ml	

EtBr	was	selected,	for	an	incubation	period	of	6	–	10	days,	to	adequately	deplete	

mtDNA	from	MEFs	as	assessed	by	qPCR	and	confocal	imaging	(see	Section	2.9).	

	

	

2.4	CRISPR	Gene	Editing	

In	the	three	short	years	during	which	this	thesis	was	completed,	the	landscape	of	

different	variations	of	CRISPR/CAS9	techniques	vastly	expanded,	so	while	few	

options	were	available	when	we	first	used	CRISPR/CAS9	gene	editing,	by	the	time	

we	came	to	use	CRISPR	again,	there	were	many	more	systems	in	use.	Thus,	two	

different	CRISPR/CAS9	protocols	are	described	here:	an	inducible	system,	which	

generated	cells	stably	expressing	two	constructs	(CAS9	and	sgRNA)	under	the	
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control	of	tetracycline	responsive	promoters,	and	a	transient	system,	in	which	a	

single	construct	encoding	both	the	CAS9	nuclease	and	sgRNA	was	constitutively	

expressed	for	only	72	h.	Both	systems	were	successful,	however,	ultimately,	we	

found	the	transient	system	much	simpler	(one	construct	only),	faster	(no	need	to	

generate	stable	lines)	and	although	transfection	efficiency	was	much	lower,	the	

positive	population	could	be	readily	sorted	by	flow	cytometry,	within	which,	indel	

generation	occurred	at	similar	frequencies	as	was	produced	by	the	inducible	lenti-

viral	system.	

	
2.4.1	Dox-inducible	CRISPR	system	

This	protocol	was	optimized	by	M.	Herold	and	has	been	previously	

described1,278(see	also	Appendix	A).	Briefly,	targeted	guide	sequences	were	

designed	using	Optimized	CRISPR	Design	Tool	from	the	Zhang	Laboratory-MIT	

(http://crispr.mit.edu:8079/)	and	were	cloned	into	the	sgRNA	vector	(FGH1t.UTG)	

which	contains	a	GFP	marker.	Both	the	sgRNA	vector	and	the	FUCas9Cherry	vector	

(containing	CAS9	and	an	mCherry	marker)	are	driven	by	the	H1	promoter,	which	

contains	a	Tet-operator	site,	maintaining	the	promoter	in	an	inactive	state	unless	

in	the	presence	of	doxycycline278.	These	lentiviral	plasmids	were	sequentially	

transfected	into	MEFs	(see	Section	2.3.3),	and	GFP-mCherry	double-positive	cells	

were	sorted	by	flow	cytometry	(Influx,	BD).	Cells	were	allowed	to	recover	for	48	h	

before	the	addition	of	doxycycline	[1	μg	/	mL](Sigma,	Cat#D9891)	to	induce	

expression	of	CAS9	and	sgRNAs.	Cells	were	cultured	in	doxycycline	conditions	for	

2	-	5	days	before	clones	derived	from	single	cells	were	isolated	and	expanded.	The	

targeting	guide	sequences	were	as	follows:	cGAS#2-1:	TGACTCAGCGGATTTCCTCG	

cGAS#2-3*:	TGTTTAAACTGGAAGTCCCC,	cGAS#3-1:	AAACGGCTCTCGTCTTAGAT,	

cGAS#3-3:	TCTCGTACCCAAGAATGCAA,	Irf3#2-1*:	ATAAGCCGGACGTGTCAACC,	

Irf3#2-4:	GCAACACTTCTTTCCGGTTC,	Irf3#3-1:	CTTGGGGCCCCTCAAAGATG,	

Irf3#3-2:	AAGTTGTTCACATTGGGGCT,	CAD#2-5*:	CGGCTCTCGGTCTACGAAGA,	

CAD#3-2*:	GCCACATGCCGGCGTCATCC,	where	*	denotes	guide	sequences	from	

which	clones	were	generated.		

	
2.4.2	Transient	CRISPR	system	

Targeting	guide	sequences	were	designed	using	Benchling	software	(available	

here:	https://benchling.com/crispr)	and	were	cloned	into	the	px458	vector	
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(containing	CAS9	and	a	GFP	marker)(a	gift	from	Feng	Zhang:	Addgene	plasmid	#	

48138).	Plasmids	were	then	transiently	transfected	into	MEFs	(Section	2.3.4),	

sorted	by	flow	cytometry	for	GFP	positive	cells,	and	clones	derived	from	single	

cells	were	expanded.	The	targeting	guide	sequences	were	as	follows:	Mcl1#1	

GATCATCTCGCGCTACTTGC,	Mcl1#2	GGAGCAGGCGACCGGCTCCA,	cGAS#1	

GATTCTTGTAGCTCAATCCTG,	cGAS#2	GAAATTCAAAAGAATTCCACG.	

	
2.4.3	Confirming	CRISPR	editing	

For	both	CRISPR	systems,	the	targeted	gene	locus	from	single	cell	derived	clones	

was	amplified	by	PCR	and	sequenced	by	Sanger	sequencing.	Clones	bearing	indels	

predicted	to	disrupt	gene	function	on	both	alleles	were	selected	for	further	

experimentation.	Where	possible,	clones	were	also	functionally	tested.	For	

cGASCRISPR-/-	and	Irf3	CRISPR-/-	clones,	this	was	achieved	by	assessing	IFN-β	

production	(see	Section	2.7)	in	response	to	transfection	with	Poly(I:C)(HMW)	[250	

–	1000	ng	/	mL](Invivogen,	Cat#tlrl-piclv)	or	interferon-stimulatory	DNA	(ISD)	

[2.5	-	10	μg	/	mL](Invivogen,	Cat#tlrl-isdn)	and	for	Mcl1CRISPR-/-	clones	this	was	

achieved	by	assessing	their	sensitivity	to	ABT-737	(see	Section	2.6).	In	addition,	

Mcl1CRISPR-/-	clones	were	also	immunoblotted	for	protein	expression	(see	Section	

2.10.1).	

	

	

2.5	Cloning	

2.5.1	Imaging	constructs	

Imaging	constructs	were	generated	using	PCR	amplification	of	sequences	encoding	

fluorescent	proteins	(mNeonGreen	(AlleleBiotechnology)279,	pBabe(LTR)-

Cytochrome	C-GFP	(a	gift	from	Douglas	Green280:	Addgene	plasmid	#	41183),	

mRuby2-NT-C1	(a	gift	from	Michael	Davidson281:	Addgene	plasmid	#	54561)	

mCherry,	tdTomato282	(gifts	from	D.	Huang)	or	the	HaloTag	(Promega,	

Cat#G7721).	These	were	cloned	into	an	MSCV-IRES-hygromycin	construct	(a	

hygromycin	selectable	retroviral	vector)	such	that	they	were	fused	either	N-

terminally	to	BAK	or	BAX	(murine	coding	sequences,	gifts	from	D.	Huang),	or	C	

terminally	to	the	Matrix	targeting	sequence	from	OTC,	DMAC	(gifts	from	M.	Ryan),	

TFAM	(OriGene	NM_009360),	or	TOMM20	(GenScript	synthesis	NM_014765.2)	
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sequences.	MEF	lines	stably	expressing	fluorescent	fusion	proteins	were	prepared	

by	stable	retroviral	transfection	as	outlined	above	(Section	2.3.2),	and	cell	

populations	expressing	the	fluorescent	fusion	proteins	were	sorted	by	flow	

cytometry	(InFlux,	BD).	

	
2.5.2	cGAS	constructs	

The	coding	sequence	for	WT	murine	cGAS	was	synthesized	by	GenScript	(Mb21d1	

accession	number	#NM_173386.5)	with	a	BglII	(AGATCT)	restriction	enzyme	site,	

Kozak	consensus	sequence	(ACCGCC)	and	FLAG	tag	(DYKDDDDK	epitope)	encoded	

onto	the	N	terminus,	and	a	STOP	codon	(TGA)	and	a	XhoI	(CTCGAG)	restriction	

enzyme	site	encoded	onto	the	C	terminus.	This	was	then	sub-cloned	into	an	MSCV-

IRES-hygromycin	construct	for	expression	in	MEF	cell	lines	(Section	2.3.2).	In	

addition,	a	second	cGAS	construct	(denoted	FLAG-cGASCASP)	was	synthesized	by	

GenScript	identical	to	the	original,	but	for	7	bases	corresponding	to	the	key	

aspartic	acid	residues	within	potential	caspase-cleavage	sites.	For	each	site,	single	

base	substitutions	were	included	such	that	GAT	or	GAC	(aspartic	acid	codons)	

were	replaced	with	GAA	or	GAG	(glutamic	acid	codons)	respectively,	thereby	

engendering	all	the	desired	D	–	E	mutations	at	positions	81,	101,	115,	148,	155,	

163	and	213.	To	generate	each	of	the	cGAS	constructs	containing	only	one	mutated	

position,	a	two-step	PCR	amplification	method	was	used.	First,	primers	carrying	

the	desired	mutation	(and	complementary	to	the	10	-	15	bases	either	side	of	said	

mutation-site)	were	used	to	amplify	WT	FLAG-cGAS	in	both	directions.	These	two	

amplification	products	were	then	used	as	templates	for	a	second	PCR	reaction,	

using	primers	specific	for	the	beginning	and	end	of	WT	FLAG-cGAS,	such	that	the	

final	product	encoded	the	entire	cGAS	sequence	and	mutation	within.	PCR	

products	were	then	ligated	into	the	MSCV-IRES-hygromycin	construct,	transfected	

into	bacteria,	and	colonies	were	screened	by	DNA	extraction	(QIAprep	Spin	

MiniPrep	kit,	QIAGEN	Cat#27106)	and	Sanger	sequencing	to	select	those	that	

contained	the	appropriate	mutation.		
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2.6	Measuring	Cell	Viability	

2.6.1	PI	exclusion	by	flow	cytometry	

Cells	were	plated	15,000	or	30,000	cells	per	well	in	24-	or	12-well	tissue	culture	

plates	(BD	Falcon)	respectively,	and	allowed	to	adhere	overnight.	Media	was	

removed	and	replaced	with	apoptotic	stimuli:	ABT-737	(AbbVie	or	Active	

Biochemicals	Cat#A-1002)[125	–	1000	nM],	WEHI-539	(MedChemExpress	

Cat#HY-15607)[50	–	500	nM]	or	Etoposide	(Hospira)[10	–	50	μM].	Where	

indicated,	cells	were	pre-incubated	with	QVD-OPh	(MedKoo	Biosciences	

CAS#1135695-98-5,	MP	Biomedicals	Cat#03OPH109,	or	made	in-house	by	

R.Lessene)[20	μM]	or	z-VAD.fmk	(R&D	Systems	Cat#FMK001)[30	μM]	for	15	-	30	

min	prior	to	apoptotic	stimuli.	In	addition,	for	the	TBK1	inhibitor	studies,	cells	

were	pre-incubated	with	MRT-67307	(Sigma	Cat#SML0702)[0.1	-	1	μM]	for	1	h	

prior	to	QVD-OPh	&/or	ABT-737	addition.	24	h	post	treatment,	cells	were	

trypsonized,	added	to	collected	supernatants,	spun	down	and	re-suspended	in	5	μg	

/	mL	propidium	iodide	(PI)	(Sigma	Cat#P4864)	in	KDS	supplemented	with	2%	

FBS.	Cells	were	then	analysed	by	flow	cytometry	on	a	FACSCalibur	(BD),	with	

viable	cells	determined	by	FSC/SSC	gating	and	the	exclusion	of	PI.		

	
2.6.2	Cell	Titer	Glo	

Cells	were	plated	5000	cells	per	well	in	a	96-well	tissue	culture	plate	(BD	Falcon)	

and	allowed	to	adhere	overnight.	Induction	of	apoptosis	was	performed	as	

described	above	(Section	2.7.1),	24	h	after	which,	cell	viability	was	quantified	by	

CellTiterGlo	(Promega	Cat#G7570)	as	per	manufacturer’s	instructions.	

	

	

2.7	Measuring	IFN	Production	

2.7.1	QUANTI-Blue	Assay		

For	measuring	IFN-β	production	by	QUANTI-Blue	assay,	B16-Blue	IFNα/β	cells	

(InvivoGen	Cat#bb-ifnt1),	a	murine	B16	melanoma	cell	line	expressing	a	Secreted	

Embryonic	Alkaline	Phosphatase	(SEAP)	reporter	under	the	control	of	the	IFNα/β-

inducible	ISG54	promoter	enhanced	by	a	multimeric	interferon-stimulated	

response-element	(ISRE),	were	cultured	as	per	manufacturer’s	instructions.	In	

response	to	IFNα/β	these	cells	produce	and	secrete	SEAP	phosphatase,	whose	
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presence	can	be	detected	in	culture	supernatants	by	the	addition	of	the	QUANTI-

Blue	substrate	(InvivoGen,	Cat#rep-qb1).	In	the	presence	of	SEAP,	QUANTI-Blue	

undergoes	a	colour	change	(from	pink	to	blue)	that	is	measurable	by	a	

spectrophotometer.	Hence,	MEFs	were	plated	and	treated	as	described	for	Cell	

Titer	Glo	assays	(Sections	2.6.2)	and	culture	supernatants	were	collected	and	

added	to	96-well	plates	containing	B16	reporter	cells	(180	μL,	approx.	420,000	

cells).	B16	cells	were	incubated	at	37°C,	5%	CO2	for	24	h,	spun	down,	and	20	μL	of	

culture	supernatants	were	transferred	to	an	additional	96	well	plate	containing	

QUANTI-Blue	reagent,	which	had	been	prepared	as	per	manufacturer’s	

instructions.	SEAP	levels	were	then	assessed	by	spectrophotometer,	and	the	

approximate	concentration	of	IFN	was	determined	by	comparison	to	known	

standards.	In	practice,	we	found	this	reporter	system	could	not	readily	detect	low	

concentrations	of	IFN	(i.e.	≤	10	pg	/	mL)	thus	for	the	majority	of	experiments	we	

opted	for	the	highly	sensitive	ELISA	(particularly	for	measuring	IFN	levels	in	vivo).		

	
2.7.2	ELISA	

For	in	vitro	studies,	cells	were	plated	and	treated	either	as	described	for	Cell	Titer	

Glo	assays	(Section	2.6.2)	or	with	Poly(I:C)(HMW)	[250	–	1000	ng	/	

mL](Invivogen,	Cat#tlrl-piclv)	or	interferon-stimulatory	DNA	(ISD)	[2.5	-	10	μg	/	

mL](Invivogen,	Cat#tlrl-isdn)	as	per	manufacturer’s	instructions.	24	h	post-

treatment,	plates	were	spun	down	and	culture	supernatants	were	collected.		

For	in	vivo	studies,	at	least	200	μL	of	blood	was	collected	by	either	eye-bleed	or	

cardiac-bleed,	and	allowed	to	clot	on	ice	for	1	-	2	h.	Serum	was	then	separated	

from	clots	by	centrifugation	(15	-	20	min,	4°C,	2000	×	g)	and	the	clear	sera	

fractions	were	collected.	For	both	serum	samples	and	culture	supernatants,	IFN-β	

protein	was	measured	using	the	VeriKine-HS	Mouse	Interferon	Beta	ELISA	(PBL	

Assay	Science	Cat#42410)	as	per	manufacturer’s	instructions	immediately	upon	

collection,	otherwise	samples	were	stored	at	-80°C.		

	
2.7.3	Quantitative	PCR	

In	addition,	IFN-	β	production	was	also	measured	by	analyzing	expression	of	the	

Ifnb	gene,	as	described1(see	also	Appendix	A).	Briefly,	total	RNA	was	isolated	from	

cell	pellets	using	the	RNeasy	Mini	kit	(QIAGEN,	Cat#74106)	as	per	manufacturer’s	

instructions.	Reverse	transcription	was	then	performed	using	oligo(dT)	primer	
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and	SuperScript	III	reverse	transcriptase	(Life	Technologies,	Cat#18080051),	also	

according	to	the	manufacturer’s	instructions.	Prior	to	qPCR,	genomic	DNA	was	

removed	by	DNase	I	treatment	(QIAGEN	Cat#15200-50).	Real-time	qPCR	was	then	

performed	on	a	Light-Cycler	480	(Roche)	using	SensiMix	SYBR	Hi-ROX	kit	(BioLine	

Cat#QT605-05)	and	primers	designed	to	amplify	the	Ifnb	locus	and	the	

housekeeping	gene	tbp	locus,	the	sequences	for	which,	can	be	found	in	Appendix	A.	

The	reaction	conditions	were	as	follows:	10	min	at	95°C,	followed	by	40	cycles	of	

15	sec	at	95°C,	20	sec	at	62°C,	and	20	sec	at	72°C.		

	

	

2.8	Measuring	Caspase	Activity	

Cells	were	plated	5000	cells	per	well	in	a	96-well	tissue	culture	plate	(BD	Falcon)	

and	allowed	to	adhere	overnight.	Induction	of	apoptosis	was	performed	as	

described	above	(Section	2.7.1).	4	-	6	h	post-treatment,	plates	were	spun	down	and	

half	of	the	culture	medium	was	removed	before	CaspaseGlo	(Promega	Cat#G8090)	

substrate	was	added	and	reactions	were	transferred	to	a	fresh	96-well	white	

bottom	plate.	Caspase-3/-7	activity	was	then	quantified	by	measuring	

luminescence,	as	per	manufacturer’s	instructions.	

	

	

2.9	Measuring	mtDNA	Content	

2.9.1	PicoGreen	Staining	

Cells	were	plated	in	8	well	chamber	slides	(iBidi	Cat#80826)	and	incubated	with	3	

μL	/	mL	PicoGreen	dye	(InvivoGen)	in	serum-free	media	for	1	h	at	37°C,	and	

Mitotracker	Red-FM	dye	(InvivoGen)	(1	μM)	for	30	min	(added	halfway	through	

PicoGreen	staining).	Wells	were	then	washed	at	least	twice	in	PBS	and	media	was	

replaced	with	phenol	red-free	DMEM	(GIBCO,	ThermoFisher	Cat#11965092)	

supplemented	with	4	mM	L-glutamine,	4.5	g	/	L	glucose	and	10%	heat-inactivated	

FBS	(Sigma	Cat#12003C)	and	imaged	by	confocal	microscopy	as	detailed	below	

(2.11.2).		
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2.9.2	Quantitative	PCR	

Analysis	of	mtDNA	content	by	qPCR	was	performed	as	described1(see	also	

Appendix	A).	Briefly,	total	DNA	was	isolated	from	cells	with	a	DNeasy	blood	and	

tissue	kit	(QIAGEN	Cat#69506).	Real-time	qPCR	was	performed	on	a	Light-Cycler	

480	(Roche)	using	SensiMix	SYBR	Hi-ROX	kit	(BioLine	Cat#QT605-05)	and	primers	

designed	for	the	mitochondrial	genes	ND1	and	ND5	and	the	nuclear	gene	POLG,	the	

sequences	for	which,	can	be	found	in	Appendix	A.	The	reaction	conditions	were	the	

same	as	described	previously	(Section	2.7.3).	Gene	expression	was	determined	

using	the	ΔCT	method,	and	mitochondrial	genes	were	normalized	to	that	of	nuclear	

genes,	then	compared	to	parental/untreated	cells	to	calculate	a	percentage	of	

depletion.	

	

	

2.10	Immunoblots	&	Immunoprecipitations	

2.10.1	Western	Blotting	

Cell	lysates	were	made	using	TNKE	or	KALB	buffer	(Table	2.1)	supplemented	with	

complete	protease	inhibitor	cocktail,	and	spun	clear	of	the	insoluble	fraction.	

Supernatants	were	quantified	by	Bradford	assay	(BioRad),	then	boiled	in	SDS	

reducing	buffer.	Samples	were	run	through	4	-	12%	Bis-Tris	gels	(Invitrogen)	and	

transferred	to	nitrocellulose	membranes	via	dry-transfer	using	the	iBlot	system	

(Invitrogen).	Membranes	were	blocked	for	1	h	in	Odyssey	Buffer	(Li-Cor)	before	

overnight	incubation	with	primary	antibodies:	FLAG	(Sigma,	clone	M2,	#F3165),	

HSP70	(from	Lorraine	O’Reilly,	clone	N6),	active-Casp-3	(Chemicon,	#AB3623)	or	

MCL-1	(Rockland,	#600-401-394).			Secondary	antibodies	were	acquired	from	

Rockland	(#610-132-121)	and	Molecular	Probes	(#A-21001MP,	#A-21906).	

Membranes	were	visualized	using	Odyssey	system	(Li-Cor).	

	
2.10.2	Immunoprecipitation		

Immunoprecipitation	was	performed	as	described1(see	also	Appendix	A).	Briefly,	

Mcl1-/-	MEFs	expressing	N	terminally	FLAG-tagged	cGAS	(Section	2.5.2)	were	

treated	±	ABT-737/QVD-OPh.	Following	crosslinking	of	DNA	and	associated	

proteins,	immunoprecipitation	was	performed	with	anti-FLAG	M2	antibody	

(Sigma)	or	mouse-IgG	antibody	(BD)	and	co-precipitated	DNA	was	examined	by	
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real-time	qPCR.	8	primer	pairs	amplifying	different	regions	of	the	mitochondrial	

genome	were	designed,	along	with	2	additional	control	primer	pairs	(that	amplify	

mitochondrial	genes	encoded	by	nuclear	DNA),	and	were	used	to	evaluate	the	

origin	of	the	DNA	enriched	in	precipitates	by	qPCR.	The	oligonucleotide	sequences	

can	be	found	in	Appendix	A.		

	

2.11	Microscopy	

2.11.1	Live-cell	imaging	by	confocal	

Mcl1-/-	MEFs	expressing	TOMM20-mCherry	were	plated	in	8	well	chamber	slides	

(iBidi	Cat#80826)	and	allowed	to	adhere	overnight,	before	incubation	with	3	μL	/	

mL	PicoGreen	dye	(InvivoGen)	in	serum-free	media	for	1	h	at	37°C	immediately	

prior	to	imaging.	Wells	were	washed	at	least	twice	in	PBS	and	media	was	replaced	

with	phenol	red-free	DMEM	supplemented	with	4	mM	L-glutamine,	4.5	g	/	L	

glucose	and	10%	heat-inactivated	FBS	(Sigma	Cat#12003C).	Chamber	slides	were	

then	mounted	in	the	imaging	chamber	of	a	Leica	TCS	SP8	Confocal	Microscope	

(resonant	scanning)	fitted	with	a	humidified	environmental	chamber	maintained	

at	37°C	and	5%	CO2,	and	allowed	to	acclimatize	for	approximately	30	min	prior	to	

addition	of	QVD-OPh	[20	μM]	and	ABT-737	[500	nM].	Images	were	then	captured	

at	2	min	intervals,	with	a	Leica	63	x/1.4	HC	PL	APO	CS2	objective,	using	a	zoom	

factor	of	2.0	and	each	time	collecting	sections	of	1	μm	thickness	with	

approximately	5	-	6	Z-slices.	Laser	excitation	was	achieved	with	488	nm	and	561	

nm	lasers.	Images	shown	are	maximum	intensity	projections	from	Z-stacks.	

	
2.11.2	Immunofluorescence	by	confocal	

For	imaging	of	cells	at	steady	state,	cells	were	plated	in	8	well	chamber	slides	

(iBidi	Cat#80826)	and	incubated	with	Quant-iT	PicoGreen	dsDNA	dye	[3	μL	/	

mL](Invitrogen/Thermo,	Cat#P7581)	in	serum-free	DME	media	for	1	h	at	37°C,	

and	Mitotracker	Red-FM	dye	[1	μM](Invitrogen/Thermo,	Cat#M22425)	for	30	min	

(added	halfway	through	PicoGreen	staining).	For	imaging	of	apoptotic	cells,	cells	

were	plated	in	8	well	chamber	slides	(iBidi	Cat#80826)	and	incubated	with	drug	

treatments	at	37°C	for	indicated	times.	Prior	to	imaging	experiments,	the	optimal	

drug	concentrations	were	selected	using	the	flow	cytometry-based	viability	assay	

(Section	2.6.1).	For	example,	prior	to	collecting	the	HeLa	images,	a	PI-exclusion	
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assay	using	a	cross	titration	of	ABT-737	and	the	MCL-1	inhibitor,	S63845,	was	

performed	to	select	the	optimal	concentrations	of	apoptosis	stimuli,	and	HeLa	cells	

were	treated	with	this	combination	for	30,	60,	90,	120,	150,	180	or	240	min	before	

fixation.	After	drug	treatment,	media	was	replaced	with	2%	paraformaldehyde	

(Electron	Microscopy	Sciences	Cat#15710)	made	fresh	on	the	day	of	use	to	ensure	

fixation	did	not	affect	the	integrity	of	mitochondrial	networks.	Cells	were	left	to	fix	

for	15	min,	before	3	washes	in	PBS	(taking	care	not	to	let	the	cells	dry	out	at	any	

stage	during	media	changes	since	this	can	also	affect	mitochondrial	quality),	and	

incubated	at	room	temperature	for	40	min	in	permeabilisation/blocking	buffer	of	

0.1%	Tween	(Sigma,	Cat#P1379),	3%	Goat	Serum	(Life	Technologies,	

Cat#501972).	Cells	were	then	incubated	overnight	at	4°C	with	primary	antibodies	

anti-Tomm20	(Santa	Cruz	Biotech,	Cat#sc-11415)	and	anti-DNA	(ProGen,	Cat#AC-

30-10)	in	blocking	buffer,	washed	twice,	then	incubated	for	1	h	in	secondary	

antibodies	goat	anti-rabbit-AF647	(Life	Technologies,	Cat#A21245)	and	goat	anti-

mouse-AF488	(Life	Technologies,	Cat#A11001).	To	optimize	antibody	

concentrations,	cells	were	stained	with	a	titration	of	either	antibody	co-stained	

with	either	Mitotracker-Green	(Invitrogen/Thermo,	Cat#M7514)	or	PicoGreen	to	

ensure	appropriate	localization	and	rule-out	non-specific	binding	of	either	primary	

or	secondary	antibodies.	Optimal	concentrations	were	1:2000	anti-TOMM20,	

1:3000	anti-DNA	and	1:10,000	for	either	secondary	antibody.	For	all	confocal	

imaging,	upon	completion	of	staining,	wells	were	washed	in	PBS,	before	phenol	

red-free	media	was	added	and	cells	imaged	on	the	Zeiss	LSM	780	confocal	

microscope	using	a	63x/1.4	Plan	Apo	objective.	Images	shown	are	maximum	

intensity	projections	from	Z-stacks.	

	
2.11.3	3D	structure	illumination	microscopy	

Live	3D-SIM	images	were	captured	on	a	custom-built	structured	illumination	

microscope	housed	in	the	Advanced	Imaging	Center	(AIC)	at	the	Howard	Hughes	

Medical	Institute,	Janelia	Research	Campus.	The	platform	consists	of	a	Zeiss	

AxioObserver	inverted	microscope	platform	with	a	motorized	stage	and	63x	/	1.2	

NA	water	immersion	objective.		Laser	excitation	was	achieved	with	488	nm	and	

561	nm	lasers.	The	system	is	based	on	the	use	of	acousto-optical	modulators	

synchronized	with	a	spatial	light	modulator	for	fast	dual	colour	switching	at	each	
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optical	plane	as	previously	described283.	For	all	experiments,	MEFs	were	grown	on	

23	mm	round	glass	coverslips	(Warner	Instruments).	All	drug	treatments	were	

done	following	sample	mounting	in	the	imaging/media	chamber.	During	imaging,	

cells	were	maintained	in	Leibovitz’s	L-15	media	supplemented	with	10%	FBS,	

25mM	HEPES	(GIBCO,	ThermoFisher	Cat#15630080,	10	μL	/	mL	Pen/Strep	(Sigma	

Cat#P0781),	100	μM	L-asparagine	(Sigma	Cat#A4159)	and	20	μM	TROLOX	

(SantaCruz	Cat#53188-07-1).	Light	was	collected	serially	on	two	separate	sCMOS	

cameras	(Hamamatsu	Flash	4.0)	and	camera	exposures	were	typically	set	at	10	or	

20	ms.	The	step	size	was	set	at	150	nm	and	volumes	varied	between	1.35	and	2.85	

microns	were	captured	at	each	time	point.	The	reconstruction	of	the	data	was	

performed	using	a	custom	written	program	and	all	chromatic	alignments	were	

performed	post-acquisition.	

	
2.11.4	Live-cell	imaging	by	lattice	light-sheet	microscopy		

The	LLSM	used	in	these	experiments	is	housed	in	the	Advanced	Imaging	Center	

(AIC)	at	the	Howard	Hughes	Medical	Institute	Janelia	Research	Campus.	The	

system	was	configured	and	operated	as	previously	described284.	For	all	

experiments,	MEFs	were	grown	on	5	mm	round	glass	coverslips	(Warner	

Instruments,	Catalog	#	CS-5R).	All	drug	treatments	were	done	following	sample	

mounting	in	the	imaging/media	chamber,	with	the	exception	of	PicoGreen	staining	

or	CsA	pretreatments,	which	were	done	30	min	prior	to	sample	mounting.	During	

imaging,	cells	were	maintained	in	Leibovitz’s	L-15	media	supplemented	with	10%	

FBS,	25mM	HEPES	(GIBCO/ThermoFisher,	Cat#15630080),	10	μL	/	mL	Pen/Strep	

(Sigma,	Cat#P0781),	100	μM	L-asparagine	(Sigma	Cat#A4159)	and	20	μM	TROLOX	

(SantaCruz,	Cat#53188-07-1).	Samples	were	illuminated	by	lattice	light-sheet	

using	488	nm,	560	nm,	or	641	nm	diode	lasers	(MPB	Communications)	at	70	-	

75%,	40	-	80%	&	60	-	100%	AOTF	transmittance	(respectively)	and	90	mW,	75	

mW	&	100	mW	initial	box	power	(respectively)	through	an	excitation	objective	

(Special	Optics,	0.65	NA,	3.74-mm	WD).	Fluorescent	emission	was	collected	by	

detection	objective	(Nikon,	CFI	Apo	LWD	25XW,	1.1	NA),	and	detected	by	an	

sCMOS	camera	(Hamamatsu	Orca	Flash	4.0	v2).	Acquired	data	were	deskewed	as	

previously	described284	and	deconvolved	using	an	iterative	Richardson-Lucy	

algorithm.	Point-spread	functions	for	deconvolution	were	experimentally	
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measured	using	200nm	TetraSpeck	beads	adhered	to	5	mm	glass	coverslips	

(Invitrogen,	Catalog	#	T7280)	for	each	excitation	wavelength.	

	
2.11.5	Lattice	data	visualization	

For	3D	visualization	of	LLSM	data,	deskewed	and	deconvolved	data	sets	were	

imported	into	Imaris	image	analysis	software	(Bitplane)	and	channels	were	

pseudo-coloured	as	appropriate	(e.g.	TOMM20	=	red,	TFAM	=	green,	CYT-c,	BAK	or	

BAX	=	cyan).	3D	surfaces	were	generated	using	the	in-built	surface	reconstruction	

tool,	initially	segmenting	5	frames	using	signal	above	background,	with	≤	1.0	

smoothing,	which	was	validated	visually,	before	applying	to	all	frames.	Each	

channel	was	reconstructed	separately,	before	all	three	reconstructions	were	

overlaid	upon	original	data	at	50%	opacity	to	ensure	original	signal	was	also	

visible.		

	
2.11.6	Electron	Microscopy	

Tokuyasu	sample	preparation	was	done	as	described285.	Cell	monolayers	were	

fixed	overnight	at	4°C	with	0.1	M	phosphate	buffered	2%	(w/v)	paraformaldehyde	

and	0.2%	(w/v)	glutaraldehyde.	Samples	were	scraped	and	pelleted	in	12%	(w/v)	

gelatin	in	0.1	M	phosphate	buffer	at	37°C	and	allowed	to	set	at	4°C	before	being	cut	

into	small	cubes	of	approximately	0.5	mm.	Gelatin	blocks	were	then	infiltrated	

with	2.3	M	sucrose	in	0.1	M	phosphate	buffer	at	4°C	overnight	on	a	rocker,	before	

mounting	on	cryo-pins	and	frozen	in	liquid	nitrogen	for	cryo-ultramicrotomy.	

Frozen	samples	were	trimmed	at	-100°C	and	sectioned	at	-120°C	using	a	Cryo-EM	

UC7	ultramicrotome	(Leica	FC7-UC7)	equipped	with	a	45°	diamond	cryo-trimming	

knife	(Diatome)	and	a	35°	diamond	cryo-immuno	knife	(Diatome).	Cryo	sections	

were	retrieved	by	pick-up	loop	with	a	droplet	of	phosphate	buffered	1%	(w/v)	

methyl	cellulose	and	1.15	M	sucrose,	then	deposited	on	carbon-coated	formvar	

grids	for	immunolabeling.	Immunolabeling	was	achieved	by	melting	the	grids	(up-

side-down)	on	PBS	at	37°C,	then	rinsing	the	grids	four	times	on	droplets	of	0.02	M	

glycine	PBS	for	2	min	per	rinse.	The	grids	were	blocked	with	1%	(w/v)	BSA	in	PBS	

for	5	min,	then	incubated	with	goat-anti-GFP-Biotin	[1:600](Rockland,	#600-106-

215)	and	rabbit-anti-Biotin	[1:10,000](Rockland,	#100-4198)	in	1%	(w/v)	BSA	in	

PBS	for	1	h	at	room	temperature	followed	by	5	×	2	min	rinses	with	0.1%	(w/v)	

BSA	in	PBS.	The	grids	were	then	incubated	with	Protein-A	conjugated	10	nm	gold	
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particles	[1:50](Department	of	Cell	Biology,	University	Medical	Center,	Utrecht)	in	

1%	(w/v)	BSA	in	PBS	for	20	min	at	room	temperature,	followed	by	5	×	2	min	

rinses	with	PBS.	The	reaction	was	then	stabilized	by	incubation	in	1%	

glutaraldehyde	(w/v)	in	PBS	for	5	min,	followed	by	8	×	2	min	rinses	in	distilled	

water.	Finally,	the	grids	were	stained	with	2%	(w/v)	uranyloxaalacetate	(pH	7;	

room	temperature;	5	min)	and	0.4%	(w/v)	uranyl	acetate	in	1.8%	(w/v)	aqueous	

methylcellulose	(pH	4;	4°C;	5	min),	and	dried	in	a	thin	film	of	the	final	stain	in	the	

center	of	a	wire	loop.	EM	imaging	was	performed	on	a	Hitachi	H-7500	TEM	and	a	

FEI	Technai	T12	TEM.		

	
	
2.12	Data	Analysis	and	Statistics	

2.12.1	Statistics	

Where	appropriate,	statistical	methods	are	outlined	in	the	figure	legends	

throughout	this	thesis.	Standard	methods	were	performed	using	Prism	software	

(GraphPad)	and	where	necessary,	the	Bonferroni	post-hoc	test	was	performed	to	

correct	for	multiple	comparison	testing.		

	
2.12.2	Microarray	analysis	

Microarray	analysis	was	performed	as	described1(see	also	Appendix	A).	Briefly,	

RNA	was	labeled,	amplified	and	hybridized	to	Illumina	Mouse	WG6	V2.0	

Expression	BeadChips	in	triplicate	by	the	Australian	Genome	Research	Facility.	

The	GenomeStudio	summary	probe	profile	was	analyzed	in	R	(R	Development	

Core	Team,	2013)	using	the	limma	package286.	Expression	values	were	background	

adjusted,	quantile	normalized287	and	log2	transformed. Contrasts	between	the	

different	genotypes	or	cell	treatments	were	estimated	within	each	experiment,	and	

differential	expression	was	assessed	using	moderated	t-statistics288.	Probes	were	

ranked	according	to	their	false	discovery	rate	(FDR),	and	those	with	a	FDR	<	0.05	

were	considered	differentially	expressed.	

For	Gene	Set	Enrichment	Analysis:	analysis	of	the	c2	gene	signatures	from	

MSigDB289,	and	ChrM,	was	performed	using	Camera290	to	look	for	up-	or	down-

regulated	gene	sets.	Human	gene	signatures	were	converted	to	mouse	by	matching	

Entrez	Gene	IDs	between	species	using	the	Jackson	Laboratory	Homology	and	
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Orthology	reports	(as	described	at	http://bioinf.wehi.edu.au/	

software/MSigDB/index.html).	

	
2.12.3	LLSM	data	analysis	

All	image	data	was	analysed	using	the	FIJI	distribution	of	ImageJ291.	Segmentation	

of	mitochondria	was	performed	using	the	FIJI	in-built	plugins/filters:	background	

subtraction,	median	filtering,	local	contrast	enhancing	and	manual	thresholding.	

For	each	data	set,	a	threshold	value	was	set	manually	and	maintained	throughout	

the	analysis.	All	resultant	segmentation	was	also	validated	visually.	Mitochondrial	

morphology	was	measured	using	FIJI’s	in-built	morphology	measures.	

Cytochrome-c	release	was	measured	by	calculating	the	area	(pixels)	of	signal	

above	background,	which	was	set	manually	at	a	level	that	was	consistent	between	

all	datasets	and	accurately	matched	the	behavior	that	was	qualitatively	observed.	

For	mtDNA	release	measurements,	the	mtDNA	signal	was	segmented,	thresholded	

and	masked	with	the	inverse	of	the	segmented	mitochondria	signal,	insuring	only	

signal	from	mtDNA	outside	the	mitochondria	would	be	measured.	BAX	aggregation	

was	quantified	by	segmenting	and	counting	all	regions	of	BAX	signal	above	a	set	

size	and	intensity	limit	as	they	appeared	over	time.	For	all	manual	adjustments,	

threshold	values	were	set	using	representative	frames	and	validated	against	

additional	frames	(from	later	time-points)	before	application	to	the	entire	time	

course.	Once	threshold	values	had	been	set	and	validated,	all	measurements	were	

then	automated	across	all	independent	experiments	and	time-points.	
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Chapter	3:	The	mechanism	behind	Type	I	interferon	

production	during	caspase-inhibited	apoptosis	

	

	

3.1	Background	

	
Intrinsic	apoptosis	is	governed	by	two	families	of	proteins:	the	Bcl-2	family	which	

acts	upstream	of	the	mitochondria	and	responds	to	developmental	cues	or	stress	

signals	to	induce	apoptosis,	and	the	caspase	family	which	acts	downstream	of	

mitochondrial	damage	and	cleaves	a	multitude	of	substrates	to	accelerate	cellular	

demise.	However,	these	families	are	not	equal.	While	Bcl-2	family	members	such	as	

BAK	and	BAX	are	absolutely	required	to	initiate	apoptosis,	the	caspase	cascade	is	

largely	dispensable	for	apoptotic	cell	death	and	clearance.	Inhibition	of	BAK/BAX	

activation	rescues	cells	from	pro-apoptotic	signals	such	as	DNA	damage	and	

maintains	their	capacity	for	long-term	clonogenic	survival271,292,	while	in	contrast,	

inhibition	of	caspase	activation	merely	delays	apoptosis,	conferring	only	

temporary	protection198.	Thus,	BAK/BAX	activation	represents	an	essential	‘point	

of	no	return’	for	cells,	while	caspases	appear	to	serve	only	auxiliary	functions	that	

alter	the	morphology	and	rate	of	cell	death,	but	not	its	eventuality.		

	

In	hematopoietic	stem	cells	(HSCs),	the	Bcl-2	family	governs	survival,	such	that	

deletion	of	MCL-1	causes	cell	death293.	Conversely,	over-expression	of	BCL-2	

increases	their	immunophenotypic	number294.	In	Casp3-/-	mice	the	HSC	pool	is	also	

increased	in	number153,	consistent	with	a	block	in	apoptosis.	Curiously	however,	in	

this	case	the	expanded	HSC	pool	did	not	appear	to	be	the	result	of	cells	

accumulating	due	to	failed	cell	death,	and	the	rate	at	which	caspase-3	deficient	

HSCs	died	in	vitro	was	unchanged.	Instead,	the	HSC	expansion	appeared	to	be	the	

result	of	increased	HSC	proliferation	due	to	abnormal	cytokine	signaling153.	Thus,	

it	was	postulated	that	caspase-3	was	capable	of	non-apoptotic	regulation	of	HSC	

proliferation.		
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This	intriguing	finding	prompted	our	laboratory	to	investigate	the	requirement	for	

the	intrinsic	apoptosis	pathway	(and	specifically	the	apoptotic	caspases)	in	

regulating	HSC	numbers	in	vivo.	Dr.	Michael	White	began	by	assessing	the	numbers	

of	lineage-	Sca1+	Kit+	(LSK)	cells	(i.e.	the	population	of	progenitor	cells	which	

includes	HSCs)	in	the	fetal	livers	of	mice	lacking	BAK	and	BAX	or	caspase-9	at	

embryonic	day	13.5	(these	genetic	deficiencies	are	post-natal	lethal).	Remarkably,	

the	proportion	of	LSKs	in	Bak-/-	Bax-/-	and	WT	fetal	livers	were	equivalent,	while	in	

Casp9-/-	fetal	livers	their	proportion	was	dramatically	increased	(Figure	3.1.1	A).	

This	phenotype	was	intrinsic	to	the	hematopoietic	cells	since	it	was	recapitulated	

in	bone	marrow	chimeras	reconstituted	with	fetal	liver	cells	of	the	same	genotypes	

(Figure	3.1.1	B).	Not	only	were	the	numbers	of	LSKs	increased	in	the	Casp9-/-	

chimeric	mice	but	they	were	also	functionally	impaired,	as	evidenced	by	their	

inability	to	engraft	and	reconstitute	the	blood	cell	compartments	of	irradiated	

hosts	upon	secondary	transplantation	(Figure	3.1.1	C).		These	results	were	

consistent	with	the	findings	of	Janzen	et	al.	in	Casp3-/-	mice153.		

	

Furthermore,	when	mixed	bone	marrow	chimeras	were	generated	(either	Casp9-/-

:WT	or	WT:WT),	WT	LSK	numbers	were	also	increased	in	the	presence	of	Casp9-/-	

LSKs	compared	to	the	WT:WT	numbers	(data	shown	in	Appendix	A).	This	

suggested	that	the	HSCs	expanded	in	response	to	a	cell-extrinsic	factor	that	was	in	

the	environment	when	Casp9-/-	cells	were	present.		

	

To	investigate	what	the	HSCs	might	be	responding	to	in	the	caspase-9	deficient	

environment,	the	gene	expression	profile	of	hematopoietic	stem	and	progenitor	

cells	(HSPCs)	from	Casp9-/-	bone	marrow	chimeras	was	compared	to	that	of	WT	or	

Bak-/-	Bax-/-	chimeras.	Strikingly,	a	significant	enrichment	in	multiple	Type	I	IFN	

signatures	was	observed	(Figure	3.1.1	D),	and	correspondingly,	further	analysis	of	

the	sera	from	Casp9-/-	chimeric	mice	revealed	increased	levels	of	circulating	IFN-β,	

not	present	in	WT	or	Bak-/-	Bax-/-	chimeras	(Figure	3.1.1	E).		

	

Type	I	IFNs	had	previously	been	reported	to	induce	HSC	proliferation	and	

functional	impairment295,296.	Thus,	to	determine	whether	IFN	was	driving	the	

caspase-9/HSC	phenotype,	Dr.	White	generated	mice	doubly	deficient	in	caspase-9	
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and	the	Type	I	IFN	receptor,	IFNAR1.	Strikingly,	IFNAR1	loss	completely	rescued	

the	proportion	of	LSKs	in	Casp9-/-	fetal	livers	(Figure	3.1.1	F)	and	restored	their	

ability	to	engraft	hosts	upon	secondary	transplantation	(Figure	3.1.1	G).		These	

data	demonstrate	that	both	the	proliferation	and	functional	impairment	defects	

observed	in	Casp9-/-	HSCs	were	driven	by	Type	I	IFN	signaling.		

	

Together,	these	findings	demonstrate	that	in	the	absence	of	caspase-9,	serum	

levels	of	Type	I	IFNs	are	significantly	elevated,	resulting	in	HSC	proliferative	and	

functional	defects.	However,	several	questions	arose:	why	was	this	effect	seen	with	

the	loss	of	caspase-9,	an	apoptotic	caspase,	but	not	with	the	loss	of	BAK	and	BAX,	

the	essential	mediators	of	apoptosis?	How	was	the	loss	of	caspase-9	inducing	

production	of	such	a	potent	anti-viral	cytokine	and	which	cells	were	responsible?		
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Figure	3.1.1	Caspase	deficient	mice	have	altered	HSCs	due	to	increased	levels	

of	circulating	Type	I	IFN	

	
A)	Flow	cytometry	analysis	of	LSKs	in	WT	(n	=	9),	Bak-/-	Bax+/+	(n	=	5),	Bak-/-	Bax-/-	

(n	=	7)	and	Casp9-/-	(n	=	10)	E13.5	fetal	livers.	

B)	Donor-derived	LSK	cells	in	WT	(n=15),	Bak-/-	Bax-/-	(n	=	8)	and	Casp9-/-	(n	=	9)	

bone	marrow	chimeras	12	-	16	weeks	post-transplant.	

C)	Donor-CD45.2+	contribution	to	peripheral	blood	B	lymphocyte,	T	lymphocyte	

and	myeloid	cells,	and	bone	marrow	LSK	cells	of	1°	and	2°	recipients	16	weeks	

post-transplant	(n	=	3	-	5	donor	fetal	livers	per	genotype	and	2	-	3	recipients	per	

donor	bone	marrow).		

D)	Gene	set	enrichment	analysis	(GSEA)	of	the	differentially	expressed	probes	in	

the	microarray	analysis	of	Casp9-/-	Lin-Kit+CD45.2+	bone	marrow	cells	compared	to	

WT.	Enrichment	plot	displays	the	differential	expression	of	genes	within	the	

“Browne_Interferon_Responsive_Genes”	gene	set,	which	is	representative	of	

multiple	interferon-related	gene	sets	that	were	found	to	be	enriched	in	the	

microarray	results	from	the	Casp9-/-	cells.		

E)	IFN-β	protein	in	serum	of	WT	(n=6),	Bak-/-	Bax-/-	(n	=	8)	and	Casp9-/-	(n	=	6)	

bone	marrow	chimeras.	

F)	Flow	cytometry	analysis	of	LSKs	in	Ifnar1-/-	Casp9+/+	(n	=	6),	Ifnar1+/+	Casp9-/-	(n	

=	4)	and	Ifnar1-/-	Casp9-/-	(n	=	6)	E13.5	fetal	livers.	

G)	Donor-CD45.2+	contribution	to	peripheral	blood	B	lymphocyte,	T	lymphocyte	

and	myeloid	cells,	and	bone	marrow	LSK	cells	of	1°	and	2°	recipients	16	weeks	

post-transplant.	Ifnar1-/-	Casp9+/+	(n	=	4),	Ifnar1+/+	Casp9-/-	(n	=	3)	and	Ifnar1-/-	

Casp9-/-	(n	=	4)	donor	fetal	livers	per	genotype	and	three	recipients	per	donor	bone	

marrow.	

For	all	above,	means	were	compared	to	WT	or	controls	using	a	one-way	ANOVA	

with	Bonferroni	correction.	Data	represent	the	mean	±	SEM.	*	p	≤	0.05,	**	p	≤	0.01	

and	***	p	≤	0.005.	 	
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3.2	Results	

	

3.2.1	MEFs	produce	interferon	during	caspase-inhibited	apoptosis	

To	understand	the	mechanism	behind	the	production	of	interferon	in	Casp9-/-	mice,	

we	first	sought	to	establish	whether	this	response	was	an	example	of	a	“non-

apoptotic”	role	for	caspase-9	(as	had	been	ascribed	to	caspase-3),	or	whether	it	

was	related	to	the	well-established	role	of	caspase-9	in	intrinsic	apoptosis.	Given	

the	similarities	between	the	Casp9-/--	and	Casp3-/--HSC	phenotypes	and	the	close	

relationship	between	these	caspases	during	apoptosis,	we	initially	focused	on	the	

role	of	caspases	during	BAK/BAX-mediated	cell	death.		

	

We	chose	to	explore	this	question	using	an	in	vitro	system:	immortalized	mouse	

embryonic	fibroblasts	(MEFs).	These	cell	lines	can	easily	be	maintained	and	

manipulated,	and	the	BCL-2	family	interactions	governing	their	survival	have	been	

well	characterized.	WT	MEFs	are	dependent	on	the	pro-survival	proteins	MCL-1	

and	BCL-XL	for	survival,	and	those	lacking	MCL-1	readily	undergo	BAK/BAX-

mediated	apoptosis	when	exposed	to	the	BH3-mimetic	drug,	ABT-737297.	We	

therefore	generated	multiple	Mcl1-/-	MEF	lines	and	induced	intrinsic	apoptosis	by	

incubating	them	with	increasing	concentrations	of	ABT-737	whilst	in	the	presence	

or	absence	of	the	pan-caspase	inhibitors	QVD-OPh298	or	z-VAD.fmk299.	ABT-737-

treated	cells	underwent	cell	death	that	was	temporarily	blocked	by	caspase	

inhibition	(Figure	3.2.1	A)	and	exhibited	robust	caspase-activation	that	was	

efficiently	blocked	by	QVD-OPh	or	z-VAD.fmk	(Figure	3.2.1	B).	Strikingly,	IFN-β	

was	detected	in	supernatants	from	MEFs	treated	with	the	combination	of	ABT-737	

and	caspase-inhibitor,	but	not	in	those	exposed	to	ABT-737	treatment	alone	

(Figure	3.2.1	C).	Ifnb	transcription	was	initiated	in	as	little	as	4	h	post	treatment	

(Figure	3.2.1	D).	Similar	results	were	observed	when	alternate	apoptotic	stimuli	

were	used,	such	as	the	BCL-XL-specific	BH3-mimetic,	WEHI-539,	or	Topoisomerase	

inhibitor,	Etoposide	(Figure	3.2.1	E-J).	While	the	amount	of	IFN-β	produced	by	

different	cell	lines	(i.e.	Mcl1-/-	MEF	lines	in	panels	C	&	G,	compared	to	WT	MEF	lines	

in	panels	J	&	M)	varied	slightly,	overwhelmingly	the	pattern	was	unmistakable.	

Together,	these	results	suggested	that	in	cells	lacking	a	functional	apoptotic	

caspase	cascade,	the	induction	of	intrinsic	apoptosis	triggered	IFN	production.		
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To	confirm	that	IFN-β	production	was	downstream	of	BAK/BAX	activation,	and	

that	apoptotic	caspase	function	was	the	critical	determinant,	we	generated	MEF	

lines	from	mice	deficient	in	BAK,	BAX	and	caspase-9,	caspase-3	and	-7,	or	caspase-

9	alone	and	compared	their	IFN	responses.	Our	WT,	Casp9-/-,	Casp3-/-	Casp7-/-	and	

Bax-/-	Bak-/-	Casp9-/-	MEFs	were	all	MCL-1	competent,	thus	we	initiated	apoptosis	

by	combining	ABT-737	treatment	with	the	expression	of	BIMS2A,	a	BIM	variant	

that	specifically	antagonizes	MCL-1300.	Expression	of	BIMS4E		(an	inert	variant	of	

BIM)	served	as	a	negative	control.	In	WTBIMS2A	cells,	ABT-737	readily	induced	cell	

death	and	caspase-activation.	In	contrast,	ABT-737	did	not	activate	caspases	in	any	

of	the	BAK/BAX-	or	caspase-deficient,	BIMS2A-cells	(Figure	3.2.1	K-M).	In	addition,	

and	consistent	with	Dr.	White’s	findings	in	vivo,	IFN-β	was	produced	only	in	the	

cells	in	which	BAK	and	BAX	were	active,	and	whose	caspase-cascade	had	been	

disabled.		

	

Further	to	this,	Dr.	White	then	also	generated	bone-marrow	chimeras	from	Apaf1-/-

,	Casp3-/-	Casp7-/-	and	Bak-/-	Bax-/-	Casp9-/-	donor	cells	and	assessed	their	LSK	

compartments	and	circulating	IFN-β	levels.	Similar	to	the	Casp9-/-	chimeras,	Apaf1-

/-	and	Casp3-/-	Casp7-/-	chimeric	mice	had	increased	LSK	counts	and	serum	IFN-β	

levels	(Figure	3.2.1	N-O).	However,	in	stark	contrast,	loss	of	BAK	and	BAX	was	able	

to	rescue	the	Casp9-/-	phenotype	and	return	serum	IFN-β	levels	to	baseline.	Thus,	

both	our	in	vivo	and	in	vitro	assays	suggested	that	apoptotic	caspases	(caspase-3	&	

-7,	or	-9)	could	prevent	IFN	production	from	cells	undergoing	BAK/BAX-mediated	

apoptosis.		

	

These	results	confirm	that	the	in	vitro	MEF	system	accurately	recapitulates	the	in	

vivo	findings.	Together,	both	systems	show	that	BAK/BAX	function	is	required	for	

the	IFN-β	production	from	cells/in	mice	that	lack	functional	caspase	cascades	and	

thus	illustrate	that	intrinsic	apoptosis	is	the	trigger	for	this	IFN	production.		

	

3.2.2	mtDNA	drives	apoptotic-IFN	production	

Given	the	essential	involvement	of	BAK	and	BAX	in	the	production	of	IFN,	and	that	

the	critical	function	of	BAK	and	BAX	is	to	damage	mitochondria,	we	reasoned	that	
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the	release	of	a	mitochondrial	factor	may	be	the	initiating	event.	Much	like	

cytochrome-c,	once	released	into	the	cytoplasm,	is	capable	of	instigating	caspase	

activation,	perhaps	other	mitochondrial	components	were	capable	of	triggering	

IFN	production.		

	

To	understand	which	mitochondrial	components	might	be	likely,	we	considered	

the	typical	ways	in	which	IFN	is	induced.	Type	I	IFNs	are	commonly	and	potently	

induced	during	viral	infections,	whereby	nucleic	acids	are	often	the	trigger227.	Viral	

nucleic	acids	are	sensed	extracellularly	by	TLRs	or	intracellularly:	either	by	TLRs	

inside	endosomes,	or	by	cytoplasmic	receptors	such	as	RIG-I	or	cGAS	(as	discussed	

in	Section	1.3.2)		

	

The	mitochondria	also	provide	a	potential	source	of	nucleic	acids.	While	the	

majority	of	the	cell’s	DNA	resides	in	the	nucleus,	the	mitochondria	retain	their	own	

genome:	a	small	16	kb	remnant	of	their	evolutionary	past.	We	hypothesized	that	

BAK/BAX-mediated	damage	to	the	mitochondria	permits	the	release	of	

mitochondrial	DNA	(mtDNA)	into	the	cytoplasm,	where	it	might	act	as	a	danger	

associated	molecular	pattern	(DAMP)	to	activate	the	cell’s	innate	nucleic	acid	

sensors.		

	

To	test	this	hypothesis,	we	generated	MEFs	depleted	of	their	mtDNA.	Over	the	

course	of	evolution,	the	vast	majority	of	the	mitochondrial-encoded	genes	have	

been	shuttled	across	to	the	safety	of	the	nucleus,	such	that	the	16	kb	vestigial	

mitochondrial	genome	now	only	encodes	37	genes.	Of	these	37	genes,	only	13	are	

protein	coding,	and	all	13	encode	components	of	the	oxidative	phosphorylation	

pathway.	Thus,	depletion	of	a	cell’s	mtDNA	is	not	lethal;	instead	its	main	

consequence	is	to	render	the	cell	dependent	on	glycolysis	(rather	than	oxidative	

phosphorylation)	for	energy	production.		In	1978,	Wiseman	and	Attardi	

demonstrated	that	cells	could	be	depleted	of	their	mtDNA	by	continuous	culturing	

in	low	concentrations	of	ethidium	bromide	(EtBr)301.	We	therefore	set	about	

optimizing	a	protocol	for	mtDNA	depletion	of	MEFs.		

	



	64	

Given	the	diminished	capability	for	ATP-production	in	mtDNA-deficient	cells	(so-

called	“ρ0”	cells)	we	supplemented	culture	media	with	uridine	and	sodium	

pyruvate	which	function	to	assist	in	glycolysis	and	the	TCA	cycle,	and	have	been	

shown	to	be	essential	for	sustained	growth	of	ρ0	cells302.	We	added	increasing	

concentrations	of	EtBr,	and	passaged	the	cells	under	these	conditions	for	3	–	20	

days.	Remarkably,	EtBr	efficiently	reduced	the	levels	of	mtDNA	in	MEFs	in	a	dose-

responsive	manner	(Figure	3.2.2	A).	However,	at	concentrations	exceeding	140	ng	

/	mL,	significant	detrimental	effects	on	cell	viability	were	observed.	Accordingly,	

we	were	able	to	establish	that	100	ng	/	mL	for	7	-	9	days	(during	which	the	cells	

were	passaged	3	times)	was	sufficient	to	generate	viable	ρ0	MEFs	(Figure	3.2.2	B).		

	

To	further	characterize	the	ρ0	MEFs,	Dr.	White	performed	a	microarray	to	analyze	

any	transcriptional	deviations	from	their	Mcl1-/-	counterparts.	Strikingly,	very	few	

differences	were	observed:	only	89	genes	were	differentially	expressed	(28	down-

regulated,	61	up-regulated)	and	gene-set	analysis	using	Camera	detected	no	

significant	enrichment	for	any	of	the	c2	expression	signatures	(Figure	3.2.2	C).	Of	

the	top	15	probes	for	differentially	expressed	genes,	12	recognized	mtDNA	genes	

(Figure	3.2.2	D).	Indeed,	all	18	mitochondrial	probes	(corresponding	to	9	

mitochondrial	encoded	genes)	were	amongst	the	most	down-regulated	genes	in	ρ0	

MEFs.		

	

Functional	and	phenotypic	characterization	of	the	ρ0	MEFs	also	revealed	little	

difference	to	their	parental	cells.	ρ0	MEFs	revealed	no	change	in	their	response	to	

PolyI:C,	a	potent	stimulant	IFN	production	(Figure	3.2.2	E),	indicating	they	

retained	their	ability	to	produce	IFN.	Confocal	microscopy	demonstrated	that,	with	

exception	to	the	lack	of	mtDNA	nucleoids	in	their	mitochondria,	ρ0	Mcl1-/-	MEFs	

appeared	phenotypically	normal,	with	similar	mitochondrial	number	and	

morphology	to	that	of	Mcl1-/-	cells	(Figure	3.2.2	F-G).	

	

Compellingly,	when	intrinsic	apoptosis	was	induced	in	the	presence	of	caspase-

inhibitors	in	ρ0	Mcl1-/-	cells	(i.e.	the	same	conditions	that	triggered	IFN-β	

production	in	Mcl1-/-	cells)	equivalent	sensitivities	to	ABT-737	were	observed,	and	
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yet	no	IFN-β	was	detected	(Figure	3.2.2	H-J).	This	confirmed	our	hypothesis,	that	

mtDNA	was	the	driver	of	BAK/BAX-mediated	IFN	production.		

	

3.2.3	Generation	of	CRISPR/Cas9	gene-edited	cell	lines	

To	determine	the	cytosolic	receptor	through	which	released	mtDNA	was	signaling	

IFN-production,	we	continued	our	investigations	in	the	MEF	system,	this	time	

utilizing	CRISPR/Cas9	gene	editing	to	generate	mutant	cell	lines.	

	

There	are	two	main	pathways	through	which	intracellular	DNA	induces	IFN	

production.	Membrane-bound	TLR-9	can	sense	DNA	inside	endosomes	and	

activate	the	adaptor	protein	MyD88,	which	signals	through	IRAK4/TRAF6	and	

ultimately	through	IRF7	and	NFκB303.	Conversely	cGAS	senses	DNA	in	the	

cytoplasm,	and	upon	activation	catalyzes	the	formation	of	the	cyclic	dinucleotide	

cGAMP	that	potently	activates	STING238,244.	Activated	STING	translocates	to	

perinuclear	compartments	where	it	induces	the	phosphorylation	and	activation	of	

TBK1	and	IRF3	to	induce	IFN-β	transcription228,231,304	(as	discussed	in	Section	

1.3.3).	Since	Dr.	White	had	already	generated	Myd88-/-	Casp9-/-	bone	marrow	

chimeras	and	seen	no	rescue	to	circulating	IFN-β	levels	(data	shown	in	Appendix	

A),	we	decided	to	focus	on	the	latter	pathway.	To	determine	whether	the	

cGAS/STING	pathway	was	responsible	for	the	detection	of	mtDNA	during	caspase-

inhibited	apoptosis,	we	set	out	to	generate	MEF	lines	deficient	in	cGAS	and	IRF3	by	

utilizing	an	inducible	lentiviral	system	developed	by	Dr.	Marco	Herold	(Figure	

3.2.3	A)278.		

	

Briefly,	this	system	uses	two	different	lentiviral	expression	plasmids	to	encode	the	

Cas9	and	single	guide	RNA	(sgRNA)	sequences,	with	the	sgRNA	sequence	under	

the	control	of	a	tetracycline-repressed	RNA	polymerase	III	promoter.	Targeted	

gene	editing	is	achieved	by	sequential	transduction	of	both	lentiviruses,	after	

which	the	recovering	cells	are	cultured	in	doxycycline	for	at	least	48	h.	Multiple	

guides	were	used	per	target,	and	the	population	of	cells	(carrying	multiple	

different	indels)	resulting	from	each	guide	was	tested	functionally,	before	one	was	

selected	to	generate	single-cell	derived	clones	from.	These	clones	were	tested	

functionally,	and	sequenced	to	determine	the	exact	indels	they	carried	and	how	
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this	would	affect	the	resultant	proteins.	As	an	example,	the	tests	for	cGAS	function	

in	the	populations	and	single-cell	derived	clones	are	shown	(Figure	3.2.3	B-C).	One	

or	two	base-pair	deletions	are	ideal	indels:	they	result	in	frame-shift	mutations,	

which	in	the	case	of	exon	2	of	cGAS,	resulted	in	premature	STOP	codons	truncating	

cGAS	around	230aa		(Figure	3.2.3	D-E).	In	this	case,	protein	translation	would	

terminate	in	the	midst	of	a	beta-strand,	amongst	the	region	of	cGAS	responsible	for	

one	of	its	DNA	interaction	surfaces.	This	truncated	protein	would	no	longer	

contain	3	of	the	5	essential	residues	for	ATP	and	GTP	binding,	nor	the	essential	

zinc-finger	binding	motif	(the	second	DNA	interaction	surface).	Combined	with	this	

clone’s	lack	of	response	to	the	specific	cGAS	stimuli,	ISD/Lyovec,	this	was	

considered	confirmation	of	effective	CRISPR/Cas9	disruption	of	cGAS	and	clones	

such	as	this	was	selected	for	use	(Figure	3.2.3	F).	Similar	scrutiny	of	the	IRF3	

CRISPR	populations	and	clones	were	conducted,	however	the	functional	test	

differed	slightly,	(e.g.	assayed	IFN	production	in	response	to	PolyI:C/Lyovec	or	

ISD/Lyovec	treatment).		

	

3.2.4	Apoptotic	IFN	production	is	dependent	on	cGAS/STING	signaling	

axis	

In	addition	to	the	CRISPR/Cas9	edited	lines,	we	were	also	able	to	acquire	Sting-/-	

mice	from	which	we	generated	Sting-/-	MEFs.	We	also	obtained	the	small	molecule	

TBK1	inhibitor,	MRT67307305,306.	Collectively,	these	reagents	provide	the	means	by	

which	we	could	test	each	individual	member	of	the	canonical	cGAS/STING-

signaling	pathway	in	apoptotic-IFN	production.		

	

We	induced	apoptosis	by	again	utilizing	the	combination	of	BIMS2A	expression	and	

ABT-737	treatment,	in	the	presence/absence	of	QVD-OPh,	in	each	of	the	Sting-/-,	

cGASCRISPR-/-	and	IRF3CRISPR-/-	MEF	lines.	Cell	lines	of	each	of	these	genotypes	had	

similar	cell	death	profiles	and	activated	caspases	to	similar	extents	(Figure	3.2.4	A-

B).	Strikingly,	while	the	WT	MEFs	produced	IFN-β	when	co-treated	with	ABT-737	

and	QVD-OPh,	no	IFN-β	was	detected	in	the	supernatants	from	the	cGAS,	STING	or	

IRF3	deficient	cells	(Figure	3.2.4	C).	Furthermore,	when	MRT67307	was	added	to	

ABT-737/QVD-OPh	treated	Mcl1-/-	MEFs,	this	also	abolished	IFN-β	production	

(Figure	3.2.4	D-F).	Together	these	data	indicate	that	the	IFN-β	production	during	
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caspase-inhibited	apoptosis	is	mediated	by	the	cGAS/STING/TBK1/IRF3-signaling	

axis.		

	

3.2.5	cGAS	directly	interacts	with	mtDNA	during	caspase-inhibited	

apoptosis	

To	investigate	whether	cGAS	was	interacting	directly	with	mtDNA	during	caspase-

inhibited	apoptosis,	we	generated	a	N-terminally	FLAG-tagged	murine	cGAS	

construct,	which	we	overexpressed	in	Mcl1-/-	MEFs	(Figure	3.2.5	A).	We	then	

immunoprecipitated	the	FLAG-cGAS	from	cells	after	caspase-inhibited	apoptosis	

had	been	induced	(via	ABT-737	and	QVD-OPh	treatment)	and	analyzed	co-

precipitated	DNA.	By	qPCR,	the	DNA	in	precipitates	isolated	from	treated,	but	not	

untreated	cells,	was	highly	enriched	for	mtDNA	(corresponding	to	8	different	

primer	pairs	spanning	different	regions	of	the	16	kB	mtDNA	loop	(Figure	3.2.5	B)).	

The	same	was	not	observed	for	genomic	DNA,	nor	in	the	negative	(IgG)	control	IPs,	

which	were	unchanged	between	the	precipitates	from	treated	and	untreated	cells	

(Figure	3.2.5	C).	Between	the	4	h	and	12	h	timepoints,	there	appeared	to	be	less	

association	at	the	latter,	which	may	indicate	mtDNA	once	released	is	degraded	

after	a	certain	time,	however	this	possibility	was	not	investigated	further.	

Regardless,	this	data	strongly	suggests	there	is	a	physical	interaction	between	

cGAS	and	mtDNA	during	caspase-inhibited	apoptosis.		

	

3.2.6	Caspase	inhibition	of	IFN	production	is	not	solely	via	CAD	nuclease	

Having	established	that	mtDNA	activation	of	cGAS/STING	was	critical	for	IFN	

production	during	apoptosis,	we	next	sought	to	understand	by	what	mechanism	

caspases	suppress	it.	Specifically,	whether	there	was	a	particular	caspase	substrate	

whose	cleavage	was	blocking	IFN	production.	

	

One	well-established	feature	of	apoptosis	is	DNA	fragmentation,	which	is	largely	

due	to	the	activation	of	an	endonuclease,	casapase-activated	DNase	(CAD)104,105.	

Activated	caspase-3	cleaves	the	inhibitor	of	CAD	(iCAD)	thereby	activating	CAD,	

which	rapidly	cleaves	nuclear	DNA	and	causes	the	DNA	laddering	that	typically	

accompanies	apoptotic	cell	death.	We	sought	to	determine	whether	DNA	

fragmentation	might	be	how	caspases	suppress	apoptotic-IFN	production,	or	
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indeed,	whether	activated	CAD	might	also	be	responsible	for	cleaving	mtDNA,	

thereby	blocking	its	recognition	by	cGAS.	To	do	so,	we	generated	CADCRISPR-/-	MEFs.	

If	caspase-mediated	activation	of	CAD	was	solely	responsible	for	preventing	IFN	

production,	we	would	expect	to	see	a	robust	IFN	response	in	apoptotic	CADCRISPR-/-	

MEFs	even	without	inhibiting	caspases.	

	

Intriguingly	CADCRISPR-/-	MEFs	expressing	BIMS2A	displayed	a	slight	resistance	to	

cell	death	induced	by	ABT-737	compared	to	their	WT	counterparts	(Figure	3.2.6	

A),	despite	exhibiting	comparable	caspase	activity	(Figure	3.2.6	B).	During	

caspase-inhibited	apoptosis,	IFN-β	was	detected	in	both	WT	and	CADCRISPR-/-	cell	

supernatants	as	expected.	In	contrast,	during	caspase-competent	apoptosis,	WT	

cells	produced	no	IFN-β,	while	the	CADCRISPR-/-	produced	limited	but	detectable	

amounts	(Figure	3.2.6	C).	This	data	suggests	that	CAD	activity	may,	in	part,	be	a	

mechanism	by	which	caspases	suppress	IFN	production	during	apoptosis.			

	

3.2.7	Cleavage	of	cGAS	may	attenuate	apoptotic-IFN	production	

Given	that	deletion	of	CAD	alone	did	not	allow	apoptotic	cells	to	secrete	dramatic	

amounts	of	IFN,	it	appeared	that	other	caspase	substrates	were	involved.	As	

mentioned	earlier	(Section	1.2.3),	caspases	cleave	a	wide	range	of	substrates,	

which	together	bring	about	global	cellular	destruction.	Caspase-mediated	

inhibition	of	transcription	through	DNA	damage	(i.e.	CAD	activation)	would	

certainly	inhibit	IFN	secretion,	as	would	the	suppression	of	transcription	and	shut	

down	of	protein	translation,	which	are	also	caspase-mediated	events	during	

apoptosis.			

	

However,	it	was	also	possible	that	cGAS/STING	pathway	members	might	be	

directly	targeted	by	apoptotic	caspases.	Indeed,	there	is	some	evidence	that	IFN	

signaling	intermediates	(like	IRF3)	are	cleaved	by	caspases117.	As	discussed	in	the	

Chapter	1,	the	list	of	substrates	of	the	apoptotic	caspases	is	constantly	evolving	as	

more	and	more	targets	are	uncovered,	and	others	are	reassessed	due	to	lack	of	

validation.		If	cGAS/STING	pathway	members	were	cleaved,	this	would	provide	a	

direct	mechanism	behind	caspase-mediated	attenuation	of	apoptotic-IFN	

production,	in	addition	to	“indirect”	global	cellular	demolition.	
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To	address	this,	we	generated	FLAG-tagged	variants	of	cGAS,	STING	and	IRF3,	and	

over-expressed	these	in	Mcl1-/-	MEFs.	We	hypothesized	that	if	any	of	these	were	

bona-fide	caspase	substrates	we	would	be	able	to	observe	a	change	in	their	size	by	

immunoblotting	cell	lysates	following	ABT-737	treatment.	While	no	evidence	of	

cleavage	was	observed	in	ABT-737	treated	Mcl1-/-	MEFs	overexpressing	FLAG-IRF3	

or	FLAG-STING,	some	cleavage	was	evident	in	those	expressing	FLAG-cGAS.	

Although	faint,	a	15	kDa	FLAG-positive	band	appeared	in	ABT-737	treated	cells,	

that	was	not	present	in	untreated	cells	or	those	treated	with	ABT-737/QVD-OPh	

(Figure	3.2.7	A).	This	band	coincided	with	the	appearance	of	active	caspase-3	and	

became	more	abundant	over	time	(Figure	3.2.7	B).	Because	each	caspase’s	

preference	for	specific	substrate	sequences	has	been	well	characterized,	there	are	

bioinformatics	tools	to	identify	possible	caspase	cleavage	sites	in	a	given	protein	

sequence,	and	score	how	well	they	match	the	consensus	sequences.	Using	

CasCleave	2.0307,	which	predicts	caspase-cleavage	sites	based	on	the	preferences	of	

human	caspases	1,	3,	6,	7	and	8,	we	identified	potential	cleavage	sites	within	

murine	and	human	cGAS.	Focusing	on	mouse	cGAS,	and	only	on	sites	that	would	

produce	N-terminal	fragments	of	approximately	15	kDa,	we	identified	7	sites	that	

warranted	further	investigation	(Figure	3.2.7	C-D).		

	

Caspases	cleave	substrates	only	after	aspartic	acid	residues.	Hence	to	test	whether	

the	sites	we	identified	were	cleaved	to	produce	the	15	kDa	cGAS	fragment,	we	

mutated	the	aspartic	acid	residue	in	each	of	these	sites	to	a	glutamate	(D	>	E	

substitution)	and	expressed	the	FLAG-tagged	mutant	cGAS	constructs	in	Mcl1-/-	

MEFs.	When	the	cGAS	variant	that	contained	all	7	D	>	E	substitutions	was	treated	

with	ABT-737,	the	small	15	kDa	band	was	no	longer	present	(Figure	3.2.7	E).	By	

generating	single	site-mutant	cGAS	variants,	it	was	possible	to	narrow	down	the	

most	likely	cleavage	site	as	the	SAMD	sequence	at	position	78	-	81	of	cGAS	(Figure	

3.2.7	F).	Combined,	these	experiments	provide	preliminary	evidence	that	cGAS	

may	be	cleaved	by	caspases	during	apoptosis.		
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Figure	3.2.1	MEFs	produce	IFN	during	caspase-inhibited	apoptosis	

	

A)	Viability	of	Mcl1-/-	MEFs	treated	with	ABT-737	±	QVD-OPh	[20	μM]	or	z-

VAD.fmk	[30	μM]	assessed	by	flow	cytomtery,	24	h	post-treatment.		

B)	Caspase	3/7	activity	in	Mcl1-/-	MEFs	treated	with	ABT-737	±	QVD-OPh	[20	μM]	

or	z-VAD.fmk	[30	μM]	assessed	by	Caspase	Glo	assay,	6	h	post-treatment.		

C)	IFN-β	protein	in	culture	supernatants	of	Mcl1-/-	MEFs	treated	with	ABT-737	±	

QVD-OPh	[20	μM]	or	z-VAD.fmk	[30	μM]	assessed	by	ELISA,	24	h	post-treatment.	

For	(A	-	C)	n	=	9	independent	MEF	lines,	means	were	compared	using	a	two-tailed	

test.		

D)	Real-time	qPCR	analysis	of	Ifnb1	induction	in	Mcl1-/-	MEFs.		

E	–	G)	E)	Viability	of	Mcl1-/-	MEFs	treated	with	WEHI-539	±	QVD-OPh	[20	μM]	

assessed	by	flow	cytomtery,	24	h	post-treatment,	F)	caspase	3/7	activity	assessed	

by	Caspase	Glo	assay	after	6	h,	and	G)	IFN-β	protein	in	culture	supernatants	

assessed	by	ELISA	after	24	h.		

H	–	J)	H)	Viability	of	WT	MEFs	treated	with	Etoposide	±	QVD-OPh	[20	μM]	

assessed	by	flow	cytometry,	24	h	post-treatment,	I)	caspase	3/7	activity	assessed	

by	Caspase	Glo	assay	after	6	h,	and	J)	IFN-β	protein	in	culture	supernatants	

assessed	by	ELISA	after	24	h.		

K	–	M)	K)	Viability	of	MEFs	expressing	BIMS2A	or	BIMS4E	and	treated	with	ABT-

737	±	QVD-OPh	[20	μM]	assessed	by	flow	cytometry,	24	h	post-treatment,	L)	

caspase	3/7	activity	assessed	by	Caspase	Glo	assay	after	6	h,	and	M)	IFN-β	protein	

in	culture	supernatants	assessed	by	ELISA	after	24	h.	For	D	–	M,	n	=	3	independent	

MEF	lines,	means	were	compared	using	a	two-tailed	test.	

N)	Number	of	donor-derived	LSK	cells	from	WT	(n	=	22)	Bak-/-	Bax-/-	(n	=	8),	Apaf1-

/-	(n	=	5),	Casp9-/-	(n	=	11),	Casp3-/-	(n	=	13),	Casp3-/-	Casp7-/-	(n	=	7)	and	Bak-/-	Bax-/-	

Casp9-/-	(n	=	9)	bone	marrow	chimeras.	

O)	IFN-β	protein	in	serum	of	WT	(n	=	10),	Casp9-/-	(n	=	5),	Casp3-/-	(n	=	5),	Casp3-/-	

Casp7-/-	(n	=	4)	and	Bak-/-	Bax-/-	Casp9-/-	(n	=	7)	bone	marrow	chimeras.	N.D	=	not	

done.	For	N	–	O,	means	were	compared	to	WT	using	a	one-way	ANOVA	with	

Bonferroni	correction.	For	all	A	–	O,	data	represent	the	mean	±	SEM.	*	p	≤	0.05,	**	p	

≤	0.01	and	***	p	≤	0.005.	
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Figure	3.2.2	mtDNA	drives	apoptotic-interferon	production	

	
A)	Real-time	qPCR	analysis	of	mtDNA	content	from	Mcl1-/-	MEFs	cultured	in	EtBr	

for	7	days.		

B)	Real-time	qPCR	analysis	of	mtDNA	content	from	Mcl1-/-	MEFs	cultured	in	EtBr	

[100	ng	/	mL].	

C)	Scatterplot	of	differentially	expressed	probes	from	microaaray	analysis	of		

Mcl1-/-	ρ0	MEFs	compared	to	their	respective	parental	MEFs.		

ChrM	=	Chromosome	M.	

D)	Table	of	the	top	15	differentially	expressed	probes	from	C).		

E)	IFN-β	protein	in	culture	supernatants	from	Mcl1-/-	MEFs	and	Mcl1-/-	ρ0	MEFs	

transfected	with	Poly(I:C)(HMW)	as	assessed	by	ELISA	after	24	h.	

F)	Confocal	image	of	Mcl1-/-	MEFs	(left)	and	Mcl1-/-	ρ0	MEFs	(right)	used	in	E	and	H	

–	J,	representative	of	at	least	3	experiments	in	which	multiple	fields	of	view	(n	≥	5)	

were	collected	for	each.	Images	shown	are	maximum	intensity	projections	of	Z-

stack	images.	Black	and	white	images	show	single	stains:	DNA	stain	PicoGreen	

(top,	green)	and	mitochondrial	stain	MitoTracker	Red	(bottom,	red)	directly	beside	

the	corresponding	overlaid	image	in	colour.	Scale	bars	represent	10	μm.	

G)	Real-time	qPCR	analysis	of	mtDNA	content	from	Mcl1-/-	MEFs		in	F).	

H	–	J)	H)	Viability	of	Mcl1-/-	MEFs	and	Mcl1-/-	ρ0	MEFs	and	treated	with	ABT-737	±	

QVD-OPh	[20	μM]	assessed	by	flow	cytometry,	after	24	h,	I)	caspase	3/7	activity	

assessed	by	Caspase	Glo	assay	after	6	h,	and	J)	IFN-β	protein	in	culture	

supernatants	assessed	by	ELISA	after	24	h.	For	A	–	C,	E,	G	and	H	–	J,	n	=	3	

independent	MEF	lines.	Data	represent	the	mean	±	SEM.	*	p	≤	0.05,	**	p	≤	0.01	and	

***	p	≤	0.005.	
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Figure	3.2.3	Generation	of	CRISPR/CAS9	gene-edited	cell	lines	

	

A)	Schematic	from	Aubrey	et	al.	(2015)278	illustrating	the	doxycycline(dox)-

inducible	guide	RNA	lentiviral	vectors,	used	to	generate	MEFs	B	–	F,	and	

subsequent	figures	(Figures	3.2.4	and	3.2.6).	Treatment	of	cells	with	dox	rapidly	

induces	the	expression	of	the	sgRNA	and	CAS9,	which	is	targeted	to	the	specific	

genomic	sequence.		

B)	IFN-β	protein	in	culture	supernatants	of	CRISPR-edited	MEF	populations	

(expressing	4	different	sgRNAs,	named	2-1,	2-3	(which	target	exon	2)	and	3-1,	3-3	

(which	target	exon	3))	transfected	with	ISD	after	24	h,	as	assessed	by	QUANTI-

Blue	IFN	assay.		

C)	IFN-β	protein	in	culture	supernatants	of	single-cell	derived	clones	from	CRISPR-

edited	MEFs	transfected	with	ISD	after	24	h,	as	assessed	by	ELISA.	All	clones	in	this	

panel	(a,	b,	f	and	i)	are	derived	from	the	population	named	2-3	in	C).		

D)	Alignment	of	Sanger	sequencing	of	WT	and	both	alleles	from	a	single-cell	

derived	MEF	clone	from	C)	highlighting	indel	generation	immediately	after	

protospacer	adjacent	motif	(PAM)	sequence,	representative	of	sequencing	analysis	

conducted	on	8	-	10	clones	per	guide	sequence,	per	cell	line.		

E)	Alignment	of	WT	and	both	alleles	of	the	resultant	protein	sequence	generated	

from	DNA	sequences	shown	in	D).	Red	bar	denotes	sections	where	sequences	align	

perfectly,	blue	bar	denotes	where	sequences	do	not	align	at	all.			

F)	Summary	of	cGAS	and	IRF3	single-cell	derived	MEF	CRISPR	clones	generated	for	

this	study.	Asterisks	mark	clones	that	were	selected	for	further	experiments.		 	
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Figure	3.2.7	Caspase	cleavage	of	cGAS	may	attenuate	apoptotic	IFN	

production	

	

A)	Immunoblot	of	lysates	from	Mcl1-/-	MEFs	expressing	FLAG-cGAS	treated	for	3	h	

with	ABT-737	[1	μM]	±	QVD-OPh	[20	μM],	probed	with	anti-FLAG,	anti-caspase-3	

(active	form)	and	anti-HSP70	(loading	control).	Representative	of	n	=	4	

independent	experiments.			

B)	Immunoblot	of	lysates	from	Mcl1-/-	MEFs	expressing	FLAG-cGAS	treated	for	

times	as	indicated	with	ABT-737	[1	μM]	±	QVD-OPh	[20	μM],	probed	with	anti-

FLAG,	anti-caspase-3	(active	form)	and	anti-HSP70	(loading	control).	

Representative	of	n	=	2	independent	experiments.		

C)	Nucleotide	alignment	of	mouse	and	human	cGAS	DNA	sequences	with	

conserved	residues	shaded	in	yellow,	and	all	potential	caspase-cleavage	sites	

shaded	in	blue	(mouse)	or	pink	(human).		

D)	CasCleave	2.0	prediction	of	caspase-cleavage	sites	within	mouse	cGAS	with	

probability	scores	for	specific	caspases	listed.	The	seven	sites	predicted	to	

generate	N-terminal	fragments	of	similar	sizes	to	that	seen	in	A	–	B,	are	numbered	

(see	corresponding	numbers	also	highlighted	in	C).		

E)	Immunoblot	of	lysates	from	Mcl1-/-	MEFs	expressing	FLAG-cGAS	or	FLAG-

cGASCASP	(containing	all	seven	caspase	sites	mutated)	treated	for	3	h	with	ABT-737	

[1	μM]	±	QVD-OPh	[20	μM],	probed	with	anti-FLAG,	anti-caspase-3	(active	form)	

and	anti-HSP70	(loading	control).	Representative	of	n	=	2	independent	

experiments.	

F)	Immunoblot	of	lysates	from	Mcl1-/-	MEFs	expressing	FLAG-cGAS	or	FLAG-

cGASMUTANT#	(containing	only	single	caspase	sites	mutated,	with	mutant	#	

corresponding	to	sites	identified	in	C	–	D),	treated	for	3	h	with	ABT-737	[1	μM]	±	

QVD-OPh	[20	μM],	probed	with	anti-FLAG,	anti-caspase-3	(active	form)	and	anti-

HSP70	(loading	control).	Representative	of	n	=	2	independent	experiments.	
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3.3.	Discussion	

	
Apoptosis,	in	contrast	to	other	forms	of	cell	death	such	as	necroptosis	or	

pyroptosis,	is	thought	to	be	an	immunologically	silent	process.	Millions	of	cells	die	

and	are	efficiently	cleared	from	the	body	every	day	via	apoptosis,	and	this	is	

achieved	without	the	induction	of	detrimental	immune	or	inflammatory	responses	

from	surrounding	cells	and	tissues.	A	growing	body	of	evidence	suggests	that	

caspases	may	play	an	important	role	in	maintaining	this	immunological	silence199.	

For	example,	some	caspase-mediated	cleavage	events	assist	the	clearance	of	

apoptotic	cells	(e.g.	the	caspase-dependent	exposure	of	phosphatidylserine113).	

Alternatively,	other	caspase-mediated	cleavage	events	have	been	reported	to	

directly	sequester	or	deactivate	potential	DAMPs	such	as	HMGB1	and	IL-33,	

however	this	was	only	in	vitro	and	its	physiological	significance	remains	

unclear204,205.	The	results	from	this	chapter	provide	the	first	definitive	evidence	

that	in	order	to	maintain	immunological	silence,	intrinsic	apoptosis	requires	a	fully	

functional	caspase	cascade.	

	

Our	data	showed	that	during	intrinsic	apoptosis,	BAK/BAX-mediated	

mitochondrial	damage	allows	mtDNA,	in	the	absence	of	caspases,	to	be	recognized	

as	a	DAMP	by	the	cytosolic	DNA-sensor	cGAS,	and	instigates	the	production	and	

secretion	of	Type	I	IFNs	from	dying	cells	(Figure	3.3.1).	Without	caspases,	

physiological	apoptosis	during	homeostatic	blood-cell	turnover	was	enough	to	

drive	IFN	production,	and	IFN-β	could	be	detected	in	the	sera	of	mice	with	

caspase-deficient	hematopoietic	systems.	This	heightened	level	of	IFN	drove	HSC	

proliferation	and	functional	impairment.		

	

In	fitting	with	the	potent	anti-viral	activities	of	IFNs,	an	independent	study	by	

Rongvaux	et	al.,	observed	that	apoptotic-IFN	production	also	conferred	protection	

against	viral	challenge	in	vivo308.	In	this	work	(published	in	the	same	edition	of	Cell	

as	was	our	work1,308,	Appendix	B),	mice	lacking	either	caspase-9	or	caspase-3	and	

caspase-7	in	hematopoietic/endothelial	tissues	were	highly	resistant	to	infection	

with	encephalomyocarditis	virus	(EMCV)	or	vesicular	stomatis	virus	(VSV).	

Rongvaux	et	al.	also	concluded	this	IFN	production	resulted	from	BAK/BAX	
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activation,	and	mtDNA-induced	cGAS	signaling308,	corroborating	our	findings.	

However,	the	mechanism	by	which	caspases	inhibit	apoptotic-IFN	production	was	

not	fully	elucidated	in	either	publication.		

	

The	results	from	the	CADCRISPR-/-	MEFs	suggested	caspase	cleavage	of	iCAD	may	

play	a	small	part	in	attenuating	IFN	production.	We	hypothesize	that	this	modest	

effect	seen	in	CADCRISPR-/-	cells	is	likely	indicative	of	CADs	DNA	damaging	ability	

(which	consequently	would	intervene	in	transcription	of	the	Ifnb	gene),	rather	

than	CAD-mediated	cleavage	of	mtDNA.	However	the	latter	cannot	be	ruled	out	

until	a	direct	interaction	between	CAD	and	mtDNA	has	been	formally	tested.	This	

could	be	achieved	in	much	the	same	way	cGAS	was	shown	to	directly	interact	with	

mtDNA:	by	immunoprecipitation	and	qPCR	analysis	of	any	co-precipitated	DNA	

fragments.	Regardless,	CAD	deficiency	did	not	allow	apoptotic-IFN	production	to	

the	same	extent	as	caspase	deficiency,	thus	there	must	be	other	caspase	targets	

contributing	to	the	inhibition	of	IFN	production.		

	

Further	to	this,	we	attempted	to	address	whether	cGAS	itself	was	a	target	for	

caspases.		Using	FLAG-tagged	cGAS	variants,	we	identified	an	aspartic	acid	residue,	

D(81)	that	resides	within	the	unstructured	N-terminal	tail	of	cGAS,	as	a	potential	

caspase-cleavage	site.	The	N-terminal	tail	of	cGAS	is	less	well	conserved	than	the	

structured	Mab21	domains,	and	while	its	function	is	mostly	uncharacterized,	there	

have	been	reports	that	it	binds	non-specifically	to	DNA	and	enhances	cGAS	

function309.	Yet,	how	cleavage	of	cGAS	at	this	position	may	affect	the	stability	or	

function	of	cGAS	(and	ultimately	its	ability	to	recognize	mtDNA)	remains	unknown.		

	

Moreover,	the	evidence,	as	it	currently	stands,	that	D(81)	is	a	cleavage	site	is	

preliminary.	To	complete	this	line	of	investigation	would	require	many	more	

experiments.	In	light	of	this,	we	attempted	to	further	confirm	the	identity	of	this	

cleavage	site,	by	using	a	combination	of	immunoprecipitation	and	mass	

spectrometry.	We	separated	the	proteins	in	FLAG-immunoprecipitates	from	

untreated	and	ABT-737	treated	cells	by	gel	electrophoresis,	and	by	silver	stain,	the	

15	kDa	band	was	evident	in	only	the	precipitates	from	treated	cells.	We	isolated	

this	band	and	submitted	it	for	mass	spectrometric	analysis,	however	the	coverage	



	 83	

in	this	experiment	was	too	low	to	draw	any	conclusions	from	and	the	experiment	

was	never	repeated	(data	not	shown).	Thus,	similar	mass	spectrometry	

experiments	would	need	optimization	to	further	this	investigation.	Cleavage	may	

also	be	more	directly	shown	by	incubating	immunoprecipitated	cGAS	with	

recombinant	caspases.	It	has	also	been	recently	indicated	that	caspases	may	be	

capable	of	cleaving	after	glutamate	residues	in	addition	to	aspartic	acid	residues,	

such	that	D>E	mutagenesis	may	not	fully	abrogate	cleavage310,311.	In	light	of	this,	

experiments	would	be	better	repeated	using	D>A	mutagenesis	instead.	

Furthermore,	we	would	need	to	demonstrate	functionally,	that	cleavage	of	cGAS	at	

this	site	effected	apoptotic	IFN	production.	If	cGAS	cleavage	at	D(81)	was	important	

for	shutting	down	IFN	production	then	expressing	cGAS(D81E)	should	allow	IFN	to	

be	produced	during	caspase-competent	apoptosis.	In	order	to	investigate	cGAS	

function,	we	would	need	to	move	away	from	the	current	system	which	relies	on	

exogenous	over-expression	of	our	FLAG-tagged	cGAS	constructs,	and	instead	

utilize	the	previously	made	cGASCRISPR-/-	MEFs	re-expressing	mutant	cGAS	or	

employ	CRISPR	once	again	to	“knock-in”	the	desired	mutation	into	the	endogenous	

coding	sequence.	Indeed,	the	move	away	from	crude	over-expression,	to	the	more	

tailored	CRISPR/Cas9-mediated	–tagging	or	–mutating	of	endogenous	cGAS	would	

be	beneficial	in	many	ways.	For	example,	as	it	currently	stands,	although	the	

majority	of	cells	have	died	by	3	h,	the	majority	of	cGAS	does	not	appear	to	be	

cleaved	at	this	time-point	(Figure	3.2.7	A-B).	However,	it	is	difficult	to	interpret	

this	observation	since	the	anti-FLAG	blot	is	not	accounting	for	all	the	cGAS	present	

in	the	cells	and	cannot	indicate	a	complete	ratio	of	cleaved:uncleaved	cGAS	at	any	

one	time.	The	inability	to	track	all	cGAS	present	in	these	cells	renders	

quantification	of	protein	levels	by	western	difficult,	and	is	a	major	limitation	to	this	

set	of	experiments.	

	

More	broadly,	it	would	also	be	interesting	to	investigate	whether	cGAS	cleavage	

also	represents	a	means	by	which	caspases	can	regulate	IFN	signaling	in	non-

apoptotic	settings.	Eighteen	months	after	we	had	suspended	our	search	for	

caspase-cleavage	sites	within	cGAS,	Wang	et	al.	reported	cGAS	interacted	with-	and	

was	cleaved	by-	caspase-1	during	inflammasome	activation	in	THP-1	cells	and	

immortalized	bone	marrow-derived	macrophages312.	Caspase-1	cleavage	inhibited	
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cGAS	function	and	the	expression	of	caspase-site-mutants	increased	the	secretion	

of	Type	I	IFN	and	enhanced	cell	responses	to	DNA	virus.	Intriguingly,	the	two	sites	

described	were	GPWD	and	VRRD	at	positions	140	and	157	respectively,	neither	of	

which	are	conserved	in	murine	cGAS,	yet	immunoprecipitated	mouse	cGAS	was	

also	shown	to	be	cleaved	by	recombinant	caspase-1	in	vitro.	Moreover,	

immunoprecipitated	cGAS	was	also	cleaved	by	recombinant	caspase-4,	-5	or	-11,	

albeit	with	a	different	pattern	(and	therefore	likely	at	alternate	sites)	to	that	of	

caspase-1312.	Combined,	this	report	suggested	caspase	cleavage	of	cGAS	is	a	

mechanism	by	which	the	balance	between	anti-viral	responses	and	inflammasome	

activation	during	viral	infection	may	be	fine-tuned.	

	

Regardless	of	everything	above,	it	seems	unlikely	that	cGAS-cleavage	by	apoptotic	

caspases	would	represent	the	only	mechanism	of	limiting	IFN	production	during	

apoptosis	given	the	global	cellular	demolition	associated	with	caspase	activation.	

Whilst	we	cannot	discount	that	caspases	may	directly	affect	cGAS	function,	we	

suggest	it	is	most	likely	the	cellular	shutdown	so	efficiently	orchestrated	by	

caspases	(through	the	combination	of	multiple	cleavage	events	that	cause	DNA	

fragmentation,	transcription	suppression,	translation	inhibition	and	cytoskeletal	

rearrangement)	that	is	the	main	mechanism	behind	caspase-mediated	suppression	

of	IFN	production	during	apoptotic	cell	death.	Rongvaux	et	al	detected	cGAMP	

levels	in	primary	MEFs	treated	with	ABT-737/QVD-OPh308,	but	did	not	mention	

whether	cGAMP	was	detected	after	ABT-737	treatment	alone.	The	inclusion	of	this	

control	would	have	been	informative:	had	cGAMP,	but	not	IFN,	been	detected	

during	caspase-competent	apoptosis	it	would	support	our	hypothesis	that	cGAS	

function	is	ultimately	irrelevant	in	the	midst	of	caspase-mediated	cellular	

demolition.	

	

Importantly,	these	results	demonstrate	that	the	hyper-proliferative	phenotype	of	

caspase-deficient	HSCs	did	not	relate	to	a	novel	“non-apoptotic”	function	of	

caspases,	as	was	suggested	by	Janzen	et	al.153,	but	was	in	fact	dependent	on	

BAK/BAX	activation	and	thus	apoptosis.	This	highlights	the	necessity	of	

considering	the	many	effects	of	Type	I	IFNs	in	any	experiment	where	caspases	

have	been	genetically	or	pharmacologically	impeded.	In	any	setting	where	baseline	
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turnover	of	cells	occurs,	the	inhibition	of	caspases	will	permit	dying	cells	to	secrete	

IFN	and	must	be	accounted	for	when	drawing	conclusions	from	these	experiments.	

It	follows,	that	in	many	of	the	situations	where	apoptotic	caspases	were	ascribed	

“non-apoptotic	roles”	further	studies	are	now	required	to	rule-out	the	potentially	

confounding	involvement	of	IFN	signaling	downstream	of	BAK/BAX	activation.		

	

These	data	demonstrate	that	mtDNA,	during	caspase-inhibited	apoptosis,	activates	

the	DNA	sensor	cGAS.	Yet	the	cell	is	equipped	with	many	innate	immune	sensors	

for	DNA:	reportedly	DAI313,	DDX41314	and	IFI16315	in	addition	to	cGAS,	are	all	

capable	of	sensing	dsDNA	and	inducing	IFN	responses.	However,	in	our	hands,	

cGAS	deficiency	completely	abrogated	IFN	production,	suggesting	it	was	the	only	

DNA	sensor	responding	to	mtDNA	during	apoptosis.	Whether	this	is	a	reflection	on	

cell-type	specificity	(we	have	not	investigated	the	expression	of	other	DNA	sensors	

in	MEFs)	or	a	characteristic	of	mtDNA	that	allows	it	to	avoid	detection	by	other	

sensors,	remains	to	be	seen.		

	

Previously,	mtDNA	had	been	suggested	to	activate	TLR9	in	cardiomyocytes	under	

stress316.	In	this	study,	cardiac-specific	deletion	of	DNase	II	(a	lysosomal	nuclease	

thought	to	degrade	nuclear-DNA	from	apoptotic	cells	after	macrophage	

engulfment	and	mtDNA	during	mitophagy)	reportedly	allowed	mtDNA	to	escape	

autophagic	lysosomes	thereby	inducing	transcription	of	IL1β,	and	IL6	(but	

strangely	not	IFNβ)	in	stressed	hearts316.	Oka	et	al.	reported	that	loss	of	TLR9	

rescued	this	phenotype,	yet	no	increase	in	circulating	mtDNA	was	found	in	

DNaseII-/-	mice	and	no	mechanism	for	how	mtDNA	may	accumulate	in	TLR9	

positive	endosomes	was	given.	In	contrast,	constitutive	deletion	of	DNaseII	is	lethal	

due	to	fatal	levels	of	IFN317,	but	even	DNaseII-/-	IFNAR1-/-	mice	suffer	massive	

inflammatory	disease	and	present	with	polyarthritis318.	Self	DNA	(likely	of	both	

nuclear	and	mitochondrial	origin)	no	longer	degraded	in	lysosomes,	escapes	to	the	

cytosol	of	phagocytic	cells	and	activates	both	cGAS/STING319	and	another	well-

established	cytosolic	DNA	sensor,	AIM2	(absent	in	melanoma	2)320,321,	which	

highlights	another	outstanding	question:	why	does	mtDNA	activate	cGAS	but	not	

AIM2	during	caspase-inhibited	apoptosis?		
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When	Dr.	White	further	analyzed	the	sera	of	Casp9-/-	chimeric	mice	by	Bio-plex,	he	

saw	very	few	perturbations	in	cytokine	levels	compared	to	WT	mice.	Of	the	23	

cytokines	assessed,	there	was	an	increase	in	IL12p40,	but	no	others	(including	IL-

1β,	IL-6,	IL-10	or	TNFα)	(data	not	shown),	indicating	very	little,	if	any,	

inflammatory	reactions	in	these	mice.	If	apoptotic	mtDNA	release	were	activating	

AIM2	and	inducing	inflammasome	formation,	an	increase	in	IL1β	processing	would	

be	expected.	While	the	activation	of	cGAS	and	AIM2	have	entirely	distinct	signaling	

outcomes,	their	reported	preference	for	dsDNA	is	identical322,	and	yet	only	one	

responds	to	mtDNA	in	caspase-deficient	hematopoietic	tissues.	This	may	indicate	

there	is	a	subtle	difference	in	their	preferences	for	dsDNA	(i.e.	length,	

concentration,	proximity,	oxidation	state)	that	is	currently	unknown.	In	fact,	this	

perplexing	difference	between	cGAS	and	AIM2	activation	has	also	been	observed	in	

Trex1	deficiency.		Mutations	in	human	TREX1	(3’	repair	exonuclease	1,	or	DNase	

III)	cause	the	autoimmune	interferonopathy	Aicardi-Goutières	syndrome323	which	

can	be	recapitulated	in	Trex1-/-	mice.	Loss	of	TREX1	function	allows	self	DNA	

(likely	of	nuclear	origin)	to	drive	chronic	IFN	production	causing	massive	

autoimmune	disease	in	mice324,325.	Strikingly,	loss	of	cGAS	alone	is	enough	to	

completely	rescue	the	Trex1-/-	phenotype326-328,	suggesting	cGAS	is	the	sole	DNA	

sensor	activated	as	a	result	of	TREX1	loss.		Why	DNA	(and	particularly	mtDNA)	

preferentially	activates	cGAS	(and	not	AIM2)	in	either	TREX1	deficiency	or	

caspase-inhibited	apoptosis	remains	to	be	seen.	Furthermore,	whether	TREX1	(or	

any	other	nuclease)	plays	any	part	in	dampening	an	mtDNA-activated	cGAS	

response	has	not	been	investigated.		

	

In	summary,	this	chapter	aimed	to	elucidate	the	mechanism	responsible	for	the	

IFN-driven	phenotype	in	caspase-deficient	HSCs,	and	in	doing	so,	uncovered	a	

novel	signaling	outcome	during	intrinsic	apoptosis	(Figure	3.3.1).	It	demonstrates	

a	previously	unappreciated	role	for	mtDNA	during	apoptosis,	and	provides	a	

compelling	example	of	the	critical	importance	of	caspases	in	maintaining	apoptotic	

immunological	silence.	Yet	questions	surrounding	the	subtleties	in	this	mechanism	

remain	unanswered.	We	still	do	not	know	which	caspase	substrates	are	ultimately	

responsible	for	inhibiting	apoptotic-IFN	production.	We	do	not	know	how	mtDNA	

is	released	during	apoptosis.	We	do	not	know	whether	mtDNA,	upon	release	into	
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Chapter	4:	Visualization	of	mtDNA	release	during	

apoptosis	

	

	

4.1	Background	

	
In	the	previous	chapter	it	was	shown	that	mtDNA	could	activate	cGAS	in	cells	

undergoing	BAK/BAX-mediated	caspase-inhibited	apoptosis	(Figures	3.2.2	H-J,	

3.2.4	A-C	and	3.2.5	C).	However,	an	additional	mechanistic	question	remained.	

How	does	mtDNA	gain	access	to	cGAS?	The	most	likely	explanation	is	that	during	

apoptotic	mitochondrial	damage,	mtDNA	is	released	into	the	cytoplasm	of	dying	

cells,	but	how	would	BAK	and	BAX,	two	outer	mitochondrial	membrane	(OMM)	

proteins,	influence	mtDNA	efflux	into	the	cytoplasm?	Once	activated,	BAK	and	BAX	

oligomerise	and	permeabilise	only	the	OMM	to	permit	cytochrome-c	release.	Yet	

mtDNA	resides	within	the	mitochondrial	matrix	and	would	have	to	traverse	both	

the	OMM	and	in	the	inner	mitochondrial	membrane	(IMM)	to	gain	access	to	the	

cytosol	and	cGAS.	Thus,	the	mechanism	allowing	apoptotic	mtDNA	release	became	

the	focus	for	the	next	two	chapters	of	this	thesis.		

	

Mitochondria,	in	addition	to	their	essential	role	in	energy-metabolism,	calcium-

regulation,	and	cell-death	signaling,	also	house	a	number	of	DAMPs	(reviewed329):	

molecules	capable	of	triggering	innate	immune	responses	when	found	in	alternate	

cellular	compartments.	mtDNA	is	a	prime	example	of	a	mitochondrial	DAMP.	

mtDNA	is	a	short,	16	kb,	circular	piece	of	double-stranded	DNA	that,	should	it	find	

its	way	beyond	the	inner	matrix	of	the	mitochondria,	is	capable	of	recognition	by	

innate	immune	sensors	(e.g.	TLRs,	NOD-like	receptors	or	IFN-stimulatory	DNA	

receptors).	Yet	despite	the	many	descriptions	of	DAMP	signaling	by	mtDNA,	

(reviewed330),	the	mechanisms	that	expose	mtDNA	to	the	cytoplasm	or	

extracellular	milieu	are	still	not	understood.	

	

There	are	multiple	studies	that	have	found	evidence	of	mtDNA	release	from	

damaged	mitochondria.	In	addition	to	our	own	work1,308,	mtDNA	fragments	were	
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reported	in	the	cytoplasm	of	cells	induced	to	undergo	cell	death	by	calcium	

overload	or	irradiation,	which	the	authors	ascribed	to	opening	of	the	

Mitochondrial-Permeability	Transition	Pore	(MPTP)331,332.	mtDNA	fragments	have	

also	been	found	in	the	cytoplasm	of	cells	stimulated	to	induce	inflammasome	

activation333,334.	Nakahira	et	al.,	demonstrated	that	the	combination	of	ATP	and	

LPS	caused	increased	levels	of	cytosolic	mtDNA,	which	were	further	increased	by	

perturbing	autophagy	(ascribed	to	an	accumulation	of	damaged	mitochondria	due	

to	insufficient	mitophagy)333.	Soon	after,	Shimada	et	al.	confirmed	the	ability	of	

ATP/LPS	to	induce	the	presence	of	mtDNA	in	the	cytoplasm334,	however	the	two	

studies	differed	in	the	mechanism	they	proposed.	While	Nakahira	et	al.	suggested	

MPTP	involvement;	Shimada	et	al.	postulated	that	that	apoptosis	was	a	key	

upstream	requirement,	since	overexpression	of	BCL-2	attenuated	downstream	

mtDNA-induced	NLRP3	activation.		

	

Cytosolic	mtDNA	signaling	has	also	been	reported	in	cells	experiencing	

mitochondrial	stress	as	a	result	of	viral	infection	by	Herpes	virus	(HSV-1)335	or	

Dengue	virus336.	In	the	HSV-1	studies,	HSV-1	infection	resulted	in	a	mitochondrial	

stress	response	that	could	be	recapitulated	by	knockdown	or	deficiency	of	a	

mitochondrial	transcription	factor	(TFAM),	which	resulted	in	increased	mtDNA	

fragments	in	cytosolic	extracts,	and	the	apparent	co-localization	of	cGAS	to	mtDNA	

foci335.	Similarly,	after	Dengue	infection,	mtDNA	was	enriched	in	cGAS	

immunoprecipitates336,	(much	like	we	observed	in	cells	undergoing	caspase-

inhibited	apoptosis	(Figure	3.2.5	C)).	Yet	no	mechanism	for	mtDNA	release	was	

investigated	in	these	studies.		

	

In	the	above	settings,	we	have	little	appreciation	as	to	whether	mtDNA	release	is	a	

coordinated	and	active	process,	perhaps	involving	specific	protein	pores	(i.e.	the	

MPTP	or	some	variation),	or	merely	a	passive	consequence	of	extensive	

mitochondrial	damage	and	increased	membrane	permeability.	Indeed,	in	none	of	

the	aforementioned	reports	was	a	real-time	assay	developed	to	investigate	mtDNA	

escape.	In	this	sense,	we	set	out	to	visualize	apoptotic	mtDNA	release,	hoping	that,	

through	visualization,	insight	into	the	nature	of	such	release	would	emerge.	Hence,	

we	turned	to	light-microscopy.		
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Since	the	(Nobel	prize-winning)	discovery	of	green-fluorescent	protein	

(GFP)337,338,	light-microscopy	has	evolved	into	one	of	the	most	transformative	

techniques	in	biology.	No	other	technique	provides	quantitative	analysis	of	

dynamic	cellular	processes	on	such	a	broad	range	of	scales	in	both	time	and	

space339.	Wide-field	microscopy,	which	illuminates	large	areas	of	the	sample	and	

detects	emitted	light	point-by-point	(Figure	4.1.1	A),	is	the	cornerstone	of	light	

microscopy.	Because	cells	are	inherently	opposed	to	light,	the	gentle	illumination	

method	used	by	wide-field	microscopy	allows	its	use	on	live	cells.	However,	

because	illuminating	large	areas	also	results	in	large	amounts	of	unfocussed	light,	

signals	are	often	obscured,	and	this	limits	the	resolution	wide-field	microscopy	is	

capable	of	(though	this	can	be	improved	by	recent	advances	in	de-convolution	

algorithms).		

	

In	contrast,	confocal	microscopy	illuminates	only	thin	columns	of	the	sample,	using	

a	laser	that	is	scanned	back	and	forth	across	the	field	of	view	(Figure	4.1.1	B)340.	

This	more-selective	illumination,	combined	with	advanced	detection	capabilities	

(e.g.	photomultiplier	tubes	(PMTs)),	allow	for	far	greater	spatial	resolution,	

without	too	much	impact	on	ease-of-use.	Thus,	it	is	little	surprise	that	confocal	

microscopy	is	the	most-widely	used	form	of	microscopy	today.	However,	

conventional	confocal	microscopy,	with	its	point-by-point	laser	scanning,	is	slow	

and	often	toxic	to	cells.	Faster	methods	of	scanning	are	available	(resonant	

scanning	confocal	microscopy	uses	fast	galvanometer	mirrors	to	move	the	laser	

beam,	and	spinning	disk	confocal	microscopy	uses	multiple	excitation	beams	in	

parallel),	which	can	reduce	photo-toxicity	to	samples,	but	the	shorter	pixel	dwell	

time	often	results	in	less	sensitivity	and/or	resolution.		

	

Recently,	developments	in	an	alternate	type	of	microscopy	have	enabled	its	

widespread	use	for	imaging	live-samples,	with	stunning	results.	Light-sheet	

microscopy	(or	selective	plane	illumination	microscopy	(SPIM))	illuminates	the	

sample	with	a	sheet	of	light,	shone	at	an	angle	perpendicular	to	detection341	

(Figure	4.1.1	C)	using	a	two-objective	configuration	(Figure	4.1.1	D).	This	method	

ensures	the	sample	is	only	exposed	to	light	at	the	depth	at	which	emission	is	being	
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detected	(i.e.	no	out-of-focus	light	above	or	below	the	plane	of	illumination	in	the	

detection	path)	thereby	creating	outstanding	signal-to-noise	ratios.	Furthermore,	a	

sheet	of	light	is	gentler	than	a	focused	laser	beam,	and	can	be	moved	through	the	

sample,	plane-by-plane	(much	faster	than	point-by-point).	Thus	3D-volumes	can	

be	acquired	at	very	fast	rates.	Recently,	light-sheet	microscopy	evolved	even	

further,	with	Eric	Betzig’s	development	of	Lattice	Light-Sheet	Microscopy	

(LLSM)284.	In	this	method,	the	sheet	of	light	is	generated	by	patterns	of	non-

diffracting	Bessel	beams	(Figure	4.1.1	E-F),	making	it	ultra-thin,	minimally	invasive	

to	live	cells,	and	dramatically	increasing	the	spatial	resolution	achievable.	LLSM	

can	achieve	similar	levels	of	resolution	to	confocal	microscopy,	while	at	the	same	

time	achieving	incredible	temporal	resolution	and	minimal	toxicity.	

	

As	is	often	the	case	with	new	technologies,	a	considerable	lag	exists	between	the	

initial	scientific	description	of	a	new	microscope,	and	its	availability	to	laboratories	

worldwide.	To	circumvent	this,	within	a	year	of	LLSM’s	description,	the	Advanced	

Imaging	Centre	(AIC)	at	Howard	Hughes	Medical	Institute’s	Janelia	Research	

Campus	built	a	replica	lattice	light-sheet	microscope	(Figure	4.1.1	G),	and,	in	a	

Betzig-sanctioned	effort	to	disseminate	the	new	technology,	began	inviting	

scientists	to	apply	for	short	research	visits.	Applications	judged	on	feasibility	and	

scientific	novelty,	if	successful,	were	granted	1-2	weeks	of	LLSM	imaging	time	in	

the	AIC	facility	in	Ashburn,	USA.	This	generous	program	offered	by	the	AIC	was	

essential	to	the	following	two	chapters	of	this	thesis.		

	

This	chapter	describes	the	optimization	that	went	into	developing	a	live-cell	

imaging	assay	that	could	document	mitochondria	and	mtDNA	during	apoptosis,	

and	the	findings	from	its	initial	use.		
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Figure	4.1.1	Lattice	light-sheet	microscopy	

	

A	–	C)	Comparison	of	the	illumination/detection	orientations	in	A)	wide-field,	B)	

confocal	and	C)	lattice	light-sheet	microscopy.		

D)	Diagram	from	Chen	et	al.	(2014)284	illustrating	the	unique	objective	orientation	

adopted	for	the	lattice	light-sheet	microscope.	i)	The	excitation	and	detection	

objectives	are	angled	at	90°	to	each	other	and	dipped	into	sample	bath.	ii)	The	

orientation	of	the	objectives	skews	the	x,	y,	z	dimensions	normally	collected	(s	

represents	the	plane	of	sample	movement).	iii)	Cartoon	demonstrating	the	ultra-

thin,	angled	light-sheet	(blue-green)	exciting	fluorescence	in	each	plane	(orange)	

as	it	rapidly	sweeps	through	the	sample	(grey),	generating	3D	images284.		

E)	Diagram	from	Chen	et	al.	(2014)284	illustrating	the	differences	between	a	i)	

Gaussian,	ii)	Bessel	and	iii)	latticed-Bessel	beam.	Boxes	show	(from	left	to	right)	

the	intensity	at	rear	pupil,	intensity	at	the	sample,	the	swept/dithered	intensity	

and	the	overall	point-spread	function	(PSF)284.	

F)	Photograph	of	the	lattice	light-sheet	microscope	at	the	Advanced	Imaging	

Centre,	Janelia	Research	Campus,	that	was	used	throughout	this	study.		

G)	Schematic	of	the	light	path	responsible	for	generating	the	latticed	Bessel	light-

sheet	that	excites	the	sample	during	lattice	light-sheet	microscopy.	(Can	be	

overlaid	upon	photograph	in	F).			 	
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4.2	Results	

	
4.2.1	Optimization	of	an	imaging	assay	to	document	mtDNA	release	

In	Chapter	3	it	was	established	that	Mcl1-/-	MEFs	provided	a	robust	in	vitro	system	

for	investigating	apoptotic-IFN	production	that	recapitulated	the	essential	

elements	of	the	process	in	vivo	(Figure	3.2.1	A-C),	and	that	mtDNA	could	be	

visualized	in	MEFs	with	the	PCR-based	dye,	PicoGreen	(Figure	3.2.2	F).	Our	next	

task	was	to	identify	a	suitable	way	to	label	mitochondria.	Specifically,	we	required	

a	label	that	would	not	leave	the	mitochondria	during	apoptosis.	Mitochondrial	

dyes	such	as	MitoTracker	passively	diffuse	across	cell	membranes	but	accumulate	

in	mitochondria	due	to	their	membrane	potential.	Unfortunately,	once	BAK/BAX-

mediated	damage	to	the	OMM	occurs,	these	dyes	are	often	released	into	the	

cytoplasm,	disassociate	and	lose	fluorescence.	Similarly,	we	wished	to	avoid	dyes	

such	as	the	commonly	used	JC-1	or	TMRE	(Tetramethylrhodamine),	which	also	

rely	on	mitochondrial	membrane	potential,	in	case	they	too	were	lost	during	

apoptosis.		

	

Thus,	we	acquired	a	fluorescent	protein	construct	in	which	mCherry	had	been	

fused	to	the	mitochondrial	localization	sequence	(MLS)	from	SMAC/Diablo	(named	

“MitoCherry”),	from	our	collaborator	Dr.	Grant	Dewson.	This	short	N-terminal	

sequence	targets	the	mCherry	protein	to	the	intermembrane	space	of	

mitochondria.	Given	SMAC/Diablo,	like	cytochrome-c	is	also	released	during	

apoptosis,	we	were	wary	about	the	suitability	of	this	label.	Thus,	we	also	generated	

constructs	in	which	the	coding	sequence	of	Translocase	of	the	Outer	Mitochondrial	

Membrane	subunit	20	(TOMM20),	which,	as	its	name	suggests,	resides	in	the	OMM,	

was	fused	to	either	mCherry	or	GFP	at	its	C	terminus.	We	then	generated	Mcl1-/-	

MEF	lines	stably	expressing	either	MitoCherry	or	TOMM20-mCherry	alone	(for	

combination	with	PicoGreen),	or	the	combination	of	MitoCherry	and	TOMM20-

GFP.	

	

MitoCherry	Mcl1-/-	MEFs	stained	with	PicoGreen	could	be	imaged	with	great	

success	by	standard	confocal	microscopy	at	single	time-points	(Figure	4.2.1	A).	

However,	when	we	tried	to	extend	the	confocal	imaging	into	a	time-course,	two	
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problems	were	encountered.	The	first	was	that	the	PicoGreen	dye	bleached	very	

quickly,	making	it	impractical	to	monitor	a	dynamic	process	and	capture	multiple	

images	over	time.	The	second	was	that	repeatedly	collecting	high-resolution	

images	via	standard	confocal	methods	was	excessively	toxic	to	our	cells.	As	is	

always	the	case	with	live-cell	imaging,	the	more	sustained	or	intense	the	exposure	

of	light,	the	more	toxic	it	is	to	live	cells.		

	

To	circumvent	the	toxicity	issue,	we	trialed	a	resonant-scanning	confocal	

microscope.	In	comparison	to	laser-scanning	confocal	microscopes	which	are	

limited	by	the	speed	of	their	galvanometer	mirrors,	resonant-scanners	use	

oscillating	mirrors	which	allow	much	faster	rates	of	acquisition,	thus	covering	the	

same	field	in	much	less	time	and	exposing	the	cells	to	far	less	light.	Using	the	

resonant-scanning	confocal	microscope,	we	could	image	cells	once	every	2	min	for	

up	to	an	hour	without	affecting	cell	viability.	However,	the	trade-off	for	these	

improvements	was	reduced	spatial	resolution	that	made	discerning	single	

mitochondria	near	impossible.	Nevertheless,	we	managed	to	capture	one	time-

lapse,	where	it	appeared	that	during	caspase-inhibited	apoptosis,	the	

mitochondrial	Picogreen	staining	disappeared;	our	first	indication	that	visualizing	

mtDNA	release	may	be	feasible	(Figure	4.2.1	B).	Overwhelmingly,	however,	it	was	

clear	that	we	would	not	attain	the	spatial	and	temporal	resolution	required	to	

image	the	dynamic	mitochondrial	network	in	live	cells	for	a	suitable	length	of	time	

using	the	technology	we	had	on	hand.	Nor	could	we	counter	the	rapid	bleaching	

rates	of	PicoGreen.		

	

Lattice	light-sheet	microscopy	provided	a	potential	solution	to	our	problems.	It	

was	designed	for	live-cell	imaging,	and	is	capable	of	exquisite	spatial	and	temporal	

resolution.	The	efficiency	in	the	illumination	methods	meant	that,	in	comparison	to	

conventional	microscopy	methods,	far	less	light	energy	was	required	for	

excitation,	which	would	potentially	slow	the	bleaching	rates	of	PicoGreen.	At	the	

time,	no	lattice	light-sheet	microscopes	existed	in	Australia,	thus	we	initiated	a	

collaboration	with	the	Advanced	Imaging	Center	at	Janelia	Research	Campus,	and	

were	granted	two	weeks	use	of	their	facility.		
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To	document	mtDNA	during	apoptosis,	we	imaged	Mcl1-/-	MEFs	expressing	

MitoCherry	that	had	also	been	stained	with	PicoGreen	and	treated	with	ABT-

737/QVD-OPh	by	LLSM.	It	is	important	to	note	that	the	addition	of	the	caspase	

inhibitor	QVD-OPh	allowed	cells	to	remain	attached	to	the	coverslip	for	the	

duration	of	the	experiments.	In	contrast,	in	the	absence	of	QVD-OPh,	i.e.	when	

caspases	became	activated	during	apoptosis,	cells	rapidly	detached	from	the	

coverslip,	underwent	membrane-blebbing	and	often	floated	out	of	the	field	of	view.	

As	expected,	upon	induction	of	apoptosis,	the	MitoCherry	signal	was	rapidly	lost,	

confirming	our	suspicion	that	the	SMAC/Diablo	MTS-targeted	MitoCherry	was	

released	during	apoptosis.	While	the	efficient	LLSM	excitation	method	slowed	the	

PicoGreen	bleaching	rates,	prolonging	its	fluorescent	signal,	significant	bleaching	

was	still	observed	(readily	apparent	by	the	dimming	of	the	nuclear	signal)	(Figure	

4.2.1	C).		

	

The	bleaching	made	it	difficult	to	accurately	track	mtDNA	with	PicoGreen	

fluorescence.	Thus	when	we	attempted	to	quantify	mtDNA	loss,	we	did	so	in	full	

awareness	that	the	resulting	graph	would	more	likely	reflect	the	bleaching	curve	of	

PicoGreen	rather	than	bona-fide	mtDNA	release.	Nonetheless,	MitoCherry	loss	and	

PicoGreen	loss	were	quantified	in	the	open	image-analysis	software,	FIJI291,	using	

custom	scripts	written	by	Dr.	Lachlan	Whitehead.	MitoCherry	loss	was	quantified	

as	the	area	of	MitoCherry	signal	(pixels)	above	background.	Quantitation	of	

PicoGreen	signal	was	achieved	by	thresholding	signal	above	background	and	

counting	the	number	of	PicoGreen	foci.	Using	these	scripts,	both	metrics	could	be	

plotted	over	time,	showing	the	rapid	bleaching	of	PicoGreen	occurred	after	

MitoCherry-loss	(Figure	4.2.1	D).	By	focusing	on	earlier	time	points	in	which	some	

PicoGreen	signal	was	still	evident	we	were	able	to	confirm	PicoGreen	was	not	lost	

before	MitoCherry	(as	expected	since	we	believed	mtDNA	loss	to	be	downstream	

of	BAK/BAX	activation).	However,	once	MitoCherry	was	lost,	we	could	no	longer	

track	mitochondria,	and	hence	we	instead	concentrated	on	the	TOMM20-mCherry	

cells	stained	with	PicoGreen.	TOMM20-mCherry	very	clearly	showed	that	upon	

induction	of	apoptosis,	the	mitochondrial	network	rapidly	fragmented,	and	

mitochondria	formed	globule-like	structures.	These	images	were	again	plagued	by	

PicoGreen’s	bleaching,	and	yet	we	noticed	we	were	able	to	follow	the	larger	(and	
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therefore	brighter)	nucleoids	for	considerably	longer	timeframes.	Strikingly,	when	

we	focused	solely	on	these	larger	nucleoids,	we	observed	multiple	instances	

whereby,	after	the	mitochondria	had	fragmented	into	globular	structures,	the	

PicoGreen	signal	appeared	to	be	expelled	from	its	mitochondria	(Figure	4.2.1	E).	

Since	we	could	track	only	the	larger	nucleoids	to	see	this	expulsion	event,	and	

these	larger	nucleoids	were	far	rarer	than	the	majority	of	nucleoids,	we	could	not	

be	certain	this	event	occurred	in	all	mitochondria	or	only	the	few	that	contained	

larger	quantities	of	mtDNA.	Thus,	while	encouraging,	this	experimental	system	

required	further	optimization.		

	

4.2.2	Imaging	constructs	to	document	mtDNA	release	

In	light	of	the	problems	encountered	with	PicoGreen	bleaching,	we	required	an	

alternative	label	for	mtDNA.	Furthermore,	while	the	mCherry	constructs	were	

stable,	they	were	not	overly	bright	and	required	long	exposure	times	for	suitable	

signal	above	background.	Longer	exposure	times	compromised	acquisition	rates	

and	therefore	temporal	resolution,	which	in	turn	was	preventing	us	from	utilizing	

the	LLSM	to	its	full	potential.		

	

Consultation	with	the	AIC	staff	(Dr.	John	Heddleston)	confirmed	there	were	

brighter	fluorophores	that	could	be	imaged	by	LLSM	with	great	success.	These	

included	the	recently	discovered,	mNeonGreen,	a	bright	green/yellow	fluorescent	

protein	isolated	from	rod-like	marine	vertebrates279,	and	a	newly	developed	range	

of	synthetic	dyes	generated	by	Dr.	Luke	Lavis	(also	at	Janelia).	These	dyes,	called	

Janelia	Fluor	(JF)-488,	-549	and	-646342,	specifically	recognize	a	protein	tag,	

HaloTag343.	Importantly,	these	JF-	dyes	were	cell	permeant,	intensely	bright	and	

remarkably	stable:	making	them	ideal	imaging	reagents.	In	addition,	we	also	

acquired	constructs	for	mRuby2281	and	tdTomato282,	two	fluorescent	proteins	with	

emission	spectra	in	the	red	wavelengths,	which	could	therefore	be	multiplexed	

with	green	(mNeonGreen)	and	far-red	(Halo-JF-646)	signals	for	three-channel	

imaging.		

	

Nuclear	DNA	is	often	visualized	indirectly	with	reagents	that	mark	the	histone	

proteins	it	is	associated	with.	Unlike	nuclear	DNA,	mtDNA	is	not	packaged	by	
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chromatin,	but	it	is	nonetheless	coated	and	compacted	by	proteins.	The	most	

abundant	of	these	is	Transcription	Factor	A	of	Mitochondria	(TFAM)344,345.	TFAM	is	

essential	to	mitochondrial	genome	replication	as	a	transcriptional	activator,	also	

functioning	to	bend	and	compact	mtDNA	into	nucleoids346,347	and	has	been	used	

previously	to	visualize	mtDNA	nucleoids	by	confocal	microscopy348.	Thus,	we	

generated	imaging	constructs	in	which	TFAM	and	TOMM20	were	fused	to	all	the	

different	combinations	of	fluorophores	and	tags	at	our	disposal,	and	set	about	

generating	cell	lines	expressing	the	best	combinations	(Figure	4.2.2	A).	Eventually	

we	settled	on	TOMM20-HaloTag	(visualized	by	the	addition	of	JF-646)	with	TFAM-

mNeonGreen	which,	when	imaged	by	LLSM,	gave	bright	and	stable	signals.	Cells	

could	be	monitored	for	up	to	1	h	without	any	toxicity	(Figure	4.2.2	B).	

Furthermore,	we	acquired	a	plasmid	developed	in	Doug	Green’s	lab,	via	Addgene,	

which	encoded	cytochrome-c	tagged	with	GFP280.	Although	the	expressed	protein	

was	not	particularly	well	targeted	(<10%	of	cells	expressing	CYT-c-GFP	showed	

mitochondrial	GFP	staining),	we	found	it	combined	well	with	TOMM20-HaloTag	

and	TFAM-tdTomato,	allowing	us	to	document	3	parameters	simultaneously.	

These	new	reagents	(Figure	4.2.2	C)	combined	with	our	promising	results	from	our	

first	two	weeks	of	LLSM	imaging,	warranted	a	second	visit	to	Janelia’s	AIC.		

	

Armed	with	brighter	and	more	stable	fluorophores,	we	could	image	cells	once	

every	8	sec	(2	channels)	or	13	sec	(3	channels)	capturing	3D	volumes	of	

approximately	55	×	75	×	55	µm	(width	×	height	×	depth)	per	image.	These	scan	

rates	continuously	exposed	cells	to	light,	and	yet	remarkably,	were	well	tolerated	

for	up	to	1	h.	Environmental	conditions	began	to	impact	the	cells	beyond	the	1	h	

mark:	the	LLSM	had	no	CO2	exchange	and	the	imaging	chamber	was	not	enclosed,	

thus	evaporation	slowly	eventuated.	To	combat	the	lack	of	CO2	exchange,	the	cells	

were	imaged	in	Leibovitz’s	L15	media,	which	unlike	DMEM,	uses	phosphates	and	

free	base	amino	acids	for	buffering,	thereby	maintaining	a	more	stable	pH	when	

CO2	was	removed.	In	addition,	this	media	was	supplemented	with	Pen/Strep	to	

avoid	contamination	since	the	chamber	was	not	enclosed.	TROLOX,	a	free	radical	

scavenger,	was	also	included	to	alleviate	any	toxic	by-products	produced	when	the	

dyes	were	excited.	Under	these	conditions,	we	could	track	mitochondria	and	

mtDNA	for	up	to	an	hour,	capturing	high	resolution	images	every	8	sec.		
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4.2.3	mtDNA	is	released	from	apoptotic	mitochondria		

With	the	optimization	complete,	we	could	finally	return	to	the	question	at	hand:	

how	was	mtDNA	gaining	access	to	cGAS,	and	presumably	the	cytoplasm,	during	

apoptosis.		

	

LLSM	imaging	of	Mcl1-/-	MEFs	expressing	TFAM-mNeonGreen,	TOMM20-Halo	and	

stained	with	JF-646,	revealed	an	elaborate	highly	dynamic	network	of	

mitochondria	with	stunning	resolution	(Figure	4.2.2	B	&	4.2.3	A	t=0).	After	

treatment	with	ABT-737/QVD-OPh,	the	mitochondrial	network	underwent	an	

almost	immediate	dissolution,	breaking	down	and	fragmenting	within	several	

minutes	of	the	onset	of	apoptosis.	Coincident	with	this	process,	TFAM-positive	

nucleoids	coalesced	within	mitochondria.	As	fragmentation	proceeded	and	

mitochondria	condensed	into	discrete	globular	structures,	we	observed	mtDNA	

being	released	into	the	cytoplasm	(Figure	4.2.3	A).	This	mtDNA	efflux	beautifully	

mirrored	the	events	we	had	witnessed	using	PicoGreen	staining	(Figure	4.2.1	E),	

indicating	that	TFAM	was	accurately	depicting	the	movement	of	mtDNA.	This	

phenomenon	appeared	highly	organized,	occurred	in	all	mitochondria	of	every	

apoptotic	cell,	and	was	remarkably	consistent	in	its	form	and	kinetics	across	

experiments.		

	

3D	surface	reconstruction	revealed	that	nucleoid	release	occurred	from	a	single	

site	on	mitochondrial	structures	(Figure	4.2.3	B).	TFAM-positive	nucleoids	formed	

barbell-like	intermediates	during	the	release	process,	suggesting	physical	

constriction	at	the	mitochondrial	surface.	Intriguingly,	upon	release,	nucleoids	

remained	in	close	proximity	to	the	mitochondria	from	which	they	had	exited.	

Furthermore,	these	patterns	of	constriction	through	single	exits	points	were	

confirmed	in	super	resolution	using	live	3D	Structure	Illuminated	Microscopy	(3D-

SIM).	The	system	used	was	custom-built	and	also	housed	at	the	AIC	at	Janelia.	3D-

SIM	clearly	demonstrated	mtDNA	release	from	mitochondria	that	had	taken	on	a	

“cup-like”	appearance	(Figure	4.2.3	C).		
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These	data	represent	the	first	real-time	demonstration	of	mtDNA	release	from	

mitochondria	in	any	setting.	Strikingly,	considering	the	consistency	in	its	kinetics,	

and	the	patterns	of	TFAM	staining	during	release,	mtDNA	release	appears	to	be	a	

highly	organized	and	routine	consequence	of	intrinsic	apoptosis.		

	

4.2.4	mtDNA	efflux	occurs	irrespective	of	caspase	activation	

Given	the	lack	of	IFN	response	during	caspase-competent	apoptosis,	we	wanted	to	

determine	whether	mtDNA	release	also	occurred	in	the	presence	of	active	

caspases.		As	mentioned	previously,	all	imaging	experiments	thus	far	were	

completed	with	the	co-incubation	of	QVD-OPh	to	maintain	cell	adherence	to	the	

coverslip	and	allow	imaging	of	mitochondria	after	apoptosis	had	been	induced.	

Thus,	it	was	important	to	understand	whether	active	caspases	had	any	impact	on	

mtDNA	release.		

	

In	the	absence	of	QVD-OPh,	ABT-737-treated	Mcl1-/-	MEFs	rapidly	contracted	and	

detached	from	the	coverslip,	however,	immediately	before	their	detachment,	

mtDNA	nucleoids	could	be	seen	exiting	fragmented	mitochondria,	exactly	as	they	

did	in	the	absence	of	caspases	(Figure	4.2.4).	Cellular	detachment	occurred	as	

rapidly	as	2	-	3	min	after	mtDNA	release.	These	data	highlight	how	effectively	

active	caspases	deconstruct	a	cell,	and	demonstrate	that	caspases	do	not	affect	

mtDNA	release,	but	instead,	limit	the	time	an	apoptotic	cell	has	to	respond	to	

cytosolic	mtDNA.		

	

4.2.5	Kinetics	of	apoptotic	mtDNA	release	

The	exceptional	temporal	resolution	achieved	by	LLSM,	provided	an	excellent	

opportunity	to	characterize	the	kinetics	of	mtDNA	release,	and	specifically,	to	

determine	when	it	occurred	with	respect	to	other	apoptotic	events.		

	

To	understand	the	temporal	relationship	between	mtDNA	and	the	best-

characterized	event	during	intrinsic	apoptosis,	cytochrome-c	release,	we	imaged	

MEFs	co-expressing	TOMM20-HaloTag,	TFAM-tdTomato	and	cytochrome-c-GFP.	

Upon	treatment	with	ABT-737/QVD-OPh,	cytochrome-c	loss	was	clearly	evident.	

Consistent	with	previous	reports280,349-351(and	with	the	MitoCherry	loss	we	had	
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observed	previously)	cytochrome-c	loss	occurred	rapidly	in	a	wave-like	fashion	

across	the	mitochondrial	network,	over	a	period	of	30	–	90	seconds.	Cytochrome-c	

efflux	preceded	the	fragmentation	of	the	mitochondrial	network	and	subsequent	

mtDNA	release	(Figure	4.2.5	A).		

	

To	quantify	the	relative	timing	between	each	of	these	events,	custom	automated	

scripts	were	again	designed	in	FIJI	by	Dr.	Whitehead.	Cytochrome-c	loss	was	

measured	by	quantifying	the	area	(pixels)	of	CYT-c-GFP	signal	above	background	

and	within	TOMM20	signal.	Mitochondrial	morphology	was	quantified	using	FIJI’s	

in-built	morphology	measures,	assessing	how	spherical	each	TOMM20-positive	

structure	was	and	assigning	it	a	value	between	0	–	1	(where	1	equates	to	a	perfect	

sphere).	For	mtDNA	release	measurements,	TFAM	signal	above	background	was	

segmented	and	counted	relative	to	its	location	either	inside	or	outside	TOMM20	

signal.	All	three	metrics	were	then	graphed	in	pair-wise	combinations	(Figure	4.2.5	

B-D).	The	time	at	which	each	event	began	is	denoted	on	the	graphs	at	the	point	

where	the	slope	began	to	change	for	each	measured	parameter.	The	relative	time	

between	each	combination	of	events	(i.e.	the	time	between	CYT-c	loss	and	

fragmentation,	or	fragmentation	and	mtDNA	release	etc)	yielded	surprisingly	

consistent	values	(Figure	4.2.5	E).	This	confirmed	our	previously	qualitative	

assessment,	that	the	timing	of	mtDNA	release	was	consistent	between	

experiments,	and	suggests	mtDNA	efflux	is	a	highly	reproducible	and	routine	

phenomenon	during	apoptosis.		

	

4.2.6	Apoptotic	mtDNA	release	is	conserved	in	human	cells	

We	next	examined	whether	a	similar	process	occurs	in	human	cells.	In	addition,	we	

wished	to	confirm	the	release	seen	by	LLSM	could	be	reproduced	using	another	

form	of	microscopy,	and	was	not	confounded	by	the	over-expression	of	TFAM	or	

TOMM20.	Thus,	we	obtained	a	human	cell	line	(HeLa	cells),	and	optimized	a	

fixation	and	permeabilisation	protocol	that	would	allow	us	to	use	anti-TOMM20	

and	anti-DNA	antibodies	to	visualize	endogenous	levels	of	TOMM20	and	mtDNA	

via	confocal	microscopy.	At	low	concentrations	of	anti-DNA	antibody,	and	as	

previously	reported352,	we	found	it	appeared	to	preferentially	bind	mtDNA,	as	

little-no	nuclear	DNA	was	stained.		
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Confocal	images	from	untreated	HeLa	cells	showed	elaborate	mitochondrial	

networks	with	mitochondrial	nucleoids	throughout,	much	like	those	we	observed	

in	MEFs	(Figure	4.2.6).	However,	upon	treatment	with	ABT-737/S63845	these	

networks	were	completely	absent:	the	fragmentation	and	condensation	of	

mitochondria	echoing	the	images	from	the	MEFs	(Figure	4.2.3	A).	Finally,	and	as	

expected,	mtDNA	nucleoids	were	observed	outside,	but	nearby,	TOMM20	stained	

mitochondrial	structures,	indicative	of	mtDNA	release.	These	confocal	images	are	

not	as	compelling	as	the	LLSM	time-lapse	images,	however	taken	together,	the	two	

data	sets	strongly	suggest	that	the	mtDNA-release	process	observed	by	LLSM	can	

also	be	observed	in	human	cells,	and	therefore	is	not	species	specific,	nor	an	

artifact	from	MCL-1	deficiency	or	over-expression	of	TOMM20	or	TFAM.		
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Figure	4.2.1	Optimization	of	an	imaging	assay	to	document	mtDNA	release	

	

A)	Confocal	image	of	Mcl1-/-	MEFs	expressing	MitoCherry	(mitochondria,	red)	and	

stained	with	PicoGreen	(DNA,	green),	representative	of	n	≥	5	independent	

experiments,	each	with	n	≥	3	fields	of	view	collected.	Nuc	=	nucleus.	

B)	Selected	time-points	from	live-cell	confocal	imaging	assay	(representative	of	n	≥	

3	independent	experiments)	documenting	Mcl1-/-	MEFs	expressing	TOMM20-

mCherry	(mitochondria,	red)	and	stained	with	PicoGreen	(DNA,	green)	during	

ABT-737	[500	nM]	+	QVD-OPh	[20	μM]	treatment	over	time	(min).	For	A	–	B,	

images	are	maximum	intensity	projections	of	Z-stack	images.	

C)	Selected	time-points	from	LLSM	of	Mcl1-/-	MEFs	expressing	MitoCherry	(red)	

and	stained	with	PicoGreen	(green)	treated	with	ABT-737	[500	nM]	+	QVD-OPh	

[20	μM]	over	time	(min),	representative	of	n	≥	3	independent	experiments.		

D)	FIJI	quantification	of	C)	assessing	loss	of	PicoGreen	signal	(green	line)	and	

MitoCherry	signal	(blue	line)	over	time.		

E)	Selected	time-points	from	LLSM	of	Mcl1-/-	MEFs	expressing	TOMM20-mCherry	

(red)	and	stained	with	PicoGreen	(green)	treated	with	ABT-737	[500	nM]	+	QVD-

OPh	[20	μM]	over	time	(sec),	representative	of	n	≥	3	independent	experiments.	

White	arrows	highlight	mtDNA	release	event.	Scale	bars	represent	5	μm.	For	all	

LLSM	experiments,	drugs	(i.e.	ABT-737	±	QVD-OPh)	were	added	to	the	imaging	

chamber	immediately	prior	to	commencing	imaging.	Between	drug	exposure	and	

commencement	of	imaging	(i.e.	time	zero)	the	lag	time	for	set	up	was	

approximately	1	-	5	min.		
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Figure	4.2.5	Kinetics	of	apoptotic	mtDNA	release	

	

A)	Snapshots	from	LLSM	imaging	of	Mcl1-/-	MEFs	expressing	TOMM20-Halo	(JF-

646)(red),	TFAM-tdTomato	(green)	and	Cytochrome-c-GFP	(cyan),	with	CYT-c	loss	

and	mtDNA	release	apparent	520	sec	and	780	sec,	respectively,	post	ABT-737	[500	

nM]	+	QVD-OPh	[20	μM]	treatment.	Scale	bars	represent	5	μm.	Images	are	

representative	of	n	≥	5	independent	experiments.	

B	–	D)	Kinetic	quantitation	of	LLSM	imaging	in	A),	representative	of	three	

independent	experiments,	depicting	the	relative	timing	between	B)	mitochondrial	

fragmentation	&	Cyt-c	loss,	C)	mitochondrial	fragmentation	&	mtDNA	release	and	

D)	CYT-c	loss	&	mtDNA	release.	The	dotted	lines	have	been	included	to	highlight	

the	time-point	at	which	each	event	(i.e.	fragmentation	etc)	is	initiated.	

E)	Graphical	representation	of	relative	timing	between	the	initiation	of	each	event	

(CYT-c	loss,	mtDNA	release	and	mitochondrial	fragmentation)	across	three	

separate	imaging	experiments.	Data	are	presented	as	mean	±	SEM.		
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4.3	Discussion	

	
Live-cell	imaging	is	a	balancing	act:	high-resolution	images	often	require	high	laser	

powers,	long	exposure	times	and/or	high	dye	concentrations,	but	inevitably,	as	

each	of	these	variables	increase	so	does	cellular	toxicity,	and	at	some	point,	a	

compromise	must	be	reached.	For	the	current	mainstream	microscopy	modalities	

(wide-field	and	confocal	microscopy),	this	balancing	act	can,	for	some	applications,	

be	near	impossible.	We	found	this	to	be	the	case	when	we	set	about	imaging	a	

cellular	event	with	unknown	kinetics	in	highly	dynamic	organelles:	i.e.	mtDNA	

release	from	mitochondria.	We	therefore	adopted	a	new	brand	of	microscopy,	

LLSM.		

	

LLSM,	with	its	gentle	treatment	of	live	cells,	and	stunning	spatial	and	temporal	

resolution	provided	the	perfect	solution.	When	we	began	optimizing	the	imaging	

assay,	our	knowledge	of	apoptotic-mtDNA	release	was	limited.	It	was	clear	that	

BAK/BAX	activation	was	essential,	and	that	any	release	must	occur	within	4	h	of	

the	induction	of	apoptosis	because	Ifnb	transcription	could	be	detected	by	this	

time-point	(Figure	3.2.1	D).	However,	we	did	not	understand	mitochondrial	

integrity	or	morphology	at	the	time	of	release,	nor	whether	mtDNA	was	actively	

shuttled-,	or	simply	leaked-	out	of	damaged	mitochondria.	The	strength	of	the	

LLSM	technique	was	that,	being	minimally	invasive,	it	allowed	cells	to	be	imaged	

for	extended	periods	of	time,	so	our	lack	of	knowledge	of	the	kinetics	was	not	the	

hurdle	it	may	have	been	had	we	opted	for	an	assay	with	a	defined	end-point.	In	

addition,	developing	reagents	that	were	not	influenced	by	membrane	potential	

allowed	us	to	document	mitochondria	regardless	of	membrane	integrity.	The	high	

degree	of	temporal	and	spatial	resolution	provided	by	LLSM	enabled	us	to	

confidently	quantitate	mitochondrial	morphology	changes	as	they	occurred.				

	

Strikingly,	these	live-cell	imaging	data	demonstrate	that	mtDNA	efflux	during	

apoptosis	consistently	involves	the	release	of	mtDNA	through	a	single	site	on	

fragmented	mitochondria.	Importantly,	the	same	pattern	and	kinetics	of	mtDNA	

release	is	observed	irrespective	of	caspase	activation.	Caspases	therefore	do	not	

play	any	role	in	inhibiting	mtDNA	efflux,	but	instead	act	downstream	of	its	release.	
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The	rapid	timing	of	cellular	shut-down	that	proceeds	when	caspases	are	active	(i.e.	

cells	detach	and	begin	apoptotic	blebbing	in	as	little	as	2	min	after	mtDNA	release)	

strongly	suggests	that	when	caspases	are	active,	there	is	simply	not	enough	time	

for	the	cell	to	recognize	cytosolic	mtDNA,	signal,	transcribe,	translate	and	secrete	

IFN	before	apoptotic	cell	shut-down.	This	is	consistent	with	the	notion	that	the	

main	mechanism	by	which	caspases	block	apoptotic-IFN	production	is	not	via	

cleavage	of	a	single	target,	but	via	their	efficient	mediation	of	global	cellular	

demolition.		

	

The	mitochondrial	fragmentation	we	observed	is	a	well-documented	consequence	

of	apoptosis	and	has	been	extensively	investigated62,353-355,	(reviewed356,357).	

However,	the	specific	requirement	for	fragmentation	during	apoptosis	and	the	

kinetics	by	which	it	occurs	is	subject	of	much	debate.	At	steady	state,	

mitochondrial	fragmentation	(i.e.	fission)	occurs	frequently	and	in	constant	

balance	with	mitochondrial	fusion.	It	is	mediated	largely	by	dynamin	related	

protein	(DRP1)358-360.	During	apoptosis,	DRP1	is	recruited	to	mitochondria62,361	

and	there	are	reports	that	inhibition	or	deficiency	in	DRP1	appears	to	delay,	or	in	

some	cases	prevent,	apoptosis	(reviewed362)	suggestive	that	mitochondrial	fission	

is	essential	during	intrinsic	apoptosis.	However,	this	notion	is	still	contentious,	

since	other	reports	show	that	DRP1	inhibition	is	not	functionally	equivalent	to	

BCL-XL	overexpression363.	Thus,	further	studies	are	required	to	delineate	the	

precise	requirement	for	fission	during	apoptosis.	In	addition,	previous	attempts	to	

characterize	the	kinetics	of	apoptotic	fragmentation	have	been	limited	by	the	

technologies	available.	Mitochondrial	fragmentation	and	cytochrome-c	release	

were	previously	shown	to	occur	within	the	same	15	min	window355,	but	their	exact	

timing,	and	indeed	the	order	in	which	they	occurred	remained	unclear357,364.	The	

fast	acquisition	rates	achieved	by	LLSM	allowed	us	to	capture	3D-volumetric	data	

every	13	sec.	This	data	clearly	shows	complete	cytochrome-c	release	from	

elongated	mitochondria	(Figure	4.2.5	A-B),	thereby	resolving	any	kinetic	

uncertainty:	apoptotic	mitochondrial	fragmentation	occurs	post-MOMP	and	

irrespective	of	caspase-activation.	
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Intriguingly,	these	data	also	showed	mtDNA	was	constricted	upon	its	release	

(Figure	4.2.3	B),	suggesting	it	was	extruded	through	a	pore.	Previously,	mtDNA	

release	has	been	ascribed	to	the	opening	of	the	mitochondrial	permeability	

transition	pore	(MPTP)331,365,	a	pore	spanning	both	the	IMM	and	OMM	that	is	

proposed	to	regulated	Ca2+	signaling	by	allowing	the	transfer	of	small	solutes	

between	the	mitochondrial	matrix	and	the	cytoplasm.	Despite	three	decades	of	

investigation,	the	exact	molecular	composition	of	the	MPTP	remains	unknown.	

Early	reports	suggested	the	involvement	of	voltage	dependent	anion	channel	

(VDAC)	or	adenine	nucleotide	transferase	(ANT)366,367	although	genetic	studies	

have	since	challenged	their	involvement368,369.	In	contrast,	more	recent	reports	

have	implicated	spastic	paraplegia	7(SPG7)370	and	the	FOF1	ATPase371-373.	The	one	

constant,	however,	is	the	involvement	of	Cyclophillin	D	(CypD)374,375	and	the	

associated	ability	of	Cyclosporin	A	(CsA)	(thought	to	function	as	a	CypD	

inhibitor)376	to	prevent	MPTP	opening.		

	

The	notion	that	mtDNA	release	occurs	through	MPTP	opening	developed	from	

experiments	that	showed	decreased	levels	of	cytosolic	mtDNA	fragments	or	

decreased	IFN	signaling	after	CsA	treatment331,365.	However,	CsA	likely	has	many	

functions	in	addition	to	inhibiting	CypD,	and	therefore	it	is	difficult	to	interpret	

MPTP	function	based	on	CsA	experiments	alone.	In	light	of	this,	further	studies	are	

required	to	determine	whether	the	constriction	to	mtDNA	that	we	observed	

relates	to	the	MPTP,	therefore	aligning	with	the	previous	reports,	or	whether	this	

is	a	different	pore	altogether.		

	

Finally,	this	data	also	revealed	the	surprising	finding	that	upon	its	release,	mtDNA	

nucleoids	appeared	to	stay	in	close	proximity	to	the	mitochondria	from	which	they	

had	exited.	This	raised	a	number	of	questions.	Was	there	some	sort	of	attraction	or	

tether	keeping	the	nucleoid	close	-	and	if	so,	what	could	that	tether	be?	Was	there	a	

signaling	complex	forming	at	the	surface	of	apoptotic	mitochondria	-	and	if	so,	

which	proteins	were	involved	(was	cGAS	nearby)?	Or	perhaps	there	was	a	further	

barrier	restricting	the	access	of	an	exposed	nucleoid	to	the	rest	of	the	cytoplasm?	It	

would	be	of	interest	to	know	exactly	how	long	these	nucleoids	remain	in	close	

proximity	to	mitochondria,	as	that	may	provide	some	hint	as	to	which	of	these	
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possibilities	is	more	likely.	Unfortunately,	given	our	aim	was	to	visualize	mtDNA	

release,	we	stopped	imaging	soon	after	mtDNA	efflux	had	occurred.	Therefore,	

future	imaging	experiments	should	be	extended	long	after	mtDNA	release	so	as	to	

document	nucleoid	behavior	post-release.		

	

In	summary,	this	chapter	describes	the	optimization	of	a	live-cell	imaging	assay	

that	successfully	captured	mtDNA	release	during	apoptosis	for	the	first	time.	

Furthermore,	it	revealed	apoptotic	mtDNA	efflux	has	specific	characteristics	(i.e.	

constriction	through	single	exit	points)	and	proceeded	with	kinetics	that	remained	

remarkably	consistent	between	experiments.	Together,	these	insights	suggest	

apoptotic-mtDNA	release	is	a	routine	phenomenon,	and	raise	important	questions	

as	to	the	molecular	mediators	of	this	event.		
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Chapter	5:	Regulation	of	apoptotic	mtDNA	release	

	

	

5.1	Background	

Having	established	that	mtDNA	is	released	from	mitochondria	during	BAK/BAX-

mediated	apoptosis,	our	attention	turned	to	the	molecular	mediators	of	this	event.	

In	particular,	we	sought	to	understand	whether	the	constriction	of	mtDNA	upon	its	

release	reflected	passage	through	a	pore,	and	to	identify	the	proteins	involved.	In	

addition,	we	wanted	to	understand	whether	the	significant	mitochondrial	

fragmentation	we	observed	was	required	for	mtDNA-release	to	occur.	

	

The	division	of	mitochondria	(“mitochondrial	fission”)	is	an	important	

physiological	process	that,	together	with	mitochondrial	fusion,	constantly	shapes	

and	reshapes	the	mitochondrial	network	in	cells.	The	molecular	mediators	of	

fission	and	fusion	have	been	well	characterized.	Briefly,	mitochondrial	fusion	in	

mammalian	cells	is	controlled	by	optic	atrophy	protein	1	(OPA1)377,378	and	

mitofusins	(of	which	there	are	two	isoforms	MFN1	and	MFN2)379,380.	On	the	other	

hand,	mitochondrial	fission	is	controlled	by	DRP1360,381(as	discussed	Section	4.3).	

More	recently,	the	endoplasmic	reticulum	(ER)	and	mitochondrial	receptor	

proteins	MFF,	MiD49,	MiD50	and	FIS1	have	also	been	ascribed	important	roles	in	

mitochondrial	fission382,383	(reviewed384).	Together,	fission	and	fusion	(referred	to	

as	mitochondrial	dynamics)	are	essential	to	cellular	homeostasis	(reviewed385,386).	

Deficiencies	in	any	of	their	key	mediators	(i.e.	DRP1,	OPA1,	MFN1	or	MFN2)	in	the	

mouse	are	lethal379,387-390.		

	

Fusion	allows	for	the	mixing	of	mitochondria	and	thereby	provides	a	mechanism	

that	buffers	against	transient	defects	in	isolated	mitochondria,	evenly	distributes	

the	mitochondrial	genome	to	ensure	its	inheritance	and	maintenance,	and	spreads	

energy	production	and	membrane	potential	across	the	cell.	In	contrast,	fission	is	

required	for	the	turnover	of	damaged	mitochondria	through	mitophagy,	the	even	

distribution	of	mitochondria	throughout	the	cell,	and	the	appropriate	partitioning	

of	mitochondria	during	cell	division.	
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In	addition	to	its	essential	role	in	mitochondrial	homeostasis,	mitochondrial	fission	

has	also	been	suggested	to	be	required	for	apoptotic	cell	death.	Since	the	early	

descriptions	that	mitochondria	fragment	in	dying	cells59,60,62,353,	considerable	

effort	has	been	made	to	untangle	the	necessity,	kinetics	and	functional	relationship	

between	mitochondrial	fission	and	apoptosis	(reviewed356,357,362,385).	Several	

publications	have	reported	altered	mitochondrial	morphology	in	the	absence	or	

over-expression	of	Bcl-2	family	members,	as	well	as	direct	interactions	between	

Bcl-2	family	members	and	the	mediators	of	fission/fusion	(reviewed362,391.	

Karbowski	et	al.	(2006)	reported	that	Bak-/-	Bax-/-	cells	display	fragmented	

mitochondria,	defects	in	mitochondrial	fusion,	and	altered	MFN	localization	in	

healthy	cells392.	The	same	group	later	reported	an	interaction	between	BAX	and	

the	MFNs393.	Contradicting	this,	Brooks	et	al.	(2007)	reported	little	change	in	the	

mitochondria	of	Bak-/-	Bax-/-	cells	and	suggested	that	BAK	was	actually	required	for	

fragmentation394.	To	add	further	confusion,	another	group	reported	a	potential	

interaction	between	BCL-XL	and	DRP-1395,	while	another	reported	that	over-

expression	of	BCL-2	increased	mitochondrial	size396.	Furthermore,	it	has	been	

suggested	that	MCL-1	is	critical	to	cristae	structure	and	efficient	mitochondrial	

fusion	(reviewed397),	such	that	Mcl-1-/-	MEFs	are	incapable	of	appropriate	fusion	

and	display	punctate	mitochondria398.	However	our	own	studies	do	not	support	

this.	In	our	hands,	the	mitochondrial	network	of	Mcl-1-/-	MEFs	exhibited	a	

connected	tubular	morphology	similar	to	WT	MEFs.	Whilst	it	is	possible	that	the	

absence	or	over-presence	of	Bcl-2	family	proteins	(through	their	interactions	with-	

or	localization	on-	mitochondria),	may	alter	mitochondrial	structure,	the	evidence	

to	suggest	they	directly	mediate	mitochondrial	dynamics	separate	to	their	function	

in	apoptosis,	is	not	compelling.	Despite	the	confusion,	it	is	clear	that	apoptosis	(and	

by	extension,	the	BCL-2	family	of	proteins)	and	mitochondrial	morphology	are	

highly	intertwined,	and	previous	efforts	to	untangle	the	two	require	careful	

interpretation.			

	

In	order	to	investigate	the	molecular	components	that	may	be	capable	of	forming	a	

mtDNA-releasing-pore,	it	is	necessary	to	take	a	step	back	and	consider	the	

structure	of	a	mitochondrion	(Figure	5.1.1).	Mitochondria	are	double	membrane	
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organelles	comprised	of	more	than	1,000	proteins	and	their	own	small	circular	

genome.	They	are	believed	to	have	arisen	over	one	billion	years	ago	as	an	

endosymbiotic	relationship	was	formed	between	a	proteobacterium	and	the	early	

precursors	of	the	modern-day	eukaryotic	cell399.	As	evolution	took	its	course,	

mitochondria	developed.	Much	of	its	genome	was	either	lost	or	shuttled	to	the	

nucleus,	such	that	its	circular	dsDNA	molecule	became	a	fraction	of	what	it	once	

was.	In	mammalian	cells	it	now	encodes	only	13	proteins,	22	transfer	RNAs	and	2	

ribosomal	RNAs.	Furthermore,	mitochondria	developed	into	a	highly	dynamic	and	

responsive	network	providing	signaling	and	energy	requirements	throughout	the	

cell.	Their	double	membrane	structure	supports	their	ability	to	generate	ATP,	

allows	the	maintenance	of	signaling	gradients	(i.e.	calcium)	and	provides	a	

protective	barrier	to	keep	potentially	harmful	molecules	from	the	cytosol	(e.g.	

reactive	oxygen	species	(ROS),	DAMPs	and	death	stimuli	such	as	cytochrome-c).		

	

The	outer	mitochondrial	membrane	(OMM)	allows	the	exchange	of	small	solutes	

between	the	inter-membrane	space	(IMS)	and	the	cytosol	through	its	many	ion	

channels	(e.g.	VDAC)400.	It	also	includes	a	transport	complex:	the	Translocase	of	

the	Outer	Membrane	(TOM),	which	allows	the	import	of	nuclear-encoded	

proteins401,402.		Importantly	to	our	investigations,	the	OMM	is	also	home	to	the	key	

intrinsic	apoptosis	inducers	BAK,	and	once	activated,	BAX.			

	

The	inner	mitochondrial	membrane	(IMM)	is	even	more	complex	than	the	OMM.	It	

is	the	most	protein-rich	membrane	in	the	cell,	and	contains	several	large	protein	

complexes	required	for	oxidative	phosphorylation	and	ATP	generation.	It	is	also	

highly	convoluted,	folding	back	on	itself	many	times	to	generate	multiple	zones:	

the	cristae,	cristae	junctions,	and	the	inner	boundary	membrane	(IBM)403.	Each	of	

these	has	specific	and	essential	functions404,405.	Briefly,	the	IBM	forms	contact	

points	with	the	OMM,	in	which	the	Translocase	of	the	Inner	Membrane	(TIM23)	

complex	associates	with	the	TOM	to	allow	the	import	of	proteins	to	the	inner	

matrix406.	The	MPTP	(discussed	earlier),	although	its	composition	is	unknown,	is	

believed	to	be	located	near	these	IBM	regions,	which	provide	an	accessible	place	to	

span	both	mitochondrial	membranes407.	The	cristae	and	cristae	junctions	are	

highly	organized	by	the	mitochondrial	contact	site	and	cristae	organization	system	
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(MICOS)	complex	and	ensure	the	appropriate	partitioning	of	both	matrix-	and	IMS-

proteins408,409.	Importantly,	cytochrome-c	is	one	IMS-protein	whose	distribution	

within	mitochondria	is	believed	to	be	influenced	by	cristae	organization410.		

	

With	a	deeper	appreciation	of	mitochondria	in	hand,	the	following	chapter	

describes	our	investigation	of	the	molecular	mediators	of	apoptotic-mtDNA	

release.	Specifically,	we	focused	on	the	involvement	of	the	MPTP	and	BAK/BAX411	

and	on	the	involvement	of	mitochondrial	dynamics	due	to	its	significant	influence	

on	mitochondrial	signaling	and	its	complex	relationship	with	apoptosis.		
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5.2	Results	

	

5.2.1	Characterization	of	mitochondrial	morphology	mutants	

To	investigate	whether	the	mitochondrial	morphology	machinery	is	involved	in	

mitochondrial	fragmentation	during	apoptosis,	we	performed	live-cell	imaging	

assays	in	MEFs	that	were	deficient	in	either	the	fusion	machinery	(either	Opa1-/-	or	

Mfn1-/-	Mfn2-/-)	or	the	fission	machinery	(Drp1-/-)	(parental	lines	were	gifted	to	us	

from	Prof.	M.	Ryan).		

	

In	order	to	specifically	induce	intrinsic	apoptosis	in	these	cells,	we	disabled	MCL-1	

to	make	them	sensitive	to	ABT-737.	To	do	this,	we	again	used	the	CRISPR/CAS9	

system	for	gene	editing.	This	time	we	utilized	a	single	construct	that	encoded	both	

the	CAS9	nuclease	and	the	required	targeted	sequence,	and	delivered	this	into	

MEFs	via	transient	transfection.	The	positive	population	was	sorted	by	flow	

cytometry	and	cell	lines	were	again	derived	from	single	cells,	sequenced	for	indel	

generation,	immunoblotted	to	confirm	protein	deletion	(Figure	5.2.1	A-C)	and	

functionally	tested	(i.e.	if	clones	were	deficient	in	MCL-1,	they	would	die	in	

response	to	ABT-737	(for	example	Figure	5.2.1	D).	Simple	confocal	imaging	of	

these	cells,	stained	with	MitoTracker	and	PicoGreen	demonstrated	that,	as	

previously	described,	cells	deficient	in	OPA1	or	MFN1&2	displayed	highly	

fragmented	mitochondria	at	steady	state361,377,412.	In	contrast,	deficiency	in	DRP1	

caused	cells	to	have	hyper-fused	mitochondrial	networks387,388	(Figure	5.1.1	E).		

	

Given	previous	reports	that	DRP1	or	OPA1/MFN	deficiency	alters	cell	sensitivity	to	

apoptosis	(when	induced	by	UV	irradiation	or	Staurosporine)	(reviewed362),	we	

sought	to	compare	the	sensitivities	of	these	engineered	cell	lines	to	ABT-737	

specifically.	In	line	with	previous	reports,	there	was	a	trend	toward	increased	

sensitivity	in	the	fusion-deficient	cells,	and	decreased	sensitivity	in	the	fission-

deficient	cells	(Figure	5.2.1	F-G).	However,	the	differences	were	not	statistically	

significant.	We	quantified	the	amount	of	mtDNA	in	each	of	the	MEF	lines	by	qPCR,	

and	despite	a	slight	decrease	in	mtDNA	content,	all	lines	nonetheless	maintained	

mtDNA	levels	of	approximately	80%	of	WT	MEFs	(Figure	5.2.1	H).	These	results	

suggested	that	we	could	induce	apoptosis	in	the	fusion-	and	fission-deficient	cell	
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lines	despite	their	altered	mitochondrial	morphology,	and	that	they	should	possess	

sufficient	mtDNA	to	monitor	its	localization	during	apoptosis.	

	

5.2.2	Apoptotic	mtDNA	release	is	not	dependent	on	mitochondrial	fusion	

In	previous	LLSM	imaging	experiments	using	TOMM20	and	TFAM	markers,	the	

onset	of	apoptosis	was	clearly	recognizable	by	the	fragmentation	of	mitochondria.	

However,	given	the	hyper-fragmented	morphology	of	the	Opa1-/-	and	Mfn1-/-	Mfn2-

/-	MEFs	at	steady	state,	it	was	not	practical	to	use	fragmentation	to	mark	the	onset	

of	apoptosis	in	these	cells.	To	circumvent	this	we	expressed	CYT-c-GFP	alongside	

TOMM20-Halo	and	TFAM-Tomato	in	these	MEF	lines	and	imaged	them	by	LLSM.		

	

In	both	Opa1-/-	and	Mfn1-/-	Mfn2-/-	MEFs,	the	loss	of	CYT-c-GFP	was	obvious	and	

complete	upon	treatment	with	ABT-737/QVD-OPh,	however	no	noticeable	

difference	was	evident	in	the	already	fragmented	mitochondrial	morphology	

(Figure	5.2.2	A-F).	Importantly,	mtDNA	release	proceeded	as	expected,	after	

cytochrome-c	release,	indicating	that	mitochondrial	fusion	is	not	required	for	

mtDNA	efflux.		

	

5.2.3	Apoptotic	mtDNA	release	does	not	absolutely	require	mitochondrial	

fission	

In	striking	contrast	to	the	fusion-deficient	MEFs,	DRP-1	deficient	MEFs	displayed	a	

hyper-fused	mitochondrial	network	with	altered	nucleoid	distribution:	nucleoids	

appeared	to	be	less	evenly	dispersed,	with	some	nucleoids	appearing	far	larger	in	

size	than	others.	Upon	induction	of	apoptosis,	the	mitochondrial	network	behaved	

quite	differently	to	what	we	observed	in	WT	MEFs:	mitochondrial	fragmentation	

occurred	to	an	extent,	but	was	incomplete,	and	mitochondria	took	on	a	“beads-on-

a-string”	like	appearance	(Figure	5.2.3	A).	Furthermore,	only	a	limited	number	of	

mitochondria	released	their	mtDNA.	

	

The	altered	morphology	in	the	Drp1-/-	MEFs	made	quantification	difficult:	the	

morphology	scripts	we	had	previously	utilized	were	not	well	able	assign	sphericity	

values	to	the	incompletely	fragmented	mitochondria,	and	the	small	amount	of	

mtDNA	release	clearly	seen	by	eye	was	not	enough	to	be	reflected	in	the	kinetic	
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graphs	(i.e.	it	could	not	be	discriminated	above	the	background	noise).	However,	

when	manual	counting	of	release	events	was	applied	to	the	Drp1-/-	images	(three	

volunteers	manually	counted	release	events	on	blinded	images),	it	was	clear	that	

mtDNA-release	did	occur,	albeit	to	a	greatly	reduced	extent,	in	the	absence	of	DRP-

1	(Figure	5.2.3	B).	Despite	the	reduction	in	the	amount	of	mtDNA	released,	enough	

mtDNA	reached	the	cytoplasm	to	stimulate	cGAS-dependent	IFN-β	secretion	

(Figure	5.2.3	C).	It	must	also	be	noted	that	when	apoptosis	is	induced	in	DRP1-/-	

cells,	the	mitochondria	begin	from	a	hyper-fused	state,	which	may	contribute	to	

the	altered	morphology	changes	observed	during	our	imaging	experiments.	This	

could	be	further	explored	if	there	were	a	means	of	hyper-fusing	the	mitochondrial	

network	in	the	presence	of	DRP-1,	or	alternatively,	through	a	more	acute	loss	in	

DRP-1	function	by	using	the	DRP-1	inhibitor	mDivi-1413.	However,	such	

experiments	are	not	without	their	caveats	(i.e.	hyper-fusion	of	mitochondria	in	the	

presence	of	DRP-1	has	not	yet	been	demonstrated,	and	the	selectivity	of	mDivi-1	

for	DRP-1	has	recently	been	challenged414,415)	and	as	such,	have	not	yet	been	

conducted.		

	

As	it	currently	stands,	our	data	indicate	that	during	intrinsic	apoptosis,	the	fission	

machinery	(i.e.	DRP-1)	contributes	to,	but	is	not	ultimately	required	for	

mitochondrial	fragmentation	or	mtDNA	release.		

	

5.2.4	Apoptotic	mtDNA	release	is	not	dependent	on	MPTP	function	

Having	established	that	the	mitochondrial	fission	and	fusion	machinery	are	not	

essential	for	mtDNA	release,	we	next	wanted	to	determine	if	the	MPTP	was	

required.	To	do	this,	we	imaged	apoptosis	in	MEFs	pretreated	with	CsA.	CsA	

treatment	is	widely	used	to	block	MPTP	opening,	and	was	employed	in	previous	

studies	that	suggested	MPTP	involvement	in	mtDNA	release	after	calcium	overload	

or	irradiation331,332.	Thus,	Mcl1-/-	MEFs	were	pretreated	with	increasing	

concentrations	of	CsA	for	15	min	prior	to	imaging,	and	CsA	was	also	included	in	the	

imaging	medium	(along	with	ABT-737	and	QVD-OPh)	to	ensure	continuous	MPTP	

inhibition	throughout	the	experiment.	Unmistakably,	mtDNA	was	released	from	

apoptotic	mitochondria	under	these	conditions,	irrespective	of	CsA	presence	or	

dosage	(Figure	5.2.4	A-B).	CsA	appeared	to	have	no	effect	on	the	appearance	or	the	
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amount	of	mtDNA	release,	strongly	suggesting	that	apoptotic	mtDNA	release	does	

not	require	MPTP	opening.		

	

5.2.5	Apoptotic	mtDNA	release	occurs	through	BAX/BAK	macropores		

Given	that	the	MPTP	did	not	facilitate	mtDNA	release,	we	then	considered	the	

possibility	that	BAK	and	BAX	may	be	directly	involved	in	mtDNA	efflux.	It	is	well	

established	that	BAK/BAX	activation	causes	their	oligomerisation	in	the	OMM	and	

its	subsequent	permeabilisation.	However,	neither	BAK	nor	BAX	are	thought	to	

interact	with	the	IMM,	and	the	IMM	is	not	thought	to	be	disrupted	during	

apoptosis411.	Nevertheless,	we	decided	to	investigate	the	localization	of	BAK	and	

BAX	during	mtDNA	release.		

	

To	do	this,	Bak-/-	Bax-/-	Mcl1-/-	MEFs	were	reconstituted	with	tagged	variants	of	

either	BAK	(BAK-mRuby2)	or	BAX	(BAX-mRuby2)	in	addition	to	TOMM20-Halo	

and	TFAM-mNeonGreen.	This	ensured	there	was	no	endogenous	(untagged)	BAK	

or	BAX	in	the	system,	and	all	BAK	or	BAX	could	be	tracked.	LLSM	imaging	of	these	

cells	showed	uniform	BAK	staining	across	the	mitochondrial	network,	which,	upon	

the	induction	of	apoptosis	became	concentrated	in	bright	foci	in	the	OMM	(Figure	

5.2.5	A).	In	contrast,	BAX	was	ubiquitously	cytoplasmic	at	steady	state,	and	upon	

induction	of	apoptosis	was	very	clearly	recruited	to	the	OMM	of	fragmented	

mitochondria,	where	it	also	formed	bright	foci	(Figure	5.2.5	B).	In	both	cases,	these	

large	aggregates	of	BAK	or	BAX	appeared	4	–	8	min	after	cytochrome-c	release	

(Figure	5.2.5	C)	coinciding	with	mitochondrial	fragmentation	and	mtDNA	release	

(Figure	5.2.5	F-G).		

	

Given	that	we	had	previously	shown	cytochrome-c	release	occurred	before	

mitochondrial	fragmentation	and	mtDNA	release	(Figure	4.2.5),	these	results	

suggested	that	cytochrome-c	must	be	released	from	BAK/BAX	pores	too	small	to	

be	resolved	by	LLSM.	This	fits	with	a	model	proposed	by	Dussmann	et	al.	in	which	

mathematical	modeling	suggested	that	only	a	small	amount	of	BAX	was	required	

for	MOMP,	and	the	majority	of	BAX	is	recruited	after	cytochrome-c	has	been	

released416.		
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In	relation	to	mtDNA	efflux,	nucleoid	release	was	only	observed	after	the	large	BAK	

or	BAX	foci	had	formed,	and	strikingly	these	foci	were	present	at	the	same	location	

as	the	site	of	mtDNA	release	(Figure	5.2.5	A-B	insets).	In	some	instances,	multiple	

large	BAK	or	BAX	foci	(hereby	named	BAK/BAX	“macropores”)	were	present	on	a	

single	fragmented	mitochondria,	however	mtDNA	was	only	ever	observed	to	exit	

from	one	of	them.	We	have	not	yet	established	whether	the	preference	for	release	

from	one	BAK/BAX	macropore	over	another	had	any	correlation	with	its	size,	

intensity	or	timing	of	formation.	Strikingly,	3D-reconstruction	clearly	showed	BAK	

(Figure	5.2.6	A)	or	BAX	(Figure	5.2.6	B)	encircling	the	point	of	mtDNA	constriction	

and	exit	from	fragmented	mitochondria	implicating	BAK	and	BAX	as	integral	

constituents	of	the	pore	that	enables	mtDNA	release.	

	

5.2.6	Mitochondrial	inner	membrane	herniates	during	apoptosis	

The	discovery	that	BAK	and	BAX	localized	to	the	mtDNA-release	pore	still	did	not	

explain	how	mtDNA,	which	is	located	in	the	inner	matrix	of	the	mitochondria,	was	

traversing	the	two	separate	membranes	that	insulate	it	from	the	cytosol.	Thus,	we	

decided	to	focus	on	the	behavior	of	the	IMM	during	apoptosis.		

	

We	began	by	generating	Mcl1-/-	MEF	lines	expressing	a	fluorophore	that	was	

targeted	to	the	mitochondrial	matrix	(MMX-Tomato)	(Figure	5.2.7	A).	The	

construct	consisted	of	the	targeting	sequence	from	the	mitochondrial	matrix-

protein	Ornithine	TransCarbamylase	(OTC)	fused	onto	the	N-terminus	of	the	

tdTomato	fluorophore.	Upon	induction	of	apoptosis,	MMX-Tomato	exited	the	

mitochondria	with	identical	patterns	and	kinetics	to	those	of	mtDNA:	it	was	also	

constricted	upon	release,	exited	from	a	single	site	and	stayed	in	close	proximity	

after	release	(Figure	5.2.7	B).	The	latter	characteristic	was	highly	intriguing.	We	

had	anticipated	that	upon	release,	MMX-Tomato	would	disperse	throughout	the	

cytoplasm;	in	much	the	same	way	that	cytochrome-c	does	upon	its	release.	We	had	

previously	thought	that	some	sort	of	tether	or	specific	interaction	with	a	signaling	

complex	on	the	surface	of	fragmented	mitochondria	kept	nucleoids	in	close	

proximity	upon	release.	That	MMX-Tomato,	an	unrelated	protein	not	naturally	

found	in	mitochondria	also	remained	nearby,	suggested	it	was	more	likely	that	an	
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additional	barrier	restricted	MMX-Tomato	and	mtDNA’s	egress	to	the	cytoplasm.	

The	obvious	candidate	was	the	IMM.		

	

To	test	this	theory,	we	generated	Mcl1-/-	MEFs	expressing	a	labeled	IMM	protein,	

Distal	Module	Assembly	Component	1	(DMAC1-Tomato)417,	and	followed	its	

localization	during	apoptosis.	LLSM	imaging	revealed	DMAC1-Tomato,	unlike	

MMX-Tomato,	remained	localized	with	the	OMM	(TOMM20-Halo)	signal	following	

mtDNA	release:	i.e.	the	IMM	appeared	to	remain	inside	fragmented	mitochondria	

(Figure	5.2.7	C).		

	

However,	given	that	LLSM	is	diffraction	limited,	we	again	utilized	the	higher-

resolution	live	3D-SIM	to	ensure	we	were	not	missing	structures	too	small	for	

LLSM	detection.	Two-colour	SIM	imaging	of	both	mitochondrial	membranes	(i.e.	

DMAC1-Tomato	+	TOMM20-Halo	stained	with	JF-549	such	that	they	are	visible	in	

the	same	channel)	alongside	mtDNA	(TFAM-mNeonGreen)	revealed	an	ultra-thin	

membrane	structure	that	was	not	visible	with	TOMM20	staining	alone	(Figure	

5.2.8	A-B).	This	suggested	it	contained	DMAC	and	was	therefore	indicative	of	the	

IMM.	This	ultra-thin	DMAC1	structure	appeared	like	a	“blister”	protruding	from	

the	site	of	mtDNA	release	and	encapsulated	mtDNA	that	was	external	to	the	OMM.	

These	images	suggested	that	during	apoptotic-mtDNA	release,	the	IMM	herniated	

through	macropores	formed	by	large	BAK/BAX	foci.		

	

5.2.7	Electron	microscopy	of	apoptotic	mtDNA	release	

To	examine	the	IMM	herniation	in	more	detail,	we	collaborated	with	Dr.	Viola	

Oorschott	and	Dr.	Benjamin	Padman	(from	Monash	University’s	Biochemistry	

Department)	to	assist	us	in	conducting	immunogold	Transmission	Electron	

Microscopy	(TEM)	to	document	the	ultra-structure	of	mitochondria	undergoing	

apoptotic-mtDNA	release.		

	

For	these	assays,	mtDNA	was	visualized	in	Mcl1-/-	MEFs	expressing	GFP-tagged	

TFAM,	which	was	immunogold	labeled	with	an	anti-GFP	antibody.	The	LLSM	

imaging	had	already	provided	enough	kinetic	information	that	allowed	us	to	select	

the	timepoints	at	which	to	fix	cells	for	TEM	where	the	majority	of	mitochondria	
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had	undergone	mtDNA	release.	After	fixation,	cells	were	delivered	to	Dr.	Oorschott	

for	cutting	and	labeling,	and	together	Drs.	Oorschott	and	Padman	conducted	the	

TEM	imaging.	These	TEM	images	of	apoptotic	mitochondria	revealed	multiple	

instances	where	the	OMM	had	peeled	away	from	the	IMM	(Figure	5.2.9	ii),	and	

others	where	the	OMM	clearly	terminated	while	the	IMM	continued,	ballooning	out	

and	surrounding	TFAM	positive	areas	(Figure	5.2.9	iii-iv).	These	TEM	data	confirm	

our	observations	from	the	SIM,	demonstrating	the	IMM	herniates	during	apoptosis,	

delivering	inner	matrix	components	and	mtDNA	outside	the	OMM	during	its	

release	into	the	cytoplasm.		



a) b) c) d) e) f) g) h) j) n)
Mfn1&2-/- Mcl1CRISPR-/- clones

Mfn1
&2-

/-  pa
ren

t

a) b) d) e) h) i) n) p)
Opa1-/- Mcl1CRISPR-/- clones

Opa
1-
/-  pa

ren
t

s)Opa
1-
/-  M

cl1
CRIS

PR-/-

d) g) h) k) q) r)
Drp1-/- Mcl1CRISPR-/- clones

Drp1
-/-  p

are
nt

Drp1
-/-  M

cl1
CRIS

PR-/-

Mcl1CRISPR-/- Drp1-/- clone q)

Mcl1CRISPR-/- Opa1-/- clone b)

Mcl1CRISPR-/- Mfn1-/- Mfn2-/- clone e)

MitoTracker MERGEPicoGreen

0 2 4 6 81 3 5 24 48
0

20

40

60

80

100

Time (h)
1 10 100 1000

0

20

40

60

80

100

ABT-737 [nM]

%
 V

ia
bi

lit
y

%
 V

ia
bi

lit
y

Mcl1-/-

Mcl1CRISPR-/- Drp1-/-

Mcl1CRISPR-/- Opa1-/-

Mcl1CRISPR-/- Mfn1&2-/-

Mcl1-/-

Mcl1CRISPR-/- Drp1-/-

Mcl1CRISPR-/- Opa1-/-

Mcl1CRISPR-/- Mfn1&2-/-

Mcl1
-/-

Mcl1
-/-

 
0

 D
rp1

-/-

 O
pa

1-
/-

Mfn1
&2

-/-
0

20

40

60

80

100

%
 m

tD
N

A 
(o

f p
ar

en
t)

A B

C D

E F G

H

a b c d e h i j n o p q s t v w
0

50

100

%
 V

ia
bi

lit
y 

(P
I-v

e)

Pare
nt

Pop
CRIS

PR

Opa1CRISPR-/- clones

MCL-1

HSP70

MCL-1

HSP70



	 129	

	
Figure	5.2.1	Characterization	of	mitochondrial	fission-/fusion-	deficient	cells	

	

A)	Immunoblot	of	lysates	from	Drp1-/-	parent	MEFs,	Drp1-/-	Mcl1CRISPR-/-	population	

of	MEFs	and	single-cell	derived	Drp1-/-	Mcl1CRISPR-/-	MEF	clones,	probed	with	anti-

MCL-1	and	anti-HSP70.		

B)	Immunoblot	of	lysates	from	Opa1-/-	parent	MEFs,	Opa1-/-	Mcl1CRISPR-/-	population	

of	MEFs	and	single-cell	derived	Opa1-/-	Mcl1CRISPR-/-	MEF	clones,	probed	with	anti-

MCL-1	and	anti-HSP70.		

C)	Immunoblot	of	lysates	from	Mfn1-/-	Mfn2-/-	parent	MEFs	and	single-cell	derived	

Mfn1-/-	Mfn2-/-	Mcl1CRISPR-/-	MEF	clones,	probed	with	anti-MCL-1	and	anti-HSP70.		

D)	Functional	analysis	of	Opa1-/-	Mcl1CRISPR-/-	single-cell	derived	clones,	determined	

by	cell	viability	24	h	post	ABT-737	[500	nM]	treatment	by	analytical	flow	

cytometry,	representative	of	n	≥	3	individual	clones.	

E)	Steady	state	mitochondrial	morphology	of	fission	(Mcl1-/-		

Drp1-/-)	(top)	or	fusion	(Mcl1-/-Opa1-/-	or	Mcl1-/-Mfn1&2-/-)	(middle	and	bottom,	

respectively)	deficient	MEFs	from	A	–	C,	as	imaged	by	confocal	microscopy	after	

staining	with	MitoTracker	Red	(red)	and	Picogreen	(green).	Scale	bars	represent	5	

μm,	and	images	are	representative	of	n	≥	3	independent	experiments	in	which	

multiple	fields	of	view	were	collected	(n	≥	100	cells	were	observed).		

F	–	G)	Mitochondrial	fission/fusion	mutants	have	only	minor	alterations	in	F)	

apoptotic	sensitivity	and	G)	timing,	as	determined	by	cell	viability	using	Cell	Titer	

Glo	assay	either	12	h	post	treatment	with	titration	of	specific	apoptotic-inducer,	

ABT-737	F),	or	at	various	time-points	post	treatment	with	500	nM	ABT-737	G).	

Data	are	presented	as	mean	±	SEM,	n	=	3	independent	Mcl1-/-	MEF	lines	or	3	single-

cell	derived	CRISPR-/-	clones	per	genotype.	

H)	mtDNA	content	of	mitochondrial	fission-/fusion-	deficient	MEFs,	at	steady	

state,	relative	to	Mcl1-/-	counterparts,	as	assessed	by	real-time	qPCR.	Data	are	

means	±	SEM	of	2	independent	experiments.	

Clones	selected	for	F	–	H),	(and	later	experiments)	were	d),	k)	&	q)	(Mcl1-/-		

Drp1-/-),	b),	h)	&	p)	(Mcl1-/-Opa1-/-),	and	b),	e)	&	h)	(Mcl1-/-Mfn1&2-/-)	as	labeled	in	

A	–	C).		
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Figure	5.2.2	Apoptotic	mtDNA	release	is	not	dependent	mitochondrial	fusion	

	

A)	Selected	still	snapshots	from	LLSM	imaging	of	apoptotic	mtDNA	release	from	

fusion-deficient	Opa1-/-	Mcl1CRISPR-/-	MEFs	expressing	TOMM20-Halo	(JF-646)	(red),	

TFAM-tdTomato	(green)	and	CYT-c-GFP	(cyan)	treated	with	ABT-737	[500	nM]	

and	QVD-OPh	[20	μM]	at	the	beginning,	and	30	min	post-treatment.	Snapshots	are	

representative	of	n	≥	3	independent	experiments,	in	which	2	–	3	cells	were	imaged	

for	each.	

B	–	C)	Kinetic	quantification	of	cytochrome-c	release	relative	to	B)	mitochondrial	

morphology	and	C)	mtDNA	efflux	in	A).		

D)	Selected	still	snapshots	from	LLSM	imaging	of	apoptotic	mtDNA	release	from	

fusion-deficient	Mfn1-/-	Mfn2-/-	Mcl1CRISPR-/-	MEFs	expressing	TOMM20-Halo	(JF-

646)	(red),	TFAM-tdTomato	(green)	and	CYT-c-GFP	(cyan)	treated	with	ABT-737	

[500	nM]	and	QVD-OPh	[20	μM]	at	the	beginning,	and	30	min	post-treatment.	

Snapshots	are	representative	of	n	≥	3	independent	experiments,	in	which	2	–	3	

cells	were	imaged	for	each..	

E	–	F)	Kinetic	quantification	of	cytochrome-c	release	relative	to	E)	mitochondrial	

morphology	and	F)	mtDNA	efflux	in	D).		

	 	



Mcl1CRISPR-/- Drp1-/-

t = 0 t = 20 min

i

t = 0

ii

t = 0

iii

0

50

100

150

m
tD

N
A 

R
el

ea
se

 E
ve

nt
s

ABT-737 + QVD-OPh

Mcl1
-/-

Mcl1
-/-

Mcl1
CRIS

PR-/-
 Drp1

-/-

Mcl1
CRIS

PR-/-
 Opa

1-
/-

Mcl1
CRIS

PR-/-
 Mfn1

&2-
/-

t = 30 min

t = 30 min

A

CB

Mcl1
CRIS

PR-/-  D
rp1

-/-

Mcl1
-/-  c

GAS
CRIS

PR-/-

Mcl1
CRIS

PR-/-  D
rp1

-/-
 

cG
AS

CRIS
PR-/-

ABT-737 + QVD-OPh
[500 nM] [20 ȝM]

0

2

4

6

8

N.D. N.D.

IF
N

-ȕ
 [p

g/
m

L]



	 133	

Figure	5.2.3	Apoptotic	mtDNA	release	does	not	absolutely	require	

mitochondrial	fission	

	

A)	Three	examples	of	abnormal	mitochondrial	fragmentation	during	apoptosis	in	

Drp1-/-	Mcl1CRISPR-/-	MEFs	20	–	30	min	post	ABT-737	[500	nM]	+	QVD-OPh	[20	μM]	

treatment,	imaged	by	LLSM,	representative	of	n	≥	3	independent	experiments.	

mtDNA	release	events	highlighted	by	white	arrows	and	shown	in	insets	on	the	

right.	Scale	bars	represent	5	μm.		

B)	Graph	depicting	number	of	mtDNA	release	events	in	mitochondrial	fission-

/fusion-	deficient	MEFs	(genotypes	as	indicated),	treated	with	QVD-OPh	[20	μM]	+	

ABT-737	[500	nM].	Cells	were	imaged	by	LLSM	and	datapoints	were	calculated	by	

3	volunteers	by	(blinded)	visual	scoring	of	mtDNA	release	events	at	t	=	30	min	post	

drug	addition,	for	3	-	4	cells	over	2	-	3	independent	experiments.	Data	are	

presented	as	mean	±	SEM.	

C)	IFN-β	production	from	Drp1-/-	Mcl1CRISPR-/-	MEFs	is	cGAS	dependent,	determined	

by	ELISA	of	culture	supernatants	from	CRISPR	edited	MEF	lines,	24	h	post	ABT-

737	[500	nM]	+	QVD-OPh	[20	μM].	Data	are	means	±	SEM	of	at	least	3	single-cell	

derived	clones	per	genotype.	
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Figure	5.2.4	Apoptotic	mtDNA	release	is	not	dependent	on	MPTP	function	

	

A)	Snapshots	of	mtDNA	release	from	Mcl1-/-	MEFs	expressing	TOMM20-Halo	(JF-

646)	(red)	and	TFAM-mNeonGreen	(green),	pretreated	for	30	min	with	CsA	[5	μM]	

and	imaged	by	LLSM,	representative	of	n	≥	3	independent	experiments.	Times	as	

indicated	post	ABT-737	[500	nM]	+	QVD-OPh	[20	μM]	addition.		

B)	Graph	depicting	number	of	mtDNA	release	events	in	Mcl1-/-	MEFs	treated	with	

QVD-OPh	[20	μM]	+	ABT-737	[500	nM]	±	additional	pre-treatment	and	co-

incubation	with	CsA	[5,	10	or	50	μM].	Cells	were	imaged	by	LLSM	and	data-points	

were	calculated	by	3	volunteers	by	(blinded)	visual	scoring	of	mtDNA	release	

events	at	t	=	30	min,	post	drug	addition,	for	3	-	4	cells	over	2	-	3	independent	

experiments.	Data	are	presented	as	mean	±	SEM.	
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Figure	5.2.5	Localization	of	BAK	and	BAX	during	mtDNA	release	

	

A	–	B)	Snapshots	from	LLSM	imaging	of	Mcl1-/-	Bak-/-	Bax-/-	MEFs	over-expressing	

TOMM20-Halo	(JF-646)	(red),	TFAM-mNeonGreen	(green)	and	re-expressing	A)	

mRuby2-BAK,	or	B)	mRuby2-BAX	(cyan),	before	and	after	mtDNA	release	30	min	

post	ABT-737	[500	nM]	+	QVD-OPh	[20	μM]	treatment.	White	arrows	highlight	

mtDNA	release	events,	also	shown	in	insets.	Scale	bars	represent	5	μm,	and	images	

are	representative	from	n	≥	3	independent	experiments.		

C	–	E)	Kinetic	quantification	of	the	appearance	of	BAX	foci	with	respect	to	

Cytochrome-c	release	and	mitochondrial	fragmentation	from	LLSM	imaging	of	

Mcl1-/-	Bak-/-	Bax-/-	MEFs	expressing	TOMM20-Halo,	mRuby2-BAX	and	CYT-c-GFP.	

F	–	H)	Kinetic	quantification	of	the	appearance	of	BAX	foci	with	respect	to	mtDNA	

release	and	mitochondrial	fragmentation	from	LLSM	imaging	of	Mcl1-/-	Bak-/-	Bax-/-	

MEFs	expressing	TOMM20-Halo,	mRuby2-BAX	and	TFAM-mNeonGreen.	For	all	C	–	

H,	graphs	are	representative	of	3	independent	experiments.		
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Figure	5.2.6	Apoptotic	mtDNA	release	is	through	BAK/BAX	macropores	

	

A	–	B)	Multiple	examples	of	A)	BAK-	or	B)	BAX	–localization	on	single	fragmented	

mitochondria	at	the	time	of	mtDNA	release.	Mcl1-/-	Bak-/-	Bax-/-	MEFs	over-

expressing	TOMM20-Halo	(JF-646)	(red),	TFAM-mNeonGreen	(green)	and	re-

expressing	A)	BAK-	or	B)	BAX	–mRuby2	(cyan)	were	imaged	via	LLSM	after	

treatment	with	ABT-737	[500	nM]	+	QVD-OPh	[20	μM].	Single	mitochondria	

undergoing	mtDNA	release	are	displayed	using	3D	surface	reconstructions	

overlaid	upon	original	data	using	Imaris	software.	Panels	show	all	three	channels	

merged	together	(left),	or	the	different	pair-wise	combinations	of	channels	(right	3	

panels).			
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Figure	5.2.7	Mitochondrial	inner	membrane	localization	during	apoptosis	

	

A)	Mitochondria	diagram	highlighting	the	localization	of	imaging	constructs	used	

to	visualize	different	mitochondrial	compartments.		

B)	Localization	of	fluorophore	targeted	to	the	mitochondrial	matrix	(MMX-

Tomato)	before	and	after	ABT-737	[1	μM]	+	QVD-OPh	[20	μM]	–induced	apoptotic	

mtDNA	release	in	Mcl1-/-	MEFs	over-expressing	TOMM20-Halo	(JF-646)	(red),	

TFAM-mNeonGreen	(green)	and	MMX-Tomato	(cyan)	imaged	via	LLSM.	Inset	

shows	typical	mitochondria	after	mtDNA	release,	where	MMX-Tomato	signal	

stayed	in	close	proximity	and	overlapped	with	mtDNA	signal	(see	cartoon	below	

inset).	Scale	bars	represent	5	μm.	

C)	Localisation	of	inner	mitochondrial	membrane	protein,	DMAC1,	before	and	after	

ABT-737	[1	μM]	+	QVD-OPh	[20	μM]	–induced	apoptotic	mtDNA	release	in	Mcl1-/-	

MEFs	over-expressing	TOMM20-Halo	(JF-646)	(red),	TFAM-mNeonGreen	(green)	

and	DMAC1-tdTomato	(cyan)	imaged	via	LLSM.	Inset	shows	typical	mitochondria	

after	mtDNA	release,	where	TOMM20	and	DMAC1	signals	overlap	(see	cartoon	

below	inset).	Scale	bars	represent	5	μm.	
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5.3	Discussion	

	

The	data	presented	in	this	chapter	provide	several	insights	into	the	mechanism	of	

apoptotic	mtDNA	release.	During	apoptosis,	BAK/BAX-mediated	OMM	

permeabilisation	caused	mitochondria	fragmention	and	the	assembly	of	large	

BAK/BAX	macropores	that	allowed	IMM	herniation,	thereby	providing	a	conduit	

through	which	mtDNA	escapes	to	the	cytoplasm.		

	

Our	studies	demonstrated	that	whilst	mitochondrial	fusion	was	not	required	for	

mtDNA	efflux,	mitochondrial	fission	enhances	its	release	(Figure	5.2.3).	The	

absence	of	DRP-1	had	minimal	effect	on	the	timing	of	ABT-737-induced	apoptosis,	

and	yet	it	qualitatively	affected	the	morphology	of	apoptotic	mitochondria	and	

decreased	the	number	of	mtDNA	nucleoids	released	into	the	cytoplasm.	In	the	

absence	of	DRP-1,	apoptotic	mitochondrial	fragmentation	occurred	to	a	degree	but	

was	incomplete.	A	similar	phenomenon	was	observed	with	cytochrome-c	release.	

When	we	imaged	apoptosis	in	Drp1-/-	MEFs	expressing	CYT-c-GFP,	a	wave	of	

cytochrome-c	release	was	observed,	but	it	was	less	pronounced	compared	to	that	

seen	in	WT	or	fusion	deficient	cells	(data	not	shown).	Thus,	just	as	DRP-1	was	not	

essential	for	apoptotic	fragmentation	and	mtDNA	release,	the	same	was	true	for	

cytochrome-c	release.	Yet	in	all	three	cases,	without	DRP-1,	neither	process	

proceeded	to	completion.		

	

Perhaps	unsurprisingly,	the	literature	contains	contradicting	reports	of	the	

requirement	for	fission	in	apoptosis	(reviewed356,357,362,418).	As	outlined	earlier,	

some	studies	suggested	DRP-1	was	essential	for	apoptosis,	since	its	inhibition	or	

deletion	delayed	cytochrome-c	release	and	cell	death.	On	the	other	hand,	it	has	also	

been	argued	that	fission	was	not	essential	for	apoptosis	because	DRP-1	inhibition	

could	not	protect	cells	to	the	same	extent	as	BCL-XL	overexpression.	The	temporal	

resolution	we	achieved	with	LLSM	goes	far	beyond	what	had	been	achieved	in	

previous	investigations	of	fission	and	apoptosis.	Admittedly	we	have	only	

completed	this	temporal	analysis	on	one	immortalized	cell	line,	and	cannot	exclude	

that	subtle	cell	type-specific	differences	may	exist.	Nonetheless,	our	data	go	some	

way	to	unifying	the	previous,	seemingly	contradictory,	observations.		
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Our	data	is	in	line	with	a	hypothesis	put	forward	by	Martinou	and	Youle,	in	which	

fission	may	serve	to	amplify	cytochrome-c	release357.	They	proposed	that	MOMP	

would	initially	cause	only	a	fraction	of	the	pool	of	cytochrome-c	to	be	released.	

Subsequent	mitochondrial	fission	would	then	drive	cristae	remodeling382,410	

leading	to	the	release	of	the	remaining	cytochrome-c357.	As	suggested	by	Tait	and	

Green	(2010)	there	may	be	differences	in	the	amounts	of	cytochrome-c	required	to	

activate	caspases	in	different	cell	types,	and	this	may	have	contributed	to	the	

confusion	as	to	whether	fragmentation	is	essential	for	apoptosis418.	Indeed,	

Prudent	and	McBride	(2017)	after	reviewing	the	literature	surrounding	fission	and	

apoptosis,	postulated	a	related	view:	that	mitochondrial	fission	assisted	

cytochrome-c	release	by	facilitating	the	expansion	of	BAK/BAX	pores384.	They	

added	there	was	likely	also	a	role	for	the	ER	in	fine-tuning	apoptotic	fission.	While	

we	cannot	comment	on	how	the	ER	may	be	influencing	mtDNA	release,	nor	how	

the	threshold	for	cytochrome-c	to	activate	caspases	in	MEFs	relates	to	other	cell	

types,	our	data	clearly	show,	in	real	time,	that	cytochrome-c	release	occurs	prior	to	

fragmentation,	where	DRP-1	is	likely	exerting	its	influence.	Without	DRP-1,	

fragmentation	is	incomplete,	as	is	mtDNA	release,	although	ultimately,	sufficient	

mtDNA	still	gains	access	to	the	cytoplasm	to	induce	IFN-β	secretion	(Figure	5.2.3	

C).		

	

Our	data	contradict	the	existing	hypothesis	that	the	MPTP	is	involved	in	apoptotic	

mtDNA	release331.	However,	our	interpretation	is	based	solely	on	the	inability	of	

CsA	to	abrogate	mtDNA	efflux.	In	light	of	this,	experiments	to	further	interrogate	

the	lack	of	MPTP	involvement	are	required.	Unfortunately,	given	the	controversy	

surrounding	the	molecular	mediators	of	MPTP	function,	such	experiments	would	

be	difficult.	A	starting	point	would	be	simple	genetic	studies	looking	at	mtDNA	

release	during	apoptosis	in	CypD-,	SPG7-,	or	FOF1	ATPase-	deficient	cells.	The	latter	

would	likely	require	inducible	deletion	because	FOF1	ATPase	is	an	essential	

component	of	complex	V	in	oxidative	phosphorylation.	Furthermore,	we	have	not	

yet	assessed	the	requirement	of	MPTP	function	in	non-apoptotic	settings	(such	as	

calcium	overload)	where	perhaps	a	different	mechanism	of	mtDNA	release	may	be	

employed.				
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Our	LLSM	imaging	also	revealed	that	cytochrome-c	release	occurs	before	the	

majority	of	BAX	was	recruited	to	mitochondria.	We	hypothesize	that	the	BAK/BAX	

macropores	forming	in	the	later	stages	of	apoptosis	are	larger	aggregates	of	

smaller	BAK/BAX	pores	that	are	sufficient	to	drive	MOMP.	The	organization	and	

structure	of	these	larger	macropores	is	not	clear	from	our	images.	Qualitatively	

they	appeared	to	have	a	range	of	sizes	and	intensities.	However,	their	structures	

echo	those	described	in	two	recent	studies	performed	using	super-resolution	

SMLM	(Single	Molecule	Localisation	Microscopy)	and	STED	(Stimulation	Emission	

Depletion)	microscopy.	In	both	cases	large	ring-like	BAX	structures	were	detected	

on	apoptotic	mitochondria419,420.	These	reports	both	suggested	that	the	large	BAX	

rings	observed	were	essential	to	BAX-mediated	MOMP.	This	is	in	contrast	to	our	

data,	which	clearly	indicates	that	the	larger	BAX	aggregates	only	form	after	MOMP.	

This	subtle	difference	in	our	conclusions	demonstrates	the	power	of	kinetic,	real-

time	imaging,	as	opposed	to	fixed,	single	time-point	snapshots,	and	highlights	the	

advantages	of	using	both	real-time	and	higher-resolution	microscopy	techniques	

to	complement	one	another.	

	

Our	3D-SIM	and	TEM	images	both	revealed	the	herniated	IMM	blisters	

encapsulating	mtDNA	extruded	to	the	cytoplasm.	In	order	for	the	mtDNA	to	gain	

access	to	cGAS,	presumably	the	IMM	at	some	point	becomes	permeable.	The	timing	

and	nature	of	this	second	permeabilisation	event	remains	unclear.	It	is	possible	

that	the	IMM,	once	exposed	to	potentially	unfavorable	conditions	in	the	cytoplasm,	

simply	dissipates	over	time	(Figure	5.3.1	i).	However,	we	cannot	exclude	that	

specific	IMM	proteins	may	also	form	pores	that	allow	nucleoid	escape	(Figure	5.3.1	

ii).	Furthermore,	it	is	conceivable	that	hernias	may	bud	off	to	form	mtDNA-

carrying	single	membrane	vesicles,	which	would	represent	a	new	class	of	

mitochondrial-derived	vesicles	(MDVs)421(Figure	5.3.1	iii).	Indeed,	by	TEM	we	did	

observe	select	instances	of	TFAM-positive	single-membrane	structures	nearby	

TFAM-negative	mitochondrial	structures,	however	these	were	rare	in	the	time-

points	analyzed.	Later	time-points	would	need	to	be	assessed	to	see	if	these	

potential	new	MDVs	occurred	more	frequently.	In	addition,	extending	the	duration	

of	the	LLSM	imaging	may	allow	us	to	observe	whether	released	nucleoids	ever	
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leave	the	proximity	of	fragmented	mitochondria	and	are	trafficked	elsewhere	in	

the	cell.	

It	is	unclear	at	this	stage	whether	IMM	herniation	represents	a	general	mechanism	

for	mtDNA	escape,	or	whether	it	occurs	only	during	apoptosis.	In	addition	to	the	

many	reported	instances	of	cytosolic	mtDNA	signaling	(e.g.	during	calcium	

overload,	irradiation,	mitochondrial	stress,	inflammasome	activation,	failed	

autophagy,	HIV	or	Dengue	infection,	discussed	elsewhere	in	this	thesis)	there	are	

also	many	reports	detailing	elevated	levels	of	extracellular	mtDNA	

(reviewed330,422).	For	example,	the	first	description	of	the	immunostimulatory	

properties	of	mtDNA	was	actually	entwined	with	its	discovery	in	synovial	fluid	

from	patients	suffering	Rheumatoid	Arthritis	(RA)423,424.	In	these	studies,	the	

authors	showed	that	mtDNA	injected	into	the	joints	of	mice	was	capable	of	

inducing	arthritis	that	was	likely	macrophage	and	granulocyte	driven	(through	

TNFα).	They	also	suggested	the	oxidization	status	of	mtDNA	made	it	more	

inflammatory	than	nuclear	DNA.		

	

More	recently,	extracellular	mtDNA	has	also	been	implicated	in	the	pathogenesis	of	

systemic	lupus	erythematosus	(SLE).	One	mechanism	by	which	neutrophils	

respond	to-,	and	kill-,	invading	pathogens	is	through	the	release	of	DNA-containing	

traps	into	the	extracellular	space	(so-called	neutrophil	extracellular	traps	or	

NETs)425,	and	it	has	been	demonstrated	that	NETs	produced	by	neutrophils	from	

SLE	patients	are	highly	enriched	for	mtDNA426.	A	distinct	subset	of	SLE	neutrophils	

appeared	to	spontaneously	produce	mtDNA-rich	NETs	ex	vivo427	and	

autoantibodies	recognizing	oxidized	mtDNA	were	up-regulated	in	the	sera	of	a	

fraction	of	SLE	patients428.	Despite	the	clear	increase	in	extracellular	mtDNA	in	

SLE,	the	mechanism	by	which	this	occurs	and	how	it	drives	disease	remains	

contentious.	ROS-production427	and	incomplete-mitophagy428	have	both	been	

postulated	to	induce	mtDNA	NET	formation	from	SLE	neutrophils.	However,	each	

hypothesis	suggests	a	different	signaling	pathway	is	responsible	for	the	elevated	

IFN	levels	that	cause	disease:	involving	either	STING427	or	TLR9428.	Furthermore,	

while	both	reports	clearly	implicated	mtDNA	in	lupus	pathology,	and	neutrophils	

were	the	source	of	extracellular	mtDNA,	neither	showed	any	compelling	evidence	

proving	their	suggested	mechanism	of	mtDNA	release.	In	light	of	this,	while	we	
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have	shown	that	IMM	herniation	is	a	key	intermediate	for	cytosolic	mtDNA	release	

during	apoptosis,	it	would	be	interesting	to	determine	whether	it	also	contributes	

to	extracellular	mtDNA	release,	particularly	in	neutrophils.		

	

Finally,	it	also	remains	unclear	whether,	in	addition	to	BAK/BAX,	there	are	other	

proteins	(host	or	pathogen	derived)	are	capable	of	facilitating	IMM	herniation	and	

mtDNA	release.	It	is	conceivable	that	herniation	could	be	driven	by	any	protein	

aggregates	able	to	form	openings	of	a	large	enough	size	for	IMM	blisters	to	form.	

Further	optimization	of	our	live-cell	imaging	assay	such	that	it	is	amenable	to	

different	cell	types	(i.e.	primary	cells,	non-adherent	cells),	will	provide	a	means	by	

which	we	can	begin	to	address	some	of	these	outstanding	questions:	Does	IMM	

herniation	occur	in	other	reported	settings	of	mtDNA	release,	such	as	Dengue	

infection,	inflammasome	activation	or	NET	generation	from	neutrophils?	And	if	so,	

are	BAK	and	BAX	required	in	these	settings,	or	can	IMM	herniation	be	provoked	by	

other	molecular	players?		
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Chapter	6:	Caspase	inhibitors	induce	interferon	

production	in	vivo	
	
	
6.1	Background	

	
The	results	of	the	preceding	three	chapters	showed	that	mtDNA	escape	during	

apoptosis	is	a	highly	routine	and	consistent	phenomenon	(Chapters	4	&	5),	and	

that	caspases	provided	a	safeguard	against	mtDNA-stimulated	IFN	production	to	

preserve	immunological	silence	(Chapter	3	&	Figure	4.2.4).	Genetic	deficiency	of	

the	apoptotic	caspases	has	been	shown	to	cause	increased	basal	levels	of	

circulating	Type	I	IFNs	in	vivo1,308.	This	chronic,	albeit	small,	increase	in	circulating	

IFN	was	enough	to	prime	the	immune	system	and	confer	protection	from	viral	

challenge308,	but	not	enough	to	cause	autoimmune	or	interferon-driven	disease1.	

Thus,	there	exists	a	window	in	which	the	basal	level	of	IFN	may	increase	before	it	

contributes	to	pathology.			

	

In	the	studies	by	White	et	al.	and	Rongvaux	et	al.,	apoptotic	caspase	deficiency	was	

restricted	to	hematopoietic/endothelial	tissues	because	global	deficiency	is	lethal.		

Casp9-/-	and	Casp3-/-	Casp7-/-	mice	die	perinatally.	This	is	commonly	ascribed	to	

abnormal	neural	development	and	hyperplasia	of	the	forebrain39,85,	highlighting	

the	essential	role	that	apoptosis,	and	therefore	caspases,	play	during	development.	

As	such,	inherited	mutations	in	the	apoptotic	caspases	(-3,	-7	or	-9)	are	not	

common79.	However,	there	are	reports	of	reduced	caspase	expression	in	human	

cancers79,429,430.	For	example,	caspase-3	has	been	reported	to	be	down	regulated	in	

breast	cancer431,	however	no	specific	mutation	was	identified	in	this	work,	and	a	

later	study	that	screened	a	number	of	cancers	(including	76	breast	carcinomas)	

found	caspase-3	was	only	very	rarely	mutated	in	human	tumors432.	A	similar	

screen	for	caspase-8	mutations	across	528	tumor	samples	found	only	13	instances	

of	caspase-8	somatic	mutations,	all	of	which	were	in	advanced	gastric	carcinomas	

(equating	to	10.7%	of	gastric	carcinoma	samples	that	were	screened)433.	Thus,	the	

caspase-deficient	mice	described	in	the	White	et	al.	and	Rongvaux	et	al.	reports	do	

not	model	human	disease	as	such.	Instead,	these	caspase-deficient	mice	may	be	
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more	useful	as	models	of	how	small	increases	in	circulating	IFN	levels	are	

tolerated.		

	

In	theory,	pharmacologic	inhibition	of	caspases	in	vivo,	would	recapitulate	the	

caspase-deficient	chimeric	mice:	i.e.	would	allow	apoptosis	to	stimulate	IFN	

production	and	thereby	prime	the	immune	system.	This	synthetic	inhibition	of	

caspases	would	be	especially	relevant	for	the	hematopoietic	system,	where	

apoptosis	occurs	constantly	to	control	blood	cell	numbers,	even	at	steady	state.	If	

inhibiting	caspases	with	small	molecules	could	drive	sufficient	IFN	production	to	

prime	the	immune	system,	this	strategy	could	prove	beneficial	in	resolving	viral	

infections	(as	suggested	by	Rongvaux	et	al.)308	and	also	potentially	in	enhancing	

anti-cancer	immunotherapy.		

	

Recently,	interest	in	cancer	immunotherapy	has	skyrocketed.	While	the	idea	that	

the	immune	system	may	play	a	role	in	suppressing	and	shaping	cancer	is	not	new,	

definitive	studies	supporting	this	notion	have	only	surfaced	in	the	last	two	

decades434,435	(reviewed436-438).	Therapies	targeting	immune	checkpoint	mediators	

(e.g.	Programmed	death	protein	1,	PD1	and	Cytotoxic	T-lymphocyte	associated	

antigen	4,	CTLA4)439-443	have	thus	far	been	very	promising	in	clinical	development.	

Most	are	currently	in	Phase	I	or	II	trials,	but	one	CTLA4	antibody	has	already	been	

approved	for	use	in	melanoma	(reviewed444).	It	seems	the	race	is	now	on	to	

determine	the	best	way	to	prompt	anti-tumor	immunity	(i.e.	which	molecular	

targets,	which	cell	types)	and	which	types	of	cancer	will	be	most	responsive.	Type	I	

IFNs	have	a	complex	role	in	anti-tumor	immunity,	as	they	are	capable	of	both	

stimulatory	and	suppressive	effects	depending	on	the	situation445.	Nonetheless,	

their	benefits	in	immune-mediated	tumor	rejection	have	been	widely	

documented446-448	(reviewed436,445).	These	studies	importantly	show	an	essential	

role	for	Type	I	IFNs	in	promoting	cross-presentation	of	tumor	cell	antigens	by	

dendritic	cells	(DCs).	As	such,	cancer	immunotherapy	may	present	a	potential	

application	for	IFN	stimulation	through	therapeutic	caspase-blockade.	

	

The	first	caspase	inhibitors	discovered	were	viral	proteins:	CrmA	and	p3572,449,450.	

Many	synthetic	caspase	inhibitors	have	since	been	developed.	The	majority	of	
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inhibitors	were	designed	to	mimic	the	substrate	recognition	sequences	of	caspases	

(e.g.	YVHD	or	DEVD),	acting	as	pseudo-substrates78,451.	Most	synthetic	caspase	

inhibitors	serve	only	as	experimental	tool	compounds,	with	QVD-OPh298	and	z-

VAD.fmk299	being	the	most	widely	used.	However,	a	select	few	have	progressed	to	

the	clinic.	Pralnacasan	(VX-740)	and	Belnacasan	(VX-765)	are	caspase-1	inhibitors	

developed	by	Vertex	Pharmaceuticals,	while	Nivocasan	(GS-9450)	and	Emricasan	

(IDN-6556)	are	pan-caspase	inhibitors,	developed	by	Gilead	Sciences	and	

IDUN/Conatus	Pharmaceuticals,	respectively.	Of	these,	Emricasan,	or	IDN-6556,	

has	been	the	most	successful,	(as	it	is	the	only	one	that	remains	in	development;	

currently	still	recruiting	for	early	stage	clinical	trials	(https://clinicaltrials.gov)),	

however	none	have	progressed	into	Phase	III	trials.	Previous	trials	with	caspase	

inhibitors	were	terminated	most	commonly	for	either	lack	of	efficacy,	liver-related	

toxicities	or	“undisclosed	reasons”	452.		

	

	One	possible	explanation	for	the	lack	of	clinical	efficacy	of	caspase	inhibitors	is	the	

somewhat-flawed	rationale	behind	their	use.	In	the	majority	of	the	clinical	trials,	

caspase	inhibitors	were	indicated	for	use	where	prevention	of	cell	death	was	

desirable.	However,	the	notion	that	a	caspase	inhibitor	can	block	cell	death	is	

misguided,	since	caspases	act	downstream	of	the	‘point	of	no	return’	in	the	

apoptosis	signaling	pathway	(Figure	1.1.3	&	Section	1.2.5).	Caspase	inhibition	will	

change	the	type	of	cell	death	(i.e.	promote	IFN-production),	but	not	its	

inevitability197,198.		

	

In	light	of	this,	we	began	investigating	whether	the	administration	of	a	synthetic	

caspase	inhibitor	was	capable	of	inducing	IFN	production	in	vivo,	with	the	aim	that,	

if	successful,	we	could	then	assess	the	efficacy	of	caspase-inhibitors	as	anti-viral	or	

anti-tumor	agents.		
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6.2	Results	

	

6.2.1	The	pan-caspase	inhibitor,	QVD-OPh,	can	induce	IFN	in	vivo	

To	investigate	whether	inhibiting	caspases	with	small	molecules	could	recapitulate	

the	IFN	response	we	observed	in	caspase-deficient	chimeric	mice,	we	treated	WT	

C57BL/6	mice	with	60mg	/	kg	of	QVD-OPh	via	intra-peritoneal	(i.p.)	injection	and	

assessed	serum	levels	of	IFN-β	over	time.	Over	the	course	of	4	h,	a	small	IFN-β	

response	was	observed:	it	was	evident	by	2	h,	and	peaked	at	3	h	post	

administration	(Figure	6.2.1	A).	At	its	peak,	this	response,	although	small,	

produced	levels	of	IFN-β	comparable	to	those	that	were	detected	in	the	Casp9-/-	

chimeric	mice	(Chapter	3,	Figure	3.1.1	E).	Co-administration	of	ABT-737	to	

provoke	higher	levels	of	apoptosis	resulted	in	a	further	increase	in	IFN-β	produced	

at	3	h	(Figure	6.2.1	B).		

	

6.2.2	A	new	formulation	for	QVD-OPh	to	overcome	poor	solubility	

Unfortunately,	the	route	of	administration,	frequency	and	concentration	for	dosing	

QVD-OPh	in	vivo	was	limited	by	its	poor	solubility.	QVD-OPh	was	readily	soluble	in	

100	%	DMSO,	but	high	concentrations	of	DMSO	are	not	well	tolerated	in	vivo.	

Attempts	to	dilute	the	DMSO	(with	PBS)	revealed	QVD-OPh	precipitated	out	of	

solution	when	the	DMSO	concentration	was	reduced	below	80%.	We	therefore	

submitted	QVD-OPh	and	Emricasan	(Figure	6.2.2	A)	for	a	formulation	screen	at	the	

Centre	for	Drug	Candidate	Optimization	(CDCO)	(a	platform	managed	by	Monash	

University’s	Pharmacy	and	Pharmaceutical	Sciences	Department).	A	screen	of	

three	excipients	(Captisol,	Tween-80	and	Solutol	HS	15)	in	a	range	of	aqueous	

buffers	and	pH	levels,	revealed	both	compounds	were	soluble	in	only	10%	DMSO	

when	2%	Solutol	was	added	in	a	pH	8.0	phosphate	buffer	(Figure	6.2.2	B).	This	

significantly	reduced	the	DMSO	concentration	required,	allowing	us	to	consider	

multiple	dosing	regimes	and	alternate	routes	of	administration.		

	

Before	we	continued,	we	enlisted	the	CDCO’s	services	a	second	time:	this	time	to	

conduct	a	plasma	exposure	study	so	that	we	may	gain	a	better	understanding	of	

the	pharmacokinetics	of	these	compounds.	This	would	in	turn	help	us	decide	on	

appropriate	dosing	schedules	moving	forward.	When	administered	by	either	i.p.	or	
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intravenous	(i.v.)	injection,	both	QVD-OPh	and	Emricasan	rapidly	entered	the	

circulation,	reaching	their	maximum	concentrations	within	minutes,	and	were	

rapidly	cleared	within	24	h	(Figure	6.2.2	C-D).	Interestingly,	QVD-OPh	displayed	a	

slightly	better	half-life	in	the	circulation	than	Emricasan:	3.4	h	(i.v.)	and	9.0	h	(i.p.)	

for	QVD-OPh,	compared	to	3.2	h	(i.v.)	and	1.1	h	(i.p.)	for	Emricasan.	These	data	

demonstrate	how	short-lived	these	caspase	inhibitors	are	in	vivo,	and	suggest	their	

ability	to	induce	IFN	will	be	only	acute;	prolonged	IFN	induction	would	likely	

require	multiple	doses	per	day.		
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6.3	Discussion	

	

While	our	investigations	are	still	very	preliminary,	they	do	suggest	that	although	

QVD-OPh	is	not	an	ideal	compound	for	in	vivo	use	(it	is	severely	hindered	by	its	

poor	pharmacokinetics)(Figure	6.2.2	C),	it	is	capable	of	inducing	acute	bursts	of	

Type	I	IFN	production	(Figure	6.2.1	A).	These	bursts	of	IFN	occur	during	

homeostatic	conditions,	but	can	be	enhanced	further	by	stimulating	apoptosis	(i.e.	

by	ABT-737	treatment)(Figure	6.2.1	B).			

	

QVD-OPh	and	similar	caspase	inhibitors	have	been	used	in	in	vivo	in	a	number	of	

disease	models	including	stroke,	ischemia	and	neurodegenerative	diseases	with	

limited	success	(reviewed453).	In	most	cases,	when	cell	death	was	assessed	in	these	

models,	only	modest	effects	were	observed453,	consistent	with	the	ability	of	

caspase-inhibitors	to	provide	only	temporary	protection	from	apoptosis.	

Intriguingly,	there	are	some	examples	within	these	studies	where	the	reported	

beneficial	effects	of	caspase-inhibition	may	actually	reflect	IFN-driven	responses.	

	

In	a	study	assessing	QVD-OPh	administration	after	surgically	induced	stroke,	only	

slight	protection	from	cell	death	was	observed	in	the	brain,	but	the	incidence	of	

post-stroke	bacteremia	was	markedly	reduced454.	This	observation	is	interesting	

in	light	of	the	results	presented	in	this	chapter	as	the	protection	may	have	resulted	

from	IFN	production.	However,	Type	I	IFNs	are	known	to	have	both	protective	and	

detrimental	effects	on	bacterial	infections	depending	on	the	species	of	bacteria455,	

so	the	experiment	would	need	to	be	repeated	in	Ifnar-/-	mice	to	formally	test	this.		

	

In	addition,	one	group	published	two	papers	showing	caspase-inhibition	sensitized	

lung	and	breast	tumors	to	irradiation456,457.	Using	either	zVAD.fmk	or	M867	(a	

reported	caspase-3	inhibitor)	in	combination	with	irradiation	significantly	

decreased	the	growth	of	tumors	in	MDA-MB-231	or	H460	tumor	xenograft	models,	

compared	with	irradiation	alone.	The	authors	saw	an	increase	in	autophagy	in	

caspase-inhibited	tumor	cells,	and	posited	that	this	may	somehow	increase	

radiosensitivity	of	these	tumors456,457,	so	no	further	investigation	into	immune	cell	

activation	or	cytokine	levels	was	completed.	Again,	we	would	hypothesize	that	the	
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anti-tumor	effects	seen	in	these	models	were	the	result	of	Type	I	IFN	signaling	due	

to	caspase-inhibited	apoptosis.	

	

The	mechanism	by	which	Type	I	IFNs	promote	anti-tumor	immunity	is	thought	to	

involve	enhanced	tumor	antigen	cross-presentation	by	DCs	to	prime	CD8+	T-

cells447,448.	It	was	recently	discovered	that	cGAS/STING	signaling	was	required	to	

produce	the	Type	I	IFN	stimulating	this	type	of	immunity.	In	2014,	Woo	et	al.	

demonstrated	that	deficiency	in	STING	or	IRF3	(but	not	MyD88,	TRIF,	MAVs,	TLR4	

or	TLR9)	significantly	affected	T	cell	responses	to	tumor	antigens458.	Furthermore,	

Sting-/-	and	Irf3-/-	mice	failed	to	reject-	or	failed	to	control-	tumors	in	B16.SIY-	or	

methylcholanthrene-induced	tumor	models458.	Concurrently,	Deng	et	al.	

demonstrated	that	the	regression	of	MC38-tumors	observed	after	radiation	

treatment	in	WT	mice,	was	significantly	reduced	in	Sting-/-	mice	and	that	WT	but	

not	cGAS-/-	bone	marrow	derived	DCs	(BMDCs)	were	capable	of	cross-priming	

CD8+	T	cells	after	culture	with	irradiated	tumor	cells252.	Similar	results	were	

reported	by	Klarquist	et	al.,	who	showed	STING-sufficient	DCs	were	essential	to	

CD8+	T	cell	responses	to	tumor	antigens253.	In	all	three	studies,	tumor	DNA	was	

named	as	the	stimulus	for	cGAS/STING	activation	in	DCs.	Following	this,	Ohkuri	et	

al.	demonstrated	STING	agonists	injected	directly	into	glioma	tumors	could	induce	

tumor	regression	and	increase	T-cell	migration	to	the	brain459,	while	Fu	et	al	

showed	intra-tumoral	injection	of	STING	agonists	when	combined	with	PD1	

blocking	antibodies	induced	much	greater	tumor	regression	than	either	treatment	

was	capable	of	alone460.	Soon	after,	a	study	by	Corrales	et	al.,	confirmed	that	intra-

tumoral	injections	of	STING-agonists	(either	DMXAA	or	synthetic	cyclic	di-

nucleotides)	induced	an	anti-tumor	immune	response,	but	went	further,	and	

showed	this	response	could	control	the	tumor	at	both	primary	and	metastatic	

sites461.	Furthermore,	treated	mice	were	protected	upon	re-challenge	with	the	

same	tumor	(55	days	later),	but	not	alternate	tumor	lines461.	This	indicated	the	

immunity	was	specific	and	lasting.	Curran	et	al.	subsequently	confirmed	the	

generation	of	lasting	and	specific	immune	responses	by	STING	agonists,	this	time	

in	two	different	Acute	Myeloid	Leukemia	(AML)	models462.	More	recently	still,	

Wang	et	al.	revisited	the	mechanism	by	which	PD1	blockade	functions,	and	showed	

cGAS	was	required	for	the	anti-tumor	activity	of	PD-L1	antibodies	in	B16	
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melanoma	models251.	Together,	these	reports	demonstrate	that	Type	I	IFNs,	

produced	in	response	to	cGAS/STING	activation,	are	the	crucial	cytokines	

responsible	for	priming	the	immune	system	to	recognize	and	mount	anti-tumor	

responses.	

	

Given	that	caspase-inhibition	is	also	capable	of	driving	cGAS/STING-mediated	IFN	

production,	this	supports	our	hypothesis	that	caspase-inhibitors	may	prove	

beneficial	during	anti-cancer	treatments.	In	particular,	given	that	caspase-

inhibitors	drive	IFN	production	from	apoptotic	cells,	they	may	prove	most	useful	

when	combined	with	therapeutics	known	to	cause	apoptosis	of	tumor	cells.	In	the	

presence	of	caspase	inhibitors,	apoptotic	tumor	cells	might,	themselves,	generate	

Type	I	IFNs	within	the	tumor	microenvironment	and	prime	an	immune	response	

to	their	own	detriment.		

	

At	steady	state,	caspase	inhibition	drives	only	small	increases	in	serum	IFN	levels	

(around	1	pg/mL),	however	as	was	shown	by	Rongvaux	et	al,	this	was	sufficient	to	

confer	protection	against	viral	challenge308.	Indeed,	of	keen	interest,	is	how	such	

low	level	endogenous	IFN	production	will	compare	to	exogenous	IFN	

administration	in	terms	of	both	their	efficacy	and	adverse-effects.	

	

Obviously,	the	findings	presented	here	are	extremely	preliminary,	and	as	such,	this	

chapter	serves	more	of	a	“future	directions”	purpose.	However,	they	nonetheless	

demonstrate	that	apoptotic-interferon	production	can	be	manipulated	in	vivo	

using	small	molecules,	and	that	sufficient	evidence	exists	in	the	literature	to	

warrant	further	investigating	the	potential	utility	of	caspase	inhibitors	in	different	

cancer	models.	
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Chapter	7:	Discussion	&	Concluding	Remarks	

	

	

7.1	Apoptosis	without	active	caspases	induces	IFN	production	

	
Following	the	initial	observation	that	mice	lacking	a	functional	apoptotic	caspase	

cascade	in	their	hematopoietic	cells	have	elevated	serum	levels	of	Type	I	IFN,	we	

conducted	an	investigation	into	the	mechanism	behind	this	phenotype.	The	work	

presented	here	clearly	demonstrates	that	without	caspases,	mtDNA	activates	a	

cGAS/STING-mediated	response	during	the	homeostatic	turnover	of	cells,	thereby	

establishing	that	caspases	are	critical	for	maintaining	the	immunological	silence	of	

apoptosis,	and	that	mtDNA	is	a	potent	DAMP.	Not	only	can	caspases	act	as	a	switch	

between	different	cell	death	modalities	(i.e.	apoptosis	and	necroptosis),	but	they	

also	influence	the	subsequent	immune	signaling	that	death	will	provoke	through	

their	ability	to	transform	apoptosis	into	a	source	of	anti-viral	cytokines.	Given	the	

plethora	of	cellular	responses	to	Type	I	IFNs,	these	data	raise	important	questions	

about	the	extensive	literature	describing	non-apoptotic	functions	of	apoptotic	

caspases.	These	now	require	careful	reinterpretation	and	likely	need	to	be	

revisited	experimentally.	The	example	most	directly	related	to	the	work	presented	

here	is	the	proposed	involvement	of	caspase-3	in	HSC	differentiation153.	We	show	

that	it	is	the	IFN	produced	from	caspase-deficient	apoptotic	cells	that	impacts	HSCs	

through	an	established	mechanism295,296	rather	than	an	atypical	non-apoptotic	

function	for	caspases.	Whether	IFNs	also	influence	the	differentiation	of	erythroid-,	

neuron-,	muscle-	or	lens	cells,	or	the	proliferation	of	B	and	T	lymphocytes,	(all	

proposed	to	be	regulated	by	caspase	independently	of	their	role	in	apoptosis)	

remains	to	be	seen.		

	

	

7.2	mtDNA	is	released	from	apoptotic	mitochondria	via	

herniation	

	
This	work	describes	the	optimization	of	a	real-time,	live-cell	imaging	assay	to	

visualize	mitochondria	and	their	genome	during	apoptosis.	Altogether,	37	different	
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cell	lines	were	generated	involving	various	fluorophore	combinations,	proteins	of	

interest	and	genotypes.	The	best	of	these	were	imaged	using	lattice	light-sheet	

microscopy.	The	captured	images	demonstrate	that	BAK/BAX	activation	initiates	a	

series	of	events	that	culminate	in	mtDNA	release,	and	when	combined	with	high-

resolution	3D-SIM	and	TEM,	reveal	that	this	release	occurs	through	a	process	of	

IMM	herniation.	How	the	IMM-hernia	subsequently	break	down	to	allow	cGAS	

access	to	mtDNA	remains	in	question.	Likewise,	whether	other	mitochondrial	

DAMPs	are	released	through	this	process	remains	unknown.	TFAM	itself	may	be	

capable	of	acting	as	a	DAMP	given	its	homology	to	HMGB1463,464,	and	mitochondria	

are	known	to	contain	many	other	potential	DAMPs	(e.g.	formyl	peptides)	capable	

of	inflammatory	signaling465.	Intriguingly,	cytokine	analysis	of	the	Casp9-/-	chimeric	

mice	(assessed	by	a	BioPlex	assay	of	a	broad	range	of	cytokines,	23	in	total)	

revealed	few	perturbations	in	cytokine	levels	other	than	Type	I	IFNs1(see	

Appendix	A),	which,	as	presented	in	Chapter	3,	appear	entirely	

mtDNA/cGAS/STING	dependent.	Combined,	these	data	are	suggestive	that	no	

other	inflammatory	DAMPs	were	released	during	caspase-inhibited	apoptosis.	

However	this	was	not	formally	tested,	and	it	is	possible	that	IMM	herniation	may	

be	capable	of	releasing	other	mitochondrial	DAMPs	(either	intracellularly	or	

extracellularly)	in	settings	other	than	apoptosis.		

	

	

7.3	Mechanism	of	mtDNA	release:	relevance	to	other	settings?		

	
This	thesis	demonstrates	the	mechanism	of	mtDNA	release	during	apoptosis,	and	

more	excitingly,	establishes	a	method	of	assessing	mtDNA	release	in	a	whole	host	

of	settings.	As	we	continue	to	adapt	our	LLSM	assay,	one	of	the	main	goals	is	to	

increase	its	feasibility	for	imaging	alternate	cell	types.	Such	optimization	requires	

investigating	better	methods	of	environmental	control	to	maintain	sensitive	cell	

types	(such	as	primary	cells)	and	alternate	methods	of	immobilization	to	slow	the	

movement	of	non-adherent	cells	whilst	maintaining	viability.	Such	optimization,	

when	combined	with	CRISPR/CAS9	gene	editing	(which	now	allows	the	generation	

of	in	vivo	models	that	express	endogenously	tagged-proteins),	would	provide	an	

exciting	and	straightforward	process	for	visualizing	mitochondria	(and	other	
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organelles)	in	primary	cells.	mtDNA	release	from	mitochondria	could	then	be	

monitored	in	relevant	models	for	a	variety	of	different	biological	contexts:	

defective	autophagy	in	starved	or	Parkin	deficient	cardiomyocytes,	HIV	or	Dengue	

infected	macrophages,	NET-producing	neutrophils,	ATP/LPS	stimulated	

macrophages,	or	irradiated	cortical	neurons.	It	would	also	be	interesting	to	

determine	whether	deficiency	in	BAK/BAX	or	CypD	alters	mitochondrial	behavior	

or	mtDNA	release	in	any	of	these	settings.		

	

	

7.4	Re-purposing	caspase	inhibitors	

	
Furthermore,	our	data	suggests	that	caspase-inhibitors,	through	their	ability	to	

induce	Type	I	IFN	production	from	dying	cells,	may	have	previously	unappreciated	

therapeutic	benefits	in	both	anti-viral	and	anti-cancer	settings.	Although	promising	

in	theory,	there	is	still	much	that	we	need	to	understand	before	their	use	in	these	

indications	could	be	seriously	considered.	First	and	foremost,	it	will	be	essential	to	

establish	whether	the	anti-viral	or	anti-tumor	responses	distinguish	between	the	

cell	types	that	produce	the	required	IFN:	i.e.	is	an	acute	burst	of	IFN	from	dying	

hematopoietic	cells	(or	dying	tumor	cells)	sufficient,	or	must	the	IFN	be	produced	

from	specific	(living)	immune	cell	subsets	directly.	It	should	not	be	neglected	that	

STING	activation	also	induces	NFκB-mediated	transcription	(in	addition	to	IRF3).	

Thus,	indirect	IFN	stimulation	is	not	necessarily	equivalent	to	STING	activation,	

and	IFNAR	deficiency	cannot	be	assumed	equivalent	to	STING	deficiency.	As	a	case	

in	point,	DNaseII-/-	IFNAR-/-	mice	exhibit	severe	polyarthritis	and	systemic	

inflammation318	while	DNaseII-/-	STING-/-	mice	are	largely	protected319	(with	the	

remaining	inflammation	likely	AIM2-mediated)320,321.	Whether	anti-tumor	

immunity	is	possible	from	Type	I	IFN	stimulation	of	DCs	and	CD8+	T	cells,	or	if	it	

specifically	requires	STING	signaling	in	DCs	is	an	important	mechanistic	subtlety	

that	must	be	addressed.	Furthermore	if	caspase	inhibition	is	to	be	seriously	

considered	in	the	clinic,	there	will	likely	be	the	need	for	the	generation	of	new	

caspase	inhibitors.	Our	data	suggests	the	current	clinical	candidate,	Emricasan,	is	

rapidly	cleared	from	the	circulation.	There	is	some	evidence	to	suggest	Emricasan	

pools	in	the	liver,	which	is	reflected	in	its	current	liver-centric	indications.	This	
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suggests	it	would	not	be	an	ideal	caspase-inhibitor	to	provoke	higher	systemic	

levels	of	IFN,	particularly	since	hepatocytes	do	not	express	significant	levels	of	

STING247,466.	Other	caspase-inhibitors	in	the	clinic,	such	as	Pranalcasan	and	

Belnacasan,	are	considered	caspase-1	inhibitors,	and	as	such	would	likely	also	be	

unsuitable.	Thus	investigations	into	new	caspase-inhibitors,	or	new	delivery	

methods	for	current	inhibitors,	are	required.			

	

	

7.5	Concluding	Remarks	

	
In	summary,	the	work	presented	in	this	thesis	describes	a	novel	outcome	of	

apoptosis.	Light	microscopy	has	come	a	long	way,	and	the	work	described	here	

shows	just	how	powerful	it	can	be,	especially	when	combined	with	super-

resolution	techniques	like	SIM,	and	electron	microscopy.	Together	these	

techniques	provide	us	with	the	means	by	which	to	observe	and	dissect	molecular	

pathways	in	dynamic	cellular	processes.	Through	the	use	of	LLSM	this	thesis	

demonstrates	the	first	real-time	documentation	of	mtDNA	release,	and	clarifies	

some	of	the	discrepancies	in	our	previous	understanding	of	apoptosis:	i.e.	the	

precise	relative	kinetics	of	cytochrome-c	release,	BAX	recruitment	and	

mitochondrial	fragmentation,	and	the	crucial	requirement	of	caspases	to	maintain	

immunological	silence.	This	work	has	implications	for	the	interpretation	of	any	

experiment,	both	in	vitro	and	in	vivo,	in	which	the	apoptotic	caspases	have	been	

disabled,	and	suggests	new	avenues	to	explore	for	the	therapeutic	applications	of	

caspase-inhibitors.	Furthermore,	given	mtDNA	(now	considered	an	important	

mitochondrial	DAMP)	has	been	implicated	in	a	wide	range	of	pathologies,	assays	

such	as	the	one	developed	in	this	thesis	will	play	a	prominent	role	in	

understanding	how	mtDNA	is	released	in	these	settings,	and	in	doing	so,	will	

provide	mechanistic	insights	that	will	be	of	relevance	to	a	large	number	of	human	

diseases.		
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SUMMARY

Activated caspases are a hallmark of apoptosis
induced by the intrinsic pathway, but they are
dispensable for cell death and the apoptotic clear-
ance of cells in vivo. This has led to the suggestion
that caspases are activated not just to kill but to
prevent dying cells from triggering a host immune
response. Here, we show that the caspase cascade
suppresses type I interferon (IFN) production by cells
undergoing Bak/Bax-mediated apoptosis. Bak and
Bax trigger the release of mitochondrial DNA. This
is recognized by the cGAS/STING-dependent DNA
sensing pathway, which initiates IFN production.
Activated caspases attenuate this response. Phar-
macological caspase inhibition or genetic deletion
of caspase-9, Apaf-1, or caspase-3/7 causes dying
cells to secrete IFN-b. In vivo, this precipitates an
elevation in IFN-b levels and consequent hematopoi-
etic stem cell dysfunction, which is corrected by loss
of Bak and Bax. Thus, the apoptotic caspase
cascade functions to rendermitochondrial apoptosis
immunologically silent.

INTRODUCTION

Caspases are a family of 12 cysteinyl aspartate-specific prote-
ases traditionally classified as inflammatory or apoptotic (McIl-
wain et al., 2013). Inflammatory caspases (caspase-1, -4, -5,
and -12 in humans) mediate innate immune responses by
cleaving precursors of proinflammatory cytokines such as IL-

1b and IL-18, thereby facilitating their secretion. The apoptotic
caspases (caspase-3, -6, -7, -8, and -9) play a role in the regula-
tion of programmed cell death.
Apoptosis comprises two convergent pathways: the intrinsic

and extrinsic (Youle and Strasser, 2008). The intrinsic pathway
is controlled by the BCL-2 family of proteins, which is divided
into three groups. The first contains prodeath BAK and BAX,
the essential effectors of the pathway. Second are the pro-
survival proteins (BCL-2, BCL-XL, BCL-W, MCL-1, and A1),
whose function is to prevent activation of BAK and BAX by
physically restraining them and by sequestering a third group
of BCL-2 family members, the prodeath ‘‘BH3-only’’ proteins
(e.g., BIM and BID). In a healthy cell, prosurvival proteins
keep BAK and BAX in check. Apoptotic signals trigger the
BH3-only proteins to activate BAK/BAX. The latter induce
mitochondrial outer-membrane permeabilization (MOMP),
facilitating the efflux of factors, including cytochrome c, into
the cytoplasm. Cytochrome c forms the apoptosome complex
with APAF-1 and the inactive zymogen of the initiator caspase,
caspase-9. This results in the activation of caspase-9, which
then triggers the rest of the caspase cascade, culminating
in activation of the effector caspases, caspase-3 and cas-
pase-7.
The purpose of the caspase cascade remains an enigma. It

mediates many of the hallmarks of apoptosis in vitro, such as
DNA fragmentation and phosphatidylserine (PS) exposure, but
is largely dispensable for the apoptotic death and clearance
of cells in vivo. The hematopoietic system is a good example:
Bak!/! Bax!/! mice exhibit a massive accumulation of mature
blood cells, whereas mice with an Apaf-1!/!, Casp9!/!, or
Casp3!/! Casp7!/! hematopoietic system show no significant
perturbations in blood cell number (Lakhani et al., 2006; Linds-
ten et al., 2000; Marsden et al., 2002). This dichotomy can be
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explained by the fact that the ‘‘point of no return’’ in apoptosis
is BAK/BAX-mediated mitochondrial damage. Cells lacking
BAK and BAX are resistant to a wide range of apoptotic stimuli;
they do not exhibit cytochrome c release or caspase activation
and are able to maintain clonogenicity (i.e., they can survive
and generate viable progeny) (Lindsten et al., 2000; Wei et al.,
2001). In contrast, Apaf-1- or caspase-deficient cells exhibit
only short-term resistance to apoptotic stimuli and do not retain
clonogenic potential (Ekert et al., 2004; Marsden et al., 2002;
van Delft et al., 2010). Thus, although clearly capable of accel-
erating apoptosis, these and many other studies indicate that
the apoptotic caspase cascade is not required for death to
occur.

This raises important questions as to why caspase-deficient
mice exhibit phenotypic abnormalities. For example, loss of
Apaf-1, caspase-9, or caspase-3 results in lethality associated
with large ectopic cell masses in the forebrain (Kuida et al.,
1996, 1998; Yoshida et al., 1998), and the hematopoietic stem
cell (HSC) compartment is expanded in the absence of cas-
pase-3 (Janzen et al., 2008). Although this suggests an accu-
mulation of cells otherwise destined to die, in both cases, the
evidence points to a more complex mechanism. In the brain,
controversy exists as to the extent of cell death in mice lacking
the caspase cascade, and recent studies indicate that changes
in morphogen gradients may underpin aberrant forebrain devel-
opment (Honarpour et al., 2001; Nonomura et al., 2013; Oppen-
heim et al., 2001).

HSCs present a similar conundrum. HSC survival is governed
by BCL-2 family proteins. Deletion of prosurvival Mcl-1 leads to
their death, whereas overexpression of Bcl-2 increases their
number (Domen et al., 2000; Opferman et al., 2005). This has
led to a model whereby a proportion of HSCs undergo apoptosis
during the normal course of hematopoiesis; hence, a reduction in
apoptosis is proposed to lead to accumulation of HSCs in vivo
(Orelio and Dzierzak, 2007). The expansion of HSCs observed
in caspase-3-deficient mice would accord with this notion.
Intriguingly, however, the evidence suggests that, rather than
accumulating through failure to die, Casp3!/! HSCs proliferate
due to abnormalities in cytokine signaling (Janzen et al., 2008),
suggesting potential non-cell death roles for the apoptotic cas-
pase cascade. In fact, apoptotic caspases are increasingly impli-
cated in other cellular processes such as differentiation (Yi and
Yuan, 2009). In some cases, these roles are a byproduct of, or
are associated with, apoptosis; in others, they appear to be
‘‘nonapoptotic’’ in nature.

Here, we show that the caspase cascade functions during
apoptosis to prevent dying cells from producing type I inter-
feron (IFN). Bak- and Bax-mediated mitochondrial damage
triggers the release of mitochondrial DNA (mtDNA), which is
recognized by the cGAS/STING-mediated cytosolic DNA
sensing pathway. In the absence of the apoptotic caspases,
this leads to the induction of IFN-b transcription and IFN-b
secretion by the dying cell. Loss of the caspase cascade
leads to elevated IFN-b levels in vivo. This feeds back to,
and has a profound impact on, the HSC compartment, which
is highly sensitive to the effects of type I IFN. Thus the
apoptotic caspase cascade regulates the immunological
impact an apoptotic cell has on the host by preventing dam-

age-associated molecular pattern (DAMP) signaling induced
by mtDNA.

RESULTS

HSC Expansion and Dysfunction in the Absence of
Caspase-9
To define the requirement for the intrinsic apoptosis pathway
(Figure 1A) in HSC homeostasis, we generated mice lacking
Bak and Bax or caspase-9. Because these animals die postna-
tally, we first profiled the HSC-containing lineage! Sca1+ Kit+

(LSK) population in fetal livers at embryonic (E) day 13.5. Relative
to wild-type (WT) counterparts, the proportion of LSKs in Bak!/!

Bax!/! fetal livers was unchanged (Figures 1B and 1C). In
contrast, LSKs were increased "5-fold in Casp9!/! fetal livers.
To establish whether this was hematopoietic cell intrinsic, we
transplanted fetal liver cells (FLCs) into lethally irradiated WT
recipients. 12–16 weeks posttransplantation, a small but statis-
tically significant increase in LSKs was observed in mice that
received Bak!/! Bax!/! FLCs (Figures 1D and 1E). Recapitu-
lating the situation in the fetal liver, the bone marrow of mice re-
constituted with Casp9!/! cells contained 5-fold more LSKs
than those transplanted with WT cells. Collectively, these data
suggested that HSC numbers are expanded in the absence of
caspase-9. This was a counterintuitive result, given that Bak
and Bax are the critical mediators of the intrinsic apoptosis
pathway, whereas the downstream caspase cascade is thought
to be dispensable for cell death.
To examine HSC function, WT, Bak!/! Bax!/!, or Casp9!/!

fetal liver test cells were mixed 50:50 with WT competitor cells
and transplanted into lethally irradiatedWT recipients (Figure 1F).
16 weeks posttransplant, the contribution of Bak!/! Bax!/! cells
to peripheral blood B and T lymphocytes, myeloid cells, and
bone marrow LSKs significantly outweighed that of WT compet-
itor cells (Figures 1G and S1A available online). In contrast,
Casp9!/! peripheral blood B and T lymphocytes, myeloid cells,
and bone marrow LSKs were present in equal numbers to WT
competitors, suggesting that, despite the aberrant LSK profile,
the Casp9!/! fetal liver contains either (1) normal numbers of
HSCs or (2) more HSCs than WT, but they are functionally
impaired. We therefore tested the self-renewal capacity of
HSCs by harvesting bone marrow from primary recipients and
transplanting it into secondary recipients (Figures 1H, 1I, and
S1B). In contrast to WT and Bak!/! Bax!/! cells, Casp9!/!

bone marrow exhibited a profoundly reduced contribution to pe-
ripheral blood B and T lymphocytes, myeloid cells, and bone
marrow LSKs at 16 weeks post-secondary transplantation (Fig-
ure 1I), indicating that HSC function is severely compromised in
the absence of caspase-9.

HSC Dysfunction in Caspase-9-Deficient Mice Is Cell
Extrinsic
To establish whether LSK expansion in Casp9!/! mice was
intrinsic to the LSK population itself, we generated mixed bone
marrow chimeras by transplanting WT or Casp9!/! E13.5 FLCs
with WT filler FLCs into lethally irradiated recipients. Consistent
with our previous observations, 12–16 weeks later, we observed
an expansion of Casp9!/! LSKs in the WT:Casp9!/! chimeras.
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Strikingly, WT LSK numbers were also significantly increased
relative to those in WT:WT chimeras (Figure 2A). Their Sca1
expression profile resembled that of Casp9!/! Lin! Kit+ cells
(Figure 2B). Thus, WT LSKs expand in the presence of cas-
pase-9-deficient hematopoietic cells, suggesting that HSC
expansion in Casp9!/! mice is driven by cell-extrinsic factors.

Caspase-9-Deficient HSPCs Exhibit a Type I Interferon
Response Signature
We therefore analyzed the gene expression profile of Lineage!

Kit+ CD45.2+ hematopoietic stem and progenitor cells (HSPCs)
harvested primary bone marrow chimeras. 495 genes (corre-
sponding to 602 probes) were significantly upregulated in
Casp9!/! HSPCs (Figure 2C and Table S1 available online),
with 275 genes (corresponding to 346 probes) differentially
expressed (DE) in Bak!/! Bax!/! HSPCs. In Casp9!/! HSPCs,
gene set enrichment analysis using Camera identified enrich-
ment for multiple type I IFN response signatures that were not
apparent in Bak!/! Bax!/! HSPCs (Figures 2D and 2E). The
top ten upregulated genes in Casp9!/! HSPCs by fold change

were all type I IFN targets (Table S1). Quantitative PCR (qPCR)
analysis of canonical type I IFN-stimulated genes (ISGs) con-
firmed their upregulation relative to WT in Casp9!/! FLCs and
bone marrow cells (Figures 2F and 2G). We therefore examined
levels of the type I IFNs, IFNa and IFN-b, in the serum of primary
transplant recipients. Whereas IFNa was undetectable in all
genotypic classes, we observed significantly elevated IFN-b in
mice reconstituted with Casp9!/!, but not Bak!/! Bax!/!, cells
(Figure 2H).

HSC Expansion in Caspase-9-Deficient Mice Is Caused
by Type I Interferons
Type I IFNs have been shown to induce HSC proliferation, lead-
ing to functional exhaustion in vivo (Essers et al., 2009; Sato
et al., 2009). We therefore generated mice doubly deficient
for caspase-9 and the type I IFN receptor (Ifnar1). Although
loss of Ifnar1 did not rescue postnatal lethality of Casp9!/!

mice (data not shown), deletion of Ifnar1 prevented LSK expan-
sion in Casp9!/! fetal livers (Figures 3A and 3B). Next, bone
marrow chimeras were generated by reconstituting recipients
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Figure 1. Deficiency of Caspase-9, but Not Bak and Bax, Impairs Hematopoietic Stem Cell Function
(A) The intrinsic apoptosis pathway.

(B) Representative plots of LSK cell frequency in E13.5 fetal livers (gates display percentage of Lin!).

(C) FACS analysis of LSKs in WT (n = 9), Bak!/! Bax+/+ (n = 5), Bak!/! Bax!/! (n = 7), and Casp9!/! (n = 10) E13.5 fetal livers.

(D) Bone marrow cellularity in recipients of WT (n = 15), Bak!/! Bax!/! (n = 8), and Casp9!/! (n = 9) FLCs 12–16 weeks posttransplant.

(E) Donor-derived LSK cells in WT (n = 15), Bak!/! Bax!/! (n = 8), and Casp9!/! (n = 9) bone marrow chimeras 12–16 weeks posttransplant.

(F) Fetal liver competitive transplantation assay.

(G) Proportion of CD45.2+ peripheral blood B lymphocytes, T lymphocytes, myeloid cells, and bone marrow LSK cells 16 weeks after competitive transplantation

(n = 3–4 E13.5 test-CD45.2+ fetal livers per genotype and three recipients per donor mix). See also Figure S1.

(H) Secondary transplantation assay.

(I) Donor-CD45.2+ contribution to peripheral blood B lymphocyte, T lymphocyte and myeloid cells, and bone marrow LSK cells of 1" and 2" recipients 16 weeks

posttransplant (n = 3–5 donor fetal livers per genotype and 2–3 recipients per donor bone marrow) See also Figure S1.

Means were compared to WT using a one-way ANOVA with Bonferroni correction. Data represent the mean ± SEM. *p % 0.05, **p % 0.01, and ***p % 0.005.
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with Ifnar1!/!Casp9+/+, Ifnar1+/+ Casp9!/!, or Ifnar1!/!Casp9!/

! FLCs. 16 weeks posttransplantation, recipients of Ifnar1+/+

Casp9!/! cells exhibited a 5-fold increase in LSKs relative to
mice that received Ifnar1!/! Casp9+/+ cells (Figures 3C and
3D). In contrast, LSK numbers in Ifnar1!/! Casp9!/! chimeras
were normal. Furthermore, deletion of Ifnar1 restored the ability
of Casp9!/! HSCs to engraft the host and contribute to all major
lineages upon secondary transplantation (Figures 3E and 3F).
Collectively, our data indicate that loss of caspase-9 in vivo leads
to production of IFN-b, which feeds back to the HSC compart-
ment, resulting in loss of self-renewal capacity.

Apoptotic Mouse and Human Cells Produce Type I IFN
When Caspases Are Inhibited
Activation of the apoptotic caspase cascade is impaired in the
absence of caspase-9 (Li et al., 1997). We hypothesized that he-
matopoietic cells undergoing caspase-inhibited apoptosis might
be the source of IFN-b. To test this, we treated WT murine sple-
nocytes with the proapoptotic BH3 mimetic drug ABT-737,
which targets the prosurvival proteins Bcl-xL and Bcl-2 (Olters-
dorf et al., 2005). ABT-737 induced caspase activation and cell
death in splenocytes (Figures 4A and 4B). No IFN-b was de-
tected in culture media of cells treated with ABT-737 alone. In
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Figure 2. Loss of Caspase-9 Results in Elevated Type I Interferon In Vivo
(A) FACS analysis of mixed bone marrow chimeras 12–16 weeks posttransplant of WT (CD45.2+) or Casp9!/! (CD45.2+) with WT ‘‘bystander’’ (CD45.1+CD45.2+)

E13.5 FLCs into lethally irradiated CD45.1+ recipients. Number of donor-derived bone marrow LSK cells from both fractions is displayed (n = 8 mixed bone

marrow chimeras per genotype from 3–4 fetal livers per genotype). Means of WT (CD45.1+CD45.2+) ‘‘bystander’’ cells were compared using a two-tailed t test.

(B) Sca1 expression on Lin!Kit+ bone marrow cells from mixed bone marrow chimeras.

(C) Scatterplot of differentially expressed probes in microarray analysis of WT, Casp9!/!, and Bak!/! Bax!/! Lin!Kit+CD45.2+ bone marrow cells. See also

Table S1.

(D) Top ten gene sets (ranked by p value) from Gene Set Enrichment Analysis (GSEA) of Casp9!/! in (C) (gray indicates type I IFN signatures).

(E) Top ten gene sets (ranked by p value) from GSEA of Bak!/! Bax!/! in (C).

(F andG) Real-time qPCR analysis of type I ISGs in fetal liver (F) and bonemarrow cells (G) (n = 3–4 E13.5 fetal livers and 3–4 bonemarrow chimeras per genotype).

(H) IFN-b protein in serum of WT (n = 6), Casp9!/! (n = 6), and Bak!/! Bax!/! (n = 8) bone marrow chimeras.

Unless indicated, means were compared toWT using a one-way ANOVA with Bonferroni correction. Data represent the mean ± SEM. *p% 0.05, **p% 0.01, and

***p % 0.005.
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contrast, when apoptosis was triggered in the presence of the
pan-caspase inhibitor Q-VD-Oph, IFN-b was produced (Fig-
ure 4C). To test whether this mechanism is conserved between
mice and humans, peripheral blood mononuclear cells (PBMCs)
were isolated from the blood of five healthy adult donors and
treated with ABT-737. Caspase-3/7 activation and loss of cell
viability was observed over 24 hr (Figures 4D and 4E). Upon co-
incubation with ABT-737 and Q-VD-Oph, IFN-b secretion was
observed in all five human PBMC samples (Figure 4F). These
data demonstrated that, in both human and murine hematopoi-
etic cells, caspase-inhibited apoptosis results in the production
of IFN-b.

Apoptotic MEFs Produce Type I IFNWhen Caspases Are
Inhibited
To better examine the role of the intrinsic apoptosis pathway, we
utilized immortalized mouse embryonic fibroblasts (MEFs). WT
MEFs are dependent on the prosurvival proteins Mcl-1 and
Bcl-xL for survival (Figure 5A). MEFs lacking Mcl-1 undergo
Bak- and Bax-mediated apoptosis in response to ABT-737
(van Delft et al., 2006). We therefore treated multiple Mcl1!/!

MEF lines with increasing concentrations of ABT-737 and coin-
cubated them with either Q-VD-Oph or another pancaspase
inhibitor, z-VAD.fmk. ABT-737 treatment of Mcl1!/! MEFs
induced caspase-3/7 activity and cell death (Figures 5B and
5C). Coincubation with either z-VAD.fmk or Q-VD-Oph blocked
caspase activation and prevented loss of viability. Although
undetectable in supernatant from Mcl1!/! MEFs treated with

ABT-737 or caspase inhibitor alone, IFN-b was induced when
ABT-737 (or other apoptotic stimuli) (Figure S2) was combined
with z-VAD.fmk or Q-VD-Oph (Figure 5D). Upregulation of
Ifnb1, the gene encoding IFN-b, was evident 4 hr posttreatment
(Figure 5E). These data demonstrate that nonhematopoietic cells
also produce IFN-b when undergoing caspase-inhibited
apoptosis and implicate Bak and Bax as the initiators of the
signal that triggers IFN-b production.

The Apoptotic Caspase Cascade Suppresses Bak/Bax-
Mediated Type I IFN Production
To confirm whether Bak and Bax activation induces IFN-b
production, we triggered mitochondrial apoptosis in WT,
Casp9!/!, and Bak!/! Bax!/!Casp9!/!MEF lines by combining
ABT-737 treatment with expression of BimS2A, which targets
Mcl-1 (Lee et al., 2008). Expression of BimS4E, an inert form
of Bim, served as a negative control. Casp3!/! Casp7!/! MEF
lines were included to determine whether deletion of the
effector caspases causes IFN production. In WT cells express-
ing BimS2A, ABT-737 treatment induced a 3-fold increase in
caspase activity and an "75% loss of viability (Figures 5F–5H).
In contrast, both Casp9!/! and Bak!/! Bax!/! Casp9!/! cells
were resistant to BimS2A + ABT-737. Analysis of the supernatant
demonstrated abundant IFN-b secretion by Casp9!/! and
Casp3!/! Casp7!/! cells treated with BimS2A + ABT-737, but
not WT or Bak!/! Bax!/! Casp9!/! counterparts (Figures 5I
and S3). These data demonstrated that, in vitro, induction of
Bak- and Bax-mediated apoptosis stimulates type I IFN
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Figure 3. Type I Interferon Mediates the Hematopoietic Stem Cell Dysfunction Associated with Caspase-9 Loss
(A) Representative plots of LSK cell frequency in E13.5 fetal livers (gates display percentage of Lin!).

(B) FACS analysis of LSKs in Ifnar1!/! Casp9+/+ (n = 6), Ifnar1+/+ Casp9!/! (n = 4), and Ifnar1!/! Casp9!/! (n = 6) E13.5 fetal liver.

(C) Bone marrow cellularity from Ifnar1!/! Casp9+/+ (n = 8), Ifnar1+/+ Casp9!/! (n = 4), and Ifnar1!/! Casp9!/! (n = 5) bone marrow chimeras, 16 weeks

posttransplant.

(D) Number of donor-derived LSK cells from Ifnar1!/!Casp9+/+ (n = 7), Ifnar1+/+Casp9!/! (n = 4), and Ifnar1!/!Casp9!/! (n = 5) bonemarrow chimeras, 16 weeks

posttransplant.

(E) Donor-CD45.2+ contribution to the peripheral blood B lymphocyte, T lymphocyte, myeloid cells, and bonemarrow LSK cells of 1# and 2# recipients at 16weeks

posttransplant. Ifnar1!/! Casp9+/+ (n = 4), Ifnar1+/+ Casp9!/! (n = 3), and Ifnar1!/!Casp9!/! (n = 4) donor fetal livers per genotype and three recipients per donor

bone marrow.

(F) Plots of representative analysis of donor contribution to 2# recipient lymphoid lineages in (E).

Means were compared to WT using a one-way ANOVA with Bonferroni correction. Data represent the mean ± SEM. *p % 0.05, **p % 0.01, and ***p % 0.005.
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production when either the apoptotic initiator (caspase-9) or
effector (caspase-3/7) caspases are inactivated.

We reasoned that eliminating Bak and Bax would remove the
stimulus for IFN-b production in caspase-deficient mice. To test
this, we generated Casp9!/!, Apaf1!/!, Casp3!/!, Casp3!/!

Casp7!/!, and Bak!/! Bax!/! Casp9!/! bone marrow chimeras.
16weeks posttransplantation, LSKswere increased in recipients
of Apaf1!/!, Casp9!/! or Casp3!/! Casp7!/! cells, demon-
strating that inhibition of the apoptotic caspase cascade at either
the apoptosome or effector stage triggers LSK expansion (Fig-
ures 5J and 5K). In contrast, the LSK profile in Bak!/! Bax!/!

Casp9!/! chimeras was unchanged. Thus, in the absence of
Bak- and Bax-mediated apoptosis, deletion of caspases does
not cause LSK expansion. Accordingly, IFN-b levels in Bak!/!

Bax!/! Casp9!/! chimeras were equivalent to WT, and no upre-
gulation of type I IFN response genes was apparent (Figures 5L
and 5M). Secondary bone marrow transplants confirmed that
loss of Bak/Bax-mediated apoptosis also rescued HSC function,
with Bak!/! Bax!/! Casp9!/! bone marrow efficiently engrafting
the host and contributing to the LSK compartment and all major
lineages (Figure 5N). Thus, deletion of Bak andBax prevents IFN-
b production and HSC dysfunction in mice lacking a functional
apoptotic caspase cascade.

Dying Cells Upregulate Type I IFN Production in a
Cell-Intrinsic Manner
We next examined whether apoptotic cells secrete IFN-b in
a cell-intrinsic manner. Ifnar1!/! Casp9!/! MEFs were trans-
duced with BimS2A-GFP or BimS4E-GFP and co-plated with
unmanipulated Ifnar1!/! MEFs (Figures 6A and 6B). Ifnar1-defi-
cient cells were utilized to eliminate paracrine/autocrine effects
of IFN-b. Cocultures were treated with ABT-737, which induced

apoptosis in the Ifnar1!/! Casp9!/! BimS2A-GFP cells, but not
the other three cell populations. Subsequently, GFP+ (apoptotic
or nonapoptotic) and GFP! (bystander) cells were sorted, and
expression of Ifnb1 was analyzed by qPCR. Relative to healthy
bystanders, a significant upregulation of Ifnb1 mRNA was
observed in apoptotic, but not nonapoptotic, cells (Figures 6B
and 6C). When using WT (rather than Ifnar1!/!) bystanders,
type I IFN response genes were strongly induced in bystanders
cocultured with apoptotic cells (Figure 6D), indicating that cells
undergoing caspase-inhibited apoptosis actively transcribe
Ifnb1 and secrete bioactive IFN-b.

Apoptotic IFN Production Is Driven by
Mitochondrial DNA
Considering the mechanism by which Bax and Bax stimulate
a cell to produce type I IFN, we reasoned that release of a
mitochondrial factor into the cytoplasm could be the initiating
event. In the context of microbial invasion, type I IFNs are
induced by a range of pathogen-associated molecular patterns
(PAMPs). Viral nucleic acids are an important, and potent,
example. Their presence is detected by cytosolic receptors
that activate signaling cascades leading to the upregulation
of IFN transcription (Paludan and Bowie, 2013). We hypothe-
sized that Bak- and Bax-mediated damage to mitochondria
may cause the release of mtDNA and that the latter would
act as a DAMP capable of recognition by the dying cell’s
innate nucleic acid sensors. We therefore generated mtDNA-
depleted cells (so-called ‘‘r0’’ cells) by culturing Mcl1!/!

MEFs in ethidium bromide (King and Attardi, 1989). qPCR anal-
ysis revealed a near-complete absence of mtDNA after three
passages (Figures 6E and S4). Expression profiling of r0 cells
demonstrated that 28 genes (corresponding to 42 probes)
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Figure 4. Apoptotic Hematopoietic Cells Produce Type I Interferon When Caspases Are Inhibited
(A) Viability of murine splenocytes treated with ABT-737 ± 20–30 mM Q-VD-OPh (QVD) for 24 hr.

(B and C) (B) Caspase activity and (C) IFN-b in culture supernatant after 24 hr of treatment (n = 4 mice). Means were compared using a two-tailed t test. Data

represent the mean ± SEM. *p % 0.05, **p % 0.01, and ***p % 0.005.

(D) Percentage of viable human PBMCs as quantitated by ATP levels (CellTiterGlo) after 24 hr of treatment with ABT-737 and coincubation with 20–30 mMQ-VD-

OPh (QVD).

(E) Bar graphs of caspase activity after 6 hr and (F) IFN-b in culture supernatant after 24 hr (n = 5 healthy donor blood samples). Representative of two independent

experiments.
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Figure 5. Disabling Caspases Downstream of Bak and Bax Triggers Type I IFN Production
(A) Schematic diagram of the manipulation of intrinsic apoptosis in MEFs.

(B–D) (B) Viability of MEFs treated with ABT-737 ± 20–30 mM of Q-VD-Oph (QVD) or z-VAD.fmk (zVAD) for 24 hr, (C) bar graphs of caspase activity after 6 hr, and

(D) IFN-b in supernatant after 24 hr (n = 9 independent MEF lines). Means were compared using a two-tailed t test. See also Figure S2.

(E) Real-time qPCR analysis of Ifnb1 induction in Mcl1!/! MEFs (n = 3 independent MEF lines). Means were compared using a two-tailed t test.

(F and G) (F) Viability of MEFs expressing Bims2A or Bims4E and treated with ABT-737 for 20–24 hr and (G) caspase activity after 6 hr.

(H and I) (H) Immunoblot of lysates of MEFs treated with ABT-737 (1 mM) for 4 hr and (I) bar graph of IFN-b in supernatant after 20–24 hr (n = 3 independent MEF

lines per genotype). See also Figures S2 and S3.

(J) Bone marrow cellularity fromWT (n = 22), Bak!/! Bax!/! (n = 8), Apaf1!/! (n = 5), Casp9!/! (n = 11), Casp3!/! (n = 13), Casp3!/! Casp7!/! (n = 7), and Bak!/!

Bax!/! Casp9!/! (n = 9) bone marrow chimeras.

(K) Number of donor-derived LSK cells fromWT (n = 22), Bak!/! Bax!/! (n = 8), Apaf1!/! (n = 5),Casp9!/! (n = 11),Casp3!/! (n = 13), Casp3!/!Casp7!/! (n = 7),

and Bak!/! Bax!/! Casp9!/! (n = 9) bone marrow chimeras.

(L) IFN-b in serum of WT (n = 10), Casp9!/! (n = 5), Casp3!/! (n = 5), Casp3!/! Casp7!/! (n = 4), and Bak!/! Bax!/! Casp9!/! (n = 7) bone marrow chimeras. Not

done, N.D.

(M) Real-time qPCR analysis of type I ISGs in bone marrow cells (n = 3–4 bone marrow chimeras per genotype). Means were compared using a two-tailed t test.

(N) Donor-CD45.2+ contribution to the peripheral blood B lymphocyte, T lymphocyte, myeloid cells, and bone marrow LSK cells of 1" and 2" recipients 16 weeks

posttransplant (n = 3 donor fetal livers per genotype and 3 recipients per donor bone marrow).

Unless otherwise indicated, means were compared toWT using a one-way ANOVAwith Bonferroni correction. Data represent the mean ± SEM. *p% 0.05, **p%

0.01, and ***p % 0.005.
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were downregulated and 61 genes (corresponding to 82
probes) were upregulated (Figure 6F and Table S2). 18 probes
corresponding to 9 mitochondrially encoded genes were pre-

sent on the array. These were the most downregulated genes
in r0 cells (Camera p value = 0.0095). Gene set analysis using
Camera detected no significant enrichment for any of the c2
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Figure 6. mtDNA Triggers Type I IFN Production during Caspase-Inhibited Apoptosis
(A) Representative plots of infection efficiency of the MEFs used in (B–D).

(B and C) Real-time qPCR analysis of nonapoptotic (expressing Bims4E, B) and apoptotic (expressing Bims2A, C) MEFs and their respective Ifnar1!/! bystander

from cocultures after treatment with ABT-737 (500 nM) for 18–20 hr (data combined from three experiments, with two independent MEF lines per genotype).

mRNA expression is shown relative to two independent housekeeping genes, tbp and gapdh.

(D) Real-time qPCR analysis of WT bystanders from cocultures after treatment with ABT-737 for 18–20 hr (data combined from two experiments, with two in-

dependent MEF lines/genotype).

(E) Real-time qPCR analysis of mtDNA content from Mcl1!/! MEFs cultured in ethidium bromide to generate mtDNA-depleted (r 0) MEFs (used in F–J).

Representative image of MEFs stained with PicoGreen nucleic acid stain. Arrows indicate mtDNA. Scale bars, 10 um. See also Figure S4.

(F) Scatterplot of differentially expressed probes from microarray analysis of Mcl1!/! r 0 MEFs compared to their respective parental Mcl1!/! MEF. (n = 3 in-

dependent MEF lines). Chromosome M, ChrM. See also Table S2.

(G) Table of a selected set of type I IFN response genes from analysis in (F).

(H) Bar graph of IFN-b in the supernatant of r 0 and parental MEFs transfected with Poly(I:C)(HMW) (n = 3 independent MEF lines).

(I–K) (I) Bar graphs of the viability of r0 and parental MEFs treated with ABT-737 ± 20–30 mM of Q-VD-Oph (QVD) for 24 hr, (J) caspase activity after 6 hr, and (K)

IFN-b in supernatant after 24 hr (n = 4 independent MEF lines).

Means were compared using a two-tailed t test. Data represent the mean ± SEM. *p % 0.05, **p % 0.01, and ***p % 0.005.
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expression signatures (data not shown). In addition, a subset of
known type I IFN response genes was not significantly downre-
gulated in r0 cells (Figure 6G, Camera p value for downregula-
tion = 0.45). Consistent with there being no functional impair-
ment of IFN response pathways, r0 cells responded normally
when transfected with poly(I:C) (Figure 6H). Treatment of
Mcl1!/! r0 cells with ABT-737 resulted in caspase activation
and a loss of viability similar in magnitude to that exhibited
by the parental lines (Figures 6I and 6J). In the presence of
Q-VD-Oph, IFN-b production was observed in the parental,
but not r0, cells (Figure 6K). These data indicate that mtDNA
is the trigger for IFN production downstream of Bak- and
Bax-mediated mitochondrial damage.

Bak/Bax-Mediated mtDNA Release Triggers cGAS/
STING-Dependent IFN Production
Two major pathways that mediate type I IFN production in
response to intracellular microbial DNA have been described
(Paludan and Bowie, 2013). The first is initiated by Toll-like re-
ceptor 9 (Tlr9) recognition of DNA localized to endosomes, which
triggers Myd88 signaling. Deletion of Myd88 in Casp9!/! chi-
meras failed to normalize serum IFN-b levels and did not prevent
LSK expansion (Figure S5), suggesting that mtDNA-induced
IFN-b production does not require the Tlr-mediated endosomal
recognition pathway. The second is the stimulator of interferon
genes (STING) pathway (Barber, 2014). It is triggered when
DNA binds to cyclic GMP-AMP synthase (cGAS), thereby cata-
lyzing production of cyclic GMP-AMP dinucleotide (cGAMP),
which binds to and activates STING. Activated STING induces
type I IFN transcription via the Tbk1-Irf3 signaling axis. We
treated splenocytes from WT and STING-deficient mice with
ABT-737 in the presence or absence of Q-VD-Oph. ABT-737
induced apoptotic caspase activation and cell death in WT and
STING!/! cells with similar kinetics (Figures 7A and 7B). Coincu-
bation with Q-VD-Oph triggered IFN-b secretion by WT, but not
STING!/!, cells (Figure 7C).
To further dissect the requirement for the STING pathway, we

derived MEFs from STING!/! mice and generated MEF lines
lacking cGAS and Irf3 by CRISPR/Cas9-mediated gene target-
ing. All lines underwent apoptosis in response to ABT-737
and BimS2A (Figures 7D and 7E). WT cells produced IFN-b
when coincubated with Q-VD-Oph. In contrast, cGASCRISPR!/!,
STING!/!, and Irf3CRISPR!/! cells did not (Figure 7F). The re-
quirement for Tbk1 was examined by pretreatingMcl-1-deficient
MEFs with the Tbk1 inhibitor MRT-67307. Mcl1!/! cells under-
going caspase-inhibited apoptosis secreted IFN-b (Figures 7G
and 7H). Addition of MRT-67307 suppressed IFN-b production
by dying cells (Figure 7I). These data demonstrate that cas-
pase-inhibited apoptosis triggers cGAS/STING/Tbk1/Irf3-medi-
ated IFN-b production.
Recent evidence indicates that cGAS is activated via a direct

interaction with cytosolic DNA (Civril et al., 2013; Sun et al.,
2013). To establish whether mtDNA interacts with cGAS during
caspase-inhibited apoptosis, we immunoprecipitated cGAS
from Mcl1!/! MEFs treated with ABT-737 and Q-VD-Oph and
utilized qPCR analysis to detect coprecipitated DNA. Although
there was no mtDNA enrichment when cGAS was immunopre-
cipitated from untreated cells, a significant enrichment for

mtDNA, but not genomic DNA, was observed in cells treated
with ABT-737 and Q-VD-Oph (Figure 7J). Collectively, these
data indicate that mtDNA is released, binds to, and activates
cGAS during caspase-inhibited apoptosis.

DISCUSSION

Role of the Intrinsic Apoptosis Pathway in HSC
Homeostasis
Deletion of Bak and Bax had no impact on the number of im-
munophenotypic HSCs in the fetal liver, suggesting that the
intrinsic apoptosis pathway is dispensable for HSC homeo-
stasis during development. Upon transplantation, recipients of
Bak!/! Bak!/! FLCs exhibited a statistically significant 2-fold in-
crease in bone marrow LSK number. This increase is similar to
that reported for mice overexpressing Bcl-2 (Domen et al.,
2000) and supports a role for the intrinsic pathway in regulating
adult HSC homeostasis. However, a simpler explanation might
be that HSCs lacking Bak and Bax are more resistant to the
stresses of transplantation. Consistent with this, Bak!/! Bak!/!

FLCs outcompeted WT counterparts in mixed transplants.
Similar effects have been reported for HSCs lacking Bim (Labi
et al., 2013). Thus, the extent to which death via the intrinsic
apoptosis pathway shapes the HSC pool at steady state remains
to be determined. It may be that programmed cell death does
not represent a significant fate for HSCs. Alternatively, other
cell death modalities such as the extrinsic apoptosis pathway
or necroptosis might contribute to HSC homeostasis.

Apoptotic versus Nonapoptotic Roles for Apoptotic
Caspases
Apoptotic caspases have been ascribed a number of functions
beyond the internal demolition of dying cells. Some of these
(e.g., prostaglandin-induced tumor cell repopulation [Huang
et al., 2011] and AMPA receptor internalization [Li et al.,
2010b]) appear to be a byproduct of apoptotic cell death. Others
(e.g., iPS cell reprogramming [Li et al., 2010a] and microglia acti-
vation [Burguillos et al., 2011]) are thought to represent ‘‘nona-
poptotic’’ roles for caspases. Our genetic experiments, both
in vitro and in vivo, demonstrate that, in suppressing IFN produc-
tion, the apoptotic caspases play an apoptotic role, i.e., function
downstream of Bak and Bax. Unless Bak and Bax are activated,
mtDNA is not released, and caspases are not required to atten-
uate mtDNA-induced DAMP signaling. This has two important
implications. First, blocking the apoptotic caspase cascade
during apoptosis triggers the production of IFN-b, a potentially
significant confounding experimental factor. This should be
considered whenever the apoptotic caspase cascade is geneti-
cally or pharmacologically manipulated. Perturbations in type I
IFN signaling may explain some of the published biological roles
for caspases. Second, the fact that caspase-deficient mice pre-
sent with a dramatic increase in LSKs, whereas Bak!/! Bax!/!

animals do not, initially suggested that caspases play a ‘‘nona-
poptotic’’ role in HSCs. However, the subsequent experiments
with Bak!/! Bax!/! Casp9!/! cells and bone marrow chimeras
demonstrated that the phenotype is dependent on Bak/Bax
activation. This highlights the importance of establishing whether
apoptotic caspase activation in a given setting is the result of
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Figure 7. mtDNA Release into the Cytosol Triggers cGAS-STING-Tbk1-Irf3-Mediated Type I Interferon Production
(A–C) (A) Viability of murine splenocytes treated with ABT-737 ± 20–30 mM Q-VD-OPh (QVD) for 24 hr, (B) caspase activity after 6 hr, and (C) IFN-b in culture

supernatant after 24 hr (n = 4 mice per genotype). Means were compared to WT using a one-way ANOVA with Bonferroni correction.

(D–F) (D) Viability of MEFs treated with ABT-737 ± 20–30 mM Q-VD-OPh (QVD) for 24 hr, (E) caspase activity after 6 hr, and (F) IFN-b in culture supernatant after

24 hr (n = 3 independent MEF lines per genotype, or 3 independent CRISPR/Cas9-targeted MEF clones). Means were compared to WT using a one-way ANOVA

with Bonferroni correction.

(G–I) (G) Bar graphs of the viability of Mcl1!/! MEFs pretreated for 1 hr with MRT-67307 (mM) followed by ABT-737 (500 nM) ± 20–30 mM Q-VD-OPh (QVD) for

24 hr, (H) caspase activity after 6 hr, and (I) IFN-b in culture supernatant after 24 hr (n = 3 independent MEF lines).

(legend continued on next page)
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upstream mitochondrial damage or an alternative signaling
mechanism.

mtDNA Activates the STING-Dependent Cytosolic DNA
Sensing Pathway
Our data indicate that Bak/Bax-dependent mtDNA release
triggers the cGAS/STING-dependent cytosolic DNA sensing
pathway. mtDNA released during cell death has been previously
reported to provide a second signal that cooperates with signal 1
(e.g., LPS) to activate the NLRP3 inflammasome and induce IL-
1b production (Shimada et al., 2012). Whether mtDNA released
via Bak/Bax also activates the inflammasome is unclear. How-
ever, other than IFN-b, mice with a caspase-9-deficient hemato-
poietic system did not exhibit elevated proinflammatory cytokine
serum levels or any signs of systemic autoinflammatory disease
when aged to 12 months (Figure S6). This suggests that, at least
in the context of steady-state hematopoietic cell turnover, Bak/
Bax-mediated mtDNA release does not result in unbridled in-
flammasome activity when the caspase cascade is inactivated.
Whether the elevations in IFN-b caused by loss of the caspase
cascade lead to the development of autoimmune disease over
the longer term and whether perturbations in caspase activity
might contribute to human autoinflammatory/autoimmune dis-
ease remain to be established.

Mechanisms of Caspase-Mediated Suppression
of Type I IFN
During apoptosis, caspases orchestrate a global program of
cellular demolition, targeting !1,000 protein substrates (Craw-
ford and Wells, 2011). They cause DNA damage, suppress tran-
scription, shut down protein translation, and disable a host of
other essential cellular processes. Unlike genomic damage,
which is triggered by cleavage of iCAD, the inhibitor of cas-
pase-activated DNase (CAD) (Enari et al., 1998), and PS expo-
sure, which is facilitated by cleavage of Xkr8 (Suzuki et al.,
2013), it seems likely that caspase-mediated suppression of
IFN-b production (and DAMP signaling generally) is the result
of multiple redundant processes. First, the fact that apoptotic
CADCRISPR"/" MEFs secrete detectable amounts of IFN-b sug-
gests that CAD-mediated genomic damage contributes to the
attenuation of gene expression (Figure S7). Second, caspase-
3/7 might cleave and inactivate a component or components
of the type I IFN production pathway. There is evidence that
IFN signaling intermediates, including Irf3, can be targeted by
caspases (Crawford et al., 2013). Third, caspase-3/7 could
mediate the degradation of mtDNA, thereby preventing its
interactionwith cGAS. Thismight occur via CAD or perhaps lyso-
somal deoxyribonuclease (DNase) II, which can digest the
genomic DNA of engulfed cells. Although the precise contribu-
tion these and other mechanisms make to suppressing IFN-b

production in apoptotic cells remains to be established, it seems
unlikely that any one of them is solely responsible. We suggest
that caspase-mediated acceleration of cell death and suppres-
sion of DAMP signaling are inextricably linked. Both outcomes
are achieved via global cellular demolition.

Potential Crosstalk between Apoptosis and Necroptosis
Necroptosis is a regulated form of necrotic cell death mediated
by receptor-interacting protein kinase 3 (RIPK3) and the pseu-
dokinase Mlkl (Linkermann and Green, 2014). It is triggered
by prodeath ligands like TNFa and requires the inhibition or
loss of caspase-8. In vitro, necroptosis is typically induced by
TNFa and a caspase inhibitor such as z-VAD.fmk or Q-VD-
Oph. The latter are both broad-spectrum inhibitors that tar-
get caspase-8, caspase-9, and caspase-3/7 (Chauvier et al.,
2007). If necroptotic stimuli induce mitochondrial damage
and mtDNA release, our results would predict that pan-caspase
inhibition would result in IFN production by dying cells. Previ-
ous studies suggest that necroptosis triggered by TNFa, z-
VAD.fmk, and cycloheximide causes Bak/Bax-dependent mito-
chondrial damage (Irrinki et al., 2011) and that Bak"/" Bax"/"

MEFs are partially protected from necroptotic death induced
by TNFa, Q-VD-Oph, and a Smac mimetic (TSQ) (Moujalled
et al., 2013). Given that, like TNFa, type I IFNs, in combination
with caspase inhibition, can induce necroptosis (Dillon et al.,
2014; Thapa et al., 2013), our data suggest the potential for
feed-forward effects driven by mtDNA-induced IFN production
during caspase-inhibited necroptosis.

Pharmacological Inhibition of Apoptotic Caspases
Several caspase inhibitors have undergone clinical trials. They
include the caspase-1 inhibitors VX-740 and VX-765 (Belnaca-
san) and the pan-caspase inhibitors IDN-6556 (Emricasan) and
GS-9450 (O’Brien and Dixit, 2009). To date, none have received
approval, although IDN-6556 is in ongoing trials for a number of
indications, including alcoholic hepatitis, hepatic impairment,
and islet transplantation. Evidence that VX-765 can block the py-
roptotic death of HIV-infected CD4 T cells (Doitsh et al., 2014)
has added to the hope that caspase inhibitors may yet find clin-
ical application. That study highlighted their potential as a new
class of antiviral drugs that target the host, not the virus. Our find-
ings support this notion from an entirely different angle, suggest-
ing that apoptotic caspase inhibitionmight be an effectivemeans
of amplifying endogenous IFN production. It will be interesting to
see whether patients treated with a pancaspase inhibitor exhibit
elevations in IFN-b levels.

Caspases Negatively Regulate DAMP Signaling
The traditional classification of caspases as inflammatory or
apoptotic has broken down in the last decade, as it has become

(J) Immunoprecipitation (IP) followed by PCR. Left, immunoblot of lysates taken from Mcl1"/" MEFs transduced with an expression plasmid encoding FLAG-

cGAS. Right, data represent the fold change (FC) in enrichment of DNA fragments using anti-FLAG or IgG (negative control) to coprecipitate DNA in untreated

MEFs or MEFs treated with ABT-737 (1 mM) and Q-VD-OPh (QVD) (30 mM) for the indicated time. DNA fragments were amplified by real-time qPCR using eight

primer pairs for mtDNA and two primer pairs for gDNA. The relative locations of the mtDNA amplicons are shown (data are combined from two, with three

replicates). Means were compared between treated and untreated samples.

See also Figures S5, S6, and S7.

Unless otherwise stated, means were compared using a two-tailed t test. Data represent the mean ± SEM. *p % 0.05, **p % 0.01, and ***p % 0.005.
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apparent that inflammatory caspases such as caspase-1 can kill
and that apoptotic caspases can mediate non-death processes.
Our findings demonstrate that caspase-9, -3, and -7 are essen-
tial negative regulators of mtDNA-induced DAMP signaling.
Although apoptotic caspases have been previously reported
to inactivate the DAMPs HMGB1 (Kazama et al., 2008) and IL-
33 (Cayrol and Girard, 2009; Lüthi et al., 2009), the absence of
autoinflammatory disease in caspase-9-deficient bone marrow
chimeras suggests that, at least in the context of the hematopoi-
etic system, apoptotic caspases are dispensable for their regu-
lation. Alternatively, IFN-bmay mask their effects. A very cogent
review of this subject recently proposed that mammalian cas-
pases ‘‘can be construed to act as either positive or negative
regulators of inflammation’’ (Martin et al., 2012). Given that
type I IFNs are pleiotropic in nature, possessing both inflamma-
tory and anti-inflammatory properties (Prinz and Knobeloch,
2012), our results indicate that the apoptotic caspases serve
as both.

EXPERIMENTAL PROCEDURES

Experimental Animals
All mice were backcrossed for at least ten generations on a C57BL/6 back-

ground. Apaf1!/! (Yoshida et al., 1998), Bak!/! (Lindsten et al., 2000), Bax!/!

(Lindsten et al., 2000), Casp9!/! (Kuida et al., 1998), Casp3!/! (Kuida et al.,

1996), Casp7!/! (Lakhani et al., 2006), Ifnar1!/! (Hwang et al., 1995),

Myd88!/! (Adachi et al., 1998), and STING!/! (Jin et al., 2011) strains have

been described. Animal procedures were approved by the Walter and Eliza

Hall Institute Animal Ethics Committee.

Cell Death Assays
Cell death was induced by exposure to ABT-737 (AbbVie), Dexamethasone

(Sigma), WEHI-539 (MedChemExpress), or Etoposide (Hospira). Where

indicated, cells were preincubated for 1 hr with MRT-67307 (Sigma) and for

15–30 min with ABT-737, followed by continuous exposure to Q-VD-Oph

(SM Biochemicals) or zVAD.fmk (R&D Systems). Cell viability was quantified

by CellTiterGlo (Promega) or flow cytometric analysis of cells excluding

5 mg/ml propidium iodide (PI) (Sigma) and, where indicated, cells also

negative for AnnexinV-FITC (InvivoGen) binding using a FACSCailbur (BD)

or LSRII (BD). Caspase activity was assayed by the addition of caspase3/

7Glo (Promega) or by immunoblotting as described in the Extended Experi-

mental Procedures.

Measurement of IFN-b
IFN-b protein was measured using the VeriKine-HS Human or Mouse Inter-

feron Beta ELISA (PBL Assay Science).

Generation of mtDNA-Depleted r0 Cells
MEFs were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (GIBCO)

supplemented with 4 mM L-glutamine, 4.5 g/l glucose, 10% FCS, 100 mg/ml

sodium pyruvate, and 50 mg/ml uridine as described (Hashiguchi and Zhang-

Akiyama, 2009). 100 ng/ml ethidium bromide was added to the medium for

6–0 days. qPCR evaluation of mtDNA content by qPCR, transfection with Pol-

y(I:C)(HMW)/LyoVec (InvivoGen), and expression profiling are described in

Extended Experimental Procedures.

Immunoprecipitation/PCR
Mcl1!/! MEFs transduced with an expression plasmid (pMSCV-IRES-

Hygro) encoding Flag-tagged mouse cGAS were treated with ABT-737

and Q-VD-Oph or left untreated. Following crosslinking of DNA and associ-

ated proteins, immunoprecipitation was performed with anti-FLAG M2

(Sigma) or mouse-IgG (BD) and coprecipitated DNA examined by real-

time qPCR. Oligonucleotide sequences are listed in Extended Experimental

Procedures.

Statistics
Data and statistical methods are expressed as outlined in figure legends. Stan-

dard statistical methods were performed using Prism software (GraphPad).

Bonferroni post hoc test was used to correct for multiple testing.
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Supplemental Information

EXTENDED EXPERIMENTAL PROCEDURES

Automated Blood Counts
Peripheral blood was collected from the retro-orbital plexus into Microtainer tubes containing EDTA (Sarstedt). Complete and differ-
ential blood cell counts were determined using an Advia 120 automated hematological analyzer (Bayer).

Bioplex Cytokine Assay
The measurement of 23 cytokines was performed using the Bio-plex (Biorad) luminex fluorescent bead array according to the man-
ufacturer’s instructions. Data were analyzed using the Bio-plex Manager 6.0 Software (Biorad).

Chimeras and Transplantation Analysis
Chimeras were generated by transplanting lethally irradiated male CD45.1+ recipients with 106 CD45.2+ E13.5 fetal liver cells. For
serial transplants, 2 x106 bone marrow cells from primary recipients, 16 weeks post-transplant, were intravenously injected into
lethally irradiated CD45.1+ secondary recipients. At 16 weeks post-transplant, donor contribution was analyzed by flow cytometry
on an LSRII (BD) for multi-lineage representation of the CD45.2+marker. For competitive transplants, CD45.1+ recipients were recon-
stituted with 1x 106 CD45.2+ test and CD45.1+CD45.2+ competitor fetal liver cells in a 1:1 ratio. At 16 weeks post-transplant, contri-
bution of donor and test cells was assessed by flow cytometry.

Culture of Primary Hematopoietic Cells
Whole blood was obtained through the generous support of healthy donors on the Walter and Eliza Hall Institute Volunteer Donor
Registry. Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by Ficoll gradient. Cells were cultured in Is-
cove’s Modified Dulbecco’s Media (IMDM) supplemented with 10% heat-inactivated fetal calf serum (FCS) at 37!C, 10% CO2. This
procedure complied with regulatory standards, and was approved by The Walter and Eliza Hall Institute Human Research Ethics
Committee. Single cell suspensions of primary mouse splenocytes were obtained from whole tissue, and red blood cells removed
by hypotonic lysis. Cells were then cultured in Dulbecco’s Modified Eagle’s medium (DME) supplemented with 10% heat-inactivated
FCS at 37!C, 5% CO2.

Culture of Mouse Embryonic Fibroblasts
Mouse embryonic fibroblasts (MEFs) were frommice on aC57BL/6 background or backcrossed formore than ten generations. MEFs
from embryonic day (E)13-14 embryos were made following the removal of the head, thoracic cavity, and fetal liver, and a single cell
suspension was seeded in DME medium (GIBCO) supplemented with 4 mM L-glutamine, 4.5 g/l glucose and 10% heat-inactivated
FCS in 0.1% gelatin tissue culture plates at 37!C, 5% CO2. Immortalization of MEFs was performed by transfection (Amaxa Nucle-
ofector) of an expression plasmid encoding the SV40 T antigen (a gift from D. Huang). To generate Mcl1"/" MEFs, immortalized
Mcl1fl/fl MEFs were transiently transfected (Amaxa Nucleofector) with an expression plasmid encoding Cre recombinase (pEF-
Cre-IRES-Neo). Single cell-derived clones were screened for response to ABT-737 and knockout confirmed by immunoblot. Expres-
sion plasmids encoding Bims2A or Bims4E have been previously described (Lee et al., 2008). For viral transduction of MEFs with
Bims2A or Bims4E, expression plasmids were transiently transfected into Phoenix ecotropic packaging cells by Fugene 6 (Roche)
or calcium-phosphate transfection. Viral supernatants were used to infect cells. MEFs were maintained in DME medium (GIBCO)
supplemented with 4 mM L-glutamine, 4.5 g/l glucose and 10% heat-inactivated FCS at 37!C, 5% CO2.

CRISPR/Cas9-Mediated Gene Targeting in MEFs
To generate knockout MEFs by CRISPR/Cas9-mediated gene targeting, a Cas9 expression plasmid and a small guide RNA (sgRNA)
expression plasmid was used (B.J. Aubrey, G.L. Kelly, A. Kueh,M.S. Brennan, L. O’Connor, L.Milla, S.Wilcox, L. Tai, A. Strasser, and
M.J.H., unpublished data; further information and request for the lentiviral plasmids should be directed to herold@wehi.edu.au). Tar-
geting guide sequences were designed using the Optimized CRISPR Design Tool from the Zhang Laboratory-MIT (crispr.mit.edu),
and guide oligos were annealed and ligated into the sgRNA vector. To generate lentivirus, 293T cells were transfected by Fugene
6 (Roche) with packaging plasmids (pMDLg/pRRE and pRSV-Rev) and an envelope plasmid (pCMV-VSVG). Immortalized WT
MEFs were infected with viral supernatants. Single cell clones were derived and CRISPR/Cas9-mediated InDel production (gener-
ated from one guide-RNA per gene) in the targeted gene was confirmed by Sanger Sequencing. Additionally, Irf3CRISPR"/" and
cGASCRISPR"/" single cell-derived clones were functionally tested by assessing IFN-b production in response to transfection with
interferon-stimulatory DNA (ISD) (InvivoGen). The targeting guide sequences are listed under Oligonucleotides.

DNA Laddering
Analysis of DNA laddering is described elsewhere (Gong et al., 1994).

Histology
Tissues were collected in 10% buffered formalin and embedded in paraffin before being sectioned and mounted onto glass slides.
Sections were stained with hematoxylin and eosin for histological examination. Images were acquired using the Nikon Eclipse
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E600 microscope, AxioCam Hrc (Carl Zeiss MicroImaging) and AxioVersion 3.1 image acquisition software (Carl Zeiss
MicroImaging).

Imaging
PicoGreen staining for imagingmtDNA has been described previously (Ashley et al., 2005). Briefly, cells were plated in 8well chamber
slides and incubated with 3 ul/ml PicoGreen dye (InvivoGen) in serum-free media for 1 hr at 37!C, followed by Mitotracker Red-FM
dye (InvivoGen) (1 uM). Wells were washed in phosphate-buffered saline (PBS), before phenol red-free media was added and cells
imaged on the Zeiss LSM 780 confocal microscope using a 63x/1.4 Plan Apo objective. Images shown are maximum intensity pro-
jections from Z-stacks.

Immunoblotting
Cell lysates were made using TNKE buffer (50 mM Tris pH 7.5, 120 mM NaCl, 2 mM KCl, 2 mM EDTA, 1% Triton X-100,
supplemented with complete protease inhibitor cocktail (Roche)), or KALB buffer (1% Triton X-100, 150 mM NaCl, 50 mM
Tris pH 7.5, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 0.1 mM Na3VO4, supplemented with complete protease in-
hibitor cocktail) and spun clear of the insoluble fraction. Supernatants were quantified by Bradford assay (BioRad), then
boiled in SDS reducing buffer. Samples were run through 4%–12% Bis-Tris gels (InvivoGen) and transferred to nitrocellu-
lose membranes via dry-transfer using the iBlot system (InvivoGen). Membranes were blocked for 1 hr in Odyssey Buffer
(Li-Cor) before incubation with primary antibodies: Bak (Sigma #B5897), Bax (WEHI MabLab clone 49F9-13-3), HSP70 (in-
house), active-caspase-3 (Chemicon #AB3623), FLAG (in-house, 9H1). Secondary antibodies were acquired from Rockland
(#610-132-121) and Molecular Probes (#A-21001MP, #A-21906). Membranes were visualized using Odyssey system (Li-
Cor).

Microarray Analysis
RNAwas labeled, amplified and hybridized to IlluminaMouseWG6V2.0 Expression BeadChips in triplicate by the Australian Genome
Research Facility. The GenomeStudio summary probe profile was analyzed in R (R Development Core Team, 2013) using the limma
package (Smyth, 2005). Expression values were background adjusted, quantile normalized (Shi et al., 2010) and log2 transformed.
These data have been deposited in the Gene Expression Omnibus under the accession number GSE57934 and GSE59972. Probes
with low expression (detection p-value < 0.95 across all arrays) or poor annotation (Barbosa-Morais et al., 2010) were removed from
further analysis. Linear models with array weights (Ritchie et al., 2006) were fitted to summarize over the replicate samples. Contrasts
between the different genotypes or cell treatments were estimated within each experiment, and differential expression assessed us-
ing moderated t-statistics (Smyth, 2004). Probes were ranked according to their false discovery rate (FDR), and those with a FDR <
0.05 were considered differentially expressed.

Microarray Analysis: Gene Set Enrichment Analysis
Analysis of the c2 gene signatures fromMSigDB (Subramanian et al., 2005), andChrM, was performed using Camera (Wu andSmyth,
2012) to look for up- or downregulated gene sets. Human gene signatures were converted to mouse by matching Entrez Gene IDs
between species using the Jackson Laboratory Homology and Orthology reports (as described at http://bioinf.wehi.edu.au/
software/MSigDB/index.html).

Real-Time qPCR
For analysis of mtDNA content, total DNA was isolated from cells with a DNeasy blood and tissue kit (QIAGEN). Real-time qPCR was
used for measurement of mtDNA depletion using primers for themitochondrial genesND1 andND5 and the nuclear gene POLG. The
mitochondrial genes were normalized to that of nuclear and compared to untreated cells to calculate the percentage of depletion. For
analysis of gene expression, total RNA was isolated with RNeasy Mini kit (QIAGEN). Reverse transcription was performed using oli-
go(dT) primer and SuperScript III reverse transcriptase (Life Technologies) according to themanufacturer’s instructions and genomic
DNA was removed by Dnase I treatment (QIAGEN). Real-time qPCR was carried out on a Rotor-Gene RG-6000 (Corbett) or on a
Light-Cycler 480 (Roche) using SensiMix SYBR kit (Quantace) under the following conditions: 10 min at 95!C, followed by 40 cycles
of 15 s at 95!C, 20 s at 62!C, and 20 s at 72!C. For Rotor-Gene analysis, gene expression was determined using the Rotor-Gene
software version 1.7. For LightCycler 480 analysis, gene expression was determined using the DDCTmethod. The primer sequences
are listed under Oligonucleotides.

Oligonucleotides

Gene Oligonucleotide Sequence mtDNA* gDNA *

gapdh tgacatcaagaaggtggtgaagc - -

gapdh aaggtggaagagtgggagttgctg

(Continued on next page)
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Continued

Gene Oligonucleotide Sequence mtDNA* gDNA *

Ifnb1 ggaaagattgacgtgggaga - -

Ifnb1 cctttgcaccctccagtaat

Ifnb1 ttacactgcctttgccatcc - -

Ifnb1 actgtctgctggtggagttcat

Irf7 tgcagtacagccacatactgg - -

Irf7 ctcgtaaacacggtcttgctc

Oas2 ctgtggctgaaaatccatga - -

Oas2 ctgtgagaactcccctggtg

POLG gatgaatgggcctaccttga - 1

POLG tggggtcctgtttctacagc

POLG tcctggaacagttgtgctttc - 2

POLG ccatctactcaggacggagttc

atp6 ccataaatctaagtatagccattccac 1 -

atp6 agctttttagtttgtgtcggaag

nd1 caaacacttattacaacccaagaaca 2 -

nd1 tcatattatggctatgggtcagg

nd2 ccatcaactcaatctcacttctatg 3 -

nd2 gaatcctgttagtggtggaagg

nd5 agcattcggaagcatctttg 4 -

nd5 ttgtgaggactggaatgctg

nd5 ccacgcattcttcaaagcta 5 -

nd5 tcggatgtcttgttcgtctg

nd6 tggtttgggagattggttg 6 -

nd6 cacaactatatattgccgctaccc

rnr1 cctcttagggttggtaaatttcg 7 -

rnr1 cgaagataattagtttgggttaatcg

rnr2 aaacagcttttaaccattgtaggc 8 -

rnr2 ttgagcttgaacgctttcttta

CAD guide gccacatgccggcgtcatcc - -

cGAS guide tgtttaaactggaagtcccc - -

Irf3 guide ataagccggacgtgtcaacc - -

*mtDNA and gDNA amplicons related to immunoprecipitation/PCR experiments.
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Figure S1. Representative Analysis of Peripheral Blood Chimerism, Related to Figure 1
(A) FACS plots of test (CD45.2+) and competitor (CD45.1+CD45.2+) contribution to peripheral blood B cell (CD19+), T cell (CD3+) and myeloid cell (Mac1+Gr1+)

lineages from competitive fetal liver transplant recipients at 16 weeks post-transplant.

(B) FACS plots of donor (CD45.2+) contribution to peripheral blood B cell (CD19+), T cell (CD3+) and myeloid cell (Mac1+Gr1+) lineages in primary (1!) and

secondary (2!) transplant recipients at 16 weeks post-transplant.
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Figure S2. Multiple Apoptotic Stimuli Induce Type I Interferon Production When Caspases Are Inhibited, Related to Figure 5
(A–C) (A) Bar graphs of the viability of MEFs treated with WEHI-539 and co-incubated with 20-30 uM of Q-VD-Oph (QVD) for 24 hr (B) caspase activity after 6 hr

and (C) IFN-b in supernatant after 24 hr. (n = 3 independent MEF lines).

(D–F) (D) Bar graphs of the viability of MEFs treated with Etoposide and co-incubated with 20-30 uM of Q-VD-Oph (QVD) for 24 hr (E) caspase activity after 24 hr

and (F) IFN-b in supernatant after 24 hr. (n = 3 independent MEF lines).

(G) Representative infection efficiency for one mouse MEF line of each genotype transduced with an expression vector encoding Bims2A-GFP.

(H) Plots of the viability of MEFs in (G) treated with ABT-737 (500 nM) for 20 hr. Gates display propidium iodide (PI) negative viable cells.

Means were compared using a two-tailed t test. Data represent the mean ± SEM. *p % 0.05, **p % 0.01, ***p % 0.005.
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Figure S3. Characterization of Type I Interferon Production from WT, Casp9!/!, Casp3!/! Casp7!/!, and Bak!/! Bax!/! Casp9!/! MEFs,
Related to Figure 5
(A) Bar graph of IFN-b in the supernatant of MEFs 24 hr after transfection with Poly(I:C)(HMW). (n = 3 independent MEF lines per genotype).

(B) Bar graph of IFN-b in the supernatant of MEFs transfected with interferon-stimulating DNA (ISD) for the indicated time. (n = 3 independent MEF lines per

genotype).

(C) Real-time qPCR analysis of Irf7mRNA expression inWTMEFs 12 hr after the addition of supernatant from untreated MEFs of the indicated genotype. (n = 3

independent MEF lines per genotype, supernatant transferred to 2 WT MEF lines).

Means were compared to WT using a one-way ANOVA with Bonferroni correction. Data represent the mean ± SEM. *p % 0.05, **p % 0.01, ***p % 0.005.
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Figure S4. Confocal Analysis of mtDNA Depletion, Related to Figure 6
Representative images ofMcl1!/! (left) andmtDNA depleted r0Mcl1!/! (right) MEFs. Images shown are maximum intensity projections of z-stack images. Black

andwhite images show single stains: DNA stain PicoGreen (top panel) andmitochondrial stainMitoTracker Red (bottom panel), directly beside the corresponding

overlayed image in color.

S8 Cell 159, 1549–1562, December 18, 2014 ª2014 Elsevier Inc.



Figure S5. Deletion of Myd88 Does Not Prevent Type I IFN Production in Casp9!/! Bone Marrow Chimeras, Related to Figure 7
(A) Bone marrow cellularity from Myd88!/! (n = 3), Casp9!/! (n = 4) and Myd88!/! Casp9!/! (n = 6) bone marrow chimeras, 10-12 weeks post-transplant.

(B) Number of donor-derived LSK cells from Myd88!/! (n = 3), Casp9!/! (n = 4) and Myd88!/! Casp9!/! (n = 6) bone marrow chimeras, 10-12 weeks post-

transplant.

(C) IFN-b protein in serum of Myd88!/! (n = 3), Casp9!/! (n = 3) and Myd88!/! Casp9!/! (n = 4).

Means were compared to WT using a one-way ANOVA with Bonferroni correction. Data represent the mean ± SEM. *p % 0.05, **p % 0.01, ***p % 0.005.
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Figure S6. Absence of Inflammation in Casp9!/! Bone Marrow Chimeras, Related to Figure 7
(A) Serum cytokine profile from WT and Casp9!/! mice 10-12 weeks post-transplant measured by Bio-plex. (n = 10-12 mice per genotype).

(B) Automated blood count from WT and Casp9!/! mice 52 weeks post transplant.

(C) Hematoxylin and eosin stained sections from spleen, liver and brain of WT and Casp9!/! mice 52 weeks post transplant. Original magnification x200.

Means were compared to WT using a two-tailed t test. Data represent the mean ± SEM. *p % 0.05, **p % 0.01, ***p % 0.005.
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Figure S7. Role of CAD in the Suppression of Type I Interferon Production by Active Caspases, Relates to Figure 7
(A) DNA laddering in thymocytes treated with Dexamethasone (Dex.) (uM) or co-incubated with 20-30 uM of Q-VD-Oph (QVD) for the indicated time.

(B) DNA laddering in Mcl1!/! MEFs treated with ABT-737 (uM) and WT MEFs treated with Etoposide (Etop.) (uM) for the indicated time.

(C) Bar graphs of the viability of MEFs expressing Bims2A and treated with ABT-737 for 24 hr and (D) caspase activity after 6 hr (E) IFN-b in supernatant after 24 hr.

(n = 5 independent CRISPR/Cas9-targeted MEF clones and 2 independent WT MEF lines).

Means were compared to WT using a two-tailed t test. Data represent the mean ± SEM. *p % 0.05, **p % 0.01.
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SUMMARY

The mechanism by which cells undergo death de-
termines whether dying cells trigger inflammatory
responses or remain immunologically silent. Mito-
chondria play a central role in the induction of cell
death, as well as in immune signaling pathways.
Here, we identify a mechanism by which mitochon-
dria and downstream proapoptotic caspases regu-
late the activation of antiviral immunity. In the
absence of active caspases, mitochondrial outer
membrane permeabilization by Bax and Bak results
in the expression of type I interferons (IFNs). This in-
duction is mediated by mitochondrial DNA-depen-
dent activation of the cGAS/STING pathway and
results in the establishment of a potent state of viral
resistance. Our results show that mitochondria
have the capacity to simultaneously expose a cell-
intrinsic inducer of the IFN response and to inactivate
this response in a caspase-dependent manner. This
mechanism provides a dual control, which deter-
mines whether mitochondria initiate an immunologi-
cally silent or a proinflammatory type of cell death.

INTRODUCTION

Multicellular organisms are constantly exposed to the threat of
viral infections. As a response, vertebrates have evolved several
mechanisms of antiviral defense. These mechanisms include the
production of type I interferons (IFNs) (Stetson and Medzhitov,
2006) and the suicide of infected cells (Upton and Chan, 2014).
Type I IFNs (IFNa and IFNb) are cytokines of major importance

for the innate antiviral response (Stetson and Medzhitov, 2006).

They are produced after recognition of viral nucleic acids by
toll-like receptors (TLRs) or by cytoplasmic proteins such as
RIG-I-like receptors (RLRs) or the cyclic GMP-AMP synthase
(cGAS) (Cai et al., 2014; Kawai and Akira, 2011; Loo and Gale,
2011). After their secretion, type I IFNs bind to the type I IFN re-
ceptor (IFNAR) in an autocrine and paracrine manner. This signal
induces the expression of hundreds of interferon-stimulated
genes (ISGs) in the responding cell (Schneider et al., 2014). Over-
all, ISGs have the capacity to interfere with every step of viral
replication, and, as a consequence, the IFN response results in
the establishment of a cellular state of viral resistance.
The programmeddeath of infected cells limits the possibility for

viruses to subvert the cellular machinery for their own replication
(Best, 2008; Yatim and Albert, 2011). One of the best-described
mechanisms of programmed cell death is apoptosis, which is
mediated through the activation of members of the caspase
family of proteases (Fuchs and Steller, 2011; Kumar, 2007; Taylor
et al., 2008). The mitochondrial pathway of apoptosis is induced
in response to cellular stress. It is regulated by the activities of
pro- and antiapoptoticmembers of theBcl-2 family,which control
the formation of the Bax/Bak channel that results inmitochondrial
outer membrane permeabilization (MOMP) (Chipuk et al., 2010;
Tait and Green, 2010; Youle and Strasser, 2008). Following
MOMP, mitochondrial proteins, including cytochrome c, are
released in the cytosol. Together with Apaf-1 and caspase-9,
cytosolic cytochrome c forms a protein complex called the apop-
tosome, which induces the activation of caspase-9 (Jiang and
Wang, 2004; Riedl and Salvesen, 2007). The downstreameffector
caspases-3 and -7 are cleaved and activated by caspase-9, trig-
gering a cascade of proteolytic events that culminates in the
demise of the cell through apoptosis (Kroemer et al., 2009).
Although caspases are key mediators of apoptotic cell death

(Kumar, 2007), multiple mechanisms of caspase-independent
cell death exist (Chipuk and Green, 2005; Tait et al., 2014; Van-
den Berghe et al., 2014). The discovery of a broad diversity of
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nonapoptotic death pathways has led to a re-evaluation of cas-
pases as essential mediators of cell death. An appealing hypoth-
esis to reconcile the evolutionary conservation of proapoptotic
caspase signaling with the existence of multiple, and potentially
redundant, death-inducing pathways is that caspase-dependent
apoptosis is unique in its capacity to induce an immunologically
silent form of cell death, whereas other types of cell death have
proinflammatory or immunostimulatory properties (Martin et al.,
2012; Tait et al., 2014). Indeed, necrotic cell death results in the
release of molecules with proinflammatory properties, collec-
tively termed damage-associated molecular patterns (DAMPs)
or alarmins (Kroemer et al., 2013). Mounting evidence demon-
strates that several DAMPs can be inactivated in a caspase-
dependent manner during apoptosis, supporting the importance
of caspases in maintaining cell death as immunologically silent.
However, it is probable that a large spectrum of caspase-depen-
dent mechanisms of immune regulation remain to be discovered
(Martin et al., 2012).
In this study, we identify an unsuspectedmechanism by which

the mitochondrial events of apoptosis actively trigger the initia-
tion of a cell-intrinsic immune response, mediated by the expres-
sion of type I IFNs. Proapoptotic caspases, activated simulta-
neously by mitochondria, are required to inhibit that response
and to maintain apoptosis immunologically silent. Therefore,
mitochondria and caspases play a crucial role not only in the de-
cision of the cell to live or to commit suicide but also on the de-
cision to die in an inflammatory or immunologically silentmanner.

RESULTS

Intrinsic Apoptosis Deficiency Confers Resistance
to Viral Infection
As mice with genetic deficiencies in the intrinsic pathway of
apoptosis die perinatally (Hakem et al., 1998; Kuida et al.,
1998; Lakhani et al., 2006; Yoshida et al., 1998), we generated
mice with a floxed caspase-9 allele or a floxed caspase-3 allele
(Figure S1A available online). With the initial objective of studying
the role of the intrinsic pathway of apoptosis in immune cells, we
crossed Casp9fl/fl mice and Casp3fl/fl Casp7!/! mice with Tie2-
Cre(E+H) (Koni et al., 2001; Lakhani et al., 2006) to obtain mice
with endothelial/hematopoietic tissue-specific deletion of the

respective floxed alleles (Figures S1B–S1F). We observed that
Casp9fl/fl Tie2-Cre+ and Casp3fl/fl Casp7!/! Tie2-Cre+ mice
were highly resistant to viral infection in comparison to littermate
controls. Indeed, lethality following intraperitoneal infection with
encephalomyocarditis virus (EMCV, 23 103 TCID50), which was
observed in control mice 6 days after infection, was delayed in
Casp9fl/fl Tie2-Cre+ mice (Figure 1A). The prolonged survival
and resistance to EMCV infection was associated with lower viral
loads in the heart 2 days after infection, with undetectable
expression of the EMCV genome in half of the Casp9fl/fl Tie2-
Cre+ mice (Figure 1B). Furthermore, the deletion of caspase-9
or of both caspases-3 and -7 resulted in undetectable viral titers
of vesicular stomatitis virus (VSV, 106 PFU) after intranasal infec-
tion (Figures 1C and 1D), highlighting a potent antiviral state
in vivo in proapoptotic caspase-deficient animals.
To determine whether this phenotype could be recapitulated

in vitro, primary mouse embryonic fibroblasts (MEFs) isolated
from caspase-9 knockout (KO) (Kuida et al., 1998) from cas-
pase-3/-7 double-KO (Lakhani et al., 2006) and from Apaf-1
KO mice (Yoshida et al., 1998) were infected with VSV. We
observed that caspase-9-deficient cells (Casp9 KO) were only
modestly affected by the infection with a recombinant strain of
VSV expressing the green fluorescent protein (VSV-GFP),
whereas wild-type (WT) cells derived from littermate embryos
(Casp9 WT) showed the typical phenotype of infected cells
(cell rounding, detachment, and death; Figure 1E). Fluorescence
microscopy and flow cytometry analysis showed that only a
small fraction of Casp9 KO cells expressed virus-encoded GFP
(Figure 1F). To further substantiate this observation, Casp9 WT
and KO MEFs were infected with VSV-GFP at various multiplic-
ities of infection (MOI). By measuring cell death (percentage of
LDH released) and viral infection and replication (GFP expres-
sion and plaque-forming units), we observed that caspase-9
deficiency significantly reduced the susceptibility of cells to
VSV infection at all MOIs tested (Figure 1G). Casp9 KO MEFs
also displayed increased resistance to infection by EMCV (Fig-
ure S2A) or by herpes simplex virus type 2 (HSV-2) (Figure S2B).
Similarly, Casp3/7 double-KO and Apaf-1 KO MEFs showed
resistance to VSV infection comparable to that observed in
Casp9 KO (Figures 1H and 1I). These results demonstrate that
deficiency in the intrinsic pathway of apoptosis, downstream of

Figure 1. Loss of the Intrinsic Pathway of Apoptosis Enhances Resistance to Viral Infection
(A and B) Casp9fl/fl Tie2-Cre+ and control mice were infected intraperitoneally with EMCV (2 3 103 TCID50), and the survival was monitored (n = 5 mice/group,

p value calculated by Mantel-Cox test) (A); or the mice were sacrificed 48 hr postinfection (p.i.), and viral loads in the heart were measured by real-time RT-PCR

(n = 4–10 mice/group, combined from three independent experiments, p value calculated by one-way ANOVA) (B). Each symbol represents an individual mouse,

and the black horizontal bars indicate geometric means. The dashed line indicates the limit of detection of the assay.

(C and D)Casp9fl/fl Tie2-Cre+ (C), Casp3fl/flCasp7!/! Tie2-Cre+ (D), and control mice were infected intranasally with VSV (106 PFU) and sacrificed 24 hr later. Viral

loads were measured in the plasma by plaque-forming assay (n = 5–7 mice/group, combined from at least two independent experiments, p value calculated by

one-way ANOVA).

(E and F) Casp9WT and KO primary MEFs were infected in vitro with VSV-GFP (MOI = 0.5) and analyzed 24 hr later (E). The expression of virus-encoded GFP was

analyzed by fluorescence microscopy (green, GFP; blue, counter-staining of nuclei with DAPI) or by flow cytometry (F).

(G) Casp9 WT and KO primary MEFs were infected with the indicated MOI of VSV-GFP and were assessed 24 hr later for cell death with LDH release assay (left),

expression of GFP (middle), and viral progeny production by plaque assay (right). Results are presented as mean ± SD of triplicates, representative of at least

three independent experiments.

(H and I) Casp3/7 double-KO (H) or Apaf-1 KO (I) and respective control primary MEFs were infected with VSV-GFP (MOI = 0.5), and GFP expression and viral

progeny were measured as in (G) (mean ± SD of duplicates, representative of two experiments).

*p < 0.05, **p < 0.01, and ***p < 0.001 (two-tailed unpaired Student’s t test, compared to respective WT or HetHet control).

See also Figures S1 and S2.
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mitochondria, confers a strong broad-spectrum resistance to
infection by RNA and DNA viruses, both in vivo and in vitro.

Constitutive Activation of the Type I IFN Response
Type I IFNs are critical determinants of the cellular susceptibility
to viral infections. They are constitutively expressed at low levels,
and these steady-state IFNs have profound physiological effects
on homeostasis through tonic signaling in the absence of acute
infection (Gough et al., 2012; Taniguchi and Takaoka, 2001).
We measured the baseline expression levels of type I IFNs using
a highly sensitive nested RT-PCR. We observed a modest in-
crease in the basal levels of the mRNA encoding both IFNa
and IFNb in Casp9 KO MEFs compared to WT controls (Fig-
ure 2A) in the absence of any stimulation. We confirmed this
result using a quantitative nested real-time PCR (Figure 2B), as
well as a type I IFN bioactivity assay (Figure 2C). Increased
steady-state type I IFN mRNA was also induced in vitro and
in vivo by Casp3/7 double deficiency (Figures 2D and 2E), as
well as by the absence of Apaf-1 in MEFs (Figure 2F).
In addition, we observed that interferon-stimulated genes

(ISGs) were constitutively expressed at elevated levels in vitro
and in vivo in Casp9 KO (Figures 2G, 2H, S3A, and S3B), in
Casp3/7 double-KO (Figure 2I) and in Apaf-1 KO cells (Figure 2J)
in the absence of any stimulation. The maximal expression level
of these ISGs, as induced by IFNa or intracellular poly(I:C), was
comparable between Casp9 WT and KO cells.
To determine whether the pharmacological inhibition of

caspases could recapitulate the phenotype caused by genetic
deficiencies, we treated WT MEFs with broad-spectrum inhibi-
tors of caspases (Z-VAD-fmk, Boc-D-fmk, and Q-VD-OPH).
These inhibitors induced an increased expression of ISGs (Fig-
ures 2K, S3C, and S3D), similar to the effect of caspase or
Apaf-1 deficiency. Surprisingly, a gene ontology analysis of the
genes differentially expressed between WT cells treated with
dimethyl sulfoxide (DMSO) or Q-VD-OPH revealed a highly sig-
nificant overrepresentation of pathways related to immune re-

sponses (Figure 2L). Although this transcriptional analysis does
not take into account the direct proteolytic effects of caspases,
it nevertheless reveals a profound effect of caspase inhibition on
immune function.
Next, we compared the transcriptional changes induced by

caspase inhibition in WT and IFNAR1 KO cells, which lack a crit-
ical subunit of the receptor for IFNa/b (Müller et al., 1994). We
observed that the absence of the IFNAR receptor abrogated
the transcriptional response of the cells to caspase inhibition
by Q-VD-OPH (Figures 3A and S3D and Table S1), demon-
strating the role of type I IFNs in this response.
To demonstrate that ISG expression and viral resistance in

Casp9 KO cells was also due to type I IFNs, supernatants from
confluent unstimulated Casp9 WT and KO MEFs were trans-
ferred to cultures of WT MEFs for 24 hr. The conditioned super-
natant from Casp9 KO cells induced an increase in the expres-
sion of ISGs by WT MEFs (Figure 3B) to levels similar to those
measured in Casp9 KO cells (compare with Figure 2G). Next,
we pretreated WT cells with conditioned supernatants collected
from Casp9 WT and KO cells in the absence or presence of
neutralizing anti-IFNa/b antibodies. The cells were then washed
and infected with VSV-GFP. The supernatants from Casp9 KO
cell cultures conferred resistance to VSV infection in WT cells,
and this effect was completely abolished by the presence of
anti-IFNa/b neutralizing antibodies in the conditioned media
during the pretreatment of the cells (Figure 3C). Similarly, condi-
tioned supernatants from Casp9 KO cells failed to confer resis-
tance to viral infection when used to pretreat IFNAR1 KO MEFs
(Figure S4). These results demonstrate that the ISG-inducing ac-
tivity and the resistance to VSV infection are mediated by the
elevated concentrations of type I IFNs in the supernatant of
Casp9 KO cells.
To further confirm this result, we generated Casp9/IFNAR1

double-KO MEFs. Like Casp9 KO cells, Casp9/IFNAR1 dou-
ble-KO cells expressed increased steady-state levels of IFNa/b
(Figure 3D), and their supernatant contained ISG-inducing

Figure 2. Inhibition of Intrinsic Apoptosis Activates the IFN Response
(A) The expression of IFNa and IFNbmRNA was determined by RT-PCR in Casp9 WT and KO primary MEFs. Top: single RT-PCR on untreated cells and on cells

transfected with poly(I:C) as a positive control. Bottom: nested RT-PCR on untreated cells (RT+, RNA reverse transcribed in cDNA; RT!, no reverse transcription).

(B) The steady-state expression of IFNb mRNA expression in unstimulated primary MEFs was quantified by nested real-time RT-PCR. Each dot represents an

independent experiment; p value: two-tailed unpaired Student’s t test.

(C) Type I IFN bioactivity in the culture supernatant of unstimulated MEFs was measured using an ISRE-Luc reporter cell line (mean ± SD of six replicates,

representative of two independent experiments; p value: two-tailed unpaired Student’s t test; the dashed line indicates background from untreated reporter cells).

(D) Nested RT-PCR amplification of steady-state IFNb in Casp3/7 double-deficient and control primary MEFs.

(E) IFNbmRNA expression measured by real-time RT-PCR in Casp3/7-deficient and control spleen cells (n = 2–5 mice/genotype; p value calculated by one-way

ANOVA).

(F) Nested RT-PCR amplification of steady-state IFNb in Apaf-1 WT and KO primary MEFs.

(G) The expression of selected ISGs in Casp9WT andKOprimaryMEFswasmeasured by real-time RT-PCR. IFNa and intracellular poly(I:C) were used as positive

controls (mean ±SD of duplicates, representative of at least five independent experiments). *p < 0.05, **p < 0.01, and ***p < 0.001; two-tailed unpaired Student’s t

test.

(H and I) ISG mRNA expression was measured by real-time RT-PCR in Casp9-deficient and control white blood cells (H) or in Casp3/7 double-deficient and

control spleen cells (I) (n = 2–5 mice/genotype; p value: one-way ANOVA).

(J) ISG mRNA expression measured by real-time RT-PCR in Apaf-1 WT and KO primary MEFs (mean ± SD of triplicates, representative of three independent

experiments; p value calculated as in G).

(K) Heatmap of the expression of IFNb and selected ISGs in WT primary MEFs stimulated for 48 hr with vehicle (DMSO) or with the caspase inhibitor Q-VD-OPH

(10 mM).

(L) Gene Ontology analysis of the pathways overrepresented among genes differentially expressed between WT primary MEFs stimulated with vehicle or with

Q-VD-OPH.

See also Figures S3 and S5 and Table S1.
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activity (Figure 3E). However, in the absence of IFNAR1, Casp9
WT and KO cells were equally susceptible to VSV infection (Fig-
ure 3F). As Casp9/IFNAR1 double-KO cells are deficient in

apoptosis but are nevertheless susceptible to VSV, this result
shows that viral resistance is not a direct consequence of defec-
tive cell death.
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Figure 3. Expression of ISGs and Antiviral Resistance Is Mediated by Type I IFNs
(A) Heatmap of the expression of genes differentially expressed (q < 0.05, fold difference R 5) in IFNAR1 WT and KO primary MEFs stimulated for 48 hr with

vehicle (DMSO) or with the caspase inhibitor Q-VD-OPH (10 mM) and determined by RNA sequencing on duplicate samples.

(B) Culture supernatants of confluent cultures of Casp9WT and KO primaryMEFswere collected. WT primaryMEFswere then incubated for 16 hr in the presence

of these supernatants or of recombinant IFNa (50 U/ml), and the expression level of selected ISGs wasmeasured by real-time RT-PCR (mean ± SD of duplicates;

representative of two independent experiments).

(C) WT primary MEFs were incubated for 16 hr with conditioned supernatants from Casp9WT or KOMEFs in the presence or absence of anti-IFNa and anti-IFNb

neutralizing antibodies (300 NU/ml each). The cells were thenwashed, infectedwith VSV-GFP (MOI = 0.5, 24 hr), and the expression of GFP (left) and viral progeny

production (right) was measured (mean ± SD of triplicates, representative of three independent experiments).

(D) The expression of IFNa and IFNb mRNA was detected by nested RT-PCR in unstimulated Casp9 WT/IFNAR1 KO and Casp9 KO/IFNAR1 KO primary MEFs

(RT+, RNA reverse transcribed in cDNA; RT!, no reverse transcription).

(E) WT primary MEFs were incubated for 16 hr with conditioned media from Casp9/IFNAR1 WT/KO or KO/KO MEFs, and the expression levels of ISGs were

measured by real-time RT-PCR.

(F) Casp9/IFNAR1 double-KO and control primary MEFs were infected with VSV-GFP (MOI = 0.5, 24 hr), and the expression of GFP was measured by flow

cytometry (mean ± SD of duplicates, representative of three experiments).

*p < 0.05 and **p < 0.01; ns, not significant; pairwise comparisons following two-way ANOVA (C and F).

See also Figure S4 and Tables S1 and S2.
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Caspase-9-deficient mice die during embryonic development
or shortly after birth, and this phenotype has been attributed to
apoptosis defects in the developing brain (Hakem et al., 1998;
Kuida et al., 1998). However, we wanted to determine whether
the constitutive activation of the IFN response and high expres-
sion of ISGs could contribute to this lethality. To this end, we
compared the viability of caspase-9 KO mice in pre- and post-
natal life in the presence or absence of IFNAR1 (Table S2). The
absence of IFNAR1 did not rescue the embryonic lethality,
showing that constitutive type I IFNs/ISGs expression is not
responsible.
Aberrant expression of type I IFNs is the cause of several

autoimmune disorders (Stetson, 2009). Surprisingly, however,
despite constitutive expression of type I IFNs and ISGs, condi-
tional Casp9 KO or Casp3/7 double-KO mice did not show any
increase in total serum immunoglobulin or in antinuclear anti-
bodies, two diagnostic characteristics of autoimmune diseases
(Figure S5). We speculate that this absence of autoimmunity
despite constitutive IFN response is due to pleiotropic functions
of caspases and probable functional deficiencies in other mech-
anisms involved in the development of (auto)immunity.
Taken together, these observations demonstrate that, in the

absence of a functional pathway of intrinsic apoptosis, an in-
creased expression of steady-state type I IFNs is sufficient to
induce ISG expression, and viral resistance is established. Such
unexpected findings raise the intriguing questions as to what li-
gands andmechanisms govern type I IFN response in dying cells,
how healthy cells contain unwanted IFN production, and finally,
by what means proapoptotic caspases affect these processes.

Bax/Bak-Dependent Induction of Type I IFNs
The intrinsic pathway of apoptosis is activated upon MOMP by
the Bax/Bak channel (Jiang and Wang, 2004). We thus wanted
to determine whether mitochondria and Bax/Bak-dependent
permeabilization were also involved in regulating the IFN
response. Unlike deficiency in Apaf-1 or caspases, the absence
of Bax and Bak (Figures 4A and 4B) or the overexpression of
the antagonist protein Bcl-2 (Figure S6A), although preventing
cell death induced by viral infection (Figures 4A, 4B, S6B, and
S6C), did not confer any resistance to viral infection (Figures 4B
and S6C). This observation could suggest that Apaf-1 and
caspases regulate IFN expression independently of mitochon-
drial events. However, further investigations revealed a more
subtle role of Bax and Bak in this process. Indeed, unlike WT
cells, Bax/Bak-deficient cells treated with the caspase inhibitor
Q-VD-OPH failed to induce the expression of ISGs (Figure 4C).
This observation suggests that Bax/Bak are actually required
for the induction of the IFN response in the absence of active cas-
pases. As Bax/Bak-dependent permeabilization of mitochondrial
outer membrane occurs in cultures of unstimulated cells in only a
small percentage of dying cells or in cells undergoing incomplete
MOMP, we hypothesized that the pharmacological inhibition of
Bcl-2 could favor Bax/Bak-dependent MOMP and amplify the
IFN response caused by caspase deficiency or inhibition. Consis-
tently, we observed an induction of the expression of IFNb in
Casp9 KO cells treated with the Bcl-2 inhibitor ABT-737 (Olters-
dorf et al., 2005) (Figure 4D). In contrast, Casp9 WT cells did
not express IFNb in response to Bcl-2 inhibition, showing the

role of caspases in regulating this response. As the constitutive
expression of ISGs in Casp9 KO (Figures 2 and S3) could
contribute to the response, we next treated WT cells with a com-
bination of the Bcl-2 inhibitor ABT-737 and the caspase inhi-
bitor Q-VD-OPH. The combination of Bcl-2/caspase inhibition
(ABT-737 + Q-VD-OPH) resulted in a robust expression of IFNb
after 3–6 hr of stimulation (Figure 4E). Other cytokines, such as
IL-6 and TNFa, were only moderately induced (Figure S6D). The
induction of IFNb mRNA by Bcl-2/caspase coinhibition was
entirely dependent on the presence of Bax/Bak (Figure 4F). The
treatment of human PBMCs with ABT-737 and Q-VD-OPH also
induced high expression of IFNb (Figure 4G), showing that the
mechanism of Bax/Bak-dependent caspase-regulated induction
of type I IFN is conservedbetween species. Importantly, inhibiting
caspases in the context of cell-extrinsic, caspase-8-dependent
apoptosis induction did not induce the expression of IFNb,
showing the specificity of this process for mitochondria-depen-
dent apoptosis (Figure S6E).
Taken together, these results uncover an immunomodulatory

role for the mitochondria in innate immunity, a process tightly
regulated by proapoptotic caspases in which Bax/Bak-induced
MOMP facilitates the release of a mitochondrial factor with the
capacity to stimulate type I IFN expression and promote viral
resistance.

Activation of the cGAS/STING Pathway
To identify the putative mitochondrial factor that induces type I
IFN expression in response to Bcl-2/caspases coinhibition, we
first determined which interferon-inducing pathway is involved.
We used two criteria to determine the involvement of a candidate
sensor or signaling molecule in this process: (1) the activation of
this candidate factor after ABT-737 + Q-VD-OPH treatment and
(2) the absence of IFNb expression, in response to the same
treatment, in cells lacking the candidate factor.
Interferon regulatory factors (IRFs), and in particular IRF-3 and

IRF-7, are major transcription factors required for the expression
of type I IFNs (Tamura et al., 2008), and they are activated by the
upstream kinase TBK1. Consistent with the expression of IFNb,
the inhibition of Bcl-2 and caspases (ABT-737 + Q-VD-OPH)
induced the phosphorylation of TBK1 and IRF-3 in Bax/Bak-suf-
ficient cells, but not in Bax/Bak KO cells (Figure 5A). The phos-
phorylation of TBK1 and IRF-3 after transfection of HT-DNA (her-
ring testes DNA, a stimulator of the interferon response that
serves as a positive control) was not affected by the absence
of Bax/Bak. The expression of IFNb in response to ABT-737 +
Q-VD-OPH was completely abrogated in IRF-3/7 double-defi-
cient cells (Figure 5B). These results demonstrate the critical
involvement of TBK1 and IRFs in Bax/Bak-dependent cas-
pase-regulated type I IFN induction. Two intracellular pathways
converge on the TBK1/IRFs-dependent transcription of type I
IFNs: the RLR/MAVS-dependent pathway activated by intracel-
lular viral RNA (Loo and Gale, 2011) and the cGAS/STING
pathway of cytosolic DNA recognition (Cai et al., 2014). MAVS
deficiency did not affect the response to ABT-737 + Q-VD-OPH
(Figure 5C), excluding a role of the cytosolic RNA recognition
pathway. In contrast, the Bax/Bak-dependent, caspase-regu-
lated IFN production was entirely dependent on the cGAS/
STING pathway of cytosolic DNA recognition. The cGAS/STING
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Figure 4. Bax/Bak-Dependent Induction of the IFN Response in the Absence of Active Caspases
(A and B) Bax/Bak double-KO and control immortalized MEFs were infected with VSV-GFP (MOI = 0.5). Their morphology was observed by microscopy (A); cell

death, GFP expression, and viral progeny production were determined (B) (mean ± SD of triplicates, representative of three experiments).

*p < 0.05 and ***p < 0.001 (two-tailed unpaired t test).

(C) Bax/Bak WT and double-KO MEFs were treated with vehicle (DMSO) or with the caspase inhibitor Q-VD-OPH (10 mM), and the expression of ISGs was

measured 48 hr later by RT-PCR (mean ± SD of triplicates, representative of three experiments).

(D) Expression of IFNb mRNA by Casp9 WT and KO immortalized MEFs after 6 hr of treatment with vehicle (DMSO) or with the Bcl-2 inhibitor ABT-737 (10 mM)

(mean ± SD of triplicates, representative of three independent experiments).

(E) Expression of IFNbmRNA by WT primary MEFs at the indicated time points after stimulation with vehicle (DMSO), Bcl-2 inhibitor (ABT-737, 10 mM), caspase

inhibitor (Q-VD-OPH, 10 mM) or both inhibitors (mean ± SD of duplicates, representative of three independent experiments).

(F) Expression of IFNb mRNA by Bax/Bak WT and double-KO immortalized MEFs after 6 hr of treatment with vehicle or ABT-737 + Q-VD-OPH (mean ± SD of

triplicates, representative of three independent experiments).

(G) Expression of IFNb mRNA by human PBMCs after 6 hr of treatment with vehicle or ABT-737 + Q-VD-OPH (n = 4 healthy donors, results combined from 2

independent experiments; p value calculated by two-tailed unpaired Student’s t test).

*p < 0.05; ns, not significant; pairwise comparisons following two-way ANOVA (C, D, and F). See also Figure S6.
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pathway is induced upon recognition of double-stranded DNA
by cGAS (Cai et al., 2014). cGAS then acquires its enzymatic ac-
tivity and synthesizes cGAMP, a dinucleotide that binds to and
activates STING. The treatment with ABT-737+Q-VD-OPH re-
sulted in detectable amounts of cGAMP in cell extracts, indica-
tive of cGAS activity (Figure 5D). Furthermore, cGAS deficiency

or STING deficiency completely prevented the IFNb response
to ABT-737 + Q-VD-OPH (Figures 5E and 5F). In contrast, TLR
signaling was dispensable for the response to ABT-737 +
Q-VD-OPH (Figure S7). These results unequivocally identify
cGAS/STING as the pathway through which type I IFNs are
induced by Bcl-2/caspase coinhibition.
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Figure 5. Activation of the cGAS/STING Pathway of IFN Induction
(A) Western blot analysis of the phosphorylation of TBK1 and IRF-3 in Bax/Bak WT and double-KO cells treated with combined Bcl-2/caspase inhibitors (ABT-

737 + Q-VD-OPH, 10 mM each), or transfected with HT-DNA as a positive control (3 mg/ml, 3 hr). Result representative of three independent experiments.

(B and C) Expression of IFNb mRNA by IRF-3/7 double-KO (B), MAVS KO (C), and control WT primary MEFs after 6 hr of treatment with vehicle (DMSO) or with

ABT-737 + Q-VD-OPH (mean ± SD of triplicates, representative of two experiments).

(D) cGAMP measurement in cell extracts of WT primary MEFs stimulated for 4 hr with vehicle (DMSO) or ABT-737 + Q-VD-OPH. Result representative of two

independent experiments.

(E and F) Expression of IFNb mRNA by cGAS WT and KO bone-marrow-derived macrophages (E) and by STING WT and KO primary MEFs (F) after 6 hr of

treatment with vehicle or ABT-737 + Q-VD-OPH (mean ± SD of three or two replicates, respectively).

*p < 0.05; ns, not significant; pairwise comparisons following two-way ANOVA (B, C, E, and F). See also Figure S7.
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Next, we determined whether the cGAS/STING/TBK1/IRFs
pathway was also responsible for the increased steady-state
IFN response in caspase-deficient cells. Interestingly, we ob-
served constitutive phosphorylation of TBK1 in Casp9 KO cells,
and this phosphorylation could be further induced by treatment
with ABT-737 or transfected HT-DNA (Figure 6AFigure 6). That
observation prompted us to test whether other components of
the pathway are constitutively active in the absence of functional
caspases. Upon stimulation, IRF-3 is ubiquitinylated and de-
graded through a process of negative feedback loop (Saitoh
et al., 2006). We observed lower levels of total IRF-3 protein in
Casp9 KO cells, which is suggestive of constitutive activation
followed by degradation of IRF-3 (Figure 6A). Similarly, activated
STING is phosphorylated andmarked for lysosomal degradation
(Konno et al., 2013). Again suggestive of constitutive activation,
STING protein abundance was reduced in Casp9 KO cells, and
the level of STING could be restored to WT levels after treatment
with chloroquine, a potent inhibitor of lysosomal acidification
(Figure 6B). These observations suggest that the STING pathway
is constitutively active in Casp9 KO cells and likely contributes to
the IFN-dependent induction of ISG expression. Furthermore,
the constitutive activation of STING suggests that the inhibitory
activity of caspases acts upstream of STING activation.

We next confirmed the role of the STING pathway at the ge-
netic level. Similarly to the response to ABT-737+Q-VD-OPH,
the constitutive expression of ISGs in Casp9 KO cells or in cells
treated for 48 hr with the caspase inhibitor Q-VD-OPH was
entirely abrogated in cells deficient for IRF-3/7, STING, or
cGAS (Figures 6C–6E). In contrast, the RNA recognition pathway
was not involved, as the expression of ISGs was not affected by
MAVS deficiency (Figure 6F).

Taken together, these results demonstrate that the putative
mitochondrial factor released after MOMP and that induces
type I IFN in the absence of caspases is a ligand for the cytosolic
DNA sensor cGAS. These observations demonstrate the exis-
tence of a regulated mechanism of activation of the cGAS
pathway by an endogenous ligand. This ligand is sequestered
in mitochondria in healthy cells, it is released in a Bax/Bak-
dependent manner in dying cells, and its function is intrinsically
regulated in a caspase-dependent manner.

mtDNA-Dependent Expression of Type I IFNs
Wehypothesized that themitochondrial ligand recognized by the
DNA sensor cGAS could be mitochondrial DNA (mtDNA). To test
this possibility, we used a well-established protocol of ethidium
bromide (EtdBr)-mediated depletion of mtDNA (Hashiguchi and
Zhang-Akiyama, 2009). The addition of low concentrations of
EtdBr (150–450 ng/ml) to the culture medium results in the inter-
calation of EtdBr into mtDNA and prevents its replication, but it
does not affect the replication of genomic DNA. This treatment
induced an !10-fold reduction in mtDNA (Figure 7A). When we
treated mtDNA-depleted cells with both Bcl-2 and caspase in-
hibitors, the expression of IFNbwas strongly inhibited compared
to control cells (Figures 7B and 7C). The phosphorylation of
TBK1 and IRF-3 in response to the combined inhibitors was
also abolished in mtDNA-depleted cells (Figure 7D). These re-
sults implicate mtDNA as the major inducer of type I IFN in this
system. In contrast, the response to transfected HT-DNA was

not affected by the EtdBr treatment (Figures 7B and 7C),
showing that the cGAS/STING pathway remained functional.
The response to other stimuli, such as transfected poly(I:C)
and lipopolysaccharide (LPS), was also maintained after EtdBr
treatment (Figure 7C), showing that other platforms of innate im-
mune activation are unaffected by EtdBr treatment and mtDNA
depletion. The expression of IFNb by Casp9 KO cells in response
to Bcl-2 inhibition and the constitutive phosphorylation of TBK1
in unstimulated Casp9 KO cells were also abrogated after deple-
tion of mtDNA with EtdBr (Figures 7E and 7F).
Similarly to the response to ABT-737+Q-VD-OPH, the consti-

tutive expression of ISGs in Casp9 KO cells was reversed by the
treatment with EtdBr (Figure 7G), again implicating a role for
mtDNA. We confirmed this result with an independent protocol
ofmtDNA depletion: dideoxycytidine (ddC) is an inhibitor of mito-
chondrial DNA polymerase g and does not affect the function of
nuclear DNA polymerases (Kaguni, 2004). ddC efficiently
depletedmtDNAand reduced the expression of ISGs (Figure 7H),
similar to the EtdBr treatment.
Together, these results show that mtDNA is an endogenous

ligand that is released frommitochondria via Bax/Bak and that in-
duces type I IFN expression through the cGAS/STING pathway.
Caspases play a crucial role in preventing this cell-intrinsic im-
mune response, thus maintaining the immunologically silent na-
ture of mitochondria-dependent apoptotic cell death (Figure 7I).

DISCUSSION

The physiological role of regulated cell death is to maintain
homeostasis, and dysregulated cell death can result in cancer,
autoimmune and inflammatory disorders, immunodeficiency,
or neurodegeneration. The highly regulated process of cas-
pase-dependent apoptosis is unique in its capacity to induce a
noninflammatory type of cell death (Martin et al., 2012; Tait
et al., 2014). In contrast, caspase-independent cell death gener-
ally induces an inflammatory response through release of mole-
cules, termed DAMPs, into the extracellular environment. These
DAMPs contribute to the recruitment and activation of inflamma-
tory cells of the immune system such as granulocytes andmono-
cytes/macrophages. Here, we identify a mechanism by which
dying cells expose an intracellular DAMP that activates a cell-
intrinsic innate immune response. This type of cell-intrinsic im-
mune activation in dying cells could occur while the physical
integrity of the plasma membrane is still intact or even in cells
that will eventually recover and will not undergo death.
Another singular aspect of this process is the dual role played

by mitochondria. Mitochondrial membrane permeabilization is a
point of no return in the decision to initiate cell suicide. Bax/Bak-
dependent apoptosis is generally considered as a noninflamma-
tory type of cell death. However, our results show that Bax and
Bak contribute actively to the induction of the IFN response.
The concomitant activation of caspases is required to maintain
this type of cell death immunologically silent. This mechanism
likely provides the cell with an additional level of control over
the decision of whether to die with or without alerting the immune
system. One physiological situation in which Bax/Bak-depen-
dent induction of type I IFNs could occur is in the context of
infection by viruses that express caspase inhibitors (Best,
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2008; Callus and Vaux, 2007; Tait et al., 2014). Those virally en-
coded caspase inhibitors represent an evolutionary response of
viruses to host antiviral defenses (i.e., the suicide of infected
cells) (Best, 2008; Callus and Vaux, 2007). Our model suggests
that sensing caspase inhibition could be a mechanism by which
host cells trigger an antiviral response independently of the
physical sensing of viral nucleic acids.

Three important questions remain to be elucidated:

(1) What is the nature of themtDNA involved, and how does it
come into contact with cGAS? Given the size of the Bax/
Bak pore, it is likely that small fragments of mtDNA, rather
than entire copies of mitochondrial genome, are released.
Because such fragments are experimentally difficult to
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*p < 0.05; ns, not significant; pairwise comparisons following two-way ANOVA (C–F).

Cell 159, 1563–1577, December 18, 2014 ª2014 Elsevier Inc. 1573



Control EtdBr
0

50

100

150

200

250

m
tD

N
A

/g
en

om
ic

 D
N

A
(re

la
tiv

e 
va

lu
es

)

Control
EtdBr

DMSO Q-VD-OPH
+ ABT-737

HT-DNA
0.1

1

10

100

1000

Ifn
b1

 m
R

N
A

 (f
ol

d 
in

cr
ea

se
)

N
or

m
al

ize
d 

to
 H
pr
t1

Control
EtdBr

p=0.0007 p=0.0418
A B C

D

Casp9 KO
Control

Casp9 KO
EtdBr

0.1

1

10

100

Ifn
b1

 m
R

N
A

 (f
ol

d 
in

cr
ea

se
)

N
or

m
al

ize
d 

t o
 H
pr
t1 DMSO

ABT-737

*

ns

E
Casp9 WT Casp9 KO 

Phospho-TBK1 

TBK1 

Actin 

HT
-D

NA
 

HT
-D

N A
 

AB
T-

73
7 

DM
SO

 

DM
SO

 

AB
T-

73
7 

Casp9 WT Casp9 KO 

HT
-D

NA
 

HT
-D

NA
 

AB
T-

73
7 

DM
SO

 

DM
SO

 

AB
T-

73
7 

Control EtdBr F

G

H

Untreated EtdBr
0

200

400

600

800

1000

m
tD

N
A

/g
en

om
ic

 D
N

A
(re

la
tiv

e 
va

lu
es

)

Casp9 WT
Casp9 KO

Untreated ddC
0

100

200

300

400

500

m
tD

N
A

/g
en

om
ic

 D
N

A
(re

la
tiv

e 
va

lu
es

)

Casp9 WT
Casp9 KO

Untreated EtdBr
0.1

1

10

100

Is
g1
5 

m
R

N
A

 (f
ol

d 
in

cr
ea

se
)

N
or

m
al

iz e
d 

t o
 H
p r
t 1

*

Untreated EtdBr
0.1

1

10

100

Irf
7 

m
R

N
A

 (f
ol

d 
in

cr
ea

se
)

N
or

m
a l

iz e
d 

to
 H
pr
t 1 *

ns

Untreated ddC
0.1

1

10

100

Is
g 1
5 

m
R

N
A

 (f
ol

d 
in

cr
ea

se
)

N
or

m
al

ize
d 

to
 H
pr
t1

ns

*

Untreated ddC
0.1

1

10

100

Ir f
7 

m
R

N
A

 (f
ol

d 
in

cr
ea

se
)

N
or

m
al

ize
d 

t o
 H
pr
t1

I

Caspase-3 
Caspase-7 

mtDNA cGAS/STING 
TBK1/IRF3/7 

IFN /  c
T

Bax/ 
Bak 

Apoptosome 
Cytochrome c/ 

Apaf-1/ 
Caspase-9 

m

Bax/ 
Bak

ISGs Viral 
resistance I I r

Cyt c

Control EtdBr 

Phospho-TBK1 

TBK1 

HT
-D

NA
 

HT
-D

N A
 

AB
T-

73
7 

+ 
Q

-V
D-

O
PH

 

DM
SO

 

DM
SO

 
AB

T-
73

7 
+ 

Q
-V

D-
O

PH
 

Phospho-IRF-3 

IRF-3 

Actin 

ABT-737 +
Q-VD-OPH

HT-DNA HT-DNA Poly(I:C) Poly(I:C) LPS
0.01

0.10

1

10

Ifn
b1

 o
r I
l6

 m
R

N
A

Fo
ld

 E
t d

B
r  v

s.
 C

on
tro

l

Figure 7. mtDNA Mediates the Induction of Type I IFN Expression
(A) Ratio of mitochondrial DNA (dloop) to genomic DNA (Tert) measured by RT-PCR on total extracts of WT immortalized MEFs treated for 4 days in EtdBr

(150 ng/ml) and then maintained in culture for 16 hr without treatment (mean ± SD of duplicates, representative of at least five independent experiments).

(B) WT immortalized MEFs treated with EtdBr (150 ng/ml) as in (A) were stimulated with combined Bcl-2/caspase inhibitors (ABT-737 + Q-VD-OPH, 10 mM each)

or transfected HT-DNA (3 mg/ml) for 6 hr, and the expression of IFNbmRNAwasmeasured by real-time RT-PCR (mean ±SD of duplicates). p values calculated by

two-tailed unpaired Student’s t test.

(legend continued on next page)
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detect and to quantify reliably, further studies are needed
to investigate this possibility. Studying the process of
mtDNA release is complicated by the technical chal-
lenges of isolating cytosolic and mitochondrial fractions
while maintaining the absolute integrity of mitochondria
(without release of mtDNA) and of nucleic acids. Further-
more, our knowledge of the physiological mechanisms of
mtDNA turnover and degradation is still incomplete (Clay
Montier et al., 2009).

(2) How do caspases prevent mtDNA-dependent activation
of the cGAS pathway? Our results suggest that caspases
act upstream of STING activation. cGAS or a regulator of
cGAS could be targets for caspase-dependent cleavage.
Another possibility is that caspase-dependent nucleases
(Nagata, 2005) could degrade mtDNA, thus preventing its
binding to cGAS. Finally, caspases could affect the
release of mtDNA from mitochondria.

(3) In which cells does this process occur in vivo? Dying
cells, or cells that undergo incomplete MOMP and do
not die, are the most probable source of Bax/Bak-de-
pendent caspase-regulated type I IFNs. Alternatively, all
cells could produce type I IFN at low levels and/or tran-
siently due to leakiness of the Bax/Bak pore in healthy
cells.

Answering those questions experimentally will require the
development of novel experimental protocols that would allow
the simultaneous monitoring of mtDNA release, of cGAS activity,
and of caspase activation at the single-cell level.
A surprising observation is that caspase-deficient animals do

not develop any symptoms of autoimmune disease, despite
the constitutive activation of the type I IFN response. This obser-
vation suggests that caspase deficiency could affect the function
of other aspects of the immune response. Future studies will
determine how caspases contribute to the regulation of adaptive
immunity and autoimmunity.
Finally, numerous pharmacological inhibitors of caspases

have been developed and are being tested in clinical trials with
the aim of preventing tissue damage caused by pathological
cell death (Callus and Vaux, 2007). Our results suggest that the
consequences of a chronic IFN response induced by these inhib-
itors should be evaluated. Conversely, we propose that caspase
inhibitors could be used to induce an IFN response (i.e., the
expression of ISGs) while minimizing the adverse effects caused

by interferon therapies (Vilcek, 2006), as caspase inhibition in-
duces only very low levels of type I IFNs.
It has long been known that apoptosis is an immunologically

silent form of cell death, but the molecular basis of this is un-
known. We demonstrate a role for mitochondria in the induction
of a type I IFN-mediated cell intrinsic immune response in dying
cells. Caspases, activated by mitochondria, are required to
silence that immune process in apoptotic cells.

EXPERIMENTAL PROCEDURES

Mice
Conditional KOmice with a floxed caspase-9 allele or a floxed caspase-3 allele

were generated as described in the Extended Experimental Procedures and

illustrated in Figure S1. Caspase-9, caspase-3, caspase-7, Apaf-1, IFNAR1,

IRF-3, IRF-7, MAVS, and cGAS (Mb21d1!/!) -deficient mice have been re-

ported previously (Honda et al., 2005; Kuida et al., 1996, 1998; Lakhani

et al., 2006; Li et al., 2013; Müller et al., 1994; Sato et al., 2000; Sun et al.,

2006; Yoshida et al., 1998). All animal experimentations were performed in

compliance with Yale Institutional Animal Care and Use Committee protocols.

Cell Cultures
Primary MEFs were generated from caspase-9 KO, IFNAR1 KO, caspase-9/

IFNAR1 double KO, caspases-3/-7 double KO, Apaf-1 KO, caspase-9/IRF-3/

IRF-7 triple KO, and caspase-9/MAVS double KO and respective littermate

control embryos (E16.5–E18.5). All primary MEFs used for experiments were

from passage 4 or less. Bax/Bak double-KO and control immortalized MEFs

were provided by Dr. C. Thompson (University of Pennsylvania) (Wei et al.,

2001), and primary STING KO (Tmem173!/!) MEFs were provided by Dr. G.

Barber (University of Miami) (Ishikawa et al., 2009). SV40-immortalized

Casp9 WT and KO MEFs were reported previously (Masud et al., 2007).

Herring testis DNA (HT-DNA, Sigma-Aldrich, 3 mg/ml) and poly(I:C) (Invivo-

gen, 1 mg/ml) were transfected using Lipofectamine 2000 (Invitrogen,

3 ml/ml). IFNa (used at 50 U/ml) and anti-IFNa/b antibodies (used at 300

neutralizing U/ml each) were obtained from Hycult biotech and PBL Assay

Science, respectively. Z-VAD-fmk, Boc-D-fmk (EMD Millipore), Q-VD-OPH

(MP Biomedicals), and ABT-737 (SantaCruz Biotechnology) were used at

10 mg/ml. Staurosporine and Etoposide were obtained from Sigma-Aldrich

and used at 0.01 mM or 10 mM, respectively.

Viral Infections
Mice were infected with EMCV by intraperitoneal injection of 23 103 TCID50 of

the virus diluted in 100 ml PBS.Micewere sacrificed and hearts were harvested

48 hr later, or survival was monitored for 27 days.

For VSV infection, mice were anesthetized with methoxyflurane (Anafane),

and 106 PFU of VSV in 50 ml PBS were administered intranasally. The mice

were sacrificed 24 hr later. Blood was collected by cardiac puncture and

transferred in heparinized tubes. The samples were then centrifuged (2 min

at 3,000 rpm), and dilutions of the plasma were used for viral titration.

(C) Fold inhibition by EtdBr pretreament of the induction of IFNb (blue symbols) or IL-6 (red symbols) mRNA in cells stimulated with ABT-737 + Q-VD-OPH,

transfected with HT-DNA, transfected with poly(I:C), or stimulated with LPS. Each dot represents an individual experiment.

(D) Western blot analysis of the phosphorylation of TBK1 and IRF-3 induced by ABT-737 + Q-VD-OPH (10 mM each, 6 hr) or by transfection of HT-DNA (3 mg/ml,

3 hr) in control WT immortalized MEFs or in the same cells pretreated as in (A) with EtdBr (450 ng/ml). Result representative of three independent experiments.

(E) Casp9 KO immortalizedMEFs treated or not with EtdBr (450 ng/ml) as in (A) were stimulatedwith vehicle (DMSO) or the Bcl-2 inhibitor ABT-737 (10 mM) for 6 hr

and the expression of IFNb mRNA was measured by real-time RT-PCR (mean ± SD of duplicates, representative of two independent experiments).

(F) Western blot analysis of the phosphorylation of TBK1 after treatment with vehicle (DMSO) or the Bcl-2 inhibitor ABT-737 (10 mM, 6 hr) or after transfection of

HT-DNA (3 mg/ml, 3 hr) in Casp9WT and KO immortalizedMEFs, pretreated or not with EtdBr (450 ng/ml) as in (A). Results are representative of three independent

experiments.

(G and H) Casp9WT and KO primary MEFs were treated for 4 days with EtdBr (150 ng/ml) (G), or immortalized MEFs were treated for 6 days with dideoxycytidine

(ddC, 40 mg/ml) (H). The ratio of mitochondrial to genomic DNAwasmeasured by real-time PCR on total extracts (left) and the expression of ISGs was determined

by real-time RT-PCR. Results are shown as mean ± SD of triplicates, representative of three and two independent experiments, respectively.

(I) Schematic model representation of Bax/Bak-dependent, caspase-regulated activation by mtDNA of the cGAS/STING pathway of type I IFN induction.

*p < 0.05; ns, not significant; pairwise comparisons following two-way ANOVA (E, G, and H).
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For in vitro infections, cells were plated at a density of 105 cells/ml in 6-well

plates. The next day, the cells were infected with VSV-GFP, VSV-DsRed,

HSV-2, or EMCV (diluted in 500 ml of DMEM without FBS) for 1 hr with gentle

shaking every 15 min. The cells were then washed and incubated in 1 ml of

media containing 10% FBS. The dose of virus used for infection and the

duration of the incubation are indicated in figure legends.

Cell death was measured by flow cytometry after staining with Annexin V-

APC and propidium iodide (BDBiosciences) or by LDH release assay (CytoTox

96 assay, Promega).

Type I IFN Bioassay
To measure type I IFN bioactivity, undiluted culture supernatants were trans-

ferred on cultures of the L929-pISRE-Luc reporter cell line (Jiang et al.,

2005). The luciferase activity in cell lysates was measured 24 hr later (Dual-

Luciferase Reporter Assay, Promega).

Mitochondrial DNA Depletion
Cells were treated with ethidium bromide (150 ng/ml or 450 ng/ml for 4 days;

Sigma-Aldrich) or dideoxycytidine (40 mg/ml for 6 days; Sigma-Aldrich), RNA

was extracted, and the expression of ISGs was measured by real-time RT-

PCR. For induction of IFNb expression by mtDNA-depleted cells, the cells

were cultivated for 4 days in the presence of EtdBr, replated, cultivated over-

night in the absence of EtdBr, and then stimulated as indicated. To measure

the efficiency of mtDNA depletion, total extracts were prepared by resuspend-

ing the cells in NaOH 50 mM, incubation at 95!C for 1 hr, and neutralization by

adding 10% volume Tris 1M (pH 7.5). The ratio of mtDNA (dloop) versus

genomic DNA (Tert) was measured by SybrGreen real-time PCR using the

following primer pairs:

dloop Forward: AATCTACCATCCTCCGTGAAACC

dloop Reverse: TCAGTTTAGCTACCCCCAAGTTTAA

Tert Forward: CTAGCTCATGTGTCAAGACCCTCTT

Tert Reverse: GCCAGCACGTTTCTCTCGTT

Statistical Analysis
The means of two groups were compared using two-tailed unpaired Student’s

t test. When three groups were compared, we used a one-way ANOVA test.

When there were two variables, we used a two-way ANOVA test, followed

by Games-Howell or Tukey post hoc test to compare pairs of means. Survival

curves were compared using Mantel-Cox test.
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