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Abstract	

The	adult	heart,	albeit	the	presence	of	multiple	progenitor	cell	types,	is	one	of	the	poorly	

regenerated	 organs	 following	 injury.	 Extensive	 characterisation	 of	 such	 progenitor	

populations	 is	 therefore	 crucial	 to	 understanding	 the	 potential	 of	 the	 cells	 to	 be	

manipulated	leading	to	better	injury	resolution	and	repair.	Cardiac	colony	forming	unit	

fibroblasts	 (cCFU-Fs)	 are	 a	 resident	 progenitor	 cell	 population,	 analogous	 to	 bone	

marrow	CFU-Fs,	giving	rise	to	cardiac	mesenchymal	stromal	cells	(cMSCs)	in	vitro.	While	

being	one	of	the	better	characterised	progenitor	populations,	intrinsic	cell	fate	decisions	

driving	cCFU-F	function	in	homeostasis	and	repair	are	yet	to	be	elucidated.	Hence,	the	

aim	of	this	thesis	was	to	initiate	understanding	the	underlying	molecular	mechanisms	

that	guide	cCFU-F	and	cMSC	outcomes.	This	aim	was	addressed	using	three	different	

approaches;	 (1)	 by	 determining	 the	 intrinsic	 lineage	 commitment	 of	 cMSCs	using	 an	

unbiased	 in	 vitro	assay,	 (2)	 by	 investigating	 the	 role	 of	 the	 cardiogenic	 transcription	

factor	T-box	20	(TBX20)	which	is	highly	expressed	in	cMSCs	and	(3)	by	comparing	the	

cMSCs	from	atria	and	ventricles	to	determine	the	effect	of	anatomical	location	within	

the	heart.	Serum	reduction	in	growth	media	was	used	as	a	method	to	induce	unbiased	

differentiation	of	 cells	 in	 vitro.	 The	 assay	however,	 did	not	behave	 as	 anticipated	 to	

differentiate	 the	 cells.	 Instead,	 under	 low	 serum	 conditions,	 cells	 lost	mesenchymal	

characteristics	and	acquired	a	gene	signature	similar	 to	that	of	an	active	epicardium.	

Transcriptome	 analysis	 confirmed	 the	 loss	 of	 mesenchymal	 character	 possibly	 via	

downregulation	of	TGFβ	signalling	and	revealed	predominantly	the	paracrine	potential	

of	cMSCs.	Deletion	of	Tbx20	in	cCFU-Fs	affected	clonogenicity	of	cells	while	preliminary	

observations	suggested	a	role	in	regulating	cMSC	differentiation.	Comparison	of	atrial	

and	ventricular	cCFU-Fs	revealed	enrichment	of	cCFU-Fs	in	the	atria	which	also	showed	

a	higher	 growth	 rate	 in	 vitro.	 Relative	hypoxia	 induced	metabolic	 changes	may	have	

partly	 contributed	 to	 these	differences.	Additionally,	we	describe	 a	mouse	model	 to	

study	atrial	fibrosis	which	may	also	provide	a	platform	to	characterise	reparative	and	

reactive	 fibrosis.	 In	 summary,	 this	 thesis	 presents	 the	 developments	 made	 in	

understanding	 cell	 fate	 and	 function	 decisions	 of	 cCFU-Fs/cMSCs	 and	 potential	

governing	factors.		
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Chapter	1 –	Introduction		
	

Heart	failure	 is	a	common	problem	in	both	developed	and	developing	countries	with	

about	 38	 million	 people	 affected	 globally	 [1].	 It	 is	 still	 the	 main	 cause	 of	 death,	

hospitalisations	 and	 overall,	 poor	 quality	 of	 life.	 Although	 some	 progress	 has	 been	

achieved	 over	 the	 years	 in	 management	 of	 acute	myocardial	 infarction	 to	 delay	 its	

progression,	 subsequent	 heart	 failure	 is	 still	 unpreventable	 [2-8].	 Cardiac	

transplantation	 thus	 far	 remains	 the	 ultimate	 treatment	 although	 the	 shortage	 of	

suitable	donor	hearts	combined	with	high	costs	and	post-operative	treatments	involved,	

limits	its	potential	benefits	[9].	Collectively	these	challenges	highlighted	the	importance	

of	 developing	 alternative	 therapeutic	 approaches.	 In	 this	 regard,	 regenerating	 the	

damaged	cardiac	muscle	by	restoring	the	lost	cardiomyocytes,	vascular	cell	types	as	well	

as	the	cardiac	stroma	appeared	to	be	an	ideal	solution	which	could	potentially	reverse	

the	adverse	effects	of	heart	failure	[10].	

	

1.1	Cardiac	regeneration	in	evolution	

	

The	ability	 to	 fully	 regenerate	 the	 cardiac	muscle	 endogenously	 is	 reported	 in	 lower	

vertebrates	 including	 newts,	 axolotl	 and	 zebrafish	 [11-13].	 Although	 it	 was	 initially	

thought	 that	 this	 was	 restricted	 to	 amphibians	 and	 fish,	 Porrello	 et	 al.	 later	

demonstrated	the	ability	of	neonatal	mice	to	achieve	complete	regeneration	following	

injury	up	until	7	days	post-birth	 [14].	There	 is	also	a	 report	of	a	new	born	child	who	

suffered	 significant	 cardiac	 damage	 inflicted	 by	 a	 severe	 myocardial	 infarction,	

completely	recovering	with	normal	cardiac	function	restored	by	intrinsic	regeneration	

[15].	 A	 rather	 low	 level	 of	 cardiogenesis	 is	 also	 indicated	 in	 adult	 humans	 which	

however,	is	clearly	insufficient	[16].	In	general,	adult	mammals	are	capable	of	forming	a	

non-contractile	scar	replacing	the	necrotic	muscle	but	the	intrinsic	repair	system	is	not	

capable	of	restoring	the	other	components	required	to	achieve	complete	regeneration.	

This	 suggests	 that	 the	 cardiac	 regenerative	 capacity	 is	 not	 completely	 lost	 during	

evolution,	rather,	is	restricted	to	a	particular	time	frame	post	birth	in	higher	species.		
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1.2	Cell	therapy	to	augment	cardiac	regeneration	and	lessons	learnt	from	clinical	trials	

	

To	facilitate	the	limited	cardiac	reparative	capacity,	various	stem/progenitor	cell	types	

including	 skeletal	myoblasts,	 bone	marrow	mononuclear	 cells,	 haematopoietic	 stem	

cells	and	bone	marrow	mesenchymal	stem	cells	(MSCs)	were	proposed	in	cell	therapy	

given	 their	 differentiation	 capacity	 into	 cardiovascular	 lineages	 in	 vitro	 [3,	 17-19].	

Following	hopeful	results	from	preclinical	studies,	these	cell	types	were	also	tested	in	

clinical	trials	resulting	in	no	or	very	little	evidence	of	cardiac	improvement	[3].		

Around	two	decades	ago,	the	long-standing	dogma	of	the	adult	mammalian	heart	being	

a	post-mitotic	organ	was	challenged	with	the	identification	of	several	cardiac	resident	

progenitor	 populations.	 These	 included	 C-KIT+	 cells,	 SCA1+	 cells,	 ISL1+	 cells,	

cardiospheres	and	side	population	cells	[3,	17-19].	These	progenitor	cell	types	appeared	

to	 be	more	 promising	 candidates	 for	 cell	 therapy	 given	 their	 cardiac	 residency	 and	

therefore,	 potential	 cardiac	 commitment.	 Among	 these,	 C-KIT+	 and	 cardiosphere	

derived	cells	were	also	tested	in	clinical	trials	[20,	21].	Although	they	did	appear	to	have	

a	slightly	increased	beneficial	effect	relative	to	non-cardiac	derived	cell	types,	it	was	still	

rather	modest.	All	aforementioned	cell	types	and	relevant	clinical	studies	are	discussed	

in	detail	in	Chapter	2.		

Collectively,	results	from	clinical	trials	conducted	with	several	of	the	above	mentioned	

cell	types	identified	poor	cell	engraftment	and	survival	of	transplanted	cells	and	poor	

cell	 differentiation/replacement	 as	 the	 major	 limiting	 factors	 [10].	 The	 apparent	

improvements	were	due	to	paracrine	signalling.	Several	factors	were	highlighted	that	

required	additional	attention	in	order	to	obtain	the	maximal	benefit	of	cell	therapy	[3,	

10].	These	studies	pointed	out	the	importance	of	considering	alternative	approaches	to	

deliver	cells	that	would	ensure	efficient	cell	engraftment.		Preconditioning	the	recipient	

tissue	was	also	essential	so	that	the	therapeutic	cells	are	not	introduced	directly	into	the	

harsh,	necrotic	environment	present	following	injury	which	could	affect	both	survival	

and	 differentiation	 of	 cells	 [22].	 This	 could	 be	 achieved	 via	 modulating	 the	 innate	

immune	 response	 in	 a	 timely	manner,	 in	 order	 to	promote	prompt	debris	 clearance	

while	 avoiding	 excessive	 and	 persistent	 inflammation.	 Promoting	 angiogenesis	 to	

vascularise	the	scar	region	and	activating	endogenous	stem/progenitor	cell	 types	are	
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other	 possibilities.	 With	 these	 in	 mind,	 current	 studies	 are	 focusing	 on	 using	

combinatorial	approaches	to	enhance	the	potential	benefits	of	cell-based	therapies	and	

to	augment	endogenous	repair	system	[3].		

Taken	 together,	 sections	 1.1	 and	 1.2	 highlight	 the	 importance	 of	 understanding	 the	

exact	mechanisms	 involved	 in	 cardiac	 regeneration	 in	 lower	 adult	 vertebrate	hearts,	

that	are	lost	or	malfunctioning	in	adult	mammalian	hearts.	 	 It	 is	equally	 important	to	

understand	the	true	in	vivo	potential	of	each	progenitor/stem	cell	type	and	their	intrinsic	

mechanisms	that	guide	cellular	functions.	This	knowledge	will	then	allow	us	to	identify	

potential	 therapeutic	 targets	 to	 manipulate	 cells/	 signalling	 processes	 as	 required,	

leading	to	augmented	cardiac	 repair.	Thus,	 further	detailed	molecular	and	 functional	

characterisation	of	each	of	the	potential	cell	types	is	essential	to	restore/reactivate	the	

lost	repair	mechanisms.		

1.3	Cardiac	colony	forming	unit-fibroblasts	(cCFU-Fs)	and	cMSCs	

As	 will	 be	 discussed	 in	 detail	 in	 Chapter	 2,	 Cardiac	 CFU-Fs	 are	 a	 cardiac	 resident	

progenitor	population	currently	being	investigated	in	the	Harvey	laboratory	[23].	They	

are	analogous	to	the	bone	marrow	CFU-Fs	and	give	rise	to	cardiac	cMSCs	in	vitro.	By	the	

general	definition	of	MSCs,	these	cells	are	expected	to	contribute	to	tissue	homeostasis	

and	 repair	 after	 injury	by	differentiating	 into	 various	 cell	 types	 and	by	 cell	 signalling	

through	paracrine	activity	[24].	These	potential	benefits	well	align	them	with	the	key	

requirements	of	reparative	medicine.		

Through	a	comprehensive	genetic	lineage	tracing	analysis,	Chong	et	al.	demonstrated	

that	 cCFU-Fs	 are	 derived	 from	 the	 epicardium	 during	 development	 and	 occupy	 the	

cardiac	perivascular	and	interstitial	space	in	the	adult	heart	[23,	25].	The	epicardium	is	

the	 outermost	mesothelium	 of	 the	 heart	 which	 itself	 is	 reported	 to	 be	 a	 source	 of	

progenitor	cells	both	during	development	and	in	adulthood	[26-29].	Furthermore,	cCFU-

Fs	have	been	shown	to	express	several	cardiogenic	transcription	factors	(TFs)	including	

the	GATA	binding	TFs	Gata4/6,	T-box	TFs,	Tbx5/20	and	myocyte	enhancer	factor	MEF2C	

suggesting	 cardiac	 lineage	 commitment	 (Unpublished	 data	 and	 [30,	 31]).	 The	 broad	
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lineage	potency	of	cMSC	has	been	demonstrated	in	vitro	and	in	surrogate	in	vivo	assays,	

demonstrating	 their	 capacity	 to	 differentiate	 into	 immature	 but	 striated	

cardiomyocytes,	endothelial	cells	and	smooth	muscle	cells	among	other	lineages.	In	a	

pathological	context,	cCFU-Fs	are	reported	to	be	one	of	the	prime	sources	of	cardiac	

fibroblasts	in	response	to	an	injury	(Asli	et	al.	Unpublished	and	[32]).	While	fibrosis	is	an	

important	 process	 during	 the	 early	 stages	 of	 injury	 resolution	 to	 preserve	 cardiac	

structure	 and	 function,	 persisting	 fibrosis	 can	 be	 detrimental	 leading	 to	 adverse	

remodelling	ultimately	leading	to	heart	failure	[33].		

1.4	Thesis	aims	

The	cardiac	 residency,	 gene	expression	 implying	 cardiac	 commitment,	 cardiovascular	

lineage	potency	along	with	potential	paracrine	function,	likely	suggest	the	cCFU-Fs	to	be	

an	ideal	candidate	to	be	exploited	in	cell-based	therapies	as	well	as	a	potential	target	to	

be	 manipulated	 in	 situ.	 However,	 the	 true	 contribution	 of	 cCFU-Fs	 to	 cardiac	

homeostasis	and	tissue	repair	following	injury	apart	from	fibrosis	is	not	well	understood.	

Our	understanding	of	the	guiding	factors	(both	intrinsic	and	extrinsic)	that	determine	

potential	cellular	outcomes	is	also	quite	limited.	It	is	therefore,	of	immense	importance	

to	us	to	characterise	and	understand	the	intrinsic	cell	fate	and	function	of	cCFU-Fs,	and	

the	factors	that	guide	these	decisions	to	hopefully	identify	ways	in	which	they	can	be	

used	 in	 cardiac	 repair.	 Therefore,	 in	 this	 thesis	 we	 attempted	 to	 initiate	 studies	 to	

address	these	vital	aspects	via	three	approaches	which	served	as	the	main	aims.	

In	 the	 first	 approach,	we	 anticipated	 to	 explore	 the	 intrinsic	 lineage	 commitment	of	

cMSCs	 in	 an	 in	 vitro	 setting	 using	 the	 “serum	 drop”	method	 (reduction	 of	 serum	 in	

growth	media)	which	was	partially	established	in	the	lab	at	the	time.	We	opted	for	an	in	

vitro	 system	 as	 it	 could	 provide	 a	 convenient	 platform	 to	 subsequently	 study	 the	

molecular	mechanisms	involved	through	chemical	and	genetic	manipulations.	Given	the	

origin	 of	 the	 cells	 in	 the	 cardiac	 fields	 and	 residency	 in	 the	myocardium	 along	with	

expression	of	cardiogenic	TFs,	and	based	on	preliminary	results,	we	hypothesised	the	
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cells	would	be	committed	to	cardiovascular	lineages	and	hence	would	differentiate	into	

cardiomyocytes,	endothelial	cells,	smooth	muscle	cells	as	well	as	stromal	cells.		

In	 the	second	approach,	we	determined	to	 investigate	the	role	of	 the	cardiogenic	TF	

TBX20	in	cCFU-Fs	and	cMSCs.	It	is	one	the	highest	expressed	cardiogenic	TFs	in	cCFU-Fs,	

function	of	which	is	known	to	be	essential	during	cardiac	development	and	in	adulthood	

(Unpublished	data	 and	 [30,	 34-42]).	We	hypothesised	 that	 TBX20	 is	 one	 the	 key	TFs	

responsible	for	the	cardiac	identity	of	cCFU-Fs	and	that	it	would	at	least	in	part	regulate	

growth	and	differentiation	characteristics	of	cCFU-Fs	and	their	derivatives.	

In	the	third	approach,	we	compared	and	characterised	atrial	CFU-Fs	with	those	derived	

from	 the	 ventricles.	 This	 stemmed	 from	 an	 observation	we	made	where	 ventricular	

cMSC	 cultures	 were	 found	 to	 have	 a	 slower	 growth	 rate	 when	 compared	 to	 cMSC	

cultures	established	from	whole	hearts.	The	observed	difference	in	growth,	which	is	an	

important	 intrinsic	 characteristic	 of	 cCFU-Fs,	 together	with	 the	 known	 propensity	 of	

atria	 to	 have	 a	 higher	 fibrotic	 response	 to	 injury	 [43],	 motivated	 us	 to	 carry	 out	 a	

comprehensive	 comparison	of	atrial	 and	ventricular	 cCFU-Fs.	We	also	determined	 to	

establish	an	injury	model	to	study	the	role	of	atrial	cCFU-Fs.		

In	summary,	the	following	three	aims	are	addressed	in	the	respective	chapters;	

1- Determine	 intrinsic	 lineage	biases	of	 cMSCs	 through	 the	use	of	 “serum	drop”

assay	-	Chapter	4

2- Determine	the	role	of	the	cardiogenic	transcription	factor	TBX20	in	cCFU-Fs	and

cMSCs	-	Chapter	5

3- Determine	 if	 and	 how	 the	 cell	 residency	 in	 atria	 or	 ventricles	 would	 affect

intrinsic	characteristics	of	cCFU-Fs	-	Chapter	6
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Chapter	2 –	Literature	review	

2.1	Impact	of	cardiovascular	disease	and	current	treatments	

Cardiovascular	 disease	 (CVD)	 is	 one	 of	 the	 main	 causes	 of	 morbidity	 and	 mortality	

worldwide.	In	Australia,	45,392	deaths	(accounting	for	30%	of	all	deaths)	were	reported	

in	2015	attributed	to	CVD	[44].	Among	the	many	forms	of	CVD,	chronic	heart	failure	due	

to	 acute	 myocardial	 infarction	 (MI)	 is	 the	 most	 prevalent	 form.	 The	 ischemic	

environment	caused	by	the	 infarction	causes	death	of	cardiomyocytes	and	other	cell	

types	in	the	affected	myocardium.	This	subsequently	leads	to	ventricular	wall	thinning,	

dilation	and	fibrosis	ultimately	resulting	in	left	ventricular	dysfunction	and	heart	failure	

[45].	 The	 heart	 weakens	 progressively	 and	 its	 inability	 to	 pump	 blood	 efficiently	

throughout	the	body	can	lead	to	failure	of	other	organs	causing	~50%	of	patients	to	die	

within	the	next	5	years	[46].		

The	New	York	Heart	Association	has	developed	a	classification	system	which	identifies	

4	classes	of	heart	failure	depending	on	the	severity	of	symptoms	[47].	In	the	events	of	

class	I	or	II	heart	failure,	coronary	reperfusion	coupled	with	pharmacological	therapies	

such	 as	 the	 use	 of	 beta	 blockers,	 aldosterone	 antagonists,	 and	 inhibitors	 against	

neprilysin	and	angiotensin-converting	enzymes	may	result	in	increased	survival	and	life	

expectancy	[2-6,	48].	Revascularisation	of	the	damaged	tissue	may	be	achieved	through	

coronary	 artery	 bypass	 grafting	 or	 coronary	 angioplasty/	 percutaneous	 coronary	

intervention	[7].	In	more	severe	forms,	classes	III	and	IV,	cardiac	function	may	at	least	

partially	be	supported	by	the	use	of	a	left	ventricular	assist	device	(LVAD)	[8].	However,	

neither	of	these	treatment	methods	can	entirely	prevent	or	reverse	the	effect	of	heart	

failure	 and	 therefore	 are	 generally	 considered	 as	 temporary	measures.	 The	ultimate	

treatment	calls	 for	cardiac	 transplantation	which	 itself	can	be	challenging	due	to	 the	

dearth	of	suitable	donor	hearts.	In	addition,	this	procedure	involves	high	costs	as	well	

as	 strict	 postoperative	 treatments	 involving	 immune	 suppressants	 throughout	 life,	

ultimately	resulting	in	~20	years	of	life	expectancy	[9].	All	these	challenges	have	resulted	
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in	an	increased	requirement	for	development	of	alternative	therapies	towards	cure	or	

relief	of	the	effects	of	heart	failure.	

2.2	Regenerative	medicine	to	rescue	failing	hearts	

The	ability	to	regenerate	injured	body	parts	and	organs	has	spurred	the	imagination	of	

human	kind	since	ancient	times.	The	earliest	scientific	mention	of	this	phenomena	 is	

thought	to	be	by	Aristotle	(384-322	BC)	who	observed	the	ability	of	lizards	and	snakes	

to	regenerate	the	lost	tail	tip	[49].	Since	then,	the	regenerative	capacity	of	organisms	

has	been	of	great	interest	to	many	scientists	paving	the	way	to	developing	the	concept	

of	regenerative/reparative	medicine.		

In	search	of	alternative	treatments	to	alleviate	the	symptoms	of	heart	disease	and	heart	

failure,	 interest	 in	 the	 field	 of	 regenerative	 medicine	 began	 to	 flourish	 around	 two	

decades	ago	seeking	to	restore	the	damaged	heart	tissue.	As	the	field	have	now	come	

to	appreciate,	regeneration	is	a	finely	balanced	process	which	shares	similarities	with	

organ	 morphogenesis	 during	 development	 that	 includes	 cell	 proliferation,	

differentiation,	 integration	 and	maturation	 [10].	 In	 addition	 to	 these,	 the	 process	 of	

regeneration	post-injury	also	requires	debris	clearance,	regulation	of	the	inflammatory	

response,	regulation	of	fibrosis	and	regeneration	of	myocardium	containing	all	cell	types	

and	 the	 extracellular	 matrix	 [22,	 50].	 To	 achieve	 this,	 multiple	 approaches	 were	

developed,	tested	and	conceived	over	the	last	two	decades	as	summarised	in	Figure	2.1	

[3].		

Bone	marrow	transplantation	was	being	employed	successfully	at	the	time	as	a	curative	

procedure	for	life-threatening	blood	related	diseases.	Given	the	premise	observed	with	

stem	 cell	 treatments,	 bone	marrow	mononuclear	 cells,	 skeletal	myoblasts	 and	 bone	

marrow	mesenchymal	stem	cells	were	among	the	first	types	of	cells	to	be	tested	in	all	

cell	therapy	procedures	initially	with	the	prime	goal	of	achieving	cell	differentiation	and	

tissue	restoration	[3].	While	safety	of	the	treatments	was	established	 in	clinical	trials	

following	successful	 in	vitro	 	and	preclinical	 studies,	 the	contribution	of	 transplanted	

cells	to	myocardial	regeneration	was	observed	to	be	very	minimal	[51].	The	slight		
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Figure	2.1:	Advancements	in	translational	therapy	approaches	to	regenerate	cardiac	muscle	
following	 injury.	 The	 first	 generation	 of	 cell	 therapy	 approaches	 involved	 bone	 marrow	
mesenchymal	 stem	 cells	 (bmMSCs),	 hematopoietic	 stem	 cells	 (HSCs),	 bone	 marrow	 mono	
nuclear	cells	(BMMNCs),	endothelial	progenitor	cells	(EPCs)	and	skeletal	myoblasts	(SMs).	In	the	
second	generation	of	cell	therapies,	suitability	of	lineage	directed	cardiopoietic	cells	(cpMSCs),	
cardiac	progenitor	cells	(CPCs)	and	pluripotent	cells	(ESCs	and	iPSCs)	were	exploited	for	better	
compatibility	with	 the	 target	 organ.	 The	 next-generation	 therapies	mainly	 focus	 on	 cell-free	
approaches	involving	growth	factors	and	cytokines,	miRNAs,	extracellular	vesicles	and	biological	
patches	(delivered	alone	or	as	a	scaffold/carrier	for	cell	or	growth	factors)	directed	at	enhancing	
tissue	regeneration.	Figure	adapted	from	[3].	

improvements	 in	heart	 function	were	mainly	attributed	 to	a	paracrine	effect	of	 cells	

before	or	during	their	clearance.	Insights	gained	from	these	studies	paved	the	way	to	

initiating	our	understanding	towards	the	possible	mechanisms	through	which	stem	cells	

may	function.	[52-54].	With	the	discovery	of	endogenous	cardiac	stem	/progenitor	cells,	

the	field	then	focused	on	the	use	of	such	cells,	as	well	as	lineage	guided	cardiopoietic	

cells	generated	from	bone	marrow	mesenchymal	stem	cells	(bmMSCs)	or	pluripotent	

stem	 cells	 in	 an	 attempt	 to	 better	 match	 the	 target	 organ	 [3].	 This	 included	

cardiomyocytes	differentiated	from	embryonic	stem	cells	and	induced	pluripotent	stem	

cells.	While	outcomes	appeared	to	be	slightly	better	than	the	use	of	first	generation	cell	

types,	efficacy	of	treatments	is	yet	to	be	validated	in	clinical	trials	and	are	still	far	from	
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obtaining	 sufficient	 therapeutic	 benefits	 [55].	 Potential	 therapeutic	 benefits	 (e.g.,	

paracrine	effect	of	stem	cells)	observed	during	first	and	second	generation	cell	therapies	

and	 limitations	(e.g.,	poor	cell	 retention)	guided	the	development	of	next-generation	

cell-free	approaches.	These	observations	further	emphasised	the	equal	importance	of	

conditioning/	 preparing	 the	 recipient	 tissue	 to	 provide	 a	 suitable	 niche	 for	 the	

transplanted	 cells	 to	 effectively	 integrate	 and	 contribute	 to	 cardiac	 repair	 [22].	

Therefore,	 in	 combination	with	 cell	 therapy,	 research	 is	 focusing	 on	 developing	 cell	

enhancement	methods	including	biomaterials,	3D	tissue	engineering	and	growth	factors	

to	facilitate	regeneration.		

The	 evolution	 of	 the	 three	 generations	 of	 therapeutic	 applications	 greatly	 benefited	

from	our	ongoing	understanding	of	 the	 three	main	aspects	 that	are	key	 to	achieving	

successful	 tissue	 regeneration:	 (1)	 understanding	 mechanisms	 involved	 during	

embryonic	 development	 (2)	 understanding	 tissue	 turnover	 and	 replacement	

mechanisms	in	adults	and	comparison	with	other	organisms	that	have	the	capacity	to	

fully	regenerate	(e.g.,	zebrafish,	salamander)	(3)	identification	and	use	of	different	types	

of	embryonic	and	adult	stem	cells	which	could	be	used	for	tissue	replacement	[22].			

2.3	Stem	cells	–	Definitions	and	concepts	

In	 general,	 stem	 cells	 are	 unspecialised	 cells	 with	 two	 main	 characteristics:	 (1)	 the	

capacity	to	self-renew	long	term	and	(2)	differentiate	into	one	or	more	committed	cell	

types	of	the	body	during	development,	in	homeostasis	and	tissue	repair	in	adulthood.	

Self-renewal	refers	to	the	ability	of	the	stem	cells	to	undergo	cell	divisions	giving	rise	to	

one	or	 two	undifferentiated	daughter	stem	cells	 [56].	 If	a	 stem	cell	gives	 rise	 to	 two	

daughter	 stem	cells,	 this	 is	 referred	 to	as	amplifying	self-renewal	 through	symmetric	

division	 and	 ensures	 the	 expansion	 of	 the	 stem	 cell	 pool,	 preventing	 its	 exhaustion.	

However,	it	is	also	possible	for	a	stem	cell	to	divide	and	give	rise	to	one	daughter	stem	

cell	and	one	committed	cell	in	a	process	known	as	asymmetric	division	[57].	This	would	

maintain	the	stem	cell	pool	if	there	was	no	other	loss.	In	a	process	termed	exhaustive	

division,	 a	 stem	 cell	 can	 divide	 giving	 rise	 to	 two	 committed	 cells	 and	 therefore	



10	

exhausting	the	stem	cell	continuum.	Cell	differentiation	refers	to	the	process	of	a	stem	

cell	giving	rise	to	a	lineage	committed	cell	which	could	occur	directly	or	via	a	progenitor	

cell	 state.	A	progenitor	cell	 is	an	 intermediate	uni-	or	multipotent	cell	which	has	not	

completely	acquired	a	differentiated	state.	Differentiation	can	be	further	classified	into	

four	types	[58]:	(1)	Direct	differentiation,	where	a	stem	cell	 irreversibly	commits	to	a	

lineage	specific	cell	type	through	several	stages	(e.g.,	bone	marrow	skeletogenic	stem	

cells	 differentiating	 into	 osteocytes).	 (2)	 Dedifferentiation,	 where	 a	 committed	

unipotent	cell	re-acquires	a	progenitor	state	(e.g.,	epithelial	cells	into	stem	cells	[59]).	

(3) Transdifferentiation,	when	a	specialised	cell	directly	converts	to	a	different	cell	type

without	first	acquiring	a	stem	cell	state	(e.g.,	bone	marrow	cell	into	a	skeletal	muscle

cells	[60])	and	lastly	(4)	cell	fusion	whereby	two	cells	of	different	lineages	fuse	to	give

rise	to	a	new	hybrid	cell	type	(e.g.,	bone	marrow	cell	fusion	with	hepatocytes	[61]).	Cell

differentiation	 is	 regulated	 by	 both	 internal	 (genetic)	 and	 external	 signals

(microenvironment	 [62]),	 a	 quality	 often	 emphasised	 for	 stem	 cells	 that	 are	 highly

responsive	to	their	environment.	 It	 is	noteworthy	though	that	the	exact	mechanisms

underpinning	 cell	 differentiation	 are	 not	 completely	 understood	 and	 there	 may	 be

confusion	 about	 the	 nature	 of	 different	 processes	 (e.g.,	 cell	 fusion	 may	 be

misinterpreted	as	transdifferentiation	[63]).

2.3.1	Embryonic	stem	cells	

Embryonic	 stem	 cells	 (ESCs)	 represent	 one	 of	 the	 two	main	 categories	 of	 stem	 cells	

identified,	with	 the	other	being	adult/postnatal/somatic	 stem	cells.	 ESCs	are	derived	

from	the	inner	cell	mass	of	a	blastocyst	during	gastrulation	(2-11	days)	[64-66].	These	

cells	 carry	 two	 unique	 characteristics;	 unlimited	 self-renewal	 capability	 while	

maintaining	their	differentiation	capacity	and	a	normal	chromosomal	composition,	and	

the	ability	to	give	rise	to	all	specialised	cell	types	of	the	body	including	germ	cells	that	

are	derived	from	the	three	germ	layers,	ectoderm,	mesoderm	and	endoderm	[67].	Of	

note,	 ESCs	 do	 not	 form	 extraembryonic	 tissues	 and	 therefore	 cannot	 form	 another	

embryo	(only	the	fertilised	egg	is	truly	totipotent	i.e.	able	to	form	all	 lineages).	Given	
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these	 characteristics,	 ESCs	 have	 been	 instrumental	 for	 the	 advancements	 in	 several	

areas	of	research	in	biology	and	experimental	medicine.		

The	 ability	 to	 obtain	 homogenous	 cell	 populations	 that	 are	 amenable	 to	 in	 vitro	

manipulations	has	enabled	ESCs	to	be	used	as	a	system	to	study	mechanisms	involved	

in	 early	 stages	 of	 cell	 lineage	 specification	 and	 maturation	 through	 to	 organ	

development	 (e.g.,	 through	 formation	 of	 organoids)	 [68].	 Many	 insights	 into	

hematopoietic	 and	 cardiac	development	 among	other	process	were	made	using	 this	

method.	 Given	 the	 ability	 to	 obtain	 fully	 differentiated	 mature	 cell	 types	 including	

cardiomyocytes	in	large	scale	from	human	ESCs,	suggested	these	cells	to	be	invaluable	

contributors	to	cell	therapy	procedures	[3].	This	aspect	will	be	further	discussed	along	

with	preclinical	and	clinical	trials	to	date	in	section	2.4.4.	Another	application	of	ESCs	is	

the	use	in	toxicology	studies	during	drug	development.	Again,	exploiting	the	ability	to	

obtain	large	amounts	of	differentiated	cell	types	including	hepatocytes	has	the	added	

advantage	of	less	requirement	of	reagents	when	compared	to	alternative	in	vivo	studies	

[69].	

As	 promising	 and	 therapeutically	 beneficial	 as	 ESCs	 can	 be,	 they	 also	 carry	 many	

challenges	with	regards	to	the	safety	of	such	applications.	Among	many,	one	primary	

concern	 is	 their	unlimited	self-renewal	and	differentiation	capacity	posing	 the	risk	of	

tumorogenicity	and	teratoma	formation	when	transplanted	into	a	host	(arising	from	the	

contaminating	 undifferentiated	 cells)	 [70].	 Ensuring	 a	 high	 level	 of	 complete	

differentiation	would	minimise	 this	 risk	 to	a	 certain	extent.	Another	 challenge	 is	 the	

need	 for	 chronic	 immunosuppression	 following	 therapeutic	 applications	 to	 avoid	

immune	rejection	from	the	host.		The	requirement	to	extract	cells	from	the	blastocyst	

to	 establish	 ESC	 lines	 has	 also	 lead	 to	moral	 and	 ethical	 objections	 from	 the	 wider	

community	prohibiting	the	use	of	ESCs	in	some	countries	[71].		

Discovery	of	induced	pluripotent	stem	cells	(iPSCs)	deemed	to	be	a	potential	solution	to	

several	of	the	aforementioned	challenges	[72].	iPSCs	are	reprogrammed	somatic	cells,	

achieved	by	retroviral	 introduction	of	the	4	transcription	factors	c-Myc,	Oct3/4,	Sox2	

and	Klf4,	that	have	features	similar	to	ESCs.	Apart	from	overcoming	the	ethical	issues	

surrounding	 ESCs,	 iPSCs	 hold	 the	 benefit	 of	 recapitulating	 the	 genetic	 and	 immune	
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phenotype	of	 the	patient	and	thus	proving	to	be	a	better	candidate	 for	personalised	

disease	modelling	while	avoiding	the	challenges	 involved	 in	 immune	rejection.	These	

can	then	be	used	for	drug	and	toxicology	testing,	as	well	for	gene	editing	therapies	[73].	

Use	of	iPSCs	in	cell-therapy	for	cardiac	repair	is	discussed	in	section	2.4.4.			

2.3.2	Adult	stem	cells	

2.3.2.1	Hematopoietic	stem	cells	

Adult	stem	cells,	also	referred	to	as	somatic	or	postnatal	stem	cells,	have	been	isolated	

from	 tissues/organs	 derived	 from	 all	 three	 germ	 layers;	 endoderm,	 mesoderm	 and	

ectoderm	[74].	Similar	to	ESCs,	adult	stem	cells	are	capable	of	self-renewal	however,	are	

only	multipotent	as	they	are	generally	found	to	be	lineage	restricted	in	an	organ	specific	

manner.	The	hematopoietic	stem	cell	(HSCs)	is	the	upstream	precursor	of	all	cell	types	

that	belong	to	the	hematopoietic	lineage.	HSCs	are	mesodermal	derived	and	are	then	

found	 at	 varying	 site	 of	 haematopoiesis	 during	 development	 including	 the	 yolk	 sac,	

aorta-gonad	mesonephros,	fetal	liver	and	ultimately	the	bone	marrow	[75].	However,	

the	 exact	 site	 of	 origin	 is	 still	 highly	 debated.	 These	 cells	 thus	 far	 are	 the	 best	

characterised	adult	stem	cell	population	and	serves	as	a	model	for	understanding	key	

concepts	 in	 stem	 cell	 biology	 [76].	 In	 animal	 models,	 long-term	 hematopoietic	

reconstitution	through	serial	transplantation	is	routinely	used	as	the	functional	assay	to	

define	 the	 hematopoietic	 stem	 cells	 [77].	 Through	 this	 assay,	 the	 multi-lineage	

reconstitution	 capacity	 of	HSCs	was	 initially	 characterised.	 Taking	 it	 further,	 through	

single-cell	transplantation	studies	combined	with	cell	surface	marker	characterisation,	

the	 complexity	 and	 hierarchical	 differentiation	 patterns	 that	 exists	 within	 the	 HSC	

system	have	been	clearly	established	[78].	It	is	demonstrated	that	all	blood	lineage	cell	

types	including	granulocytes,	macrophages,	erythrocytes,	platelets	and	T	and	B	cells	can	

be	derived	from	a	single	HSC	through	a	hierarchical	process	mediated	by	progenitor	cells	

at	different	tiers	[79]	(Figure	2.2).	As	of	today,	hematopoietic	stem	cell	transplantation	

has	 been	 successfully	 employed	 to	 completely	 cure	 several	 diseases	 including	

leukaemia,	 sickle	 cell	 anaemia,	 aplastic	 anaemia	 and	 some	disorders	 of	 the	 immune	

system.	
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Figure	2.2:	The	hierarchical	differentiation	pattern	of	haematopoietic	stem	cells	(HSCs).	During	
differentiation,	 progenitor	 cells	 follow	 a	 specific	 branch	 of	 the	 haematopoietic	 system	 in	 an	
irreversible	manner	 until	 a	 fully	 committed	progenitor	 cell	 state	 is	 acquired	mediated	by	 an	
intermediate	progenitor	 state.	These	end	progenitors	can	 then	give	 rise	 to	only	one	 lineage.	
Dashed	arrows	indicate	the	differentiation	of	a	committed	progenitor	to	a	fully	differentiated	
cell	 in	 a	 multistep	 process.	 CLP,	 common	 lymphoid	 progenitor;	 CMP,	 common	 myeloid	
progenitor;	 EP,	 erythrocyte	 progenitor;	 GMP,	 granulocyte–macrophage	 progenitor;	 GP,	
granulocyte	 progenitor;	 LMPP,	 lymphoid	 primed	multipotent	 progenitor;	MacP,	macrophage	
progenitor;	 MEP,	 megakaryocyte–erythrocyte	 progenitor;	 MkP,	 megakaryocyte	 progenitor;	
MPP,	multipotent	progenitor;	NK,	natural	killer.	Figure	from	Cedar	et	al.	[79].	

2.3.2.2	Mesenchymal	stem	cells	

Mesenchymal	stem	cell,	also	referred	to	as	mesenchymal	stromal	cells	were	first	defined	

in	 the	bone	marrow	system	by	Friedenstein	et	al.	 [80,	81].	Following	1-2	weeks	post	

culturing	of	bm-derived	cells	from	guinea	pigs	at	a	low	density,	they	observed	formation	

of	 distinct	 colonies	 that	 consisted	of	 plastic	 adherent,	 spindle	 shaped,	 fibroblast-like	

cells.	 The	 ability	 of	 single	 cells	 to	 form	 colonies	 (clonogenicity)	 is	 indicative	 of	 their	

capacity	to	self-renew,	one	of	the	hallmarks	of	stem	cells.	Each	founder	cell	of	a	colony	
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was	termed	a	colony	forming	unit-fibroblast	(CFU-F).	The	resulting	clonal	derivatives	of	

CFU-Fs	 collectively	 were	 termed	 as	 mesenchymal	 stem	 cells	 (MSCs).	 Following	 this,	

through	 a	 series	 of	 experiments,	 it	 was	 demonstrated	 that	 a	 culture	 of	 bmMSCs	

contained	precursors	of	skeletal	 lineages	and	stromal	tissue	[80].	When	cultured	and	

transferred	to	ectopic	sites	in	vivo,	bmMSCs	were	able	to	give	rise	to	multiple	skeletal	

cell	lineages	leading	to	the	formation	of	an	ossicle	(bone	marrow	organ).	Since	then,	the	

ability	to	generate	a	heterotopic	ossicle	has	been	established	as	the	universal	assay	to	

define	bmMSCs	[77].	Developing	on	this	concept	further,	bmMSCs	when	transplanted	

ectopically	 in	 combination	 with	 a	 mineralised	 scaffold	 were	 shown	 to	 generate	 an	

organised	complete	bone	ossicle	that	was	able	to	attract	host	vasculature,	structure	a	

niche	for	hematopoietic	stem	cells	and	support	sustained	hematopoiesis	[82].	Recently,	

Chan	 et	 al.	 described	 identification	 of	 a	 single,	 lineage	 restricted	 common	 skeletal	

progenitor	 cell,	 that	 is	 capable	of	 self-renewal	 and	giving	 rise	 to	bone,	 cartilage	 and	

stromal	cell	types	confirmed	in	serial	transplantation	assays	[83].	This	was	then	proven	

via	genetic	lineage	tracing	using	Gremlin	1	driven	Cre	recombinase	[84].	

Since	then,	stem/progenitor	populations	with	similar	colony	forming	ability	have	been	

identified	 and	 isolated	 from	 the	 stromal	 compartment	 of	many	 adult	 organs/tissues	

including	from	the	lung	[85],	kidney	[86],	periosteum	[87],	adipose	tissue	[88]	and	heart	

[89].	 The	 exact	 origin	 of	 these	 populations	 is	 still	mostly	 unknown	however,	 several	

transcriptome	analyses	together	with	some	fate	mapping	studies,	have	suggested	organ	

specific	 characteristics	 for	 these	 cells	 [85,	 86,	 90].	 This	 is	 further	 exemplified	 by	 the	

identification	of	Hox	gene	signatures	that	are	heterogeneous	but	very	specific	 to	the	

anatomical	origin	[91,	92].	All	these	cell	types	have	demonstrated	clonogenicity,	 long	

term	 self-renewal	 and	 tri-lineage	 (osteocytes,	 chondrocytes	 and	 adipocytes)	

differentiation	potential	 in	vitro	which	are	 the	 typical	 characteristics	used	 to	 identify	

MSCs.	However,	the	functional	definition	used	to	define	a	MSC,	which	is	the	ability	to	

form	 heterotopic	 ossicles	 [77],	 cannot	 be	 applied.	 Besides,	 there	 is	 no	 compelling	

evidence	that	other	MSC	types	are	able	to	generate	all	cell	types	of	the	parenchyma	and	

stroma	of	 the	 respective	 resident	 tissue.	Due	 to	 these	 reasons,	 the	 use	 of	 the	 term	

mesenchymal	 “stem”	 cell	 has	 been	 highly	 debated	 [54,	 93].	 “Mesenchymal	 stromal	

cells”	was	proposed	while	maintaining	the	acronym	“MSC”.	Many	alternatives	names	
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have	since	been	proposed	to	better	depict	the	true	therapeutic	potential	of	these	cells	

as	extensively	discussed	elsewhere	[93].		

With	 growing	 interest	 in	 studying	 tissue	 resident	MSC	 populations,	 different	 groups	

began	to	employ	methods	to	isolate,	expand	and	characterise	the	cells.	The	absence	of	

a	 formal	 definition	 for	 MSCs	 made	 it	 increasingly	 difficult	 to	 compare	 results	 from	

different	studies.	To	address	 this	 issue,	 the	 International	Society	 for	Cellular	Therapy	

(ISCT)	proposed	a	minimal	set	of	criteria	to	define	an	MSC	[94];	(1)	Plastic	adherence	

(tissue	 culture	 plastic)	 under	 standard	 culture	 conditions.	 (2)	 	 Expression	 of	 surface	

antigens	CD105,	CD73	and	CD90,	and	lack	of	expression	of	CD45,	CD34,	CD14	or	CD11b,	

CD19	and	HLA-DR.	(3)	Trilineage	differentiation	potential	in	vivo.	However,	as	discussed	

in	 Bianco	 et	 al.	 [77]	 these	 criteria	 are	 far	 from	defining	 a	bona	 fide	 stem	 cell	 and	 a	

suitable	generalised	definition	is	still	under	debate.	

2.3.2.3	Functions	of	MSCs	–	A	hypothetical	model	

Figure	 2.3:	 Hypothetical	 model	 of	 MSC	 contribution	 to	 tissue	 homeostasis	 and	 repair.	
Contribution	of	MSCs	can	be	via	cell	replacement	or	differentiation	and	cell	empowerment	or	
paracrine	 support.	Given	 the	multipotent	differentiation	 capacity,	MSCs	 are	hypothesised	 to	
replicate	and	differentiate	to	replenish	the	parenchymal	and	stromal	cell	types	of	the	resident	
tissue.	 Given	 their	 proven	 immunomodulatory	 function,	 MSCs	 can	 condition	 the	 tissue	
microenvironment	regulating	inflammation	in	an	injury	situation.	Through	paracrine	secretion	
of	growth	factors,	MSCs	can	stimulate	tissue	progenitor	cells	to	replicate	and	restore	damaged	
areas	while	also	regulating	angiogenesis,	extracellular	matrix	 remodelling	and	progenitor	cell	
differentiation.	Figure	from	Wang	et	al.	[24].	
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As	 adult	 tissue/organ	 resident	 stem	 or	 progenitor	 cells,	 MSCs	 are	 hypothesised	 to	

contribute	 to	 tissue	 homeostasis	 in	 aging	 and	 tissue	 repair	 following	 injury	 [24].	 As	

shown	 in	 Figure	 2.3,	MSCs	might	 contribute	 in	 two	ways;	 cell	 replacement	 and	 cell	

empowerment.	

Cell	replacement/differentiation	

By	definition,	bmMSCs	are	multipotent	cells	that	have	the	potential	to	form	bone,	fat,	

and	cartilage	under	defined	conditions	in	vitro	and	have	been	observed	to	do	so	in	vivo	

([82,	 95,	 96].	 However,	 through	 the	 use	 of	 soluble	 factors,	 many	 studies	 have	

demonstrated	that	in	vitro	MSCs	are	also	able	to	differentiate	into	a	much	more	diverse	

range	 of	 cell	 types	 including	 muscle,	 tendon,	 neurons,	 and	 liver	 cells.	 Caplan	 et	 al.	

hypothesised	and	presented	an	MSC	hierarchy,	termed	the	mesengenic	process,	similar	

to	the	haematopoietic	stem	cell	 (HSC)	hierarchy	that	demonstrates	the	stepwise	and	

irreversible	commitment	of	an	MSC	down	a	differentiation	pathway	to	a	fully	matured	

cell	type	(Figure	2.4)	[97].	The	validity	of	this	model	and	its	applicability	to	all	MSCs	with	

our	 current	 knowledge	 however,	 is	 highly	 contentious.	 Majority	 of	 evidence	 for	

differentiation	capacity	of	MSCs	 from	different	sources	 is	arising	 from	 in	vitro	assays	

where	strong	chemical	drivers	are	used.	Although	it	may	reveal	the	relative	plasticity	of	

adult	stem	cells	in	vitro,	it	is	highly	likely	that	the	true	endogenous	biases	are	masked	by	

the	chemicals	used.	Therefore,	it	should	not	in	any	way	suggest	that	MSCs	are	universal	

stem	cells	or	that	this	may	be	their	fate	in	a	heterologous	context	in	vivo.		

Cell	empowerment/paracrine	function	

MSCs	 are	 thought	 to	 act	 as	 signalling	 hubs	 that	 are	 capable	 of	 regulating	 tissue	

homeostasis	via	an	array	of	immunosuppressive	factors,	cytokines,	growth	factors	and	

differentiation	 factors.	 In	 an	 injury	 situation,	 MSC	 may	 help	 prepare	 the	 tissue	

microenvironment	by	 secreting	various	 immunoregulatory	 factors	 that	 can	modulate	

progression	 of	 inflammation.	 At	 the	 same	 time,	 secretion	 of	 growth	 factors	 can	

stimulate	tissue	resident	progenitor	cells	types	to	activate	and	contribute	to	restoring	

the	lost	parenchymal	and/or	connective	tissue.	MSC	signalling	may	also	promote	tissue	
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repair	by	 inducing	angiogenesis,	 inhibiting	 fibrosis	and	regulating	extracellular	matrix	

remodelling.	 Experimental	 evidence	 available	 for	 this	 hypothesis	 is	 discussed	 in	

following	sections.		

Figure	 2.4:	 The	 mesengenic	 process.	 A	 hypothetical	 model	 proposed	 by	 Caplan	 et	 al.	 to	
demonstrate	the	potential	of	MSC	to	self-renew	while	maintaining	the	ability	to	be	induced	to	
form	a	variety	of	mesodermal	cell	types	(and	subsequently	tissues)	including	bone,	cartilage	and	
fat	tissue	in	a	hierarchical	manner.	Figure	from	Caplan	et	al.	[97].	

Collectively,	 the	 long	 term	self-renewal	 capacity,	multipotent	differentiation	capacity	

and	paracrine	function	of	stem	cell	types	displayed	in	vitro,	strongly	identifies	them	as	

potential	candidates	to	be	targeted	in	regenerative	therapies.	Therefore,	in	the	search	

for	 alternative	 treatments	 for	 heart	 failure,	 researchers	 have	 been	 drawn	 towards	

exploring	and	understanding	such	cell	populations.	However,	it	is	noteworthy	that	such	

in	vitro	qualities	do	not	necessarily	fit	with	the	slow	turnover	of	both	parenchymal	and	

stromal	cells	in	organs	such	as	the	heart	[16].	
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2.4	Cardiac	regeneration	therapy	approaches	using	stem	cells	

Early	attempts	at	cardiac	cell	therapy	using	bone	marrow	stem	cells	initiated	over	two	

decades	ago.	Many	cell	types	have	since	been	extensively	studied	in	simple	cell	therapy	

procedures	with	the	hope	of	introducing	a	paradigm	shift	in	cardiac	regeneration.	In	this	

aspect,	 the	main	 goals	 of	 stem	 cell	 therapies	 is	 to	 limit	 the	 loss	 of	 functional	 tissue	

following	an	injury	and	achieve	tissue	replacement	via	stem	cells	function,	thus	reducing	

adverse	 remodelling	 and	 preventing	 heart	 failure	 [98].	 Beside	 the	 possible	

cardioprotective	 effect	 in	 the	 acute	 phase	 after	 injury;	 the	 use	 of	 stem	 cells	 can	 be	

envisioned	 also	 in	 the	 context	 of	 chronic	 heart	 failure,	 to	 restore	 normal	 cardiac	

structure	and	reverse	contractile	dysfunction	by	reducing	scarring	and	regenerating	the	

myocardium	[99].		

Bone	marrow	transplantation	was	being	employed	successfully	at	the	time	as	a	curative	

procedure	for	life-threatening	blood	related	diseases.	This	stem	cell	treatment	was	used	

to	 reconstitute	 the	 recipient	 bone	marrow	 that	 has	 been	 depleted	 due	 to	 radiation	

therapy,	to	treat	some	types	of	cancers	such	as	leukaemia,	as	a	corrective	therapy	for	

sickle	cell	anaemia	and	to	treat	immune	deficiency	disorders	to	name	a	few.	Given	the	

premise	observed	with	bone	marrow	stem	cell	treatments,	bone	marrow	mononuclear	

cells,	skeletal	myoblasts	and	bmMSCs	were	among	the	first	types	of	cells	to	be	tested	in	

cell	 therapy	 procedures	 in	 the	 context	 of	 the	 heart,	 initially	 with	 the	 prime	 goal	 of	

achieving	cell	differentiation	and	tissue	restoration	(	Figure	2.1)	[3].	Some	of	these	cell	

types	 have	 also	 been	 tested	 in	 clinical	 trials	 which	 however,	 demonstrated	 mixed	

outcomes	in	terms	of	efficacy	[52-54].	The	second	generation	of	therapies	were	initiated	

with	the	idea	of	closely	matching	donor	cells	to	the	endogenous	cardiac	cell	types	and	

therefore,	 included	 lineage	guided	cardiopoietic	 (partially	or	fully	differentiated)	cells	

and	 endogenous	 cardiac	 progenitor/stem	 cells.	 This	 generation	 also	 included	

pluripotent	stem	cell	types.	First	and	second	generation	cell	therapy	approaches	so	far	

will	be	discussed	further	below	along	with	results	from	relevant	clinical	trials.		
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2.4.1	Skeletal	myoblasts	

Skeletal	myoblasts	(SMs)	derived	from	satellite	cells	were	the	first	type	of	stem	cells	to	

be	 considered	 in	 pre-clinical	 and	 clinical	 studies	 for	 heart	 failure	 with	 the	 idea	 of	

providing	contractile	 function	to	the	 failing	myocardium	[100,	101].	 In	addition	to	 its	

ability	to	form	muscle,	ease	of	isolation	from	biopsies	in	high	numbers,	rapid	expansion	

in	vitro	and	resistance	to	ischemia	suggested	SMs	to	be	a	promising	candidate	[102].	The	

potential	of	SMs	to	be	used	 in	cell	 therapy	was	first	 tested	 in	small	and	 large	animal	

models	 [103-106].	 Intramyocardial	 injection	 of	 cells	 was	 demonstrated	 to	 decrease	

fibrosis	 while	 improving	 left	 ventricular	 function	 [103].	 However,	 the	 cells	 were	

observed	 to	 form	 skeletal	 muscle	 fibres	 as	 opposed	 to	 cardiac	 muscle	 and	 did	 not	

electrophysiologically	couple	with	native	cardiomyocytes,	nevertheless	they	improved	

adverse	 remodelling	 of	 the	myocardium	 [107,	 108].	 The	 therapy	was	 also	 shown	 to	

regulate	extracellular	matrix	remodelling	and	stimulate	endogenous	repair	[109,	110].	

Application	of	SMs	was	then	tested	in	several	small	scale	non-randomised	clinical	trials	

and	 one	 large	 phase	 II	 clinical	 trial	 [52,	 53,	 100,	 111].	While	 the	 small-scale	 studies	

demonstrated	 promising	 results	 with	 good	 cell	 survival	 and	 engraftment	 following	

injection,	 increased	 left	 ventricular	 function	 and	 enhanced	 remodelling,	 the	 largest	

controlled	 study	 (MAGIC	 trial-Myoblast	 Autologous	 Grafting	 in	 Ischemic	

Cardiomyopathy)	 failed	to	confirm	these	findings.	Furthermore,	onset	of	arrhythmias	

was	observed	in	some	patients	[53].	Based	on	these	negative	clinical	results	the	use	of	

SMs	was	discontinued.		

2.4.2	Bone	marrow	mononuclear	cells	

Bone	marrow	mononuclear	cells	(BMMNCs)	consist	of	a	mixture	of	cell	types	including	

bmMSCs,	HSCs,	blood-circulating	endothelial	progenitor	cells	and	many	other	lineage-

committed	cell	types.	The	actual	stem	cell	content	of	such	fractions	would	be	very	low.	

However,	given	their	apparent	safety	 in	cell	therapy	procedure,	ease	of	 isolation	and	

high	abundance,	and	therefore,	requiring	minimal	requirement	for	 in	vitro	expansion,	
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BMMNCs	are	the	most	frequently	used	source	of	cells	in	many	animal	models	of	acute	

myocardial	infarction	with	only	a	few	studies	on	chronic	heart	failure	[112,	113].	Small	

animal	studies	have	demonstrated	enhanced	myocardial	function	as	well	as	increased	

vascularisation	following	cell	therapy	[114,	115].	However,	results	from	studies	done	in	

sheep	and	pig	following	intramyocardial	injections	have	been	negative	with	no	obvious	

improvement	 in	 left	ventricular	function	although	one	study	reported	decreased	scar	

size	 and	 improved	 vascularisation	 [116,	 117].	 Results	 following	 BMMNC	 therapy	 in	

humans	 following	 heart	 failure	 has	 also	 resulted	 in	 mixed	 outcomes	 [118-120].	

Intramyocardial	 delivery	 of	 cells	 demonstrated	 improved	 left	 ventricular	 function,	

increased	 myocardial	 perfusion	 and	 overall,	 better	 cardiac	 function	 [118,	 120].	

However,	when	cells	were	directly	 injected	 into	the	scar	site,	cell	 treatments	did	not	

appear	to	improve	ventricular	function	[119].	Similarly,	when	cells	were	administered	

via	 intracoronary	 infusion	 (as	opposed	 to	direct	 injection),	 some	 trials	demonstrated	

improved	left	ventricular	remodelling	and	function	while	others	failed	to	confirm	these	

beneficial	effects	[62,	121,	122].	It	is	noteworthy	that	most	of	these	trials	were	carried	

out	in	small	scale.	The	ongoing	large	scale	phase	II	BAMI	trial	is	expected	to	resolve	many	

of	 these	 controversies	 around	 cell	 administration	 route	 [3].	 Overall,	 clinical	 trial	

outcomes	 using	 BMMNCs	 have	 been	 heterogeneous	 and	 rather	 negative.	 The	

observations	 however	 have	 helped	 to	 identify	 poor	 cell	 engraftment	 and	 poor	

differentiation	capacity	of	cells	as	limitations	involved.		Paracrine	function	of	delivered	

cells	is	thought	to	be	the	likely	cause	of	slight	improvements	observed	[123]	together	

with	the	differentiation	into	endothelial	cells	[124].	By	using	hBMMNCs	transfected	with	

lentiviral	 vectors	expressing	 suicidal	genes	under	 the	control	of	promoters	 for	either	

cardiomyocytes,	smooth	muscle	and	endothelial	cells,	Yoon	et	al.	showed	that,	at	least	

in	 a	 mouse	 model	 of	 acute	 MI,	 the	 beneficial	 effect	 of	 BMMNCs	 was	 significantly	

reduced	only	when	eliminating	cells	expressing	the	endothelial-specific	promoter	which	

suggests	a	direct	functional	contribution	to	the	vascular	lineage	[124].	

2.4.3	Bone	marrow	derived	mesenchymal	stem	cells	

Mesenchymal	 stem/stromal	 cells	 (MSCs)	 are	 a	 subpopulation	 of	 the	 stromal	 cell	

compartments	of	virtually	all	organs	and	soft	tissues	that	show	plastic	adherence,	clonal	
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growth	 and	 multipotency	 [77].	 The	 capacity	 of	 these	 cells	 to	 differentiate	 into	

osteocytes,	chondrocytes	and	adipocytes	haven	been	demonstrated	 in	many	studies.	

(MSC	biology	is	discussed	in	detail	in	section	2.3.2.2).	Several	studies	demonstrating	the	

ability	of	the	MSCs	to	differentiate	into	cardiomyocytes	[125,	126]	and	endothelial	cells	

[127]	 in	 vitro	 along	 with	 high	 expansion	 rates	 in	 culture	 and	 immunomodulatory	

properties	encouraged	studying	the	use	of	MSC	at	clinical	level.	Thus	far,	animal	model	

studies	 and	 clinical	 studies	 have	 demonstrated	 promising,	 although	 non-definitive	

results	[128-130].	Administration	of	cells	into	canine	and	swine	model	of	ischemic	heart	

failure	has	resulted	in	enhanced	angiogenesis,	cell	differentiation	into	smooth	muscle	

and	 endothelial	 cell	 types,	 reduced	 infarct	 size,	 improved	 cardiac	 function,	 reduced	

fibrosis	and	overall	better	heart	function	[128,	131].	These	positive	results	encouraged	

testing	MSCs	 in	 humans.	 	 Thus	 far,	 the	 two	main	 trials,	 PROMETHEUS	 (Prospective	

Randomized	Study	of	Mesenchymal	Stem	Cell	Therapy	in	Patients	Undergoing	Cardiac	

Surgery)	 and	 POSEIDON	 (Percutaneous	 Stem	 Cell	 Injection	 Delivery	 Effects	 on	

Neomyogenesis)	have	again	demonstrated	promising	outcomes	in	terms	of	safety	and	

heart	function	and	quality	of	life	following	treatment	[54].	However,	larger	studies	are	

required	to	further	assess	the	efficacy	of	treatment.		

	

2.4.4	Pluripotent	stem	cells	

	

Pluripotent	 stem	cells	 including	embryonic	 stem	cells	 (ESCs)	and	 induced	pluripotent	

stem	cells	(iPSCs)	have	the	ability	to	differentiate	into	any	cell	type	in	the	body	including	

cardiomyocytes	 [132].	 iPSCs	 are	 reprogrammed	 adult	 fibroblasts	 that	 have	 been	

demonstrated	 to	 have	 to	 similar	 properties,	 including	 pluripotency,	 to	 ESCs	 [72].	

Therefore,	they	were	considered	for	cell	based	therapies	under	the	second	generation	

of	approaches	where	the	aim	was	to	use	cells	similar	to	the	native	ones	present	in	the	

heart	[3].	The	ability	of	embryonic	stem	cells	to	differentiate	into	cardiomyocytes	has	

been	demonstrated	in	multiple	studies	through	the	expression	of	cardiac	transcription	

factors,	 display	 of	 adult	 cardiomyocyte	 phenotype,	 and	 beating	 function	with	 atrial,	

ventricular	and	nodal	specific	action	potentials	[132-135].	To	date,	ESC	derived	cardiac	

lineage	 committed	 cells	 have	 been	 tested	 at	 the	 preclinical	 level	 in	 different	 animal	
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models	 with	 mixed	 outcomes.	 Successful	 implantation	 of	 mouse	 ESC	 derived	

cardiopoietic	 cells	 into	 infarcted	 sheep	 myocardium	 was	 observed	 to	 result	 in	

cardiomyocyte	differentiation	and	enhanced	left	ventricular	function	[136].	Human	ESC	

derived	cardiopoietic	cells	have	also	been	tested	in	rodent	[137]	and	monkey	MI	models	

[138].	 Sufficient	 cell	 engraftment	 and	 cardiomyocyte	 differentiation	 (although	

incomplete)	was	observed	with	diminished	left	ventricular	remodelling	and	improved	

function	[137,	139]	although	the	study	by	Cai	et	al.	reported	the	formation	of	teratomas	

[139].	Cell	engraftment	and	electrical	coupling	of	grafted	cells	with	those	existing	in	the	

heart	were	observed	to	be	better	in	monkeys	relative	to	rats,	however	arrhythmias	were	

observed	to	develop	in	monkeys	suggesting	the	requirement	for	additional	optimisation	

of	cell	maturation	[138].	With	much	anticipation,	human	ESC	derived	cells	are	now	being	

tested	 in	a	proof-of-concept	clinical	 trial	 (ESCORT	 trial)	where	cardiac	 lineage	guided	

cells	embedded	into	fibrin	scaffolds	are	delivered	to	patients	with	ischemic	heart	failure	

[140,	141].	However,	given	the	ethical	concerns	and	barriers	surrounding	the	use	of	ESCs	

(discussed	 in	 section	 2.3.1),	 iPSC	 derived	 cardiopoietic	 cells	 have	 recently	 been	 of	

interest.	Cardiomyocytes	derived	from	human	iPSCs	have	been	tested	in	a	swine	model	

of	ischemic	cardiomyopathy	[142]	as	well	as	in	MI	[143].	The	second	study	also	delivered	

smooth	 muscle	 cells	 and	 endothelial	 cells	 in	 combination.	 The	 first	 study	 reported	

improved	cardiac	function	albeit	poor	cell	survival	while	the	second	study	also	reported	

improved	ventricular	function	without	arrhythmias	and	better	cell	engraftment.	While	

the	results	appear	to	be	promising,	several	concerns	including	teratoma	formation	from	

residual	undifferentiated	cells	[144],	immune	rejection	and	variability	between	cell	lines	

affecting	differentiation	efficiency	[145]	still	remains	to	be	addressed.		

	

2.5	Cardiac	resident	progenitor/stem	cells	

	

The	adult	heart	was	initially	believed	to	be	a	post-mitotic	organ	with	no	regenerative	

capacity.	This	long-standing	dogma	however,	was	challenged	~20	years	ago	with	the	first	

report	of	possible	cardiac	stem/progenitor	cells	identified	in	the	adult	human	heart	by	

Quaini	et	al.	 [146].	 Following	 transplantation	of	eight	 female	donor	hearts	 into	male	
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patients,	the	study	reports	of	chimerism	observed	in	the	organ	where	the	host	cells	from	

residual	 atrial	 tissue	 migrated	 to	 the	 transplanted	 hearts.	 They	 found	 7-10%	 of	

cardiomyocytes	and	vascular	cells	 in	the	transplanted	heart	to	carry	a	Y	chromosome	

which	 were	 also	 highly	 proliferative.	 Furthermore,	 the	 study	 reports	 an	 increased	

presence	of	progenitor	cells,	identified	using	C-KIT,	MDR1	or	SCA1,	in	the	ventricles	of	

donor	 hearts	 relative	 to	 control	 hearts	 out	 of	 which	 12-16%	 cells	 contained	 a	 Y	

chromosome.	The	number	of	these	progenitor	cells	were	also	found	to	be	higher	in	atria	

relative	 to	 ventricles.	Multiple	 populations	 of	 cardiac	 resident	 stem/progenitor	 cells	

have	 since	 been	 identified	 based	 on	 the	 characteristics	 of	 long	 term	 self-renewal,	

clonogenicity	and	multipotency	in	vitro	[17,	18].	In	the	wake	of	clinical	trials	using	non-

cardiac	 stem	 cell	 types	 reporting	 no	 or	 minimal	 improvements	 with	 poor	 cell	

engraftment	and	differentiation,	it	was	thought	that	the	use	of	resident	stem	cells	may	

at	least	in	part	overcome	these	issues	[17].	The	studies	so	far,	as	discussed	below,	may	

suggest	great	potential	for	the	cells	to	be	used	in	cell	therapy	to	activate/manipulate	

them	in	situ	or	to	deliver	back	into	the	heart	once	expanded/differentiated.	However,	

the	true	extent	of	contribution	of	these	cells	in	cardiac	homeostasis	and	repair	is	yet	to	

be	elucidated.		

2.5.1	C-KIT+	cells	

Multipotent	 adult	 resident	 cardiac	 stem	 cells	 were	 first	 identified	 based	 on	 the	

expression	 of	 C-KIT,	 the	 stem	 cell	 factor	 receptor	 kinase	 and	 negativity	 for	 the	

expression	 of	 blood/endothelial	 cell	 lineage	 markers	 (Lin-)	 [147].	 C-KIT	 which	 is	 the	

receptor	for	the	stem	cell	factor	(SCF)	was	originally	used	to	enrich	for	HSCs	[148,	149].	

Several	studies	suggested	that	bone	marrow	derived	Lin-,	C-KIT+	HSCs	could	regenerate	

the	myocardium	post-injury	 [112,	150].	This	observation	however	was	challenged	by	

several	 other	 groups	 reporting	minimal	 contribution	of	 cells	 to	 the	myocardium	and	

remains	unresolved	 to	date	 [113,	151].	Given	 the	different	possible	 sources	of	C-KIT	

expressing	cells	in	the	heart	[112,	148,	149]	and	aforementioned	controversies,	Beltrami	

et	al.	focused	on	the	resident	C-KIT+,	Lin-	cells	in	adult	rat	hearts	which	were	found	at	a	
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very	 low	 ratio	of	one	per	 ~1	 x	 104	 cardiomyocytes	 [147].	While	 the	 cell	 density	 also	

varied	depending	on	the	region	of	the	heart	(highest	in	the	atria	and	ventricular	apex),	

in	general	they	were	found	as	single	cells	or	in	small	clusters	within	the	interstitium.	A	

fraction	 of	 these	 cells	 showed	 clonogenicity,	 long	 term	 growth	 and	 differentiation	

capacity	 into	 cardiomyocytes,	 smooth	 muscle	 cells	 and	 endothelial	 cells	 (in	 vitro)	

although	 the	 cells	 were	 functionally	 immature	 following	 biochemical	 differentiation.	

Expression	of	cardiogenic	 transcription	 factors	GATA4,	NKX2-5	and	MEF2C	suggested	

cardiogenic	 commitment.	 Following	 injection	 into	 the	 hearts	 post-MI,	 the	 cells	were	

observed	to	integrate,	expand	and	contribute	to	structurally	and	functionally	competent	

cardiomyocytes,	endothelial	cells	and	smooth	muscle	cells	within	the	infarct	zone.	

Since	the	initial	report,	C-KIT+	cells	have	been	identified	in	the	hearts	of	mice	[152],	dogs	

[153] and	humans	[154]	and	shown	to	have	beneficial	effects	on	cardiac	repair	following

injury	 [155].	 However,	 the	 cardiomyogenic	 property	 of	 C-KIT+	 cells	 has	 been

controversial	 and	 contribution	 to	 tissue	 repair	 in	 adulthood	 has	 been	 challenged	 by

multiple	 studies.	When	 freshly	 isolated	 C-KIT+	 cells	were	 tested	 for	 lineage	 potency,

neonatal	 cells	 showed	 low	 percentage	 of	 differentiating	 into	 cardiomyocytes	 (2.4%)

whereas	differentiation	of	adult	C-KIT+	cells	was	negligible	[156,	157].	This	may	suggest

that	clonal	isolation	followed	by	in	vitro	expansion	can	enrich	for	the	progenitor	cells	as

reported	in	the	initial	study	by	Beltrami	et	al.	[147]	and	is	consistent	with	other	reports

[48,	154,	158].	Multiple	indirect	lineage	tracing	studies	collectively	have	demonstrated

that	following	injury	in	postnatal	hearts,	C-KIT+	cells	contributed	to	cardiomyocytes	at

varying	degrees	while	 in	adults,	 they	only	contributed	to	endothelial	cells	 [159,	160].

Ellison	 et	 al.	 using	 an	 acute	 diffuse	 isoproterenol-induced	 injury	model	 (causing	 less

impact	on	myocardium	and	existing	cells	than	ischemic	injury)	followed	by	fate	mapping

showed	 that	 C-KIT+	 cells	 delivered	 via	 the	 tail	 vein,	 engrafted	 at	 the	 injury	 site	 and

differentiated	into	cardiomyocytes	and	the	injury	resolved	completely	with	no	fibrosis

observed	at	day	28	[155].	However,	van	Berlo	et	al.	performing	the	first	direct	lineage

tracing	study	of	cardiac	C-KIT+	cells	reported	the	occurrence	of	many	fusion	events	of	C-

KIT+	 cells	 with	 existing	 cardiomyocytes	 and	 very	 low	 postnatal	 contribution	 to

cardiomyocytes	both	in	aging	(0.0055%)	and	post-injury	(increased	by	four-fold).	Most

lineage	traced	cells	appeared	to	be	endothelial	cells	with	rare	fibroblasts	and	smooth
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muscle	cells	[161].	Following	this,	a	study	by	Hatzistergos	et	al.	suggested	that	the	poor	

cardiomyocyte	generation	is	not	due	to	poor	differentiation	[162].	They	show	that	it	is	

rather	due	to	non-favourable	stage	specific	changes	in	the	bone	morphogenetic	(BMP)	

pathway	that	occur	during	development	as	well	as	a	result	of	the	nonpermissive	state	

of	 the	 injured	 heart.	 Through	 genetic	 fate	mapping,	 they	 also	 demonstrate	 that	 the	

cardiac	 C-KIT+	 cells	 are	 of	 neural	 crest	 origin.	 However,	 a	 very	 recent	 publication	 by	

Vicinanza	et	al.,	in	an	attempt	to	address	the	confusion	and	controversies	surrounding	

the	fate	of	C-KIT+	cells	 in	adult	heart,	used	clonally	derived	cells	to	demonstrate	that	

only	a	cell	population	less	than	1%	of	all	cardiac	C-KIT+	contained	stem	cell	properties	

both	 in	 vitro	 and	 in	 vivo.	 Furthermore,	 they	 emphasise	 the	 insufficiency	 of	 C-KIT+	

expression	alone	to	identify,	isolate	or	track	cardiac	resident	C-KIT+	progenitor	cells.	The	

study	also	 showed	 that	 in	 fact	 the	majority	 (90%)	of	 cardiac	 resident	C-KIT+	cells	 are	

blood/endothelial	 lineage	 progenitor	 cells.	 Only	 1-2%	 of	 the	 remaining	 cells	 carried	

cardiomyogenic	potential.	The	relationship	between	the	heterogeneous	C-KIT+	cells	in	

the	heart,	mechanism	of	action	and	reproducibility	of	data	is	still	to	be	investigated.	

Despite	the	debate	on		C-KIT+	cells	in	preclinical	models,	it	was	the	first	cardiac	resident	

stem	cell	population	to	be	tested	in	the	phase	I	randomised	human	clinical	trial	SCIPIO	

[20].	 This	 trial	 involved	 33	 patients	 with	 ischemic	 cardiomyopathy,	 20	 out	 of	 which	

received	intracoronary	C-KIT+	cell	therapy	with	13	patients	serving	as	controls	receiving	

conventional	therapy.	The	study	reported	significant	increase	in	left	ventricular	function	

both	at	4	month	12	month	follow	ups	consistent	with	the	preclinical	data	from	the	same	

group	[163].	Infarct	size	was	reported	decrease	by	30.2%	at	12	months.	However,	the	

editors	of	The	Lancet	journal	have	expressed	concerns	with	regards	to	the	integrity	of	

data	published	from	this	trial	[164].	

2.5.2	Cardiosphere-derived	progenitors	

First	 described	 by	 Messina	 et	 al.,	 cardiospheres	 (CSs)	 are	 3D	 multicellular	 clusters	

spontaneously	formed	by	plating	the	mesenchymal	cells,	shed	from	myocardial	tissue	

explant	cultures,	at	low-density	in	presence	of	growth	factors	and	low	serum.	The	3D	



26	

structure	 recreates	 a	 niche-like	 microenvironment	 with	 a	 hypoxic	 gradient	 which	 is	

thought	 to	 favour	 the	maintenance	of	 the	core	of	 self-renewing	progenitor	cells	and	

more	differentiated	cells	towards	the	periphery[165,	166].	Cell	 in	the	periphery	were	

observed	 to	 express	 progenitor	 marker	 SCA1,	 endothelial	 cell	 markers	 CD31,	 CD34,	

CD105	and	CD133,	MSC	markers	CD90	and	CD105,	and	cardiomyocyte	related	markers	

NKX2-5,	CX43	and	αMHC	 in	a	mosaic	pattern,	 suggesting	multilineage	differentiation	

capacity	[165,	167-169].	CSs	have	been	studied	in	multiple	species	including	mice	and	

humans	 [165,	 169,	 170].	 Embryonic	 and	 neonatal	 murine	 CSs	 were	 shown	 to	 beat	

spontaneously	directly	following	generation	and	continued	to	do	so,	but	CSs	from	adult	

hearts,	both	human	and	murine,	required	co-culture	with	neonatal	rat	cardiomyocytes	

to	be	able	to	demonstrate	beating	function	[165,	170].	While	it	was	first	suggested	that	

the	beating	was	a	result	of	CS	cells	aggregating	with	contaminating	cardiomyocytes	from	

explant	 cultures	 [171],	 Davis	 et	 al.	 later	 demonstrated	 that	 changes	 in	 the	 culture	

conditions	(e.g.,	growth	media	of	cells)	itself	can	affect	the	phenotype	of	CSs	[169].	

As	discussed	in	Chong	et	al.	in	detail	[172],	determining	the	origin	of	CSs	is	difficult	given	

the	heterogeneity	of	the	cells	 involved.	Considering	many	attempts	at	 lineage	tracing	

and	related	function	[166,	168,	169,	173,	174],	it	is	suggested	that	CSs	are	potentially	of	

epicardial	origin	and	are	not	derived	from	cardiomyocytes.	The	authors	argue	possible	

contribution	of	C-KIT+	cells	and	cardiac	MSCs	of	epicardial	origin	to	CSs	based	on	marker	

expression	 [172].	 Cardiosphere	derived	 cells	 (CDCs)	have	been	 tested	 in	 several	 pre-

clinical	animal	models	[165,	175,	176].	CDCs	injection	into	murine	hearts	following	MI	

was	 shown	 to	 result	 in	 improved	 left	 ventricular	 function	 with	 cells	 contributing	 to	

cardiomyocytes	 and	 vascular	 cells	 [165].	 A	 separate	 study	 by	 Johnston	 et	 al.	

administered	human	CDCs	via	intracoronary	delivery	into	a	porcine	model	of	ischemic	

cardiomyopathy	 and	 reported	 similar	 observations	 with	 improved	 cardiac	 repair,	

inhibited	 adverse	 left	 ventricular	 remodelling,	minimised	 scar	 size	 and	 improved	 left	

ventricular	 function	 [175].	 Furthermore,	 a	 comparison	 of	 different	 stem	 cell	 types;	

human	CDCs,	bone	marrow	derived	MSCs,	BMMNCs	and	adipose	tissue	derived	MSCs,	

in	 vitro	 and	 in	 vivo	 in	 a	 mouse	 model	 of	 MI,	 reported	 CDCs	 to	 perform	 better	 in	

promoting	 cardiac	 repair.	 CDCs	 were	 also	 superior	 in	 terms	 of	 differentiating	 into	
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myocytes	and	vascular	cell	types,	promoting	angiogenesis,	better	cell	engraftment	and	

improved	cardiac	function	[177].	

Based	 on	 promising	 preclinical	 studies,	 CDCs	 were	 the	 second	 cardiac	 resident	 cell	

population	to	be	tested	at	clinical	 level	 in	CADUCEUS		randomised	phase	I	trial	 [178].	

The	 trial	 involved	 25	 patients	 with	 acute	MI.	 Seventeen	 patients	 were	 treated	with	

autologous	CDCs	via	intracoronary	injection	while	the	other	8	patients	served	as	controls	

receiving	 standard	 therapy	 [178].	 Safety	 of	 the	 procedure	 was	 established	 with	 no	

tumour	formation	or	any	adverse	effects.	No	functional	benefit	was	observed	after	6	

months	but	improvement	in	structural	changes	were	observed	with	reduced	scar	size	

[178].	However,	both	functional	and	structural	improvements	were	observed	at	1	year	

follow	up	[179].	Phase	II	trial	ALLSTAR	is	now	underway	to	further	evaluate	the	safety	

and	efficacy	of	the	treatment	involving	a	larger	group	of	patients.	

2.5.3	Side	population	cells	

The	 side	population	 (SP)	 cells	are	 characterised	by	 their	ability	 to	efflux	 the	Hoechst	

33342	dye	from	the	nucleus	via	the	ATP-binding	cassette	transporter	ABCG2	[180].	This	

is	a	unique	property	of	progenitor	cells	that	was	first	used	to	identify	HSCs	in	the	mouse	

bone	marrow	 [181,	 182].	 Using	 the	 same	method,	 SP	 cells	were	 then	 isolated	 from	

embryonic	 and	 adult	 mouse	 hearts	 (and	 later	 in	 humans	 [183,	 184])	 and	 were	

characterised	as	a	population	that	was	SCA1high,	CD31-,	C-KITlow	and	CD34low	[185-187].	

In	rat	hearts,	the	proportion	of	SP	cells	relative	to	the	total	cardiac	derived	cells	were	

observed	to	be	4%,	2%	and	1.2%	in	fetal,	neonatal	and	adult	hearts	respectively	[188].	

An	early	study	by	Hierlihy	et	al.	demonstrated	stem	cell	characteristics	of	SP	cells	with	

colony	forming	ability	and	differentiation	into	cardiomyocytes	[185].	Differentiation	into	

cardiovascular	 lineages	was	 also	 reported	by	Oyama	et	 al.	GFP-tagged	 SP	 cells	were	

infused	 intravenously	 into	 cryo-injured	 rat	 hearts	 and	were	 found	 to	 home	 into	 the	

injury	 site	 where	 a	 fraction	 of	 the	 cells	 differentiated	 into	 cardiomyocytes,	 smooth	

muscle	cells	and	endothelial	cells	[188].	



28	

A	recent	study	by	Noseda	et	al.	[189]	confirmed	SCA1	expression	in	SP	cells	and	further	

demonstrated	that	SP	phenotype	coupled	with	PDGFRα	(hence	largely	overlapping	with	

PDGFRα+,	SCA1+	cardiac	stromal	cells	that	are	enriched	for	cCFU-Fs	discussed	in	section	

2.5.4)	 predicted	 clonogenicity,	 long	 term	 self-renewal	 and	 expression	 of	 cardiogenic	

genes	(Gata4/6,	Hand2	and	Tbx5/20).	SP	cells	that	did	not	express	PDGFRα	were	found	

to	 express	 endothelial	 lineage	 markers	 CD31,	 Flk-1	 and	 Cdh5.	 To	 assess	 possible	

contribution	 of	 cells	 in	 vivo,	 clonal	 progeny	 arising	 from	 single	 SP	 cells	 expressing	

mOrange	 were	 injected	 into	 infarcted	 hearts	 and	 tested	 for	 cell	 differentiation	 and	

functional	 impact.	 Albeit	 that	 poor	 long-term	 engraftment	was	 observed,	 cells	were	

found	 to	have	differentiated	 into	cardiomyocytes	 (10%),	endothelial	 cells	 (4-8%)	and	

smooth	muscle	cells	(5-15%)	at	2	weeks.	Following	cell	grafting,	when	assessed	at	12	

weeks,	overall	improvement	in	cardiac	function	was	observed	with	decreased	scar	size,	

improved	left	ventricular	function	and	decreased	left	ventricular	remodelling.	

In	an	attempt	to	determine	the	origin	of	cardiac	SP	cells,	an	earlier	study	by	Mouquet	et	

al.	transplanted	fluorescently	labelled	bone	marrow	cells	into	wild-type	mice	[190].	An	

acute	 depletion	 of	 cardiac	 SP	 cells	 was	 observed	 following	 MI	 which	 however	 was	

rapidly	 replenished	(up	to	25%)	by	bone	marrow	derived	cells	within	the	period	of	7	

days.	This	suggested	bone	marrow	origin	for	at	least	a	fraction	of	the	cells	and	warranted	

further	characterisation.	A	separate	study	by	Tomita	et	al.	suggested	a	small	fraction	of	

cells	to	have	potential	origins	in	the	embryonic	neural	crest	[191].	However,	Noseda	et	

al.	 contradicted	 both	 these	 observations	 with	 a	 formal	 lineage	 tracing	 study	 using	

multiple	Cre	drivers	[189].	 	They	demonstrated	that	virtually	all	cardiac	SP	cells	were	

derived	from	the	Mesp1+	mesoderm.	While	all	SP	cells	were	largely	derived	from	Nkx2-

5	and	 Isl1	expressing	precursors,	 PDGFRα	expressing	 SP	 subpopulation	derived	 from	

cells	that	also	expressed	Gata5	and	Wt1,	markers	of	epicardium.	CD31	expressing	SP	

subpopulation	derived	from	Flk1	and	Tie2	expressing	cells.	
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2.5.4	Cardiac	colony	forming	unit	fibroblasts	(cCFU-Fs)	and	cardiac	MSCs	

Colony	 forming	 unit-fibroblasts	 (CFU-Fs)	 are	 a	 progenitor	 cell	 type	 that	 was	 first	

described	by	Freidenstein	et	al.	in	the	bone	marrow	[80].	Clonal	progeny	derived	from	

these	cells	 in	vitro	are	collectively	termed	as	MSCs	and	have	been	identified	 in	many	

organs	 in	 several	 species	 [87,	 88,	 192-194].	 Chong	 et	 al.	 first	 reported	 the	

characterisation	 of	 a	 cardiac	 resident	 CFU-F	 population	 (cCFU-Fs)	 and	 demonstrated	

that	 they	were	 analogous	 to	 those	 found	 in	 the	 bone	marrow	 [89].	 cCFU-Fs	 are	 an	

endogenous	progenitor	population	enriched	within	the	cardiac	stromal	cell	fraction	that	

is	SCA1+,	PDGFRα+	and	CD31-	(referred	to	as	S+P+	cells	henceforth)	in	the	absence	of	a	

single	marker	to	identify	them	in	vivo	(Figure	2.5,	A).	While	the	initial	characterisation	

was	performed	on	a	murine	model,	presence	of	 cCFU-Fs	was	 recently	established	 in	

humans	[25].		

As	the	name	suggests,	cCFU-Fs	are	characterised	by	their	clonogenic	ability	in	vitro.	A	

spectrum	of	colonies,	comprised	of	spindle	shaped,	fibroblastic	cells,	are	observed	upon	

culturing	 S+P+	 cells	 at	 clonal	 density	 on	 tissue	 culture	 plastic	 in	 high	 serum	 (20%)	

containing	 media	 (Figure	 2.5,	 B).	 A	 culture	 containing	 all	 resulting	 cells,	 collectively	

referred	to	as	cMSCs,	show	long	term-growth	potential	indicating	self-renewal	capacity.	

These	 cultures	 were	 observed	 to	 grow	 exponentially	 over	 ~40	 passages	 without	

senescence.	However,	this	capacity	is	compromised	with	aging	or	in	an	injury	situation.	

The	lineage	potency	of	cMSCs	has	been	demonstrated	using	multiple	assays.	The	ability	

of	 the	 cells	 to	 differentiate	 into	 cardiovascular	 lineage	 cell	 types	was	 demonstrated	

using	 in	vitro	and	surrogate	 in	vivo	assays	 (Figure	2.5,	C).	 In	vitro	assays	consisted	of	

direct	 differentiation	 using	 soluble	 factors	 and	 co-culture	 with	 neonatal	 rat	

cardiomyocytes	 (NRCMs).	As	determined	by	 lineage	marker	expression	analysis,	 cells	

were	 observed	 to	 differentiate	 into	 cardiomyocytes,	 endothelial	 cells	 and	 smooth	

muscle	 cells.	 The	 functionality	 of	 the	 differentiated	 cells	was	 assessed	 in	 a	 cell	 type	

specific	manner.	 Although	 no	 beating	was	 observed,	 cMSCs	were	 observed	 to	 form	

striated	 α-actinin+	 sarcomeric	 structures	 following	 co-culture	 with	 NRMCs.	 When	

induced	 to	 differentiate	 into	 endothelial	 cells,	 cMSCs	 could	 form	 branched	 tubular	

structures	in	matrigel	and	aortic	co-cultures	and	were	also	shown	to	uptake	low	density	
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Figure	2.5:	cCFU-Fs	are	clonogenic	and	the	cMSCs	derived	from	these	colonies	differentiate	
into	cardiovascular	cells	types.	A.	Representative	FACS	plot	of	the	PDGFRα+,	CD31−	population	
(boxed)	within	the	SCA1+	live	single	interstitial	cell	fraction	This	population	is	referred	to	as	S+P+	
cells	 and	 contains	 all	 colony	 forming	 cells	 (cCFU-Fs).	B.	 Bright	 field	 image	 of	 representative	
colony	 types	 observed	 in	 culture	 scored	 at	 8	 d	 post	 isolation.	 C.	 Marker	 analysis	 and/or	
functional	analysis	following	differentiation	of	cMSCs	into	cardiomyocytes	(CM)	via	co-culture	
with	neonatal	rat	cardiomyocytes	(NRCM)	and	following	injection	into	the	border	zone	of	the	
infarct	bed	post-MI;	into	endothelial	cells	(Endo)	in	matrigel	and	aortic	ring	co-cultures	assays,	
and	following	injection	into	infarct	bed;	into	smooth	muscle	cells	(SMC)	using	the	same	assays.	
The	 endothelial	 cells	 demonstrated	 acetylated-low	 density	 lipoprotein	 (Ac-LDL)	 uptake	 and	
smooth	 muscle	 cells	 contracted	 following	 carbachol	 stimulation	 showing	 functional	
characteristics.	Quantification	of	the	carbachol	treatment	is	summarised	in	the	bar	graph.	error	
bars	represent	SD	between	independent	experiments.	Figures	adapted	from	Chong	et	al.	[23]	
and	Chong	et	al.	[172].	

lipoprotein	(LDL).	Contraction	following	stimulation	with	carbachol	was	observed	when	

differentiated	into	smooth	muscle	cells.	To	determine	potency	of	cMSCs	 in	vivo,	GFP-

labelled	cells	were	injected	into	the	infarct	zone	in	mouse	hearts.	GFP+	cardiomyocytes	

and	vascular	cells	were	observed	despite	low	engraftment	and	poor	cells	survival.	Since	
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all	 labelled	 cells	 scored	 appeared	mononuclear,	 it	 seems	 unlikely	 that	 these	 lineage	

descendants	were	the	result	of	cell	fusion.	When	assessed	for	trans-germ	layer	potency,	

cMSCs	 could	 be	 induced	 to	 differentiate	 in	 vitro	 into	 endodermal	 (hepatocytes)	 and	

neuroectodermal	(neurons)	cell	types,	using	soluble	growth	factors,	although	with	low	

efficiency.	cMSCs	when	transplanted	alone	were	unable	to	form	teratomas	under	the	

kidney	capsule,	however,	when	co-transplanted	with	ESCs,	cMSCs	were	seen	to	have	

contributed	 several	 cell	 types	 of	 mesodermal,	 endodermal,	 ectodermal	 and	

neuroectodermal	 lineages.	 Since	 all	 labelled	 cells	 scored	 appeared	 mononuclear,	 it	

seems	unlikely	that	these	lineage	descendants	were	the	result	of	cell	fusion.	It	is	possible	

that	in	the	teratoma	assay,	cMSCs	were	reprogrammed	to	a	more	plastic	state	in	the	

presence	 of	 ESCs.	 These	 data	 collectively	 suggest	 lineage	 plasticity	 of	 cCFU-Fs	 and	

cMSCs.	However,	it	is	noteworthy	that	this	does	not	reflect	the	in	vivo	contribution	of	

cCFU-Fs.		

Cardiac	 MSCs	 share	 multiple	 characteristics	 and	 functions	 with	 bmMSCs	 including	

clonogenic	ability,	long-term	self-renewal	and	multipotency	as	well	as	surface	antigen	

receptor	expression	of	CD44,	CD90,	CD105	to	name	a	few	[86].	Therefore,	to	determine	

if	the	cCFU-Fs	were	bone	marrow	derived,	total	bone	marrow	cells	isolated	from	mice	

expressing	GFP	ubiquitously	were	transplanted	into	lethally	irradiated	wild	type	mice.	

S+P+	 cells	 isolated	 from	bone	marrow	 transplanted	mice	 following	 aging	 or	 post-MI	

surgery	were	then	assessed	for	colony	forming	ability.	No	GFP+	cells	were	observed	to	

contribute	to	cardiac	colony	formation	neither	in	aging	nor	post-MI	suggesting	the	cCFU-

Fs	were	not	of	bone	marrow	origin.		

The	embryonic	origin	of	cCFU-Fs	was	then	more	formally	assessed	via	Cre-recombinase	

mediated	 lineage	 tracing	 (Figure	 2.6,	 A).	 A	 range	 of	 Cre	 driver	mice	 (Mesp1,	 Gata5,	

Wnt1,	Myl2	and	Nkx2-5)	were	crossed	with	a	transgenic	reporter	line	[23].	S+P+	cells	

were	then	isolated	and	assessed	for	colony	formation	in	cells	positive	and	negative	for	

reporter	 expression.	 Majority	 of	 colonies	 were	 observed	 to	 be	 derived	 from	 cells	

expressing	Mesp1	demonstrating	 a	mesodermal	 origin,	and	 that	most	 colonies	were	

tagged	by	Gata5-Cre	more	specifically	suggested	an	epicardial	origin	for	cCFU-Fs.	The			
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Figure	2.6:	Lineage	tracing	workflow	to	determine	the	origin	of	cCFU-F	[23].	A.	Lineage	specific	
CRE	driver	mice	(CMV,	Mesp1,	cGata5)	were	crossed	with	the	Z/EG	reporter	mouse.	In	the	event	
of	CRE	activation,	LacZ	cassette	is	lost	leading	to	GFP	expression.	Percentage	of	LacZ+/GFP−	or	
LacZ−/GFP+	 colonies	 obtained	 from	 S+P+	 cells	 were	 scored	 (graphs	 below).	 In	 Mesp1-
Cre	 ×	Z/EG	 progeny,	 ~81.3%	±	7%	were	 LacZ−/GFP+	 suggesting	predominantly	 a	mesodermal	
origin.	In	Gata5-Cre	×	Z/EG	progeny,	79.3%	±	5%	were	LacZ−/GFP+	suggesting	an	epicardial	origin.	
B. Lineage	 tracing	 workflow	 based	 on	 a	 conditional	 Wt1-CRE-ERT2	 mouse	 crossed	 with
a	Rosa26R	 reporter.	~20%	of	adult	colonies	were	LacZ+	after	 tamoxifen	treatment	over	E9.5-
11.5,	confirming	the	epicardial	origin	of	cCFU-F	and	indicating	self-maintenance	of	fetal	cCFU-F
parent	cells	into	adulthood.	Figures	adapted	from	Chong	et	al.	[172]	based	on	Chong	et	al.	[23].

findings	were	further	confirmed	using	Cre	driven	by	the	epicardial	transcription	factor	

WT1	(Figure	2.6,	B)	and	with	experiments	carried	out	in	embryonic	stages.	These	studies	

however,	 does	 not	 completely	 exclude	 the	 possibility	 of	 other	 origins	 for	 cCFU-Fs.	

Whether	the	cells	derived	from	the	epicardium	during	development	maintained	stem	

cell	characteristics	through	self-renewal	or	whether	they	represent	a	facultative	stem	

cell	state	is	yet	to	be	understood.		
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2.6	Meta-analysis	of	first	and	second	generations	cell	therapy	procedures	

To	date,	there	have	been	two	main	meta-analyses	performed	on	preclinical	trials	carried	

out	in	large	animal	models.	The	analysis	by	van	der	Spoel	et	al.	[195]	looked	at	52	studies	

performed	 across	 888	 animals.	 They	 report	 an	 increase	 of	 7.5%	 in	 left	 ventricular	

ejection	fraction	observed	at	follow	up,	in	animals	subjected	to	cell	therapy	following	

ischemic	heart	disease	relative	to	the	controls.	They	also	reported	that	while	BMMNCs	

and	MSCs	were	the	most	used	cell	types	in	these	studies,	the	efficacy	of	BMMNCs	was	

rather	low	compared	to	other	cells.	Another	meta-analysis	by	Jansen	of	Lorkeers	et	al.	

[196] focusing	 on	 autologous	 and	 allogenic	 cell	 therapy	 for	 ischemic	 heart	 disease

reported	an	increase	of	8.3%	in	left	ventricular	ejection	fraction	and	a	decrease	in	end

diastolic	volume	in	treated	animals	compared	to	the	control	group.	This	analysis	looked

at	 82	 studies	 performed	 across	 1415	 animals.	 The	 mode	 of	 therapy,	 autologous	 or

allogenic,	did	not	affect	the	functional	outcome.

While	the	conclusions	of	the	meta-analysis	performed	on	preclinical	studies	(conducted	

in	animal	models)	were	consistent,	a	few	discrepancies	were	observed	in	clinical	studies	

(in	human).	The	analysis	carried	out	by	Gyongyosi	et	al.	[51],	which	is	the	only	analysis	

to	date	that	looked	at	primary	patient	data,	analysed	1252	individual	patients	with	acute	

myocardial	infarction	from	12	randomised	trials	of	intracoronary	cell	therapy.	The	study	

did	not	observe	increased	efficacy	of	treatment	relative	to	controls	although	safety	of	

treatments	was	confirmed.	Timing	and	dose	of	cell	therapy	was	also	not	observed	to	

confound	 the	 outcomes.	 The	 other	 available	meta-analyses	 are	 based	 on	 published	

patient	 averaged	 data	 and	 while	 several	 studies	 found	 a	 beneficial	 effect	 following	

BMMNC	 therapy	 [197-199],	 others	 have	 reported	 no	 effect	 when	 left	 ventricular	

function	was	assessed	[51,	200].		

In	summary,	the	use	of	cell-based	therapies	for	cardiac	repair	is	a	complex	and	poorly	

understood	process.	The	clinical	trials	so	far	confirmed	the	safety	aspect	of	cell	therapies	

although	 with	 only	 modest	 therapeutic	 benefits	 if	 any.	 Poor	 cell	 engraftment	 and	

survival	 was	 one	 of	 the	 major	 limitations	 observed.	 The	 regenerative	 capacity	 of	

transplanted	cells	can	be	highly	 influenced	by	 the	microenvironment	 in	 the	recipient	
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tissue	[22].	The	activated	immune	response	in	the	host	tissue	may	need	to	be	regulated	

to	provide	a	more	cell-friendly	environment	which	can	be	achieved	by	pre-conditioning	

the	damaged	 tissue.	 Cell	 delivery	methods	 can	 also	be	optimised	 to	promote	better	

retention	(e.g.,	immobilised	on	a	scaffold,	in	the	form	3D	tissue).	Limited	regenerative	

capacity	 of	 transplanted	 cells	 under	 ectopic	 conditions	may	 also	 be	 another	 reason.	

Priming	the	cells/lineage	guiding	prior	to	transplantation,	delivery	of	growth	factors	in	

conjunction	with	cell	therapy	are	possible	remedies.	The	third	generation	of	therapeutic	

approaches,	 primarily	 focusing	 on	 cell-free	 approaches	 as	 discussed	 in	 the	 following	

section,	were	developed	to	at	least	in	part	overcome	aforementioned	limitations.		

2.7	Third	generation	of	cell	therapies	–	cell	free	methods	

Based	 on	 our	 understanding	 of	 tissue	 regeneration,	 successful	 myocardial	 repair	

requires	 multiple	 processes	 to	 occur	 simultaneously.	 This	 includes	 cardiomyocyte	

replacement	 either	 via	 proliferation	 of	 pre-existing	 cardiomyocytes	 or	 de	 novo	

cardiomyocyte	 differentiation,	 regulation	 of	 fibrosis,	 neovascularisation,	

immunomodulation	 and	 lymphangiogenesis	 [10].	 So	 far,	 clinical	 translation	 mainly	

focused	 on	 cell-based	 therapies	 and	 transplanted	 cells	 ideally	 should	 be	 capable	 of	

differentiating	into	cardiomyocytes	and	vascular	cell	types	and	modulating	functions	of	

other	cell	 types	through	paracrine	function.	Unfortunately,	all	cell	 types	tested,	 from	

bone	marrow	derived	cells	to	cardiac	resident	cell	populations,	resulted	in	rather	low	or	

negligible	effect	on	heart	repair	and	function	although	the	studies	did	meet	safety	end	

points	[201,	202].	The	clinical	trials	also	recognised	that	any	positive	effect	cell	therapy	

had	was	mainly	due	to	their	paracrine	function	as	opposed	to	cell	differentiation	and	

replacement.	 With	 this	 in	 mind,	 next	 generation	 of	 regenerative	 therapies	 evolved	

around	the	concept	of	cell-free	approaches	which	however,	maybe	coupled	with	cell	

based	 therapies	 to	 augment	 beneficial	 effects	 [3].	 A	 broad	 range	 of	 therapeutic	

applications	have	been	initiated	or	proposed	including	development	of	biomaterials,	3D	

tissue	 reconstruction,	 and	 delivery	 of	 growth	 factors,	 chemokines	 and	 miRNA	 for	

reprogramming	or	modulation	of	intrinsic	repair	process.	
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2.7.1	Biomaterials	and	3D	tissue	constructs	

	

Poor	 performance	 of	 transplanted	 cells	 was	major	 a	 challenge	 faced	 in	 current	 cell	

therapies.	 The	 main	 reasons	 are	 likely	 to	 be	 poor	 cell	 retention,	 survival,	

engraftment/coupling	 with	 surrounding	 cells	 and	 differentiation.	 To	 enhance	 cell	

homing	scaffolds	such	as	decellularised	matrices,	and	biomaterials	may	be	used	to	act	

as	a	carrier	for	cells	but	also	for	delivery	of	cell-free	substances	such	as	growth	factors	

[203-206].	 A	 biomaterial	 may	 be	 delivered	 to	 the	 heart	 either	 as	 a	 patch	 or	 as	 an	

injectable	hydrogel	[207].	The	injectable	hydrogels	can	also	serve	as	extracellular	matrix	

substitute	scaffolds	[208].		

Collagen	[209,	210],	chitosan	[210]	,	gelatine	[211],	alginate	[212]	and	fibrin	glue	[213]	

are	some	of	the	natural	biomaterials	that	has	been	tested	in	cardiac	repair	to	date	along	

with	the	synthetic	biomaterials	poly(lactic-co-glycolic	acid)	(PLGA)	[213],	polyurethane	

[214]	and	carbon	nanotubes	[215].	Collagen	is	one	of	the	most	used	natural	materials	

and	have	been	used,	for	example,	to	deliver	vascular	endothelial	growth	factor	(VEGF)	

to	augment	vascularisation	during	cardiac	repair	 [203].	Recently	epicardially	secreted	

follistatin-related	protein	1	(FSTL1)	was	 identified	as	an	 important	anti-apoptotic	and	

proliferative	factor	in	promoting	myocardial	repair	post-injury	[216].	When	tested	on	a	

mouse	model	of	MI	and	swine	model	of	ischemia	reperfusion	injury,	delivery	of	FSTL-1	

integrated	 to	 a	 collagen	 patch	 was	 observed	 to	 improve	 overall	 cardiac	 function.	

Furthermore,	a	collagen	patch	alone	was	shown	to	inhibit	adverse	remodelling,	preserve	

heart	 contractility	 and	 overall	 enhance	 cardiac	 function	 by	 reducing	 fibrosis,	

incorporating	native	cells	 including	smooth	muscle	and	endothelial	cells	 to	the	patch	

and	promoting	vascularisation	between	the	patch	and	the	infarct	region	[217].		

Interest	has	also	been	on	the	use	of	conductive	biomaterials	such	as	polypyrrole	(PPy),	

polyazulene	 (PAz),	 poly(3,4-ethylenedioxythiophene)	 (PEDT)	 and	 polyaniline	 (PANI)	

[218].	In	addition	to	providing	extracellular	matrix	support	for	cell	delivery,	conductive	

biopolymers	 can	 also	 assist	 in	 electrical	 signal	 conduction	 and	 promote	 better	

integration	of	transplanted	cells	with	recipient	cells	[208,	219,	220].		
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Scaffold-free	 tissue	 based	 approaches,	 3D	 tissue	 constructs,	 such	 as	 the	 use	 of	 cell	

sheets	 and	micro-tissue	 is	 also	 reported	 [221-223].	 The	 cells	 to	 be	 transplanted	 are	

aggregated	in	the	form	of	micro-tissues	which	can	preserve	innate	cell-cell	interactions	

that	plays	an	important	role	in	cellular	homeostasis	and	encourage	better	production	of	

extracellular	 matrix	 which	 can	 subsequently	 enhance	 integration	 with	 the	 recipient	

tissue	[221,	222].	A	cellular	aggregate	as	opposed	to	2D	cultured	cells	will	also	form	a	

microenvironment	better	preserving	physiological	characteristics	of	cells	and	increase	

cell	 survival	 following	 transplantation	 [222].	However,	 it	 is	noteworthy	 that	 this	may	

pose	 the	 risk	of	 causing	pulmonary	embolism	 if	 there	were	 free	 floating	aggregates.	

These	scaffold-free	methods	are	expected	to	overcome	some	of	the	limitations	faced	

with	 the	 use	 of	 biomaterials	 such	 as	 optimising	 biocompatibility	 of	 the	 graft,	

degradation	capacity	and	degradation	by-products	[224].		

2.7.2	Growth	factors	

Administration	of	several	growth	factors	has	been	assessed	so	far	primarily	to	promote	

cardiomyocyte	survival	and	proliferation	post-injury	and	vessel	formation,	and	to	reduce	

fibrosis.	Some	of	these	growth	factors	include	FSTL-1	[216],	neuregulin	1	(NRG1)	[225],	

VEGF	[226],	granulocyte-colony	stimulating	factor	(G-CSF)	and	erythropoietin	(Epo).	

Delivery	of	FSTL-1	was	shown	to	promote	cell	cycle	entry	and	division	of	pre-existing	

cardiomyocytes	following	ischemic	injury	in	animal	models	of	mice	and	pig	and	lead	

to	overall	enhanced	cardiac	function	(~10%	improvement	in	left	ventricular	function)	

and	 survival	 [216].	 Several	 animal	 studies	 demonstrated	 the	 efficacy	 of	 VEGFA	

delivery	 either	 as	 a	 recombinant	 protein	 or	 gene	 therapy	 in	 promoting	

neovascularisation.	 However,	 the	 treatment	 failed	 to	 demonstrate	 similar	

therapeutic	benefits	 in	the	double	blinded	EUROINJECT-ONE	and	NORTHERN	clinical	

trials	 [227-229].	Recently,	treatment	with	VEGFC	was	shown	to	promote	a	significant	

lymphangiogenesis	response	in	mouse	hearts	following	MI	and	lead	to	improved	cardiac	

function	 by	 promoting	 better	 tissue-fluid	 homeostasis	 and	 immune	 response	 [226].	

Treatment	with	Granulocyte	colony	stimulating	factor	(G-CSF)	promotes	mobilisation	of	

HSCs,	endothelial	progenitor	cells,	and	also	bone	marrow	MSCs	[230].	However,	when	
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tested	in	clinics,	no	significant	improvement	in	cardiac	function	was	reported	[231-233].	

Epo	 administration	 in	mice	 following	MI	 was	 shown	 to	 result	 in	 an	 increase	 in	 Epo	

responsive	potential	cardiomyocyte	progenitor	cell	proliferation	leading	to	preservation	

of	post-MI	cardiac	function	[234].	When	tested	in	the	clinic,	however,	no	improvements	

in	 left	 ventricular	 function	 was	 observed	 while	 another	 study	 reported	 a	 lack	 of	

reduction	in	infarct	size	[235].		

2.7.3	Delivery	and/or	regulation	of	non-coding	RNAs	

Due	to	their	potential	role	in	cardiac	homeostasis	and	disease,	and	their	abundance	

in	the	cardiovascular	system,	miRNAs	and	long	non-coding	RNAs	have	recently	gained	

recognition	as	possible	therapeutic	targets	for	cardiac	repair	[236].	In	a	pig	model	of	

reperfused	MI,	selective	inhibition	of	miR-92a	was	shown	to	prevent	left	ventricular	

adverse	 remodelling	and	 improved	vascularisation	with	no	 local	or	distant	adverse	

effects	 [237].	 The	 use	 of	 miRNA	 was	 also	 reported	 in	 reprogramming	 cardiac	

fibroblasts	directly	into	cardiomyocytes	both	in	vitro	and	in	vivo	in	a	proof-of-concept	

study	[238].	A	combination	of	miRNAs;	1,	133,	208,	and	499	were	used.	Cardiomyocyte	

proliferation	 is	another	 therapeutic	application	attempted	with	miRNA	targeting	 [10,	

239].	Following	a	whole-genome	miRNA	 library	screening,	 two	miRNAs,	miR-590	and	

miR-199a,	were	found	to	increase	DNA	synthesis	and	cytokinesis	in	vitro	and	stimulate	

cardiac	repair	in	adult	mice	following	MI	[239].	In	addition,	overexpression	of	the	miR-

302–367	 cluster	 was	 demonstrated	 to	 improve	 cardiac	 repair	 following	 MI	 by	

modulating	 the	 Hippo	 pathway	 [240].	 The	 efficacy	 of	 these	 treatment	 methods,	

however,	requires	further	validation	and	confirmation	at	clinical	level.		

2.7.4	Exosomes	

Exosomes	 are	 nanoscale	 membrane-enclosed	 vesicles	 secreted	 by	 cells	 which	 may	

contain	proteins,	lipids,	RNAs	and	miRNAs	among	other	bioactive	molecules.	Exosomes	

are	 thought	 to	mediate	 cell-cell	 communication	and	 cardiovascular	physiology	 [241].	
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Human	 cardiac	 progenitor	 cell-derived	 exosomes	 resulted	 in	 reduced	 cardiomyocyte	

apoptosis,	increase	angiogenesis	and	left	ventricular	function	in	a	rat	model	of	acute	MI	

[242].	Following	promising	results	observed	in	vitro	and	rodents,	CDC-derived	exosomes	

tested	 on	 a	 preclinical	 pig	model	 of	 acute	 and	 chronic	MI	 demonstrated	 decreased	

infarct	size	and	preservation	of	left	ventricular	function	[243-245].	The	beneficial	effect	

however,	was	only	observed	when	delivered	via	intramyocardial	but	not	intracoronary	

injection.	Given	the	positive	results	observed,	exosomes	are	a	prime	candidate	in	next	

generation	therapies.	However,	the	type	of	donor	cells,	type	and	size	of	vesicles,	content	

and	potential	immunogenicity	requires	further	investigation.	

	

2.8	Cardiac	repair:	Lessons	from	the	epicardium	

	

As	 discussed	 in	 section	 2.7,	 the	 future	 of	 regenerative	 therapy	 for	 cardiac	 repair	 is	

looking	 towards	 harnessing	 both	 cell	 differentiation	 and	 paracrine	 functions	 of	

exogenous	and	endogenous	stem/progenitor	cells.	Developing	better	therapeutics	for	

successful	 cardiac	 repair	 requires	 a	 good	 understanding	 of	 mechanisms	 involved	 in	

cardiac	development,	how	tissue	turnover	and	replacement	occurs	in	adults	and	how	

that	 compares	with	other	 species	 capable	of	 complete	 regeneration,	 and	 finally,	 the	

identification	and	use	of	different	types	of	embryonic	and	adult	stem	cells	[10].	In	this	

regard,	the	epicardium,	the	outermost	mesothelial	 layer	of	the	heart,	brings	all	these	

different	elements	into	context.	Long	considered	just	as	a	passive	protective	layer,	the	

epicardium	 has	 recently	 been	 shown	 to	 play	 a	 pivotal	 role	 in	 cardiac	 repair	 and	

regeneration,	 by	 reactivating	 its	 embryonic	 gene	 program	 [27,	 29,	 246-249].	 The	

epicardial	 contribution	 during	 development	 is	 paramount	 to	 proper	 cardiac	

morphogenesis	 both	 as	 a	 signalling	 source	 driving	 cardiomyocyte	 proliferation	 and	

growth	as	well	as	contributing	to	vasculature	and	cardiac	stroma	(discussed	in	[27,	29]).	

In	model	organisms	such	as	the	zebrafish,	epicardial	signalling	has	been	demonstrated	

to	play	an	essential	role	leading	to	complete	restoration	of	the	injured	myocardium	in	

adulthood	 [250,	 251].	 Furthermore,	 growing	 evidence	 suggests	 epicardium	 as	 a	

reservoir	of	progenitor	cells	as	well	as	a	signalling	hub	(discussed	in	[27,	29]).	Given	that	
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it	is	also	the	embryonic	source	of	cCFU-Fs	[89],	and	potentially	of	several	other	cardiac	

resident	 progenitor	 cell	 populations,	 which	 may	 retain	 some	 of	 its	 characteristics,	

understanding	the	biology	and	function	of	the	epicardium	will	greatly	benefit	the	way	in	

which	cardiac	regeneration	is	approached.		

2.8.1	Cardiac	development	

The	mammalian	heart	is	a	highly	specialised	organ	and	is	essentially	a	heavily	reformed	

muscular	 vessel.	 The	 left	 and	 right	 sides	 of	 the	 heart	 function	 as	 separate	 but	

anatomically	fused	pumps,	driving	the	systemic	and	pulmonary	circulatory	systems.	As	

outlined	in	Figure	2.7	(from	[252]),	heart	development	occurs	following	a	sequence	of	

events	 commencing	 with	 the	 commitment	 of	 the	 cardiac	 progenitor	 cells	 that	 are	

derived	from	the	mesoderm	during	gastrulation.	These	progenitors	become	apparent	

during	 late	 gastrulation,	 around	 E7.0,	 as	 they	 extend	 across	 the	 midline	 forming	 a	

crescent	shaped	epithelium	(referred	to	as	the	cardiac	crescent)	(Figure	2.7,	a)	at	the	

cranial	end	of	the	mesoderm	[252-255].	By	E8.0,	the	early	linear	heart	tube	is	formed	

(Figure	2.7,	c	and	d)	following	a	complex	morphogenetic	process	in	which	the	cardiac	

crescent	forms	bilateral	troughs	that	fuse	across	the	anterior	embryonic	midline.	This	

transient	tubular	structure	consists	of	two	separate	layers;	the	inner	endothelial	layer	

forming	 the	 endocardium	 and	 the	 surrounding	 myocardial	 layer.	 These	 layers	 are	

separated	by	a	prominent	extracellular	matrix	called	the	cardiac	jelly.	Around	this	time,	

electrical	activity	of	the	heart	is	initiated	and	it	begins	to	function	as	a	peristaltic	pump.	

The	blood	flow	occurs	in	a	caudal	to	cranial	direction	with	the	blood	entering	through	

the	inflow	tract	and	exiting	through	the	outflow	tract.	As	the	early	heart	tube	develops,	

pre-patterning	of	the	future	heart	begins	to	be	revealed	with	the	initiation	of	chamber	

separation,	myocardial	expansion	and	regional	gene	expression.	Prior	to	completion	of	

tube	formation	itself,	the	primitive	heart	bends	to	the	right	(Figure	2.7,	e	and	f)	initiating	

the	 complex	 process	 termed	 “cardiac	 looping”	 allowing	 for	 correct	 positioning	 and	

parallel	alignment	of	the	future	cardiac	chambers;	atria	and	ventricles	(Figure	2.7,	g	and	

h).	 During	 this	 process,	 the	 inflow	 region	 including	 the	 common	 atrium	 becomes	

repositioned,	leading	to	converging	of	the	inflow	and	outflow	portions	of	the	heart	and	
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Figure	2.7:	Cardiac	development	in	mice.	Ventral	views	of	whole	embryos	or	dissected	hearts	
are	shown	on	the	left	along	with	representative	sections	depicting	internal	features	on	the	right.	
The	myocardium	and	its	progenitors	are	denoted	in	red.	a	and	b.	Cardiac	progenitors	derived	
from	the	mesoderm	migrate	cranio-laterally	and	are	first	detected	in	a	crescent-like	epithelium	
(the	 cardiac	 crescent).	 The	 progenitors	 further	 extend	 almost	 to	 the	 embryonic	 and	 extra-
embryonic	junction	(red	arrow,	panel	b).	c	and	d.	The	primitive	cardiac	tube	forms	which	consists	
of	an	inner	endothelial	lining	(endocardium)	surrounded	by	the	myocardium.	e	and	f.	The	linear	
cardiac	tube	makes	a	rightward	loop	initiating	the	process	termed	“cardiac	looping”.	Both	the	
inflow	and	outflow	tracts	along	with	the	common	atrium	are	now	positioned	above	the	future	
ventricles,	 correctly	 positioning	 all	 developing	 cardiac	 chambers	 in	 parallel	 alignment.	 Pre-
patterning	of	the	heart	is	observed	at	this	stage	through	various	indentation	as	seen	in	panel	f.	
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Around	 E9.0,	 endocardial	 cushion	 (EC)	 development	 is	 observed	 as	 swellings	 near	 the	
atrioventricular	(AV)	canal	region	and	in	the	outflow	tract	which	subsequently	will	contribute	to	
formation	of	 the	cardiac	valves;	mitral	and	tricuspid	valves,	and	aortic	and	pulmonary	valves	
respectively.	g	and	h.	Formation	of	distinct	cardiac	chambers;	left	and	right	ventricles	(LV	and	
RV)	and	left	and	right	atria	(LA	and	RA),	is	achieved	via	completion	of	septum	formation	during	
the	cardiac	remodelling	phase.	Ca	–	caudal;	Cr	–	cranial;	L	–	left;	R	–	right.		Figure	from	[252].	

placing	them	above	the	ventricles.	The	myocardium	further	expands	with	the	chambers	

becoming	 more	 distinct	 and	 valve	 precursors	 begin	 to	 appear	 as	 swellings	 at	 the	

atrioventricular	canal	(mitral,	tricuspid	valves)	and	outflow	tract	(aortic	and	pulmonary	

valves)	regions	(Figure	2.7,	f).	These	swellings	are	referred	to	as	endocardial	cushions	

and	 are	 formed	 following	 epithelial-to-mesenchymal	 transition	 and	migration	 of	 the	

local	 endocardial	 cells.	 Around	 the	 same	 time,	 atrial	 and	 ventricular	 septation	 also	

occurs	 subsequently	 resulting	 in	 clearly	 separated	 left	 and	 right	 atria	 as	 well	 as	

ventricles.	Formation	of	the	outermost	layer	of	the	heart,	the	epicardium,	which	derives	

from	a	small	cluster	of	cells	of	cardiac	field	origin,	the	proepicardium	(Figure	2.8),	begins	

at	E9.5	and	is	discussed	in	detail	along	with	its	contribution	to	cardiac	development	in	

sections	 2.8.2	 and	 2.8.3.	 These	 developmental	 processes	 together	 with	 the	

development	of	the	coronary	circulation	and	the	electrical	conduction	system	endows	

the	heart	with	the	structure	and	function	necessary	for	its	pumping	activity.	

2.8.2	Epicardial	development	

The	cardiac	chamber	wall	(excluding	septa	and	valves)	mainly	consists	of	three	layers	

(Figure	 2.8);	 the	 endocardium,	 an	 endothelium	 lining	 the	 lumen	 of	 the	 heart,	 the	

myocardium,	forming	the	muscular	middle	 layer	and	the	epicardium,	 lining	the	outer	

surface	 of	 the	 heart.	 The	 myocardium	 contains	 ≈30%	 cardiomyocytes	 forming	 the	

parenchyma	of	the	tissue	along	with	other	non-myocytes	including	fibroblasts,	smooth	

muscle	 cells,	 endothelial	 cells,	 pericytes	 and	 immune	 cells	 forming	 the	 interstitium	

[256].	The	epicardium	is	the	mesothelium	forming	the	outermost	layer	of	the	heart.		In	

general,	 the	 mesothelium	 is	 an	 epithelial	 monolayer	 that	 envelopes	 all	 vertebrate	

internal	organs	and	the	celomic	cavities.	While	providing	protection	against	infections	
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Figure	2.8:	Epicardial	development	and	cellular	derivatives.	Proepicardial	 (PE)	cells	undergo	
epithelial	to	mesenchymal	transition	(EMT),	migrate	and	seed	on	to	the	developing	myocardium.	
The	cells	then	proliferate,	migrate	and	undergo	mesenchymal	to	epithelial	transformation	(MET)	
to	form	the	epicardium.	Fraction	of	these	cells	undergo	a	second	EMT	to	give	rise	to	epicardial	
derived	 cells	 (EPDCs)	 which	 then	 migrate	 and	 populate	 the	 subepicardial	 space	 (pink),	 and	
subsequently	 invade	 the	myocardium	 (yellow).	 EPDC	differentiate	 and	 contribute	 adventitial	
and	interstitial	cardiac	fibroblasts	(CF)	and	vascular	smooth	muscle	cells	SMC.	Contribution	to	
cardiomyocyte	 (CM)	 and	 endothelial	 (EC)	 lineages	 is	 also	 suggested,	 however,	 is	 still	 under	
debate.	Adapted	from	Smits	et	al.	[29].	

and	tumour	propagation,	mesothelium	also	enables	frictionless	movement	of	organs	via	

lubrication	 [257].	 Furthermore,	 it	 secretes	 multiple	 signalling	 molecules	 to	 regulate	

inflammation,	fluid	and	solute	transport	and	wound	healing	[258].	In	development,	the	

mesothelium	gives	rise	to	fibroblasts	and	smooth	muscle	cells	within	the	stroma	of	the	

respective	organs	[259].		

The	epicardium	in	particular,	originates	from	a	transient	progenitor	structure	referred	

to	as	the	proepicardium	(PE)	which	is	found	between	the	sinus	venosus	and	the	liver	

mesenchyme	 [260].	 Between	 E9.0	 and	 E9.5,	 cells	 in	 the	 PE	 undergo	 epithelial	 to	

mesenchymal	transition	(EMT),	proliferate	and	migrate	to	contribute	to	the	epicardium	

surrounding	the	developing	myocardium	[26,	261]	(Figure	2.8).	Genetic	lineage	tracing	

suggested	 that	 the	 PE	 is	 derived	 from	 early	 cardiac	 progenitor	 fields	 expressing	

transcription	 factors	NKX2-5	and	 ISL1	 [262].	 Expression	of	 these	proteins	however	 is	
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subsequently	lost	and	is	not	observed	in	the	PE,	however,	both	PE	and	epicardium	can	

be	 identified	by	expression	of	the	transcription	factors	Wilms	tumour	1	(WT1),	T-box	

transcription	factor	18	(TBX18)	and	transcription	factor	21/epicardin	(TCF21)	[262-264].	

As	the	epicardium	forms,	at	E11.5,	a	subset	of	cells	undergoes	a	second	EMT	and	first	

invade	the	subepicardial	space,	then	eventually	the	myocardium.	These	cells	are	termed	

epicardial	derived	cells	(EPDCs).		

A	study	by	Acharya	et	al.	suggested	that	the	lineage	specification	of	these	cells	is	already	

established	 prior	 to	 the	 second	 EMT	 [265].	 Several	 studies	 have	 suggested	 the	

heterogeneous	nature	of	epicardial	cells	by	demonstrating	mosaic	expression	pattern	of	

several	epicardial	markers	including	WT1	[266,	267],	TCF21	[267],	TBX18	[263],	GATA5	

[268],	SEMA3D	and	SCX	[269].	Apart	from	the	heterogeneity	in	cell	composition,	recent	

studies	 also	 suggest	 the	 epicardium	 is	 not	 solely	 derived	 from	 the	 proepicardium.	

Presence	 of	 bone	 marrow	 derived	 CD45+	 cells	 originating	 from	 the	 haemogenic	

endothelium	were	 reported	 in	epicardium	since	as	early	 as	E12.5	 [270].	 In	postnatal	

mice,	CD45+	cells	were	observed	in	clusters	with	other	epicardial	cells	in	close	proximity	

to	the	coronary	vessels.	Lineage	tracing	demonstrated	cell	differentiation	into	pericytes	

however,	the	precise	contribution	and	function	is	yet	to	be	investigated.		

2.8.3	Epicardial	contribution	to	cardiac	development	

Following	invasion	into	the	subepicardial	space	and	the	myocardial	interstitium,	EPDCs	

contribute	to	the	formation	of	interstitial	and	adventitial	fibroblasts,	vascular	smooth	

muscle	cells	and	coronary	endothelial	cells.	Epicardial	contribution	to	endothelial	cell	

lineage	 however,	 is	 controversial.	 Multiple	 studies	 carried	 out	 in	 mouse	 and	 avian	

embryos	demonstrated	EPDC	differentiation	into	endothelial	cells	of	the	early	coronary	

vessels.	Genetic	lineage	tracing	with	constitutive	and	conditionally	expressed	Wt1-Cre	

also	showed	a	minor	fraction	of	vascular	endothelial	cells	derived	from	the	epicardium	

[263,	266].	However,	endogenous	endothelial	expression	of	Wt1	(mRNA	and	protein)	

was	reported	by	Rudat	et	al.	and	Duim	et	al.,	hence	questioning	the	reliability	of	the	

Wt1-Cre	lineage	tracing	given	the	ectopic	recombination	of	the	Cre	allele	[271,	272].	In	
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a	follow	up	study,	refining	the	methods	used,	substantial	labelling	of	endothelial	cells	

was	reported	when	Cre	recombinase	mediated	deletion	of	Wt1	was	induced	at	late	but	

not	early	stages	of	cardiac	development	[273].	Another	two	lineage	tracing	studies	using	

semaphorin	3D	(Sema3D-Cre)	and	scleraxis	(Scx-Cre)	which	are	both	epicardial	restricted	

markers,	also	showed	cell	contribution	to	coronary	endothelial	cells,	as	well	a	smooth	

muscle	and	fibroblast	lineages.	However,	other	lineage	tracing	studies	with	the	use	of	

Tbx18-Cre,	 Gata5-Cre	 and	 Tcf21-mer-Cre-mer	 found	 very	 low	 or	 no	 epicardial	

contribution	 to	 the	 endothelial	 lineage	 [263,	 265,	 274].	 Epicardial	 contribution	 to	

cardiomyocytes	 is	 also	 highly	 debated.	 Lineage	 tracing	 with	 Tbx18-Cre	 and	Wt1-Cre	

suggested	 substantial	 contribution	 of	 epicardial	 cells	 to	 cardiomyocytes	 [263,	 266].	

However,	 endogenous	 or	 ectopic	 expression	 of	 both	 genes	 is	 reported	 in	 the	

myocardium	and	 therefore	 further	 experimentation	 is	 required	 to	 confirm/disregard	

these	 observations	 [275].	 Recently,	 Yamaguchi	 et	 al.	 demonstrated	 epicardial	

contribution	 to	 the	 epicardial	 adipose	 tissue	 (EAT)	 primarily	 found	 at	 the	 atria-

ventricular	groove	in	mice	[276].		

In	 addition	 to	 cellular	 contribution,	 paracrine	 signalling	 from	 the	 epicardium	 is	

paramount	to	guiding	proper	cardiac	morphogenesis	and	growth	[277].	Using	heart	slice	

cultures,	 requirement	 of	 epicardial	 retinoic	 acid	 (RA)	 signalling	 for	 cardiomyocyte	

proliferation	and	survival	was	shown	[278].	It	is	also	required	for	myocardial	growth	as	

well	as	coronary	vascular	formation	[274].	Ablation	of	retinoid	X	receptor	α	(RXRα)	is	

embryonic	 lethal	 resulting	 in	 a	 hypoplastic	myocardium	 and	 a	 detached	 epicardium	

[274].	It	was	later	shown	that	RA	signalling	acid	within	the	epicardium	lead	to	secretion	

of	IGF2,	induced	by	erythropoietin	(Epo),	which	regulated	cardiomyocyte	proliferation	

and	maturation	 [278-280].	 Epicardial	 Fibroblast	 growth	 factor	 (FGF)	 signalling	 (FGF9,	

FGF16	and	FGF20)	is	also	essential	for	proper	myocardial	proliferation.	In	fact,	depletion	

of	 FGF9	 secreted	 from	 the	 epicardium	 under	 the	 regulation	 of	 RA	 signalling,	 or	 its	

receptor	present	 in	cardiomyoblasts,	resulted	 in	reduced	cardiomyocyte	proliferation	

leading	to	death	of	embryos	[281].	FGF	signalling	in	the	myocardium	then	led	to	a	wave	

of	sonic	hedgehog	(SHH)	signalling	in	the	epicardium	inducing	secretion	of	several	VEGF	

ligands	essential	for	coronary	vascular	development	[281].	Although	the	mechanism	is	

not	specifically	known,	GATA4	and	GATA6	signalling	in	the	epicardium	was	also	shown	
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to	have	a	potential	 role	 in	 regulating	epicardial	 SHH	expression	and	 signalling	which	

ultimately	regulated	early	coronary	vascular	plexus	formation	[282].		

Several	signalling	pathways	are	known	to	regulate	epicardial	function.	Epicardial	EMT	

and	migration	are	induced	by	a	plethora	of	myocardial-	and	epicardial-derived	growth	

factors	 including	 PDGF	 [283],	 TGFβ	 [284],	 FGF	 [285]	 and	 regulated	 by	 several	

transcription	factors	including	WT1	[286],	TCF21	[265]	and	TBX18	[287].	WT1	is	shown	

to	activate	EMT	promoting	transcription	factor	Snai1	while	repressing	Cdh1	[288].		This	

however,	 remains	contentious	given	that	Casanova	et	al.	 reported	no	effect	of	Snai1	

deletion	 on	 epicardial	 EMT	 [289]	 and	 von	 Gise	 et	 al.	 showed	 no	 effect	 on	 Cdh1	

expression	following	epicardial	WT1	deletion	[286].	The	latter	study	also	reported	WT1	

mediated	regulation	of	epicardial	EMT	through	canonical	and	non-canonical	Wnt	and	

RA	signalling	pathways	[286].	WT1	modulate	RA	signalling	through	direct	transcriptional	

control	of	Raldh2	expression	(Raldh2	is	the	main	enzyme	responsible	for	synthesis	of	RA	

from	retinol)	[286,	290].	RA	regulate	TCF21	expression	to	regulate	EPDC	differentiation	

into	smooth	muscle	cells	 [291].	TGFβ	signalling	 induces	EMT	and	smooth	muscle	cell	

differentiation	[292].	Wt1	knockout	does	also	results	in	the	downregulation	of	Pdgfra,	a	

morphogen	 receptor	 essential	 for	 proliferation,	 migration	 and	 differentiation	 of	

epicardium	and	EPDCs	[290].	These	are	only	a	few	examples,	exemplifying	the	complex,	

overlapping	nature	of	signalling	pathways	that	orchestrate	epicardial	cell	functions.		

2.8.4	Epicardial	contribution	to	the	adult	heart	

In	the	postnatal	mammalian	heart,	the	epicardium	is	thought	to	remain	in	a	dormant	

state	with	expression	of	genes	Wt1,	Tbx18	and	Raldh2	being	downregulated	[249,	293].	

However,	several	studies	have	demonstrated	epicardial	“activation”	following	ischemic	

injury	whereby	the	embryonic	gene	program	is	re-activated	[248-251].		This	causes	an	

upregulation	of	 epicardial	 gene	expression	 (Wt1,	 Tbx18	 and	Raldh2)	 and	as	 a	 result,	

fraction	of	the	epicardial	cells	proliferate,	undergo	EMT	and	migrate	giving	rise	to	EPDCs	

[249].	This	 reactivation	process	 is	 shown	 to	play	a	key	 role	 in	 the	 repair	 response	 in	

zebrafish	leading	to	complete	regeneration	of	the	lost	myocardium	[250,	251].	In	mice,	

this	re-expression	of	epicardial	genes	was	found	to	peak	at	5	days	post-MI	and	gradually	
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decrease	from	14	days	post-MI	[248].	Upregulation	of	genes	is	observed	throughout	the	

epicardium	covering	the	heart.	Although	the	exact	mechanism	is	unknown,	Huang	et	al.	

demonstrated	that	the	upregulation	of	Wt1	and	Raldh2	was	sufficient	to	reactivate	the	

epicardium	and	was	regulated	C/EBP	transcription	factors	[294].		

Genetic	lineage	tracing	with	Wt1-Cre	showed	the	initial	formation	of	subepicardial	cells	

which	primarily	contributed	to	fibroblasts	and	myofibroblasts/smooth	muscle	cells,	with	

a	 minor	 contribution	 to	 CD31	 expressing	 endothelial	 cells	 and	 a	 limited	 number	 of	

cardiomyocytes	(at	1	month	post-MI)	[248].	However,	contribution	to	endothelial	cells	

and	cardiomyocytes	is	still	arguable	since	this	was	not	observed	by	Zhou	et	al.	[249].	A	

study	by	Smart	et	al.	showed	that	priming	hearts	with	Thymosin	beta-4	(Tβ4)	prior	to	MI	

injury	can	induce	differentiation	of	a	small	percentage	of	cardiomyocytes	from	EPDCs	

[293].	Tβ4	treatment	post-MI	did	not	demonstrate	similar	results	with	virtually	all	EPDCs	

contributing	to	fibroblasts	[295,	296].	Collectively,	fibroblast/myofibroblasts	appear	to	

be	the	primary	lineage	choice	of	EPDCs	in	adult	hearts.		

Where	paracrine	function	is	concerned,	in	adult	zebrafish,	RA	signalling	is	induced	and	

maintained	 at	 high	 levels	 post-injury	 (in	 both	 epicardium	 and	 endocardium)	 and	 is	

shown	to	be	essential	for	cardiomyocyte	proliferation.	In	adult	mice	however,	although	

expression	is	induced	in	the	epicardium,	it	is	only	observed	in	modest	levels	[250].	Zhou	

et	 al.	 reported	 neovascularisation	 observed	 within	 the	 subepicardium	 post-MI	 in	

proximity	 to	EPDCs	suggesting	proangiogenic	properties.	This	was	confirmed	using	 in	

vitro	experiments	as	well	as	in	vivo	following	injection	of	conditioned	media	from	EPDCs	

in	to	an	infarcted	heart.	Increase	in	vascular	density	was	observed	along	with	reduced	

adverse	remodelling	 [249].	A	recent	study	by	Wei	et	al.	demonstrated	the	functional	

benefits	of	another	epicardial	secreted	protein	follistatin-like	1	(FSTL1).	When	tested	in	

pig	model	 of	 ischemic	 injury,	 where	 FSTL1	was	 administered	 in	 an	 epicardial	 patch,	

increase	 in	 cardiomyocyte	 proliferation	 and	 survival	 was	 observed	 proximal	 to	 the	

epicardium.	The	treatment	also	reduced	fibrosis	and	preserved	cardiac	function	[216].	

Recently,	 VEGFC	 secreted	 from	 the	 epicardium,	 was	 shown	 to	 enhance	

lymphangiogenesis	leading	to	reduced	myocardial	edema	and	fibrosis	[226,	297].		
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Collectively,	the	studies	show	that	the	epicardial	contribute	to	myocardial	development	

and	 repair	 post-injury	 is	 via	 both	 cell	 differentiation	 and	 paracrine	 function.	 Lower	

vertebrates	including	zebrafish	and	neonatal	mice	are	capable	of	complete	myocardial	

regeneration	following	considerable	injury	[250,	251].	This	is	shown	to	be	facilitated	by	

a	 global	 activation	 of	 epicardium	 re-expressing	 the	 embryonic	 epicardial	 genes.	

Proliferation	of	pre-existing	cardiomyocytes	appeared	to	be	the	primary	source	of	de	

novo	cardiomyocytes	at	least	in	part	induced	by	paracrine	signalling	from	the	epicardium	

[250].	 In	 addition,	 EPDCs	 contributed	 to	 restoring	 the	 vasculature	 and	 stromal	

fibroblasts.	 	However,	 in	adult	mice,	although	the	ability	to	reactivate	the	embryonic	

genes	is	preserved,	the	main	proliferating	cell	type	is	fibroblasts	leading	to	fibrosis	and	

scarring	 [249].	 An	 understanding	 of	 innate	 biology	 of	 cardiomyocytes	will	 therefore,	

greatly	 benefit	 in	 developing	 methods	 to	 induce	 proliferation.	 	 At	 the	 same	 time,	

understanding	the	regulation	of	epicardial	signalling	will	 likely	be	the	key	to	 inducing	

myogenic	restoration	and	controlling	pathological	fibrosis.		

 2.9	Conclusions	

Despite	 the	 presence	 of	 several	 endogenous	 progenitor	 cell	 populations,	 adult	

mammalian	 heart	 cannot	 completely	 regenerate	 in	 response	 to	 an	 injury.	 Instead	 it	

rather	resorts	to	a	relatively	faster	repair	mechanism:	the	formation	of	a	scar.	While	the	

fibrotic	scar	prevents	cardiac	rupture,	an	extensive	presence	of	a	non-contractile	area	

in	the	working	myocardium	can	lead	to	adverse	cardiac	remodelling	and	heart	failure.	

During	the	past	two	decades,	different	cell	based	and/or	tissue	engineering	approaches	

have	 been	 adopted,	with	 the	 final	 aim	 to	 limit	 the	 damage	 and	 replace	 the	 injured	

myocardium.	With	the	great	premise	of	stem	cells	to	restore	lost	tissue	function,	several	

non-cardiac	and	cardiac	stem/progenitor	cells	were	tested	in	clinical	trials	following	in	

vitro	and	preclinical	studies.	While	cardiac	progenitor	cells	appeared	to	perform	better,	

overall,	the	outcome	of	cell-based	therapies	was	rather	modest.	Poor	cell	engraftment	

and	 survival	 was	 reported	 with	 cell	 differentiation/replacement	 capacity	 being	

negligible.	 The	 prime	 beneficial	 effect	 appeared	 to	 be	 paracrine	 function.	 These	



48	

observations	highlighted	the	importance	of	improving	cell	engraftment	with	alternative	

delivery	methods	and	pre-conditioning	the	recipient	tissue	by	enhancing	angiogenesis	

and	modulating	the	inflammatory	response.	The	lessons	learnt	also	fuelled	the	interest	

towards	 a	 third	 generation	 of	 cell-free	 therapeutic	 approaches	 aimed	 to	 enhance	

endogenous	repair	processes	through	in	situ	direct	reprogramming,	or	the	use	of	growth	

factors	and	cytokines,	miRNAs,	extracellular	vesicles	and	biological	patches	to	activate	

target	cells.	

Cardiac	CFU-Fs	are	among	these	potential	 target	cells.	These	endogenous	progenitor	

cells	are	derived	from	the	epicardium	during	development	and	show	a	cardiogenic	gene	

expression	pattern	suggesting	cardiac	commitment.	Given	the	MSC	characteristics,	cells	

are	hypothesised	to	contribute	to	tissue	homeostasis	and	repair	via	both	differentiation	

and	paracrine	function.	Thus	cCFU-Fs/cMSCs	appear	to	be	a	suitable	candidate	to	be	

targeted	with	the	potential	to	contribute	to	many	aspects	required	for	successful	cardiac	

repair.	However,	despite	the	multipotency	observed	in	vitro,	the	intrinsic	lineage	biases	

or	 the	 function	 of	 the	 cells	 are	 unknown.	 An	 understanding	 of	 the	 key	 regulatory	

elements	that	govern	the	fate	of	cCFU-Fs/cMSCs	would	also	be	beneficial.	This	would	

potentially	enable	knowledgeable	manipulation	of	cells	either	in	cell	therapy	or	when	

activated	in	situ	to	augment	cardiac	repair.		
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Chapter	3 –	Common	materials	and	methods	

3.1	cCFU-F	isolation	

For	 all	 experiments,	 cCFU-Fs	 were	 isolated	 from	 8	 to	 12	 weeks	 old	mice.	 	 Protocol	

described	in	Chong	et	al.	[23]	was	followed	with	several	modifications.	Briefly,	mice	were	

sacrificed	 by	 cervical	 dislocation	 and	 whole	 hearts	 (both	 atria	 and	 ventricles)	 were	

collected	unless	otherwise	stated.	To	 isolate	 the	 interstitial	cell	 fraction,	hearts	were	

initially	minced	into	small	pieces	(roughly	1	mm2)	followed	by	enzymatic	digestion	with	

0.1	%	(w/v)	collagenase	type	II	(Worthington	Biochemical)	at	37	°C	for	a	total	of	30	min.	

Cell	 suspension	was	 triturated	 every	 5	min	with	 a	 pipette	 and	 the	 supernatant	was	

collected	at	every	10	min	interval.	Collected	supernatant	was	filtered	through	a	40	μm	

cell	 strainer	 (Falcon™)	 to	 remove	 cardiomyocytes	 and	 then	 chilled	 on	 ice	 to	 inhibit	

collagenase	activity.	Red	cell	lysis	buffer	(155	mM	NH4CL,	12	mM	NaHCO3,	0.1	mM	EDTA	

and	dH20)	was	used	to	lyse	red	blood	cells	followed	by	removal	of	dead	cells	using	the	

MACS	 Dead	 Cell	 Removal	 Kit	 (Miltenyi	 Biotec).	 Cells	 were	 then	 incubated	 with	

conjugated	antibodies	against	SCA1	(Clone	D7,	BD	Pharmigen,	Cat#	553108),	PDGFRa	

(Clone	APA5,	eBioscience,	Cat#	17-1401-81)	and	CD31(Clone	390,	eBioscience,	Cat#	25-

0311-82)	at	recommended	concentrations	and	FACS	sorted	using	the	BD	FACSAria™	II	

cytometer.	DAPI	staining	was	used	to	remove	dead	cells	and	live,	SCA1	positive,	PDGFRa	

positive,	CD31	negative	cells	were	collected	for	downstream	assays.		

3.2	Cell	culture	and	colony	assays	
Cells	were	 cultured	 in	MEM-α	 supplemented	with	 20%	 (v/v)	 fetal	 calf	 serum	 (batch	

tested),	 1X	 Glutamax	 (Gibco™)	 and	 1	 X	 Penicillin-Streptomycin	 (Gibco™)	 and	 were	

maintained	 at	 37	 °C,	 5%	 CO2,	 2%	 O2.	 Cells	 were	 passaged	 every	 8	 days	 or	 at	 80%	

confluency.	

For	colony	assays,	cells	were	seeded	at	clonal	density	(55	cells/cm2)	and	cultured	for	8	

days.	Cells	were	then	fixed	in	4%	paraformaldehyde	for	10	min	at	room	temperature	

and	stained	with	0.5%	(w/v)	crystal	violet	solution	for	visualisation.	Colonies	with	>50	

cells	and	a	diameter	of	>2	mm	were	counted.		
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3.3	RNA	extractions	

RNA	 was	 extracted	 from	 cell/tissue	 samples	 using	 TRIzol	 Reagent	 (Thermo	 Fisher).	

Manufacturer’s	protocol	was	followed.	

3.4	cDNA	synthesis	

cDNA	 was	 synthesised	 using	 the	 SuperScript™	 III	 First-Strand	 Synthesis	 SuperMix	

(Thermo	Fisher)	 following	manufacturer’s	protocol.	One	µg	of	RNA	was	used	 in	each	

reaction.	

3.5	Quantitative	real	time	PCR	(qPCR)	

qPCR	reactions	were	carried	out	using	The	LightCycler®	480	SYBR	Green	I	Master	(Roche)	

following	manufacturer’s	protocol.	LightCycler®	480	instrument	was	used	with	40	cycles	

of	 amplification	 for	 each	 gene.	 Primers	 used	 in	 this	 thesis	 are	 listed	 in	 Table	 3.1.	

Annealing	temperature	for	all	primers	used	were	60°C.	All	reactions	were	performed	in	

technical	triplicate.	For	all	experiments,	expression	(Cp)	value	was	calculated	using	the	

2-ΔΔCt	method	[298].	Geomean	of	3	housekeeping	genes	(Hprt,	18srRNA	and	Actb)	was

used	as	the	internal	control	for	normalisation.

Table	3.1:	List	of	primers	

Gene	 Forward	primer	sequence	(5'-3')	 Reverse	primer	sequence	(5'-3')	

Acta2	 CAGGGAGTAATGGTTGGAATG	 TGTCGGATGCTCTTCAGG	
Actn2	 GTGTGACATCGATATCCGCAAA	 GAAGCACTTGCGGTGGACAATG	
Cav1	 AGCCGCGTCTACTCCATCTA	 TCTCTTTCTGCGTGCTGATG	
Cnn1	 GAGATTTGAGCCGGAGAAG	 CTTCTCCGGCTCAAATCTC	
mtCO-1	 ATGTGACCCGATTTGGCGTT	 ACCTATTCGTACTCCGGCCT	
Col1a1	 GGAAGAGCGGAGAGTACTGG	 TTGCAGTAGACCTTGATGGC	

Cx43	(Gja1)	 TGGGGTGATGAACAGTCTGC	 ACACGTGAGCCAAGTACAGG	
Ddr2	 TTCCCTGCCCAGCGAGTCCA	 ACCACTGCACCCTGACTCCTCC	
E-Cad	(Cdh1) AGCCATTGCCAAGTACATC	 GCAACGAATCCCTCAAAGAC	
Fabp4	 CCGAGATTTCCTTCAAACTGG	 AGTCACGCCTTTCATAACAC	
Flk1	 GGTATTGGTGACTGAATGCG	 GGCGATGAATGGTGATCTG	
Gata4	 GCCCGGGCTGTCATCTCACTATG	 GCTGGCCTGCGATGTCTGAGTG	
Kcnd2	 CAGTGAGAGCCACATTCATAG	 AAGAGATCCAGGGACAGATAA	

Kcnj3	 TGGTGCCCAAGAAGAAAC	 GTGTAGGTGAGGATGAAGATAAA	

Lpl	 TGAAGACTCGCTCTCAGATG	 TTATTTGTGGAAACCTCGGG	
Mef2c	 ACCCCAATCTTCTGCCACTG	 TCAGACCGCCTGTGTTACCTG	
Myocd	 CGGAATCTCCTTGGGAAACA	 GGCCCACTGGAGGTAAGGTT	
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Nkx2-5	 CCCAAGTGCTCTCCTGCTTTC	 TCCAGCTCCACTGCCTTCTG	
Pdgfra	 ATGCGGGTGGACTCTGATAATG	 ATGTCTGGCAGGGGGATGATGTAG	
Postn	 GAGAATGGAAGGGATGAAAGG	 GCGAATGTCAGAATCCAGG	
Pparg	 ACTCGCATTCCTTTGACATC	 GCAGGTTCTACTTTGATCGC	
Raldh2	 CTCAGACTTTGGACTTGTAGC	 CCAGACATCTTGAACCCC	
Tbx18	 CGAGAGTAGATCTGCAAGGAG	 GTAATATTGCTGGTGAGGGTC	
Tbx20	 GCGAAGAGATGGCTAAAATCG	 CCACTCCAGAAAATGACACG	
Tcf21	 CACGACTCTGTAAAGGGAAAG	 GAGCCAGTGGACATGTTTAG	

Tgln	 TCCAGACTGTTGACCTCTATG	 AGTCCCTCTTATGCTCCTG	
vWF	 GCTTGAACTGTTTGACGGAGAGG	 TGACCCAGCAGCAGGATGAC	
Wt1	 CCAGGACTCATACAGGTAAAAC	 TGGAGTTTGGTCATGTTTCTC	

3.6	Immunocytochemistry	

Cells	were	washed	twice	in	PBS	and	fixed	with	4%	paraformaldehyde	(PFA)	for	15	min	at	

room	 temperature.	 Cells	 were	 then	 washed	 twice	 in	 PBS	 prior	 to	 blocking	 and	

permeabilising	with	blocking	buffer	(10%	donkey	serum,	0.05%	Tween-20	in	PBS)	for	1	

hr	at	room	temperature.	Primary	antibody	was	then	applied	diluted	as	required	in	2%	

BSA	(Bovine	serum	albumin)	(Sigma)	in	PBS	over-night	at	4°C.	All	antibodies	used	in	this	

thesis	are	listed	in	Table	3.2.	Cells	were	then	washed	three	times,	15	min	each	in	PBS	

prior	to	incubating	with	fluorophore-conjugated	secondary	antibody	(diluted	at	1:500)	

in	2%	BSA	in	PBS	for	1	h	at	room	temperature.	Following	three	washes,	15	min	each	in	

PBS,	 cells	 were	 stained	 with	 DAPI	 solution	 (4',6-Diamidino-2-Phenylindole,	

Dihydrochloride)	 (1:10000	 dilution)	 for	 10	 min	 to	 stain	 the	 nucleus.	 Samples	 were	

mounted	with	ProLong	Gold	Antifade	mountant	(Thermo	Fisher)	and	imaged	using	the	

Zeis	LSM780,	confocal	microscope.		

Table	3.2:	List	of	antibodies	

Antibody	 Conjugation	 Concentration	 Catalogue	
number	 Company	 Use	

Anti-chicken	IgG	 Alexa	Fluor	488	 1:500	 A-11039 Invitrogen	 IF	
Anti-mouse	IgG	 Alexa	Fluor	488	 1:500	 R37114	 Invitrogen	 IF	
Anti-rabbit	IgG	 Alexa	Fluor	488	 1:500	 R37118	 Invitrogen	 IF	
Anti-rabbit	IgG	 Alexa	Fluor	555	 1:400	 Ab150074	 Abcam	 IF	
Cardiac	α-actinin	 Unconjugated	 1:1000	 A7811	 Sigma	 IF	
CD31	 Unconjugated	 1:200	 550274	 BD	 IF	
CNN1	 Unconjugated	 1:200	 ab46794	 Abcam	 IF	
CX43	 Unconjugated	 1:200	 610062	 BD	 IF	
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GATA4	 Unconjugated	 1:400	 ab61767	 Abcam	 IF	
NKX2-5	 Unconjugated	 1:100	 sc-10433	 Santa	Cruz	 IF	
SMA	 Unconjugated	 1:200	 A7607	 Sigma	 IF	
TBX20	 Unconjugated	 1:200	 sc-134061	 Santa	Cruz	 IF	
WT1	 Unconjugated	 1:200	 sc-192	 Santa	Cruz	 IF	
ZO1	 Unconjugated	 1:200	 sc-10804	 Santa	Cruz	 IF	
β-galactosidase	 Unconjugated	 1:200	 ab9361	 Abcam	 IF/WB	

3.7	Statistics	

GraphPad	 Prism	 software	 (Version	 7)	 was	 used	 for	 all	 statistical	 analyses.	 For	 all	

comparisons	of	means,	paired	student	t-test	was	performed	and	standard	deviation	was	

used	 as	 the	measure	of	 spread	unless	 otherwise	 stated.	 To	 compare	 growth	 curves,	

Two-way	ANOVA	was	performed.		
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Chapter	4 –	Tissue	identity	of	cCFU-Fs	

4.1	Introduction	

As	discussed	in	detail	in	Chapter	2-	Literature	Review,	cell	based	therapies	are	gaining	

wide	attention	as	a	treatment	following	ischaemic	injury	to	the	cardiac	muscle.	To	date,	

different	sources	of	progenitor	cells	have	been	trialled	including,	but	not	limited	to,	stem	

cells	 from	 bone	 marrow,	 skeletal	 muscle,	 peripheral	 blood	 and	 recently	 in	 vitro	

differentiated	iPS	cells	[299-302]	(For	a	recent	review,	please	see	[3]).	However,	clinical	

translation	of	these	approaches	is	found	to	be	complicated	by	several	factors.	Even	if	

the	 cells	 are	 patient-derived,	 thus	 avoiding	 complexities	 arising	 from	 allogenic	

transplantation,	there	is	still	a	requirement	for	 in	vitro	expansion	imposing	the	risk	of	

genetic	and	epigenetic	alterations	as	well	as	potential	tumorigenesis	[303-305].	There	

were	 also	 challenges	 involved	 in	 efficient	 cell	 delivery,	 poor	 engraftment,	 poor	 cell	

differentiation	 [18,	 303,	 306],	 and	 possibility	 of	 arrhythmias	 [138].	 From	 this	

perspective,	cardiac	resident	progenitor	cells	might	appear	to	be	the	most	promising	

target	 for	novel	 therapeutics	as	 they	may	bear	 the	potency	and/or	paracrine	activity	

favouring	cardiac	repair,	and	can	be	targeted	in	situ	or	used	in	cell	therapy.	Challenges	

involved	in	in	vitro	culturing	would	still	persist	if	the	latter	option	is	chosen.	Despite	the	

presence	of	endogenous	progenitor	populations	in	the	heart,	it	is	one	of	the	organs	with	

the	least	capacity	to	regenerate	post-injury.		Hence,	it	is	vital	that	the	biology	of	these	

progenitor	populations	is	well	characterised	to	understand	the	potential	of	introducing	

such	cells	back	to	the	heart	in	cell	therapy	procedures.	It	would	also	help	in	developing	

methods	to	stimulate	the	endogenous	cells	to	better	augment	natural	repair	processes.	

The	Harvey	Laboratory	is	studying	a	sub-fraction	of	cardiac	stromal	cells	(cCFU-Fs)	that	

gives	 rise	 to	cMSCs	 in	culture	and	may	represent	a	 stem/progenitor	population	 [23].	

These	 are	 suggested	 to	 resemble	 bone	 marrow-derived	 CFU-Fs	 (bmCFU-F)/MSCs	 in	

function	and	they	have	common	cell	surface	antigen	expression	signatures	[23,	307].	It	

is	broadly	hypothesised	that	 in	homeostasis	and	 injury,	CFU-Fs	 from	different	tissues	

represent	progenitor	populations	capable	of	self-renewal	and	differentiation,	and	that	

their	differentiated	derivatives	contribute	to	the	organ/tissue	parenchyma	(at	least	in	
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the	case	of	bone	marrow	[82]),	vasculature	and	stroma	via	cell	replacement	[24].	It	is	

also	proposed	that	the	cells	contribute	to	endogenous	repair	processes	via	paracrine	

signalling	through	secreting	various	cytokines,	chemokines	and	growth	factors	[24].	So	

far,	in	cell	therapy	procedures	to	date,	paracrine	function	appears	to	have	the	dominant	

effect,	with	cell	engraftment	and	cell	replacement	through	differentiation	being	minimal	

[51,	308].		Meta-anlaysis	of	preclinical	data	also	suggested	slight	improvements	to	heart	

function	and	reduced	scar	formation	[195,	196]	although	this	could	not	be	replicated	in	

clinical	 trials	 [51].	 This	 suggests	 that	 a	 better	 understanding	of	 cell	 survival,	 and	 the	

engraftment	and	differentiation	capacity	of	cells	used	in	cell	therapies	is	necessary	to	

harness	the	maximum	benefit	of	these	progenitors.	While	cCFU-Fs	are	one	of	the	better	

characterised	cardiac	resident	progenitor	populations	[23,	307],	intrinsic	differentiation	

capacity	of	the	cells	has	not	been	extensively	explored.	Genetic	lineage	tracing	of	cCFU-

Fs	is	one	of	the	best	approaches	to	determine	lineage	commitment	and	differentiation	

in	vivo.	However,	due	to	the	lack	of	a	specific	marker	to	identify	cCFU-Fs,	this	has	been	

challenging,	although	work	along	these	lines	is	ongoing	in	the	Harvey	laboratory.	Hence,	

the	aim	of	 this	 chapter	was	 to	adopt	an	 in	 vitro	differentiation	 system	 to	determine	

plasticity	and	differentiation	biases	of	cCFU-F	derived	cMSCs.	While	in	vitro	cell	culture	

most	certainly	has	its	limitations	[309],	early	passage	cCFU-F	cultures	may	give	valuable	

information	on	cell	behaviour	and	properties	in	vivo.	In	addition,	such	information	may	

have	 the	 potential	 to	 be	 developed	 into	 a	 model	 that	 can	 easily	 be	 manipulated	

biochemically	 and	 genetically,	 or	 as	 a	 platform	 for	 compound	 screening.	 These	

properties	 could	 then	be	used	 to	 study	 the	underlying	gene	 regulatory	network	 that	

governs	cell	fate	decisions	of	cMSCs.		

	

4.1.1	Insights	from	bone	marrow	CFU-F	and	MSC	biology-	tissue	specific	identity	

	

The	concept	of	CFU-Fs	was	first	illustrated	in	the	bone	marrow,	initiated	by	the	work	of	

Friedenstein	and	colleagues	in	the	1970s	[80]	and	thus	far,	CFU-Fs	of	the	bone	marrow	

are	 the	best	 studied.	Based	on	 the	ability	of	CFU-Fs	 to	be	expanded	 in	culture	while	

retaining	their	capacity	to	be	induced	to	give	rise	to	multiple	cell	types	of	mesodermal	

lineages	[310,	311],	Caplan	then	termed	these	derivative	cells	in	vitro	as	mesenchymal	
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stem	 cells	 (MSCs)	 [312].	 Since	 then,	 utilising	 various	 techniques	 including	 diffusion	

chamber	implantation	assays,	ex	vivo	transplantation	assays	and	genetic	lineage	tracing	

studies,	a	number	of	groups	have	attempted	to	elucidate	the	 intrinsic	differentiation	

potential	 of	 bmMSCs	 in	 the	 absence	 of	 strong	 chemical	 drivers	 that	would	 bias	 the	

differentiation	of	the	cells	[95,	96,	313-316].	While	different	cell	isolation	protocols	and	

assays	have	been	applied	by	individual	labs,	collectively	they	demonstrate	the	ability	of	

bmMSCs	 to	 form	 ossicles	 along	 with	 reticular	 stroma	 that	 supports	 myelopoiesis,	

adipocytes	and	occasionally	cartilage	under	ectopic	conditions	[82,	96,	317].	This	also	

suggested	that	 isolated	cells	have	a	memory	of	their	tissue	of	origin	and	therefore,	a	

propensity	to	differentiate	into	cell	types	of	the	parenchyma	and	stroma	of	the	resident	

tissue.		

In	 recent	 years,	 presence	 of	 MSC	 populations	 have	 been	 reported	 in	 multiple	

organs/tissues	 including	adipose	tissue	 [88],	 skeletal	muscle	 [318],	dental	pulp	 [319],	

lung	[320],	kidney	[321]	and	heart	[23].	Several	studies	to	date	comparing	these	MSC	

populations	from	different	locations	have	in	fact	suggested	tissue	specific	differences	in	

transcriptome	profiles	and	differentiation	biases	 [90,	307,	322].	 It	 is	 likely	that	CFU-F	

from	different	tissues	are	highly	related	but	in	the	course	of	evolution	have	developed	

specialised	functions	attendant	to	the	tissue	of	origin.	

4.1.2	Organ/tissue	specificity	of	cardiac	MSCs	

Bone	marrow	cells	home	to	the	site	of	injured	tissue	as	a	part	of	the	inflammatory	and	

repair	 process.	 Therefore,	MSC-like	 populations	 found	 residing	 in	 non-bone	marrow	

tissues	may	have	originated	from	the	bone	marrow	itself.	However,	using	bone	marrow	

transplantation	assays,	Chong	et	al.	clearly	demonstrated	that	the	cCFU-Fs	were	not	in	

flux	with	 the	bone	marrow	 [23].	 Lineage	 tracing	using	Gata5-Cre	and	Wt1-Cre	 and	a	

variety	 of	 other	 Cre	 driver	 lines,	 suggested	 an	 epicardial	 origin	 for	 cCFU-Fs	 during	

development.	 The	 epicardium	 itself	 has	 been	 shown	 to	 arise	 from	 the	 cardiac	 fields	

expressing	NKX2-5	and	ISL1	[262].	In	addition,	immunohistochemical	analysis	show	that	

the	cardiac	stromal	fraction	containing	cCFU-Fs	reside	in	a	perivascular,	adventitial	niche	
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in	the	myocardium.	Collectively	these	data	suggest	that	cCFU-Fs	are	not	of	bone	marrow	

Figure	4.1:	Expression	of	cardiovascular	lineage	markers	in	freshly	isolated	S+P+	cells.	
mRNA	extracted	from	S+P+	cells	isolated	from	5,	8-week	old	C57BL/6	male	mice	were	
used	to	synthesise	cCDNA.	Transcript	expression	levels	for	each	marker	were	analsysed	
using	qPCR.	Expression	values	were	first	normalised	to	housekeeping	genes	followed	by	
normalisation	relative	to	levels	seen	in	mouse	embryonic	stem	cells.	Gata4	and	Tbx20	
showed	highest	 levels	of	 expression	with	more	 than	»300	and	»125-fold	differences	
relative	 to	 other	 markers	 respectively.	 (Unpublished	 data	 from	 Harvey	 Laboratory	
courtesy	of	Naisana	S.	Asli)

origin	 and	 are	 a	 cardiac	 resident	 progenitor	 cell	 population.	 Two	 recent	 studies	 by	

Furtado	et	al.	[31]	and	Noseda	et	al.	[30]	further	supported	this	concept.	Although	cCFU-

Fs	were	not	focused	upon,	cardiac	fibroblasts	and	cardiac	side	population	cells	positive	

for	SCA1	and	pdgfra,	 two	cardiac	stromal	cell	populations	that	overlap	with	cCFU-Fs,	

were	analysed	for	the	expression	of	a	range	of	markers	of	different	lineages.	The	studies	

revealed	expression	of	cardiogenic	transcription	factors	(TF)	Gata4/6,	Tbx5/20,	Hand2,	

Nkx2-5	and	Mef2c	implying	a	cardiac	specific	identity	and	potentially	cardiac	lineage	

predisposition	of	the	cells	under	study.	These	observations	were	confirmed	in	freshly	
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isolated	S+P+	cells	 (cardiac	 stromal	 cells	enriched	 for	 cCFU-Fs)	 via	qRT-PCR	 (Figure	

4.1)	(Data	from	Dr.	Naisana	Asli).	Expression	of	the	cardiogenic	TF	Gata4	and	Tbx20	was	

observed	 to	 be	 relatively	 high	 in	 freshly	 isolated	 S+P+	 cells	 when	 compared	 to	

expression	in	mouse	embryonic	stem	cells.	This	data	was	subsequently	confirmed	with	

results	from	a	single	cell	gene	expression	analysis	study.	Section	5.4.1.1	and	Figure	5.2	

partly	discusses	these	results.		

4.1.3	Lineage	plasticity	of	cCFU-Fs	and	MSCs	–	insights	from	in	vitro	assays	

As	discussed	in	Chapter	2-Literature	review,	The	ability	of	cMSCs	to	differentiate	into	

cardiovascular	lineage	cell	types	-cardiomyocytes,	endothelial	cells	and	smooth	muscle	

cells	-	has	been	demonstrated	using	 in	vitro	and	surrogate	 in	vivo	assays,	and	soluble	

growth	 factors	and	 strong	chemical	drivers	 [23].	Direct	differentiation	assays	 in	 vitro	

coupled	with	analysis	using	several	markers	demonstrated	trans-germ	layer	potency	of	

cMSC	cultures.	Similar	observations	were	made	when	freshly	isolated	S+P+	cells	were	

subjected	to	direct	differentiation	conditions	albeit	to	a	lesser	extent.	This	implied	that	

the	broad	plasticity	observed	was	not	an	artefact	of	the	reprogramming	of	colony	cells	

by	the	high	serum	in	vitro	culture	conditions.	To	determine	bulk	population	potency	in	

vivo,	 GFP-tagged	 cMSCs	 were	 transplanted	 into	 the	 ischemic	 zone	 of	 a	 heart	 with	

surgically	 induced	 myocardial	 infarction.	 Only	 rare	 cells	 survived,	 consistent	 with	

preclinical	 cell	 therapy	 data,	 but	 among	 those,	 were	 GFP-labelled	 vascular	 and	

perivascular	 cells	 and	 cardiomyocytes.	 In	 another	 surrogate	 in	 vivo	 assay,	 teratoma	

formation	was	promoted	by	co-transplanting	GFP-tagged	cMSCs	with	embryonic	stem	

cells	under	the	kidney	capsule.	Immunohistochemical	analysis	again	showed	the	broad	

mesodermal	and	trans-germ	layer	potency	of	cMSCs	in	this	assay.	More	importantly,	the	

cells	were	 observed	 to	 have	 differentiated	 in	 to	 small	 (likely	 immature)	 but	 striated	

cardiomyocytes,	as	well	as	endothelial	cells	and	smooth	muscle	cells.	Since	all	labelled	

cells	scored	appeared	mononuclear,	 it	seems	unlikely	that	these	 lineage	descendants	

were	the	result	of	cell	fusion.	It	is	possible	that	in	the	teratoma	assay,	cMSC	cells	were	

reprogrammed	to	a	more	plastic	state	at	early	stages	 in	the	transplant.	Nonetheless,	

collectively,	 the	 above	 results	 suggested	 immaturity	 and	 a	 considerable	 degree	 of	

lineage	plasticity	for	cMSCs	including	the	ability	to	differentiate	into	cardiovascular	cell	
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types	given	the	appropriate	extrinsic	signals.	 	A	priori,	these	data	do	not	suggest	that	

cCFU-F	give	rise	to	these	lineages	in	vivo	–	rather,	they	suggest	that	cCFU-F	are	immature	

and	suggestible	cells	with	an	unfixed	lineage	state,	qualities	of	stem	cells.		

4.1.4	Lineage	plasticity	of	cCFU-Fs	and	MSCs	–	 insights	 from	genetic	 lineage	tracing	

studies	

While	 the	 differentiation	 assays	 demonstrated	 the	 multi-potency	 of	 cCFU-Fs,	 their	

actual	lineage	and	paracrine	contribution	to	the	heart	in	homeostasis	and	disease	is	still	

unknown.	This	is	mainly	due	to	the	lack	of	a	specific	marker	to	identify	cCFU-Fs	in	vivo	

that	could	be	used	in	lineage	tracing	studies.	Genetic	fate	mapping	performed	by	Uchida	

et	al.	using	a	Sca1-Cre	driver	mouse	(SCA1	being	one	of	the	markers	used	to	enrich	for	

cCFU-Fs)	might	provide	some	insights	in	the	absence	of	a	more	specific	analysis	[323].	

In	 summary,	 it	 is	 shown	 that	 SCA1+	 cells	 contribute	 to	 cardiomyocytes	 and	 smooth	

muscle	cells	during	normal	aging	and	at	a	greater	rate	post	 injury.	While	the	authors	

proposed	that	SCA1+	cells	stromal	cells	also	contributed	to	the	endothelium,	the	results	

were	not	definitive	since	most	coronary	microvascular	endothelial	cells	express	SCA1.	

Using	 the	 R26R-Confetti	 reporter	mice,	 it	 is	 also	 shown	 that	 SCA1+	 cells	 are	mostly	

unipotent,	an	interesting	finding	suggesting	that	in	vivo,	the	majority	of	stromal	cells	do	

not	 represent	multi-potent	 progenitors	 for	 vascular	 lineages.	 Although	 stromal	 cells	

positive	 for	 SCA1	 are	 abundant	 in	 the	 heart,	 only	 a	 rare	 subset	 contributed	 to	

cardiomyocytes	in	the	above	study.	The	results	are	further	complicated	by	the	fact	that	

SCA1+	cells	are	highly	heterogeneous,	and	 include	cCFU-Fs,	the	majority	of	 immature	

stromal	population	(S+P+),	and	the	resident	C-KIT+	stromal	population.		

Several	other	recent	fate	mapping	studies	might	imply	contribution	of	cardiac	stromal	

cells	 to	myofibroblasts	 [32],	 adipose	 tissue	 [276,	 324]	 and	osteocyte-like	 cells	within	

calcified	valves	[325]	in	the	heart.	Whether	these	cells	arise	from	cCFU-F	(as	putative	

stem	cells)	or	directly	from	other	stromal	cells	is	not	clear.	The	Cre	drivers	used	in	these	

studies	(Tcf21,	Wt-1	and	Tbx18,	Col1A1	and	Fsp	respectively)	may	tag	cCFU-Fs	as	a	rare	

population	of	stromal	cells	although	are	more	specific	to	the	larger	stromal/fibroblast	
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population.	Pathological	situations	that	arise	with	involvement	of	these	lineages	further	

emphasises	 the	 importance	 of	 better	 characterising	 cCFU-Fs	 and	 their	 progeny.	

Furthermore,	understanding	the	gene	regulatory	network	involved	in	cell	fate	decisions	

will	 enable	 the	 identification	of	 therapeutic	 targets	 to	 better	 resolve	 cardiac	 fibrotic	

injury.			

4.1.5	Serum	reduction	to	induce	cell	differentiation	

To	determine	whether	there	were	intrinsic	cardiovascular	biases	in	the	differentiation	

capacity	of	cMSCs,	we	required	an	in	vitro	assay	that	would	initiate	cell	differentiation	

without	the	need	of	strong	chemical	drivers,	as	used	in	previous	studies.	To	this	end,	the	

lab	 had	partially	 established	 a	 “serum	drop	 assay”	 based	on	 the	 example	 of	 in	 vitro	

differentiation	of	the	mouse	C2C12	myoblast	cell	line	in	to	skeletal	muscle	in	low	serum.	

Briefly,	 skeletal	muscle	precursor	 cells	have	 two	main	choices	during	each	cell	 cycle;	

proliferation	or	differentiation	[326].	High	concentrations	of	mitogens	present	in	high	

serum	 culture	 conditions	 continuously	 maintain	 cells	 in	 a	 proliferative	 state.	 When	

serum	level	is	reduced,	the	lack	of	mitogens	allow	induction	of	cell	cycle	inhibitors	such	

as	p21,	triggering	the	cells	to	differentiate	and	obtain	a	terminal	state.		

cMSCs	are	routinely	cultured	in	high	serum	containing	growth	media	(20%	in	the	Harvey	

laboratory	[23];	10%	in	other	studies	[30]).	Preliminary	data	available	from	the	lab	also	

suggested	that	serum	drop	induced	cMSC	cell	differentiation,	accompanied	by	the	onset	

of	markers	of	cardiovascular	 lineages.	However,	due	to	the	small	number	of	markers	

analysed	and	their	overlap	across	the	lineages,	the	results	were	not	definitive.		
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4.1.6	Hypothesis	and	aims	

cCFU-Fs	are	a	cardiac	resident	progenitor	cell	population	derived	from	the	epicardium	

during	development.	The	cardiac	field	origin	and	cardiac	residency	of	cCFU-Fs	along	with	

expression	 of	 key	 cardiogenic	 transcription	 factors,	 their	 differentiation	 capacity	 as	

observed	in	vitro	and	in	vivo,	and	insights	obtained	from	lineage	tracing	studies,	lead	us	

to	the	following	hypothesis:		

• cCFU-Fs	 represent	 lineage	 precursors	 for	 parenchymal	 and	 stromal	 cells	 in

homeostasis	and	disease.

• While	 cCFU-Fs	 have	 a	 close	 ontological	 relationship	 with	 CFU-Fs	 from	 bone

marrow	and	other	solid	organs	and	soft	tissues,	their	distinct	spatial	origins	in

the	heart	fields	may	give	them	a	unique	cardiac	specific	identity.

• When	allowed	to	differentiate	 into	 lineages	of	 their	choice	 (in	the	absence	of

directed	differentiation	with	 strong	 chemical	drivers),	 cMSCs	will	 show	a	bias

towards	the	cardiovascular	lineages	including	the	stromal	cells.

To	address	the	hypothesis,	main	aims	of	this	chapter	were:	

1- To	 establish	 the	 serum	 drop	 assay	 as	 a	 method	 to	 reveal	 biases	 in	 cell

differentiation	in	cMSCs

2- Determine	lineage	outcomes	of	cMSCs	following	serum	drop

3- Transcriptome	 analysis	 to	 initiate	 mapping	 the	 gene	 regulatory	 networks

involved	in	cell	fate	decisions	of	cMSCs
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4.3	Materials	and	methods	

4.3.1	Gene	expression	analysis	following	serum	reduction	via	qPCR	

A	 cardiac	MSC	 culture	 at	 passage	 6	was	 used.	 Cells	 were	 cultured	 in	 regular	 growth	media	

containing	20%	fetal	calf	serum	for	5	d	(Day	0).	Culture	dishes	were	then	rinsed	twice	with	PBS	

(80	mM	Na2HPO4,	20	mM	NaH2PO4,	100	mM	NaCl,	0.1%)	and	growth	media	changed	to	contain	

only	2%	fetal	calf	serum.	Cells	were	cultured	for	an	additional	10	d.	At	each	time	point	(Days	

1,3,5,6,7,8	and	10),	cells	were	harvested	from	3	culture	dishes	individually	into	TRIzol	Reagent	

(Thermo	Fisher)	following	2	washes	in	PBS	to	remove	residual	media.		

4.3.2	Analysis	of	protein	expression	via	Immunocytochemistry	

Cardiac	MSCs	were	cultured	on	glass	coverslips	coated	with	AF	(1%	gelatine)	(Thermo	Fisher)	in	

20%	serum	media	for	5	d	followed	by	20%	or	2%	media	for	additional	7	d.	Cells	were	then	fixed	

with	4%	paraformaldehyde	and	immunostained	following	the	protocol	given	in	section	2.6.		

4.3.3	Wound	healing	assay	

Cardiac	MSCs	at	passage	4	were	grown	to	confluency	in	biological	triplicates	either	in	20%	serum	

containing	media	or	2%	media.	A	scratch	was	made	in	the	middle	of	the	well	attempting	to	keep	

the	same	width	and	was	imaged	every	15	min	for	8	h.		

4.3.4	Cell	preparation	for	RNA	sequencing	

Cardiac	MSCs	cultures	derived	 from	three	biological	 replicates	at	passage	4	were	used.	Cells	

were	 cultured	 in	 growth	media	 containing	 20%	 serum	 for	 5	 days	 (Day	 0).	 For	 2%	 and	 20%	

samples,	cells	were	then	continued	in	growth	media	containing	relevant	percentages	of	serum	

for	7	days.	Cells	were	harvested	into	TRIzol	reagent	(Thermo	Fisher)	following	two	PBS	washes	

for	subsequent	RNA	extraction.		

4.3.5	RNA	extraction	and	quality	control	

RNA	was	extracted	from	the	harvested	cells	using	TRIzol	reagent	(Thermo	Fisher)	according	to	

manufacturer’s	protocol.	Quality	and	quantity	of	RNA	samples	were	assessed	using	NanoDrop	

spectrophotometer	 (Thermo	 Fisher)	 and	 Bioanalyzer	 2100	 (Agilent	Genomics).	 RNA	 integrity	

numbers	(RIN)	for	all	samples	were	between	9	and	10.	

4.3.6	Transcriptome	sequencing		

RNA	extracted	from	the	3	biological	replicates	for	Day	0,	20%	and	2%	conditions	was	used	to	

prepare	nine	mRNA	 libraries	 in	 total	 using	 the	TruSeq	 Stranded	mRNA	 Library	Prep	 kit	 from	
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illumina	following	the	standard	protocol.	The	nine	RNA-seq	libraries	were	then	sequenced	on	

the	 Illumina	HiSeq2500	 v4	platform	 in	 high	output	mode	 at	 the	Kinghorn	Centre	 for	 Clinical	

Genomics	at	 the	Garvan	 Institute.	 For	all	 samples,	over	20	million	125	nucleotide	pared-end	

reads	were	generated.		

4.3.7	Bioinformatic	analysis	

Bioinformatic	analysis	was	performed	by	Dr	Susan	Corley	of	the	NSW	Systems	Biology	Initiative	

at	 the	 School	 of	 Biotechnology	 and	 Biomolecular	 Science	 UNSW.	 	 The	 RNA-Seq	 reads	 were	

mapped	to	the	Ensembl	Mus	musculus	genome	(GRCm38)	using	Tophat2	(v	2.0.12)	[327]	calling	

Bowtie2	(v	2-2.2.3)	[328].	The	featureCounts	function	of	Subread	[329]	was	used	to	generate	

counts	of	 reads	uniquely	mapped	 to	annotated	genes	using	 the	GRCm38	annotation	gtf	 file.	

Tables	 of	 raw	 counts	 generated	 using	 featureCounts	 were	 used	 as	 input	 in	 the	 differential	

analyses	 undertaken	 using	 edgeR	 (v3.16.5)	 [330]	 and	 DESeq2	 [331].	 We	 excluded	 lowly	

expressed	genes	and	tested	those	genes	with	expression	of	at	least	1	CPM	(counts	per	million)	

in	 at	 least	 three	 samples.	 Counts	 were	 normalized	 using	 the	 TMM	method	 (edgeR)	 or	 the	

median-of-ratios	 method	 (DESeq2).	 Generalized	 linear	 models	 were	 used	 for	 differential	

expression	analysis	 in	both	edgeR	and	DESeq2.	Multitest	correction	was	performed	using	the	

Benjamini-Hochberg	method	with	a	false	discovery	cut-off	of	0.05.	All	genes	demonstrating	a	

log	fold	change	higher	than	0.5	were	considered	to	be	differentially	expressed.		

4.3.8	Functional	analysis	

The	BiNGO	plug-in	 to	 Cytoscape	 [332]	was	 used	 to	 determine	 the	 functional	 associations	 of	

genes	 found	 to	 be	 either	 up	 or	 downregulated.	 Experimental	 gene	 list	 was	 used	 as	 the	

background	in	the	gene	ontology	analysis.	The	Gene	Ontology	(GO)	terms	within	the	Biological	

Process	category	were	tested	for	overrepresentation	using	the	hypergeometric	test	and	p	values	

were	 corrected	using	 the	Benjamini	&	Hochberg	 FDR	 correction.	 Enriched	GO	were	 selected	

using	a	corrected	p	value	of	0.001.	

REVIGO	tool	[333]	was	subsequently	used	to	summarise	and	visualize	the	gene	ontology	terms	

associated	with	the	differentially	expressed	genes.		

Pathways	 enriched	 within	 the	 up	 and	 downregulated	 gene	 lists	 were	 analysed	 using	 KEGG	

mapper	tool	[334].	
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4.3.9	Embryonic	epicardial	transcriptome	data	

The	 embryonic	 epicardial	 data	 set	 was	 published	 by	 Huang	 et	 al.	 [294].	 Briefly,	 total	 RNA	

obtained	 from	 lacZ-positive	 epicardial	 cells	 isolated	 from	 the	 E11.5	 Tcf21lacZ	 hearts	 were	

compared	with	total	dissociated	heart	cell	RNA.	Multiple	hearts	were	pooled	and	transcriptome	

analysed	as	one	biological	replicate	using	illumina	MouseWG-6	v2.0	expression	BeadChip	array.	

Processed	data	was	downloaded	from	ArrayExpress,	E-GEOD-	41959	was	used	to	generate	the	

differential	expression	gene	list.	All	genes	demonstrating	a	fold	change	higher	than	2-fold	were	

considered	upon	confirmation	from	the	authors	of	the	publication.	

4.3.10	Adult	epicardial	transcriptome	data	

The	adult	epicardial	data	set	was	published	by	Bochmann	et	al.	[335].	Briefly,	total	RNA	obtained	

from	the	epicardium	of	the	left	ventricle	6	d	following	induced	myocardial	infarction	injury	was	

compared	to	epicardial	RNA	from	Sham	operated	hearts.	The	epicardial	cells	were	obtained	via	

laser	capture	dissection	technique.	Each	condition	was	in	4	biological	replicates.	Transcriptome	

analysis	carried	out	using	Affymetrix	GeneChip	Mouse	Genome	430	2.0.		

Raw	 data	 was	 downloaded	 from	 ArrayExpress,	 E-MEXP-2446.	 Differential	 gene	 expression	

analysis	was	carried	out	using	edgeR	package	as	described	in	section	4.3.7.		
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4.4	Results	

4.4.1	Serum	drop	assay	to	induce	differentiation	of	cMSCs	

The	serum	reduction	approach	was	employed	in	an	attempt	to	induce	differentiation	of	

cMSCs	without	the	influence	of	additional	external	cues.	We	hypothesised	that	 if	the	

cells	did	have	a	memory	of	cardiac	 tissue	 residency,	 they	would	show	 lineage	biases	

towards	 cardiovascular	 cells,	 which	 are	 mainly	 cardiomyocytes,	 endothelial	 cells,	

smooth	muscle	cells,	fibroblast/stromal	cells	and	myofibroblasts.	cMSCs	in	passage	six	

were	plated	 in	20%	fetal	calf	serum	containing	growth	media	and	cultured	until	 they	

were	50-60%	confluent	(Day	0).	Serum	percentage	was	then	reduced	to	2%	and	with	

further	differentiation	transcript	 level	of	several	cardiovascular	 lineage	markers	were	

measured	via	qRT-PCR	over	multiple	time	points	until	the	cells	were	100%	confluent.	

Several	markers	were	 also	 analysed	 at	 the	 protein	 level	 for	 further	 verification.	 The	

experiment	was	conducted	in	assay	triplicates	on	one	biological	sample.		

As	shown	in	Figure	4.2,	a	striking	induction	of	differentiation	was	not	observed	towards	

any	of	the	three	cardiovascular	lineages	tested,	as	judged	by	multiple	lineage	markers.	

Given	the	lack	of	specific	developmental	cues	and	functionality	in	these	cultures,	it	was	

unlikely	that	descendant	cells	would	obtain	a	fully	mature	or	functional	state.	Hence,	we	

analysed	 for	 the	 expression	 dynamics	 of	 TFs	 know	 to	 be	 involved	 in	 cardiovascular	

lineage	cell	specification	and	differentiation,	as	well	as	early	structural	components	of	

each	cell	 type.	Since	most	of	 the	markers	are	not	absolutely	specific	 to	a	certain	cell	

type,	it	was	important	to	look	at	expression	dynamics	of	a	set	of	markers	to	obtain	a	

better	 understanding.	 Gene	 expression	 was	 measured	 with	 frequent	 data	 points	

especially	 after	 ten	 days	 (in	 total)	 to	 capture	 any	 subtle	 changes	 that	 might	 occur.	

Expression	of	each	marker	was	compared	to	expression	in	a	whole	adult	heart	sample.	

Out	 of	 the	 cardiomyogenic	markers	 tested,	 a	 two-fold	 increase	 in	 expression	 of	 TFs	

Gata4	and	Mef2c	was	observed	by	Day	10	in	2%	serum.		However,	expression	of	other	

cardiac	 markers	 including	 TF	 genes	 encoding	Nkx2.5	 and	 Tbx20,	 essential	 for	 heart	

chamber	formation	and	morphogenesis,	did	not	change.	Actn2,	encoding	the	sarcomeric	
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Figure	4.2:	Following	serum	reduction,	cMSCs	did	not	differentiate	into	cardiomyocytes,	
endothelial	cells	or	smooth	muscle	cells.	cMSCs	at	passage	six	were	cultured	in	growth	
media	 containing	 20%	 serum	 and	 grown	 to	 50-60%	 confluency	 (Day	 0),	 followed	 by	
serum	reduction	down	to	2%.	Cells	were	 then	cultured	 for	additional	 ten	days	 in	2%	
serum	 containing	 media.	 Expression	 of	 several	 markers	 for	 (A)	 cardiomyocyte,	 (B)	
smooth	muscle	cell	and	 (C)	endothelial	cell	 lineages	were	measured	at	multiple	 time	
points	following	serum	reduction	and	normalised	to	the	expression	level	on	Day	0.	Data	
from	three	assay	replicates	presented	as	mean	±	SD.	*	p<0.005.	
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component	alpha-cardiac	actinin,	showed	a	slight	decrease.	Expression	of	endothelial	

markers	 tested	 also	 remained	 relatively	 unchanged	 throughout	 the	 time	 course.	

Interestingly	a	decrease	in	expression	was	observed	for	smooth	muscle	markers	Acta2,	

Myocd	 and	Cnn1.	 This	was	 unexpected	 as	we	 routinely	 observe	 a	 fraction	 of	 cMSCs	

spontaneously	 differentiating	 into	 smooth	 muscle/myofibroblast-like	 cells	 in	 regular	

high	serum	culture.		

Since	qRT-PCR	analysis	did	not	reveal	any	evidence	of	cell	differentiation,	we	wondered	

if	the	population	heterogeneity	was	masking	changes	that	occurred.	As	cMSC	cultures	

are	known	to	be	heterogeneous,	containing	for	example	secondary	colony-forming	cells	

and	non-colony-forming	 cells,	 and	differentiated	myofibroblasts,	 it	was	possible	 that	

differentiation	of	cells	occurred	in	clonal	populations	which	when	averaged	did	not	show	

a	significant	effect.	In	addition,	it	was	possible	that	the	regulation	of	differentiation	was	

occurring	 at	 post-transcriptional	 and	 post-translational	 levels.	 Therefore,	 to	 explore	

population	 heterogeneity	 and	 to	 determine	 protein	 expression	 along	 with	 cellular	

localisation,	 immunocytochemistry	 (ICC)	 was	 employed	 to	 study	 the	 behaviour	 of	

several	markers	of	interest	(Figures	4.3	and	4.4).		

NKX2-5	(Figure	4.3,	A):		NKX2-5	is	a	TF	that	known	to	be	expressed	in	progenitor	cells	

during	early	stages	of	heart	differentiation	[336].	NKX2-5	expression	was	observed	both	

in	the	nucleus	and	cytoplasm	on	Day	0	although	the	signal	was	very	faint	and	dispersed.	

Expression	however	was	clearly	nuclear-localised	with	continued	culture	in	2%	serum	

media,	as	in	the	majority	of	cardiac	cells.	In	undifferentiated	control	samples	that	were	

cultured	continuously	in	20%	serum,	NKX2-5	expression	remained	mostly	cytoplasmic	

with	 about	 5%	 of	 the	 cells	 showing	 feint	 nuclear	 localisation.	 Hence	 the	 expression	

pattern	observed	here	with	clear	nuclear	localisation	under	2%	serum	condition	might	

suggest	that	cells	obtain	an	active	progenitor	state,	although	this	was	not	evident	in	the	

qRT-PCR	analysis.		

TBX20	(Figure	4.4,	A):	The	expression	pattern	of	TBX20,	which	is	another	TF	essential	

for	cardiac	development,	was	somewhat	similar	to	that	of	NKX2-5	under	each	condition.	

On	Day	0,	the	majority	of	cells	showed	cytoplasmic,	perinuclear	and	nuclear	expression	

with	a	few	cells	showing	no	nuclear	localisation	at	all.	Most	of	the	cells	cultured	in	2%		
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Figure	4.3:	Expression	analysis	of	NKX2-5	and	GATA4.	Cardiac	MSCs	at	passage	4	were	cultured	
in	 20%	 serum	media	 for	 5	 days	 (Day	 0)	 and	 continue	 in	 either	 2%	 and	 20%	 serum	 culture	
conditions	 to	confluency.	Cells	were	probed	with	 relevant	antibodies	and	expression	pattern	
analysed	 in	 biological	 triplicates.	 A.	 NKX2-5	 was	 observed	 to	 localise	 to	 the	 nucleus	 in	 2%.	
Expression	was	feint	and	dispersed	on	Day	0	and	negative	for	nuclear	expression	in	majority	of	
cells	 in	 20%.	 B.	 GATA4	 expression	 was	 nuclear	 localised	 in	 all	 conditions.	 Expression	 was	
observed	in	all	cells	on	Day	0	and	2%	and	60%	of	cells	in	20%.	Scale	bar-	50	µm.	
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Figure	4.4:	Expression	analysis	of	TBX20	and	GJA1.	Cardiac	MSCs	at	passage	4	were	cultured	in	
20%	serum	media	for	5	days	(Day	0)	and	continue	in	either	2%	and	20%	serum	culture	conditions	
to	confluency.	Cells	were	probed	with	relevant	antibodies	and	expression	pattern	analysed	in	
biological	triplicates.	A.	Cytoplasmic,	nuclear	and	perinuclear	expression	of	TBX20	was	observed	
in	a	mosaic	pattern	on	Day	0.	In	2%,	expression	was	mostly	nuclear	and	perinuclear	localised.	In	
20%,	expression	was	mostly	perinuclear	and	cytoplasmic.	B.	Punctate	membranous	expression	
pattern	of	GJA1	was	observed	on	Day	0	and	in	20%	cells.	In	2%	cells,	organised	expression	was	
observed	at	cell-cell	junctions.	Increasing	nuclear	expression	was	also	observed	proportional	to	
cell	culture	density.	Scale	bar-	50	µm.	
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serum,	 however,	 showed	 nuclear	 and	 perinuclear	 expression.	 However,	 in	 controls	

cultures	continued	in	20%	serum,	almost	all	cells	retained	the	cytoplasmic/perinuclear	

expression	 seen	 at	 Day	 0.	 The	 increase	 in	 nuclear	 localisation	 of	 NKX2.5	 and	 TBX20	

suggested	that	2%	serum	conditions	induced	a	change	in	cell	state,	potentially	into	an	

activated/progenitor-like	state.	With	respect	to	NKX2.5	and	TBX20,	this	is	achieved	at	a	

post-transcriptional	level,	potentially	involving	cytoplasmic-nuclear	shuttling.	

GATA4	 (Figure	 4.3,	 B):	 GATA4	 is	 a	 well	 know	 TF	 essential	 for	 cardiogenesis	 during	

development	 [337]	 and	 is	 one	 of	 the	 TFs	 shown	 to	 be	 essential	 for	 reprogramming	

fibroblasts	 into	 cardiomyocytes	 albeit	 that	 this	 occurs	 at	 a	 very	 minimal	 rate	

(0.0003%)[338].	 In	 addition,	 GATA4	 has	 been	 shown	 to	 repress	 differentiation	 of	

osteoblasts	suggesting	that	in	heart	development	it	can	repress	alternative	cell	states	

[339].	 On	 the	 other	 hand,	 GATA4	 has	 been	 reported	 to	 be	 expressed	 and	 nuclear	

localised	in	all	cardiac	fibroblasts	of	which	the	cCFU-Fs	are	a	sub	population	[31].	At	Day	

0,	GATA4	was	observed	to	be	expressed	in	all	cells	and	was	nuclear-localised.	A	similar	

expression	 pattern	was	 seen	when	 cultures	were	 continued	 in	 2%	 serum-containing	

medium.	However,	when	the	cells	were	kept	in	20%	serum,	GATA4	expression	was	lost	

in	almost	40%	of	cells.	 	Altogether,	the	expression	dynamics	of	GATA4	might	suggest	

cells	being	in	an	immature	cardiac	fibroblast/progenitor	state	(except	for	the	fraction	of	

cells	in	20%	serum	that	lost	nuclear	expression).		

We	next	analysed	the	expression	of	several	structural	proteins	specific	for	each	lineage	

(Figures	 4.4	 –	 4.6).	 Due	 to	 technical	 difficulties	with	 antibodies,	 endothelial	markers	

were	not	analysed.		

GJA1	 (CX43)	 (Figure	 4.4,	 B):	 Connexin	 43	 is	 a	 gap	 junction	 protein	 expressed	 in	

cardiomyocytes.	 Its	membrane	 localisation	 is	 often	used	 as	 a	marker	 of	maturing	or	

mature	cardiomyocytes.	Punctate	membrane	expression	was	observed	in	about	50%	of	

cells	on	Day	0.	When	cultured	in	2%	serum,	GJA1	staining	was	observed	in	the	majority	

of	cells,	organised	at	the	periphery	where	cell-cell	contacts	occur.	In	20%	serum	control	

cultures,	 expression	 was	 more	 disorganised	 with	 scattered	 expression	 on	 the	

membrane.	Although	often	used	as	a	cardiomyocyte	marker,	GJA1	is	also	expressed	in	

other	cardiac	cell	types	including	fibroblasts	and	smooth	muscle	cells	to	facilitate	cell-	
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Figure	4.5:	Expression	analysis	of	ACTN2	and	ACTA2.	Cardiac	MSCs	at	passage	4	were	cultured	
in	 20%	 serum	media	 for	 5	 days	 (Day	 0)	 and	 continue	 in	 either	 2%	 and	 20%	 serum	 culture	
conditions	 to	confluency.	Cells	were	probed	with	 relevant	antibodies	and	expression	pattern	
analysed	 in	 biological	 triplicates.	 A.	 Neglegible	 Expression	 of	 ACTN2	 (cardiac	 α-actinin)	 was	
observed	in	all	conditions.	B.	Expression	of	ACTA2	(smooth	muscle	actin)	was	observed	at	a	basal	
level	 in	 all	 cells	 on	Day	with	 10%	 of	 cells	 demonstrating	 increased	 expression.	 In	 2%	 serum	
condition,	a	majority	of	cells	(75%)	was	observed	to	be	negative	for	protein	expression.	All	cells	
demonstrated	positive	expression	in	20%	serum	condition.	Scale	bar-	50	µm.	
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Figure	4.6:	Expression	analysis	of	CNN1.	Cardiac	MSCs	at	passage	4	were	cultured	in	20%	serum	media	
for	5	days	(Day	0)	and	continue	in	either	2%	and	20%	serum	culture	conditions	to	confluency.	Cells	were	
probed	with	relevant	antibodies	and	expression	pattern	analysed	in	biological	triplicates.	Expression	of	
smooth	muscle	marker	CNN1	(calponin)	overlapped	with	that	of	ACTA2.	It	was	observed	to	be	expressed	
at	a	basal	 level	 in	all	 cells	on	Day	with	10%	of	cells	demonstrating	 increased	expression.	 In	2%	serum	
condition,	 a	 majority	 of	 cells	 (75%)	 was	 observed	 to	 be	 negative	 for	 protein	 expression.	 All	 cells	
demonstrated	positive	expression	in	20%	serum	condition.	Scale	bar-	50	µm.	

cell	communication	and	maintain	electrical	coupling	between	different	cell	types	of	the	

heart	among	many	other	functions	[340-342].	Hence	GJA1	expression	pattern	would	not	

reveal	 identification	 of	 a	 specific	 cell	 type	 although	 it	 is	 noteworthy	 that	 2%	 serum	

condition	promoted	formation	of	cell-cell	contacts.	We	also	noted	nuclear	expression	of	

GJA1	which	was	most	prominent	in	20%	serum	cultures.	Cells	on	Day	0	showed	mostly	

perinuclear	 expression	whereas	 only	 about	 40%	 cells	 expressed	 nuclear	 GJA1	 in	 2%	

serum	cultures.	A	clue	to	this	pattern	comes	from	the	work	of	Dang	et	al.	who	suggested	

the	possibility	that	GJA1	plays	a	role	in	gene	regulation.	C-terminal	fragments	of	GJA1	

were	shown	to	localise	to	the	nucleus	and	inhibit	cell	growth	[343].		
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ACTN2	(Cardiac	α-actinin)	(Figure	4.5,	A):	We	also	analysed	the	expression	of	ACTN2	

which	 is	 a	 cytoskeletal	 actin	 binding	 protein	 that	 localises	 to	 the	 Z-disk	 in	

cardiomyocytes.	As	seen	in	Figure	4.5,A),	insignificant	expression	was	observed	under	

all	culture	conditions.	

ACTA2	and	CNN1	(Smooth	muscle	a-actin	and	calponin)	(Figure	4.5,	B	and	4.6):	ACTA2	

and	CNN1	expression	was	analysed	to	determine	smooth	muscle	cell	differentiation.	In	

Day	0	cultures,	it	was	observed	that	all	cells	expressed	ACTA2	while	in	a	fraction	of	cells	

the	intensity	of	expression	was	much	higher	than	background	levels.	As	reported	in	Liu	

et	al.,	basal	level	of	ACTA2	expression	occur	in	all	mesenchymal	cells	as	a	component	of	

the	 cytoskeleton	 that	 supports	mobility	 and	 contractility	 of	 cells	 [344].	 However,	 an	

upregulation	 of	 protein	 expression	 is	 expected	 in	 differentiated	 smooth	muscle	 and	

myofibroblasts.	Hence,	based	on	expression	 levels,	culture	on	Day	0	contained	»10%	

differentiated	 cells	 that	 were	 either	 smooth	 muscle	 cells	 or	 myofibroblasts.	 In	 2%	

cultures,	while	the	percentage	of	ACTA2	high	cells	remained	relatively	the	same,	it	was	

observed	that	a	majority	of	cells	were	negative	for	background	protein	expression.	20%	

serum	 cultures	 contained	 »40%	 ACTA2	 high	 cells,	 again	 suggesting	 spontaneous	

differentiation	 into	smooth	muscle/myofibroblast	 like	cell	 types.	A	similar	expression	

pattern	was	observed	for	calponin.		

In	 summary,	 neither	 qRT-PCR	 nor	 ICC	 analysis	 showed	 any	 indication	 of	 cells	

differentiating	into	the	three	main	cardiovascular	cell	types.	We	then	investigated	the	

possibility	of	the	cells	differentiating	into	myofibroblasts,	the	main	lineage	descendant	

of	the	cardiac	stroma	after	myocardial	infarct	[32]	(Figure	4.7)	(although	markers	used	

to	identify	this	lineage	overlap	with	smooth	muscle	marker	which	were	down	regulated,	

we	looked	into	more	markers,	also	related	to	active	fibroblasts).	While	cMSCs	arguably	

represent	activated	fibroblasts,	many	cells	remain	in	an	immature	state.	Hence,	while	

expressing	basic	fibroblast	markers,	the	cells	may	show	an	increase	in	expression	level	

as	 they	 obtain	 a	 relatively	 more	 mature/activated	 state.	 Transcript	 expression	 of	

discoidin	domain	receptor	family,	member	2	(Ddr2),	periostin	(Postn)	and	collagen1A1	

(Col1A1)	was	analysed	via	qRT-PCR.	A	close	to	two-fold	increase	was	observed	in	Ddr2	

expression.	However,	Postn	 and	Col1A1,	which	are	expressed	 in	activated	 fibroblasts	
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and	myofibroblasts,	showed	diminishing	expression	patterns	suggesting	the	cells	did	not	

significantly	convert	to	a	myofibroblast	population.	

Figure	4.7:	Following	serum	reduction,	cMSCs	did	not	differentiate	into	fibroblasts.	cMSCs	at	
passage	 six	 were	 cultured	 in	 growth	 media	 containing	 20%	 serum	 and	 grown	 to	 50-60%	
confluency	 (Day	 0),	 followed	 by	 serum	 reduction	 down	 to	 2%.	 Cells	 were	 then	 cultured	 for	
additional	ten	days	in	2%	serum	containing	media.	Expression	fibroblast	lineage	markers	were	
measured	at	multiple	time	points	following	serum	reduction	and	normalised	to	the	expression	
level	on	Day	0.	No	significant	changes	were	observed	in	the	expression	level	of	markers	tested	
except	 for	a	 reduction	 in	Postn.	Data	 from	three	assay	replicates	presented	as	mean	±	SD.	*	
p<0.005.	

4.4.2	Cell	morphology	analysis	in	2%	serum	

qRT-PCR	and	ICC	analysis	did	not	suggest	cell	differentiation,	and	the	expression	level	of	

Acta2	 was	 observed	 to	 diminish	 over	 time	 when	 analysed	 via	 qRT-PCR.	 This	 was	

recapitulated	in	ICC	analysis	as	ACTA2	negative	cells	were	observed	in	the	presence	of	

2%	 serum	 media.	 As	 mentioned	 earlier,	 the	 basal	 level	 of	 ACTA2	 expression	 is	 a	

characteristic	of	mesenchymal	cells.	However,	the	reduced	expression	 level	observed	

here	suggested	that	 the	cells	might	be	 losing	their	mesenchymal	characteristics.	This	

was	 further	 supported	 by	 the	 decreasing	 expression	 levels	 observed	 for	 Postn	 and	

Col1A1.	With	GJA1	staining,	we	also	noted	that	in	the	presence	of	2%	serum	media,	cells	

were	starting	to	form	a	monolayer	with	organised	cell-cell	junctions.	These	observations	

prompted	a	closer	analysis	of	cell	morphology	during	serum	reduction.		
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Figure	4.8:	Morphological	changes	following	serum	drop.	cMSCs	in	passage	four	were	cultured	
in	growth	media	containing	20%	serum	for	five	days.	Serum	level	was	then	dropped	down	to	2%	
and	images	were	acquired	daily	to	determine	morphological	changes.	Cells	kept	in	20%	serum	
media	were	used	as	a	control.	Response	to	serum	reduction	was	observed	 from	Day	1.	Cells	
started	 losing	 the	spindle	 shaped	 fibroblast-like	morphology	and	acquired	a	cobblestone-like	
shape	which	became	more	prominent	over	time.		

	

As	shown	in	Figure	4.8,	on	Day	0	when	the	cells	have	been	cultured	in	20%	serum	media,	

they	appear	as	fibroblast-like,	spindle-shaped	cells	with	multiple	projections.	When	the	

cells	are	continued	in	20%	serum	media,	even	as	they	increase	in	density,	they	retain	

their	mesenchymal	properties.	However,	in	cultures	where	serum	was	reduced	to	2%,	

as	 soon	 as	 one	 day	 of	 culture,	 pronounced	 morphological	 changes	 in	 cells	 were	

observed.	Cells	appeared	larger	and	flatter	and	the	apparent	nucleus:cytoplasm	ratio	

increased.	While	 the	 cells	 still	 proliferated	 and	underwent	migration	 in	 a	monolayer	

scratch	wound	healing	assay,	this	seemed	to	occur	at	a	slower	rate	than	in	20%	serum	

media	(Figure	4.9).		Cellular	projections	appeared	to	gradually	diminished	and	cultures	

eventually	started	to	form	a	monolayer	of	cobblestone-like	cells.	

4.4.3	cMSCs	acquire	an	embryonic	epicardial	phenotype	in	2%	serum	

Given	the	loss	of	mesenchymal	markers	and	the	onset	of	a	cobblestone-like	morphology	

in	cells	cultured	in	2%	serum,	we	asked	whether	the	cells	were	acquiring	an	epithelial	

state.	As	cCFU-Fs	are	derived	 from	the	epicardium	during	development,	which	 is	 the	

mesothelial	lining	of	the	heart,	we	tested	for	the	expression	of	several	commonly	used	

epicardial	genes	by	qRT-PCR.	As	shown	in	Figure	4.10,	epicardial	TFs	Tbx18,	and	Cdh1(E-

cad),	 a	 cadherin	 junction	 protein	 found	 in	 epithelia,	 showed	 a	 two	 and	 three-fold	

increase	over	time	respectively.	However,	more	significant	increments	were	observed	

for	other	epicardial	markers	with	Wilms’	tumor-1	(Wt1)	and	platelet	derived	growth		
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Figure	4.9:	Wound	healing	assay	demonstrates	decreased	mobility	of	cells	in	2%	serum.	cMSCs	
in	passage	four	were	used.	Cells	were	grown	to	confluency	in	20%	serum	media	and	2%	serum	
media.	A	scratch	was	made	across	the	plate	and	imaged	every	15	min	to	determine	the	duration	
taken	to	heal	the	gap.	Cells	in	20%	media	completely	covered	the	surface	after	4	h30	min.	Cells	
in	2%	serum	were	not	able	to	cover	the	surface	at	the	end	of	8h.	Scale	bar	–	250	µm.		

factor	 receptor-alpha	 (Pdgfra)	 showing	 around	 a	 tenfold	 increase	 and	 retinaldehyde	

hydrogenase	2	(Raldh2)	showing	a	sixty	to	seventy-fold	increase	just	after	five	days.		

To	further	validate	the	epithelial	nature	of	cMSCs	in	2%	serum	media,	protein	expression	

of	several	markers	was	analysed	via	ICC.	As	shown	in	Figure	4.11,	A,	WT1	expression	in	

cells	 on	 Day	 0	 was	 predominantly	 cytoplasmic.	 A	 similar	 expression	 pattern	 was	

observed	when	the	control	cultures	were	continued	in	20%	serum	media.	However,	in	

the	 presence	 of	 2%	 serum,	 expression	 of	 WT1	 was	 clearly	 nuclear	 localised.	 The	

expression	pattern	of	zona	occluden-1	(ZO1)	is	shown	in	Figure	4.11,	B.	ZO1	is	a	tight	

junction	protein	expressed	in	epithelial	cells.	Expression	of	this	protein	was	observed	on	

the	cell	membrane	when	cells	were	moved	to	2%	serum.	Membrane	localisation	was	

not	observed	in	cells	on	Day	0	nor	when	continued	in	20%	serum	media.	This	further	

supports	the	epithelial	characteristics	of	cMSCs	in	2%	serum.	It	was	also	observed	that,	

similar	 to	 GJA1,	 ZO1	 showed	 both	 plasma	 membrane	 and	 very	 strong	 nuclear	
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localisation.	As	reviewed	in	Bauer	et	al.,	ZO	family	proteins	are	reported	to	have	multiple	

functions	including	roles	in	gene	regulation	via	nuclear	localisation	[345].			

	

		

Figure	 4.10:	 Following	 serum	 reduction,	 cMSCs	 acquired	 an	 embryonic	 epicardial	 gene	
signature.	 cMSCs	 at	 passage	 six	 were	 cultured	 in	 growth	media	 containing	 20%	 serum	 and	
grown	to	50-60%	confluency	(Day	0),	followed	by	serum	reduction	down	to	2%.	Cells	were	then	
cultured	for	additional	ten	days	in	2%	serum	containing	media.	Expression	of	several	markers	of	
epicardium	were	measured	at	multiple	time	points	following	serum	reduction	and	normalised	
to	the	expression	level	on	Day	0.	Data	from	three	assay	replicates	presented	as	mean	±	SD.	*	
p<0.005.	

	

Altogether,	 above	 results	 suggested	 that	 instead	 of	 inducing	 cell	 differentiation	 as	

initially	expected,	2%	serum	media	was	initiating	the	onset	of	an	embryonic	epicardial-

like	(mesothelial)	phenotype	in	cMSCs.	To	further	confirm	this	result,	we	repeated	the	

same	assay	with	three	biological	replicates	along	with	3	assay	replicates	for	each.		

Several	changes	were	however,	 introduced.	 Instead	of	a	time	course	experiment,	we	

decided	to	analyse	gene	expression	on	Day	7,	based	on	our	observations	from	the	initial	

experiment	where	significant	expression	changes	were	observed	at	this	point.	Cells	at	

passage	4	were	used	as	opposed	to	passage	6,	in	an	attempt	to	minimise	the	potential	

artefacts	of	long-term	culturing.	To	eliminate	the	possibility	of	gene	expression	changes		
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Figure	4.11:	Expression	analysis	of	WT1	and	ZO1.	Cardiac	MSCs	at	passage	4	were	cultured	in	
20%	serum	media	for	5	days	(Day	0)	and	continue	in	either	2%	and	20%	serum	culture	conditions	
to	confluency.	Cells	were	probed	with	relevant	antibodies	and	expression	pattern	analysed	in	
biological	 triplicates.	 A.	 Feint	 nuclear	 and	 dispersed	 cytoplasmic	 expression	 of	 WT1	 was	
observed	on	Day	0	and	in	20%	cells.	Defined	nuclear	localisation	of	the	protein	was	observed	in	
2%	serum	condition.	B.	Expression	of	ZO1	was	observed	on	the	periphery	of	cell	membrane	in	
2%	cells.	This	was	not	observed	on	Day	0	or	in	20%	cells.	Nuclear	expression	of	the	protein	was	
also	observed	primarily	on	Day	0	and	in	2%	serum.	Scale	bar-	50	µm.	
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Figure	4.12:	Upregulation	of	embryonic	epicardial	gene	signature.	cMSCs	at	passage	4	were	
cultured	 in	growth	media	containing	20%	serum	and	grown	to	50-60%	confluency	for	5	days	
(Day	0).		Cells	were	then	either	continued	in	20%	serum	or	in	2%	serum	for	7	days.	Expression	
of	epicardial	markers	were	measured	via	qRT-PCR.	All	expression	values	were	normalised	to	the	
expression	on	Day	0.	Data	from	three	biological	replicates	presented	as	mean	±	SD.	(*	p<0.005)	
relative	to	20%.	(#	p<	0.005)	relative	to	Day	0.	

observed	being	a	result	of	prolonged	culturing	during	the	assay,	a	control	was	included	

in	which	cells	were	continued	in	20%	serum	for	the	same	period	of	time	as	2%	cells	(7	

days).	The	batch	of	fetal	calf	serum	used	in	the	lab	at	the	time	was	also	different	as	the	

experiments	were	performed	18	months	apart.	The	data	 is	 then	presented	 following	

normalising	to	the	expression	at	Day	0	(Figure	4.12).		

Induction	of	cobblestone-like	morphology	was	observed	across	all	2%	cultures.	As	seen	

in	 Figure	 4.12,	 expression	 of	 all	 genes	 was	 upregulated	 relative	 to	 the	 20%	 control	

(indicated	by	the	asterisk).	However,	relative	to	Day	0	expression,	only	the	expression	

of	Wt1,	Pgfra	and	Raldh2	were	found	to	be	significantly	upregulated	(marked	by	the	

hash	sign).	It	was	also	observed	that	the	fold	changes	observed	for	these	3	genes	were	

lower	than	the	initial	experiment.	It	is	possible	that	much	of	the	differences	are	arising	

from	the	batch	of	serum	which	may	have	also	affected	the	time	frame.	RNA	analysed	in	

this	experiment	was	then	sequenced	to	look	at	broader	changes	in	gene	expression	and	

is	presented	in	section	4.4.4.		
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4.4.4	RNA-Seq	analysis	reveals	induction	of	genes	related	to	epicardial	functions	

To	further	study	whether	the	cMSCs	acquire	an	epicardial	phenotype	following	serum	

reduction	 and	 to	 determine	 the	 global	 effect,	 we	 conducted	 a	whole	 transcriptome	

analysis	 via	 RNA	 sequencing.	 RNA	was	 collected	 from	 cMSCs	 at	 passage	 4	 as	 Day	 0	

(cultured	in	20%	serum	media	for	5	days),	cells	that	were	continued	in	2%	serum	media	

and	20%	serum	media.	These	samples	will	henceforth	be	referred	to	as	“Day	0”,	“2%”	

and	 “20%”.	 Samples	were	 sequenced	 individually	 from	 three	 biological	 replicates	 to	

produce	 over	 20	million,	 125	 nucleotide	 paired-end	 reads	 per	 sample	 using	 illumina	

HiSeq	2500.	Bioinformatics	analysis	was	carried	out	by	Dr	Susan	Corley	(Systems	Biology	

Initiative,	 School	of	biotechnology	and	biomolecular	Sciences,	The	University	of	New	

South	Wales).	Differential	gene	expression	between	samples	was	analysed	following	a	

pairwise	 comparison	 (data	 for	 each	 condition	 was	 first	 compared	 within	 individual	

biological	 replicates	 prior	 to	 comparing	 across	 the	 replicates)	 using	 edgeR	 and	 was	

compared	 with	 results	 generated	 using	 DESeq2	 [330,	 331].	 A	 good	 overlap	 (>65%)	

between	 the	 gene	 lists	 produced	 by	 the	 two	 methods	 was	 observed	 for	 all	 three	

comparisons	suggesting	the	use	of	a	DEG	list	of	high	confidence;	20%	vs	Day	0	(79%),	2%	

vs	 Day	 0	 (84.7)	 and	 2%	 vs	 20%	 (75%)	 (Figure	 4.13,	 A,	 B	 and	 C	 respectively).	 	 Upon	

confirmation	of	the	differential	expression	data,	gene	lists	generated	using	edgeR	with	

a	false	discovery	rate	(FDR)	<0.05	were	used	in	all	following	analyses.	Clustering	of	the	

samples	 from	 the	 3	 conditions	 in	 all	 biological	 replicates	 was	 visualised	 on	 a	

multidimensional	 scaling	 (MDS)	 plot	 (Figure	 4.13,	 D).	 It	was	 observed	 that	 the	main	

differences	between	the	clusters	was	arising	from	the	biological	replicates	itself	rather	

than	the	culture	condition.	However,	the	samples	did	segregate	according	to	the	culture	

condition	in	a	similar	manner	along	the	y	axis	for	all	three	replicates.		

We	found	an	overlap	of	48.4%	of	genes	that	were	differentially	expressed	in	both	2%	

and	20%	samples	relative	to	Day	0.	Individually,	in	2%	and	20%	samples,	1355	and	521	

genes	were	found	to	be	differentially	expressed	respectively,	suggesting	a	bigger	change	

in	 transcriptome	 induced	 by	 2%	 serum	 containing	 media	 relative	 to	 20%	 serum,	

following	Day	0	(Figure	4.13,	E).	However,	when	2%	and	20%	samples	were	compared,	

only	383	genes	were	found	to	be	significantly	differentially	expressed	with	an	FDR	<0.05	

(using	edgeR).	This	is	inconsistent	with	a	major	change	in	cell	fate.		A	heat	map	showing	
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clustering	of	these	383	genes	with	respect	to	samples	is	shown	in	Figure	4.13,	F.	

Figure	4.13:	Differential	gene	expression	analysis.	RNA	isolated	from	cMSCs	 in	passage	3	on	
Day	 0	 (5	 days	 of	 culture	 20%	 serum	media),	 20%	 (continued	 in	 20%	 serum	media)	 and	 2%	
(continued	in	2%	serum	media)	were	used	to	prepare	9	mRNA	libraries	(biological	triplicates).	
They	were	 then	 sequenced	 using	 Illumina	 HiSeq2500	 platform	 to	 produce	 paired-end	 reads	
which	 were	 initially	 mapped	 against	 the	 Mus	 musculus	 genome	 A-C.	 Venn	 diagrams	 of	
differentially	 expressed	 genes	 (DEGs)	 generated	 following	 a	 pairwise	 comparison	 using	 two	
methods	of	analysis;	edgeR	and	DESeq2.	Overlap	of	DEGs	between	A.	20%	and	Day	0,	B.	2%	and	
Day	0,	and	C.	2%	and	20%	samples.	D.	Multidimensional	scaling	plot	showing	clustering	of	the	3	
biological	 replicates	 of	 Day	 0	 (red),	 20%	 (green)	 and	 2%	 (blue).	 E.	Overlap	 of	 differentially	
expressed	genes	between	20%	vs	Day	0	and	2%	vs	Day	0	samples.	F.	Heatmap	showing	the	global	
differences	between	the	top	383	DEGs	between	2%	and	20%	samples	found	using	edgeR.	The	
scaled	 expression	 of	 each	 transcript,	 denoted	 as	 the	 row	 Z-score,	 is	 plotted	 with	 white	
representing	higher	expression	and	red	representing	low	expression.		
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4.4.5	Functional	analysis	of	up	and	downregulated	genes	following	serum	reduction	

shows	induction	of	developmental	processes.	

Within	 the	 383	 genes	 that	 were	 significantly	 differentially	 expressed	 in	 2%	 samples	

relative	to	20%,	150	genes	were	found	to	be	upregulated	(>0.5	log	fold	change)	and	224	

genes	to	be	downregulated	(<-0.5	 log	fold	change).	Complete	 lists	of	all	differentially	

expressed	 genes	 are	 given	 in	 Appendix	 I.	 To	 determine	 functional	 association	 of	

differentially	 expressed	 genes,	 the	 gene	 ontology	 (GO)	 terms	 associated	 with	 the	

biological	 processes	 enriched	 in	 the	 gene	 sets	were	 examined.	 GO	 terms	 generated	

using	the	BiNGO	tool	in	Cytoscape	(p-value	<0.001)	were	fed	into	REVIGO	and	visualised	

as	treemaps	(Figures	4.14	and	4.15).	The	size	of	each	box	correlates	to	the	p-value	of	

the	GO	term	enrichment	and	the	colour	correlates	the	upper-hierarchy	GO	term	which	

is	indicated	in	the	centre	of	each	group.	The	upregulated	genes	in	2%	were	enriched	for	

terms	 involved	 in	development/morphogenesis,	 lipid	metabolism	and	anti-apoptosis.	

Protein	translation,	metabolism	and	vascular	development	terms	were	most	enriched	

for	within	the	genes	that	were	downregulated	in	2%.	To	obtain	a	more	detailed	view	of	

the	GO	terms	underlying	the	treemaps,	results	from	BiNGO	analysis	were	visualised	as	

hierarchical	networks	(Figures	4.16	and	4.17).	All	GO	terms	with	a	p-value	of	0.001	were	

mapped	with	the	node	size	representing	the	number	of	genes	assigned	to	each	term	

and	the	colour	denoting	the	p-value.	Nodes	at	the	outer	most	tier	provides	insights	into	

the	final	functional	outcomes	of	the	differentially	expressed	genes.	In	Figures	4.16	and	

4.17,	these	end	nodes	are	highlighted	in	red	circles.	We	also	performed	DAVID	analysis	

and	 confirmed	consistency	of	 the	GO	 terms	 that	were	enriched	 in	 the	gene	 sets.	All	

genes	that	contributed	to	each	term	were	also	examined	individually	to	ensure	a	valid	

function	in	the	heart	especially	when	presented	with	non-cardiac	related	functions	(eg:	

somitogenesis,	neural,	digestive	and	renal	system	development).		
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Figure	 4.14:	 Summary	 of	 GO	 terms	 enriched	 in	 upregulated	 differentially	 expressed	 genes	
between	2%	and	20%.	Differentially	upregulated	genes	 in	2%	vs	20%	with	a	 log	 fold	change	
higher	than	0.5	were	used	to	generate	a	list	of	biological	process	terms	using	BiNGO.	Terms	with	
a	significance	level	of	0.001	or	lower	following	multiple	testing	corrections	were	then	visualised	
as	treemaps	using	REVIGO. The	box	size	correlates	to	the	p-value	of	the	GO-term	enrichment.	
Boxes	with	the	same	colour	categorise	under	the	same	upper-hierarchy	GO-term	found	in	the	
middle	of	each	box.	
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Figure	4.15:	Summary	of	GO	terms	enriched	in	downregulated	differentially	expressed	genes	
between	2%	and	20%.	Differentially	upregulated	genes	 in	2%	vs	20%	with	a	 log	 fold	change	
higher	than	0.5	were	used	to	generate	a	list	of	biological	process	terms	using	BiNGO.	Terms	with	
a	significance	level	of	0.001	or	lower	following	multiple	testing	corrections	were	then	visualised	
as	treemaps	using	REVIGO. The	box	size	correlates	to	the	p-value	of	the	GO-term	enrichment.	
Boxes	with	the	same	colour	categorise	under	the	same	upper-hierarchy	GO-term	found	in	the	
middle	of	each	box.		
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Figure	4.16:	Network	(hierarchical	layout)	of	biological	process	terms	enriched	in	upregulated	
differentially	expressed	genes	between	2%	and	20%.	Differentially	upregulated	genes	in	2%	vs	
20%	with	a	 log	fold	change	higher	than	0.5	were	used	to	generate	a	 list	of	biological	process	
terms	using	BiNGO.	Terms	with	a	significance	level	of	0.001	or	lower	following	multiple	testing	
corrections	were	visualised	using	Cytoscape.	Node	size	corresponds	to	the	number	of	genes	per	
each	term	and	the	colour	corresponds	to	the	p-value.	Zoomed	in	representations	of	the	three	
main	 branches	 are	 shown	 in	 the	 following	 3	 figures	 (A-C)	 with	 the	 end	 stage	 processes	
highlighted	with	a	red	circle.	
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Figure	4.17:	Network	(hierarchical	layout)	of	biological	process	terms	enriched	in	upregulated	
differentially	expressed	genes	between	2%	and	20%.	Differentially	upregulated	genes	in	2%	vs	
20%	with	a	 log	fold	change	higher	than	0.5	were	used	to	generate	a	 list	of	biological	process	
terms	using	BiNGO.	Terms	with	a	significance	level	of	0.001	or	lower	following	multiple	testing	
corrections	were	visualised	using	Cytoscape.	Node	size	corresponds	to	the	number	of	genes	per	
each	term	and	the	colour	corresponds	to	the	p-value.	Zoomed	in	representations	of	the	three	
main	 branches	 are	 shown	 in	 the	 following	 3	 figures	 (A-C)	 with	 the	 end	 stage	 processes	
highlighted	with	a	red	circle. 
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Collectively,	 the	 GO	 term	 analysis	 showed	 serum	 reduction	 induced	 upregulation	 of	

genes	 involved	mainly	 in	developmental	processes	rather	than	differentiation	related	

terms.	Several	genes	were	observed	to	overlap	with	many	of	the	developmental	terms;	

cell	 adhesion	 molecules	 Epha4	 (ephrin	 type-A	 receptor	 4)	 and	 Alcam	 (activated	

leukocyte	 cell	 adhesion	 molecule),	 gap	 junction	 protein	 Gja1	 (gap	 junction	 protein	

alpha-1),	 transcription	 factor	Foxc1	 (forkhead	box	C1),	 and	 several	 secreted	proteins	

Fgf7	(fibroblast	growth	factor	7),	Bmp6	(bone	morphogenic	protein	6),	Sfrp1	(secreted	

frizzled	related	protein	1),	Frzb/Sfrp3	(secreted	frizzled	related	protein	3),	Wnt2	(Wnt	

family	member	2),	Wnt5a	(Wnt	family	member	5A),	Vegfc	(vascular	endothelial	growth	

factor	 C),	 Sema3C	 (semaphorin	 3C),	 Kitl/SCF	 (KIT-ligand/stem	 cell	 factor),	 Nrg1	

(neuregulin	1)	and	Igf1	(insulin-like	growth	factor	1).	While	development	related	terms	

were	 the	 most	 abundant,	 most	 significantly	 enriched	 terms	 within	 the	 upregulated	

genes	in	2%	were	observed	to	include	metabolism	related	genes	that	were	involved	in	

lipid	(cholesterol,	fatty	acid	and	isoprenoid)	metabolism.	We	also	observed	evidence	for	

two	pathways,	Ras	protein	 signalling	and	Wnt	 signalling	pathways,	 to	be	 those	most	

distinguished	within	 the	gene	set.	Down	regulated	genes	 in	2%	relative	 to	20%	were	

enriched	 for	 biological	 process	 terms	mainly	 related	 to	 protein	 translation,	 vascular	

development	and	response	to	stimulus.	Glycolysis	related	terms	were	also	found	to	be	

significantly	enriched	among	the	downregulated	genes	following	serum	reduction.		

4.4.6	Signalling	pathways	affected	by	serum	reduction	

To	 determine	 the	 major	 pathways	 affected	 by	 serum	 reduction,	 all	 differentially	

expressed	 genes	 between	 2%	 and	 20%	 were	 mapped	 against	 the	 KEGG	 pathway	

database	 using	 the	 KEGG	 Mapper	 tool.	 Several	 of	 the	 most	 enriched	 pathways	

(excluding	those	involved	in	metabolism)	are	summarised	in	Table	1	along	with	genes	

that	were	up	and	downregulated	in	2%	(vice	versa	in	20%).	It	is	noteworthy	that	some	

pathways	 interact	 with	 each	 other	 and	 hence	 there	 would	 be	 an	 overlap	 between	

multiple	pathway	components.	In	general,	it	was	observed	that	the	majority	of	genes	

upregulated	 in	 2%	 encoded	 the	 ligands	 that	 activated	 each	 pathway	 whereas	 the	

intermediates	and	downstream	targets	of	those	pathways	were	downregulated,	except	

for	in	Rap1	and	Ras	signalling	pathways.		
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Table	4.1:	KEGG	signalling	pathways	enriched	in	differentially	expressed	genes	in	2%	vs	20%	

Signalling	pathway	 Genes	upregulated	in	2%	 Genes	downregulated	in	2%	

HIF1	signalling		 Igf1	

Slc2a1,	Akt1,	Eif4ebp1,	Egln3,	
Vegfa,	Angpt4,	Hmox1,	Ldha,	Pdk1,	
Hk2,	Pfkl,	Gapdh,	Eno1,	Eno3,	
Pfkfb3	

PI3K-Akt	signalling	 Fgf7,	Vegfc,	Igf1,	Kitl,	Lpar1		
Angpt4,	Vegfa,	Hgf,	Col6a3,	Itga5,	
Akt1,	Eif4ebp1,	Gys1,	Ccne1,	Pdk1	

Rap1	signalling	
Fgf7,	Vegfc,	Igf1,	Kitl,	
Lpar1,	Rasgrp3,	Gnai1,	
Prkd1	

Angpt4,	Vegfa,	Hgf,	Gnao1,	Akt1	

Ras	signalling	
Fgf7,	Vegfc,	Igf1,	Kitl,	
Rasgrp3	

Angpt4,	Vegfa,	Hgf,	Akt1,	Pla1a	

Wnt	signalling	
Sfrp1,	Wnt2,	Wnt5a,	Frzb,	
Gpc4	

Sfrp4,	Lrp5,	Nfatc4	

ErbB	signalling	 Nrg1,	Igf1	 Hgf,	Vegfa,	Akt1,	Eif4ebp1	

Regulation	of	
pluripotency	

Wnt2,	Wnt5a,	Igf,	Lifr,		 Akt,	Id3	

Blue	font-	Ligands,	Green	font-	Receptors,	Black	font-	Intermediates	and	downstream	
targets	

	

	

4.4.7	 Comparison	 of	 genes	 upregulated	 in	 2%	 with	 transcriptome	 data	 from	 the	

embryonic	epicardium	and	adult	epicardium	following	induced	myocardial	infarction.	

	

In	 our	 initial	 qPCR	 analysis,	 we	 observed	 the	 upregulation	 of	 several	 embryonic	

epicardial	genes	following	serum	reduction.	While	the	adult	epicardium	is	reported	to	

be	in	an	inactive/dormant	state,	this	gene	signature	indicative	of	an	active	phase	is	also	

observed	following	an	injury	in	adult	hearts	[249,	294].	Therefore,	to	determine	if	the		
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Figure	 4.18:	 Comparison	 of	 differentially	 expressed	 genes	 upregulated	 in	 2%	 with	 genes	
enriched	in	the	embryonic	epicardium.	The	embryonic	epicardial	gene	list	was	obtained	from	
[294].	A.	Genes	 that	were	upregulated	by	2	 fold	or	more	were	overlapped	with	upregulated	
genes	in	2%.	B.	List	of	the	23	common	genes	along	with	LogFC	(fold	change	exrpessed	as	 log	
base	2)	and	FDR	values	from	our	study.	Gene	names	emphasised	in	bold	font	were	also	found	
to	be	upregulated	 in	the	adilt	epicardium	following	 induced	myocardial	 infarction	(see	figure	
4.19).			

DEGs	in	2%	
vs	20%

DEGs in	embryonic	
epicardium	
vs	total	heart

A

BEmbryo
Gene Gene	name 	LogFC FDR

Angptl7 angiopoietin-like	7	 2.94 1.2E-08
Bnc1 basonuclin	1	 1.37 3.8E-03
Col8a2 collagen,	type	VIII,	alpha	2	 1.08 5.1E-03
Cpz carboxypeptidase	Z	 1.38 1.6E-03
Dnm3os dynamin	3,	opposite	strand	 0.65 1.2E-02
Dpysl2 dihydropyrimidinase-like	2	 0.58 4.4E-03

Efemp1 epidermal	growth	factor-containing	fibulin-like	extracellular	matrix	
protein	1	

1.37 2.4E-05

Gpm6a glycoprotein	m6a	 1.33 1.1E-02
Gsta3 glutathione	S-transferase,	alpha	3	 1.59 5.4E-03
Hs6st2 heparan	sulfate	6-O-sulfotransferase	2	 0.81 2.2E-04
Igf1 insulin-like	growth	factor	1	 0.95 2.7E-02

Kcnab1
potassium	voltage-gated	channel,	shaker-related	subfamily,	beta	
member	1	

1.57 1.1E-10

Kitl kit	ligand	 1.20 8.0E-03
Klhl13 kelch-like	13	 0.70 1.0E-02
Limch1 LIM	and	calponin	homology	domains	1	 0.84 4.0E-02
Lpar1 lysophosphatidic	acid	receptor	1	 0.95 2.9E-02
Lrrn4 leucine	rich	repeat	neuronal	4	 1.38 2.4E-05
Mgst1 microsomal	glutathione	S-transferase	1	 0.69 5.0E-02
Pappa pregnancy-associated	plasma	protein	A	 0.73 1.9E-03
Parm1 prostate	androgen-regulated	mucin-like	protein	1	 0.68 1.4E-02
Stard4 StAR-related	lipid	transfer	(START)	domain	containing	4	 0.80 9.0E-04

Svep1
sushi,	von	Willebrand	factor	type	A,	EGF	and	pentraxin	domain	
containing	1	

0.67 2.5E-02

Vegfc vascular	endothelial	growth	factor	C	 1.06 1.1E-02
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Figure	 4.19:	 Comparison	 of	 differentially	 expressed	 genes	 upregulated	 in	 2%	 with	 genes	
enriched	in	the	adult	epicardium	post-injury.	The	adult	epicardial	gene	list	was	obtained	using	
raw	transcriptome	data	 from	[335].	A.	Genes	 that	were	upregulated	by	2	 fold	or	more	were	
overlapped	with	upregulated	genes	in	2%.	B.	List	of	the	23	common	genes	along	with	LogFC	(fold	
change	exrpessed	as	log	base	2)	and	FDR	values	from	our	study.	Gene	names	emphasised	in	bold	
font	were	also	found	to	be	upregulated	 in	the	adilt	epicardium	following	 induced	myocardial	
infarction	(see	figure	4.18).			

DEGs	in	2%	
vs	20%

DEGs in	adult	epicardium
Post-LAD	vs	Sham

A

B
Gene Gene	name LogFC FDR

Adamts9
a	disintegrin-like	and	metallopeptidase	(reprolysin	type)	
with	thrombospondin	type	1	motif,	9	

0.68 1.7E-02

Angptl7 angiopoietin-like	7	 2.94 1.2E-08
Bnc1 basonuclin	1	 1.37 3.8E-03
Cpz carboxypeptidase	Z	 1.38 1.6E-03
Cyp51 cytochrome	P450,	family	51	 1.08 4.0E-09
Dhcr7 7-dehydrocholesterol	reductase 1.24 8.2E-06

Efemp1 epidermal	growth	factor-containing	fibulin-like	
extracellular	matrix	protein	1	

1.37 2.4E-05

Gpm6a glycoprotein	m6a	 1.33 1.1E-02
Il1f10 interleukin	1	family,	member	10	 2.07 5.6E-05
Lrrn4 leucine	rich	repeat	neuronal	4	 1.38 2.4E-05
Scd1 stearoyl-Coenzyme	A	desaturase	1 1.08 2.1E-07
Scd2 stearoyl-Coenzyme	A	desaturase	2	 1.13 2.2E-07

Sema3c
sema	domain,	immunoglobulin	domain	(Ig),	short	basic	
domain,	secreted,	(semaphorin)	3C	

1.59 7.8E-06

Sh3bgrl SH3-binding	domain	glutamic	acid-rich	protein	like	 0.83 1.9E-03
Timp3 tissue	inhibitor	of	metalloproteinase	3	 0.63 4.3E-02
Vegfc vascular	endothelial	growth	factor	C	 1.06 1.1E-02
Wnt5a wingless-type	MMTV	integration	site	family,	member	5A	 0.83 3.0E-02
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cells	 in	2%	serum	resembled	any	of	these	states	-	embryonic	epicardium	or	the	adult	

epicardium	post-injury	-	we	compared	our	data	set	with	published	data	sets	for	the	two	

conditions.		

The	embryonic	epicardial	data	 set	was	obtained	by	comparing	 the	 transcriptomes	of	

Tcf21	positive	 cells	 against	 cells	 isolated	 from	whole	 hearts	 at	 e11.5	 FACS	 selection	

[294].	 Only	 23	 genes	 were	 found	 in	 common	 between	 the	 genes	 upregulated	 in	

embryonic	epicardium	and	in	2%	serum	versus	20%	serum	cells	(Figure	4.18,	A	and	B).	

An	 adult	 epicardium	 post-injury	 data	 set	 was	 also	 generated	 by	 deriving	 the	

differentially	expressed	genes	in	the	epicardium	following	myocardial	infarction	relative	

to	healthy	epicardium	[335].	We	observed	only	17	genes	to	be	shared	when	overlapped	

with	upregulated	genes	 in	2%	cells	 (Figure	4.19,	A	and	B).	Genes	 that	were	 found	 in	

common	between	all	3	data	 sets	are	emphasised	 in	bold	 font.	The	number	of	genes	

shared	between	the	data	sets	was	rather	low	and	thus,	is	not	sufficient	to	determine	if	

2%	cells	resembled	either	the	embryonic	or	adult	epicardial	transcriptome.		

	

4.5	Discussion	
	

In	this	chapter,	we	intended	to	use	the	serum	drop	assay	as	a	tool	to	determine	tissue	

identity	 and	 differentiation	 bias	 in	 cardiac	 CFU-Fs	 cultures.	 By	 inducing	 cMSCs	 to	

differentiate	by	reduced	serum	conditions,	we	aimed	to	establish	an	assay	and	an	 in	

vitro	 model	 to	 further	 study	 intrinsic	 cell	 fate	 decisions	 of	 cMSCs.	 While	 the	

differentiation	 capacity	 and	 plasticity	 of	 cMSCs	 has	 been	 determined	 using	 direct	

differentiation	protocols,	this	was	the	first	 in	vitro	attempt	to	determine	the	 intrinsic	

differentiation	capacity	of	cMSCs	without	any	guiding	cues.		

cCFU-F	are	one	of	the	many	progenitor	populations	thought	to	reside	in	the	heart	which	

ironically	is	one	of	the	organs	with	the	least	capacity	to	regenerate.	Proper	biological	

characterisation	of	 these	cell	 types	 is	 therefore	mandatory	 to	better	harness	 the	 full	

potential	of	each	cell	type,	either	in	cell	therapy	or	in	in	vivo	targeted	therapies,	to	push	

cardiac	 repair	 beyond	 the	 normal	 limit.	 Although	 cCFU-Fs	 are	 among	 the	 best	

characterised	progenitor	populations	in	the	heart,	long-term	contribution	of	these	cells	
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to	cardiac	homeostasis	and	pathology	is	unknown.	This	is	largely	owing	to	the	lack	of	a	

specific	marker	to	pursue	lineage	tracing	studies.	However,	fate	mapping	using	genetic	

markers	 that	 overlaps	with	 cCFU-Fs	 has	 implied	 cardiomyocyte,	 smooth	muscle	 cell,	

endothelial,	myofibroblast,	adipogenic	and	osteogenic	fates	for	the	cells	[32,	276,	323-

325].	While	 the	 first	 three	cell	 types	would	greatly	support	cardiac	regeneration,	 the	

latter	 three	 fates	 are	 known	 to	 be	 involved	 in	 pathological	 situations.	 This	 further	

highlights	the	importance	of	understanding	the	molecular	networks	that	govern	cellular	

differentiation	so	that	it	can	be	eventually	manipulated	to	enhance	cardiac	repair.		

4.5.1	Serum	drop	did	not	induce	cMSC	differentiation	

We	 intended	 to	 use	 an	 in	 vitro	 system,	 serum	 drop	 assay,	 to	 determine	 lineage	

commitment	 of	 cMSCs.	 An	 in	 vitro	 system	 was	 desirable	 as	 it	 would	 be	 easy	 to	

manipulate	biochemically	and	genetically.	This	is	especially	useful	for	further	studies	to	

investigate	 the	 gene	 regulatory	 network	 that	 governs	 cell	 fate	 decisions.	 Following	

serum	drop,	we	used	both	qRT-PCR	and	 ICC	 to	determine	 lineage	outcomes	both	at	

transcript	and	protein	levels.	However,	we	did	not	observe	any	compelling	evidence	to	

conclude	 that	 the	 cells	 were	 differentiating	 into	 any	 of	 the	 lineages	 tested;	

cardiomyocytes,	 endothelial	 cells,	 smooth	 muscle	 cells	 and	 fibroblasts.	 Along	 with	

morphological	analysis,	we	observed	three	main	differences	in	cells	exposed	to	reduced	

serum.	 Firstly,	 expression	 of	 TFs	 indicative	 of	 progenitor	 cell	 state	 became	 nuclear	

localised	 suggesting	 acquisition	 of	 functional	 activity.	 Secondly,	 cells	were	 losing	 the	

expression	of	markers	used	to	identify	mesenchymal	cell	derivatives,	especially	Acta2	

which	is	known	to	be	a	mesenchymal	cell	marker	[344].	Finally,	apart	from	a	fraction	of	

the	cells,	the	majority	were	acquiring	a	cobblestone-like	morphology	which	was	further	

emphasised	in	GJA1	and	ZO1	staining	with	cells	forming	cell-cell	contacts,	which	are	not	

observed	 in	 mesenchymal	 cells.	 Collectively,	 these	 observations	 implied	 the	 cells	

obtaining	an	epithelial-like	state	in	2%	serum	condition.		
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4.5.2	Serum	drop	induced	an	activated	epicardial	gene	signature	in	cMSCs	

The	concept	of	the	serum	drop	assay	to	induce	cell	differentiation	relied	on	the	idea	that	

removal	of	 serum,	and	hence	available	mitogens,	would	promote	 cell	 differentiation	

over	proliferation,	as	seen	with	skeletal	muscle	stem	cells	or	progenitor	cell	lines	in	vitro.	

However,	 it	 is	noteworthy	 that	 fetal	 calf	 serum	also	contains	various	growth	 factors,	

cytokines	and	chemokines,	as	well	as	other	bioactive	compounds	 including	 lipids	and	

matrix	components,	some	of	which	also	promote	epithelial	to	mesenchymal	transition	

(EMT)	in	cells.	As	demonstrated	by	the	work	of	Chong	et	al.,	cCFU-Fs	are	embryonically	

derived	from	the	proepicardium,	a	transient	epithelial	structure	[89].	Proepicardial	cells	

then	undergo	several	 rounds	of	EMT	and	mesenchymal	 to	epithelial	 transition	(MET)	

prior	to	becoming	epicardium	and	invading	the	myocardium	as	mesenchymal	cells	[346,	

347].	As	cMSCs	are	routinely	cultured	in	20%	serum	containing	media,	it	is	likely	that	the	

growth	factors	present	maintain	the	mesenchymal	characteristics	of	the	cells	as	well	as	

their	proliferative	state.	However,	when	serum	percentage	is	reduced,	and	hence	the	

factors	that	promote	EMT	are	diluted,	the	equilibrium	shifts	towards	MET	promoting	an	

epithelial	state	in	cells	without	a	major	cell	lineage	transition.		

To	investigate	this	new	hypothesis,	we	then	tested	for	expression	of	several	epicardial	

markers	 following	 serum	 drop.	We	 in	 fact	 saw	 a	 significant	 up-regulation	 of	 all	 the	

markers	 tested	 -	Tbx18	and	Cdh1	only	 increased	by	 two	and	three-fold,	 respectively,	

however	Raldh2	increased	drastically	by	50-60-fold	and	Wt1	and	Pdgfra	both	increased	

by	10-fold.	Cells	in	2%	serum	media	also	expressed	tight	junction	protein	ZO1	localised	

to	the	cell	membrane	and	nuclear	localised	WT1	when	analysed	with	ICC.	The	increase	

in	Raldh2	 expression	 is	 likely	 to	have	also	 caused	 the	 reduction	observed	 in	 smooth	

muscle	marker	expression	levels	[348,	349].		

In	 the	 second	 round	 of	 experiments,	 a	 similar	 pattern	 of	 gene	 upregulation	 was	

observed	although	the	fold	changes	were	much	less	especially	for	Raldh2	expression.	

The	difference	between	the	batch	of	serum	used	may	have	been	a	key	contributor	to	

these	changes.	The	contents	of	serum	differ	from	batch	to	batch	and	as	explained	above,	

we	 believe	 the	 phenomena	 observed	 in	 2%	 serum	 relies	 heavily	 on	 the	 effect	 the	

contents	have	on	the	cells	to	induce/repress	EMT.	This	may	have	also	affected	the	time	

frame	taken	for	the	induction	to	occur.		
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Collectively,	 results	 thus	 far	 showed	 that	 the	 serum	 drop	 assay	 did	 not	 induce	 cell	

differentiation.	 However,	 it	 did	 suggest	 that	 cMSCs	 retain	 an	 epicardial	 identity	

consistent	with	their	embryonic	origin	which	enabled	reactivation	of	the	epicardial	gene	

signature	under	specific	conditions	(2%	serum)	even	when	isolated	from	adult	hearts.	

This	property	is	also	observed	in	the	adult	epicardium	post-injury	[246],	which	otherwise	

had	long	been	considered	to	be	a	protective	layer	at	best	and	to	be	in	a	dormant	state	

[247].	The	epicardium	has	recently	gained	much	appreciation	 for	 its	potential	 role	 in	

cardiac	regeneration	both	via	paracrine	function	and	cell	replacement	(as	discussed	in	

[246,	247,	350]).	It	is	likely	that	cCFU-Fs	share	similar	properties	and	it	is	also	possible	

that	 their	 cellular	 contributions	 in	 vivo	 will	 align	 with	 lineages	 derived	 from	 the	

epicardium.	 It	 is	 noteworthy	 that	 the	 activation	 of	 the	 embryonic	 epicardial	 gene	

program	in	the	adult	epicardium	post-injury	 is	a	 transient	state	which	results	 in	EMT	

giving	rise	to	epicardium	derived	cells	(EPDCs)	leading	to	subsequent	cell	differentiation	

depending	on	environmental	cues.	Therefore,	the	cell	state	we	recapitulate	in	2%	serum	

may	serve	as	a	model	that	represents	an	active	epicardium.	To	investigate	this	further	

and	 to	 determine	molecular	 pathways	 active	 during	 the	 transition,	we	 carried	 out	 a	

transcriptomic	analysis	in	global	scale.		

	

4.5.3	 RNA-Seq	 analysis	 supports	 activation	 of	 developmental	 genes	 and	 loss	 of	

mesenchymal	characteristics	

In	our	transcriptome	analysis,	we	focused	on	the	differentially	expressed	genes	(DEGs)	

identified	between	2%	and	20%	samples.	The	 initial	pairwise	comparison	carried	out	

between	samples	from	the	same	biological	replicate	followed	by	selection	of	significant	

DEGs	across	all	3	replicates	and	validation	of	results	using	2	methods	of	analysis;	edgeR	

and	DESeq,	ensured	the	validity	of	the	gene	lists.	Gene	ontology	(GO)	term	analysis	for	

enrichment	 of	 genes	 associated	with	 biological	 processes	 revealed	 lipid	 (fatty	 acids,	

cholesterol	and	isoprenoid)	biosynthesis	to	be	the	most	affected	(increased)	process	in	

2%	cell.	On	the	other	hand,	genes	related	to	glycolysis	were	the	most	downregulated	

following	 serum	drop.	 Thus,	 induced	 cells	 appear	 to	 be	 in	 a	more	 active	 respiratory	

state.	MSCs	in	general	are	known	to	favour	glycolysis	over	oxidative	phosphorylation	for	

energy	production	 [351,	 352].	Due	 to	high	glycolytic	nature	of	MSCs	 (97%	of	energy	
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production),	glucose	in	culture	media	is	one	of	the	limiting	factors	in	in	vitro	models	of	

MSC	starvation	[352].	Therefore,	the	downregulation	in	glycolysis	may	occur	following	

glucose	 deprivation	 in	 culture	 media	 as	 a	 result	 of	 serum	 reduction.	 This	 would	

encourage	cells	to	switch	to	the	other	alternate	energy	source,	lipids.	In	the	meantime,	

it	has	been	reported	that	cells	may	also	rapidly	store	energy	in	the	form	of	fatty	acids	in	

response	to	starvation	and	activation	of	autophagy	pathways	[352].	However,	we	did	

not	detect	upregulation	of	any	known	genes	associated	with	autophagy.	In	addition,	if	

the	cells	were	initiating	differentiation	(although	we	did	not	detect	any	evidence),	due	

to	high	demand	in	energy	and	metabolites	for	proliferation,	they	may	switch	to	oxidative	

phosphorylation	and	utilise	lipids	for	energy	production.	One	or	more	of	these	reasons	

may	have	led	to	the	metabolic	changes	observed	following	serum	reduction.		

Highest	 number	 of	 GO	 terms	 enriched	 within	 the	 upregulated	 genes	 in	 2%	 were	

associated	 with	 development/morphogenesis	 related	 processes.	 This	 supports	 our	

hypothesis	of	the	cells	acquiring	an	embryonic/developmental	state.	Acquisition	of	such	

a	 state	 has	 been	 reported	 following	 injury	 for	 multiple	 adult	 cell	 types	 although	 at	

varying	degrees	[353].	Terms	associated	with	epithelial	development,	morphogenesis	

and	 proliferation	were	 also	 observed	 however,	 none	 of	 the	 terms	were	 epicardium	

specific,	 potentially	 due	 to	 the	 lack	 of	 annotation	 sets	 available	 on	public	 databases	

used.	We	also	did	not	find	Wt1,	Raldh2	or	Pdgfra	to	be	significantly	upregulated	in	2%	

(still	upregulated	in	2%	but	with	<0.5	fold	differences).	Collectively,	these	observations	

suggest	 that	 a	 time	 course	 analysis	 of	 gene	 expression	 ideally	 should	 have	 been	

repeated	with	 the	second	batch	of	serum	and	cells	at	an	earlier	passage.	This	would	

have	ensured	selection	of	the	best	time	point	under	the	given	conditions	at	which	the	

markers	of	interest	were	at	their	peak	and	hence	capturing	the	cells	at	the	right	point	of	

transition.		

However,	 the	 EMT	 promoting	 TF	 Snai1	 [354]	 was	 observed	 to	 be	 significantly	

downregulated	 in	 2%	 further	 supporting	 loss	 of	 mesenchymal	 nature.	 Among	 the	

pathways	 that	 were	 enriched	 within	 the	 DEGs,	 Rap1	 and	 Ras	 signalling	 pathways	

appeared	to	be	active	 in	2%	cells.	These	2	pathways	together	are	known	to	facilitate	

TGF-ß	signalling	mediated	EMT,	one	of	the	predominant	signalling	pathways	regulating	

the	cellular	function	in	the	epicardium	and	its	derivatives	[355-357].	Following	the	KEGG	
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pathway	maps,	 it	was	observed	that	 the	 ligands,	and	 intermediates	expressed	by	2%	

cells	 that	belonged	 to	 these	pathways	promoted	 formation	of	 inactive	Rap1	 thereby	

preventing	EMT.	This	is	consistent	with	downregulation	of	Snai1	as	it	is	reported	to	be	

induced	by	TGF-ß	signalling	[358].		

Despite	the	fact	that	the	cells	were	cultured	in	relative	hypoxia	(2%	O2),	HIF1	signalling	

pathway	constituents	were	observed	to	be	downregulated	in	2%	cells.	HIF1	signalling	is	

also	known	to	promote	EMT	and	regulate	vascular	remodelling	including	during	cardiac	

development	[359,	360].	Consistently,	we	also	observed	multiple	GO	terms	and	pathway	

intermediates	 involved	 in	 vasculature	development	 to	be	downregulated	 in	2%.	 This	

additionally	suggested	that	reversal	of	EMT	by	serum	reduction	could	not	be	prevented	

by	HIF1	mediated	signalling.		

In	the	absence	of	any	differentially	expressed	genes	suggestive	of	differentiation,	the	

cMSCs	in	2%	appeared	to	express	genes	encoding	multiple	secreted	ligands	for	several	

pathways.	 This	 is	 consistent	with	 the	 paracrine	 function	 expected	 of	MSCs	 [93]	 and	

provides	insights	into	types	of	pathways	and	potentially	cells	types	that	can	benefit	or	

be	affected	by	these	cells.	Apart	from	ligands	acting	on	PI3K-AKT,	RAP1,	RAS,	WNT	and	

ERBB	 pathways,	 Vegfc	 expression	 was	 also	 observed	 which	 was	 recently	 shown	 to	

promote	 lymphangiogenesis	 leading	 to	 better	 injury	 resolution	 and	 cardiac	 function	

following	ischemic	injury	[361].	In	addition,	neuregulin-1	is	currently	one	of	the	prime	

signalling	 molecule	 being	 considered	 in	 cardiac	 regeneration	 to	 both	 induce	

cardiomyocyte	proliferation	and	inhibit	pathological	fibrosis	(reviewed	in	[10]).	

4.5.4	Comparison	with	embryonic	and	adult	epicardial	transcriptomes	

To	 determine	 if	 cells	 in	 2%	 closely	 resembled	 the	 two	 known	 active	 states	 of	 the	

epicardium,	 during	 development	 and	 in	 adult	 heart	 post-injury,	 we	 anticipated	 to	

compare	the	genes	upregulated	in	2%	with	published	data	sets	obtained	from	[294]	and	

[335].	We	observed	an	overlap	of	several	genes	between	the	data	sets	although	it	was	

not	sufficient	to	obtain	a	definitive	conclusion	with	respect	to	an	epicardial	identity.	It	is	

noteworthy	though	that	during	analysis	we	encountered	several	challenges	that	may	

have	affected	this	exercise.	Firstly,	the	biological	samples	for	the	two	published	studies	
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were	 obtained	 using	 different	 techniques	 (embryonic	 epicardial	 cells	were	 retrieved	

using	 FACS	 separation	 for	 TCF21+	 cells	 whereas	 the	 adult	 epicardium	 samples	 were	

obtained	 via	 laser	 capture	 microdissection	 of	 sectioned	 tissue),	 and	 transcriptome	

analysis	was	performed	with	different	platforms	 relative	 to	our	 study.	We	 therefore	

opted	to	retrieve	the	raw	data,	analyse	them	individually	and	compare	the	generated	

DEGs	 to	minimise	 technical	 artefacts.	 The	 embryonic	 data	 set	 only	 consisted	 of	 one	

biological	 sample	 (ie.	 no	 replicates)	 and	 hence	 statistics	 could	 not	 be	 applied	 [294].	

Although	all	genes	with	a	fold	change	of	2	were	used	we	may	have	included/excluded	

significant	 genes	 of	 importance.	 The	 adult	 epicardium	 data	 set	 only	 yielded	 11	

significant	DEGs	using	our	method	of	analysis	although	the	publication	mentioned	many	

more	 genes	 [335].	 Given	 the	 uncertainty	 of	 using	 these	 data	 sets	 to	 meet	 our	

requirements,	we	did	not	proceed	to	carry	out	in-depth	analysis.		
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4.5.5	Conclusions	

This	 study	 presented	 an	 attempt	 to	 develop	 an	 assay	 to	 determine	 the	 intrinsic	

differentiation	 capacity	 and	 thereby,	 tissue	 identity	 of	 cCFU-Fs/cMSCs.	 Following	 a	

concept	widely	used	in	primary	myoblast	and	C2C12	myoblast	cell	culture	systems	to	

differentiate	cells,	the	lab	had	previously	explored	the	“serum	drop”	assay	as	a	means	

of	inducing	cell	differentiation	without	the	use	of	soluble	factors.	Given	the	inconclusive	

results	 with	 respect	 to	 lineage	 differentiation,	 the	 experiment	 was	 repeated	 with	

additional	markers	to	determine	cell	lineages	that	the	cMSCs	might	be	biased	towards.	

It	 was	 observed	 that	 the	 assay	 did	 not	 behave	 as	 anticipated	 and	 the	 cells	 rather	

acquired	an	epithelial	phenotype	following	serum	reduction.		

Given	the	embryonic	origin	of	cCFU-Fs	in	the	epicardium,	the	outer	mesothelial	layer	of	

the	heart,	and	the	fact	that	a	mesenchymal	state	can	be	a	metastable,	we	next	tested	

the	possibility	of	 the	cells	 reversing	EMT	and	acquiring	epicardial	 characteristics.	We	

tested	 for	 the	expression	of	 a	 commonly	used	 set	of	markers	 indicative	of	 an	active	

epicardium.	We	in	fact	observed	upregulation	of	the	genes	tested.	This	suggested	that	

the	 cMSCs	 grown	 in	 low	 serum,	 consistent	 with	 their	 embryonic	 origin,	 were	 of	

epicardial	 identity.	 Given	 the	 increasing	 recognition	 of	 epicardium	 as	 a	 source	 of	

paracrine	signalling	and	progenitor	cells,	both	during	development	and	following	injury,	

it	was	of	interest	to	then	determine	if	we	could	characterise	the	cells	in	2%	further	and	

identify	potential	signalling	pathways	that	were	governing	cellular	functions.		

Through	 transcriptome	 analysis,	 we	 confirmed	 the	 upregulation	 of	 developmental	

pathways	and	loss	of	mesenchymal	character.	However,	we	were	unable	to	determine	

the	precise	identity/state	of	cells.	We	again	did	not	observe	the	cells	differentiating	into	

any	particular	lineage	although	consistent	with	epicardial	and	MSC	characteristics,	the	

cells	 were	 found	 to	 encode	 for	 multiple	 secreted	 factors	 that	 activated	 several	

important	 signalling	pathways	 important	 for	development	and	homeostasis.	We	also	

observed	 the	 EMT	 state	 of	 cells	 to	 be	 regulated	 via	 RAP1,	 RAS	 signalling	 pathways	

potentially	mediated	via	TGF-ß.		
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Chapter	5 –	Role	of	TBX20	in	cCFU-Fs	and	cMSCs	

5.1	Introduction	

The	main	aim	of	this	thesis	was	to	initiate	understanding	the	cell	fate	and	decisions	of	

cCFU-Fs	and	the	underlying	control	mechanisms	that	regulate	these	processes.	Chapter	

4	 discusses	 an	 approach	 taken	 to	 differentiate	 cMSCs	 in	 an	 unbiased	 manner,	 by	

reducing	the	level	of	serum	in	growth	media,	followed	by	a	whole	transcriptome	analysis	

to	identify	specific	molecular	pathways	active	in	the	cells	during	this	process.	Although	

the	assay	did	not	behave	as	anticipated,	we	observed	that	the	cMSCs	still	retained	an	

epicardial	 identity	to	a	certain	extent,	 in	 line	with	their	embryonic	origins.	While	this	

provided	 a	 global	 view	 on	 cellular	 identity,	 in	 parallel	 we	 focused	 on	 identifying	

transcription	 factors	 (TFs)	 that	are	 likely	 to	act	as	 important	molecular	 switches	 that	

guide	 cellular	 decisions	 in	 cardiac	 stromal	 cells	 during	 homeostasis	 and	 repair.	

Identifying	and	better	characterising	these	regulatory	elements	might	enable	us	to	then	

develop	 them	 as	 potential	 targets	 that	 can	 be	manipulated	 leading	 to	 better	 injury	

resolution	and	regeneration.	

5.1.1	Organ	specific	identity	of	MSCs	

With	the	discovery	of	MSCs	in	several	organs/tissues,	it	was	initially	thought	that	these	

cells	were	 of	 a	 common	 origin.	 However,	multiple	 studies	 have	 since	 demonstrated	

differences	in	specific	characteristics	of	individual	MSC	populations	and	biases	in	lineage	

commitment	based	on	anatomical	location	[90,	307,	322].	These	observations	suggest	

the	existence	of	organ	specific	CFU-Fs	and	their	derivative	MSCs.	As	discussed	in	detail	

in	section	2.5.4,	cardiac	CFU-Fs	are	a	proepicardium	derived	cardiac	resident	progenitor	

population	that	is	therefore	likely	to	be	dedicated	to	generating	and	maintaining	cardiac	

related	lineages.	Two	recent	studies	by	Furtado	et	al.	[31]	and	Noseda	et	al.	[189]	further	

support	this	notion.	Although	cCFU-Fs	were	not	specifically	assessed	in	these	studies,	

cardiac	fibroblasts	and	cardiac	side	population	cells	positive	for	SCA1	and	pdgfra,	both	

of	which	contain	the	cCFU-Fs,	were	analysed	for	the	expression	of	a	range	of	markers	of	
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different	 lineages.	 The	 studies	 reveal	 significant	 expression	 of	 multiple	 cardiogenic	

regulatory	 genes	 implying	 a	 cardiac	 specific	 identity	 and	 potentially	 cardiac	 lineage	

predisposition	 of	 the	 cells	 under	 study.	 Interestingly,	 both	 studies	 identify	

developmental	cardiogenic	TFs	GATA	binding	protein	4	(Gata4)	and	T-Box	20	(Tbx20)	to	

be	highly	expressed	in	these	populations.		

	

A	qPCR	analysis	confirmed	high	expression	of	these	two	TFs	in	the	S+P+	cells	(Figure	4.1).	

Therefore,	 we	 set	 out	 to	 investigate	 their	 function	 in	 cCFU-Fs	 individually	 and	 in	

combination	given	that	we	housed	floxed	mice	for	both	of	these	genes.	However,	due	

to	differences	in	mouse	background	strains	and	time	restrictions,	we	limited	our	analysis	

to	genetic	manipulation	of	Tbx20.	As	discussed	below	in	sections	5.1.2	and	5.1.3,	TBX20	

is	a	vital	TF	during	cardiac	morphogenesis	and	function.	In	addition,	a	preliminary	data	

set	available	 from	the	Harvey	 laboratory	demonstrated	co-localisation	of	TBX20	with	

PDGFRα	expressing	 cells	 both	during	development	 and	 in	 adult	 heart	 (Section	 5.1.4,	

Figure	5.1).	

	

	

5.1.2	Expression	and	function	of	Tbx20	in	developing	myocardium	and	endocardium		

	

TBX20	 is	 a	 vital	 cardiogenic	 TF,	 the	 role	 of	 which	 is	 well	 established	 both	 in	 the	

developing	heart	and	adult	cardiomyocytes.	Its	expression	is	evolutionarily	conserved	

and	it	is	reported	to	act	both	as	an	activator	[40,	42]	and	a	repressor	[41,	362]	to	regulate	

cardiac	structure	and	function	[38].	Stennard	et	al.	and	several	other	groups	reported	

that	a	systemic	deletion	of	Tbx20	results	in	lethality	around	mid-gestation	due	to	severe	

abnormalities	in	cardiac	morphogenesis	including	failed	cardiac	chamber	formation	[34,	

41,	363].	Collectively	these	studies	show	that	in	normal	hearts,	TBX20	represses	TBX2	

and	 thereby	 prevents	 repression	 on	 the	 proto-oncogene,	 NMYC1,	 allowing	 for	 cell	

proliferation	and	cardiac	progenitor	expansion.	 In	addition,	TBX20	 regulates	multiple	

genes	 that	 specify	 regional	 identity	 within	 the	 developing	 heart	 leading	 to	 proper	

formation	 of	 the	 cardiac	 chambers.	 Further	 to	 its	 indispensable	 role	 during	

development,	 Shen	 et	 al.	 [39]	 reported	 an	 ongoing	 requirement	 for	 Tbx20	 in	 adult	

cardiomyocytes,	 conditional	 deletion	 of	 which	 was	 shown	 to	 cause	 severe	
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cardiomyopathy	coupled	with	arrhythmias	leading	to	death	within	1-2	weeks.	This	was	

later	 revealed	 to	 be	 a	 result	 of	 the	 downregulation	 in	 gene	 expression	 of	 multiple	

important	TFs,	 cytoskeletal	proteins	and	 ion	channel	proteins	 [38].	Altogether,	 these	

studies	 suggest	 that	 while	 being	 in	 part	 associated	 with	 cell	 proliferation	 and	

morphogenesis	during	development,	TBX20	also	controls	a	set	of	essential	functions	in	

post-proliferative	adult	hearts.	Mutations	of	the	transcription	factor	at	this	stage	can	

lead	to	lethal	abnormalities	that	are	not	stemming	from	morphological	defects	present	

during	development.		

TBX20	 is	 also	 shown	 to	 coordinate	 atrioventricular	 septation	 and	 valve	 remodelling	

implying	a	 role	 in	 the	developing	endocardium	 [35,	42,	364].	Both	processes	 require	

proper	 endocardial	 cushion	 development,	 epithelial	 to	 mesenchymal	 transition,	

proliferation	 and	 migration	 of	 the	 cells	 and	 extracellular	 matrix	 (ECM)	 remodelling.	

Using	a	chick	embryo	model,	Yutzey	and	colleagues	show	Tbx20	to	be	under	the	direct	

regulation	of	Twist1	during	endocardial	cushion	development	promoting	heart	valve	cell	

proliferation	 and	migration	while	 repressing	 differentiation	 [365,	 366].	 Although	 the	

results	were	not	completely	recapitulated,	Cai	et	al.	demonstrate	a	similar	role	for	Tbx20	

in	mice	regulating	endocardial	cushion	formation	and	valve	elongation.	This	was	shown	

to	be	brought	about	by	diminished	cell	proliferation,	altered	Wnt/ß-catenin	signalling	

and	decreased	ECM	production.	Similarly,	during	septation,	Tbx20	deletion	was	shown	

to	 affect	 endocardial	 cushion	 mesenchymal	 cell	 proliferation,	 migration	 and	

extracellular	matrix	production	leading	to	failed	atrioventricular	septation	[364].	

5.1.3	Function	of	Tbx20	in	the	developing	epicardium	and	epicardial	derivatives	

A	 study	 by	 Huang	 et	 al.	 reported	 Tbx20	 as	 the	 third	 highest	 expressed	 TF	 in	 the	

developing	epicardium	at	e11.5	[294].	Kaltenbrun	et	al.	in	an	attempt	to	elucidate	the	

Tbx20	 transcriptional	 machinary,	 demonstrate	 TBX20	 asscociation	 with	 a	 chromatin	

remodeling	complex	and	reported	it	to	be	a	direct	binding	partner	of	the	epicardial	TF,	

TBX18	[367].	These	findings	further	implied	a	role	for	Tbx20	in	the	epicardium	through	

a	possible	TBX20-TBX18	repressor	complex.	Following	this,	Greulich	et	al.	tested	for	a	
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genetic	 interaction	 between	 Tbx18	 and	 Tbx20	 during	 epicardial	 development	 [368].	

They	 demonstrated	 co-expression	 of	 Tbx20	 and	 Tbx18	 at	 different	 stages	 during	

development	 of	 the	 epicardium	 via	 qualitative	 RT-PCR	 and	 in	 situ	 hybridisation.	

However,	 individual	 or	 combined	 deletion	 of	 the	 genes	 specifically	 neither	 affected	

epicrdium,	 epicardial	 formation,	 epicardial	 cell	 migration	 nor	 differentiation	 during	

development.	It	is	noteworthy	though	that	the	study	focused	on	heterozygous	deletion	

of	Tbx20	and	hence	may	not	have	captured	the	full	spectrum	of	effects	resulting	from	a	

homozygous	deletion	of	the	gene.		

Furthermore,	Furtado	et	al.	showed	that	Tbx20	deletion	in	fibroblasts,	the	majority	

of	which	are	epicardially	derived,	with	Periostin-Cre,	has	a	critical	impact	on	cardiac	

development,	with	mutants	 presenting	 relatively	 smaller	 hearts,	 ventricular	 septal	

defects,	 immature	 valves	 and	 a	 thinner	 compact	 myocardium	 [31].	 Regardless	 of	

these	malformations,	mutant	mice	were	born	 in	Mendelian	 ratios	and	 survived	 till	

adulthood.	When	challenged	with	myocardial	infarction	injury	at	adulthood,	mutants	

performed	better	with	slightly	increased	left	ventricular	ejection	fractions.	This	was	

associated	with	thicker	scars	and	reduced	dilation	which	the	authors	hypothesise	is	a	

result	of	reduced	myofibroblast	generation	and	ensuing	fibrosis	in	response	to	loss	of	

Tbx20.	

5.1.4	Co-expression	of	TBX20	in	PDGFRα	positive	cells	in	vivo	

Prior	to	studying	the	function	of	TBX20	in	detail	using	the	cMSC	model,	it	was	necessary	

to	confirm	expression	at	protein	level	in	cCFU-Fs	in	vivo	which	would	suggest	a	potential	

role	 for	 TBX20	 in	 transcriptional	 regulation.	 Greulich	 et	 al.	 only	 demonstrate	mRNA	

expression	up	until	e10.5	beyond	which	the	expression	in	the	epicardium	and	epicardial	

derived	 cells	 (EPDCs)	 would	 have	 been	 masked	 by	 the	 strong	 expression	 in	 the	

myocardium.	 Therefore,	 co-localisation	 of	 TBX20	 with	 PDGFRα	 was	 analysed	 during	

several	 stages	of	development	and	 in	 the	adult	heart.	Given	 the	embryonic	origin	of	

cCFU-Fs	 in	 the	 proepicardium,	 epicardial	 development	 was	 focused	 upon.	 In	 the	

absence	of	a	single	marker	to	identify	cCFU-Fs,	co-expression	with	PDGFRα	was	looked		
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Figure	5.1:	Co-localisation	of	TBX20	with	PDGFRα	expressing	cells	 in	 the	epicardium	during	
development	and	in	adult	heart.	Immunofluorescence	analysis	of	Pdgfrangfp/+;	Tbx20lacZ/+	hearts	
collected	 at	 different	 stages	 during	 development	 and	 from	 8-week	 old	 adult	 mice.	 GFP	
fluorescence	represents	PDGFRα	expression	and	lacZ	expression	from	the	Tbx20lacZ	allele	was	
detected	 by	 probing	 with	 an	 antibody	 against	 ß-galactosidase	 (in	 red).	 Co-localisation	 is	
observed	 in	 shades	of	yellow.	A	and	A’.	Although	expression	TBX20	expression	 is	 low,	 co-
expression	with	PDGFRα	can	be	observed	in	the	proepicardium/forming	epicardium	at	e9.5	
(arrow	 heads).	 B	 and	 B’.	 TBX20	 expression	 was	 not	 observed	 in	 the	 epicardium	 or	
subepicardium	however,	co-localisation	was	observed	in	the	endocardial	cushion	region	(EC)	
and	in	the	developing	mesenchyme	(asterisk).	C.	(C’-C’’’)	At	e15.5,	as	the	epicardial	derived	
cells	 invade	 the	myocardium	TBX20	expression	was	observed	again	 in	 the	epicardium	and	
proepicardium.	(C’)	Co-localisation	with	PDGFRα	was	observed	in	the	atrial	subepicardium,	
(C”)	much	 less	 in	the	right	ventricular	epicardium,	and	(C”’)	 in	a	mosaic	pattern	 in	the	 left	
ventricular	epicardium,	interstitial	cells	and	in	the	endocardium	(arrow	heads).	D.	 In	eight-
week	old	adult	hearts,	co-localisation	observed	in	the	epicardium,	interstitium,	and	E.	in	the	
perivascular	region.	PE,	proepicardium;	RA,	right	atrium;	RV,	right	ventricle;	LA,	left	atrium;	
LV,	left	ventricle;	EC,	endocardial	cushion;	Epi,	epicardium.	Data	from	Kylie	Lopez-Floro.			
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at	as	all	cCFU-Fs	are	shown	to	be	contained	within	the	PDGFRα+	fraction	[23,	189].	

This	preliminary	data	was	generated	by	Kylie	 Lopez-Floro	 in	 the	Harvey	 laboratory	

(Figure	5.1).	Tbx20lacZ/+	mice	(where	one	allele	of	Tbx20	is	deleted	bringing	a	nuclear	

lacZ	reporter	under	the	control	of	Tbx20	cis-regulatory	elements)	were	crossed	with	

Pdgfrangfp/+	 mice	 (nuclear	 Gfp	 knocked	 into	 the	 Pdgfra	 locus)	 and	 hearts	 were	

analysed	with	immunostainings	at	several	time	points.		

During	 development,	 at	 e9.5,	 TBX20-lacZ	 expression	 was	 observed	 in	 a	 subset	 of	

proepicardial	 cells	 that	 co-localised	 with	 PDGFRα	 positive	 cells	 (Figure	 5.1),	 arrow	

heads).	Neither	epicardial	nor	subepicardial	cells	expressed	TBX20	at	e12.5,	although	

significant	 expression	 and	 co-localisation	 with	 PDGFRα	 was	 observed	 in	 the	

endocardial	cushion	region	and	developing	mesenchyme	forming	the	atrioventricular	

septum	(asterisk,	Figure	5.1,	B’).	At	e15.5,	co-localisation	was	observed	in	some	cells	

of	 the	epicardium	(Figure	5.1	C’’,	C”’)	while	strong	expression	was	observed	 in	 the	

subepicardial	 region	and	endocardium	mainly	 in	 the	atria	and	 left	ventricle	 (Figure	

5.1	C’,	C”’).	In	adult	hearts,	the	stage	at	which	we	isolate	the	S+P+	cells,	co-localisation	

was	observed	in	the	epicardium,	cardiac	interstitium	and	in	the	perivascular	region	

(Figure	5.1	D-E).	
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5.1.5	Hypothesis	and	aims	

A	cohort	of	TFs	forms	the	core	of	the	gene	regulatory	network	that	modulates	cell	fate	

and	 function	 in	a	cross-regulated	manner.	Therefore,	 if	 the	expression	of	a	key	TF	 is	

perturbed,	 it	 is	 likely	 that	 a	 plethora	 of	 downstream	 network	 elements	 would	 be	

affected,	 significantly	 altering	 the	 functional	 outcome	 of	 the	 cell.	 Given	 the	 high	

expression	of	Tbx20	 in	S+P+	cells,	and	given	the	 importance	of	 the	TF	during	cardiac	

development	 and	maintaining	 structure	 and	 function	 in	 adulthood,	we	hypothesised	

that;	

1- Tbx20	 is	 among	 the	 key	 transcription	 factors	 that	 endows	 cCFU-Fs	 with	 a

cardiac/epicardial	identity.

2- Similar	 to	 its	 role	 in	 the	 developing	 and	 adult	 heart,	 specifically	 in	 the

epicardium,	TBX20	acts	upstream	of	cellular	pathways	that	may	in	part	regulate

cell	proliferation	and	differentiation	properties	of	cCFU-Fs	and	their	derivatives.

To	test	this	hypothesis,	the	main	aims	of	this	chapter	were;	

1- To	analyse	the	expression	pattern	of	TBX20	in	S+P+	cells	at	a	single	cell	level

2- To	 generate	 and	 purify	 adenovirus	 expressing	 Cre-recombinase	 enzyme	 and

optimise	transduction	conditions

3- To	delete	Tbx20	 in	cMSCs	 in	vitro	with	adeno-Cre	and	determine	the	effect	of

gene	deletion	on	MSC	properties	and	the	differentiation	capacity	of	cells

4- To	delete	Tbx20	 in	PDGFRα	expressing	cells	 in	vivo	using	Cre	expressed	under

the	Pdgfra	promoter	and	assess	the	effect	on	cMSC	properties	in	vitro
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5.3	Materials	and	methods	

	

5.3.1	Mice		

Male	mice	that	are	8-12	weeks	old	were	used	in	all	experiments	unless	otherwise	stated.	

For	the	single	cell	gene	expression	analysis	study,	mice	with	a	GFP	allele	knocked	into	

the	Pdgfra	 locus	(Pdgfratm11(EGFP)Sor,	Synonym;	PdgfraH2B-GFP,	Pdfgrangfp)	were	used.	For	

TBX20	expression	analysis	studies,	S+P+	cells	were	isolated	either	from	C57BL/6	male	

mice	or	Tbx20lacZ/+	mice	(Tbx20tm1.1Rph,	synonyms:	Tbx20-,	Tbx20lacZ)	[369].	Briefly,	in	the	

Tbx20lacZ	mice,	the	coding	sequence	for	exons	1-3	of	Tbx20	are	excised	bringing	the	lacZ	

reporter	directly	adjacent	to	Tbx20	cis-regulatory	elements.	For	deleting	Tbx20	in	vitro	

using	adenovirus	mediated	Cre,	S+P+	cells	(cardiac	interstitial	cells	positive	for	PDGFRα	

and	SCA1	but	negative	for	CD31)	were	isolated	from	mice	homozygous,	heterozygous	

or	wild	type	for	a	floxed	allele	of	Tbx20	(Tbx20tm1.2Rph,	synonym:	Tbx20f).	The	LoxP	sites	

are	located	flanking	exons	1-3	of	Tbx20	while	preserving	exons	4-6.	For	in	vivo	deletion	

of	Tbx20	in	PDGFRα	positive	cells,	Tbx20fl/+	female	mice	were	crossed	with	Pdgfracre/+;	

Tbx20fl/+	 males.	 Pdgfracre	 mice	 have	 a	 tamoxifen	 inducible	 MerCreMer	 sequence	

knocked	into	the	Pdgfra	locus	[370].		

5.3.2	Genotyping	

For	genotyping	mice,	genomic	DNA	was	extracted	from	tail	clips	using	Extract-N-Amp™	

Tissue	PCR	Kit	(Sigma)	following	manufacturer’s	protocol.	For	genotyping	cultured	cells,	

cells	were	harvested,	resuspended	in	350	µl	of	DNA	lysis	buffer	(100	mM	Tris-Cl	pH	8.0,	

5	mM	EDTA,	0.5%	SDS	w/v,	200	mM	NaCl	and	0.1	mg/ml	Proteinase	K)	and	incubated	at	

55°C	for	4	h	with	shaking	at	1000	rpm.	Three	molar	sodium	acetate	(pH5.2)	solution	was	

added	 to	 a	 final	 concentration	 of	 0.3	M	 followed	by	 isopropanol	 (0.6	 time	 the	 total	

volume).	DNA	was	let	to	precipitate	at	-20°C	for	2	h,	washed	with	70%	v/v	ethanol	twice	

and	resuspended	in	TE	buffer	(1	mM	EDTA,	10	mM	Tris-Cl).	Primers	given	in	Table	5.1	

were	used	to	detect	wild	type,	floxed	and	null	alleles.	
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Table	5.1:	PCR	primers	for	Tbx20	genotyping	

Primer	 Sequence	3’-5’	 TA	(°C)	

LoxP	Forward	 GTGGTTTGTCAGTCCAGGTTCCTGAGC	 60	

LoxP	Reverse	 GGAATTCAAGATGAACGGCATCAAC	 60	

LacZ	(null)	Reverse	 TGCGGGCCTCTTCGCTATTACGCCAGC	 60	

5.3.3	Gene	expression	analysis	in	single	cells	

This	 experiment	 was	 carried	 out	 by	 Nona	 Farbehi	 and	 Dr.	 Katharina	 Wystub-Lis.	

Bioinformatics	 analysis	 was	 performed	 by	 Nona	 Farbehi	 and	 Dr.	 Ralph	 Patrick.	

Expression	data	generated	from	63	single	cells	was	then	plotted	using	GrpahPad	Prism	

based	on	the	requirements	of	this	chapter.	The	protocol	followed	in	brief	was	as	below.	

S+P+	cells	were	isolated	from	8-week	old	adult	male	mouse	hearts.	Cells	from	3	hearts	

were	pooled	to	obtain	a	cell	suspension	with	a	concentration	of	200,000	cells/ml.	Twelve	

microliters	of	cells	were	re-suspended	in	8	µl	of	suspension	reagent	(Fluidigm),	of	which	

5-7	µl	were	loaded	on	to	the	capture	chip.	Fluidigm	C1	Single-Cell	Auto	Prep	System	with

the	Fluidigm	Single-Cell	Auto	Prep	IFC	chip	optimized	for	5-10	µm	cells	was	used.	The

reverse	 transcription	 was	 performed	 using	 SMARTer	 Ultra	 Low	 Input	 RNA	 Kit	 V3

(Clontech)	 and	 for	 on-chip	 PCR,	 the	 ADVANTAGE-2	 PCR	 kit	 (Clontech)	 was	 used.

Sequencing	 libraries	 were	 prepared	 using	 Nextera	 DNA	 Sample	 Preparation	 kit

(Illumina).	With	a	capture	rate	of	63%,	63	libraries	were	prepared	in	total.	Libraries	were

then	sequenced	using	Illumina	HiSeq	2500	to	generate	125	bp	paired	end	reads.	STAR

[371] was	used	to	map	the	RNA-Seq	raw	reads	to	a	reference	genome	(mm10).	From

raw	FASTQ	files,	quality	control	check	was	performed	using	FastQC	followed	by	adapter

trimming	using	Trimmomatic	[372].

5.3.4	Expression	analysis	of	TBX20	in	cells	cultured	under	MSC	conditions	

S+P+	cells	were	isolated	from	8	weeks	old	male	Tbx20lacZ/+	mice	and	C57BL/6	mice	and	

cultured	for	8	days.	Cells	from	Tbx20lacZ/+	mice	were	stained	with	anti-ß-galactosidase	

antibody	(Abcam,	Cat#ab9361)	and	cells	from	C57BL/6	mice	with	anti-TBX20	antibody	

(Santa	Cruz;	sc-134061).	Cells	were	isolated	from	3	mice	per	each	condition	and	analysis	

was	carried	out	in	assay	triplicates.		
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5.3.5	Production	and	purification	of	adenovirus	to	deliver	GFP	and	Cre:GFP	

5.3.5.1	Generating	expression	clones	

Gateway®	cloning	system	(Thermo	Fisher	Scientific)	was	used	to	generate	expression	

vectors	following	manufacturers’	guidelines.	The	plasmids	with	the	coding	sequences	

for	 GFP	 (pCAG-GFP;	 Plasmid#	 11150)	 and	 Cre:GFP	 (pCAG-Cre:GFP;	 Plasmid#	 13776)	

were	 obtained	 from	 Addgene.	 Sequences	 of	 the	 plasmids	 are	 available	 online	 at	

(www.addgene.org).	Primers	given	in	Table	5.2	were	used	to	amplify	the	sequences	of	

interest	while	introducing	attB	sites.	Purified	amplified	PCR	products	were	then	cloned	

into	 pDONR™	 vectors	 to	 generate	 Gateway®	 Entry	 Clones.	 pAd/CMV/V5-DEST™	

Gateway®	Vector	was	used	to	generate	the	final	expression	vectors.	Successful	cloning	

was	confirmed	via	Sanger	sequencing.	

Table	5.2:	Primers	used	to	introduce	attB	sites	and	amplify	insert	sequences	

Primer	 Sequence	3’-5’	

pCAG-
Cre:GFP	
attB1	For	

GGGGACAAGTTTGTACAAAAAAGCAGGCTCAACCATGGCCAATTTACTGACC	

pCAG-GFP	
attB1	For	 GGGGACAAGTTTGTACAAAAAAGCAGGCTCAACCATGGTGAGCAAGGGCGAG	

GFP	attB2	
Rev	 GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACTTGTACAGCTCGTCCAT	

5.3.5.2	Production,	amplification	and	purification	of	adenovirus	

The	generated	expression	clones	for	GFP	and	Cre:GFP	were	transfected	into	HEK293T	

cells	 using	 Lipofectamine®	 2000	 (Thermo	 Fisher)	 according	 to	 the	 manufacturers’	

protocol.	 Once	 all	 the	 transfected	 cells	 were	 dead,	 indicating	 successful	 virus	

production,	cells	and	the	supernatant	were	collected,	sonicated	and	centrifuged.	The	

resulting	supernatant	was	then	used	to	infect	additional	flasks	of	HEK293T	cells	in	order	

to	amplify	 the	virus.	Following	48	h	of	 infection,	cells	were	harvested,	sonicated	and	

centrifuged	to	collect	the	adenovirus	containing	supernatant.	A	CsCl	gradient	was	used	

to	separate	the	concentrated	virus	which	was	then	dialysed	using	Slide-A-Lyzer™	10K	

MWCO	Dialysis	Cassettes	(Thermo	Fisher).		
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5.3.6	Determining	the	efficiency	of	adenovirus	transduction	and	viability	of	cells		

It	was	essential	to	establish	transduction	concentrations	of	GFP	and	Cre:GFP	adenovirus	

resulting	 in	 maximum	 efficiency	 and	 optimal	 viability.	 To	 do	 this,	 we	 transduced	

established	cMSC	cultures	at	passage	4	(in	biological	triplicates)	with	a	concentration	

gradient	 of	 each	 adenovirus	 and	 incubated	 cells	 for	 1,2	 or	 3	 days.	 At	 the	 end	 of	

incubation	period,	cells	were	harvested	and	analysed	via	FACS	for	GFP	positivity	using	

Canto	 II	 (BD	 Biosciences)	 analyser.	 This	 also	 confirmed	 successful	 expression	 of	 the	

plasmids	introduced.	To	determine	viability	of	cells	under	each	concentration,	cells	were	

first	 transduced	 with	 the	 adenovirus	 and	 incubated	 for	 1	 day	 (selected	 based	 on	

maximum	 GFP	 positivity	 from	 the	 initial	 step).	 Cell	 were	 then	 stained	 with	 4ʹ,6-

Diamidine-2ʹ-phenylindole	dihydrochloride	 (DAPI-	 Sigma)	 (stains	dead	cells)	 and	anti-

Annexin	 V	 antibody	 (BD	 Pharmingen,	 Cat.	 #550474)	 (identifies	 early	 apoptotic	 cells)	

following	manufacturer’s	recommended	protocols.	Cells	were	then	FACS	analysed	using	

the	Canto	II	machine.	All	cells	negative	for	both	Annexin	V	and	DAPI	were	counted	as	

viable	cells.		

5.3.7	Deletion	of	TBX20	in	established	cMSC	cultures	

S+P+	cells	were	isolated	from	Tbx20+/+,	Tbx20fl/+	and	Tbx20fl/fl	littermate	or	age	matched	

mice	in	biological	triplicates	and	cultured	in	growth	media.	For	experiments	at	passage	

0,	 cells	 were	 transduced	 on	 day	 7	 with	 either	 0.5	 µl/ml	 GFP	 or	 2.5	 µl/ml	 Cre:GFP	

adenovirus	in	growth	media	without	antibiotics	for	1d,	immediately	followed	by	FACS	

sorting	for	GFP	positive	cells	on	day	8.	A	fraction	of	uninfected	cells	from	each	line	was	

maintained	as	a	control	for	the	procedure	along	with	cells	that	were	uninfected	but	FACS	

sorted	for	live	cells	as	a	control	for	the	second	sorting	procedure.	For	transductions	at	

passage	 3,	 the	 same	 transduction	 and	 FACS	 sorting	 conditions	 were	 followed	 as	

previously.		

5.3.8	Establishing	cMSCs	cultures	from	in	vivo	TBX20	deleted	S+P+	cells	

Upon	availability	of	Tamoxifen	inducible	PDGFRαMerCreMer	(RaMCM)	line,	RaMCM+/-	

male	mice	were	crossed	with	Tbx20fl/fl	mice	to	generate	RaMCM+/-;Tbx20fl/+	mice	which	

were	then	crossed	with	either	Tbx20+/+	or	Tbx20fl/fl.	Three	 littermate	or	age	matched	

RaMCM+/-;Tbx20+/+,	RaMCM+/-;Tbx20fl/+	and	RaMCM+/-;Tbx20fl/fl	mice	from	these	crosses	

were	used	in	experiments.	A	tamoxifen	treatment	regimen	resulting	in	≈97%	efficiency,	
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as	optimised	by	Dr	Vaibhao	Janbandhu	in	the	Harvey	laboratory,	was	followed.	Briefly,	

Tamoxifen	(Sigma,	Cat#	T5648)	was	dissolved	in	peanut	oil	(Sigma,	Cat#2144)	to	obtain	

a	stock	solution	of	30	µg/µl	which	was	then	administered	via	intraperitoneal	injection	

over	 3	 days	 at	 120	 µg/g	 body	 weight.	 Mice	 were	 then	 rested	 for	 1	 week	 to	 clear	

Tamoxifen	from	the	system	prior	to	isolating	S+P+	cells.		

5.3.9	Western	blotting	

Total	protein	was	purified	from	cultured	cells	by	washing	them	once	in	cold	PBS	prior	to	

harvesting	 into	 cold	 RIPA	 buffer	 (150	 mM	 NaCl,	 1%	 Triton	 X-100,	 0.5%	 sodium	

deoxycholate,	0.1%	SDS	w/v),	50	mM	Tris	(pH8.0))	supplemented	with	cOmplete,	EDTA-

free	protease	inhibitor	(Roche).	Cell	 lysates	were	then	sonicated,	centrifuged	and	the	

resulting	supernatant	was	quantified	for	concentration	of	total	protein	using	the	Pierce	

BCA	protein	assay	kit	(Thermo	Fisher).	Twenty	µg	of	each	lysate	was	then	boiled	with	

NuPAGE	LDS	Sample	Buffer	(Thermo	Fisher)	and	5%	v/v	ß-mercaptoethanol	for	5	min	

and	 electrophoresed	 on	 NuPAGE	 4-12%	 Bis-Tris	 Protein	 gels	 in	 NuPAGE	 MOPS	 SDS	

running	buffer	at	200	V	for	50	min.	Total	mouse	heart	and	E.	coli	protein	lysates	were	

also	included	as	controls	for	relevant	antibodies.	Proteins	were	then	immobilised	onto	

PVDF	membranes	 (Immobilon-P,	Millipore)	 via	western	 transfer	 in	 NuPAGE	 Transfer	

buffer	at	30	V	 for	1	h.	Membranes	were	blocked	 in	10%	skim	milk	 in	PBS-T	 (80	mM	

Na2HPO4,	20	mM	NaH2PO4,	100	mM	NaCl,	0.1%	Tween	20)	for	15	min	and	rinsed	with	

PBS-T	twice	for	15	min.	Membranes	were	then	probed	with	primary	antibodies	(anti-ß-

galactosidase	 (Abcam	 ab9361)	 at	 1:1000	 and	 anti-vinclulin	 (Abcam	 ab1299002)	 at	

1:2000)	in	1%	BSA	in	PBS-T	over	night	at	4°C.	After	rinsing	with	PBS-T	three	times	for	15	

min,	membranes	were	incubated	with	respective	HRP	conjugated	secondary	antibodies	

(anti-rabbit	IgG,	HRP-linked	(Cell	Signalling	#7074)	at	1:1000	and	anti-chicken	IgG,	HRP-

linked	 (Millipore	 (AP162P)	 at	 1:1000)	 in	 1%	 BSA	 in	 PBS-T	 for	 90	 min	 at	 room	

temperature.	Following	incubation,	membranes	were	rinsed	three	times	with	PBS-T	for	

15	 min.	 Antibody	 binding	 was	 visualised	 via	 chemiluminescence	 using	 Pierce	 ECP	

western	blotting	substrate	(Thermo	Fisher)	and	the	GE	Amersham	Imager	600.		
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5.4	Results	

In	 this	 chapter,	we	aimed	 to	determine	 the	 function	of	 the	cardiogenic	 transcription	

factor	TBX20	 in	cMSCs.	To	do	this,	we	first	analysed	the	expression	of	Tbx20	at	both	

transcriptional	and	protein	levels	in	vivo	and	in	vitro.	To	delete	Tbx20	in	S+P+	cells,	we	

used	 the	 Cre/loxP	 system.	 Due	 to	 the	 lack	 of	 a	 specific	 conditional	 Cre	 driver,	 we	

produced	an	adenovirus	to	deliver	Cre	recombinase	in	vitro.	The	effect	of	gene	deletion	

on	MSC	characteristics	of	S+P+	cells	was	measured.	Upon	availability	of	a	suitable	Cre	

driver,	these	experiments	were	repeated	following	gene	deletion	in	vivo.		

5.4.1	Expression	of	Tbx20	in	S+P+	cells	

5.4.1.1	Analysis	at	transcript	level		

Preliminary	qPCR	analysis	revealed	Tbx20	to	be	highly	expressed	in	freshly	isolated	S+P+	

cells	(Figure	4.1)	among	other	markers	tested.	We	expanded	the	analysis	to	determine	

expression	 at	 single	 cell	 level	 using	 the	 Biomark	HD	 System	 (Fluidigm)	 coupled	with	

mRNA	sequencing.	These	data	were	generated	by	Nona	Farbehi,	Dr	Katharina	Wystub-

Lis	 and	 Dr	 Ralph	 Patrick.	 Relevant	 data	were	 then	 adapted	 and	 graphed	 to	 suit	 the	

purpose	of	this	chapter.	On	average,	out	of	the	common	cardiogenic	markers,	Tbx20	

was	observed	to	be	the	second	highest	expressed	gene	in	S+P+	cells	(Figure	5.2,	A).	At	

single	cell	level,	a	mosaic	expression	pattern	was	observed	across	the	56	cells,	of	which	

the	transcriptomes	were	analysed,	with	62.5%	of	cells	showing	above	0	average	mRNA	

expression	 (Figure	5.2,	B).	Four	 isoforms	of	Tbx20	are	known	to	be	present	 [40].	We	

looked	at	the	expression	of	the	2	main	isoforms,	a	and	b,	where	a	is	the	full	transcript	

while	isoform	b	lacks	the	transactivation	and	repression	domains.	Apart	from	2	cells	that	

expressed	 isoform	b,	 all	 other	 S+P+	 cells	 that	 expressed	Tbx20	 appeared	 to	 express	

isoform	a.		

5.4.1.2	Analysis	at	protein	level	

Upon	confirmation	of	Tbx20	expression	at	single	cell	level,	we	then	analysed	expression	

at	the	protein	level.	In	the	initial	attempt,	S+P+	cells	were	isolated	and	cultured	for	24	h	

prior	to	immunostaining,	thus	allowing	sufficient	time	for	cell	attachment	while		
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Figure	5.2:	Single	cell	transcriptome	analysis	of	S+P+	cells	revealed	high	expression	of	the	
cardiogenic	gene	Tbx20.	mRNASeq	analysis	on	single	S+P+	cells	isolated	from	8	weeks	old	
male	Pgdfrangfp/+	mice	(n=3).	A.	Average	mRNA	expression	of	selected	cardiogenic	genes	
across	56	S+P+	cells.	Tbx20	was	the	second	highest	expressed	transcript	proceeded	by	the	
epicardial	transcription	factor	Tcf21.	B.	Heat	map	showing	expression	levels	of	the	6	most	
expressed	 cardiogenic	 genes	 across	 the	 56	 cells.	 35	 of	 the	 cells	 demonstrated	 above	 0	
mRNA	expression	 for	Tbx20	with	 the	 levels	 varying	across	 the	cells	 (red	box).	Heat	map	
shows	enrichment	in	S+P+	cells	in	red	and	reduction	in	blue.		C.	Violin	density	plots	showing	
the	relative	expression	of	the	2	main	Tbx20	isoforms;	2	cells	expressed	isoform	b	while	all	
other	cells	that	expressed	Tbx20,	expressed	the	
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preserving	 in	vivo	expression	as	closely	as	possible.	However,	although	the	cells	were	

attached,	the	cytoplasm	did	not	spread	outward	within	the	24	h	making	it	difficult	to	

distinguish	the	nucleus	from	the	cytoplasm	as	well	as	unspecific	binding	of	the	antibody.	

We	therefore	resolved	to	analysing	TBX20	expression	at	the	end	of	passage	0	(8	d	post	

isolation).	Since	the	cMSC	cultures	contain	self-renewing	cCFU-Fs,	we	anticipated	that	

their	essential	cardiac	gene	network	would	still	be	maintained.	

Given	 the	 presence	 of	 a	 lacZ	 reporter	 in	 Tbx20lacZ	 mice,	 we	 first	 visualised	 TBX20	

expression	indirectly	by	probing	the	cells	with	an	antibody	against	b-galactosidase	(b-

gal).	S+P+	cells	from	Tbx20	LacZ/+	mice	were	analysed	in	triplicate.	Seventy	percent	of	cells	

were	observed	to	be	positive	for	TBX20	based	on	b-gal	expression	(Figure	5.3,	A	and	A’.	

Representative	 negative	 cells	 denoted	 by	 white	 arrow	 heads).	 However,	 given	 the	

nuclear	localising	signal	linked	to	lacZ,	b-gal	staining	does	not	reflect	the	actual	cellular	

localisation	 of	 TBX20	 which	 would	 indicate	 possible	 TF	 activity.	 Hence	 to	 further	

determine	this	aspect,	a	specific	antibody	against	TBX20	was	used	to	probe	cMSC	from	

C57BL/6	mice.	As	shown	in	Figure	5.3,	B	and	B’,	it	was	observed	that	in	the	majority	of	

positive	cells,	expression	was	both	nuclear	and	perinuclear	with	a	very	low	percentage	

of	cells	displaying	nuclear	only	expression.	We	did	not	observe	any	cells	negative	for	

TBX20	staining.	This	data	suggested	that	cMSCs	cultures	may	regulate	TBX20	activity	at	

the	level	of	nuclear-cytoplasmic	localisation.		

5.4.2	Production	and	optimisation	of	conditions	for	adenovirus	mediated	Cre	delivery	

to	cMSCs		

To	investigate	the	function	of	TBX20	cMSCs,	we	took	a	gene	deletion	approach.	With	

Tbx20fl/fl	mice	already	in-house,	pending	the	availability	of	a	Cre	driver	mouse	line	that	

would	enable	conditional	Cre	activation	in	S+P+	cells,	we	adopted	an	alternative	method	

to	deliver	Cre	recombinase	to	the	Tbx20fl/fl	cMSCs	in	vitro.	Constitutive	Cre	expression	

is	reported	to	have	a	toxic	effect	on	cells	leading	to	secondary	consequences	[373,	374].	

Therefore,	to	minimise	these	effects,	we	produced	replication	incompetent	adenovirus	

to	transiently	express	Cre	recombinase	tagged	with	a	green	fluorescent	protein	(GFP)	

reporter	(Cre:GFP).	To	control	for	possible	effects	of	Cre-recombinase,	we	also	produced	
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Figure	5.3:	TBX20	protein	expression	in	cultured	cMSCs.	A.	Immunostaining	for	b-galactosidase	
on	S+P+	cells	isolated	from	Tbx20	LacZ/+	mice	(n=3),	cultured	for	1	passage.	Magnified	areas	are	
in	A’.	White	arrow	heads	denote	representative	cells	with	negative	expression	which	accounted	
for	30%	of	all	cells.	B.	Immunostaining	for	TBX20	on	S+P+	cells	isolated	from	C57BL/6	mice	(n=3),	
cultured	for	1	passage.	Magnified	areas	are	in	B’.	White,	Yellow	and	Red	arrow	heads	points	to	
representative	 cells	 with	 perinuclear,	 both	 nuclear	 and	 perinuclear	 and	 nuclear	 expression	
respectively.	4',6-diamidino-2-phenylindole	(blue)	staining	denotes	all	cell	nuclei.	
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an	adenovirus	to	deliver	GFP	alone.	Both	Cre:GFP	and	GFP	were	expressed	under	the	

cytomegalovirus	(CMV)	promoter.	An	illustration	of	the	plasmid	construct	generated	to	

express	Cre:GFP	is	shown	in	Figure	5.4,	A.		

5.4.2.1	 Confirmation	 of	 successful	 cloning	 and	 protein	 expression	 in	 cells	 post-

transduction	

To	confirm	generation	of	functional	expression	constructs	and	successful	production	of	

adenovirus,	an	established	cMSC	culture	was	 transduced	with	either	Cre:GFP	or	GFP	

carrying	 adenovirus.	 Following	 incubation,	 cells	 were	 analysed	 via	 FACS	 for	 GFP	

expression	relative	to	a	non-transduced	control	(Figure	5.4,	B).	The	appearance	of	GFP	

positive	 cells	 in	 infected	 cultures	 confirmed	 successful	 adenoviral	 transduction	 and	

expression	of	the	protein.	Functionality	of	Cre	recombinase	was	confirmed	later	in	the	

study	upon	successful	floxed	allele	deletion.		

5.4.2.2	Determining	the	virus	titre	and	transduction	conditions	

GFP	signal	functions	as	a	readout	of	virus	infection	and	can	be	used	for	positive	selection	

via	cell	sorting.	 It	was	necessary	to	determine	the	unit	volume	of	purified	virus	to	be	

used	and	the	length	of	incubation	to	obtain	maximum	transduction	efficiency	balanced	

by	optimal	cell	viability.	This	was	an	important	parameter	to	be	considered	as	both	the	

virus	 transduction	 itself	 and	 Cre	 expression	 can	 be	 toxic	 to	 the	 cells	 [373,	 374].	 To	

optimise	 the	 conditions,	 established	 cMSC	 cultures	 were	 initially	 transduced	 with	

different	concentrations	of	each	of	Cre:GFP	and	GFP	viruses	and	 incubated	 from	1-3	

days.	 Cells	 were	 then	 FACS	 sorted	 for	 GFP	 expression	 to	 establish	 conditions	 that	

resulted	in	maximum	transduction	efficiency	(Figures	5.5,	A	and	B).	At	all	concentrations	

tested	 for	 both	 viruses,	 1	 d	 incubation	 resulted	 in	 the	maximum	percentage	 of	GFP	

positive	cells.		
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Figure	5.4:	Confirmation	of	successful	adenovirus	production,	transduction	and	expression	of	
target	 proteins.	 A.	 Illustration	 of	 the	 expression	 construct	 used	 to	 produce	 adenovirus	
delivering	Cre:GFP.	B.	Representative	FACS	plots	showing	the	gating	strategy	used	to	quantify	
the	percentage	of	single	cells	positive	for	GFP	following	transduction.	Non-transduced	cells	used	
were	 used	 as	 a	 negative	 control.	 Both	 Cre:GFP	 and	 GFP	 adenovirus	 constructs	 appeared	 to	
function	 as	 expected.	 SSC-A:	 side	 scatter-area,	 FSC-A:	 forward	 scatter-area,	 FSC-H:	 forward	
scatter-height,	FSC-W:	forward	scatter-width.		
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Figure	 5.5:	Optimisation	of	 Cre:GFP	and	GFP	adenovirus	 transduction	conditions.	Established	
cMSC	 cultures	were	 transduced	with	 a	 concentration	 gradient	 of	 either	A.	GFP	or	B.	Cre:GFP	
adenovirus	 and	 incubated	 for	 1-3	 days.	 Percentage	 of	 GFP	 positive	 cells	 analysed	 via	 FACS	
representing	 the	 efficiency	 of	 transduction.	 For	 both	 adenoviruses	 at	 all	 concentrations,	 1	 d	
incubation	 resulted	 in	 the	 maximum	 percentage	 of	 GFP	 positive	 cell	 percentage.	 C	 and	 D.	
Percentage	viability	of	cells	(negative	for	both	Annexin	V	and	DAPI	staining)	post	1	d	incubation	
was	then	analysed	via	FACS	based	on	DAPI	and	Annexin	V	staining.	n=3.	



	124	

We	 then	 analysed	 for	 percentage	 cell	 viability	 at	 all	 concentrations	 following	 1	 d	

incubation	to	establish	the	optimal	volume	of	each	virus	to	use.	Annexin	V	and	DAPI	

stainings	were	used	to	identify	cells	in	early	and	late	stages	of	apoptosis	respectively.	

(Figures	5.5,	C	and	D).	The	percentage	of	cell	viability	was	observed	to	be	proportional		

to	 the	 amount	 of	 virus	 used.	 Accordingly,	 to	 obtain	 efficient	 transduction	 without	

excessively	compromising	cell	viability,	0.25	ul/ml	of	GFP	virus	and	2.5	ul/ml	of	Cre-GFP	

virus	were	used	in	all	downstream	experiments.	

5.4.3	Adenovirus	mediated	Cre	deletion	of	Tbx20	in	cMSCs	

Upon	 establishing	 transduction	 conditions,	 we	 then	 proceeded	 to	 delete	 Tbx20	 in	

cMSCs.	 Initially,	 freshly	 isolated	 S+P+	 cells	 from	Tbx20+/+,	 Tbx20fl/+	and	 Tbx20fl/fl	mice	

were	transduced	for	1	d,	following	7	d	of	culturing	and	sorted	for	GFP	positive	cells	at	

the	end	of	passage	0	(ie.	post	8	d).	Cells	were	then	to	be	analysed	for	colony	formation	

capacity,	 long-term	growth	and	differentiation	capacity	along	with	 required	controls.	

However,	following	multiple	attempts,	it	was	observed	that	the	cells	poorly	tolerated	

the	virus	transduction	and	the	consecutive	FACS	sorting	procedures	(initial	sort	to	select	

for	S+P+	cells	followed	by	the	second	sort	to	select	for	GFP	positive	cells	on	day	8).	When	

plated	at	clonal	density	post	 second	sort,	 the	cells	hardly	survived.	Although	the	cell	

survival	was	relatively	improved	if	plated	at	a	higher	density,	overall,	morphologically,	

the	cells	looked	stressed	and/or	differentiated.		The	cultures	that	did	survive,	continued	

to	 grow	 with	 no	 correlation	 to	 the	 genotype	 or	 transduction	 conditions	 across	 the	

multiple	attempts.	Figure	5.6	shows	representative	growth	curves	of	such	an	attempt.	

Transducing	the	cells	at	passage	0	(initial	passage	following	cell	 isolation)	would	have	

allowed	the	downstream	analysis	to	be	carried	out	at	early	passages.	However,	given	

the	 unsatisfactory	 state	 of	 cells,	we	 then	passaged	 cMSCs	 several	 times	 to	 establish	

cultures	prior	 to	 transducing	cells	at	 the	end	of	passage	3.	Following	sorting	 for	GFP	

positivity,	cells	were	plated	at	high	density	and	let	to	recover	for	a	passage	prior	to	using	

in	downstream	assays.	Recovery	of	cells	was	observed	to	be	relatively	better	although	

compromised	cells	were	still	the	majority.	cMSCs	from	3	mice	for	each	genotype	were		
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used,	however,	only	one	culture	from	each	Tbx20+/+and	Tbx20fl/fl	genotype	and	two	from	

Tbx20fl/+	continued	to	grow	long	term	(Figure	5.7).		

Following	the	 initial	 recovery	passage,	cells	were	genotyped	to	ensure	functional	Cre	

recombinase	 activity	 and	 thereby	 deletion	 of	 the	 floxed	 alleles	 (Figure	 5.7,	 A).	

Substantial	 floxed	 allele	 recombination	 was	 observed	 in	 both	 Tbx20fl/+	and	 Tbx20fl/fl	

cultures	transduced	with	Cre:GFP.	Cells	were	also	analysed	for	colony	forming	ability.	

There	was	no	significant	effect	on	colony	formation	at	this	stage	as	a	result	of	Tbx20	

deletion	 relative	 to	 the	 Tbx20+/+;	 Cre:GFP	 control	 (Figure	 5.7,	 B).	 However,	 it	 was	

observed	that	in	all	cultures,	the	majority	of	cells	did	not	appear	to	have	the	expected	

spindle	 shaped	 morphology	 but	 rather	 appeared	 as	 myofibroblast-like	 cells,	 and	

therefore,	differentiated.		

Growth	of	the	cells	was	followed	over	several	passages	(Figure	5.7,	D	and	E)	 in	assay	

triplicates.	These	were	compared	against	the	growth	curves	of	unmanipulated	cultures		

Tbx20+/+; Non-transduced, sorted
Tbx20+/+; GFP 
Tbx20+/+; Cre:GFP 

Tbx20fl/+; Cre:GFP 
Tbx20fl/fl; Cre:GFP

Tbx20+/+; Cre:GFP 

A B

Ac
cu
m
ul
at
iv
e	
ce
ll	
yi
el
d

Days
Ac
cu
m
ul
at
iv
e	
ce
ll	
yi
el
d

Days

Figure	5.6:	Growth	analysis	of	cMSCs	following	Tbx20	deletion	at	passage	0.	cMSC	
cultures	 were	 transduced	 with	 Cre:GFP	 on	 day	 7	 followed	 by	 selection	 of	 GFP	
positive	cells	on	day	8.	Cells	were	then	cultured	and	replated	over	several	passages.	
A.	Representative	 control	 growth	 curves	 of	 Tbx20+/+	 cMSCs,	 non-transduced	but	
sorted	and	transduced	with	GFP	or	Cre:GFP,	 to	account	for	the	effects	of	double	
sorting,	transduction	and	Cre	toxicity	respectively.	B.	Representative	experimental	
growth	curves	of	cMSCs	from	Tbx20+/+,	Tbx20fl/+	and	Tbx20fl/fl	mice	transduced	with	
Cre:GFP.	
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Figure	5.7:	Adenovirus	mediated	Cre	deletion	of	Tbx20	 in	cMSCs	at	passage	3.	Cardiac	MSC	
cultures	established	from	Tbx20+/+,	Tbx20fl/+	and	Tbx20fl/fl	mice.	Cells	transduced	at	the	end	of	
passage	3,	FACS	sorted	to	select	GFP	positive	cells	and	used	in	downstream	assays	following	one	
recovery	passage.	A.	Genotyping	of	cells	confirmed	good	deletion	of	floxed	alleles	with	Cre:GFP.	
B. Colony	forming	ability	of	Tbx20	deleted	cells	did	not	differ	from	the	wild	type	control.	Growth
of	 the	cells	was	 followed	over	 several	passages.	Growth	curves	of	 the	cultures	 that	 survived
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following	 transduction	procedure	are	 shown	 in	C-E.	C.	Corresponding	cultures	 that	were	not	
transduced	nor	double-sorted	were	used	as	control	for	normal	growth	of	cells.	D.	Tbx20+/+	cells	
transduced	with	GFP	or	Cre:GFP	were	used	as	controls	for	effect	of	virus	transduction	and	Cre	
expression	 relative	 to	 a	 non-transduced,	 FACS	 sorted	 culture.	 E.	Deletion	 of	 Tbx20	 did	 not	
appear	to	affect	the	growth	rate	or	long	term	growth	of	cMSCs.	Overall,	all	cell	cultures	showed	
a	lag	in	growth	following	the	sorting	procedure	relative	to	their	unmanipulated	counterparts.		

(non-transduced	 cells	 that	 were	 not	 FACS	 sorted	 the	 second	 time)	 (Figure	 5.7,	 C).	

Overall,	it	was	observed	that	all	cell	cultures	displayed	a	lag	in	growth	during	the	initial	

passages	before	obtaining	a	growth	rate	similar	to	the	corresponding	unmanipulated	

cultures.	This	correlates	with	the	colony	assay	results	as	it	was	apparent	that	although	

a	 fraction	 of	 the	 cells	 did	 proliferate,	 most	 showed	 a	 differentiated	 phenotype,	

suggesting	 that	 they	 would	 not	 have	 replicated	 further.	 Given	 the	 non-transduced	

Tbx20+/+	culture	also	followed	a	similar	growth	trend,	it	is	likely	that	this	was	caused	by	

the	 second	 FACS	 sorting	 procedure	 in	 addition	 to	 secondary	 effects	 of	 virus	

transduction.	There	was	no	significant	difference	in	growth	caused	by	Tbx20	deletion.		

Altogether,	it	was	evident	that	the	complete	workflow	of	viral	transduction	along	with	

the	selection	procedure	was	compromising	the	quality	of	cell	cultures	potentially	also	

affecting	 downstream	 analysis.	 It	 is	 also	 noteworthy	 that	 it	 takes	 a	minimum	of	 7-8	

passages	overall	before	the	cells	can	be	used	in	downstream	experiments	which	is	not	

ideal	 when	 working	 with	 MSCs	 [309].	 Given	 these	 concerns,	 it	 was	 decided	 to	 not	

proceed	further	with	adenovirus	mediated	Cre	delivery	method,	results	did	suggest	that	

deletion	of	Tbx20	does	not	affect	the	growth	of	cMSCs	in	vitro.	

5.4.4	Conditional	deletion	of	Tbx20	in	PGDFRα	positive	cells	in	vivo	

Upon	availability	of	Tamoxifen	inducible	Pdgfra	driven	Cre	mice	(RaMCM),	we	then	

resolved	to	conditionally	delete	Tbx20	in	vivo	prior	to	isolating	S+P+	cells.	RaMCM+/-

;Tbx20+/+,	RaMCM+/-;Tbx20fl/+	and	RaMCM+/-;Tbx20fl/fl	mice	(3	per	each	genotype)	were	

treated	with	Tamoxifen	to	activate	Cre	expression	and	rested	for	a	week.	S+P+	cells	were	

then	 isolated	to	establish	cMSC	cultures.	Genotyping	of	cells	at	the	end	of	passage	0	

confirmed	substantial	deletion	of	the	floxed	alleles	in	all	relevant	replicates	although	a		
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Figure	 5.8:	 Effect	 of	 Tbx20	 deletion	 in	 vivo	 on	 cCFU-Fs	 and	 cMSCs.	 RaMCM+/-;Tbx20+/+,	
RaMCM+/;Tbx20fl/+	 and	RaMCM+/-;Tbx20fl/fl	mice	were	 treated	with	Tamoxifen	 to	activate	Cre	
expression	and	S+P+	cells	were	isolated	post	1	week.	A.		Genotyping	PCR	of	cardiac	MSC	cultures	
at	the	end	of	passage	0	to	confirm	good	floxed	allele	deletion.	B.	Western	blot	analysis	with	an	
antibody	against	b-gal.	Dose	dependent	expression	of	 lacZ	and	 therefore,	b-gal,	upon	Tbx20	
deletion	 was	 observed	 in	 RaMCM+/-;Tbx20fl/+	 and	 RaMCM+/-;Tbx20fl/fl	 cultures	 (Lanes	 4-9)	
confirming	successful	deletion	of	TBX20.	Whole	mouse	heart	lysate	and	E.	coli	lysate	were	used	
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as	controls	for	antibody	staining.	C.	Colony	assay	results	from	mice	with	different	genotypes:	
S+P+	 cells	 from	 RaMCM+/-;Tbx20fl/+	 appeared	 to	 have	 a	 significantly	 higher	 capacity	 to	 form	
colonies	in	vitro.	Colony	formation	in	RaMCM+/-;Tbx20fl/fl	cultures	was	also	slightly	higher	than	
RaMCM+/-;Tbx20+/+	however,	this	was	not	significant.	Assays	were	carried	out	in	triplicates	per	
each	cell	line.	n=3, ***p>0.0006,	**p>0.0023,	student	t	test.	D.	RaMCM+/-;Tbx20fl/+	and	RaMCM+/-

;Tbx20fl/fl	 cultures	 showed	 higher	 growth	 rates	 relative	 to	 RaMCM+/-;Tbx20+/+,	 although	 the	
differences	were	not	significant.	Analysis	was	carried	out	in	assay	triplicates	per	each	cell	line.	
n=3,	Two-way	ANOVA	was	used	to	compare	the	growth	curves.	E.	Genotyping	PCR	at	the	end	of	
passage	3	revealed	that	was	an	increase	in	contaminant	cells	with	undeleted	floxed	alleles	in	
one	RaMCM+/;Tbx20fl/+	culture	(lane	5)	and	two	RaMCM+/-;Tbx20fl/fl	cultures	(lanes	8	and	9).		

faint	band	for	undeleted	allele/s	was	detected	in	RaMCM+/-;Tbx20fl/fl	cultures	(Figure	5.8,	

A).		

To	ensure	deletion	at	the	protein	level,	we	conducted	a	western	blot	analysis.	Although	

detection	with	the	direct	antibody	against	TBX20	would	have	been	ideal,	non-specific	

binding	 of	 the	 antibody	 prevented	 us	 from	 distinguishing	 the	 bands	 of	 interest.	We	

therefore	 used	 an	 antibody	 against	 b-galactosidase	 to	 indirectly	 determine	 protein	

deletion.	 As	mentioned	 in	 section	 5.1.4,	 the	 construction	 of	 the	 Tbx20	 floxed	 allele	

allows	 for	 expression	 of	 LacZ	 gene	 upon	 recombination	 of	 the	 floxed	 sites,	 thereby	

leading	 to	 expression	 of	 b-gal	 in	 cells.	 A	 gradual	 increase	 in	 b-gal	 expression	 was	

observed	in	RaMCM+/-;Tbx20fl/+	and	RaMCM+/-;Tbx20fl/fl	samples	respectively	suggesting	

gene-dose	dependent	expression	of	the	protein	(Figure	5.8,	B).	Total	protein	 isolated	

from	an	adult	mouse	heart	and	E.	coli	lysate	were	used	as	controls	for	the	antibodies.	A	

limitation	of	this	approach	however,	is	that	the	anti-b-gal	antibody	cannot	detect	the	

presence	of	the	Tbx20fl/fl	undeleted	floxed	alleles.		

5.4.4.1	In	vivo	deletion	of	Tbx20	affected	colony	forming	ability	and	long-	term	growth	

of	cCFU-Fs	

S+P+	cells	isolated	from	Tamoxifen	treated	RaMCM+/-;Tbx20+/+,	RaMCM+/-;Tbx20fl/+	and	

RaMCM+/-;Tbx20fl/fl	mice	were	 cultured	 at	 clonal	 density	 to	 determine	 the	 effect	 on	

colony	forming	ability	of	cCFU-Fs	(Figure	5.8,	C).	A	significant	increase	in	colony	numbers	

was	 observed	 in	 all	 heterozygous	 RaMCM+/-;Tbx20fl/+	 cultures	 relative	 to	 RaMCM+/-
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;Tbx20+/+	and	RaMCM+/-;Tbx20fl/fl	deleted	cultures.	A	slight	increase	was	also	observed	

in	homozygous	deleted	cultures	relative	to	wildtype,	however,	this	was	not	significant.		

We	then	followed	the	growth	of	the	cultures	in	vitro	over	12	passages	to	determine	the	

effect	 of	 Tbx20	 deletion	 on	 long	 term	 growth	 and	 growth	 rates	 (Figure	 5.8,	 D).	 In	

accordance	with	colony	assay	results,	both	RaMCM+/-;Tbx20fl/+	and	RaMCM+/-;Tbx20fl/fl	

cultures	 showed	 a	 higher	 growth	 rate	 relative	 to	 RaMCM+/-;Tbx20+/+	 cultures	 with	

RaMCM+/-;Tbx20fl/+	showing	the	highest	growth	rate.	However,	these	differences	were	

not	significant.	The	growth	curve	for	RaMCM+/-;Tbx20fl/fl	cultures	lay	between	those	of	

RaMCM+/-;Tbx20+/+	 and	 RaMCM+/-;Tbx20fl/+.	 However,	 between	 passages	 3	 and	 5,	 it	

appeared	to	diverge	and	follow	a	similar	trend	to	RaMCM+/-;Tbx20fl/+.	

5.4.4.2	Effect	of	Tbx20	deletion	on	differentiation	capacity	of	cMSCs	

Upon	analysis	of	colony	formation	and	long	term	growth,	we	then	thought	to	investigate	

whether	Tbx20	would	affect	the	differentiation	capacity	of	cMSCs.	Differentiation	assays	

are	 routinely	 performed	 with	 cells	 in	 passages	 4-5.	 Prior	 to	 conducting	 these	

experiments,	we	 re-genotyped	 the	cell	 cultures	at	 the	end	of	passage	3.	This	was	 to	

determine	if	the	minority	of	contaminant	(undeleted)	cells	in	RaMCM	+/-;Tbx20fl/+	and	

RaMCM+/-;	Tbx20fl/fl	cultures	had	over	populated	the	cultures	at	this	stage	which	would	

confound	our	analysis.	As	shown	in	Figure	5.8,	E,	two	of	the	three	RaMCM+/-;	Tbx20fl/+	

cultures	(lanes	4	and	6)	and	one	of	the	RaMCM+/-;	Tbx20fl/fl	cultures	(lane	7)	appeared	

to	remain	consistent	with	the	genotyping	at	passage	0.	However,	the	band	for	 intact	

floxed	 allele	 appeared	 to	 be	 stronger	 in	 the	 rest	 of	 the	 Tbx20	 heterozygous	 and	

homozygous	cultures	 (Lanes	5,	8	and	9).	This	 indicated	 the	 respective	overgrowth	of	

cells	with	undeleted	floxed	alleles.	Given	the	 inconsistency	observed	 in	gene	deleted	

cells	across	time	in	the	cultures,	we	did	not	proceed	with	differentiation	assays	using	

this	material.		
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5.4.5	Identification	of	downstream	targets	of	Tbx20	in	cMSCs	

To	investigate	the	biological	processes	that	might	be	under	the	regulation	of	Tbx20	in	

cMSCs,	transcript	levels	of	several	markers	were	quantified	via	qPCR	(Figure	5.9).	Several	

known	downstream	targets	reported	in	other	cardiac	cells	types	were	included	in	the	

analysis;	 cardiac	 transcription	 factor	Nkx2-5	 [42],	 gap	 junction	 protein	 Connexin	 43	

(Cx43),	potassium	channel	proteins	Kcnd2	and	Kcnj3	and	retinaldehyde	dehydrogenase	

enzyme,	Raldh2,	transcription	factor	21	(Tcf21),	α-smooth	muscle	actin	protein	(Acta2)	

and	 discoidin	 domain-containing	 receptor	 Ddr2	 [31,	 39].	 We	 also	 looked	 at	 an	

additional	 smooth	 muscle	 marker	 Tagln	 and	 early	 adipocyte	 lineage	 markers;	

peroxisome	proliferator	activated	receptor	Pparg,	fatty	acid	binding	protein	Fabp4	and	

lipoprotein	lipase	Lpl.	The	latter	lineage	markers	were	included	as	potential	markers	of	

differentiation	 pathways	 that	 may	 be	 under	 the	 regulation	 of	 Tbx20.	 Analysis	 was	

carried	out	on	cells	at	the	end	of	passage	0	following	isolation	in	assay	triplicates.		

Among	the	markers	tested,	Tcf21	and	Raldh2	showed	a	significant	downregulation	in	

RaMCM+/-;Tbx20fl/fl	 cells	 relative	 to	 RaMCM+/-;Tbx20+/+	 cells.	Nkx2-5	 demonstrated	 a	

dose	dependent	downregulation	in	transcript	expression	although	not	significant.	The	

adipocyte	markers	Pparg	and	Fabp4	were	upregulated	in	both	RaMCM+/-;Tbx20fl/+	and	

RaMCM+/-;Tbx20fl/fl	 relative	 to	 RaMCM+/-;Tbx20+/+.	 Rest	 of	 the	markers	 all	 showed	 a	

similar	trend	where	transcript	expression	was	upregulated	in	RaMCM+/-;Tbx20fl/+	cells	

but	 downregulated	 in	RaMCM+/-;Tbx20	 fl/fl	cells	 relative	 to	RaMCM+/-;Tbx20+/+.	 These	

changes	however	were	not	significantly	different.		
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Figure	5.9:	Analysis	of	potential	downstream	targets	of	Tbx20	 in	cMSCs.	RaMCM+/-;Tbx20+/+,	
RaMCM+/;Tbx20fl/+	and	RaMCM+/-;Tbx20fl/fl	mice	were	 treated	with	Tamoxifen	 to	activate	Cre	
expression	and	S+P+	cells	were	isolated	post	1	week.	Cells	were	cultured	for	1	passage	prior	to	
isolating	RNA	which	were	reverse	transcribed	and	used	in	qPCR	analysis.	Tcf21	and	Raldh2	were	
significantly	downregulated	in	RaMCM+/-;Tbx20fl/fl	cells	relative	to	RaMCM+/-;Tbx20+/+.	None	of	
the	differences	observed	in	other	markers	were	significant.	n=	3,	* p>0.05,	student	t	test.	
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5.4	Discussion	

In	this	chapter,	we	instigated	understanding	the	role	played	by	the	T-box	transcription	

factor	TBX20	in	cardiac	CFU-Fs	and	cardiac	MSCs.	As	discussed	in	section	5.1.2,	TBX20	is	

a	vital	transcription	factor	in	cardiogenesis	that	regulates	proper	cardiac	morphogenesis	

[34,	41,	363].		In	the	adult	heart,	TBX20	acquires	a	novel	set	of	functions	to	maintain	the	

structure	and	function	of	cardiomyocytes	[38,	39].	Myocardial	deletion	of	the	gene	both	

during	development	and	 in	adulthood	has	shown	to	cause	adverse	effects	 leading	to	

death.	Expression	of	 the	 transcription	 factor	 is	 also	 reported	 in	 the	epicardium	 from	

which	 the	 cCFU-Fs	 are	derived	embryonically	 [294].	 In	 addition,	 recent	 studies	 show	

Tbx20	 to	 be	 highly	 expressed	 in	 a	 subpopulation	 of	 the	 cardiac	 interstitial	 cells	 (the	

majority	if	which	are	epicardial	derivatives)	along	with	several	other	cardiogenic	genes	

[30,	31].	Preliminary	data	from	the	Harvey	laboratory	confirmed	this	to	be	true	in	freshly	

isolated	S+P+	cells.	Given	its	significance	as	an	important	cardiac	transcription	factor	and	

high	expression	in	the	S+P+	cells,	it	seemed	likely	that	TBX20	would	play	an	integral	part	

in	the	gene	regulatory	network	governing	the	functions	of	cCFU-Fs	and	their	derivatives.		

	

5.4.1	 Mosaic	 expression	 pattern	 of	 Tbx20	 might	 demarcate	 sub	 populations	 with	

specific	linage	predispositions		

S+P+	 cells	 are	 enriched	 for	 cCFU-Fs;	 however,	 it	 is	 still	 a	 heterogeneous	 population	

potentially	containing	multiple	progenitor	cell	types	with	varying	functions	and	lineage	

potency	levels.	Preliminary	qPCR	data	demonstrated	high	expression	of	Tbx20	in	S+P+	

cells	with	the	limitation	that	the	analysis	averaged	the	expression	readout	across	the	

whole	population.	This	may	have	masked	any	heterogeneity	present	at	the	single	cell	

level.	To	resolve	this,	we	analysed	the	expression	in	single	cells	via	RNA	sequencing.	On	

average,	Tbx20	was	identified	to	be	the	second	highest	expressed	cardiogenic	marker	

only	to	be	proceeded	by	the	epicardial	transcription	factor	Tcf21	(both	Tbx20	and	Tcf21	

expressed	in	the	epicardium)	[294].	Over	60%	of	S+P+	cells	were	observed	to	express	

Tbx20	in	a	mosaic	pattern,	similar	to	that	reported	by	Noseda	et	al.	[30].	High	level	of	

Tcf21	expression	is	consistent	with	the	epicardial	origin	of	these	cells.	In	addition,	other	

co-expressed	 cardiogenic	 markers	 are	 also	 known	 to	 be	 involved	 in	 epicardial	

development	and/or	function	[282,	375,	376].	Mosaic	expression	of	TBX20	along	with	
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these	 other	 transcription	 factors	 may	 contribute	 to	 laying	 the	 blueprint	 of	 cell	 fate	

possibly	using	a	template	established	in	the	epicardial	lineage.		

We	also	confirmed	expression	of	TBX20	at	the	protein	level	via	immunocytochemistry	

in	cMSCs	post	one	passage	of	culture.	Active	transcription	factor	activity	would	imply	

nuclear	localisation	of	the	protein.	Nuclear	or	perinuclear	only	expression	of	TBX20	was	

observed	 in	a	minority	of	cells	with	most	cells	showing	both	nuclear	and	perinuclear	

localisation.	Among	the	four	reported	isoforms	of	Tbx20,	a	and	b	are	the	most	studied,	

where	isoform	a	encodes	for	a	complete	DNA	binding	domain,	activation	domain	and	a	

repressor	domain,	while	isoform	b	lacks	the	latter	two	domains	[40].	DeBenedittis	et	al.	

show	that	TBX20a	is	exclusively	localised	in	the	nucleus	while	TBX20b	has	both	nuclear	

and	cytoplasmic	 localisation	 [377].	This	 raises	 the	possibility	of	TBX20b	expression	 in	

cells	 leading	 to	 a	 non-nuclear	 localised	 staining.	 However,	 we	 observed	 perinuclear	

localisation	rather	than	cytoplasmic,	and	significant	down	regulation	of	several	known	

TBX20	targets	as	measured	by	qPCR.	This	was	both	measured	at	the	end	of	one	passage	

of	 culturing	 and	 collectively	 the	 data	 suggest	 active	 transcription	 factor	 activity	 in	

cMSCs.	Furthermore,	from	single	cell	RNA-Seq	data,	we	observed	that	94%	of	the	cells	

that	expressed	Tbx20,	expressed	isoform	a,	whereas	only	6%	(2	cells)	expressed	isoform	

b.				

5.4.2	Conditional	ablation	of	Tbx20	cCFU-Fs/cMSCs	using	Cre-LoxP	system	

To	determine	the	effect	of	Tbx20	deletion	on	cCFU-Fs	and	cMSCs,	we	opted	for	a	loss	of	

function	analysis	approach	with	a	Tbx20fl	mouse	 line	 [40]	available	 in-house.	Several	

factors	 were	 considered	 when	 selecting	 a	 suitable	 Cre	 driver	 line/delivery	 method.	

Given	the	epicardial	origin	of	cCFU-Fs	[23],	a	mouse	line	with	constitutive	Cre	expressed	

under	an	epicardial	 gene	 that	was	 readily	available	 could	have	been	used.	However,	

during	development,	epicardial	derived	cells	are	shown	to	contribute	to	a	majority	of	

fibroblasts	[378]	and	a	smaller	population	of	cardiomyocytes	[379,	380]	among	other	

lineages.	These	two	cell	types	express	Tbx20	at	high	levels	during	development	and	in	

adulthood	[31,	38-41]	and	a	constitutive	deletion	of	the	gene	would	have	affected	both	

cell	populations	eventually	also	altering	the	surrounding	niche	of	cCFU-Fs.	Therefore,	it	

would	have	been	difficult	to	delineate	the	sole	effect	of	Tbx20	ablation	in	cCFU-Fs	from	
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the	 secondary	 consequences	 of	 a	 suboptimal	 cardiac	 interstitium	 and	 parenchyma.	

Given	 this	 concern,	 it	was	 necessary	 that	we	used	 conditional	 Cre	 expression	 in	 our	

studies.	Until	a	suitable	Cre	driver	mouse	line	was	available,	we	initiated	virus-mediated	

Cre	delivery	to	cMSCs	derived	from	Tbx20fl	mice.		

For	 in	 vitro	 gene	 delivery,	 both	 lentivirus	 and	 adenovirus	 systems	 were	 explored.	

Multiple	studies	have	shown	that	constant	exposure	to	Cre	recombinase	can	cause	DNA	

damage	in	cells	leading	to	secondary	effects	independent	of	gene	deletion		[374,	381].	

We	therefore,	opted	to	use	adenovirus	as	it	does	not	integrate	into	the	host	genome	

but	rather	allows	for	transient	Cre	expression	sufficient	for	floxed	allele	deletion.				

5.4.2.1	Adenovirus	mediated	Cre	delivery	in	vitro.	

Adenovirus	strains	were	generated	to	deliver	a	plasmid	encoding	for	Cre	tagged	with	a	

GFP	reporter	(thus	allowing	for	selection	of	successfully	transduced	cells),	or	GFP	alone	

as	 a	 control,	 to	 cMSC	 cultures	 established	 from	 Tbx20fl	 mice.	 The	 adenovirus	

transduction	procedure	carried	out	on	cells	at	passage	0	resulted	 in	compromised	or	

non-viable	 cultures	 deeming	 to	 be	 unsatisfactory	 for	 further	 analysis.	 Repeating	 the	

procedure	 with	 established	 cMSC	 cultures	 at	 passage	 3	 resulted	 in	 relatively	 better	

survival	of	cells.	Genotyping	confirmed	good	deletion	of	floxed	alleles,	and	deletion	of	

Tbx20	did	not	appear	to	affect	colony	forming	ability	or	long	term	growth	of	cultures	

that	 survived.	 However,	 a	 lag	 phase	 in	 all	 cultures	 was	 observed	 post-second	 sort	

regardless	of	adenovirus	transduction	implying	the	FACS	procedure	itself	was	stressful	

to	the	cells.	Overall,	the	quality	of	cMSCs	was	not	satisfactory	in	addition	to	the	fact	that	

downstream	analysis	could	only	be	carried	out	at	late	passage	cells	(earliest	at	passages	

7-8).	Several	studies	have	shown	morphological,	functional	and	genomic	changes	that

occur	 due	 to	 long-term	 MSC	 culturing	 and	 onset	 of	 clonal	 growth	 suggesting	 the

importance	of	carrying	out	phenotypical	analysis	as	early	as	possible	[382-384].	Given

these	concerns,	we	discontinued	adenovirus	mediated	delivery	of	Cre.

5.4.2.2	Tamoxifen	mediated	conditional	ablation	of	Tbx20	

Next,	we	used	Tamoxifen	mediated	conditional	deletion	driven	by	a	Pdgfra-mer-Cre-mer	

knockin	allele	to	ablate	Tbx20	in	vivo.	Following	Cre	induction,	mice	were	rested	for	
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one	 week	 prior	 to	 isolating	 S+P+	 cells.	 Shen	 et	 al.	 report	 that	 conditional	 Tbx20	

deletion	in	adult	cardiomyocytes	with	α-MHC-Cre	result	in	severe	phenotypic	changes	

within	3-4	days	of	Tamoxifen	administration	with	death	occurring	between	5-16	days	

[39].	We	did	not	observe	any	such	significant	phenotypic	changes	in	hearts	following	

deletion	of	Tbx20	in	PDGFRα+	stromal	cells,	and	all	mice	appeared	normal.	However,	

in	 long-term,	 it	 is	 possible	 that	 cardiac	 function	 and	 resistance	 to	 stress	 to	 be	

compromised.	Isolated	S+P+	cells	were	then	cultured	and	analysed	for	effect	of	gene	

deletion	 following	 confirmation	 of	 successful	 floxed	 allele	 recombination.	 In	 all	

experiments,	 heterozygous	 and	 homozygous	 mutant	 cells	 were	 compared	 with	

wildtype	 cells	 isolated	 from	 Tamoxifen	 treated	 RamcmCre/+;Tbx20+/+	 mice.	 This	

ensured	that	any	differences	observed	are	exclusively	due	to	Tbx20	deletion	but	not	

due	to	Tamoxifen	treatment	[385,	386]	or	Cre	expression.		

	

5.4.3	Role	of	TBX20	in	regulating	cell	proliferation	of	cCFU-Fs	and	cMSCs	

Heterozygous	Tbx20	deletion	 significantly	 increased	 colony	 forming	 ability	 of	 S+P+	

cells.	Homozygous	deletion	also	resulted	in	slightly	higher	colony	formation	than	the	

wildtype	 controls	 although	 not	 significantly.	 Despite	 the	 differences	 in	 colony	

formation,	overall	long	term	growth	and	growth	rates	did	not	appear	to	be	affected	

significantly.	 It	 is	noteworthy	though	that	when	cell	cultures	were	re-genotyped	at	

the	end	of	passage	3,	there	was	an	increase	in	intensity	of	the	band	denoting	intact	

floxed	allele/s	in	some	of	the	mutant	cell	lines	at	varying	degrees.	This	contamination	

with	unfloxed	cells	may	have	interfered	with	the	outcome	of	the	growth	curves.	It	is	

a	possibility	that	wildtype	cells	populate	the	cultures	over	time	due	to	altered	growth	

of	mutant	cells.		

Several	studies	have	shown	Tbx20	to	regulate	cell	proliferation	 in	myocardium	and	

endocardium	both	positively	and	negatively	[36,	37,	365,	387].	Given	the	differences	

observed	in	colony	assays	between	wildtype	and	mutant	lines,	and	slight	differences	

in	growth	curves	which	may	be	masked	by	the	contamination	with	unfloxed	cells,	it	is	

likely	 that	 Tbx20	may	 have	 a	 similar	 functions	 in	 cCFU-Fs.	 However,	 this	 requires	

further	experimentation	with	additional	biological	replicates.		
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5.4.4	Insights	into	the	potential	role	of	TBX20	in	regulating	cCFU-F	differentiation	

Due	to	the	inconsistencies	in	genotyping	observed	between	cultures	at	passage	3,	we	

did	 not	 proceed	 with	 the	 routine	 differentiation	 assays.	 However,	 expression	 of	

several	 reported	downstream	targets	of	TBX20	were	measured	at	passage	0	 (in	an	

attempt	to	replicate	 in	vivo	conditions	as	closely	as	possible),	at	which	point,	gene	

deletion	was	substantial,	along	with	several	other	potential	targets.		

NKX2-5	and	GATA4	are	two	important	cardiogenic	transcription	factors	that	directly	

interact	 with	 TBX20	 [40].	 In	 addition,	 Takeuchi	 et	 al.	 showed	 that	 during	 cardiac	

morphogenesis,	 specifically	 in	 the	 anterior	 heart	 field,	 TBX20	 dose	 dependently	

activates	Nkx2-5	 [42].	 In	 our	 expression	 analysis,	 we	 observed	 a	 dose	 dependent	

downregulation	pattern	of	Nkx2-5	upon	Tbx20	deletion	although	the	differences	did	

not	 appear	 to	 be	 significant.	 Gata4	 is	 shown	 to	 be	 downregulated	 in	 adult	

cardiomyocytes	following	conditional	Tbx20	deletion	[39]	which	was	also	observed	in	

our	 homozygous	 mutant	 cells	 though	 not	 significantly.	 Heterozygous	 mutants	

however,	showed	an	opposite	trend.	

We	then	analysed	expression	of	several	gap	 junction	and	calcium	channel	proteins	

(Cx43,	 Kcnd2	 and	 Kcnj3)	 that	 were	 significantly	 downregulated	 following	 Tbx20	

deletion	in	adult	cardiomyocytes	[39].	Given	that	cardiac	fibroblasts	are	electronically	

coupled	 with	 cardiomyocytes	 [388,	 389],	 it	 was	 possible	 that	 Tbx20	 to	 share	 a	

common	 function	 between	 the	 two	 cell	 types	 in	 regulating	 expression	 of	 these	

proteins.	 All	 three	 markers	 showed	 similar	 albeit	 insignificant	 differences	 where	

transcript	 expression	 was	 upregulated	 in	 heterozygous	 but	 downregulated	 in	

homozygous	mutants.		

Next,	we	studied	the	expression	of	several	fibroblast/myofibroblast/smooth	muscle	

markers	 that	 are	 significantly	 downregulated	 upon	 TBX20	 deletion	 in	 embryonic	

cardiac	fibroblasts	[31].	Spontaneous	differentiation	of	cMSCs	into	these	lineages	is	

observed	in	our	routine	cultures	at	low	percentages.	Among	the	markers	tested,	Tcf21	

alone	was	observed	to	be	significantly	downregulated	upon	Tbx20	deletion.		

We	observe	spontaneous	adipocyte	differentiation	on	very	rare	occasions	in	regular	

culture.	 Interestingly	we	observed	 increased	 readily	differentiation	of	a	 fraction	of	
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heterozygous	and	homozygous	Tbx20	mutant	cells	into	adipocytes.	However,	this	was	

not	 observed	 in	 all	 cultures	 and	 requires	 confirmation	 with	 additional	 biological	

replicates.	 Accordingly,	 when	 several	 adipocyte	 lineage	 markers	 were	 tested,	

expression	of	Pparg	and	Fabp4	were	upregulated	in	all	mutant	cell	cultures	although	

not	significantly.	Given	the	heterogeneity	of	cMSC	cultures,	with	only	a	subpopulation	

appearing	to	be	adipogenic	 in	 the	absence	of	TBX20	regulation,	 it	may	be	that	 the	

gene	 expression	 changes	 are	 masked	 when	 averaged	 across	 the	 culture.	 There	 is	

increasing	evidence	suggesting	epicardial	and	epicardial	derivative	cell	contribution	

to	the	adipocyte	lineage	[276,	390,	391].	In	addition,	a	recent	study	by	Yamguchi	et	

al.	demonstrate	the	contribution	of	TBX18	(a	potential	interaction	partner	of	TBX20	

[367])	 lineage	 traced	 epicardial	 derived	 cell	 contribution	 to	 the	 epicardial	 adipose	

tissue	 [276].	 Furthermore,	 Sakabe	 et	 al.	 identified	 PPARγ,	 master	 regulator	 of	

adipogenesis,	to	be	a	cofactor	of	TBX20	[38].	These	observations	further	support	the	

notion	 of	 TBX20	 being	 at	 least	 one	 of	 the	 upstream	 regulators	 of	 adipogenic	

differentiation	although	future	experiments	will	be	needed	to	confirm	this.	

Raldh2	is	reported	as	a	direct	downstream	target	of	TBX20	[31,	38]	which	was	partially	

confirmed	 in	 cMSCs	 cultures	 given	 the	 significant	 downregulation	 in	 homozygous	

mutant	 cells.	 We	 have	 also	 observed	 dose	 dependent	 retinoic	 acid	 mediated	

inhibition	 of	 adipocyte	 differentiation	 of	 cMSC.	 Taking	 these	 together,	 we	

hypothesise	 that	 TBX20	 regulate	 adipogenesis	 through	 Raldh2/retinoic	 acid	

expression	in	cCFU-Fs/cMSCs.	
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5.4.5	Conclusions	

	

This	study	presented	our	initial	work	on	trying	to	elucidate	the	function	of	one	of	the	

highly	 expressed	 cardiogenic	 transcription	 factors,	 Tbx20,	 in	 cCFU-Fs	 and	 cMSCs.	

Through	the	use	of	single	cell	RNA	sequencing,	we	demonstrated	that	freshly	isolated	

S+P+	 cells	 express	Tbx20	 in	 a	mosaic	 pattern	 along	with	 several	 other	 cardiogenic	

transcription	factors	that	are	involved	in	epicardial	development	and	function.	This	

further	supports	the	epicardial	origin	and	identity	of	cells	and	suggests	the	existence	

of	subpopulations	potentially	with	specific	characteristics.		

With	increasing	evidence	reporting	TBX20	expression	in	the	epicardium	and	epicardial	

derivatives,	 it	 is	 likely	 that	 the	 transcription	 factor	 would	 have	 a	 specific	 set	 of	

functions	in	these	cell	types.	To	determine	the	role	in	cMSCs,	we	deleted	Tbx20	using	

the	Cre-LoxP	system	with	an	adenovirus	mediated	Cre	delivery	approach.	However,	

the	virus	transduction	and	selection	procedure	appeared	to	compromise	the	quality	

of	 the	 cells.	We	 then	used	Tamoxifen	mediated	conditional	 ablation	 to	 specifically	

delete	the	transcription	factor	 in	PDGFRα	positive	cells	 in	vivo.	S+P+	cells	were	then	

isolated	and	characterised.		

In	our	initial	round	of	experiments,	through	colony	formation	assays	and	long	term	

growth	analysis,	we	demonstrate	altered	colony	formation	in	suggesting	a	potential	

role	 for	 Tbx20	 in	 regulating	 cell	 proliferation.	 This	 however,	 requires	 further	

confirmation	with	a	slightly	altered	protocol	 to	avoid	 the	onset	of	cells	with	 intact	

floxed	allele/s	towards	later	passages	in	culture	and	additional	biological	replicates.	

We	were	unable	to	assess	the	role	in	cell	differentiation	at	this	stage.		Nonetheless,	

through	 analysis	 of	 several	 downstream	 targets	 of	 TBX20	 and	 literature	 based	

evidence,	 we	 propose	 regulation	 of	 differentiation	 into	

fibroblast/myofibroblast/smooth	muscle	and	adipocyte	lineages.				
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Chapter	6 –	Comparison	of	cCFU-Fs	and	cMSCs	derived	from	
atria	and	ventricles	
	

6.1	Introduction		

In	the	Harvey	laboratory,	cMSC	cultures	are	routinely	established	from	SCA1+,	PDGFRα+	

and	CD31-	(S+P+)	interstitial	cells	isolated	from	whole	hearts	(both	atria	and	ventricles).	

However,	 when	 cells	 were	 isolated	 from	 the	 ventricles	 alone	 due	 to	 specific	

experimental	requirements,	MSC	cultures	were	observed	to	grow	at	a	relatively	slower	

rate.	This	suggested	potential	intrinsic	differences	between	atrial	and	ventricular	MSCs.	

A	previous	study	comparing	atrial	vs	ventricular	fibroblasts	in	a	canine	model	had	indeed	

reported	that	atrial	fibroblasts	have	a	higher	proliferative	response	to	a	range	of	growth	

factors	as	well	as	fetal	bovine	serum	(FBS)	in	growth	media	[392].	Furthermore,	atria	are	

reported	to	be	more	fibrotic	relative	to	ventricles	(~20	times	higher)	when	analysed	in	a	

canine	 induced	 congestive	 heart	 failure	model	 (CHF)	 [43].	Given	 our	 broader	 aim	of	

understanding	the	intrinsic	cellular	functions	of	cCFU-Fs	and	their	governing	factors,	in	

this	chapter,	we	aimed	to	determine	if	the	anatomical	location	of	cCFU-Fs	would	affect	

their	characteristics	and	if	atrial	resident	cCFU-Fs	would	contribute	to	local	fibrosis.		

	

6.1.1	Atria	as	a	source	of	cardiac	progenitor	cells		

Several	studies	characterising	different	cardiac	stem/progenitor	populations	in	rodents	

reported	 isolation	 of	 cells	 from	whole	 hearts	 for	 experimentation	 [23,	 393,	 394].	Of	

note,	we	understand	that	 in	some	groups,	 the	ventricles	alone	are	recognised	as	the	

“working”	myocardium	and	therefore	atria	may	have	been	removed,	although	this	was	

not	specified	in	publications.	However,	studies	looking	at	similar	progenitor	populations	

in	the	human	heart	often	isolated	cells	from	atrial	appendages	[395-399].	This	was	due	

to	the	ease	of	access	and	convenience	in	obtaining	atrial	appendage	biopsies	without	

affecting	the	heart	function	from	patients	undergoing	cardiac	surgery.	A	few	studies	did	

analyse	cells	isolated	from	ventricle	biopsies,	although	these	were	mostly	derived	from	

failing	hearts	requiring	surgical	interventions	[25,	394].	One	study	has	shown	that	the	

cell	isolation	efficiency	is	rather	low	if	the	biopsies	came	from	such	ventricles	and	it	is	
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also	 possible	 that	 these	 cells	 have	 compromised	 characteristics	 in	 response	 to	 the	

ischemic	insult	[396].	Collectively,	it	is	evident	that	there	are	discrepancies	between	the	

site	of	cardiac	progenitor	cell	isolation.	Furthermore,	most	of	these	studies	ultimately	

seek	 to	 explore	 the	 properties/suitability	 of	 the	 cells	 to	 be	 used	 in	 cardiac	 repair	

primarily	 targeting	 the	 ventricles.	 This	 may	 only	 be	 appropriate	 if	 both	 atrial	 and	

ventricular	 progenitor	 cells	 showed	 similarly	 robust	 characteristics.	 This	 information	

further	 stimulated	 us	 to	 carry	 out	 a	 comprehensive	 comparison	 of	 cCFU-Fs/cMSCs	

derived	from	atria	and	ventricles.		

	

6.1.2	Niche	factors	contributing	to	possible	characteristic	differences		

The	very	first	report	of	endogenous	cardiac	stem	cells	(CSC)	identified	by	C-KIT,	MDR1	

and	SCA1	expression	in	2002	in	adult	human	hearts	by	Quaini	et	al.	reported	a	higher	

prevalence	of	CSCs	in	atria	relative	to	ventricles	[146].	Following	this,	a	detailed	analysis	

in	mouse	hearts	 identified	atria	and	the	base-mid-region	of	the	heart	to	harbour	the	

greatest	 number	 of	 CSC	 clusters	 within	 the	 heart	 [400].	 They	 attribute	 this	 higher	

prevalence	 to	 the	 lower	 hemodynamic	 stress	 experienced	 in	 these	 parts	 of	 the	

myocardium	[401].	Higher	abundance	of	ISL+	progenitor	cells	in	atria	was	also	reported	

by	Laugwitz	et	al.	in	postnatal	rodent	and	human	hearts	[402].		

Relative	 hypoxia	 has	 been	 identified	 as	 a	 key	 stem	 cell	 niche	 factor	 contributing	 to	

maintenance	 (self-renewal)	 of	 hematopoietic	 stem	 cells	 (HSCs)	 allowing	 for	 slow-

proliferation	 rates	 and	 avoiding	 oxidative	 stress	 mediated	 DNA	 damage	 (replicative	

senescence)	([403,	404]	and	as	discussed	in	[405]).	Later	studies	have	shown	most	other	

stem	 cell	 types,	 including	 bone	 marrow	 MSCs	 (bmMSCs),	 to	 be	 located	 within	 low	

oxygen	 tension	 environments	maintaining	 the	 cells	 in	 an	 undifferentiated,	 quiescent	

state	 [406-408].	 Furthermore,	 low	oxygen	 concentration	 leads	 to	 the	 stabilisation	of	

hypoxia-inducible	factor	1	α	(HIF1α)	[409].		Among	many	of	its	other	functions,	hypoxia	

is	a	key	regulator	of	metabolism	and	induces	the	shift	from	oxidative	phosphorylation	

to	glycolysis,	thus	providing	an	alternative	energy	production	mechanism	appropriate	

for	production	of	macromolecules	during	a	proliferative	phase	(Wardberg	effect)	[410-

412].	Coupled	with	quiescence,	the	decrease	in	reactive	oxygen	species	(ROS)	generated	

during	aerobic	glycolysis	reduces	oxidative	stress	on	cells	and	subsequent	DNA	damage.	
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The	resulting	low	metabolic	requirements	due	to	hypoxia	are	now	being	recognised	as	

a	 characteristic	of	 stem	cells.	 In	 fact,	within	 the	hematopoietic	 system,	all	 long-term	

HSCs	 were	 found	 to	 demonstrate	 a	 low	 metabolic	 profile	 including	 a	 low	 oxygen	

consumption	 rate,	 lower	 ATP	 content,	 higher	 glycolytic	 flux	 and	 low	 mitochondrial	

content	[413].	Unpublished	data	from	the	lab	has	shown	that	freshly	isolated	S+P+	cells	

demonstrated	a	lower	metabolic	profile	relative	to	the	total	interstitial	cells	as	observed	

with	the	assays	mentioned	above.	In	addition,	similar	to	the	HSCs,	all	the	colony	forming	

cells	with	long-term	self-renewal	potential	were	derived	from	the	S+P+	cells	that	were	

also	low	in	mitochondrial	content.	

6.1.3	Cardiac	fibrosis	

Accumulation	 of	 activated	 fibroblasts/myofibroblasts	 which	 contributes	 to	 excessive	

extracellular	matrix	(ECM)	deposition	is	the	hallmark	of	tissue	fibrosis	[414].	The	process	

can	be	classified	in	to	two	types	(discussed	in	[33,	415,	416]).	Reparative	fibrosis,	which	

occurs	 following	 damage	 to	 the	 myocardium,	 is	 the	 main	 compensatory	 repair	

mechanism	in	the	absence	of	effective	regeneration	capacity	in	the	adult	myocardium.	

The	 resulting	 scar	 formation	 is	 vital	 to	 preventing	 cardiac	 rupture	 and	 to	 maintain	

cardiac	structure	and	function.	Reactive	fibrosis,	on	the	other	hand,	can	be	induced	by	

hemodynamic	 stress	 (e.g.,	 pressure	 overload,	 aging)	 as	 an	 adaptive	 response	 that	

ameliorates	increased	wall	stress	and	preserves	cardiac	function.	In	both	types	however,	

excessive,	persistent	interstitial	and	adventitial	fibrosis	can	lead	to	increased	mechanical	

stiffness	of	the	myocardium,	myocyte	uncoupling	and	tissue	ischemia	due	to	impaired	

flow	of	 oxygen	 and	 nutrient	 supply	 from	 the	 blood	 vessels.	 A	 fine	 balance	 between	

reparative	and	reactive	fibrosis	is	therefore	essential	to	prevent	adverse	remodelling	of	

the	myocardium	affecting	cardiac	function.	

6.1.3.1	Atrial	fibrillation	(AF)	and	atrial	fibrosis		

It	is	reported	that	atria	are	more	susceptible	to	fibrosis	relative	to	the	ventricles	[43].	

Structural	 remodelling	 of	 the	 atrial	 myocardium	 due	 to	 fibrosis	 is	 one	 of	 the	 key	

contributors	 to	 atrial	 fibrillation	 (AF)	 which	 is	 the	 most	 sustained	 arrhythmia	

encountered	 in	 clinical	 practice	 [417].	 While	 AF	 is	 a	 multifactorial	 disease,	 growing	

evidence	 suggests	 an	 association	between	atrial	 fibrosis	 and	AF	 [418].	However,	 the	

exact	bidirectional	relationship	between	fibrosis	and	AF	is	yet	to	be	elucidated	to	better	
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understand	 the	 mechanisms	 underlying	 AF	 [417].	 This	 requires	 an	 in-detail	

characterisation	of	atrial	fibrosis.		

Given	the	proposed	role	played	by	PDGFRα+	stromal	cells	in	generating	myofibroblasts	

during	cardiac	fibrosis	(Asli	et	al.	Unpublished		and	[419]),	we	determined	to	establish	

an	 injury	model	 that	would	 allow	 us	 to	 study	 the	 function	 of	 cCFU-Fs	 and	 PDGFRα+	

stromal	cells	in	atrial	fibrosis.		

6.1.4	An	injury	model	to	study	the	function	of	atrial	cCFU-Fs	and	PDGFRα+	stromal	cells	

To	determine	the	function	of	cCFU-Fs	and	PDGFRα+	stromal	cells	in	an	injury	situation,	

we	routinely	use	an	induced	acute	MI	model	achieved	by	permanent	ligation	of	the	left	

anterior	descending	artery.	Through	the	use	of	a	mouse	knockin	line	where	a	nuclear	

GFP	cassette	is	inserted	into	the	Pdgfra	locus	(PdgfranGFP/+)	coupled	with	flow	cytometry	

for	detection,	the	lab	has	previously	observed	the	appearance	of	a	GFPmedium	(GFPmed)	

population	(Figure	6.1,	A,	B	and	C)	that	is	mostly	negative	or	dim	for	PDGFRα	antibody	

staining	within	the	first	5	days	post-MI	(Asli	et	al.	Manuscript	in	preparation).	The	GFP	

protein	is	a	fusion	between	eGFP	and	histone	2B,	and	its	long	life	enables	us	to	use	it	as	

a	 short-term	 lineage	 marker.	 Thus,	 the	 GFPmed	 population	 sequentially	 becomes	

negative	for	PDGFRα	antibody	staining	whilst	remaining	positive	for	GFP,	suggesting	that	

the	GFPmed	population	is	derived	from	GFPhigh	population	(Figure	6.1,	A).	Marker	analysis	

of	the	GFPmed	population	(Figure	6.1,	D)	which	was	then	confirmed	by	lineage	tracing	

(analysis	 of	 Pdgfra-Mer-Cre-Mer	 X	 TdTomato	 mice	 -	 data	 not	 shown)	 identified	 the	

GFPmed	 population	 to	 consist	 of	 activated	 myofibroblasts	 consistent	 with	 published	

studies	[420].	Further	analysis	is	underway	to	determine	the	potential	contribution	of	

lineage	traced	PDGFRα+	cells	to	other	cardiac	lineages.		

So	 far,	we	have	only	 used	 the	 induced	MI	model	 to	 study	 cCFU-Fs	 in	 the	 ventricles.	

However,	MI	and	AF	are	often	reported	together	in	the	clinical	setting	especially	so	in	

the	context	of	congestive	heart	failure	[421].	About	8-22%	of	patients	are	reported	to	

develop	AF	 post-MI,	with	 higher	mortality	 observed	 in	 patients	 already	with	AF	 and	

those	who	develop	AF	post	MI	[422].	It	is	also	reported	that	the	development	of	either	

condition	has	a	significant	negative	effect	on	the	other	[423-425].	Given	the	relevant	

clinical	complexity,	and	possible	involvement	of	atrial	fibrosis,	we	opted	to	initially	test	
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for	the	presence	of	atrial	fibrosis	in	the	classical	model	of	induced	MI	in	mice.	Atrial	or	

ventricular	tachypacing	and	transverse	aortic	constriction	were	other	commonly	used	

alternative	models	for	atrial	fibrosis	[426-428].	

Figure	 6.1:	 GFP	 med	 population	 primarily	 represents	 the	 myofibroblast	 cells	 derived	 from	
PDGFRα+	stromal	cells	post-MI.	A.	Expression	of	PDGFRα	analysed	over	a	time	course	within	
the	 cardiac	 stromal	 population	 of	 PdgfranGFP/+	 mice	 that	 underwent	 induced	 myocardial	
infarction	(MI).	Expression	detected	via	FACS	based	on	PDGFRα-GFP	and	antibody	detection.	A	
GFPmed	 population	 negative	 for	 antibody	 staining	 appeared	 progressively	 over	 time.	 B.	
Histograms	 showing	 the	 GFPhigh	 and	 GFPmid	 populations	 and	 C.	 quantifications.	 The	 GFPmed	
population	 only	 appeared	 following	 MI.	 D.	 Quantitative	 RT-PCR	 analysis	 for	 several	
myofibroblast	 markers	 including	 smooth	 muscle	 alpha-actinin	 (SMA),	 calponin	 (Calp),	
embryonic	 smooth	muscle	myosin	heavy	 chain	 (SMemb)	 identified	 the	GFPmed	population	 to	
contain	a	majority	of	myofibroblast	cells.	(Data	from	Asli	et	al.	Unpublished)	
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6.1.5	Hypothesis	and	aims	

We	 observed	 that	 cMSC	 cultures	 derived	 from	 ventricles	 alone	 showed	 a	 relatively	

slower	growth	rate	compared	to	MSCs	derived	from	whole	heart	(including	atria).	Along	

with	evidences	from	the	literature,	we	wondered	if	the	anatomical	location	within	the	

heart	would	affect	the	intrinsic	characteristics	of	cCFU-Fs	and	cMSCs.	We	also	observed	

a	 decreased	 presence	 of	 vasculature	within	 the	 atrial	myocardium	 suggesting	 a	 low	

oxygen	environment.	Low	oxygen	 tension	 is	known	to	be	a	distinctive	 feature	of	 the	

stem	cell	niche,	which	maintains	the	cells	in	an	anaerobic	glycolytic	state.	Unpublished	

data	 from	 the	 lab	 suggested	 metabolism	 as	 a	 potential	 regulator	 of	 cCFU-F	

characteristics.	In	addition,	given	the	possible	functional	differences	between	cCFU-Fs	

and	 cMSCs	 from	 atria	 and	 ventricles,	 and	 the	 contribution	 of	 ventricular	 PDGFRα+	

stromal	cells	to	fibrosis	in	vivo	following	injury,	it	was	also	of	interest	to	determine	the	

function	of	atrial	cCFU-Fs	and	PDGFRα+	stromal	cells	in	an	injury	model.		

Collectively,	we	hypothesised	that	cMSC	cultures	derived	from	atria	and	ventricles	will	

demonstrate	different	growth	characteristics	 in	vitro.	Metabolic	differences	endowed	

by	the	oxygen	tension	in	their	respective	in	vivo	microenvironments	will	at	least	in	part	

contribute	 to	 these	 differences.	 In	 an	 injury	 situation,	 atrial	 cCFU-Fs	 and	 PDGFRα+	

stromal	cells	may	also	contribute	to	tissue	fibrosis.		

To	test	this	hypothesis,	the	main	aims	of	this	chapter	were;	

1- To	characterise	 in	vitro	cultures	of	cMSCs	derived	from	atria	and	ventricles	to

outline	potential	differences

2- To	 investigate	 if	 the	metabolic	 profile	 of	 cCFU-Fs	 is	 affected	 by	 the	 different

oxygen	tensions	in	atria	and	ventricles

3- To	establish	an	injury	model	to	study	the	function	of	cCFU-Fs	and	stromal	cells	in

the	atria.
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6.2	Materials	and	methods		
	

6.2.1	Mice	

Male	mice	that	are	8-12	weeks	old	were	used	in	all	experiments	unless	otherwise	stated.	

For	all	the	immunohistochemistry	analyses,	myocardial	infarction	surgeries	and	where	

specified	 as	 PdgfranGFP/+,	 mice	 with	 a	 GFP	 allele	 knocked	 into	 the	 Pdgfra	 locus	

(Pdgfratm11(EGFP)Sor,	 Synonym;	 PdgfraH2B-GFP)	 were	 used.	 For	 the	 mixed	 atrial	 and	

ventricular	cMSC	experiment,	mice	with	an	eGFP	allele	 inserted	under	the	chicken	β-

actin	promotor	were	used	(Tg(ACTB-EGFP)1Osb;	BAG1).	C57BL/6	mice	were	used	in	all	

other	experiments.		

In	 this	 chapter,	 for	 all	 experiments,	 cells	 were	 isolated	 from	 atria	 and	 ventricles	

separately.		

6.2.2	Antibodies	used	in	this	chapter	

	

Table	6.1:List	of	antibodies	used	in	Chapter	6	

Antibody	 Conjugation	 Concentration	 Catalogue	
number	 Company	 Use		

CD140a	
(PDGFRα)	 APC	 1:200	 17140181	 eBioscience	 FACS	
CD31	 PE-Cy7	 1:500	 25031182	 eBioscience	 FACS	

Pimonidazole	 Unconjugated	 1:100	 MAb1	
Hypoxyprobe	
Inc.		 FACS	

SCA1	 PE	 1:500	 553108	 BD	 FACS	

Anti-mouse	IgG		
Alexa	Fluor	
647	 1:500	 A-21245	 Invitrogen	 FACS	

	

6.2.3	Mouse	myocardial	infarction	(MI)	

	

All	 myocardial	 infarction	 surgeries	 were	 performed	 by	 Dr	 Munira	 Xaymardan.	

Anaesthesia	was	induced	using	ketamine	(100	mg/kg)	(Parnell	Laboratories,	Australia)	

and	xylazine	(20	mg/kg)	(Troy	Laboratories,	Australia)	via	intra-peritoneal	injection.	Two	

percent	isofluorane	was	used	for	further	anaesthesia	if	required.	The	left	anterior	chest	

wall	was	shaved	and	mouse	intubated	using	a	20	G	cannula	(Insyte	BD).	Ventilation	was	
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set	at	110	breaths	per	minute,	with	a	tidal	volume	of	0.1-0.2	ml	(0.008	ml/g)	(Harvard	

Minivent).	Oxygen	flow	was	set	to	deliver	an	inspiratory	pressure	of	~15	cm	H2O.	The	

mouse	was	positioned	on	a	heating	pad	supine	with	a	slight	rotation	to	its	right	side	and	

moisturising	gel	(Delvet	Pty	Ltd,	Australia)	applied	to	the	eyes	to	avoid	dehydration.	An	

initial	transverse	incision	was	made	0.8	mm	below	the	left	axilla,	approximately	1.5	cm	

long.	A	1	cm	long	thoracotomy	incision	was	made	in	the	fourth	intercostal	space,	and	a	

mini-retractor	was	used	to	expose	the	heart.	The	pericardium	and	associated	fat	was	

stripped	and	stretched	over	the	retractor	to	suspend	the	heart.	A	7/0	prolene	suture	

(Ethicon)	 was	 used	 to	 induce	 an	 infarct	 by	 permanently	 ligating	 the	 left	 anterior	

descending	(LAD)	artery.	In	routine	MI	procedure,	the	ligation	was	made	just	above	the	

branching	 point	 of	 the	 circumflex	 artery.	 To	 induce	 severe	 infarcts,	 the	 ligation	was	

moved	slightly	apically	(0.5-1	mm)	affecting	a	larger	area	of	the	myocardium.	The	chest	

was	then	closed	and	a	6/0	prolene	(Ethicon)	suture	was	used	to	close	the	thoracotomy,	

and	also	the	skin.	0.075	mg/kg	of	buprenorphine	(Pfizer)	was	given	subcutaneously	for	

analgesia.	 The	mouse	was	 observed	 until	 there	was	 enough	 respiratory	 effort	 to	 be	

detached	 from	 the	 ventilator	 and	 extubated.	Mice	 were	 recovered	 in	 a	 warm	 cage	

placed	 on	 a	 heating	 pad	 with	 food	 and	 water	 as	 needed.	 During	 the	 procedure	

monitoring	 was	 via	 continuous	 observation	 of	 limb	 reflexes,	 colour	 of	 mucous	

membranes,	heart	rate	and	any	evidence	of	spontaneous	respiratory	effort.	

6.2.4	Microvessel	quantification	

Adult	heart	sections	(8	µm	thick)	prepared	from	8-week	old	PdgfranGFP/+	mice	were	used.	

General	protocol	for	immunostainings	given	in	Chapter	3	was	followed	with	the	primary	

antibody	against	CD31.	Five	sections	per	each	heart	(n=3)	were	stained	and	3	fields	of	

view	 per	 each	 section	 were	 analysed.	 Only	 the	 microvessels	 were	 counted.	 ImageJ	

software	was	subsequently	used	to	measure	the	surface	area.	Number	of	microvessels	

were	then	normalised	to	the	total	area	of	myocardium	in	each	image.			
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6.2.5	Perfusion	analysis	based	on	Hoechst	fluorescence	intensity	

Eight	 weeks	 old	 adult	 male	 C57BL/6	 mice	 were	 injected	 with	 100	 μl	 of	 1.2	 mg/ml	

Verapamil	(Sigma-Aldrich)	solution	in	PBS	intraperitoneally.	Hoechst	33342	(Invitrogen)	

was	used	to	determine	tissue		perfusion	level	based	on	Hoechst	fluorescence	intensity	

following	systemic	administration,	as	described	previously	[429].	A	dose	of	Hoechst	dye	

(1.5	mg/mouse)	was	administered	retro-orbitally	under	isoflurane	anesthesia	for	1	min	

prior	to	sacrificing.	Regular	cell	isolation	protocol	in	Chapter	3	was	followed	and	stained	

with	fluorescence	conjugated	FACS	antibodies	against	SCA1	and	PDGFRα.	Cells	isolated	

from	 a	 mouse	 that	 did	 not	 receive	 Hoechst	 injection	 were	 used	 for	 compensation	

controls	which	were	used	to	set	the	gatings.	Cells	were	analysed	on	BD	FACSCanto	II	(BD	

Bioscience).		

6.3.6	Analysis	of	tissue	hypoxia	

Eight	 weeks	 old	 adult	 male	 C57BL/6	 mice	 were	 injected	 intraperitoneally	 with	

Hypoxyprobe™	(Pimonidazole)	solution	in	PBS	at	a	dosage	of	100	mg/kg	for	2	h.	Regular	

cell	 isolation	protocol	 in	Chapter	3	was	 followed	and	stained	with	antibodies	against	

SCA1,	PDGFRα	and	CD31.	Cells	were	then	fixed	in	2%	paraformaldehyde	solution	in	PBS	

for	15	min.	After	washing	the	cells	twice	in	PBS	with	added	2%	fetal	calf	serum	(2%	FCS),	

mouse	anti-pimonidazole	antibody	(Hypoxyprobe	Inc.)	was	used	at	1:100	dilution	in	100	

µl	of	staining	buffer	(1%	BSA/0.1%	Triton-X	in	PBS).	Following	15	min	incubation	at	room	

temperature,	cells	were	washed	twice	in	2%	FCS	prior	to	probing	with	a	fluorescence	

conjugated	secondary	antibody	(Invitrogen)	at	1:500	dilution	 in	staining	buffer	for	15	

min	at	room	temperature.	Cells	were	washed	twice	in	2%	FCS	before	analysing	on	the	

BD	FACSCanto	II	(BD	Bioscience).		

Cells	isolated	from	a	mouse	that	did	not	receive	Hypoxyprobe	injection	but	stained	with	

antibodies	as	described	above	were	used	for	compensation	controls	as	well	as	to	control	

for	unspecific	binding	of	the	anti-pimonidazole	antibody	(Mab1).		The	FACS	plots	below	

show	representative	gating	for	Pimonidazole	positivity	in	aforementioned	controls	for	

atria	and	ventricles	 separately.	These	were	 then	used	 to	normalise	 the	experimental	

samples.			
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6.3.7	Analysis	of	mitochondrial	mass	with	MitoTracker-Green	FM	

Cardiac	 interstitial	 cells	 were	 isolated	 using	 the	 general	 protocol	 and	 stained	 with	

antibodies	against	SCA1,	PDGFRα	and	CD31.	Cells	were	then	stained	with	MitoTracker-

Green	at	a	final	concentration	of	50	mM	for	15	min	at	37°C	prior	to	analysing	using	the	

BD	FACSCanto	II	(BD	Bioscience).		

Atrial	interstitial	cells	 Ventricular	interstitial	
cells		No	stain	
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6.3	Results	

	

In	this	chapter,	we	present	a	comparison	of	cCFU-Fs	and	cMSCs	derived	from	the	two	

main	chamber	types	of	the	heart,	atria	and	ventricles.	We	first	quantified	the	percentage	

of	S+P+	cells	in	atria	and	ventricles	prior	to	determining	the	differences	in	colony	forming	

ability	and	growth	characteristics	of	the	cells.	We	then	explored	the	possibility	of	relative	

hypoxia	in	atria	leading	to	differential	metabolic	regulation	of	cells	as	a	potential	cause	

for	 intrinsic	 differences	 observed	 relative	 to	 ventricular	 cells.	We	 also	 present	 here	

preliminary	data	aimed	at	establishing	an	injury	model	to	study	the	function	of	PDGFRα+	

cells	in	atria	and	their	possible	contribution	to	local	fibrosis.	

	

6.3.1	Atria	harbour	a	higher	percentage	of	S+P+	cells	

We	first	compared	the	overall	percentage	of	PDGFRα	positive	cells	relative	to	the	total	

live	interstitial	cells	in	each	compartment.	Atrial	interstitium	contained	52%	of	PDGFRα+	

cells	on	average	with	the	ventricles	containing	35%.	Figure	6.2,	A	shows	representative	

FACS	 plots	 gating	 for	 PDGFRα	 positivity	 in	 atria	 and	 ventricles	 separately.	 Compiled	

quantification	of	these	plots	is	shown	in	Figure	6.2,	B.	The	salt	and	pepper	distribution	

typical	of	PDGFRα+	cells	was	observed	in	both	compartments	(Figure	6.1,	C).	We	then	

compared	the	percentages	of	S+P+	cells	relative	to	the	total	interstitium.	Figure	6.1,	D	

shows	the	FACS	plots	gating	for	CD31-,	PDGFRα+	cell	population	within	the	SCA1+,	live	

fraction	 of	 the	 total	 interstitial	 population	 (TIP).	 Collective	 data	 from	 biological	

replicates	presented	as	the	percentage	of	S+P+	cells	relative	to	the	total	interstitial	cells	

of	each	compartment	 is	 shown	 in	Figure	6.1,	E	Atria	 contained	36%	of	S+P+	cells	on	

average	relative	to	the	12%	of	cells	 in	ventricles.	Of	interest,	a	distinct	SCA1	positive,	

PDGFRα	and	CD31	negative	population	was	present	within	the	atrial	TIP	which	was	not	

present	in	the	ventricles.	Identity	of	these	cells	is	precisely	unknown.		
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Figure	 6.2:	 Atria	 harbour	 a	 higher	 percentage	 of	 S+P+	 cells.	 Cardiac	 interstitial	 cells	 were	
isolated	from	eight-week	old	male	mice	and	FACS	analysed	following	required	antibody	staining.	
Single	live	cells	were	first	selected	by	gating	based	on	scatter	and	DPAI	staining.	Expression	of	
PDGFRa,	SCA1	and	CD31	was	then	analysed.	A.	Percentage	of	PDGFRa	positive	cells	within	the	
total	interstitial	population	(TIP)	in	each	compartment	was	higher	in	atria	relative	to	ventricles.	
Average	percentage	of	PDGFRa	positive	cells	relative	to	TIP	from	three	biological	replicates	is	
shown	in	B.	C.	Immunohistochemical	analysis	of	atrial	and	ventricular	sections	from	PdgfranGFP/+	
mice	 stained	with	DAPI	 to	 visualise	 nuclei.	 Scale	 bar;	 50	µm,	 Epi;	 epicardium	D.	A	 threefold	
increase	 in	 the	 percentage	 of	 S+P+	 cells	 within	 the	 TIP	 was	 observed	 in	 atria	 relative	 to	
ventricles.	Average	of	three	biological	replicates	shown	in	E.	A	distinct	SCA1	positive,	PDGFRa	
and	CD31	negative	population	was	present	within	the	atrial	TIP	which	was	not	present	in	the	
ventricles.	Data	presented	as	mean	±	SD,	n	=	3,	*p	<	0.05	student	t-test.	
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6.3.2	Atrial	S+P+	cells	are	enriched	for	cCFU-Fs	and	show	a	higher	growth	rate	in	vitro	

Next,	 S+P+	 cells	 from	 atria	 and	 ventricles	 were	 analysed	 for	 differences	 in	 colony	

forming	ability.	Figure	6.3,	A	shows	representative	colony	formation	assays	performed	

on	atrial	and	ventricular	S+P+	cells.	Five	hundred	cells	were	seeded	into	each	well	and	

cultured	for	8	days	prior	to	scoring	for	the	number	of	colonies	formed.	Collective	results	

are	presented	 in	Figure	6.3,	B	where	atrial	S+P+	cells	were	found	to	contain	twice	as	

many	CFU-Fs	as	ventricular	cells.	

The	growth	of	atrial	and	ventricular	cCFU-F	was	then	followed	over	several	passages	in	

vitro.	 MSC	 cultures	 derived	 from	 atria	 were	 observed	 to	 have	 a	 significantly	 higher	

growth	rate	relative	to	ventricular	MSCs	(Figure	6.3,	C).	The	doubling	times	were	also	

plotted	(Figure	6.3,	D)	which	reflected	the	observations	from	the	growth	curves.	In	our	

routine	cultures,	we	observe	a	proliferative	depression	during	the	initial	passage	which	

we	believe	is	a	result	of	the	cells	taking	time	to	exit	the	quiescent	state	and	become	fully	

activated	to	in	vitro	growth	conditions.	The	doubling	time	then	decreases	over	the	next	

passage	 prior	 to	 acquiring	 a	 stabilised	 phase	 as	 they	 adjust	 to	 the	 new	 culture	

conditions.	 This	 phenomenon	 causes	 the	 initial	 unsteady	 phase	 observed	 in	 growth	

curves	and	doubling	time	graphs.		

Given	 the	 higher	 growth	 rate	 observed	 in	 atrial	 MSC	 cultures,	 it	 was	 of	 interest	 to	

determine	 if	the	atrial	MSCs	would	represent	the	majority	of	an	MSC	culture	at	 later	

passages	when	established	from	a	whole	heart.	GFP	labelled	atrial	S+P+	cells	(isolated	

from	BAG1	mice	that	expressed	GFP	under	the	β-actin	promoter	and	therefore	labelling	

all	cells	green)	were	mixed	with	ventricular	S+P+	cells	isolated	from	C57BL/6	mice	and	

vice	versa.	The	ratio	at	which	the	cells	were	mixed	(1:8)	was	determined	based	on	the	

average	 S+P+	 yield	 from	 atria	 and	 ventricles.	 The	 percentage	 of	 GFP+	 cell	 was	 then	

determined	at	the	end	of	each	passage	via	FACS.	The	averaged	summary	of	all	cultures	

is	represented	in	Figure	6.4,	A.	Atrial	MSCs	were	observed	to	contribute	to	>50%	of	all	

cells	since	as	early	as	passage	1.	Plots	of	3	representative	individual	cultures	are	shown	

in	 (Figure	 6.4,	 B).	 Differences	 in	 contribution	 of	 each	 cell	 type	 to	 each	 culture	 was	

observed	 possibly	 indicating	 biological	 variance	 as	 well	 as	 the	 occurrence	 of	 clonal	

dominance	over	passages.	
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Figure	6.3:	Atrial	S+P+	cells	are	proportionately	enriched	for	colony	forming	cells	and	show	a	
higher	growth	rate	in	culture.	A	and	B.	S+P+	cells	were	isolated	from	eight-week	old	male	mice	
and	 plated	 at	 clonal	 density	 (500	 cells	 per	 well)	 for	 atria	 and	 ventricles	 separately.	 Colony	
formation	was	quantified	post	8	days.	Atrial	 cells	were	 two-fold	enriched	 for	colony	 forming	
ability	relative	to	ventricles.	n=3,	*p	<	0.001	student	t-test.	D	and	E.	Same	cells	were	cultured	
for	 long	term	growth	and	doubling	time	analysis.	Atrial	cultures	showed	a	significantly	 faster	
growth	rate	and	 lower	doubling	time	relative	to	ventricular	cultures.	n=3,	*p	<	0.05	two-way	
ANOVA.		Data	presented	as	mean	±	SD	for	colony	assays	and	growth	curves.		
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Figure	6.4:	Atrial	MSCs	contribute	 to	majority	of	 the	culture	when	established	 from	whole	
hearts.	A.	To	determine	if	the	atrial	cells	would	take	over	a	culture	when	mixed	with	ventricular	
cells	(representing	a	whole	heart	MSC	culture),	S+P+	cells	were	isolated	from	atria	and	ventricles	
of	BAG1	(GFP	expressed	under	the	β-actin	promoter)	and	C57BL/6	mice.	Cells	were	then	mixed	
at	a	1:8	ratio,	cultured	and	the	percentage	of	GFP	cells	quantified	by	FACS	at	the	end	of	each	
passage.	 It	 was	 observed	 that	 over	 time,	 atrial	 cells	 tend	 to	 populate	 the	 cultures	 while	
contributing	to	>50%	of	cells	since	as	early	as	passage	1-2.	Data	presented	as	mean	±	SD.	n=6.	
B.	Representative	plots	from	3	individual	cultures	to	demonstrate	biological	variation	are	shown.

6.3.3	Atria	are	less	vascularised	relative	to	the	ventricles	

From	 the	 FACS	 analysis	 performed	 to	 identify	 the	 S+P+	 cells,	 we	 observed	 that	 the	 atria	

contained	 a	 lower	 percentage	 of	 CD31+	 cells.	 As	 shown	 in	 Figure	 6.5,	 A	 and	 B,	 ventricular	

interstitium	contained	~2	fold	more	CD31+	cells.	Since	CD31	marks	a	majority	of	the	endothelial	

cells,	the	dearth	of	positive	cells	suggests	that	the	atria	are	less	vascularised.	We	confirmed	this	

via	IHC	(Figure	6.5,	C	and	D).	Atrial	and	ventricular	sections	from	PdgfranGFP/+	mice	were	probed	

with	an	anti-PECAM-1/CD31	antibody.	Five	sections	per	heart	were	stained	and	three	fields	of	

view	per	section	were	analysed	for	the	quantification	of	microvessels.	This	number	was	then	
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normalised	to	the	area	of	the	myocardium.	The	atrial	myocardium	was	found	to	contain	~3	fold	

less	microvessels/myocardial	area.		

Figure	 6.5:	 Atria	 are	 less	 vascularised	 relative	 to	 ventricles.	 Cardiac	 interstitial	 cells	 were	
isolated	from	eight-week	old	male	mice	and	FACS	analysed	following	required	labelling.	Single	
live	cells	were	first	selected	by	gating	based	on	scatter	and	DPAI	staining.	Expression	of	CD31	
was	then	analysed.	A.	Percentage	of	CD31	positive	cells	within	the	total	interstitial	population	
(TIP)	in	each	compartment	was	lower	in	atria	relative	to	ventricles.	Average	percentage	of	CD31	
positive	cells	relative	to	TIP	is	shown	in	B.	n	=	3,	*p	<	0.05	C.	Immunohistochemical	analysis	of	
atrial	and	ventricular	sections	from	PdgfranGFP/+	mice	and	stained	with	an	antibody	against	CD31.	
Number	of	microvessels	was	quantified	and	normalised	against	the	area	of	myocardium	in	each	
atria	and	ventricle.	Representative	figures	from	three	biological	replicates.	Scale	bar;	50	µm	D.	
Summary	of	quantification	representing	the	number	of	microvessels	per	100	µm	of	myocardium	
from	 three	 biological	 replicates.	 Five	 sections	 per	 each	 replicate	was	 quantified	 considering	
three	fields	of	view	per	each	section.	Data	presented	as	mean	±	SD,	n	=	3,	*p	<	0.001	student	t-
test.	
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6.3.4	Atria	are	less	perfused	and	therefore,	more	hypoxic	relative	to	ventricles	

Less	 vasculature	 would	 suggest	 reduced	 blood	 supply	 and	 thus	 tissue	 oxygenation.	

Given	 the	 role	 low	 oxygen	 tension/increased	 relative	 hypoxia	 is	 thought	 to	 play	 in	

maintaining	a	stem	cell	niche	[430],	we	next	determined	whether	the	atria	were	in	fact	

less	perfused	and	therefore,	more	hypoxic.	To	determine	perfusion	level,	we	used	an	in	

vivo	Hoechst	perfusion	assay	where	mice	were	injected	with	the	Hoechst	33342	dye	via	

tail	vein	injection	for	a	particular	period	of	time	prior	to	sacrificing	the	animal	[431].	The	

aim	is	to	achieve	labelling	of	all	cells	and	then	analyse	the	intensity	gradient	indicative	

of	levels	of	perfusion.	A	preliminary	study	where	perfusion	was	carried	out	for	10	min	

revealed	 extensive	 staining	 making	 it	 difficult	 to	 observe	 any	 graded	 effects.	 We	

subsequently	settled	on	perfusion	for	just	1	min	prior	to	cell	isolation.	As	shown	in	Figure	

6.6,	1	min	perfusion	was	sufficient	to	label	all	of	S+P+	cells,	all	PDGFRα+	stromal	cells	and	

the	majority	of	endothelial	cells	while	demonstrating	a	quantum	uptake	of	Hoechst	as	

opposed	to	a	gradient.		

Of	 note,	 mice	 used	 in	 this	 experiment	 were	 initially	 injected	 with	 the	 ABC	 drug	

transporter	inhibitor	verapamil,	prior	to	administration	of	Hoechst.	This	was	because	of	

the	reported	ability	of	“side	population”	progenitor	cells	to	efflux	Hoechst	dye	enabling	

identification	of	these	cells	[181].	As	reported	by	Noseda	et	al.	[30],	S+P+	cells	are	a	sub	

fraction	of	the	side	population	cells	 -	therefore	all	S+P+	cells	appeared	to	be	labelled	

with	Hoechst,	indicated	successful	blocking	of	the	transporters.	In	the	FACS	plots,	the	x-

axis	represents	PDGFRα	expression	with	SCA1	on	the	y-axis.	While	double	positive	cells	

would	represent	S+P+	cells,	SCA1+,	PDGFRα-	cells	were	 identified	as	endothelial	cells.	

This	is	based	on	our	previous	observations	whereby	all	SCA1+	interstitial	cells	are	either	

exclusively	PDGFRα+ve	or	CD31+ve	(except	for	a	small	population	of	cells	in	the	atria	–	

Mentioned	in	section	6.3.1	and	Figure	6.2,	D).		

Overall,	considering	the	intensity	of	Hoechst	positive	cells	from	atria	and	ventricles,	the	

atrial	cells	were	less	intense	and	therefore,	less	perfused	than	ventricular	cells.	This	was	

also	observed	in	the	graph	summarising	the	maximum	fluorescent	intensity	(MFI)	of	the	

total	interstitial	populations	(TIP)	from	three	biological	replicates	(Figure	6.6,	B).	A	large	

Hoechst	negative	population	was	observed	in	both	atrial	and	ventricular	samples	(C	and	
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Figure	6.6:	Atria	are	less	perfused	relative	to	ventricles.	To	determine	in	vivo	perfusion	based	
on	Hoechst	fluorescence,	8-week	old	male	mice	were	injected	intraperitoneally	with	Verapamil	
followed	by	Hoechst	via	tail	vein	 injection	for	one	minute	prior	to	sacrificing.	 Interstitial	cells	
were	isolated	and	FACS	analysed	for	relevant	markers.	A.	Overall,	Hoechst	intensity	in	atrial	total	
interstitial	population	(TIP)	was	lower	relative	to	the	ventricular	TIP	although	not	significantly	B.	
Mean	 fluorescent	 intensity	 (MFI)	 of	 Hoechst	 staining	 in	 atrial	 and	 ventricular	 TIP.	 	C	 and	D.	
Distribution	 of	 Hoechst	 positive	 and	 negative	 cells	 within	 the	 atrial	 and	 ventricular	 TIP	
respectively.	Majority	of	Hoechst	negative	cells	contained	double	negative	cells	for	PDGFRα	and	
SCA1	staining.	Smaller	fraction	was	identified	as	endothelial	cells.	All	S+P+	cells	were	within	the	
Hoechst	positive	populations	in	their	respective	interstitium.	E.	Hoechst	florescent	intensity	of	
atrial	S+P+	cells	was	significantly	lower	compared	to	the	ventricular	S+P+	cells	as	observed	with	
MFI.	Data	presented	as	mean	±	SD,	n	=	3,	*p	<	0.05	student	t-test.	
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D,	Hoechst	–Negative	panels).	Given	that	dead	cell	removal	was	not	performed	on	the	

cell	preparations,	it	is	possible	that	majority	of	the	events	represent	cellular	debris.	We	

also	did	not	observe	a	clear	separation	between	endothelial	cells	and	S+P+	cells	with	

regards	to	perfusion/	Hoechst	intensity.	The	perivascular	localisation	of	S+P+	cells	and	

therefore,	 close	 proximity	 to	 the	 blood	 vessels,	 may	 explain	 the	 relatively	 similar	

staining	for	Hoechst	with	endothelial	cells.	Although	decreasing	the	period	of	perfusion	

might	 help	 resolve	 the	 staining	 intensity	 to	 some	 extent,	 it	 may	 be	 experimentally	

challenging	due	to	the	necessary	decrease	in	the	time	of	treatment	below	1	min.	

All	S+P+	cells	and	the	majority	of	the	endothelial	cells	were	found	within	the	Hoechst	

positive	TIP	(Figure	6.6,	C	and	D).	However,	when	the	MFI	for	Hoechst	positivity	of	S+P+	

cells	alone	was	plotted	(Figure	6.6,	E),	a	significant	difference	was	observed	between	

atria	and	ventricles.	This	suggested	that,	although	perfusion	of	atrial	and	ventricular	TIP	

is	not	significantly	different,	the	atrial	S+P+	cells	are	significantly	less	perfused.	

Given	that	the	atrial	interstitium	was	observed	to	be	relatively	less	perfused,	we	further	

confirmed	the	hypoxic	nature	of	atria	relative	to	ventricles	by	analysing	for	the	retention	

of	the	hypoxia	marker,	Hypoxyprobe/pimonidazole	(Figure	6.7).	Pimonidazole	binds	to	

thiol-containing	 proteins	 specifically	 in	 hypoxic	 cells.	 Mice	 were	 injected	

intraperitoneally	with	pimonidazole	for	2	h	prior	to	sacrificing.	Cells	were	then	labelled	

for	PFGFRα,	SCA1	and	CD31	expression,	as	well	as	to	detect	pimonidazole.	Cells	were	

then	 analysed	 by	 FACS	 for	 retention	 of	 the	 probe.	 Figure	 6.7,	 A	 and	 B	 shows	 the	

representative	FACS	plots	showing	pimonidazole	retention	within	the	total	interstitium	

of	atria	and	ventricles	and	the	quantification	summarising	biological	replicates.	Figure	

6.7,	 C	 represents	 the	 maximum	 fluorescent	 intensity	 plots	 for	 the	 same	 analysis.	

Collectively,	 the	 atrial	 interstitium	 was	 significantly	 ~4-fold	 higher	 for	 pimonidazole	

retention	thus,	suggesting	more	hypoxic	relative	to	the	ventricular	interstitium.	Figure	

6.7,	D-F	shows	the	same	analysis	within	the	S+P+	cells.	Close	to	90%	of	atrial	S+P+	cells	

were	positive	for	the	hypoxia	marker	while	50%	of	ventricular	S+P+	cells	stained	positive.	

Overall,	this	shows	that	S+P+	cells,	regardless	of	the	source,	reside	primarily	within	a	

hypoxic	niche	but	this	is	more	striking	within	the	atria.		
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Figure	6.7:	Atria	are	more	hypoxic	relative	to	ventricles.	8-week	old	Adult	mice	were	injected	
intraperitoneally	 with	 Pimonidazole	 and	 sacrificed	 after	 2	 h.	 Cardiac	 interstitial	 cells	 were	
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isolated	and	FACS	analysed	following	staining	for	Pimonidazole	and	relevant	markers	to	identify	
S+P+	cells.	Staining	performed	on	cells	isolated	from	a	mouse	that	did	not	receive	Pimonidazole	
was	used	as	a	control	and	used	to	correct	for	Pimonidazole	positivity	in	all	experimental	mice.	
A. Percentage	 of	 Pimonidazole	 positive	 cells	 within	 the	 total	 interstitial	 population	 was
significantly	higher	in	atria.	Similar	result	was	observed	with	the	maximum	fluorescent	intensity
(MFI)	of	Pimonidazole	signal	C.	D.	Within	the	S+P+	population,	atria	contained	a	significantly
higher	percentage	of	Pimonidazole	positive	cells	relative	to	ventricles	E.	as	well	as	a	higher	MFI
for	Pimonidazole	staining.	Data	presented	as	mean	±	SD,	n=	3,	*p<	0.05	from	student	t-test.

Figure	 6.8:	 Atrial	 S+P+	 cells	 show	 an	 lower	 but	 insignificant	 metabolic	 profile	 relative	 to	
ventricular	S+P+	cells.	Cardiac	interstitial	cells	were	isolated	from	atria	and	ventricles	of	eight-
week	old	male	mice.	Cells	were	then	stained	with	relevant	markers	to	identify	S+P+	cells	as	well	
as	with	Mito	tracker-Green®.	Following	incubation	for	20	min,	cells	were	FACS	analysed	for	Mito	
tracker	staining	within	the	S+P+	cells.	A.	Maximum	fluorescent	intensity	of	Mito	tracker	straining	
and	quantification	summarising	results	from	three	biological	replicates.	Atrial	S+P+	cells	stained	
less	relative	to	ventricular	cells	although	with	an	insignificant	difference.	B.	Mitochondrial	DNA	
was	 isolated	 from	atrial	and	ventricular	S+P+	cells	and	expression	of	 the	mitochondrial	gene	
Cytochrome	 c	 oxidase	 subunit	 I	 (CO1)	 was	 analysed	 via	 qPCR.	 Atria	 showed	 a	 lower	
mitochondrial	content	although	not	significantly.	Data	presented	as	mean	±	SD,	n	=	3.	

6.3.5	Atrial	S+P+	cells	demonstrate	a	tendency	towards	a	relatively	low	mitochondrial	

profile	

The	 hypoxic	microenvironment	 of	 stem	 cells	 is	 reported	 to	 promote	 glycolysis	 over	

oxidative	phosphorylation	for	energy	production	[413].	They	may	also	contain	a	reduced	

mitochondrial	mass.	To	determine	if	the	oxygen	tension	differences	between	atria	and	

ventricles	 would	 also	 result	 in	 a	 significant	 metabolic	 difference,	 we	 analysed	 the	
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mitochondrial	mass	in	S+P+	cells	using	the	dye	Mito	tracker®	coupled	with	FACS,	which	

provides	 a	 direct	 readout	 of	 mitochondrial	 mass.	 The	 Mito	 tracker	 dye	 labels	

mitochondria	within	 live	 cells	 using	 the	mitochondrial	membrane	potential	 [432].	As	

shown	in	Figure	6.8,	A,	staining	for	Mito	tracker	was	low	in	atria	however,	the	difference	

was	 not	 significant.	 We	 then	 used	 mitochondrial	 DNA	 quantification	 to	 further	

determine	the	mitochondrial	mass	by	analysing	expression	of	the	mitochondrial	gene	

Cytochrome	c	oxidase	subunit	I	(CO1).	Again,	expression	was	lower	in	atria,	however,	

the	difference	was	not	significant.	The	difference	in	hypoxia	is	apparently	not	sufficient	

to	induce	a	significant	change	in	mitochondrial	mass	between	atrial	and	ventricular	S+P+	

cells.	However,	a	more	direct	analysis	of	metabolic	functions	may	reveal	differences	in	

their	activity.	

6.3.6	Establishing	an	injury	model	to	study	the	fate	and	function	of	atrial	cCFU-Fs	and	

PDGFRα+	stromal	cells	

Given	characteristic	differences	observed	between	atrial	and	ventricular	S+P+	cells,	we	

then	determined	to	analyse	their	function	in	an	injury	model.	Using	the	induction	of	the	

total	GFPmed	myofibroblast	population	as	a	readout,	we	initially	tested	the	possibility	of	

using	the	regular	MI	injury	model.	Although	a	GFPmed	population	was	observed	in	the	

ventricles,	this	was	not	observed	in	the	atria.	

6.3.6.1	A	GFPmed	population	indicating	fibrosis	is	induced	in	atria	post	5	days	following	

severe	MI	

We	then	opted	to	use	a	more	severe	MI	model,	ie.	inducing	larger	infarcts,	to	determine	

the	possibility	of	initiating	atrial	fibrosis.	In	routine	MI	procedure,	the	ligation	of	the	LAD	

artery	is	performed	just	above	the	branching	point	of	the	circumflex	artery.	To	induce	

severe	infarcts,	the	ligation	was	moved	slightly	apically	(0.5-1	mm)	allowing	for	induction	

of	a	 larger	 infarct.	 Larger	 infarcts	can	 lead	 to	mitral	valve	 regurgitation	and	pressure	

overload	in	the	atria	(see	Discussion).	When	analysed	for	the	GFPmed	population	5	days	

post-MI,	 we	 did	 observe	 an	 induction	 GFPmed,	 and	 results	 from	 our	 preliminary	

characterisation	is	given	below.		
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Figure	6.9:	Establishing	an	 injury	model	to	study	the	function	of	atrial	cCFU-Fs	and	stromal	
cells.	Three	months	old	PdgfranGFP/+	male	mice	were	subjected	 to	 induced	severe	myocardial	
infarction	 (MI)	 surgery	where	 the	 left	 anterior	 ascending	 artery	was	permanently	 ligated.	A.	
Bright	field	images	of	representative	heart	with	severe	MI	relative	to	a	sham	operated	heart.	
40-50%	of	the	left	ventricular	myocardium	was	affected	by	the	infarct.	Hypertrophy	of	the	left
atrium	 was	 also	 observed.	 B-F.	 FACS	 analysis	 for	 the	 appearance	 of	 a	 GFPmed	 population
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following	 severe	 MI.	 Summary	 of	 quantifications	 is	 given	 in	 B.	 The	 GFPmed	 population	 was	
observed	in	both	atrial	and	ventricular	interstitial	cells	with	an	induction	of	~50%	relative	to	the	
GFPHigh	cells.	Data	presented	as	mean	±	SD	(n=3)	G.	Immunocytochemistry	analysis	showing	a	
cross	section	of	the	atria	from	a	sham	operated	heart	and	induced	severe	MI	heart.	Hypertrophy	
is	observed	especially	in	the	left	atrium	5	days	post-severe	MI.	The	GFP	fluorescence	appeared	
to	be	rather	dim	in	MI	induced	hearts	(n=3)	Scale	bar;	500	µm.	

Figure	 6.9,	 A,	 shows	 representative	 images	 of	 3	month	 old	mouse	 hearts	 at	 5	 days	

following	severe	MI	induction	surgery	in	comparison	to	sham	operated	hearts.	Forty-

fifty	 percent	 of	 the	 left	 ventricular	myocardium	 is	 affected	 and	dilatation	of	 the	 left	

atrium	 is	 observed.	 Figure	 6.9,	 B	 shows	 the	 quantification	 of	 GFPmed	 and	 GFPhigh	

populations	in	atria	and	ventricles	derived	from	3	biological	replicates.	In	both	atria	and	

ventricles,	 the	 GFP	 positive	 cells	 contributed	 approximately	 equally	 to	 the	 high	 and	

medium	GFP	populations.	Representative	FACS	plots	summarised	in	this	quantification	

are	 shown	 in	 panels	 C-F.	 While	 the	 GFPmed	 population	 appeared	 in	 both	 atrial	 and	

ventricular	 samples,	 characteristics	 (size	 based	 on	 the	 forward	 scatter-y	 axis)	 were	

slightly	different.	The	GFPmed	population	in	atria	was	spread	along	the	y-axis	with	the	

whole	GFP	positive	cell	fraction	(med	and	high)	significantly	increasing	in	size	following	

MI. This	 might	 correspond	 to	 dilatation	 and	 potentially	 hypertrophy	 in	 the	 atria.	 In

contrast,	the	GFPhigh	cells	in	ventricles	remained	the	same	size	as	sham	while	the	GFPmed

formed	a	distinct	cluster	appearing	to	contain	cells	that	were	larger	in	size.

6.4	Discussion	

In	 this	chapter,	we	presented	our	 findings	 from	a	comparison	of	cCFU-Fs/cMSCs	and	

PDGFRα+	 stromal	 cells	 derived	 from	 atria	 and	 ventricles.	 We	 had	 initially	 observed	

growth	differences	in	cMSC	cultures	when	derived	from	ventricles	only	as	opposed	to	

from	 whole	 hearts	 (including	 atria).	 A	 study	 comparing	 fibroblasts	 from	 atria	 and	

ventricles	reported	significant	characteristic	differences	between	the	cell	types	[392].	

Given	that	cCFU-Fs	are	a	sub	fraction	of	the	cardiac	stromal	compartment	and	potential	

progenitors	of	stromal	cell	compartments	(Asli	et	al.	unpublished),	it	was	of	interest	to	

determine	 if	 and	 how	 the	 anatomical	 location	within	 the	 heart	would	 affect	 cCFU-F	

characteristics	and	function.		
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6.4.1	Atria	are	relatively	enriched	for	cCFU-Fs	that	demonstrate	faster	growth	rates	in	

vitro	

We	first	analysed	the	percentages	of	S+P+	cells	within	the	interstitial	population	in	both	

atria	and	ventricles.	Atrial	interstitium	contained	three-fold	more	S+P+	cells	relative	to	

ventricles.	When	analysed	for	colony	forming	ability	following	seeding	cells	at	the	same	

clonal	 density,	 atrial	 S+P+	 cells	 were	 found	 to	 be	 doubly	 enriched	 for	 CFU-Fs.	 This	

suggested	that	as	a	percentage	of	the	total	interstitium	in	each	compartment,	atria	were	

enriched	for	cCFU-Fs.	This	is	consistent	with	the	observation	of	Quaini	et	al.	and	Urbanek	

et	al.	who	reported	atria	to	be	the	most	enriched	site	for	cardiac	stem	cells	(identified	

based	on	C-KIT,	SCA1	and	MDR1	expression,	and	C-KIT	expression,	respectively)	[146,	

152].		

We	then	analysed	the	growth	characteristics	of	the	cMSCs	propagated	from	the	cCFU-F	

cultures.	Both	atrial	and	ventricular	derived	cMSCs	showed	long-term	growth	capacity	

indicative	of	 self-renewal.	However,	 atrial	MSC	 cultures	demonstrated	a	 significantly	

higher	growth	rate	relative	to	ventricular	cultures	which	was	also	evident	from	doubling	

time	 analysis	 with	 atrial	 cultures	 showing	 shorter	 doubling	 times.	 This	 observation	

posed	a	question	with	regards	to	the	nature	of	a	cMSC	culture	established	from	a	whole	

heart;	we	wondered	if	the	atrial	derived	cells	would	dominate	of	an	MSC	culture	at	later	

passages	given	their	 relatively	high	growth	rate	 in	vitro.	To	answer	 this	question,	we	

took	 a	mixed	 culture	 approach	where	GFP	 labelled	 atrial	 S+P+	 cells	 (isolated	 from	a	

mouse	 that	 expressed	 GFP	 under	 the	 β-actin	 promoter	 and	 hence	 labelling	 all	 cells	

green)	were	mixed	with	 ventricular	 cells	 isolated	 from	 a	wild	 type	mouse	 (and	 vice	

versa).	 The	mixed	 cMSC	cultures	were	 then	 followed	over	 several	passages	with	 the	

percentage	of	GFP	cells	quantified.	Atrial	cells	 indeed	appeared	to	represent	>50%	of	

cultures	since	as	early	as	passage	1-2.	These	results	thus	emphasise	the	importance	of	

determining	the	relevant	source	of	cCFU-Fs	depending	on	the	experimental	context.		

Following	a	comparison	of	atrial	vs	ventricular	fibroblasts,	Burstein	et	al.	reported	that	

the	atrial	cells	show	a	significantly	higher	proliferative	response	to	a	range	of	growth	

factors	 including	PDGF,	bFGF,	TGFβ	and	fetal	bovine	serum	(FBS)	when	measured	for	

[3H]thymidine	uptake	by	cells	at	first	passage	[417].	These	variations	in	susceptibility	to	

stimulus-induced	proliferation	might	at	least	partially	explain	the	differences	between	
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atrial	and	ventricular	 long-term	cultures	 in	response	to	mitogens	within	the	20%	FBS	

present	in	the	growth	media.		

6.4.2	Atrial	S+P+	cells	reside	in	a	relatively	more	hypoxic	niche	compared	to	ventricular	

S+P+	cells	

Atrial	 interstitial	 cells	were	 observed	 to	 contain	 two-fold	 less	 CD31+	 cells	 relative	 to	

ventricles.	Given	that	CD31	marks	a	majority	of	the	endothelial	cells,	this	suggested	that	

the	atria	may	be	less	vascularised	and	this	was	confirmed	with	IHC	analysis.	Reduced	

vasculature	would	suggest	reduced	perfusion	and	hence,	lower	oxygen	tension	in	the	

surrounding	tissue.	Relative	hypoxia	has	gained	much	recognition	as	a	critical	factor	of	

the	stem	cell	niche	[405,	430,	433].	This	has	been	reported	in	the	well	characterised	HSC	

niche	as	well	as	other	stem	cell	systems	including	bmMSC	niche	and	the	neural	stem	cell	

niche	 [403,	 407,	 408,	 434].	 Hypoxia	 has	 been	 shown	 to	 promote	 slow-cycling	

proliferation	 and	 maintain	 cells	 in	 an	 undifferentiated,	 quiescent	 state	 [405].	 We	

therefore	 hypothesised	 that	 the	 atrial	 tissue	 is	 relatively	more	 hypoxic	 compared	 to	

ventricles	and	thus	preserving	progenitor	properties	of	cCFU-Fs.		

We	first	attempted	to	determine	the	level	of	perfusion	based	on	Hoechst	fluorescence	

intensity	 [431].	 The	 ability	 to	 efflux	 the	 Hoechst	 dye	 is	 a	 known	 characteristic	 of	

progenitor	cells	which	is	exploited	in	the	protocol	to	identify	side	population	cells.	Based	

on	the	analysis	by	Noseda	et	al.	[30],	all	S+P+	are	a	sub	fraction	of	side	population	cells	

and	therefore	should	have	the	ability	to	efflux	the	dye	and	this	would	interfere	with	the	

purpose	of	this	assay.	We	therefore,	administered	Verapamil,	a	drug	which	blocks	the	

ABCG2	transporters	that	are	responsible	for	effluxing	Hoechst	dye	[184].	The	absence	

of	S+P+	cells	within	the	Hoechst	negative	population	confirmed	successful	blocking	of	

the	transporter.	Overall,	when	the	intensity	of	positively	labelled	cells	was	considered,	

ventricular	cells	demonstrated	a	higher	intensity	confirming	relatively	higher	perfusion.	

To	 further	 ensure	 and	 confirm	 that	 the	 atrial	 S+P+	 cells	 resided	 in	 a	 relatively	more	

hypoxic	niche,	we	probed	atrial	and	ventricular	interstitial	cells	with	the	hypoxia	marker,	

hypoxyprobe/pimonidazole,	 the	stability	of	which	 is	 inversely	proportional	 to	oxygen	

tension.	Upon	analysis	for	its	retention,	it	was	observed	that	the	total	atrial	interstitium	
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itself	 was	 relatively	 more	 hypoxic	 compared	 to	 the	 ventricular	 interstitium.	 The	

observation	of	atria	being	relatively	hypoxic	 is	consistent	with	the	work	published	by	

Sanada	et	al.	[435].		Additionally,	positivity	for	the	pimonidazole	staining	was	even	more	

striking	within	the	atrial	S+P+	cells	with	~90%	of	cells	staining	positive	relative	to	the	

~50%	of	ventricular	S+P+	cells.		

6.4.3	Atrial	S+P+	cells	demonstrate	a	relatively	low	mitochondrial	profile	

HIF1α	 is	one	of	 the	key	mediators	of	hypoxia	 induced	signalling	 in	cells	 (discussed	 in	

[405,	 413,	 433].	 The	 transcription	 factor	 is	 stabilised	 under	 hypoxic	 conditions	 and	

regulates	 a	 plethora	 of	 downstream	 signalling	 pathways	 including	 those	 involved	 in	

metabolic	 processes.	 In	 the	 presence	 of	 hypoxia,	 HIF1α	 induces	 the	 switch	 from	

oxidative	 phosphorylation	 to	 glycolysis,	 thus	 providing	 an	 alternative	 energy	 supply	

mechanism.	 Moreover,	 this	 reduces	 the	 oxidative	 stress	 on	 cells	 by	 limiting	 the	

production	of	reactive	oxygen	species	and	protects	from	potential	DNA	damage.	Apart	

from	 glycolytic	 metabolism,	 hypoxia	 leads	 to	 an	 overall	 low	 metabolic	 profile	 as	

mentioned	 in	 section	 6.1.2.	 and	 this	 has	 been	 shown	 to	 be	 the	 same	 for	 S+P+	 cells	

isolated	 from	 total	 hearts.	 Limited	by	 the	 low	cell	 yield	derived	 from	atria,	we	were	

unable	to	perform	most	of	the	characteristic	assays.	However,	using	the	Mito	Tracker®	

probe	 and	 qPCR	 to	 quantify	 mitochondrial	 DNA,	 we	 compared	 the	 mitochondrial	

content	in	cells.	With	both	methods,	although	the	differences	were	not	significant,	atria	

presented	 a	 slightly	 lower	 mitochondrial	 profile.	 More	 direct	 tests	 of	 respiration,	

including	 O2	 consumption	 and	 ATP	 generation,	 and	 expression	 of	 Hif1α	 -dependent	

glycolytic	genes,	may	reveal	significant	differences	in	metabolic	function.	

6.4.4	Establishing	an	injury	model	to	study	the	function	of	PDGFRα+	stromal	cells	 in	

atria	

Based	on	the	characteristic	differences	observed	between	atrial	and	ventricular	cCFU-

Fs	and	cMSCs,	it	was	of	interest	to	determine	the	function	of	atrial	cCFU-Fs	in	an	injury	

situation.	In	the	absence	of	a	specific	marker	to	label	cCFU-Fs,	we	routinely	use	PDGFRα	

expression,	which,	however,	labels	the	majority	of	the	immature	stromal	population,	to	
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identify	the	cells	in	vivo.	

In	the	Harvey	laboratory,	we	primarily	use	an	induced	MI	model	via	permanent	ligation	

of	 the	 left	 anterior	 descending	 artery	 (LAD)	 to	 determine	 the	 function	 and	 fate	 of	

PDGFRα+	cells	in	a	pathological	condition.	As	described	in	section	6.1.4,	through	the	use	

of	the	PdgfranGFP/+	knockin	mouse	line,	coupled	with	FACS	analysis	for	GFP	intensity,	we	

are	 able	 to	 identify	 PDGFRα	 expressing	 myofibroblasts	 post-MI.	 It	 is	 noteworthy,	

however,	 that	 while	 lineage	 tracing	 has	 confirmed	 that	 PDGFRα+	 cells	 give	 rise	 to	

myofibroblasts,	 in	 the	 current	 study	 we	 cannot	 exclude	 the	 possibility	 that	 cells	

expressing	 PDGFRα	 de	 novo	 are	 present	 within	 the	 GFPmed	 population.	 While	

myofibroblasts	appear	to	be	the	main	constituent	within	this	cell	 fraction,	consistent	

with	 published	 studies,	 other	 possible	 lineage	 contributions	 are	 currently	 being	

investigated	via	genetic	lineage	tracing.		

Given	 the	 contribution	 of	 PDGFRα+	 cells	 to	 myofibroblasts	 and	 published	 reports	

suggesting	atria	being	more	fibrotic	relative	to	ventricles	[43],	we	anticipated	to	use	the	

appearance	 of	 a	 GFPmed	 population	 as	 an	 indicator	 of	 an	 atrial	 fibrotic	 response.	

Following	5	days	post-	MI,	we	did	observe	a	GFPmed	population	in	ventricles	as	expected,	

however	 it	was	 not	 present	 in	 atrial	 samples.	 This	 suggested	 that	 the	 impact	 of	 the	

infarct	was	not	sufficient	to	induce	an	effect	on	atria.		

During	routine	MI	procedures,	the	induced	infarct	can	also	affect	the	papillary	muscles	

that	control	the	movement	of	mitral	valves	to	various	degrees.	If	the	papillary	muscles	

are	significantly	affected,	 it	can	 lead	to	mitral	valve	 insufficiency	causing	mitral	valve	

regurgitation	or,	put	simply,	leaky	valves.	Since	the	mitral	valves	are	no	longer	controlled	

sufficiently,	and	hence	do	not	close	properly,	back	flow	of	blood	into	the	left	atrium	from	

the	left	ventricle	can	occur	during	systole	(mitral	regurgitation).	This	increases	the	blood	

pressure	 in	 the	 left	 atrium	which	 can	 cause	 dilatation	 and	 hypertrophy,	 and	 induce	

fibrosis.	The	pressure	build	up	in	the	left	atrium	can	also	increase	the	pressure	in	the	

pulmonary	 circulation,	 ultimately	 affecting	 the	 right	 atrium.	 In	 addition,	 increased	

pressure	in	the	pulmonary	system	may	lead	to	fluid	retention	in	the	lungs.	In	a	similar	

manner,	 fluid	accumulation	may	occur	 in	other	organs	as	well	 leading	to	congestion.	

This	 state	of	heart	 failure	 following	MI	 is	 referred	 to	as	 congestive	heart	 failure.	We	
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therefore,	attempted	to	use	of	more	severe	MI	to	stimulate	atrial	fibrosis.	Larger	infarcts	

were	induced,	sufficient	to	damage	the	papillary	muscles	significantly.		

Following	severe	MI,	we	were	able	to	detect	the	onset	of	a	significant	GFPmed	population	

within	 the	 atrial	 interstitial	 cells	 5	 days	 post-MI.	 This	 model	 therefore	 provides	 a	

platform	 to	 study	 both	 reparative	 as	well	 as	 reactive	 fibrosis	 (in	 ventricles	 and	 atria	

respectively).	Preliminary	FACS	analysis	 suggested	 that	 the	pressure	overload	caused	

activation	of	myofibroblasts	with	all	GFP+	cells	in	atria	increasing	in	size,	consistent	with	

the	 known	 hypertrophic	 growth	 of	 myofibroblasts	 during	 this	 process.	 Further	

characterisation	is	required	to	determine	if	the	atrial	fibrotic	response	is	different	from	

the	 ventricles.	 Functional	 analysis	would	 also	 be	 beneficial	 to	 formally	 establish	 and	

characterise	the	injury	model	and	to	determine	induction	of	atrial	fibrillation.	

6.4.5	Clinical	insights	arising	from	this	study	

Targeting	fibrosis	

Both	reparative	and	reactive	fibrosis	mechanisms	are	 important	 in	preserving	cardiac	

structure	 and	 function	 immediately	 after	 an	 insult	 [10,	 33].	 However,	 persisting	

excessive	 fibrosis	 can	 lead	 to	 mechanical	 stiffness	 of	 the	 myocardium,	 myocyte	

uncoupling	and	tissue	ischemia	due	to	impaired	flow	of	oxygen	and	nutrient	supply	from	

the	blood	vessels.	Therefore,	achieving	a	 fine	balance	between	these	processes	have	

been	identified	as	a	prime	target	in	current	studies	focusing	on	cardiac	repair	[33].	As	

we	 have	 presented	 here,	 cCFU-Fs	 which	 are	 progenitors	 for	 fibroblasts	 and	

myofibroblasts	 (Asli	 et	 al.	 Unpublished),	 show	 different	 growth	 characteristics	when	

derived	from	atria	and	ventricles.	Increased	fibrotic	response	of	atria	is	also	reported	

following	 ventricular	 tachypacing	 induced	 CHF	 [43].	 Furthermore,	 Burstein	 et	 al.	

reported	the	differential	response	to	stimuli	demonstrated	by	cardiac	fibroblasts	with	

atrial	 cells	 showing	 an	 increased	 proliferative	 response	 when	 treated	 with	 various	

growth	factors	[392].	Their	study	also	demonstrates	PDGFRα	signalling	to	be	responsible	

for	 the	 proliferative	 differences	 observed	 between	 atria	 and	 ventricles.	 PDGFRα	

signalling	has	been	associated	with	cardiac	fibrosis	and	is	among	the	main	targets	for	

regulating	 the	 fibrotic	 response	 following	 injury	 to	enhance	cardiac	 repair	 (Asli	et	al.	
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unpublished	 and	 [10,	 392]).	 Collectively,	 when	 targeting	 cardiac	 fibrosis,	 a	 few	

important	factors	to	consider	are	(1)	the	targeted	site	within	the	heart	(2)	whether	the	

primary	cause	of	fibrosis	(e.g.,	MI	in	left	ventricle)	could	have	induced	fibrosis	elsewhere	

(e.g.,	pressure	overload	induced	fibrosis	in	left	atria);	and	(3)	if	so,	whether	the	targeted	

treatment	to	regulate	fibrosis	could	induce	or	inhibit	fibrosis	at	the	other	site.		

Furthermore,	 although	 epicardial	 derived	 cells	 are	 the	 primary	 source	 of	 fibroblasts	

following	ischemic	injury,	it	was	recently	reported	that	in	pressure	overload,	fibroblasts	

are	 derived	 from	 resident	 fibroblast	 lineages	which	 have	 their	 origins	 in	 epicardium	

[436].	It	has	also	been	shown	that	adult	epicardium	can	become	activated	after	injury	

and	 undergo	 EMT	 to	 contribute	 fibroblasts	 [249].	 In	 addition,	 the	 endocardium	 and	

endothelial	 cells,	 and	 circulating	 hematopoietic	 cells	 can	 also	 contribute	 to	 fibrosis	

which	may	suggest	the	origin	of	fibroblasts	as	another	factor	that	should	be	considered	

when	targeting	fibrosis.		

A	disease	model	to	study	atrial	fibrosis	

As	discussed	briefly	in	section	6.1.4,	in	the	clinical	setting,	atrial	fibrosis	is	often	coupled	

with	 MI	 and/or	 atrial	 fibrillation	 (AF)	 most	 often	 than	 not	 collectively	 leading	 to	

congestive	heart	failure	[417,	421,	437].	The	cross	talk	of	each	of	these	components	is	

complex	and	often	bidirectional.	For	example,	following	myocardial	infarction,	one	can	

develop	atrial	fibrosis	due	to	pressure	overload	and/or	heart	failure,	both	of	which	are	

risk	factors	for	AF.	AF	in	return	can	induce	fibrosis	in	atria,	lead	to	myocardial	infarction	

and/or	cause	heart	failure.	This	is,	however,	purely	focusing	on	a	few	clinical	risk	factors	

disregarding	 other	 critical	 components	 such	 as	 age,	 genetic	 inheritance	 and	 gender.	

Understanding	the	mechanism	of	pathological	fibrosis	in	this	setting	is,	therefore,	crucial	

to	dissecting	out	processes	that	can	be	precisely	targeted	during	reparative	medicine	

[421].	Following	functional	studies	to	confirm	induction	of	atrial	fibrillation,	an	induced	

severe	MI	model	may	therefore	represent	a	more	clinically	relevant	platform	to	study	

fibrosis.	
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6.4.6	Conclusions	

Our	initial	findings	from	a	comprehensive	comparison	of	cCFU-Fs,	cMSCs	and	PDGFRα+	

cardiac	stromal	cells	derived	from	atria	and	ventricles	were	presented.		Briefly,	the	atrial	

interstitium	contained	a	relatively	higher	percentage	of	S+P+	cells	which	were	doubly	

enriched	for	CFU-Fs	compared	to	ventricles.	MSC	cultures	established	from	both	atrial	

and	 ventricular	 S+P+	 cells	 showed	 long-term	 growth	 capacity	 with	 atrial	 cultures	

showing	 a	 significantly	 higher	 growth	 rate.	 We	 also	 observed	 the	 atria	 to	 be	 less	

vascularised,	 and	 consistently	 be	 less	 perfused	 compared	 to	 ventricles.	 Perfusion	 of	

S+P+	cells	within	the	atria	was	significantly	low	compared	to	ventricles	and	accordingly	

were	 found	 to	 be	 significantly	 positive	 when	 probed	 with	 the	 hypoxia	 marker,	

pimonidazole.	Relative	hypoxia	in	atria	induced	an	insignificant	but	nevertheless	a	lower	

mitochondrial	 content	 in	 atrial	 S+P+	 cells.	 The	 metabolic	 differences	 together	 with	

differential	response	to	growth	factor	stimuli	as	reported	by	others	may	have	led	to	the	

growth	differences	observed	in	atrial	MSCs.		

We	then	established	an	injury	model	to	study	the	fate	and	function	of	atrial	cCFU-Fs	and	

PDGFRa+	 stromal	 cells.	 By	 using	 the	 GFPmed	 population	 as	 a	 readout	 of	 fibrosis,	 we	

demonstrated	the	initiation	of	atrial	fibrosis	in	an	induced	severe	MI	injury	model.	Given	

that	we	may	 observe	 both	 reparative	 and	 reactive	 fibrosis	 induction	 in	 response	 to	

induced	MI	and	resulting	pressure	overload	 in	atria	respectively,	 this	can	serve	as	an	

ideal	 model	 to	 study	 the	 different	 mechanisms	 and	 stages	 of	 fibrosis	 and	 fibrosis	

targeting	therapies.	Upon	functional	characterisation,	and	confirmation	of	induction	of	

arrhythmias,	it	may	also	serve	as	a	model	to	study	atrial	fibrillation.		
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Chapter	7 –	General	conclusions	

Cardiac	 cCFU-Fs	 are	 an	 endogenous	 population	 of	 cardiac	 progenitor	 cells	 initially	

described	by	Chong	et	al.	[23].	In	vitro	cultures	of	cCFU-Fs	are	referred	to	as	cMSCs.	By	

definition,	 MSC	 are	 hypothesised	 to	 play	 an	 important	 role	 in	 maintaining	 tissue	

homeostasis	and	in	coordinating	the	repair	response	after	injury	by	direct	differentiation	

and	 paracrine	 activity	 [24].	 Given	 these	 potential	 properties,	 cCFU-Fs	 are	 an	 ideal	

candidate	to	be	exploited	in	both	cell-based	therapies	as	well	as	to	be	manipulated	in	

situ.	cCFU-Fs	are	derived	from	the	epicardium	during	development	[23].	The	epicardium	

itself	is	gaining	recognition	as	one	of	the	essential	contributors	to	progenitor	cell	types	

as	well	 as	 paracrine	 signalling	 regulating	 cardiac	 structure	 and	 function	 both	 during	

development,	 and	 regeneration	and	 repair	 [26-28,	246,	248,	249].	 The	 cCFU-Fs	have	

been	 shown	 to	 express	 several	 cardiogenic	 genes	 suggesting	 cardiac	 lineage	

commitment	[30,	31].	While	broad	lineage	potency	of	cells	has	been	demonstrated	in	

vitro	 and	 in	 surrogate	 in	 vivo	 assays,	 the	 true	 contributions	 of	 the	 cells	 to	 cardiac	

homeostasis	and	repair	are	yet	to	be	elucidated	[438].	On	a	pathological	aspect,	cCFU-

Fs	and	related	stromal	cells	are	suggested	to	be	one	of	 the	prime	sources	of	cardiac	

fibroblasts	in	response	to	an	injury	(Asli	et	al.	Unpublished	and	[32]).	While	fibrosis	is	an	

important	 process	 for	 injury	 stabilisation	 and	 resolution,	 and	 to	 preserve	 cardiac	

structure	and	function,	imbalance	of	either	of	the	inflammatory	or	repair	phases	of	the	

fibrotic	cascade	can	be	detrimental	leading	to	adverse	remodelling	ultimately	leading	to	

heart	failure	[33].	Therefore,	in	addition	to	tissue	regeneration,	regulating	fibrosis	is	a	

key	target	to	augment	cardiac	repair	process.			

As	 apparent	 from	 the	 results	of	 cardiac	 cell	 therapy	 clinical	 trials	 so	 far,	 it	 is	 vital	 to	

characterise	 progenitor	 cell	 biology	 further	 in	 the	 hope	 of	 revealing	 new	 clinical	

applications.	Furthermore,	it	is	favourable	to	understand	the	control	mechanisms	that	

guide	cellular	functions	which	then	can	be	manipulated	to	achieve	therapeutic	benefits	

in	reparative	medicine.	Therefore,	in	our	attempt	to	comprehensively	characterise	the	

biology	 of	 cCFU-Fs/cMSCs,	 the	 broader	 aim	 of	 this	 thesis	 was	 to	 initiate	 a	 deeper	

understanding	of	 intrinsic	 cell	 fate	and	 function	decisions	of	 cCFU-Fs/cMSCs	and	 the	
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underlying	control	mechanisms.	This	aim	was	approached	from	three	angles	as	follows,	

which	were	presented	individually	in	the	chapters	4-6.		

Chapter	 4	 -	 Determine	 intrinsic	 lineage	 biases	 of	 cMSCs	 through	 the	 use	 of	

“serum	drop”	assay	

Chapter	5	-	Determine	the	role	of	the	cardiogenic	transcription	factor	TBX20	in	

cCFU-Fs	and	cMSCs	

Chapter	6	 -	Determine	 if	 the	 cell	 residency	 in	 atria	or	 ventricles	would	affect	

intrinsic	characteristics	of	cCFU-Fs	

In	Chapter	4,	we	used	the	“serum	drop”	assay	to	induce	differentiation	of	cMSCs	without	

the	use	of	soluble	factors	to	determine	the	intrinsic	lineage	biases	of	these	cells	in	vitro.	

Genetic	lineage	tracing	would	have	been	the	ideal	approach,	and	this	is	ongoing	in	the	

Harvey	laboratory.	However,	we	anticipated	that	establishing	an	in	vitro	model	would	

allow	 for	 convenient	downstream	genetic	 and	 chemical	manipulations	 to	dissect	 the	

governing	gene	regulatory	mechanisms.	The	assay	was	partially	established	in	the	lab	

with	further	characterisation	required	for	confirmation.	Following	analysis	of	gene	and	

protein	expression	reflective	of	multiple	cardiac	lineages,	we	noted	that	the	assay	did	

not	behave	as	anticipated	as	there	was	no	evidence	of	cell	differentiation	into	any	of	the	

cardiac	lineages	tested.	Instead,	we	observed	the	cells	to	lose	mesenchymal	morphology	

and	acquire	epithelial-like	characteristics.		

The	concept	of	the	“serum	drop”	assay,	adapted	from	the	method	used	to	differentiate	

C2C12	myoblast	 cells,	 is	purely	based	on	 serum	reduction;	 removal	of	 the	myriad	of	

growth	factors	and	cytokines	present	in	fetal	bovine	serum.	These	factors	are	likely	to	

have	contributed	to	maintaining	the	mesenchymal	characteristics	of	cMSCs	in	regular	

culture	at	a	20%	concentration.	Given	the	metastable	nature	of	EMT	and	given	that	the	

cCFU-Fs	are	derived	from	the	epicardium	which	is	the	outer	epithelium	of	the	heart,	we	

suspected	serum	reduction	(down	to	2%)	was	allowing	reversal	of	EMT	and	inducing	an	
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epicardium-like	state.	 In	fact,	we	observed	an	upregulation	of	expression	for	a	set	of	

epicardial	genes.	Even	 though	 the	assay	did	not	 serve	our	 initial	purposes,	given	 the	

importance	of	 the	epicardium	during	development	and	 regeneration,	 and	given	 that	

cCFU-Fs	 appear	 to	 have	 retained	 an	 epicardial	 identity	 along	 with	 the	 ability	 to	

reactivate	its	embryonic	gene	program	in	2%	serum,	we	decided	to	characterise	the	2%	

cells	further	with	additional	biological	replicates	via	transcriptome	analysis.		

	

Although	we	did	not	observe	the	 induction	of	epicardial	genes	as	strikingly	as	before	

following	RNA-sequencing	analysis,	possibly	attributed	to	the	different	batches	of	serum	

used	between	the	experiments,	we	did	observe	several	 indications	suggesting	 loss	of	

mesenchymal	state.	Our	data	also	suggest	that	the	EMT	process	in	cCFU-Fs	is	likely	to	

be	 regulated	 via	 TGF-β	 signalling	 through	 Rap1	 and	 Ras	 signalling	 pathways.	 Gene	

signatures	suggesting	cell	differentiation	into	cardiovascular	or	other	lineages	was	also	

not	 apparent.	 However,	 the	 upregulated	 genes	 represented	 several	 interesting	

secretory	molecules	in	line	with	known	epicardial	functions.	Interestingly,	secretion	of	

pro-angiogenic	factors,	which	is	a	reported	function	of	cultured	MSCs,	were	observed	to	

be	downregulated.	 Instead,	upregulation	of	growth	factors	known	to	be	essential	 for	

cardiomyocyte	development	and	proliferation	were	 identified	 including	Neuregulin-1	

(Nrg1),	insulin-like	growth	factor	1	(Igf1),	and	several	Wnt	ligands.	Vegfc	was	another	

growth	 factor	 that	 has	 been	 shown	 to	 play	 an	 essential	 role	 in	 promoting	

lymphangiogenesis	leading	to	improved	cardiac	repair	following	injury.	In	addition,	the	

C-KIT	 ligand	 Kitl/Scf	 was	 also	 upregulated	 suggesting	 the	 ability	 of	 the	 cells	 to	

induce/communicate	 with	 other	 resident/circulating	 progenitor	 populations.	

Collectively,	results	from	this	study	suggested	an	epicardial	identity	of	the	cells,	although	

this	would	require	further	analysis.		

	

Chapter	5	presented	the	initial	characterisation	of	TBX20	deletion	in	cMSCs.	TBX20	is	a	

cardiogenic	transcription	factor	highly	expressed	in	S+P+	cells.	While	it	has	been	widely	

studied	in	the	context	of	cardiomyocytes,	recent	studies	have	suggested	a	potential	role	

in	the	epicardium	and	epicardial	derivatives	including	cardiac	fibroblasts.	Through	single	
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cell	gene	expression	analysis	data,	we	demonstrated	that	S+P+	cells	express	TBX20	in	a	

mosaic	pattern	along	with	other	cardiogenic	transcription	factors	involved	in	epicardial	

development	and	function.	This	further	supported	the	epicardial	origin	and	identity	of	

cells	and	suggested	the	existence	of	subpopulations	potentially	with	specific	functional	

biases.	While	Tbx20fl	mouse	line	was	available	in	house,	we	did	not	have	a	specific	Cre	

driver	line	available	to	conditionally	delete	Tbx20	in	S+P+	cells	at	the	time.	It	was	crucial	

that	 the	gene	be	 conditionally	 ablated	given	 the	high	expression	of	Tbx20	 in	 cardiac	

stroma	and	the	need	to	avoid	affecting	other	cells	that	forms	the	niche	for	cCFU-Fs.	We	

therefore	 initially	 opted	 for	 an	 adenovirus	 Cre	 delivery	 system	 to	 cMSC	 cultures	

established	 from	 Tbx20fl	 mice	 in	 vitro.	 The	 Cre	 and	 GFP	 control	 adenoviruses	 were	

produced,	purified	and	analysed	for	efficiency.	Although	the	construct	was	functioning	

as	expected,	it	appeared	that	the	transduction	procedure	was	stressful	to	the	cMSC	and	

thus	 potentially	 confounding	 our	 observations.	Upon	 the	Pdgfra-mer-cre-mer	mouse	

line	becoming	available	in	the	laboratory,	we	then	conditionally	deleted	Tbx20	in	vivo	

and	analysed	for	possible	effects	on	MSC	characteristics.	An	increase	in	colony	forming	

ability	was	observed	in	mutants	relative	to	wildtype	control	mice.	While	the	difference	

was	not	significant	in	homozygous	deleted	mice,	a	significant	increase	was	observed	in	

heterozygous	mice.	We	did	not	observe	a	significant	effect	on	long-term	growth	of	cells.	

However,	 it	 was	 noted	 that	 there	 was	 an	 increase	 in	 the	 proportion	 of	 cells	 with	

undeleted	 floxed	 alleles	 in	 cultures	 over	 time,	which	may	 have	 affected	 the	 growth	

curves.	Several	known	and	potential	downstream	targets	were	also	tested.	The	known	

downstream	targets	of	Tbx20	in	cardiac	fibroblasts	were	significantly	down	regulated	

confirming	successful	gene	deletion.		

	

Although	 not	 significant,	 we	 also	 observed	 an	 upregulation	 of	 genes	 involved	 in	

adipogenesis	with	a	greater	difference	observed	in	heterozygous	deleted	mice.	This	was	

consistent	 with	 observations	 of	 spontaneous	 adipogenesis	 in	 some	 mutant	 cMSC	

cultures,	although	this	was	not	formally	quantified.	Given	the	mosaic	expression	pattern	

of	Tbx20	 in	 stromal	 cells,	 and	heterogeneity	of	 the	 system,	 it	 is	 possible	 that	 only	 a	

subpopulation	 of	 cells	 was	 affected.	 Raldh2,	 the	 enzyme	 regulating	 retinoic	 acid	

synthesis	 is	 a	 reported	 downstream	 target	 of	 Tbx20	 [31].	 Accordingly,	 we	 observed	
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Raldh2	 to	 be	 significantly	 downregulated	 in	 homozygous	 deleted	 cultures.	 We	 also	

previously	demonstrated	retinoic	acid	mediated	inhibition	of	adipogenesis	of	cMSCs	in	

a	dose	dependent	manner.	We	therefore	hypothesise	that	adipogenic	differentiation	of	

cMSCs	is	regulated	by	TBX20	mediated	via	retinoic	acid	signalling.	Furtado	et	al.	reported	

that	 Tbx20	 deletion	 in	 periostin+	 myofibroblasts	 enhanced	 fibrosis	 [31].	 We	 also	

observed	an	increase	in	colony	formation	in	Tbx20	mutant	mice.	Collectively	this	may	

suggest	a	 function	for	Tbx20	 in	epicardial	derivatives	 in	regulating	cell	differentiation	

into,	but	not	limited	to,	adipogenic	and	myofibroblast/smooth	muscle	lineages.		

	

Based	on	an	observation	of	phenotypical	differences	among	established	cMSC	cultures	

from	whole	hearts	and	ventricles,	 in	Chapter	6,	we	undertook	a	detailed	profiling	of	

atrial	and	ventricular	cCFU-Fs,	cMSCs	and	PDGFRα+	stromal	cells.	We	demonstrated	that	

atria	are	proportionately	enriched	for	CFU-Fs.	Atrial	cMSC	cultures	show	a	higher	growth	

rate	 in	 culture	 compared	 to	 ventricular	 cultures.	 Preliminary	 lineage-tracing	 studies	

have	shown	vascular	smooth	muscle	differentiation	of	PDGFRα	expressing	cells	in	atria	

following	myocardial	 infarction	injury	(Vaibhao	Janbandhu,	personal	communication).	

Additional	work	is	required	to	quantify	this	response	in	atria	and	see	if	it	occurs	in	the	

ventricles.	 Atria	 were	 also	 observed	 to	 be	 less	 vascularised.	 We	 then	 explored	 the	

possibility	 of	 atria	 being	 more	 hypoxic	 relative	 to	 ventricles	 given	 the	 reduced	

vasculature.	 In	 fact,	 atria	 were	 less	 perfused	 and	 relatively	more	 hypoxic.	 Next,	 we	

attempted	 to	 determine	 if	 the	 different	 oxygen	 tensions	 in	 the	 microenvironment	

induced	 metabolic	 differences	 in	 cCFU-Fs	 and	 thus	 lead	 to	 the	 observed	 intrinsic	

differences	 in	growth	and	differentiation.	Atria	did	show	a	tendency	towards	a	 lower	

mitochondrial	 content.	 Additional	 experiments	 using	 direct	 measurements	 of	

respiration	 are	 required	 to	 confirm	 this	 finding.	We	 then	 attempted	 to	 establish	 an	

injury	model	to	study	the	fate	and	function	of	PDGFRα+	cells	in	atria.	Using	fibrosis	as	a	

readout	 of	 cell	 function,	 we	 demonstrated	 atrial	 fibrosis	 (induction	 of	 GFPmedium	

myofibroblasts)	 following	 induced	severe	myocardial	 infarction.	Due	to	 the	nature	of	

injury	induction,	this	model	is	anticipated	to	serve	as	a	platform	to	study	both	reparative	

and	reactive	fibrosis.	Given	the	growing	understanding	of	the	requirement	to	regulate	

the	two	types	of	fibrosis	in	cardiac	repair,	and	the	clinical	relevance	of	the	model,	it	may	
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be	 useful	 when	 testing	 therapies	 for	 fibrosis.	 Additionally,	 we	 highlighted	 the	

importance	 of	 considering	 the	 cell	 isolation	 site	 within	 the	 heart	 in	 respect	 to	

understanding	stromal	cell	biology.	We	also	recognised	several	key	factors	(discussed	in	

section	6.4.5)	to	be	considered	when	targeting	cardiac	fibrosis	which	is	emerging	as	a	

prime	candidate	in	cardiac	repair	strategies.	

In	summary,	our	observations	suggest	that	cCFU-Fs	and	cMSCs	characteristically	align	

with	the	epicardium,	the	embryonic	origin	of	the	cCFU-Fs.	The	cells	retain	an	epicardial	

identity	through	to	adulthood.	The	cardiogenic	transcription	factor	TBX20	may	have	a	

distinct	role	in	cCFU-Fs,	as	in	the	developing	epicardium,	and	may	regulate	their	growth	

and	differentiation	characteristics,	especially	into	adipocyte	and	myofibroblast/smooth	

muscle	lineages.	Lastly,	cCFU-Fs	derived	from	atria	and	ventricles	show	different	growth	

and	potentially	differentiation	propensities.	Varying	sensitivity	to	signalling	molecules	

together	 with	 relative	 hypoxia-induced	metabolic	 differences	may	 contribute	 to	 the	

differences	observed.	Establishing	an	injury	model	to	study	different	types	of	fibrosis	is	

also	described.		
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Future	directions	
	

This	 thesis	 discussed	 the	 establishment	 of	 three	 different	 approaches	 to	 determine	

intrinsic	 cell	 fate	 and	 function	 biases	 of	 cCFU-Fs	 and	 cMSCs.	 Limitations	 of	 the	

experiments	and	possible	alternatives	to	overcome	the	issues	were	discussed	along	with	

results.	In	addition,	listed	below	are	a	few	possible	immediate	future	advancements	that	

may	contribute	to	our	understanding	of	cell	functions.		

• The	serum	drop	assay	did	not	induce	cell	differentiation	as	anticipated.	Given	that	

cell	differentiation	is	regulated	both	by	intrinsic	(gene	expression)	and	extrinsic	(e.g.,	

growth	 factors,	 matrix	 stiffness)	 factors,	 it	 may	 be	 that	 a	 more	 sophisticated	

approach	is	required	in	establishing	an	assay	to	determine	lineage	biases	in	vitro.	A	

possible	approach	may	be	to	use	a	3D	culture	system	or	a	decellularised	matrix	along	

with	other	relevant	cell	types	where	the	cCFU-F	cells	and	their	derivatives	are	able	to	

form	a	niche-like	structure	representing	a	more	in	vivo	like	environment.	

	

• Transcriptome	analysis	of	2%	serum	cells	highlighted	the	potential	paracrine	function	

of	cMSCs.	A	comprehensive	proteomics	based	secretome	analysis	will	be	informative	

in	understanding	this	function	in	more	detail	in	both	regular	culture	and	low	serum.	

	

• Repeating	the	Tbx20	deletion	experiments	with	a	slightly	altered	protocol	to	obtain	

maximum	floxed	allele	deletion	will	help	confirm	and	extend	the	initial	observations.	

We	also	presented	a	hypothesis	with	regards	to	the	potential	role	of	TBX20	in	cCFU-

Fs	 to	 regulate	 differentiation	 into	 adipocytes	 and	 myofibroblasts/smooth	 muscle	

cells.	Genetic	lineage	tracing	and	functional	analysis	in	conditional	Tbx20	knockout	

mice	 with	 and	 without	 cardiac	 injury	 will	 also	 provide	 insights	 into	 the	 in	 vivo	

functions	of	TBX20.	

	

• Completion	of	the	lineage	tracing	analysis	of	PDGFRα+	cells	in	atria	and	ventricles	in	

homeostasis	and	after	injury	will	provide	a	succinct	view	on	their	individual	lineage	
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outcomes.	Functional	analysis	and	characterisation	of	the	injury	model	will	further	

assist	in	determining	the	onset	of	atrial	fibrillation.	
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Appendix	I		
	

This	 appendix	 provides	 all	 the	 up	 and	downregulated	 genes	 identified	 in	 2%	 serum	 samples	

(following	serum	drop)	with	a	false	discovery	rate	(FDR)	of	<0.5.		

I.1	Upregulated	genes	in	2%	serum	
	

Symbol	 Gene	description	 logFC	 FDR	

Wnt2	 wingless-type	MMTV	integration	site	family,	
member	2	 3.21	 2.5E-05	

Angptl7	 angiopoietin-like	7	 2.94	 1.2E-08	

Anks1b	 ankyrin	repeat	and	sterile	alpha	motif	domain	
containing	1B	 2.49	 5.5E-06	

Scg2	 secretogranin	II	 2.18	 6.7E-16	
Il1f10	 interleukin	1	family,	member	10	 2.07	 5.6E-05	
Cntn2	 contactin	2	 2.04	 9.1E-06	
Chrdl1	 chordin-like	1	 1.88	 1.1E-04	
Idi1	 isopentenyl-diphosphate	delta	isomerase	 1.79	 1.1E-18	
Pcsk5	 proprotein	convertase	subtilisin/kexin	type	5	 1.72	 3.6E-04	
Peg10	 paternally	expressed	10	 1.72	 7.2E-06	
Tspan7	 tetraspanin	7	 1.65	 9.5E-03	
Sh2d4a	 SH2	domain	containing	4A	 1.60	 1.4E-05	
Alcam	 activated	leukocyte	cell	adhesion	molecule	 1.59	 9.5E-03	

Sema3c	 sema	domain,	immunoglobulin	domain	(Ig),	
short	basic	domain,	secreted,	(semaphorin)	3C	 1.59	 7.8E-06	

Gsta3	 glutathione	S-transferase,	alpha	3	 1.59	 5.4E-03	

Kcnab1	 potassium	voltage-gated	channel,	shaker-
related	subfamily,	beta	member	1	 1.57	 1.1E-10	

Pkhd1l1	 polycystic	kidney	and	hepatic	disease	1-like	1	 1.55	 7.4E-05	
Ackr4	 atypical	chemokine	receptor	4	 1.50	 1.9E-03	
Mmp15	 matrix	metallopeptidase	15	 1.49	 2.0E-02	
A730049H05Rik	 RIKEN	cDNA	A730049H05	gene	 1.48	 2.0E-03	
Bmp6	 bone	morphogenetic	protein	6	 1.45	 1.1E-05	
Mir17hg	 Mir17	host	gene	(non-protein	coding)	 1.45	 2.3E-02	
Slc35f1	 solute	carrier	family	35,	member	F1	 1.44	 9.7E-03	
Msmo1	 methylsterol	monoxygenase	1	 1.44	 1.0E-11	
Dclk3	 doublecortin-like	kinase	3	 1.41	 9.4E-03	
Lrrn4	 leucine	rich	repeat	neuronal	4	 1.38	 2.4E-05	
Cpz	 carboxypeptidase	Z	 1.38	 1.6E-03	

Efemp1	 epidermal	growth	factor-containing	fibulin-like	
extracellular	matrix	protein	1	 1.37	 2.4E-05	



	ii	

Bnc1	 basonuclin	1	 1.37	 3.8E-03	
Insig1	 insulin	induced	gene	1	 1.36	 1.0E-13	
Gpm6a	 glycoprotein	m6a	 1.33	 1.1E-02	

Slc2a9	 solute	carrier	family	2	(facilitated	glucose	
transporter),	member	9	 1.33	 1.8E-02	

C1qtnf3	 C1q	and	tumor	necrosis	factor	related	protein	3	 1.32	 5.2E-03	

Pmaip1	 phorbol-12-myristate-13-acetate-induced	
protein	1	 1.29	 5.7E-04	

Pappa2	 pappalysin	2	 1.28	 3.4E-02	
Nsdhl	 NAD(P)	dependent	steroid	dehydrogenase-like	 1.28	 6.2E-13	
Fdft1	 farnesyl	diphosphate	farnesyl	transferase	1	 1.27	 9.9E-16	
Fdps	 farnesyl	diphosphate	synthetase	 1.27	 1.8E-13	

Pid1	 phosphotyrosine	interaction	domain	containing	
1	 1.27	 9.7E-07	

C4bp	 complement	component	4	binding	protein	 1.25	 1.1E-02	
Adgrl4	 adhesion	G	protein-coupled	receptor	L4	 1.25	 4.3E-02	
Fbxw15	 F-box	and	WD-40	domain	protein	15	 1.24	 8.5E-03	
Dhcr7	 7-dehydrocholesterol	reductase	 1.24	 8.2E-06	
Nrg1	 neuregulin	1	 1.23	 4.4E-03	
Ccbe1	 collagen	and	calcium	binding	EGF	domains	1	 1.22	 1.8E-02	
Kitl	 kit	ligand	 1.20	 8.0E-03	

Peak1os	 pseudopodium-enriched	atypical	kinase	1,	
opposite	strand	 1.20	 4.6E-02	

Smim10l2a	 small	integral	membrane	protein	10	like	2A	 1.16	 1.8E-03	

Hmgcs1	 3-hydroxy-3-methylglutaryl-Coenzyme	A	
synthase	1	 1.14	 7.6E-08	

Scd2	 stearoyl-Coenzyme	A	desaturase	2	 1.13	 2.2E-07	
Gja1	 gap	junction	protein,	alpha	1	 1.12	 1.9E-03	
Thrb	 thyroid	hormone	receptor	beta	 1.11	 9.2E-03	
Snora28	 small	nucleolar	RNA,	H/ACA	box	28	 1.09	 4.3E-02	
Cyp51	 cytochrome	P450,	family	51	 1.08	 4.0E-09	
Col8a2	 collagen,	type	VIII,	alpha	2	 1.08	 5.1E-03	
Scd1	 stearoyl-Coenzyme	A	desaturase	1	 1.08	 2.1E-07	
Sqle	 squalene	epoxidase	 1.07	 1.0E-05	
Vegfc	 vascular	endothelial	growth	factor	C	 1.06	 1.1E-02	
Slc22a23	 solute	carrier	family	22,	member	23	 1.06	 3.3E-02	
Lss	 lanosterol	synthase	 1.05	 5.5E-08	
Cfh	 complement	component	factor	h	 1.04	 3.0E-04	
Tshz2	 teashirt	zinc	finger	family	member	2	 1.04	 3.9E-02	
Rasgrp3	 RAS,	guanyl	releasing	protein	3	 1.02	 7.8E-03	

Gabre	 gamma-aminobutyric	acid	(GABA)	A	receptor,	
subunit	epsilon	 1.00	 1.3E-02	

Tm7sf2	 transmembrane	7	superfamily	member	2	 1.00	 1.9E-02	
Dhcr24	 24-dehydrocholesterol	reductase	 0.99	 6.5E-04	



	 iii	

Lrrc4c	 leucine	rich	repeat	containing	4C	 0.99	 3.2E-02	
Npy1r	 neuropeptide	Y	receptor	Y1	 0.98	 3.0E-10	
Acat2	 acetyl-Coenzyme	A	acetyltransferase	2	 0.98	 3.7E-05	

Mir99ahg	 Mir99a	and	Mirlet7c-1	host	gene	(non-protein	
coding)	 0.98	 2.2E-02	

Sfrp1	 secreted	frizzled-related	protein	1	 0.97	 2.4E-02	
Igf1	 insulin-like	growth	factor	1	 0.95	 2.7E-02	
Lpar1	 lysophosphatidic	acid	receptor	1	 0.95	 2.9E-02	

Acsl3	 acyl-CoA	synthetase	long-chain	family	member	
3	 0.93	 2.8E-05	

Akr1c14	 aldo-keto	reductase	family	1,	member	C14	 0.92	 5.7E-03	

Elovl6	 ELOVL	family	member	6,	elongation	of	long	
chain	fatty	acids	(yeast)	 0.92	 1.8E-03	

Gstm1	 glutathione	S-transferase,	mu	1	 0.91	 5.1E-07	
Epb41l5	 erythrocyte	membrane	protein	band	4.1	like	5	 0.91	 6.2E-03	

Gria4	 glutamate	receptor,	ionotropic,	AMPA4	(alpha	
4)	 0.91	 2.5E-02	

Arxes2	 adipocyte-related	X-chromosome	expressed	
sequence	2	 0.89	 1.4E-02	

Fgf7	 fibroblast	growth	factor	7	 0.87	 8.2E-06	
Zdhhc2	 zinc	finger,	DHHC	domain	containing	2	 0.87	 4.3E-02	
Ldlr	 low	density	lipoprotein	receptor	 0.86	 1.3E-03	
Ism1	 isthmin	1,	angiogenesis	inhibitor	 0.85	 9.3E-03	
Hsd17b7	 hydroxysteroid	(17-beta)	dehydrogenase	7	 0.85	 1.3E-04	
Limch1	 LIM	and	calponin	homology	domains	1	 0.84	 4.0E-02	
Arhgap20	 Rho	GTPase	activating	protein	20	 0.84	 1.6E-02	

Wnt5a	 wingless-type	MMTV	integration	site	family,	
member	5A	 0.83	 3.0E-02	

Sh3bgrl	 SH3-binding	domain	glutamic	acid-rich	protein	
like	 0.83	 1.9E-03	

Sc5d	 sterol-C5-desaturase	 0.83	 5.5E-06	
Zfp976	 zinc	finger	protein	976	 0.82	 2.6E-02	
Fam107b	 family	with	sequence	similarity	107,	member	B	 0.81	 7.4E-03	
Hs6st2	 heparan	sulfate	6-O-sulfotransferase	2	 0.81	 2.2E-04	

Cdkn2b	 cyclin-dependent	kinase	inhibitor	2B	(p15,	
inhibits	CDK4)	 0.81	 1.6E-03	

2610008E11Rik	 RIKEN	cDNA	2610008E11	gene	 0.80	 7.6E-05	

Stard4	 StAR-related	lipid	transfer	(START)	domain	
containing	4	 0.80	 9.0E-04	

Zfp51	 zinc	finger	protein	51	 0.79	 2.1E-02	
Ints6l	 integrator	complex	subunit	6	like	 0.77	 1.7E-03	
Gm12940	 predicted	gene	12940	 0.77	 3.6E-02	
Fam150a	 family	with	sequence	similarity	150,	member	A	 0.77	 2.8E-02	
Foxc1	 forkhead	box	C1	 0.76	 5.7E-03	



	iv	

Hmgcr	 3-hydroxy-3-methylglutaryl-Coenzyme	A	
reductase	 0.75	 4.8E-05	

Prkd1	 protein	kinase	D1	 0.75	 3.2E-02	
Pappa	 pregnancy-associated	plasma	protein	A	 0.73	 1.9E-03	
Fas	 Fas	(TNF	receptor	superfamily	member	6)	 0.72	 3.9E-03	
Nrbp2	 nuclear	receptor	binding	protein	2	 0.71	 9.4E-04	
Fads1	 fatty	acid	desaturase	1	 0.71	 2.5E-04	

Gnai1	 guanine	nucleotide	binding	protein	(G	protein),	
alpha	inhibiting	1	 0.71	 3.3E-02	

Klhl13	 kelch-like	13	 0.70	 1.0E-02	
Tll1	 tolloid-like	 0.70	 1.1E-02	
Prpf39	 pre-mRNA	processing	factor	39	 0.69	 4.2E-03	
Ttc14	 tetratricopeptide	repeat	domain	14	 0.69	 9.2E-04	
Mgst1	 microsomal	glutathione	S-transferase	1	 0.69	 5.0E-02	
Epha4	 Eph	receptor	A4	 0.68	 1.6E-03	

Trp53inp1	 transformation	related	protein	53	inducible	
nuclear	protein	1	 0.68	 4.5E-03	

Naf1	 nuclear	assembly	factor	1	ribonucleoprotein	 0.68	 1.9E-02	

Parm1	 prostate	androgen-regulated	mucin-like	protein	
1	 0.68	 1.4E-02	

Adamts9	
a	disintegrin-like	and	metallopeptidase	
(reprolysin	type)	with	thrombospondin	type	1	
motif,	9	

0.68	 1.7E-02	

Frzb	 frizzled-related	protein	 0.68	 2.5E-02	

Svep1	 sushi,	von	Willebrand	factor	type	A,	EGF	and	
pentraxin	domain	containing	1	 0.67	 2.5E-02	

Plxdc2	 plexin	domain	containing	2	 0.67	 1.1E-03	
Zfp433	 zinc	finger	protein	433	 0.67	 4.8E-02	
Zfp521	 zinc	finger	protein	521	 0.67	 1.5E-02	
Dnm3os	 dynamin	3,	opposite	strand	 0.65	 1.2E-02	
Gpc4	 glypican	4	 0.64	 1.7E-02	
1190002N15Rik	 RIKEN	cDNA	1190002N15	gene	 0.63	 1.8E-03	
Timp3	 tissue	inhibitor	of	metalloproteinase	3	 0.63	 4.3E-02	
Slit2	 slit	homolog	2	(Drosophila)	 0.62	 1.5E-02	
Zfp970	 zinc	finger	protein	970	 0.60	 1.7E-02	
Fads2	 fatty	acid	desaturase	2	 0.60	 3.3E-03	
Pqlc3	 PQ	loop	repeat	containing	 0.60	 9.5E-03	
Rsrp1	 arginine/serine	rich	protein	1	 0.60	 1.4E-02	
Scoc	 short	coiled-coil	protein	 0.59	 1.1E-02	
Dpysl2	 dihydropyrimidinase-like	2	 0.58	 4.4E-03	
Ifrd1	 interferon-related	developmental	regulator	1	 0.58	 1.7E-02	
Tmed5	 transmembrane	p24	trafficking	protein	5	 0.58	 1.1E-02	

Cyp26b1	 cytochrome	P450,	family	26,	subfamily	b,	
polypeptide	1	 0.57	 9.6E-03	



	 v	

Gm4631	 predicted	gene	4631	 0.57	 2.7E-02	
Pdk4	 pyruvate	dehydrogenase	kinase,	isoenzyme	4	 0.56	 8.9E-03	
Lifr	 leukemia	inhibitory	factor	receptor	 0.56	 1.5E-02	
Rp2	 retinitis	pigmentosa	2	homolog	 0.56	 3.0E-02	

Nr1d2	 nuclear	receptor	subfamily	1,	group	D,	member	
2	 0.56	 1.9E-02	

Sdc2	 syndecan	2	 0.56	 3.5E-02	

Echdc1	 enoyl	Coenzyme	A	hydratase	domain	containing	
1	 0.53	 2.0E-02	

Hnrnph1	 heterogeneous	nuclear	ribonucleoprotein	H1	 0.53	 3.7E-02	

Tmeff2	 transmembrane	protein	with	EGF-like	and	two	
follistatin-like	domains	2	 0.52	 1.7E-02	

Rap2b	 RAP2B,	member	of	RAS	oncogene	family	 0.52	 4.1E-02	
	
	
I.2	Downregulated	genes	in	2%	serum	
	

Symbol	 Gene	description	 logFC	 FDR	
Prl2c2	 prolactin	family	2,	subfamily	c,	member	2		 -2.83	 2.0E-05	

Tnfrsf9	
tumor	necrosis	factor	receptor	superfamily,	
member	9		 -2.56	 3.2E-04	

Syne1	 spectrin	repeat	containing,	nuclear	envelope	1		 -2.56	 5.2E-03	
Prl2c3	 prolactin	family	2,	subfamily	c,	member	3		 -2.51	 1.8E-02	
Col15a1	 collagen,	type	XV,	alpha	1		 -2.44	 9.2E-06	
Cox4i2	 cytochrome	c	oxidase	subunit	IV	isoform	2		 -2.26	 7.4E-10	
Mt2	 metallothionein	2		 -2.08	 1.4E-04	
Il1rn	 interleukin	1	receptor	antagonist		 -2.03	 4.2E-02	
H2-Ab1	 histocompatibility	2,	class	II	antigen	A,	beta	1		 -2.01	 4.1E-03	
Cox7a1	 cytochrome	c	oxidase	subunit	VIIa	1		 -1.91	 8.0E-03	
Ifi207	 interferon	activated	gene	207		 -1.83	 1.3E-03	

Ndufa4l2	
NADH	dehydrogenase	(ubiquinone)	1	alpha	
subcomplex,	4-like	2		 -1.83	 5.5E-08	

Mgarp	 mitochondria	localized	glutamic	acid	rich	protein		 -1.75	 1.5E-06	
Myo18b	 myosin	XVIIIb		 -1.69	 5.2E-03	

Serpina3m	
serine	(or	cysteine)	peptidase	inhibitor,	clade	A,	
member	3M		 -1.66	 9.7E-03	

Aqp1	 aquaporin	1		 -1.63	 1.4E-02	
Cdsn	 corneodesmosin		 -1.63	 1.7E-02	
Sfrp4	 secreted	frizzled-related	protein	4		 -1.61	 1.3E-04	
Thsd4	 thrombospondin,	type	I,	domain	containing	4		 -1.59	 1.1E-02	
S1pr3	 sphingosine-1-phosphate	receptor	3		 -1.53	 6.1E-04	
Pla1a	 phospholipase	A1	member	A		 -1.52	 1.5E-04	
Mt1	 metallothionein	1		 -1.51	 4.2E-04	
Unc13a	 unc-13	homolog	A	(C.	elegans)		 -1.47	 9.7E-03	
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Ly6c1	 lymphocyte	antigen	6	complex,	locus	C1		 -1.46	 3.5E-04	
Zbtb8b	 zinc	finger	and	BTB	domain	containing	8b		 -1.42	 6.1E-04	
Gm12070	 predicted	gene	12070		 -1.42	 4.5E-02	
Npnt	 nephronectin		 -1.38	 1.1E-08	

Slc16a3	
solute	carrier	family	16	(monocarboxylic	acid	
transporters),	member	3		 -1.38	 2.2E-11	

Gdf15	 growth	differentiation	factor	15		 -1.37	 2.7E-02	
Pcolce2	 procollagen	C-endopeptidase	enhancer	2		 -1.36	 3.3E-09	
Col6a3	 collagen,	type	VI,	alpha	3		 -1.36	 1.4E-04	
Egln3	 egl-9	family	hypoxia-inducible	factor	3		 -1.34	 2.6E-07	
Mgp	 matrix	Gla	protein		 -1.34	 4.4E-05	
Cspg4	 chondroitin	sulfate	proteoglycan	4		 -1.32	 4.0E-04	
Ret	 ret	proto-oncogene		 -1.29	 1.7E-02	

Fxyd5	
FXYD	domain-containing	ion	transport	regulator	
5		 -1.29	 6.4E-03	

Nxph3	 neurexophilin	3		 -1.28	 1.7E-02	
Thy1	 thymus	cell	antigen	1,	theta		 -1.27	 3.0E-08	
Masp1	 mannan-binding	lectin	serine	peptidase	1		 -1.25	 1.1E-06	

Mif	
macrophage	migration	inhibitory	factor	
(glycosylation-inhibiting	factor)		 -1.21	 4.3E-05	

Kif21b	 kinesin	family	member	21B		 -1.21	 7.4E-03	

Lfng	
LFNG	O-fucosylpeptide	3-beta-N-
acetylglucosaminyltransferase		 -1.19	 3.6E-03	

Cd53	 CD53	antigen		 -1.19	 9.3E-03	
Gm21451	 predicted	gene,	21451		 -1.19	 5.0E-02	
Selenow	 selenoprotein	W		 -1.15	 2.6E-09	
Acer2	 alkaline	ceramidase	2		 -1.14	 3.2E-02	
Mlph	 melanophilin		 -1.13	 2.2E-03	
Ak4	 adenylate	kinase	4		 -1.12	 3.6E-06	
Rplp1	 ribosomal	protein,	large,	P1		 -1.10	 5.2E-05	
Vill	 villin-like		 -1.10	 2.6E-03	
Slfn3	 schlafen	3		 -1.10	 1.4E-02	
G0s2	 G0/G1	switch	gene	2		 -1.09	 9.1E-03	
Hk2	 hexokinase	2		 -1.07	 2.6E-09	

Galnt16	

UDP-N-acetyl-alpha-D-
galactosamine:polypeptide	N-
acetylgalactosaminyltransferase	16		 -1.07	 3.2E-02	

Foxs1	 forkhead	box	S1		 -1.07	 7.4E-03	
1500009L16Rik	 RIKEN	cDNA	1500009L16	gene		 -1.06	 8.3E-03	

Sgcd	
sarcoglycan,	delta	(dystrophin-associated	
glycoprotein)		 -1.06	 5.4E-03	

Rpl41	 ribosomal	protein	L41		 -1.03	 3.6E-05	
Npas2	 neuronal	PAS	domain	protein	2		 -1.02	 4.4E-02	
Gpr35	 G	protein-coupled	receptor	35		 -1.02	 3.9E-06	
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Gm12840	 predicted	gene	12840		 -1.02	 9.6E-06	
Col18a1	 collagen,	type	XVIII,	alpha	1		 -1.01	 2.3E-04	
Adgrd1	 adhesion	G	protein-coupled	receptor	D1		 -1.01	 2.6E-02	
Ccne1	 cyclin	E1		 -1.00	 5.0E-03	

Trpv2	
transient	receptor	potential	cation	channel,	
subfamily	V,	member	2		 -1.00	 1.9E-03	

2410006H16Rik	 RIKEN	cDNA	2410006H16	gene		 -1.00	 8.3E-03	
Arl4d	 ADP-ribosylation	factor-like	4D		 -0.99	 2.6E-02	
Arhgdig	 Rho	GDP	dissociation	inhibitor	(GDI)	gamma		 -0.99	 4.9E-02	
Adra1b	 adrenergic	receptor,	alpha	1b		 -0.98	 4.4E-05	

Sema4g	

sema	domain,	immunoglobulin	domain	(Ig),	
transmembrane	domain	(TM)	and	short	
cytoplasmic	domain,	(semaphorin)	4G		 -0.98	 3.8E-02	

Chst1	
carbohydrate	(keratan	sulfate	Gal-6)	
sulfotransferase	1		 -0.97	 2.4E-02	

Nxph4	 neurexophilin	4		 -0.95	 5.5E-04	
Cish	 cytokine	inducible	SH2-containing	protein		 -0.95	 8.0E-03	
Pfkl	 phosphofructokinase,	liver,	B-type		 -0.95	 2.4E-05	

Fxyd1	
FXYD	domain-containing	ion	transport	regulator	
1		 -0.94	 4.7E-02	

Rplp2	 ribosomal	protein,	large	P2		 -0.94	 5.0E-03	
Angpt4	 angiopoietin	4		 -0.92	 2.6E-02	
Ankrd37	 ankyrin	repeat	domain	37		 -0.92	 2.3E-02	
Crip1	 cysteine-rich	protein	1	(intestinal)		 -0.91	 1.9E-03	
Rps26	 ribosomal	protein	S26		 -0.91	 2.0E-05	

Slc29a1	
solute	carrier	family	29	(nucleoside	
transporters),	member	1		 -0.91	 7.2E-06	

Itpr3	 inositol	1,4,5-triphosphate	receptor	3		 -0.91	 1.4E-02	
Cplx2	 complexin	2		 -0.90	 1.4E-03	
Ccdc8	 coiled-coil	domain	containing	8		 -0.90	 1.4E-02	

Pfkfb3	
6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase	3		 -0.90	 5.5E-06	

Rplp0	 ribosomal	protein,	large,	P0		 -0.90	 5.7E-05	

Pde1b	
phosphodiesterase	1B,	Ca2+-calmodulin	
dependent		 -0.89	 4.4E-03	

Gnao1	 guanine	nucleotide	binding	protein,	alpha	O		 -0.89	 5.5E-04	

Pparg	
peroxisome	proliferator	activated	receptor	
gamma		 -0.89	 1.9E-02	

Rps29	 ribosomal	protein	S29		 -0.89	 3.4E-03	

Hspb7	
heat	shock	protein	family,	member	7	
(cardiovascular)		 -0.87	 3.3E-03	

Sphk1	 sphingosine	kinase	1		 -0.87	 1.3E-02	
Hgf	 hepatocyte	growth	factor		 -0.87	 8.3E-04	
Relt	 RELT	tumor	necrosis	factor	receptor		 -0.87	 9.5E-03	
Rps28	 ribosomal	protein	S28		 -0.87	 2.7E-04	
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Tmem150a	 transmembrane	protein	150A		 -0.86	 3.0E-03	
Snta1	 syntrophin,	acidic	1		 -0.85	 2.1E-03	
Angptl4	 angiopoietin-like	4		 -0.85	 1.8E-02	
Rpl18	 ribosomal	protein	L18		 -0.85	 6.0E-05	
Plxnd1	 plexin	D1		 -0.84	 3.2E-02	
Gapdh	 glyceraldehyde-3-phosphate	dehydrogenase		 -0.84	 1.5E-04	
Sik1	 salt	inducible	kinase	1		 -0.84	 2.5E-02	
Errfi1	 ERBB	receptor	feedback	inhibitor	1		 -0.83	 9.0E-04	
Kdm4b	 lysine	(K)-specific	demethylase	4B		 -0.83	 4.3E-03	
Lrrc32	 leucine	rich	repeat	containing	32		 -0.83	 1.7E-03	
Rps15	 ribosomal	protein	S15		 -0.83	 1.4E-03	

Galnt18	

UDP-N-acetyl-alpha-D-
galactosamine:polypeptide	N-
acetylgalactosaminyltransferase	18		 -0.82	 3.9E-02	

Per1	 period	circadian	clock	1		 -0.81	 3.5E-02	
Megf10	 multiple	EGF-like-domains	10		 -0.80	 3.0E-02	

Lrp1	
low	density	lipoprotein	receptor-related	protein	
1		 -0.80	 2.2E-02	

Adamts2	

a	disintegrin-like	and	metallopeptidase	
(reprolysin	type)	with	thrombospondin	type	1	
motif,	2		 -0.80	 9.5E-03	

Nt5dc2	 5'-nucleotidase	domain	containing	2		 -0.79	 2.0E-02	
Fam124a	 family	with	sequence	similarity	124,	member	A		 -0.79	 4.9E-02	
Id3	 inhibitor	of	DNA	binding	3		 -0.79	 1.3E-02	
Soga1	 suppressor	of	glucose,	autophagy	associated	1		 -0.78	 1.3E-03	
Ckb	 creatine	kinase,	brain		 -0.78	 1.1E-02	
Hmox1	 heme	oxygenase	1		 -0.78	 3.3E-02	
Mrgprf	 MAS-related	GPR,	member	F		 -0.78	 2.0E-02	
Triobp	 TRIO	and	F-actin	binding	protein		 -0.78	 3.0E-04	
Tpi1	 triosephosphate	isomerase	1		 -0.77	 7.5E-04	
Mustn1	 musculoskeletal,	embryonic	nuclear	protein	1		 -0.77	 9.3E-04	
C1qtnf6	 C1q	and	tumor	necrosis	factor	related	protein	6		 -0.77	 8.0E-03	
Kdm6b	 KDM1	lysine	(K)-specific	demethylase	6B		 -0.77	 1.5E-02	

Cacng7	
calcium	channel,	voltage-dependent,	gamma	
subunit	7		 -0.76	 5.3E-05	

Gipc1	 GIPC	PDZ	domain	containing	family,	member	1		 -0.76	 4.4E-02	
Ptprf	 protein	tyrosine	phosphatase,	receptor	type,	F		 -0.76	 3.4E-03	
Snai1	 snail	family	zinc	finger	1		 -0.76	 4.6E-02	

Atp5d	
ATP	synthase,	H+	transporting,	mitochondrial	F1	
complex,	delta	subunit		 -0.76	 6.9E-03	

Syne3	
spectrin	repeat	containing,	nuclear	envelope	
family	member	3		 -0.75	 3.8E-02	

Des	 desmin		 -0.75	 1.6E-02	
Selenom	 selenoprotein	M		 -0.75	 8.9E-03	
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Adgra2	 adhesion	G	protein-coupled	receptor	A2		 -0.75	 6.1E-04	
Rpsa	 ribosomal	protein	SA		 -0.74	 3.3E-03	
Itga5	 integrin	alpha	5	(fibronectin	receptor	alpha)		 -0.74	 4.8E-04	

Adam19	
a	disintegrin	and	metallopeptidase	domain	19	
(meltrin	beta)		 -0.74	 1.3E-03	

Slc2a1	
solute	carrier	family	2	(facilitated	glucose	
transporter),	member	1		 -0.73	 4.5E-03	

Rps5	 ribosomal	protein	S5		 -0.73	 6.2E-04	
Angptl2	 angiopoietin-like	2		 -0.72	 8.7E-03	
Rpl37	 ribosomal	protein	L37		 -0.72	 1.9E-03	
Rpl29	 ribosomal	protein	L29		 -0.72	 1.7E-03	
Gys1	 glycogen	synthase	1,	muscle		 -0.72	 1.7E-03	

Sema6d	
sema	domain,	transmembrane	domain	(TM),	
and	cytoplasmic	domain,	(semaphorin)	6D		 -0.72	 1.4E-02	

B4galt5	
UDP-Gal:betaGlcNAc	beta	1,4-
galactosyltransferase,	polypeptide	5		 -0.72	 5.9E-04	

Oaf	 out	at	first	homolog		 -0.71	 1.3E-04	
Pgam1	 phosphoglycerate	mutase	1		 -0.71	 3.3E-03	
Pofut2	 protein	O-fucosyltransferase	2		 -0.71	 8.2E-03	
Gpx1	 glutathione	peroxidase	1		 -0.71	 1.7E-02	
Calcrl	 calcitonin	receptor-like		 -0.71	 1.7E-02	

Fau	
Finkel-Biskis-Reilly	murine	sarcoma	virus	(FBR-
MuSV)	ubiquitously	expressed	(fox	derived)		 -0.70	 1.4E-03	

Ldha	 lactate	dehydrogenase	A		 -0.70	 3.0E-03	

Slc6a17	
solute	carrier	family	6	(neurotransmitter	
transporter),	member	17		 -0.70	 3.9E-02	

Eno3	 enolase	3,	beta	muscle		 -0.70	 2.4E-02	
Ttyh2	 tweety	family	member	2		 -0.70	 3.0E-02	
Rps8	 ribosomal	protein	S8		 -0.69	 4.9E-03	
Efnb1	 ephrin	B1		 -0.69	 3.9E-02	
Vegfa	 vascular	endothelial	growth	factor	A		 -0.69	 2.8E-03	
Nab2	 Ngfi-A	binding	protein	2		 -0.69	 1.1E-02	
Adamtsl4	 ADAMTS-like	4		 -0.69	 1.7E-02	
Phgdh	 3-phosphoglycerate	dehydrogenase		 -0.68	 1.3E-02	
Rps12	 ribosomal	protein	S12		 -0.68	 1.5E-02	
Tmem119	 transmembrane	protein	119		 -0.68	 1.1E-02	

P4ha2	

procollagen-proline,	2-oxoglutarate	4-
dioxygenase	(proline	4-hydroxylase),	alpha	II	
polypeptide		 -0.68	 3.8E-03	

Pdk1	 pyruvate	dehydrogenase	kinase,	isoenzyme	1		 -0.68	 3.0E-02	

Nfatc4	
nuclear	factor	of	activated	T	cells,	cytoplasmic,	
calcineurin	dependent	4		 -0.68	 4.5E-02	

Etfb	
electron	transferring	flavoprotein,	beta	
polypeptide		 -0.67	 1.6E-02	

Rhoc	 ras	homolog	family	member	C		 -0.67	 1.3E-03	
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Rpl28	 ribosomal	protein	L28		 -0.67	 5.0E-03	
Eef2	 eukaryotic	translation	elongation	factor	2		 -0.66	 1.8E-02	
Atp8b1	 ATPase,	class	I,	type	8B,	member	1		 -0.66	 9.9E-03	

Lrp5	
low	density	lipoprotein	receptor-related	protein	
5		 -0.66	 9.5E-03	

Bnip3	 BCL2/adenovirus	E1B	interacting	protein	3		 -0.66	 2.3E-02	
Nenf	 neuron	derived	neurotrophic	factor		 -0.65	 9.4E-03	

Prkar1b	
protein	kinase,	cAMP	dependent	regulatory,	
type	I	beta		 -0.65	 3.5E-02	

Klf9	 Kruppel-like	factor	9		 -0.65	 3.0E-03	
Por	 P450	(cytochrome)	oxidoreductase		 -0.65	 2.0E-02	
Rps14	 ribosomal	protein	S14		 -0.65	 4.7E-03	
Atoh8	 atonal	bHLH	transcription	factor	8		 -0.65	 5.1E-03	
Limk1	 LIM-domain	containing,	protein	kinase		 -0.64	 1.8E-02	
Map1a	 microtubule-associated	protein	1	A		 -0.64	 1.1E-02	
Mrpl54	 mitochondrial	ribosomal	protein	L54		 -0.64	 2.9E-02	
Bak1	 BCL2-antagonist/killer	1		 -0.63	 1.4E-02	
Rpl35	 ribosomal	protein	L35		 -0.63	 7.4E-03	

Helz2	
helicase	with	zinc	finger	2,	transcriptional	
coactivator		 -0.63	 1.8E-02	

Slc38a1	 solute	carrier	family	38,	member	1		 -0.63	 2.0E-02	

Trrap	
transformation/transcription	domain-associated	
protein		 -0.63	 4.5E-03	

Trim47	 tripartite	motif-containing	47		 -0.63	 4.9E-02	
Lgals1	 lectin,	galactose	binding,	soluble	1		 -0.63	 1.6E-02	
Bsg	 basigin		 -0.63	 2.6E-02	
Kremen1	 kringle	containing	transmembrane	protein	1		 -0.62	 4.8E-03	
Loxl4	 lysyl	oxidase-like	4		 -0.62	 6.9E-03	
Sdc3	 syndecan	3		 -0.62	 9.9E-03	
Pkm	 pyruvate	kinase,	muscle		 -0.61	 3.5E-02	
Sbf1	 SET	binding	factor	1		 -0.60	 1.3E-02	

Eif4ebp1	
eukaryotic	translation	initiation	factor	4E	binding	
protein	1		 -0.60	 4.4E-03	

Rps10	 ribosomal	protein	S10		 -0.60	 1.1E-02	
Stk40	 serine/threonine	kinase	40		 -0.59	 4.3E-02	
Rpl37a	 ribosomal	protein	L37a		 -0.59	 1.3E-02	
Rpl13a	 ribosomal	protein	L13A		 -0.59	 2.3E-02	
Dst	 dystonin		 -0.58	 3.0E-02	

Nacc1	
nucleus	accumbens	associated	1,	BEN	and	BTB	
(POZ)	domain	containing		 -0.58	 2.0E-02	

Aak1	 AP2	associated	kinase	1		 -0.58	 4.1E-02	
Rpl18a	 ribosomal	protein	L18A		 -0.57	 2.0E-02	
Rpl8	 ribosomal	protein	L8		 -0.57	 2.0E-02	
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Adam15	
a	disintegrin	and	metallopeptidase	domain	15	
(metargidin)		 -0.57	 4.7E-02	

Cbl	 Casitas	B-lineage	lymphoma		 -0.57	 1.3E-02	

Plod1	
procollagen-lysine,	2-oxoglutarate	5-
dioxygenase	1		 -0.57	 3.9E-03	

Rps21	 ribosomal	protein	S21		 -0.57	 3.7E-02	
Rps18	 ribosomal	protein	S18		 -0.56	 3.5E-02	
Eno1	 enolase	1,	alpha	non-neuron		 -0.56	 4.4E-02	

Hivep3	
human	immunodeficiency	virus	type	I	enhancer	
binding	protein	3		 -0.55	 4.3E-02	

Sdc4	 syndecan	4		 -0.55	 1.5E-02	
Tmem120a	 transmembrane	protein	120A		 -0.55	 4.1E-02	

Ubr4	
ubiquitin	protein	ligase	E3	component	n-
recognin	4		 -0.55	 2.3E-02	

Nrn1	 neuritin	1		 -0.54	 2.3E-02	
Plpp3	 phospholipid	phosphatase	3		 -0.54	 4.2E-02	

B4galt2	
UDP-Gal:betaGlcNAc	beta	1,4-	
galactosyltransferase,	polypeptide	2		 -0.54	 4.9E-02	

Rpl19	 ribosomal	protein	L19		 -0.53	 3.0E-02	
Akt1	 thymoma	viral	proto-oncogene	1		 -0.53	 4.4E-02	

Galnt10	

UDP-N-acetyl-alpha-D-
galactosamine:polypeptide	N-
acetylgalactosaminyltransferase	10		 -0.53	 2.3E-02	

Stard9	 START	domain	containing	9		 -0.53	 4.6E-02	
Hmga2	 high	mobility	group	AT-hook	2		 -0.53	 3.2E-02	
Rpl34	 ribosomal	protein	L34		 -0.52	 3.9E-02	

Xpnpep1	
X-prolyl	aminopeptidase	(aminopeptidase	P)	1,	
soluble		 -0.52	 1.9E-02	

Slc25a39	 solute	carrier	family	25,	member	39		 -0.50	 3.9E-02	
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