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Abstract	
Parkinson's	disease	(PD)	is	the	most	frequent	neurodegenerative	disorder	after	

Alzheimer's	disease,	affecting	about	4%	of	individuals	over	80	years	of	age.	

Although	it	is	known	that	advanced	age	represents	one	of	the	main	risk	factors	

for	the	development	of	PD,	the	relationship	between	the	molecular	alterations	

that	accompany	physiological	ageing	and	the	alterations	that	characterize	this	

disease	is	still	poorly	understood.	In	recent	years,	cellular	reprogramming	has	

been	used	to	produce	models	of	several	pathologies	that	affect	cellular	types	that	

are	not	easily	accessible	otherwise.	Induced	pluripotent	stem	cells	(IPSCs)-

derived	neurons	represent	a	versatile	model	for	the	study	of	PD	pathogenesis	

since	they	can	be	representative	of	neuronal	deterioration,	but	appropriate	

experimental	models	are	needed	to	recapitulate	the	age-related	characteristics	

of	the	disease.	

Our	work	proposes	to	explore	the	relationship	between	cellular	ageing	and	PD	

using	dopaminergic	neurons	(DaNs)	obtained	from	iPSC	derived	from	dermal	

fibroblasts	of	PD	patients	(representative	of	accelerated	ageing	trajectory)	or	

centenarians	(representative	of	decelerated	ageing	trajectory).	Our	results	

indicated	that	iPSC-derived	DaNs	do	not	present	typical	disease-associated	

features	until	cells	are	aged	in	vitro	through	extensive	culturing.	Interestingly,	

centenarians-derived	neurons	upon	in	vitro	ageing	showed	a	rapid	deterioration	

towards	a	senescent-like	state,	similarly	to	PD-derived	ones.	
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Parkinson	Disease	
Parkinson’s	Disease	(PD)	is	a	neurodegenerative	disorder	caused	by	the	selective	

loss	 of	 dopaminergic	 neurons	 (DaNs)	 of	 the	 substantia	 nigra	 pars	 compacta.	

Degeneration	 of	 nigral	 DaNs	 results	 in	 dopamine	 deficiency	 within	 the	 basal	

ganglia	 and	 ultimately	 leads	 to	 a	 series	 of	 neuromotor	 symptoms	 including	

bradykinesia,	tremor,	muscular	rigidity	and	postural	impairment	[1,2].		

Similarly	 to	 other	 neurodegenerative	 disorders,	 PD	 comprises	 a	 premotor	 (or	

prodromal)	phase	that	precedes	the	comparison	of	motor	symptoms.	Premotor	

phase	is	characterised	by	impaired	olfaction,	rapid	eye	sleep	behaviour	disorder,	

constipation	 and	 depression[3].	 Progression	 of	 PD	 features	 a	 progressive	

worsening	 of	 the	 motor	 manifestations.	 Latest	 stages	 of	 the	 disease	 are	 also	

characterized	 by	 the	 presence	 of	 cognitive	 deficits	 and	 other	 long-term	

complications	 including	dementia,	motor	fluctuations,	dyskinesia	and	psychosis	

[4].		

PD	 is	 the	 second	most	 common	 neurodegenerative	 disorder	 after	 Alzheimer’s	

disease	[5].	It	is	estimated	that	seven	to	ten	million	people	worldwide	are	affected	

by	 this	 disease	 [6,7].		

PD	aetiology	is	yet	not	fully	understood.	To	date,	two	aetiologically	distinct	classes	

have	been	identified:	familial	PD	and	idiopathic	PD.	Familial	PD	refers	to	forms	of	

PD	 that	 are	 associated	 to	 autosomic,	 Mendelian	 traits.	 Six	 genes	 have	 been	

associated	to	familial	forms	of	PD:	SNCA,	PARK2,	PARK7,	PINK1,	LRRK2,	GBA	and	

VPS35	[8].	Familial	 forms	of	PD	generally	present	early	age	of	onset	(below	50	

years-of-age)	and	an	average	duration	of	10	years	[9].	It	is	estimated	that	only	a	

10-15%	of	all	PD	cases	worldwide	are	attributable	 to	Mendelian	traits	[10].	All	

other	 cases	 of	 PD	 are	 associated	 	 to	 a	 combination	 of	 low-penetrance	 genetic	

variants,	environmental	and	 lifestyle	 factors	[11].	Sporadic	 forms	of	PD	share	a	

much	later	age-of-onset	(>60	years-of-age)	compared	to	familial	forms	and	also	a	

shorter	duration	(4-5	years)	[9].	

	

The	main	hallmark	of	PD	 is	 the	accumulation	of	 intra-cytoplasmatic	aggregates	

comprised	 of	 abnormally	 folded	 α-synuclein	 (αsyn)	 proteins	 in	 the	 DaNs	

composing	substantia	nigra	of	PD	patients	[12][13].	The	pathophysiology	of	the	
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disease	hasn’t	been	fully	uncovered.	Existing	evidence	suggest	that	pathological	

accumulation	of	misfolded	α-synuclein	aggregates	is	ascribed	to	an	impairment	in	

proteostasis,	 leading	 to	 protein	misfolding	 and	 aggregation[14],	protein	 export	

[15]	 and	 in	 protein	 disposal	 [16].	 Other	 factors	 largely	 involved	 in	 PD	 physio-

pathogenesis	 are	 associated	 to	 mitochondrial	 dysfunction	 including	 limited	

mitochondrial	 biogenesis,	 defective	 mitophagy,	 electron	 transport	 deficit	 and	

calcium	 imbalance	 [17].	 Mitochondria	 functionality	 is	 associated	 to	 the	 α-

synuclein	 state.	 In	 PD,	 the	 misfolded	 forms	 of	 α-synuclein	 do	 not	 bind	 the	

mitochondrial	 membrane	 leading	 to	 mitochondrial	 Ca2+	 imbalance	 [18],	

mitochondria	fragmentation	and	limited	ATP	output	[19].	

Neuroinflammation	 is	another	characteristic	 feature	of	PD.	Lewy	bodies	elicit	a	

strong	inflammatory	potential	that	induces	astrocyte	and	microglia,	brain	resident	

immunitary	 effectors,	 inflammatory	 response	 [20–22].	 Astrocyte	 and	microglia	

activation	 results	 in	 release	 of	 proinflammatory	 cytokines	 as	 well	 as	 reactive	

oxygen	 and	 nitrogen	 species	 which	 ultimately	 lead	 to	 the	 establishment	 of	 a	

chronic,	neuro-inflamed	environment	that	is	harmful	for	neurons	[23–26].	

	

Association	between	Parkinson’s	Disease	and	Ageing	within	the	
Geroscience	perspective	
Age	is	the	major	risk	factor	for	the	onset	of	PD.	PD	incidence	increases	from	0,5-

1%	at	the	average	age	of	onset	(65yeasr-of-age)	to	1%	between	60	and	70	years	

of	age	and	reaches	its	peak	of	4%	incidence	in	the	population	older	than	80	years	

old	[27–29].	

Despite	 this	 striking	 evidence,	 the	 relationship	 between	 ageing	 and	 PD	

pathogenesis	has	been	poorly	investigated	at	both	brain	and	systemic	levels.	

Recently,	 a	 new	 conceptual	 framework,	 namely	 Geroscience	 [30],	 has	 been	

proposed	to	emphasize	the	intimate	connection	between	physiological	ageing	and	

age-related	diseases,	including	neurodegenerative	disorders	like	PD	[31].		

Ageing	is	the	result	of	the	combination	of	genetic,	environmental	and	stochastic	

processes	 that	 contribute,	 to	 various	 extent,	 to	 the	 progressive	 physiological	

deterioration	 of	 the	 body	 [32].	 Geroscience	 identified	 seven	 intertwined	

processes,	 named	 “pillars	 of	 ageing”,	 at	 the	 basis	 of	 ageing:	 epigenetics,	

macromolecular	 damage,	 metabolism	 stem	 cells	 and	 tissue	 regeneration,	
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proteostasis	adaptation	to	stress	and	inflammation	[33].	These	pillars	define	the	

trajectory	and	the	quality	of	physiological	ageing.	Indeed,	ageing	does	not	proceed	

with	the	same	pace	in	all	individuals	[34,35]	and	while	some	undergo	a	successful,	

healthy	 ageing,	 others	 encounter	 age-related	 diseases.	 Therefore,	 in	 the	

Geroscience	framework,	age-related	disorders	can	be	ascribed	to	an	acceleration	

of	 the	 deterioration	 that	 normally	 affects	 the	 organs	 during	 ageing	 [31],	while	

healthy	ageing	is	considered	as	a	slowdown	of	these	processes.	[36]	(Fig.	1).		

	

	
Figure	1	 Geroscience	perspective	of	 ageing	kinetics.	Ageing	does	not	proceed	 at	 the	
same	speed	in	all	individuals.	Individuals	with	a	faster	ageing	speed	are	at	higher	risk	to	develop	
age-related	disorders,	such	as	PD,	at	earlier	chronological	age.	On	the	other	hand,	individuals	with	
slower	ageing	speed	are	able	to	postpone	to	extremely	advanced	age	or	do	not	develop	any	age-
related	condition	before	death.	

	

	In	PD,	several	evidence	 that	support	 the	connotation	of	PD	pathogenesis	as	an	

acceleration	 of	 the	molecular	 processes	 associated	 to	 age	 related	physiological	

decline	have	been	found	at	different	complexity	levels.		

In	human,	 it	was	highlighted	 that	healthy	old	subjects	presented	signs	of	a	PD-

associated	neurodegeneration	(Fig.	2).	 In	particular,	a	study	performed	in	post-

mortem	brain	tissues	from	744	elderly	subjects	that	were	never	diagnosed	with	

PD	 showed	either	 substantia	nigra	neuronal	 loss	or	Lewy	bodies	 formation,	 or	
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both	 at	 the	 same	 time	 [37].	 More	 recently,	 an	 asymptomatic	 accumulation	 of	

markers	 associated	 to	 dopaminergic	 neuron	 loss	 as	 well	 as	 increased	

neuroinflammation	in	the	substantia	nigra	was	reproduced	in	an	animal	model	of	

elderly	non-human	primates.	[38].	
	

	
Figure	 2	 Brain	 deterioration	 continuum	 in	 PD	 and	 physiological	 ageing:	 molecular	
perspective.	 There’s	 an	 overlapping	 of	 molecular	 processes	 associated	 to	 age-related	 brain	
deterioration	that	justifies	accumulation	of	PD-relevant	pathogenic	markers	(neuronal	cell	death	
in	 substantia	nigra	 locus	 coeruleus	 and	α-synuclein	deposition)	 in	 the	brain	of	 healthy	 elderly	
subjects.	

	

Neuroinflammation	 in	 the	 brain	 of	 old	 subjects	 overlaps	 with	 PD-related	

neuroinflammation	 [39].	 Old	 individuals	 are	 characterised	 by	 progressive	

increase	in	chronic	inflammatory	tone	in	the	brain	(neuro-inflammageing)	[40]	as	

well	as	in	the	whole	body	(inflammageing)	[41].	Neuroinflammation	increases	in	

the	 old	 subjects	 due	 to	 a	 lowering	 of	microglia	 [42,43]	 and	 astrocytes	 [44,45]	

activation	thresholds	(Fig.	3).	In	PD	brain,	microglia	and	astrocytes	are	constantly	

exposed	to	aggregates	of	misfolded	proteins	[20,23,26].	In	addition,	accumulation	

of	senescent	glial	cells	in	the	brain	of	PD	patients	and	elderly	subjects	may	further	

contribute	 to	 the	 creation	 of	 an	 inflammatory	 milieu	 which	 is	 detrimental	 to	

dopaminergic	neuronal	cell	survival	[46].		
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Figure	3	Brain	deterioration	 continuum	 in	PD	and	healthy	ageing:	neuroinflammageing.	
Neuroinflammation	is	one	of	the	most,	if	not	the	most,	important	factors	in	midbrain	neuronal	cell	
death	 in	 PD	 and	 ageing.	 Inflammatory	 processes	 underlining	 age-related	 and	 PD-related	
inflammatory	tone	increase	overlaps	and	boos.t	establishment	of	oxidative	stressful	environment	
promoting	neuronal	cell	death	
	

Additional	evidence	supporting	association	between	PD	and	ageing	came	from	the	

studies	of	biomarkers	of	age.	

[47].	These	biomarkers	quantify	biological	age,	that	is	a	model	that	predicts	the	

wearing	of	biological	functions	in	relation	to	the	passing	of	time	[48].	Biological	
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age	 provides	 information	 on	 age	 pace	 acceleration	 or	 deceleration.	 There	 are	

several	discrete	biomarkers	that	are	included	in	the	assessment	of	biological	age	

including,	to	cite	few,	telomere	length	[49],	accumulation	of	DNA	damage	[50]	and	

DNA	methylation	 [51].	 DNA	methylation-based	 epigenetic	 clocks	 are	 the	most	

studied	biomarkers	of	age	[52].	DNA	methylation-based	clock	have	already	been	

applied	to	detect	biological	ageing	dynamics	highlighting	ageing	acceleration	 in	

several	health	threatening	conditions	disorders	[53–56]	and	age	deceleration	in	

cohorts	 of	 long-living	 subjects	 and	 their	 offspring	 [57].	 Strikingly,	 in	 PD,	 DNA	

methylation-based	clocks	measured	older	epigenetic	age	compared	to	healthy	age	

matched	controls	[58].	

	

Models	for	the	study	of	the	association	between	PD	
pathogenesis	and	age-related	decay	

	
Animal	Models	
Animal	models	have	been	largely	used	in	studies	on	neurodegenerative	disorders,	

including	PD.	Animal	models	reproduced	physiological	and	molecular	phenotypes	

relevant	 to	 the	 disease:	 Lewy	 body	 formation;	 nigrostriatal	 degeneration	 and	

motor	 dysfunction[59].	 In	 general,	 experiments	 on	 animal	 models	 focused	 on	

reproducing	PD	symptoms	either	by	expressing	high-penetrance,	monogenic,	PD-

related	mutations	[60]	either	by	reflecting	PD-associated	localized	oxidative	brain	

damage	 through	 the	 use	 of	 neurotoxins	 [61,62].	 Animal	models	 have	 provided	

valuable	 insights	 in	 the	understanding	of	PD	pathophysiology	although	most	of	

experimental	design	neglected	the	impact	of	ageing	until	recently	[38].	

Rodents	have	been	largely	used	in	the	study	of	PD	pathogenesis.	They	can	be	easily	

maintained	and	bred	 in	order	to	harbour	disease-relevant	mutations.	However,	

rodents	have	a	rather	short	 lifespan	that	makes	them	not	suitable	to	model	the	

progression	 of	 ageing	 and	 late-onset	 disorders.		

From	this	point	of	view,	non-human	primates	(NHP)	would	be	preferable	due	to	

their	 longer	 lifespan	 [63].	 Indeed	NHP	 have	 been	 employed	 as	models	 for	 the	

study	of	 nigrostriatal	 neurodegeneration	 following	neurotoxin	damage	 [64,65].	
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However,	compared	to	rodents,	NHP	research	faces	much	higher	care-taking	costs	

and	longer	experimentation	time.	

	

Cellular	Models:	from	immortalized	tumour	cell	lines	to	induced	
pluripotent	stem	cells.	
Dopamine	 producing	 cell	 lines	 have	 been	 extensively	 used	 in	 PD	 research.	

Compared	to	animals,	cell	lines	lack	the	ability	to	model	brain	complexity,	but	they	

efficiently	provide	 insights	on	the	specific	molecular	signatures	 involved	in	PD-

associated	 neuronal	 cell	 death.	 Classical	 cellular	models	 of	 PD	 include	 	 human	

immortalized	dopamine-producing	 cell	 lines,	 like	neuroblastoma	 cell	 lines,	 and	

primary	murine	neurons	have	been	used	to	study	the	mechanism	of	dopamine	loss	

and	 neurotoxicity	 under	 exogenous	 inflammatory	 stimulation	 [66]	 .	 However,	

unlike	primary	cells,	 immortalized	cell	 lines	cannot	fully	reproduce	PD-relevant	

features,	 including	 α-synuclein	 deposition	 or	 lysosomal	 deficits;	 they	 cannot	

harbour	any	PD-relevant	monogenic	traits	and,	being	immortalized,	are	not	the	

ideal	model	to	recapitulate	the	effects	of	age-related	deterioration	[67]	.		

An	alternative	approach	to	cellular	PD	modelling	consists	 in	the	use	of	primary	

neurons	prepared	from	embryonic	or	early	pot-natal	midbrain,	usually	from	mice	

or	rats.	Primary	midbrain	neurons	are	an	overall	better	suited	model	for	the	study	

of	 age-related	deterioration	of	nervous	 tissue.	However,	 they’re	 applicability	 is	

hindered	by	drawbacks	including:	population	heterogeneity	(it	is	estimated	only	

5-10%	 of	 cells	 are	 actual	 Tyrosine	 Hydroxylase	 (TH)-positive	 DaNs)	 and,	 of	

course,	species-specificity	[67].		

The	 use	 of	 primary	 dopaminergic	 neuron	 cultures	 from	 human	 embryos	 is	

strongly	 limited	 by	 ethical	 constraints	 and	 post-mortem	 dopaminergic	 neuron	

dissection	has	not	been	largely	adopted	yet	since	ability	to	sort	neuronal	subtypes	

is	low	[68].	

The	 production	 of	 induced	 pluripotent	 stem	 cells	 (iPSCs)	 first	 in	 2006	 by	

Yamanaka	 and	 colleague	 revolutionised	 the	 field	 of	 translational	medicine	 and	

disease	modelling	[69].	 iPSCs	are	characterized	as	genetically	stable,	renewable	

stem	cells	which	are	able	to	replicate	indefinitely	and	differentiate	into	all	body	

tissues.	iPSCs	configure	as	a	virtually	unlimited	source	of	human,	hard-to-gather	

tissues	with	 the	same	genetic	background	of	 the	subject	 from	which	 they	were	
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generated.	 In	 synthesis,	 iPSCs	 solved	 the	 three	 issues	 that	 limited	

neurodegenerative	 disease	 modelling	 research:	 species-specificity;	 tissue	

availability	and	in	vitro	reproducibility	of	disease-relevant	genetic	profiles	[70]	.		

Approaches	 aiming	 to	 the	 differentiation	 of	 pluripotent	 stem	 cells	 into	 PD-

relevant	cell	types,	that	is	midbrain	DaNs,	have	progressively	evolved	towards	a	

rigorous	 recapitulation	 of	 the	 stimuli	 necessary	 for	 midbrain	 dopaminergic	

neuron	 development	 [71].	 Briefly,	 latest	 approaches	 relied	 on	 early	 neuronal	

patterning	 through	 dual-SMAD	 inhibition	 followed	 by	 dopaminergic	 fate	

specification	with	WNT/β-catenin	(GSK3b	inhibitor)	implementation[72,73].	iPSC	

cultures	 undergoing	 differentiation	 under	 this	 rationale	were	 demonstrated	 to	

differentiate	into	neurons-like	cells	that	are	positive	for	the	standard	molecular	

and	physiologic	nervous	development	biomarkers:	expression	of	FOXA2/LMX1A	

as	well	as	Tyrosine	Hydroxylase	[72];	emission	of	spontaneous	and	elicited	action	

potentials;	formation	of	synapses	and	ability	to	synthesize	and	release	dopamine.	

More	recent	characterisation	confirmed	that	these	cells	could	also	be	transplanted	

into	drug-induced	damaged	brains	of	animal	models	and	achieve	partial	recovery	

of	motor	behaviour[74–76].		

Nevertheless,	there	is	a	growing	body	of	evidence	that	suggest	that	the	use	of	iPSC-

based	 models	 harbouring	 PD-associated	 monogenic	 traits	 is	 not	 sufficient	 to	

reproduce	 PD	 degeneration	 to	 its	 fullest.	 	 For	 instance,	 iPSC-derived	 DaNs	

harbouring	 LRRK2	 mutations	 did	 not	 show	 α-synuclein	 accumulation	 and	

presented	 only	 marginal	 increase	 in	 higher	 ROS	 sensitivity	 [77,78].	 Similarly,	

PINK1-iPSC-derived	 neurons	 did	 not	 show	 accumulation	 of	 α-synuclein	 nor	

increased	degeneration	upon	oxidative	stimulation	[79].	This	evidence	indicates	

that	iPSC-derived	DaNs	are	not	necessary	representative	of	the	pathophysiology	

of	PD.	In	particular,	since	PD	develops	over	a	long	time-span,	age	is	another	feature	

that	iPSC-derived	neurons	should	reproduce.	

	

	

iPSC	models	in	the	study	of	age-related	clinical	conditions:	the	issue	
with	cellular	age		
Since	the	 introduction	of	 iPSCs	and	reprogramming	techniques,	 it	became	clear	

that	reprogramming	and	ageing	programs	are	inversely	correlated	[80]	but	not	
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mutually	exclusive[81].	Indeed,	during	reprogramming,	adult	cells	are	subject	to	

an	 extensive	 epigenetic	 and	 physiological	 remodelling.	 Reprogramming	

remodelling	extends	to	several	of	the	biological	markers	associated	with	cellular	

ageing	 including	 not	 only	 telomere	 length	 and	 DNA	 methylation	 but	 also	

transcription	 profiles	 and	 mitochondria	 functionality.	 IPSCs	 generated	 from	

mature,	adult	or	old	tissues	were	shown	to	express	TERT	and	displayed	 longer	

telomeres	than	their	cell-of-origin[82,83].	DNA	methylation	profile	was	found	to	

undergo	profound	changes	during	reprogramming	and	revert	to	an	embryonic-

like	 state	 [84–86].	 Similarly,	 DNA	methylation	 age	 of	 reprogrammed	 cells	was	

found	 to	 revert	 to	 zero	 years-of-age	 [87].	 In	 addition,	 other	 several	 cellular	

features	 that	 are	 affected	 by	 age-related	 deterioration	 such	 as	 expression	 of	

senescence-associated	markers	 [88],	 accumulation	 of	 inhibitory	 histone	marks	

[89]	as	well	as	reduced	mitochondrial	metabolism	and	ATP	output	[90]	are	either	

erased	or	restored	to	an	embryonic-like	state	upon	reprogramming	into	iPSCs.		

The	 fact	 that	reprogramming-associated	rejuvenation	effectively	erases	cellular	

age	casts	some	doubts	on	the	appropriateness	of	such	model	for	the	of	age-related	

degenerative	disorders	[91].	Existing	evidence	suggest	that	upon	differentiation	

iPSC-derived	 mature	 tissue	 lose	 their	 replicative	 potential	 and	 re-acquire	

expression	 of	 senescence-associated	 genes	 [83].	 However,	 different	 cellular	

ageing	 kinetics	 have	 been	 highlighted.	 Some	 evidenced	 that	 iPSC-derived	

fibroblasts	 maintained	 a	 high	 replicative	 potential	 as	 well	 as	 a	 “young”	

transcriptomic	 [83]	 and	 epigenetic	 profile	 [87]	 upon	 differentiation	 and	

successive	 maintenance.	 Others,	 on	 the	 other	 hand,	 observed	 in	 iPSC-derived	

hemoangioblasts	 acquisition	 of	 an	 early	 senescent	 physiology:	 low	 replicative	

potential	as	well	as	enrichment	of	b-gal	positive	cells	[92].	It	is	not	clear	whether	

this	 difference	 in	 ageing	 features	 recapitulation	 speed	 is	 associated	 to	 the	

experimental	 conditions	 adopted	 for	 differentiation	 and	 maintenance	 or	 it	

depends	on	donor’s	characteristics	(i.e.	tissue	and	age	of	origin).	

The	propagation	of	a	rejuvenated	phenotype	throughout	differentiation	limits	the	

recapitulation	of	cellular	ageing	 features	 for	the	reproducible	modelling	of	age-

related	 disorders[91].	 On	 the	 other	 hand,	 maintenance	 of	 cellular	 ageing	 and	

senescence	 features	 promotes	 the	 recapitulation	 of	 age-related	 disease	

pathogenesis	[93]	.	
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Over-time	recapitulation	of	PD	pathogenesis	in	iPSC-derived	models	
As	discussed	above,	evidence	that	dopaminergic	differentiation	alone	is	necessary	

but	 not	 sufficient	 for	 the	 generation	 of	 iPSC-based	 PD	models	 strengthens	 the	

assumption	that	ageing	has	a	pivotal	role	in	PD	pathogenesis	even	at	cellular	level.		

IPSC	differentiation	into	DaNs	alone	does	not	seem	to	fully	reproduce	the	donor’s	

age-related	epigenetic	signature.	Accordingly,	neurons	which	have	a	rejuvenated	

epigenomic	profile	[94]	similar	to	that	of	embryo-derived	relevant	tissue.	

Induction	of	 in	 vitro	 ageing	 is	 a	 key	 aspect	 for	PD	modelling	 since	 it	 allows	 to	

recapitulate	PD-associated	pathologic	features	in	iPSCs	derived	neurons	from	PD	

patients.	 Ageing	 can	 be	 reproduced	 in	 vitro	 through	 induction	 of	 culturing-

associated	stress.	In	vitro	ageing	can	be	induced	simply	maintaining	the	cells	for	

an	extensive	period	in	culture[95]	.	Culturing	of	PINK1	and	Parkin	iPSCs-derived	

DaNs	 for	 60	 days	 elicited	 higher	 sensitivity	 of	 stressors,	 altered	mitochondrial	

morphology	 and	 α-synuclein	 deposition	 otherwise	 absent	 after	 30	 days	

maturation	[96].		

Even	 larger	 PD-associated	 deterioration	 effects	 were	 elicited	 through	

manipulation	of	cell-senescence	associate	pathways.	 In	a	 first	case,	 researchers	

observed	 accumulation	 of	 α-synuclein,	 increased	 neuronal	 cell	 death	 and	

sensitivity	 to	 ROS	 in	 PINK1	 iPSC-derived	 DaNs	 that	 over-expressed	 Progerin.	

Progerin	 is	 a	 protein	 associated	 to	 a	 premature	 ageing	 syndrome	Hutchinson-

Gilford	Progeria	(HGPS).	The	pro-ageing	effects	of	Progerin	had	previously	been	

successfully	 replicated	 in	 an	 iPSC-derived	 skin	 model	 of	 HGPS	 [97].	 Progerin	

overexpression	 in	PINK1-iPSC-derived	DaNs	was	sufficient	 to	elicit	PD-relevant	

phenotypes	 that	were	otherwise	 absent.[98].	More	 recently,	 the	 same	group	of	

researchers,	obtained	similar	in-vitro	ageing	effect	on	PD-relevant,	iPSC-derived	

DaNs	with	shortened	telomeres	and	inhibited	telomerase	[99].		

All	in	all,	reprogramming-associated	cell	rejuvenation	has	a	dual	connotation	into	

modelling	of	an	age-related,	neurodegenerative	disorders	such	as	PD.	On	one	side	

it	 is	 detrimental	 to	 PD	pathogenesis	 since	 it	 reverts	 the	 cells	 to	 a	 disease-free,	

“young”	state	that	is	generally	maintained	throughout	differentiation;	on	the	other	

hand	it	stress	the	need	for	opportune	manipulation	of	iPSC-derived	neurons	or	the	
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use	 of	 appropriate	 experimental	models	 to	 promote	 the	 understanding	 of	 age-

dependent	PD-pathogenic	features.	

	

Use	of	centenarians	in	modelling	age-related	disorders	
As	previously	described,	in	vitro	modelling	of	age-related	disorders	through	iPSC-

derived	 tissues	has	 flourished	 thanks	 to	 the	possibility	 to	generate	genetically-

stable,	 disease	 and	 patient-specific	 mature	 tissues	 that	 would	 be	 otherwise	

impossible	to	obtain.	This	translated	into	the	generation	of	iPSC-based	models	of	

several	 age	 kinetics-affecting	 conditions,	 including	 several	 neurodegenerative	

diseases.		

If	 premature	 ageing	 or	 tissue	 ageing	 promoting	 disorders,	 including	 PD,	 were	

rather	largely	modelled	through	iPSC-based	models,	the	same	did	not	happen	for	

those	 conditions	 associated	 to	 a	 deceleration	 of	 age-related	 deterioration.	 The	

specific	model	for	this	condition	is	represented	by	centenarians	[36,100]	and	their	

offspring	 [57].	 Centenarians	 are	 defined	 by	 the	 ability	 to	 postpone	 health	

threatening,	 age-related,	 diseases.	 Primary	 cell	 cultures	 from	 centenarians	

provided	some	insights	regarding	the	molecular	features	that	characterize	their	

ability	to	limit	the	stress	response	associated	to	inflammation	and	the	its	wearing	

effect	[101]	.	Knowledge	of	the	physiology	of	age	deceleration	is	limited	and	hard	

to	 reproduce	 in	 vitro.	 In	 this	 framework,	 centenarian-derived	 iPSCs	 would	

integrate	perfectly	as	an	innovative	model	for	the	identification	of	novel	biological	

markers	with	protective	effects	against	age-related	physiologic	decline	and	age-

related	disorders	onset.	Unfortunately,	centenarian-derived	iPSCs	have	not	been	

largely	 studied	 due	 to	 the	 technical	 limitations	 that	 characterized	 their	

reprogramming	until	recently.	Indeed	cellular	ageing-associated	proteins	p21	and	

p16	strongly	inhibits	gene	expression	thus	effectively	reducing	the	effectiveness	

of	cellular	reprogramming	factors	Oct4,	Sox2,	cMyc	and	KLF4	[102].	Nevertheless	

a	 few	of	 different	 approaches	 have	 successfully	 generated	 iPSCs	 from	very	 old	

subjects	[83,103,104].		

Little	is	known	regarding	the	possibility	to	use	centenarian-derived	iPSC	to	model	

age-related	 conditions	 nor	 how	 cellular	 manipulation	 affects	 epigenetic	 and	

physiologic	 features	 of	 centenarian-iPSCs	 and	 their	 derivatives.	 To	 date,	
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centenarian-derived	iPSC	had	only	been	differentiated	into	fibroblasts	which	were	

shown	to	retain	rejuvenated	features	including	elevated	replicative	rate	and	late	

replicative	exhaustion[83]	.	

Given	 their	 potential	 as	models	 of	 healthy	 or	 slowed	 ageing,	 it	would	 been	 an	

invaluable	addition	to	existing	body	of	knowledge	whether	long-living	subjects-

derived	 iPSCs	 could	 be	 used	 in	 the	 field	 of	 Geroscience	 to	 model	 age-related	

decline	as	well	as	progression	of	age-related	pathologies.	
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Aim	of	the	project	
The	present	project	aims	at	defining	an	iPSC-based	cellular	model	to	study	the	age-

related	 pathophysiology	 of	 PD.	 We	 envisage	 to	 generate	 midbrain	 DaNs	 from	

familial	(fPD),	sporadic	PD	(sPD)	and	centenarians	and	compare	the	onset	of	PD-

relevant	 features	 over	 the	 course	 of	 in	 vitro	 cellular	 ageing.	 Our	 experimental	

design	comprises	four	sections:	1)	proof-of-concept	aimed	at	the	characterisation	

of	centenarian	iPSC-derived	tissues;	2)	reprogramming	and	validation	of	sPD	and	

fPD	iPSCs;	3)	differentiation	and	validation,	both	at	physiological	and	molecular	

level,	of	midbrain	DaNs	from	centenarian,	fPD	and	sPD	iPSCs	and	4)	assessment	of	

PD-relevant	features	upon	in	vitro	ageing.	PD	patients	and	centenarians	represent	

two	 extreme	 models	 of	 ageing	 trajectories,	 respectively	 unsuccessful	 and	

successful.	We	hypothesize	that	the	approach	of	extreme	models,	already	applied	

in	 genetic	 studies	 [105]	 ,	 can	 improve	 the	 characterization	 of	 the	 molecular	

settings	that	regulate	age-related	deterioration	kinetics.	
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Methods	
	

Samples	Collection	
Dermal	fibroblasts	from	healthy	centenarians,	sporadic	and	familial	PD	patients	

were	collected	following	patient’	written	consent.	Centenarian	dermal	fibroblasts	

were	 collected	 at	 University	 of	 Bologna	 (UNIBO);	 sPD	 dermal	 fibroblasts	were	

provided	by	the	University	of	Göttingen	(UMG-GOE)	and	the	fPD	were	provided	by	

the	University	College	(UCL)	(Table	1).	A	Standardized	protocol	 for	skin	biopsy	

collection	 was	 applied.	 Skin	 biopsies	 were	 collected	 from	 the	 sun-protected,	

anterior	side	of	the	forearm.	The	skin	and	fat	layer	were	dissected,	cut	into	8-10	

pieces,	 and	 placed	 in	 separate	 petri	 dishes	 in	 cell	 culture	 media	 including	

Dulbecco’s	 Modified	 Medium	 (DMEM)	 (Thermo-Fisher),	 Foetal	 Bovine	 Serum	

(FBS)	 (Thermo-Fisher),	 Non-Essential	 Aminoacids	 (NEAA)	 (Thermo-Fisher),	

Penicillin/Streptomycin	 (Pen/Strep)	 (Thermo-Fisher)	 and	 Amphotericin-B	

(Sigma).	 Culture	Medium-FBS	 content	was	progressively	 lowered	 from	50%	 to	

10%	in	order	to	allow	optimal	culture	adaptation	and	to	reduce	cultural	stress.	

Fibroblast	cells	growing	from	each	dissected	piece	were	then	passaged	in	culture,	

frozen	and	stored	for	further	analysis.	

Sample	ID	 Sex	 Health	

Status	

Health	

Status_Info	

Age	 of	

Onset	

Age	 of	

Biopsy	

PR42	 F	 HC	 Centenarian	 -	 102	

Kas02	 M	 sPD	 -	 44	 47	

IonG	226	 M	 fPD	 LRRK2G0219S	

-/-	

35	 65	

IonW	9	 F	 fPD	 PINK1	+/-	 NG	 NG	

Table	1	Collection	of	centenarian,	sporadic	and	familial	PD	fibroblasts.	HC:	Healthy	Control;	sPD:	

sporadic	Parkinson	Disease	patient;	fPD:	familial	Parkinson	Disease	patient	
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Reprogramming	of	centenarian	and	PD	fibroblasts	
Fibroblasts	deriving	 from	centenarian	 (PR42),	 sporadic	PD	(Kas02,	Kas06)	and	

familial	 PD	 (IoNG-226,	 IoNW-9)	 were	 reprogrammed	 to	 iPSCs	 according	 to	

Cytotune	iPSC	2.0	(Thermo	Fisher)	protocol,	with	minor	modifications.	Briefly,	two	

days	 before	 transduction,	 skin	 fibroblasts	 were	 plated	 onto	 a	 24	 well	 plate.	

Seeding	density	was	modified	according	to	each	fibroblast	line	doubling	time	in	

order	 to	 achieve	 the	 desired	 cell-to-viral	 particle	 ratio.	 Each	 reprogramming	

experiment	was	 performed	 in	 double.	 One	 day	 before	 transduction	 fibroblasts	

were	synchronized	using	serum-free	and	non-essential	aminoacid-free	medium.	

Synchronized	 fibroblasts	 were	 transduced	 with	 three	 Sendai-viral	 vectors	

harbouring	 an	 OKS	 (Oct4,	 Sox2,	 KLF4),	 a	 cMyc	 and	 a	 KLF4	 DNA	 plasmid	 at	 a	

Multiplicity	of	Infection	(MOI)	of	5,	5,	3	respectively.	In	order	to	further	enhance	

transduction	 efficiency,	 the	 volume	 of	 medium	 was	 reduced	 and	 cells	 were	

centrifuged	at	1500	rpm	for	15’.	After	transduction	cells	were	monitored	in	order	

to	evaluate	mesenchymal-to-epithelial	transition.	Seven	days	after	transduction,	

cells	 were	 re-plated	 onto	 high-density	 vitronectin	 coated	 petri	 dishes	

supplemented	with	Essential	8	(E8)	medium	(Thermo	Fisher)	(Fig.	4).		

	

	
	
Figure	 4	 iPSC	 reprogramming	 timeline.	 iPSC	 reprogramming	 performed	 via	 Cytotune	 2.0	 iPSC	

Reprogramming	 Kit.	 Minor	 modifications	 include	 transduction	 volume	 reduction	 and	 cell	 centrifugation	

immediately	after	adding	the	viral	solution.	

	

Emerging	iPSC-colonies	where	morphologically	selected	and	expanded	for	several	

replicative	 passages	 (8-10)	 before	 either	 being	 frozen	 for	 future	 use	 and	

characterised	for	pluripotency.	

	



	 20	

iPSCs	characterisation	
The	generation	of	bona-fide	iPSCs	from	fibroblasts	deriving	from	centenarian	and	

PD	 patients	 was	 evaluated	 through	 a	 series	 of	 standard	 characterisation	

procedures	 including	 extensive	 cultural	 stability	 and	 pluripotency	 markers	

expression.		

iPSCs	from	centenarians,	sPD	and	fPD	patients	were	continuously	expanded	and	

enriched	for	ideal	embryonic	stem	cell	colony-like	morphology.	Once	the	presence	

of	 low-quality,	 differentiated	 iPSC	 colonies	 was	 not	 observed	 anymore,	

pluripotency	molecular	marker	expression	was	assayed.		

Pluripotency-associated	 gene	 expression	 was	 evaluated	 through	 RT-qPCR	

analysis.	Briefly,	 total	RNA	was	 isolated	using	PureLink	RNA	Mini	Kit	 (Ambion,	

Thermo	 Fisher	 Scientific	 Scientific)	 according	 to	 the	 manufacturer’s	 protocol.	

High-Capacity	 cDNA	 Reverse	 Transcription	 Kit	 (Applied	 Biosystems,	 Thermo	

Fisher	Scientific)	was	used	to	generate	cDNA.	Expression	of	pluripotency-related	

genes	 OCT4	 (Hs00742896_s1),	 SOX2	 (Hs01053049_s1)	 and	 NANOG	

(Hs04260366_g1)	and	spontaneous	specification	genes	Nestin	(Hs04187831_g1),	

Brachiury	 (Hs00610080_m1)	 and	FOXA2	 (Hs05036278_s1)	were	 evaluated	 via	

qRT-PCR	 using	 TaqMan	 gene	 expression	 assays	 (TaqMan,	 Thermo	 Fisher	

Scientific).	 Relative	 gene	 expression	 values	 were	 then	 calculated	 according	 to	

ΔΔCt	method.	PGK	was	used	as	endogenous	control.	

Expression	 of	 pluripotency	markers	was	 subsequently	 confirmed	 through	 flow	

cytometry.	Briefly,	iPSCs	colonies	were	disaggregated	with	StemPro©	Accutase©	

and	 suspended	 as	 single	 cells.	 Cells	 were	 washed	 in	 phosphate	 buffer	 saline	

(Gibco)	 and	 stained	 for	 20	minutes	 at	 room	 temperature	 (RT)	with	 Live	Dead	

Violet	kit	(L34955;	Life	Technologies).	For	staining	of	surface	antigens,	cells	were	

fixed	with	 4%	Paraformaldehyde	 and	 incubated	with	 the	 following	 conjugated	

antibodies:	Alexa	647-conjugated	mouse	anti-TRA1-81	(560793),	PE-conjugated	

rat	 anti-SSEA3	 (BD,	 560237),	 PE-CF594-conjugated	 mouse	 anti-SSEA1	 (BD,	

562485),	BV605-conjugated	mouse	anti-TRA1-60	(BD,	563187)(all	from	Becton	

Dickinson).		

For	nuclear	staining,	cells	were	fixed	and	permeabilized	using	Fix/Perm	Buffer	Set	

(e-Biosciences,	Thermo	Fisher	Scientific	Scientific)	for	15’	at	RT.	Cells	were	then	

incubated	with	 PerCP-Cy5.5-conjugated	 anti-OCT3/4	 (BD,	 560794),	 Alexa	 647-
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conjugated	 anti-SOX2	 (BD,	 560302),	 PE-conjugated	 anti-NANOG	 (560483)	

(Becton	Dickinson).	Cells	were	analysed	using	an	LSR	Fortessa	Analyzer	(Becton	

Dickinson)	flow	cytometer.	Flow-cytometry	data	was	processed	using	FCS	Express	

4	 (De	 Novo	 Software).	 Antibody	 isotype	 controls	 were	 included	 to	 determine	

appropriate	fluorescence	intensity	gating	(Fig.	10).	

	

Differentiation	of	centenarian	iPSCs	into	fibroblasts	
iPSC	 colonies	 from	 centenarian	 (PR42)	 and	 neonatal	 (BJ)	 fibroblasts	 were	

disaggregated	using	Accutase	(Life	Technologies)	and	replated	on	rhVtn-coated	

plates.	Cells	were	kept	in	E8	for	24h	to	allow	attachment	and	then	medium	was	

changed	 to	 Fibroblast	 differentiation	 Medium	 (FdM)	 consisting	 of	 DMEM	 F12	

supplemented	 with	 20%	 KOSR	 (Gibco,	 Life	 Technologies);	 1%Pen/Strep;	 1%	

NEAA;	 1%	 ITS	 (Gibco,	 Life	 Technologies);	 10ng/ml	 bFGF	 (PeproTech)	 and	

10ng/ml	EGF	(PeproTech).	Cells	were	kept	in	differentiation	medium	for	7	days	

and	refreshed	every	other	day.	After	7	days,	cells	were	detached	with	TryplE	and	

then	 plated	 onto	 gelatin-coated	 flasks	 in	 DMEM	 GlutMAX	 supplemented	 with	

10%FBS;	 1%NEAA;	 1%	 Pen/Strep;	 10ng/ml	 bFGF;	 10ng/ml	 EGF	 (Maturation	

Medium).	Differentiated	cells	were	cultured	 for	4	weeks:	medium	was	changed	

every	other	day	and	cells	were	split	every	5-7	days.	At	the	end	of	the	maturation	

phase,	 cell	 lines	 that	were	 still	 growing	were	 further	 expanded	 onto	 uncoated	

culture	flasks	(Fig.	5).	

	

	

Figure	5	Fibroblast	differentiation	timeline	of	centenarian	and	neonatal-iPSCs.	

	

Characterization	of	centenarian-iPSC-derived	fibroblasts	
To	 confirm	 differentiation	 into	 fibroblast-like	 cells,	 all	 differentiated	 fibroblast	

lines	were	stained	with	a	 combination	of	1:150	mouse	anti-hVimentin	primary	

antibody	(Life	Technologies)	and	Alexa-594	anti-mouse	secondary	antibody	(Life	

Technologies).	 Parental	 BJ	 and	 PR42	 fibroblasts	 were	 included	 as	 positive	
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controls.	All	iPSC-derived	fibroblast-like	lines	along	with	centenarian	and	young	

parental	 fibroblasts	 were	 assayed	 for	 senescence-associated	 β-galactosidase	

activity	according	to	Senescence	Cell	Histochemical	Staining	Kit	(SIGMA-Aldrich).	

Cells	were	assayed	at	two	distinct	time	points:	at	early	replicative	passage	(at	the	

end	of	the	maturation	phase)	and	at	late	replicative	passage	(25-30	days	after),	

when	 possible.	 Each	 cell	 line	 was	 seeded	 at	 4x104	 cells/ml	 in	 triplicate	 and	

subsequently	 stained	with	β-gal	 staining	solution	overnight	at	37°C	 in	0%	CO2	

humidified	atmosphere.	After	β-gal	staining,	cell	nuclei	were	counter-stained	with	

eosin	 solution	 and	 counted.	 For	 each	 well,	 500	 cells	 were	 counted	 and	 β-gal	

positive-to-all	 ratio	 was	 calculated.	 Gene	 expression	 of	 CDNK1A	

(Hs00355782_m1),	CDNK2A	(Hs00923894_m1)	and	CDNK2B	(Hs00793225_m1)	

was	 finally	 measured	 on	 all	 available	 samples	 by	 qPCR	 using	 TaqMan	 Gene	

Expression	Assays.	Expression	data	was	analysed	using	DCt	method.	CLK2	was	

used	as	endogenous	control.	

	

Generation	of	midbrain	DaNs	from	bona-fide	centenarian,	sPD	and	
fPD	iPSCs.	
Centenarian,	 sPD	 and	 fPD-derived	 iPSCs	 were	 differentiated	 towards	

dopaminergic	neuronal	fate	according	to	PSC-to-Dopaminergic	Neuron	Protocol	

(Thermo	Fisher)	(Fig.	6).	This	differentiation	approach	is	based	on	a	multiphase	

protocol	that	proceeds	as	follows:	

	

1)	induction	of	pluripotent	stem	cells	into	Floor	Plate	Neuronal	Progenitors	

(FPPs)	

	 2)	expansion	of	FPPs		

3)	neuronal	rosettes	formation	

	 4)	maturation	into	DaNs	(DaN)	

	

Firstly,	 centenarian,	 sPD	 and	 fPD	 iPSC	 lines	 were	 induced	 into	 Floor	 Plate	

Progenitors	 (FPPs).	 Seeding	 density	 was	 optimized	 to	 18-20x104	 cells/ml	 and	

culturing	time	was	set	to	7	days	in	FloorPlate	Induction	Medium	(FPIM).	At	the	

end	of	 induction,	growing	FPPs	were	detached	via	Accutase	and	re-plated	onto	

Laminin-coated	 plates	 for	 clonal	 expansion	 in	 Floor	 Plate	 Expansion	 Medium	
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(FPEM).	 FPPs	 were	 expanded	 for	 1-3	 replicative	 passages	 before	 proceeding	

either	 with	 downstream	 manipulation	 or	 being	 frozen	 in	 liquid	 nitrogen	 for	

storage.		

Dopaminergic	 Maturation	 of	 FPPs	 was	 performed	 following	 two	 different	

approaches:	 a	 bidimensional	 approach	 (Fig.	 6)	 (as	 indicated	 in	 PSC-to-

dopaminergic	neuron	kit)	and	a	three-dimensional	one	(Fig.	7).	

	

	

	
Figure	 6	 2D	DaN	Differentiation	 Timeline.	 Dopaminergic	 differentiation	was	 performed	

according	to	hPSC	Dopaminergic	Differentiation	Kit.		

	

In	 the	 former	case,	FPPs	that	were	subjected	to	2D	maturation	 into	DaNs	were	

collected	after	1	(d11)	or	2	(d15)	replicative	passages.	Cells	at	different	replicative	

passage	underwent	terminal	maturation	in	parallel.	First,	spheroids	were	formed	

by	culturing	500x105	FPPs/ml	in	low-attachment	plates	with	FPEM.	After	7	days	

of	growth,	spheroids	were	disaggregated	into	single	cells	and	re-plated	at	5-7x104	

cells/ml	 onto	 PolyDLysine/Laminin-coated	 plates	 in	 Dopaminergic	 Maturation	

Medium	(DopaDiff).	Maturation	was	stopped	15	days	after	replating	of	the	floating	

spheroids.		

In	the	latter	case,	DaN	maturation	was	performed	using	a	3D	scaffold	composed	of	

matrigel	 (Cornig)	 instead	of	 a	 coated	 surface.	 In	 this	 context,	 5x104	FPPs	were	

embedded	 in	a	matrigel	droplet	 that	was	deposited	 into	 low-attachment	plates	

(Fig.	7).		
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Each	matrigel	droplet	was	kept	for	4	days	in	FPEM+Rock	Inhibitor	to	allow	cell	

adaption	to	the	new	culturing	conditions,	then	medium	was	switched	to	DopaDiff.	

Maturation	was	protracted	for	7	days.	

In	 order	 to	 achieve	 in	 vitro	 ageing	 through	 long-term	 culture,	 freshly	matured	

DaNs	 were	 supplemented	 with	 a	 neuron	 maintenance	 medium	 (Dopa	 Main)	

comprising	DMEM	F12;	Neurobasal	Medium;	N2;	B27;	GDNF	 (10ng/ml);	BDNF	

(10ng/ml)	and	Penicillin/Streptomycin	for	up	to	30	days	after	maturation	end.	

	

Characterisation	of	centenarian,	fPD	and	sPD-iPSC	derived	midbrain	
DaNs	
Expression	 of	 DaN	 maturation	 markers	 was	 monitored	 at	 the	 end	 of	 each	

maturation	phase	for	both	the	2D	and	the	3D	approach.	Cells	were	collected	at	the	

pluripotent	 (iPSC);	 neural	 progenitors	 (FPPs);	 differentiated	 immature	 (FPPs)	

and	 differentiated	mature	 (DaNs)	 states	 and	 total	 RNA	was	 isolated	 using	 the	

AllPrep	DNA/RNA/Protein	Mini	Kit.	For	DaNs	matured	through	the	3D	approach,	

therefore	embedded	in	matrigel,	Tryzol	RNA	isolation	protocol	was	adopted.	Real-

time	PCR	(TaqMan)	was	used	to	assay	gene	expression	of	pluripotency	(OCT4);	

ectoderm	 (Nestin);	Midbrain	 Floorplate	 (FOXA2,	OTX2,	 LMX1A);	Dopaminergic	

Neuron-specific	(TH;	TUBB3)	genes.	PGK	was	used	as	endogenous	control	gene.	

Similarly,	DaNs	terminally	matured	through	both	the	2D	and	3D	approach	were	

immunostained	to	assess	Tubb3	and	TH	protein	expression.	Firstly,	DaNs	were	

fixed	with	4%	PFA	for	30’	at	RT	and	permeabilized	with	0.2%	TrytonX100	for	15’	

at	RT.	For	DaNs	matured	through	the	3D	approach,	thus	still	embedded	within	the	

Figure	7.	Preparation	of	3D	
matrigel	 scaffolds	 for	 DaN	
differentiations.	 3D	
differentiation	 was	 achieved	
by	 plating	 50ul	 Matrigel	
droplet	containing	5x104	cells	
each	 at	 the	 bottom	 of	 a	 low	
attachment	24w	plate.	
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matrigel	scaffold,	longer	incubation	time	(respectively	1h	for	fixation	and	30’	for	

permeabilization)	was	applied.	Staining	was	performed	by	overnight	incubation	

with	Tubb3	 and	TH	primary	 antibodies	 at	 4°C	 followed	by	 1h	 incubation	with	

secondary	antibodies	at	RT.	

	

DaNs	 terminally	 differentiated	 through	 the	 2D	 approach	 were	 prepared	 for	

electrophysiological	analysis.	The	readings	were	carried	out	in	standard	solution	

comprising	10mM	HEPES,	4mM	KCl,	2mM	CaCl2,	2mM	MgCl2,	133mM	NaCl,	5mM	

D-glucose	 (pH	 7.2).	Glass	 capillaries	 containing	 a	 chlorinated	 Ag	 electrode	

immersed	 in	 a	 solution	 composed	 of	 120mM	 K-aspartate,	 10mM	 NaCl,	 10mM	

HEPES,	10mM	EGTA,	3mM	Mg-ATP,	2mM	MgCl2,	4mM	CaCl2,	0.2mM	GTP-Tris	(pH	

7.2)	were	 used	 to	 form	 the	 seal	 (capillary	 resistance	varies	 between	 8	 and	 13	

mOhm).	Rest	 membrane	 potential	 was	 measured	 and	 maintained.	The	

stimulations	were	carried	out	by	imposing	electrical	currents	and	measuring	the	

variations	in	membrane	potential.	Three	different	electrical	stimulation	protocols	

were	used	(Fig.	8):	

	1)	the	 cells	 underwent	 an	 increasing	 cyclical	 electrical	

stimulation.	The	initial	stimulation	 involves	 the	imposition	 of	 a	 current	of	 -

50pA	for	 200ms	with	 an	 increment	of	10pA	 at	 each	 successive	 cycle	 for	

13	cycles.	This	 protocol	 makes	 it	 possible	 to	 determine	 at	 which	 membrane	

potential	cells	emit	action	potentials	(Fig.	8.1).	

2)	 the	 cells	 are	 subjected	 to	 two	polarizing	current	 stimuli	separated	 by	 a	

depolarizing	stimulus.	Each	stimulus	is	50pA	in	absolute	value	and	has	a	duration	

of	1000ms.	This	protocol	makes	it	possible	to	evaluate	the	ability	to	emit	action	

potentials	 following	 sequential	 phases	 of	 depolarization	 and	 hyperpolarization	

(Fig	8.2).	

3)	the	cells	are	subjected	to	a	depolarizing	cyclic	current	(initial	stimulation	of	-

50pA	with	an	increase	of	10pA	for	a	duration	of	2000ms	for	4	cycles)	followed	by	

a	 hyperpolarizing	 stimulus	 of	 +	 40pA	 of	 a	 duration	 of	 7000ms.	This	 protocol	

allows	 to	evaluate	 the	ability	of	cells	 to	emit	the	series	of	action	potentials	 (Fig	

8.3).	
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Figure	8	Stimulation	 protocols	 in	 Patch	 Clamp.	Neural	 progenitors	 and	 dopaminergic-like	

neurones	were	subjected	to	Patch	Clamp	analysis	following	three	different	stimulation	protocols:	

1)	 increasing	 cyclic	 stimulation;	2)	 double	 stimulation	 in	 sequence;	3)	 lasting	 stimulation.	The	

analyses	were	performed	in	whole	cell	current	clamp	format	without	inducing	the	rupture	of	the	

membrane	near	the	seal	with	the	glass	capillary.	

	

For	each	subject,	at	least	3	cells	were	selected	based	on	their	morphological	profile	

(reduced	 cellular	 soma	 with	 triangular	 shape,	 presence	 of	 at	 least	 one	 axonal	

process	and	multiple	minor	neurite-like	processes).	

	

Whole	genome	DNA	methylation	analysis	
Centenarian-derived	 iPSC	 clone	 4212,	 sporadic	 PD-derived	 iPSC	 clone	 (KO2R),	

familial	 PD-derived	 clone	 IG3	 and	 familial	 PD-derived	 clone	 IW9	 were	

differentiated	 following	 PSC-to-Dopaminergic	 Differentiation	 Kit	 (Thermo	

Fisher).	 Dopaminergic	 maturation	 was	 carried	 out	 onto	 a	 matrigel-based	 3D	

layout.	Matrigel-embedded	cell	pellets	were	collected	at	the	end	of	dopaminergic	

maturation	 phase	 and	 snap	 frozen	 in	 liquid	 nitrogen.	 DNA	 isolation	 was	

performed	 according	 to	 Qiagen	 AllPrep	 DNA/RNA/Protein	 manufacturer	

protocol.	DNA	concentration	was	determined	through	Qubit	DNA	High	Sensitivity	

Assay	One	microgram	of	genomic	DNA	was	bisulphite	converted	using	the	using	

the	 EZ-96	DNA	Methylation	 Kit	 (Zymo	Research	 Corporation,	 Orange,	 CA)	 and	

further	 processed	 according	 to	 Illumina	 InfiniumEPIC	 standard	 protocol.	 Raw	

data	were	extracted	using	the	R	package	minfi	[106].	The	R	package	shinyMethyl	

1

2

3
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[107]	 was	 used	 to	 check	 the	 quality	 of	 control	 probes	 in	 each	 sample.	 Raw	

methylation	 values	 were	 normalized	 using	 the	 preprocessFunnorm	 function	

available	in	minfi.	Probes	with	detection	p-value	higher	than	0.05	in	more	than	1%	

of	 samples	were	 filtered	 out.	 Probes	mapping	 on	 X	 and	 Y	 chromosomes	were	

excluded,	such	as	previously	described	aspecific	and	cross-reactive	probes	[108].	

DNA	 methylation	 (DNAm)	 data	 was	 compared	 with	 publicly	 available	 DNA	

methylation	profiles	of	induced	pluripotent	stem	cell	(iPSC)-derived	DaNs	(DaNs)	

generated	 by	 cell	 reprogramming	 of	 somatic	 skin	 cells	 from	 patients	 with	

monogenic	 LRRK2-associated	 PD	 (L2PD)	 or	 sporadic	 PD	 (sPD),	 and	 healthy	

subjects,	describing	extensive	DNA	methylation	changes	in	PD	DaN	(GEO	Accesion	

Number	GSE16453)	[109].		

Finally,	DNA	methylation	age	of	PD	and	centenarian	iPSC-derived	dopaminergic	

neuron	 models	 was	 determined	 using	 Horvath’s	 Epigenetic	 Clock	 online	 tool	

[110].		

	

Transcriptome	analysis	

RNA	was	isolated	from	the	same	cell	pellets	collected	for	DNA	isolation	according	

to	Qiagen	AllPrep	DNA/RNA/Protein	manufacturer	protocol.		

RNA	 quantity	 and	 integrity	 were	 respectively	 determined	 through	 QuBit	 RNA	

Broad	Range	Assay	and	BioAnalyzer	Eukariote	Total	RNA	Nano	Assay.	

Sequencing	libraries	were	prepared	following	the	TruSeq	Stranded	mRNA	Sample	

Preparation	Guide.	

Briefly,	poly(A)+-RNA	(or	mRNA)	was	enriched	using	oligo	d(T)	coupled	magnetic	

beads.	 After	 fragmentation,	 mRNA	 was	 subjected	 to	 strand-specific	 library	

synthesis	 in	 order	 to	 preserve	 the	 information	 about	 RNA	 strand	 orientation.	

respectively	 determined	 through	 QuBit	 DNA	 High	 Sensitivity	 Assay	 and	

BioAnalyzer	DNA	High	Sensitivity	Assay.	Each	library	was	diluted	to	the	1.8nM	and	

pooled.	The	flow	cell	was	loaded	onto	a	NextSeq	system	(Illumina)	and	sequencing	

was	performed	in	75	single	paired	end	mode.		

The	 RNA	 sequencing	 (RNA-seq)	 reads	 were	 trimmed	 and	 filtered	 with	

trimmomatic	0.39	[111].	After	removing	adapters,	bases	at	both	ends	of	the	read	

were	cut	when	having	a	quality	score	below	20.	A	sliding	window	of	4	bases	was	
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used	 for	 further	 trimming	considering	a	quality	 threshold	of	20.	Reads	 shorter	

than	35	bases	were	removed.	

Trimmed	reads	were	mapped	to	the	human	genome	version	GRCh38	and	obtained	

from	Ensemble	release	96	[112]	using	STAR	mapper	v2.7.0d	[113]	with	default	

parameters.	Genome	annotations	were	obtained	from	Ensemble	release	96	[112]	

and	 were	 indexed	 with	 STAR[114].	 Gene	 expression	 quantification	 for	 each	

sample	was	performed	using	STAR.	This	is	equivalent	to	using	htseq-count	with	

default	parameters	[115]	

Differential	expression	analysis	was	performed	using	DESeq2	v1.22.1	in	R	3.5.1	

[116].Logarithmic-fold	 change	 (LFC)	 was	 used	 to	 estimate	 the	 effect	 size.	 To	

improve	 this	 estimator	 we	 shrunk	 the	 LFC	 using	 the	 Approximate	 Posterior	

Estimation	 for	global	 linear	models	 (apeglm)	method	 [117].	We	performed	 the	

Wald’s	 test	 to	 compare	 the	 gene	 expression	 of	HC	 and	 PD	 (fPD	 or	 sPD)	DOPA	

samples.	 Gene	Ontology	 (GO)	 enrichment	 analyses	was	 performed	 using	 the	 R	

library	gage	version	2.32.0	[118]	.Both	in	the	differential	expression	analysis	and	

in	the	gene	set	enrichment	analysis,	p-values	were	adjusted	for	multiple	testing	

with	the	Benjamini-Hochberg	method.	
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Results	
	

Pluripotency	validation	of	centenarian-derived	iPSCs	
Centenarian	fibroblasts	were	the	first	cells	that	were	successfully	reprogrammed	

with	an	average	efficiency	of	0.04%.	Of	the	several	iPSC	clones	generated	from	the	

centenarian	 subject	 (PR42),	 six	 (PR4201,	 PR4202,	 PR4205,	 PR4206,	 PR4211,	

PR4212)	were	selected	due	to	 their	optimal	colony	morphology	(round	shaped	

with	sharp	edges	and	uniform	cell	distribution).	All	selected	clones	were	able	to	

maintain	morphology	over	extensive	culture.	

Quantitative	PCR	assay	showed	that	all	centenarian-derived	iPSC	lines	expressed	

stemness	markers	OCT4,	 SOX2	 and	NANOG	 at	 significant	 higher	 level	 than	 the	

centenarian	fibroblast	line	PR42	(Fig	10)	and	at	similar	levels	to	an	internal	iPSC	

control.	In	addition,	FACS	analysis	indicated	that	all	iPSC	populations	were	highly	

homogenous	(>90%)	for	Oct4	and	Sox2-expressing	cells	whereas	variation	in	the	

percentage	 of	 Nanog-expressing	 cells	 were	 observed	 among	 different	 lines.	

Similarly,	 all	 iPSC	 lines	 displayed	 high	 homogeneity	 for	 cells	 expressing	

pluripotency	surface	markers	such	as	TRA1-60,	Tra1-81,	SSEA3	and	SSEA4	(Fig.	

9).	

	
	
Figure	9	Centenarian-derived	iPSC	characterization.	Upper-Left)	Flow	cytometry	analysis	of	

centenarian-iPSC	populations	 for	Oct4,	Sox2,	Nanog,	Tra1-60,	Tra1-81,	Ssea3	and	Ssea4	Upper-

Pluripotency Analysis
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Right)	 Centenarian-iPSC	 gene	 expression	 for	 OCT4,	 OSX2	 and	 NANOG.	 Lower)	

Immunocytochemistry	for	Oct4;	Tra1-60;	Tra1-81;	SSEA4.	

	

Molecular	characterization	of	iPSCs	form	PD	patients	
IPSC	 colonies	 successfully	 emerged	 for	 all	 fibroblast	 lines	 from	 sporadic	 (KO2;	

KO6)	and	familial	(IonG226;	IonW9)	PD.	Reprogramming	efficiency	varied	among	

lines.	 Reprogramming	 efficiency	 spanned	 from	 0,5%	 (KO2)	 till	 0,01%	 (KO6)	

(Table	2).	For	each	case,	emerging	 iPSC	clones	were	selected	and	isolated.	 iPSC	

clones	that	could	not	be	stably	expanded	were	discarded.	Ultimately,	up	to	three	

iPSC	 clones	 per	 case	 were	 selected	 for	 downstream	 characterization	 and	

differentiation.	

	

PD	

Fibroblast	

PD	

Aetiology	

Reprogramming	

Efficiency	

iPSC	Lines	Expanded	

KO2	 Sporadic	 0.5%	 KO2A;	 KO2B;	 KO2C;	 KO2D;	 KO2G;	

KO2H;	 KO2K;	 KO2L;	 KO2J;	 KO2O;	

KO2P;	KO2V;	KO2R;	KO2S;	KO2T	

IonG226	 LRRK2	

G2019S	

0.11%	 IG2;	IG3;	IG4;	IG7;	IG10;	IG11;	IG16;	

IG17;	IG19;	IG25;	IG40;	IG13	

IonW9	 PINK1	+/-	 0.07%	 IW1;	 IW2;	 IW4;	 IW5;	 IW6;	 IW7;	

IW8;	 IW9;	 IW10;	 IW11;	 IW14;	

IW15;	 IW16;	 IW17;	 IW19;	 IW20;	

IW13	

Table	2	iPSC	reprogramming	of	sporadic	and	familial	PD	fibroblasts.	Sporadic	(KO2	and	KO6)	

and	 familial	 (IonW9	 and	 IonG226)	 PD	 fibroblasts	 were	 reprogrammed.	 Here	 are	 reported	

reprogramming	efficiency	and	stored	iPSC	clones.	Highlighted	are	the	clones	that	were	considered	

for	downstream	characterization	and	reprogramming.	

	

PD-iPSCs	were	 characterized	 for	 expression	 of	 pluripotency-related	 genes	 like	

OCT4,	 SOX2	 and	 NANOG	 but	 also	 for	 endoderm,	 mesoderm	 and	 ectoderm	

specification	genes	(respectively	FOXA2,	T	and	Nestin).	All	PD-iPSC	lines	showed	

pluripotency	 gene	 expression	 profiles	 comparable	 to	 the	 previously	 generated	

centenarian-iPSC	 and	 human	 embryonic	 stem	 cells.	 Sporadic	 PD-derived	 adult	
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fibroblast	line	(KO2)	was	used	as	negative	control	showing	almost	undetectable	

expression	of	pluripotency	genes.	

Germ	 layer	 specification	 genes	 were	 assayed	 to	 evaluate	 differentiation	

propensity	 of	 iPSC	 lines.	 Expression	 for	 endoderm	 (FOXA2)	 and	 mesoderm	

(Brachiury	or	Gene	T)	markers	was	low	whereas	ectoderm	(Nestin)	marker	was	

generally	high	for	all	PD	and	centenarian-iPSC	lines	as	well	as	hESCs	(Fig.	10).	

	
Figure	10	Gene	expression	analysis	of	PD-iPSCs.	Sporadic	(KO2R;	KO2V;	KO2P)	and	familial	

(IW9;	 IW15;	 IW10;	 IG3;	 IG40;	 IG25)	 PD-derived	 iPSCs	 were	 characterised	 for	 expression	 of	

standard	 pluripotency	 markers	 (OCT4,	 SOX2	 and	 NANOG)	 and	 spontaneous	 differentiation	

markers	(FOXA2,	Brachiury	and	Nestin	or	NES).	

	

In	addition,	PD-iPSCs	were	stained	for	pluripotency	markers	Oct4,	Sox2,	Nanog,	

Tra1-60,	 Tra1-81,	 Ssea3,	 Ssea4	 (Fig.	 11).	 PD-iPSCs	 resulted	 highly	 positive	 for	

Sox2	and	only	modestly	positive	for	Oct4	and	Nanog.	Surface	staining	highlighted	

elevated	positivity	for	Ssea4	and	limited	positivity	for	Tra1-60.	Tra1-81	and	Ssea3	

positivity	was	only	marginal	(Table	3).		
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Figure	11.Flow	cytometry	characterisation	of	PD-iPSCs.	On	the	right,	iPSCs	were	stained	with	
isotype	control	antibodies	to	determine	gating	strategy.	On	the	left,	it’s	shown	how	gating	strategis	
were	applied	on	a	labelled	sample	(IW9).	
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	 Ko2P	 Ko2V	 Ko2R	 IG40	 IG25	 IG3	 IW15	 IW10	 IW9	

OCT4	
50%	 45%	 56%	 47%	 38,2%	 49,7%	 54%	 38,8%	 77%	

SOX2	
87%	 67%	 85%	 85%	 95,2%	 91,6%	 94%	 81,9%	 96%	

NANOG	
10%	 36%	 14%	 3%	 28,9%	 32,6%	 32%	 25%	 4%	

SSEA4	
94%	 90,5%	 93%	 96%	 95,2%	 96,8%	 95%	 95,1%	 99%	

SSEA3	
18%	 11,4%	 14%	 11,7%	 3%	 6,5%	 6%	 66,2%	 9%	

TRA1-

60	 33,4%	 24,9%	 43%	 26,6%	 42,8%	 45,9%	 27%	 25,3%	 37%	

TRA1-

81	 26%	 16,4%	 20%	 18,4%	 6%	 6,9%	 20%	 17,2%	 4%	

Table	3	FACS	analysis	for	pluripotency	marker	enrichment	in	PD-iPSC	population.	PD-iPSC	

were	 labelled	using	FITC-conjugated	mouse	anti-TRA1-81,	PE-conjugated	rat	anti-SSEA3,	FITC-

conjugated	mouse	anti-TRA1-60,	PerCP-Cy5-conjugated	mouse	anti-Oct4,	APC-conjugated	mouse	

anti-Sox2	and	PE-conjugated	mouse	anti-Nanog	(n=1).	

	

Finally,	to	further	strengthen	pluripotency	validation,	Oct4	immuno-staining	was	

performed	on	a	selection	of	PD-iPSC	(one	line	for	each	patient).	Staining	confirmed	

positivity	for	Oct4	protein	expression	in	the	four	examined	lines	(Fig.	12).	

	
	

Differentiation	of	centenarian	iPSC	into	fibroblast-like	cells	
In	order	 to	 evaluate	 effects	of	 reprogramming	on	 cellular	 age,	we	 first	 tried	 to	

differentiate	the	fibroblasts-derived	iPSC	back	towards	a	fibroblast-like	fate	and	

IG
40
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9

KO
2P

KO
6S

Figure	 12	 PD-iPSC	
immunocytochemistry	 analysis.	
Sporadic	 and	 familial	 PD-iPSC	
were	stained	with	a	combination	of	
mouse	 anti-human	 Oct4	 and	
Alexa488-goat	 anti-mouse	 IgG.	
Nuclei	were	stained	with	NucBlue	
Live	Cells	staining.	
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to	compare	them	with	the	parental	lines.	The	iPSC	lines	derived	from	centenarian	

(4201,	4202,	4205,	4206,	4211	and	4212)	and	BJ	fibroblasts	(BJiPS)	were	used	for	

this	scope.	

During	the	first	phase	of	differentiation,	cell	morphology	was	monitored.	As	soon	

as	the	third	day	of	treatment,	cells	started	epithelial-to-mesenchymal	transition	

(EMT).	At	the	sixth	day	of	treatment,	the	number	of	differentiated	cells	sensibly	

increased.	 After	 replating,	 cells	 completed	 EMT	 and	 no	 hES-like	 cells	 could	 be	

observed	throughout	the	whole	maturation	phase	of	differentiation.		

In	 order	 to	 check	 differentiation	 efficiency,	 cells	 were	 assayed	 for	 Vimentin	

expression	 (a	 fibroblast-specific	marker)	via	 immunofluorescence.	As	shown	 in	

Fig.	13,	both	centenarian	iPSC-derived	(idF01;	idF02;	idF05;	idF06;	idF11;	idF12)	

and	BJ	iPSC-derived	(iBJ)	fibroblast-like	cell	lines	stained	homogenously	positive	

for	Vimentin.	

	
	

Functional	characterisation	of	iPSC-derived	fibroblast-like	cells	
status	
In	order	to	evaluate	effects	of	reprogramming	on	cellular	age,	all	idF	lines	and	iBJ	

were	assayed	for	two	age-related	markers:	growth	rate	and	senescent-associated	

β-gal	activity.	Analysis	was	performed	after	4w	(corresponding	to	four	replicative	

Figure	13	Differentiation	of	iPSCs	
into	fibroblast-like	cells.	
Immunostaining	of	fibroblast-like	cells	
derived	from	centenarian	(idF01;	
idF02;	idF05;	idF06;	idF11;	idF12)	and	
BJ	(iBJ)	iPSCs	for	hVimentin.	Cell	nuclei	
were	counterstained	with	DAPI.	

	



	 35	

passages)	 of	maturation	 and	ultimately	when	 cells	 reached	 a	 complete	 growth	

arrest	(Fig.	14).	

At	4w	of	maturation,	idF06	and	idF12	were	the	only	two	centenarian	iPSC-derived	

fibroblast	 lines	 that	 showed	 a	 similar	 growth	 rate	 (respectively	 0,22±0,08	 and	

0.20±0,08	 duplications/day)	 to	 their	 parental	 fibroblast	 line	 PR42	 (0.21±0,08	

duplications/day).	 idF02	 and	 idF11	 displayed	 a	 slower	 replication	 rate	

(respectively	 0.06±0.01	 and	 0.04	 duplications/day),	 whereas	 idF05	 and	 idF01	

showed	 no	 replication.	 On	 the	 other	 hand,	 iBJ	 maintained	 a	 remarkably	 fast	

growth	 rate	 (0,56±0,01	 duplications/day)	 similarly	 to	 their	 parental	 fibroblast	

line	 BJ	 (0,63±0,065	 duplications/day).	 Moreover,	 all	 idF	 lines	 displayed	 a	

generally	higher	senescence	associated	β-gal	activity	(Fig.	14)	than	their	parental	

fibroblast	line	PR42	(16,2±2%).	In	particular,	idF06	and	idF12,	with	the	highest	

growth	rate,	showed	respectively	39.8±0.3%	and	27,3±4,1%	of	β-gal	positive	cells.	

idF02	and	idF06,	with	a	slower	replication	rate,	displayed	a	higher	percentage	of	

β-gal	positive	cells	 (respectively	39.8±0,3%	and	53.2%).	 idF01	and	 idF05	were	

completely	senescent	with	a	99%	and	98.8%	of	β-gal	positive	cells.	On	the	other	

hand,	 iBJ	 displayed	 an	 extremely	 low	 percentage	 of	 β-gal	 positive	 cells	 (2%)	

similarly	to	its	specific	parental	fibroblast	line	BJ	(2.2±1%).		
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Figure	14	Functional	characterisation	of	cellular	age	of	iPSC-derived	fibroblast-like	cells.	A)	
Comparison	of	SA-β-gal	staining	of	parental	fibroblasts	(BJ;	PR42)	with	iPSC-derived	fibroblast-
like	cells	(idF01;	idF02;	idF05;	idF06;	idF11;	idF12;	iBJ).	B)	Comparison	of	the	association	between	
SA-β-gal	positivity	with	growth	rate	of	parental	fibroblast	and	iPSC-derived	fibroblast-like	cells.	

	

Changes	in	senescence-associated	gene	expression	upon	
reprogramming	and	differentiation	
In	 order	 to	 confirm	 results	 obtained	with	 the	 β-gal	 assay,	we	 performed	 gene	

expression	 analysis	 for	 major	 senescence-related,	 cell-cycle	 regulating,	

transcription	 factors	 including	CDNK2B,	CDNK2A	and	CDNK1A.	We	 included	 in	

this	analysis	 the	parental	 cell	 lines	 (PR42	and	BJ),	 the	 iPSC	 (4201,	4202,	4205,	

4206,	4211,	4212,	BJiPS)	 and	differentiation	 fibroblast-like	 cells	 (idF02;	 idF06;	

idF11;	 idF12;	 iBJ)	 with	 the	 exception	 of	 idF01	 and	 idF05	 which	 could	 not	 be	

expanded	further.		

As	indicated	in	Fig.	15,	while	cell	cycle	regulators’	expression	is	lost	in	centenarian	

iPSC	compared	to	their	parental	cell	type,	it	is	re-established	upon	differentiation	

into	 fibroblast-like	 cells.	 CDNK1A	 expression	 in	 BJ	 fibroblasts	 and	 their	

derivatives	 (BJiPSC	 and	 iBJ)	 followed	 the	 same	 trend	 observed	 in	 centenarian	

BJ
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fibroblasts	 and	 its	 derivatives.	 On	 the	 other	 hand,	 CDNK2A	 and	 CDNK2B	

expression	was	not	detectable	in	any	of	BJ	fibroblasts,	BJ-iPSC	nor	iBJ.		

	
Figure	 15	 Expression	 of	 cell-cycle	 regulating	 genes	 across	 reprogramming	 and	
differentiation.	 Changes	 in	 DCt	 elative	 expression	 of	 CDNK1A;	 CDNK2A;	 CDNK2B	 across	 the	
different	 stages:	 parental	 centenarian	 (Cent);	 BJ	 fibroblasts;	 centenarian	 iPSC	 	 BJ-iPSC	 ;	
centenarian	iPSC-derived	fibroblast	like	cells	(idF);	BJIPSC-derived	fibroblast	like	cells	(iBJ).	For	
iPSCs,	cell	clones	were	labelled	with	different	colors.	For	idF,	early		(<=5)	and	late	(>5)	replicative	
passages	were	distinct	with	different	dot	shapes.	

	

Molecular	and	physiological	characterisation	of	DaNs	differentiated	through	

the	2D	differentiation	approach	

DaNs	 differentiated	 from	 centenarian,	 fPD	 and	 sPD-derived	 iPSCs	 were	

characterised	 for	 mature	 nervous	 tissue-associated	 and	 dopaminergic-specific	

markers.	
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RT-qPCR	 analysis	 of	 maturation	 markers	 performed	 stepwise	 throughout	

differentiation	 showed	 loss	 of	 undifferentiated	 state-associated	markers	 while	

increase	 in	 mature	 tissue-associated	 ones.	 As	 shown	 in	 Fig	 16,	 expression	 of	

pluripotency-associated	gene	OCT4	was	downregulated	following	differentiation	

in	all	 the	assayed	 lines.	Expression	of	ectoderm-associated	gene	Nestin	did	not	

change	 substantially	 although	 an	 increase	 in	 FPP	 state	 followed	 by	 a	 decrease	

alongside	 neuron	 differentiation	 was	 observed.	 Expression	 of	 midbrain-

associated	 genes	 FOXA2	 and	 LMX1a	 considerably	 increased	 in	 the	 FPP	 state	

compared	to	the	iPSC	and	remained	stable	afterwards.	Furthermore,	expression	

of	dopaminergic	nervous	tissue-associated	genes	TUBB3	and	TH	also	 increased	

upon	differentiation.	The	former	reached	its	maximum	as	early	as	FPP	state	and	

remained	 stable	 for	 the	 later	 differentiation	 phases.	 Strikingly,	 TH	 expression	

increased	only	upon	maturation	of	DaNs	whereas	its	expression	levels	at	FPP	state	

were	comparable	to	those	at	iPSC	state.	
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Figure	16	Gene	expression	monitoring	of	DaN	differentiation	for	centenarian,	sporadic	and	

familial	 PD-iPSCs.	 DaN	maturation	 was	monitored	 by	 analysing	 expression	 of	 OCT4;	 FOXA2;	

Nestin;	OTX2;LMX1A;	TUBB3	and	TH	via	TaqMan	qPCR	assay.	

	

To	validate	gene	expression	results,	terminally	differentiated	DaNs	were	immuno-

stained	 for	TH	protein.	Low	TH	positivity	was	observed	 in	all	 the	assayed	DaN	

lines	with	highest	TH	intensity	for	IW9-DaN	(Fig.	17).	
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Figure	 16	 Immunocytochemistry	 analysis	 of	 familial	 and	 sporadic	 PD	 iPSC–derived	 DaNs	
generated	 through	 2D	 maturation.	 Cells	 were	 stained	 with	 Mouse	 Anti-Human	 Tyrosine	
Hydroxylase	and	Alexa488	-	goat	anti-mouse	IgG.	Nuclei	were	stained	with	NucBlue	Live	Cell	Staining.		
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Finally,	electrophysiological	properties	of	centenarian,	sPD	and	fPD-derived	DaNs	

were	assayed	through	a	Patch	Clamp	Assay.	FPPs	derived	from	centenarian	iPSCs	

(4212_FPP)	and	patients	 with	 sporadic	 (KO2R_FPP)	 and	 familial	PD	 (IW9_FPP;	

IG3_FPP)	were	used	as	negative	 controls.	All	 FPPs	presented	a	negative	 resting	

membrane	 potential	(-43mV	 for	 4212_FPP;	 -33mV	 for	 KO2R_FPP;	 -30mV	 for	

IW9_FPP;	-37mV	for	IG3_FPP).	Following	electrical	stimulation,	none	of	the	neural	

progenitor	 lines	 showed	a	 membrane	 potential	 profile	attributable	 to	 that	 of	

action	potentials	(Fig.	18).	

	
Figure	18.	Electrophysiological	 profiles	 of	 neural	 progenitors.	The	 neural	 progenitors	

obtained	 following	 the	 PSC-to-DaNs	differentiation	 protocol	were	 subjected	 to	 the	 previously	

described	patch	clamp	analysis	protocols.	All	analyses	were	performed	in	whole	cell	current	clamp	

without	inducing	seal	breakage.	

	

The	 same	stimulation	protocols	were	 applied	 to	the	differentiated	

dopaminergic	neuron-like	lines.		DaNs	derived	from	the	centenary	subject	(4212)	

were	 discarded	 because	 the	 mortality	 rate	 was	 too	 high	 to	 proceed	 with	 the	

analysis	(Fig.	19).	
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Figure	19.	Electrophysiological	profiles	of	dopaminergic-like	neurons.	The	dopaminergic-like	

neurons	derived	from	the	differentiation	of	iPSCs	of	sporadic	and	familial	MP	patients	have	been	

assayed	through	to	the	previously	described	patch	clamp	protocols.	All	analyses	were	performed	

in	whole	cell	current	clamp	format	without	inducing	seal	breakage.	Light	microscopy	images	(20X)	

of	the	assayed	cells	(red	arrow)	were	taken.	

	

The	 resting	 membrane	 potential	 of	 dopaminergic-like	 neurons	 was	 more	

electronegative	than	that	of	undifferentiated	progenitors.	The	resting	potential	of	

KO2R_DOPA	was	-60mV;	that	of	IG3_DOPA	of	-50mV	and	that	of	IW9_DOPA	was	-

60mV.	All	the	lines	examined	showed	the	ability	to	emit	single	or	multiple	spikes	

of	 action	 potentials	 following	 electrical	 stimulation	 while	 spontaneous	

electrophysiological	phenomena	were	not	observed	(Fig.	19).	

The	 dopaminergic-like	 neurons	 derived	 from	 IW9	 emitted	 multiple	 action	

potential	peaks	at	a	membrane	potential	of	thresholds	of	about	-5mV.	Each	peak	

had	 an	 average	 duration	 of	 16ms	 and	 a	 height	 of	 30mV	 (Fig.20).	 The	

dopaminergic-like	neurons	derived	from	IG3	were	able	to	emit	multiple	potential	

action	peaks	at	a	membrane	potential	induced	of	9mV.	Each	peak	had	an	average	

duration	of	5ms	and	a	height	of	60mV	(Fig.	20).	The	dopaminergic-like	neurons	
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derived	 from	 KO2R	 were	 able	 to	 emit	 a	 single	 peak	 of	 action	 potential	 at	 a	

threshold	potential	of	-35mV.	Each	peak	had	an	average	duration	of	11ms	and	an	

intensity	of	37mV	(Fig.	20).	

	

	
Figure	 20	 Properties	 of	 action	 potentials	 emitted	 by	 differentiated	 dopaminergic-like	

neurons.	The	histograms	summarize	the	main	characteristics	of	the	action	potential	peaks	emitted	

by	the	cells:	height,	duration,	potential	threshold	at	which	they	arise	and	the	resting	membrane	

potential	of	the	analysed	neuronal-like	cells.	Data	is	presented	as	mean	±	standard	deviation	(n	is	

indicated	in	the	legend).		

	

The	 ability	 to	 emit	 action	potentials	was	not	 homogeneously	 possessed	by	 the	

differentiated	 cell	 populations.	 Indeed,	 only	 36%	 of	 the	 cells	 examined	 for	

IW9_DOPA,	 25%	for	 IG3	_DOPA	 and	 41%	for	 KO2R	_DOPA	showed	 changes	 in	

membrane	 potential	 that	 could	 be	 traced	 to	 the	 typical	 profiles	 of	 action	

potentials;	the	remaining	were	inert	to	electrical	stimulation	(Table	4).	
	

	

	

	

	 IW9	

(n=9)	

KO2R	

(n=12)	

IG3	

(n=4)	

4212	

(ND)*	
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1	Spike	 18%	 41%	 -	 -	

2-3	spikes	 -	 -	 25%	 -	

>3	spikes	 18%	 -	 -	 -	

Table	4	Heterogeneity	of	the	populations	of	dopaminergic-like	neurons	differentiated	from	

iPSC	by	centenarians	and	patients	with	PD.	

	

Molecular	characterization	of	centenarian,	fPD,	sPD	DaNs	derived	through	

3D	maturation	

In	order	 to	characterize	maturation	outcome	of	centenarian,	 fPD	and	sPD	FPPs	

through	the	proposed	3D	approach,	expression	of	maturation-associated	markers	

was	 assessed.	 In	 particular,	 DaNs	 embedded	 within	 the	 matrigel	 matrix	 were	

immunostained	 for	 TH	 and	 Tubb3.	 As	 shown	 in	 fig,	 all	 DaN	 lines	 (both	 from	

centenarian	and	PD)	differentiated	through	the	3D	approach	stained	positively	for	

both	TH	and	Tubb3	(Fig.	21).	
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Figure	 21.	 	 Immunocytochemistry	 analysis	 of	 centenarian	 and	 PD	 iPSC-derived	 DaN	

generated	according	 to	3D	maturation	approach.	 Staining	was	optimised	 to	 allow	antibody	

permeation	within	matrigel	scaffold.	Staining	was	performed	using	rabbit	anti-human	TH	IgG	and	

mouse	anti-human	Tubb3	IgG	respectively	coupled	with	donkey	anti-rabbit	Alexa	488	and	donkey-

anti-mouse	Alexa	594.	Nuclei	were	stained	with	NucBlue	Live	Cell	Staining.	
	

Positivity	 for	both	TUBB3	and	TH	was	observed	for	all	 the	DaNs	analysed	both	

deriving	from	centenarian,	fPD	or	sPD.	(Fig.	21)	
	

Characterisation	of	DNA	methylation	profiles	of	centenarian,	fPD	and	
sPD-derived	DaNs	
Whole	 genome	 DNA	 methylation	 of	 DaNs	 deriving	 from	 3D	 maturation	 of	

centenarian	(4212),	fPD	(IW9;	IG3)	and	sPD	(KO2R)	FPPs	was	analysed.	
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Firstly,	 exploratory	 analysis	was	performed	 to	 assess	 if	 large	DNA	methylation	

differences	 existed	 between	 the	 epigenomic	 patterns	 of	 the	 different	 cell	 lines	

(centenarian,	sporadic-PD	and	familial-PD).	Principal	Component	Analysis	on	the	

entire	microarray	data	(Fig	22)	suggested	a	separation	of	centenarian	sample	in	

the	second	component	(PC1:	37%	of	total	variance;	PC2:	34%	of	total	variance)	

compared	to	PD	samples.	

Boxplots	of	DNA	methylation	data	 indicated	 that	no	dramatic	DNA	methylation	

differences	existed	between	the	samples,	but	at	 the	same	time	a	 trend	towards	

hypomethylation	in	PD	samples	was	observed	(Fig.	23).	

Fig	22.	PCA	on	data	generated	using	the	Illumina	InfiniumEPIC	microarray.	Grey:	centenarian;	

red:	familial	PD;	orange:	sporadic	PD.	
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Fig	 23.	 Boxplots	 of	 DNA	 methylation	 data.	 Grey:	 centenarian;	 red:	 familial	 PD;	 orange:	

sporadic	PD.	

	

Probes	differentially	methylated	between	the	centenarian	line	and	PD	lines	were	

selected	 using	 the	 following	 criteria:	 1)	 the	 absolute	 methylation	 difference	

between	the	centenarian	line	and	the	mean	of	the	PD	lines	is	higher	than	0.25	

2)	the	standard	deviation	between	PD	lines	in	lower	than	0.05.	

In	 this	way,	 1557	 probes	mapping	 on	 786	 genes	were	 selected.	 On	 this	 set	 of	

probes,	gene	ontology	enrichment	analysis	highlighted	a	significant	enrichment	

(q-value	 <0.05)	 in	 “nervous	 system	 development”	 GO	 Biological	 Processes.	 In	

addition,	 also	 GO	 Molecular	 Function	 and	 GO	 Cellular	 Component	 analysis	

returned	results	related	to	nervous	system	(Fig.	24).		
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Fig	24.		Enrichment	analysis	results	on	the	list	of	selected	probes		

	

Comparison	 of	 DNA	 methylation	 profiles	 of	 centenarian	 and	 PD-iPSC	 derived	

DaNs	with	publicly	available	data	generated	from	similar	experimental	conditions	

highlighted	 15	 CpG	 probes	 with	 similar	 methylation	 patterns	 between	 the	 2	

studies	(Fig	24)	[109].	
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Fig	 25.	 DNA	methylation	 values	 of	 the	 15	 probes	 with	 common	 trends	 in	 the	 study	 by	

Fernández-Santiago	 [109]	 and	 in	 our	 results.	 Dark	 grey:	 controls	 reported	 by	 Fernández-

Santiago;	grey:	centenarian	in	our	study;	brown:	PD	reported	by	Fernández-Santiago;	red:	familial	

PD	in	our	study;	orange:	sporadic	PD	in	our	study.	

	

Finally,	DNAm	age	analysis	was	performed	running	Horvath’s	Epigenetic	Clock	on	

DNAm	data	deriving	from	the	DaNs	deriving	from	centenarians-,	 fPD-	and	sPD-

iPSCs.	DNAm	age	prediction	associated	to	each	sample	(IW9_DOPA;	KO2R_DOPA;	

4212_DOPA;	 IG3_DOPA)	was	 lower	than	zero	(respectively	 -0.14;	 -0.29;	 -0.14;	 -

0,12)	(Table	5).		

Unfortunately,	no	epigenomic	data	were	generated	on	parental	fibroblast	lines,	

thus	preventing	us	to	compare	the	3	groups	for	their	DNA	methylation	profiles	

and	epigenetic	age	values	prior	to	reprogramming.	However,	it	is	worth	to	be	
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noted	that	in	the	paper	by	Fernández-Santiago	et	al	[109],	no	differences	in	DNA	

methylation	were	found	between	parental	PD	and	control	fibroblasts.	

	

	
Table	5	Horvath	clock	age	and	tissue	prediction	output	for	dopaminergic-like	neurons	
differentiated	from	centenarian	and	PD	–iPSCs.	

Sample	ID	 DNAm	Age	 	 Predicted	Tissue	

IW9_DOPA	 -0.148085676	 	 Brain	Prefr.CTX	

KO2R_DOPA	 -0.290977217	 	 Brain	Prefr.CTX	

4212_DOPA	 -0.148928463	 	 Brain	Prefr.CTX	

IG3_DOPA	 -0.126815736	 	 Brain	Prefr.CTX	

	

Transcriptome	characterisation	of	centenarian,	fPD	and	sPD	DaNs	
Transcriptome	 analysis	was	 performed	 on	DaNs	 deriving	 from	3D	maturation,	

FPPs,	 iPSC	 and	 adult	 fibroblasts	 deriving	 from	 one	 centenarian	

subject(respectively	 4212_DOPA;	 4212_FPP;	 4212;	 PR42),	 two	 fPD	 (IW9	 and	

IG3_DOPA;	IW9	and	IG3_FPPs;	 IW9	and	IG3;	 IonW9	and	IonG226)	and	one	sPD	

(KO2R_DOPA;	KO2R_FPP;	KO2R;	KO2).	

We	 first	performed	an	exploratory	analysis	 to	assess	global	differences	 in	gene	

expression	between	centenarian	(CENT),	sporadic-PD	and	familial-PD	DaNs.	

Principal	Component	Analysis	on	the	full	set	of	expressed	genes	(Fig	26)	showed	

a	clear	separation	of	the	three	groups.	
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Figure	 26	 PCA	 computed	 on	 the	 full	 set	 of	 expressed	 genes	 measured	 by	 RNA-seq.	 Grey:	

centenarian;	red:	familial	PD;	orange:	sporadic	PD.	

	

Statistical	analysis	identified	313	genes	whose	expression	was	different	between	

the	 centenarian	 and	 the	 three	 PD	 samples,	 84	 hyper-expressed	 in	 PD	 and	 229	

hypo-expressed.	

Gene	Ontology	enrichment	analysis	identified	55	GO	biological	processes	(Table	

6)	
Table	6	Result	of	GO	enrichment	analysis	

	 p.val	 q.val	

GO:0051960	 regulation	 of	 nervous	 system	

development	 1.95E-07	 0.000853359	

GO:0050767	regulation	of	neurogenesis	 6.31E-07	 0.001379501	

GO:0007389	pattern	specification	process	 9.63E-07	 0.001403242	

GO:0045596	 negative	 regulation	 of	 cell	

differentiation	 1.55E-06	 0.001693432	

GO:0045664	regulation	of	neuron	differentiation	 2.04E-06	 0.001785093	

GO:0003002	regionalization	 2.84E-06	 0.002067533	

GO:0022411	cellular	component	disassembly	 6.44E-06	 0.004020332	

GO:0030900	forebrain	development	 1.29E-05	 0.006198192	

GO:0043624	cellular	protein	complex	disassembly	 1.33E-05	 0.006198192	

GO:0043241	protein	complex	disassembly	 1.42E-05	 0.006198192	
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Interestingly,	we	found	significant	enrichment	(q-value	<0.05)	in	nervous	system	

development	 and	 neurogenesis	 GO	 Biological	 Processes.	 Therefore,	

transcriptomic	 analysis	 highlighted	 a	 similar	 series	 of	 pathways	 compared	 to	

those	 identified	 with	 the	 DNA	 methylation	 analysis.	 The	 results	 suggest	 the	

existence	of	differences	in	gene	expression	in	centenarian	and	PD	patient-derived	

DaNs,	mostly	related	to	the	differentiation	state.		
	

Recapitulation	of	PD-associated	neurodegeneration	through	in	vitro	
ageing.	
In	 order	 to	 study	 the	 impact	 of	 cellular	 ageing	 on	PD	onset,	 an	 in-vitro	 ageing	

model	was	defined	by	extensively	culturing	DaNs	deriving	from	centenarian,	sPD	

and	fPD.		

At	 the	 end	 of	 the	 in	 vitro	 ageing	 period,	 the	 cells	 were	 labelled	 with	 tyrosine	

hydroxylase	 (TH)	 and	 Tubulin-b-3	 (TUBB3)	 in	 order	 to	 highlight	 possible	

differences	in	the	degenerative	rate	between	dopaminergic-like	neurons	deriving	

from	iPSC	of	centenarians	and	dopaminergic-like	neurons	deriving	from	iPSCs	of	

patients	with	PD.	After	30	days	maintenance	past	maturation,	a	reduction	in	TH-

associated	fluorescence	compared	to	early-differentiated	cells	was	observed.	On	

the	contrary,	no	differences	were	visible	in	the	organization	of	the	TUBB3	neural	

networks.	 No	 clear	 differences	 were	 highlighted	 between	 the	 dopaminergic	

neuron	derived	from	iPSCs	of	centenarians	and	PD	patients	(Fig.	27).	
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Figure	27.		Immunocytochemistry	of	the	organization	of	neural	networks	in	the	3D	model	

subjected	to	ageing	in	vitro.	The	3D	models	were	labelled	with	anti	TH	(green)	and	anti	TUBB3	

(red)	antibodies	and	the	nuclei	were	labelled	with	DAPI.	The	figures	compare	the	effects	of	in	vitro	

ageing	 on	 3D	 models	 of	 dopaminergic	 neuronal	 cells	 deriving	 from	 iPSC	 of	 centenarians	 and	

Parkinson's	patients	with	sporadic	and	familial	aetiology.	

		

	

In	addition,	freshly	differentiated	and	aged	dopaminergic-like	cells	were	labelled	

for	α-synuclein,	 the	main	component	of	pathological	aggregates	(also	known	as	

Lewy	bodies)	characterizing	PD	pathogenesis	(Fig	28).		

Interestingly,	an	increase	in	fluorescence	of	α-synuclein	staining	was	observed	in	

the	 aged	 dopaminergic-like	 cells	 compared	 to	 the	 freshly	 differentiated	 ones.	

Increase	 in	α-synuclein	 staining	was	 observed	both	 in	 the	 centenarian-derived	

cells	both	in	the	PD	derived-cells.	
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Figure	28	Immunocytochemistry	for	pathological	markers	of	Parkinson's	disease	in	the	in	

vitro	ageing	model.	The	3D	models	were	labelled	with	anti-α-synuclein	(green)	antibodies	and	

the	nuclei	were	labelled	with	DAPI.	The	figures	compare	the	effects	of	in	vitro	ageing	on	3D	models	

of	dopaminergic	neuronal	cells	deriving	from	iPSC	of	centenarians	and	Parkinson's	patients	with	

sporadic	and	familial	aetiology.	
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Discussion	
In	this	project	we	devised	an	experimental	outline	aimed	at	identifying	differences	

and	commonalities	in	the	molecular	processes	underlining	neurodegeneration	in	

PD	 and	 in	 ageing.	 We	 based	 our	 sample	 choice	 on	 the	 assumption	 that	

centenarians	are	the	best	representative	of	the	healthy,	slow-rate	ageing	groups	

while	PD	patients	(both	sPD	and	fPD)	of	the	fast-ageing	one.		

Age	is	a	pivotal	factor	in	the	onset	of	brain	degenerative	clinical	conditions.	For	

this	 reason,	manipulation	of	 cell	 fate	and	correct	 cell	maturation	 is	usually	not	

sufficient	for	the	establishment	of	an	ideal	model	of	age-related	deterioration,	and	

characterisation	of	hallmarks	of	ageing	should	also	be	taken	into	account.	From	a	

maturation	point	of	view,	we	showed	that	iPSCs	generated	from	centenarian	and	

PD	 fibroblasts	 differentiated	 into	 neurons	 with	 relevant	 immunophenotypic	

(positivity	to	FOXA2,	LMX1A,	TUBB3,	TH)	and	electrophysiological	(emission	of	

elicited	 action	 potentials)	 profiles.	 However,	 our	 models	 presented	 several	

characteristics	 that	 indicated	 an	 overall	 rejuvenation	 of	 molecular	 and	

physiological	 features	 associated	 with	 ageing.	 First	 of	 all,	 electrophysiological	

characterisation	of	centenarian	and	PD-iPSC	derived	neurons	highlighted	a	lack	in	

elicitation	of	spontaneous	action	potential,	but	also	in	some	cases	the	inability	to	

induce	multiple	signals.	These	features	are	not	typical	of	adult	neurons	but	reside	

much	 closer	 to	 the	 electrophysiological	 properties	 of	 neurons	 from	 an	 early	

development	 phase	 [119].	 Another	 feature	 that	 support	 the	 rejuvenation	

hypothesis	derives	from	DNAm	analysis.	Predicted	DNAm	age	of	both	centenarian	

and	PD	neurons	was	zero	even	after	maturation.	DNAm	age	erasure	is	a	typical	

behaviour	of	DNA	methylation	profiles	after	reprogramming.	In	this	case,	DNAm	

erasure	is	propagated	throughout	differentiation	into	mature	tissue	and	not	re-

established.		

Epigenetic	 and	 physiologic	 rejuvenation	 associated	 with	 reprogramming	 and	

subsequent	 differentiation	 poses	 a	 limitation	 for	 the	 modelling	 of	 PD	

pathogenesis.	 Indeed,	early	differentiated	DaNs	 from	centenarian	and	PD-iPSCs	

showed	no	or	limited	accumulation	of	α-synuclein.	Others	had	already	observed	

how	 midbrain	 DaNs	 deriving	 from	 monogenic	 forms	 of	 PD	 were	 lacking	 PD	

pathological	sign	[77–79,98].		
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The	lack	of	PD	pathological	features	in	rejuvenated	cells	suggests	that	ageing	is	the	

main	 driving	 force	 of	 PD	 pathogenesis	 even	 in	 presence	 of	 highly	 penetrant	

genetic	 variants.	 As	 pathological	 markers	 of	 PD	 are	 usually	 acquired	 over	 the	

course	of	several	years,	it	has	become	evident	the	necessity	to	reproduce	cellular	

ageing	in	vitro.	We	adopted	a	simple	in	vitro	ageing	strategy	based	on	long-term	

culturing	of	mature	iPSC-derived	neurons.	This	approach	was	previously	shown	

to	be	effective	in	reproducing	PD-associated	nervous	tissue	degeneration	without	

the	 need	 for	 further	 manipulation.	 Our	 models	 successfully	 reproduced	

neurodegeneration-associated	deterioration	as	intensity	of	TH	staining	dropped	

and	α-synuclein	accumulated	in	culture	for	DaNs	deriving	from	both	centenarian	

and	PD-iPSCs.		

Both	 transcriptome	 and	 methylation	 profiles	 highlighted	 differences	 between	

centenarian-	 and	 PD-derived	 DaNs.	 These	 differences	 were	 larger	 for	 gene	

expression	 results,	 where	 unsupervised	 analysis	 showed	 a	 clear	 separation	

between	centenarian,	sPD	and	fPD.	

In	addition,	gene	expression	and	DNAm	differences	between	centenarian	and	PD-

derived	 dopaminergic	 neuronal	 models	 showed	 striking	 overlap	 in	 molecular	

pathways	 involvement,	 with	 an	 enrichment	 in	 processes	 involved	 in	 brain	

development	and	neuronal	patterning.	On	one	hand	these	results	can	be	ascribed	

to	 maturation-related	 differences	 (such	 as	 different	 enrichment	 for	 DaNs	 and	

other	 aspecific/undifferentiated	 cell	 types)	 between	 centenarian	 and	 PD	 DaNs	

lines,	on	the	other	hand	can	be	possibly	related	to	disease-relevant	deterioration	

of	neuronal	features	in	PD	DaNs.		

Our	experimental	design	relied	on	the	fact	that	centenarian	cells	would	represent	

a	 slowed-ageing	 phenotype	 in	 contraposition	 with	 PD-associated,	 fast-ageing	

phenotype.	However,	our	neuronal	models	of	degeneration	highlighted	that	both	

PD-deriving	and	centenarian-deriving	neurons	underwent	a	similar	deterioration	

upon	cellular	ageing.		

There	 are	no	 studies	which	 thoroughly	 evaluated	 the	potential	 of	 centenarian-

iPSC-derived	tissues	for	the	modelling	of	neurodegenerative	disorders.	Only	few	

had	 actually	 generated	 iPSCs	 from	 centenarian	 fibroblasts	 and	 only	 one	 had	

characterised	age-related	epigenetic	and	physiological	properties	of	centenarian	

iPSC-derived	 tissue	 [83].	 Available	 data	 suggests	 that	 the	 epigenetic	 and	
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physiologic	rejuvenation	described	upon	reprogramming	affects	also	centenarian	

adult	tissue.	In	particular,	it	has	been	shown	that	fibroblasts	differentiated	from	

centenarian	 iPSCs	 acquired	 a	 higher	 replicative	 potential	 if	 compared	 to	 their	

origin.	 The	 features	 of	 the	 centenarian-derived	 iPSCs	 we	 generated	 are	 only	

partially	 in	agreement	with	existing	data.	Centenarians	 fibroblasts	were	 indeed	

rejuvenated	 upon	 reprogramming	 into	 embryonic-like	 state;	 however,	 this	

rejuvenated	 state	was	 not	maintained	 in	 the	 iPSC-derived	 tissues.	 Centenarian	

iPSC-derived	neurons	underwent	age-associated	deterioration	at	a	similar	pace	to	

PD-relevant,	 iPSC-base	models.	Rapid	deterioration	towards	an	aged	phenotype	

(loss	 of	 replicative	 potential,	 positivity	 to	 β-galactosidase	 staining,	 elevated	

expression	 of	 senescence-associated	 genes	 p16	 and	 p21)	 was	 also	 previously	

observed	in	centenarian	iPSC-derived	fibroblasts.	

Our	 results	 report	 the	 two-sided	 nature	 of	 iPSC-based	 models	 to	 study	 the	

overlapping	 between	 age-related	 deterioration	 in	 healthy	 subjects	 and	 PD	

patients.	 On	 one	 side,	 iPSCs-derived	 models	 are	 associated	 with	 an	 overall	

rejuvenation	 of	 cellular	 features	 that	 hampers	 the	 recapitulation	 of	 PD	

pathological	 features.	 On	 the	 other	 side,	 the	 lack	 of	 PD-associated	 features	 in	

rejuvenated	 tissues	 stresses	 the	 hypothesis	 that	 ageing	 has	 a	major	 impact	 on	

pathogenesis	of	age-related	neurodegenerative	disorders.		

In	addition,	our	model	highlighted	the	importance	of	patient	and	subject	choice	

and	 proper	 thorough	 characterisation	 of	 the	 iPSC-derived	 tissue	 hallmarks	 of	

ageing	in	order	to	avoid	mis-interpretation.	That	is	the	case	with	centenarian	iPSC-

derived	tissues.	These	cells	were	reported	to	rejuvenate	upon	reprogramming,	but	

they	seem	to	rapidly	acquire	an	aged	phenotype	upon	culturing	despite	showing	

an	 epigenetic	 age	 similar	 to	 the	 other	 differentiated	 cells.	 It	 is	 still	 not	 clear	

whether	 this	 is	 specific	 to	 the	 donor	 we	 recruited	 or	 it	 is	 associated	 to	 the	

maintenance	of	physiological	memory	of	age.	Whether	this	is	definitely	effective	

for	the	study	of	age-related	PD	pathogenesis,	it	does	not	align	with	the	definition	

of	centenarian	cells	as	slow	ageing	ones.	Alternatively,	it	may	be	linked	to	the	fact	

that	systemic	factors	that	are	lacking	in	vitro	play	a	role	in	the	maintenance	of	cells	

from	long-living	subjects	in	a	“young-like”	state.	
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