
1	A	brief	introduction	to	inner	ear	development
Auditory	and	vestibular	organs	form	the	adult	vertebrate	inner	ear,	both	contain	highly	differentiated	and	specialized	sensory	epithelia	that	receive	sound	and	position	stimuli,	respectively,	and	convey	information	to	the	brain

(Magariños	et	al.,	2012).	Sensory	patches	of	the	inner	ear	contain	sensory	cells	of	two	types,	outer	and	inner	hair	cells,	several	types	of	supporting	cells	and	neurons	(Magariños	et	al.,	2012;	Burns	et	al.,	2015).	These	cells	do	not

regenerate	in	adult	mammals,	despite	it	has	been	described	that	there	are	small	populations	of	resident	stem	cells	in	the	adult	inner	ear	(Oshima	et	al.,	2007).	Both	sensory	organs	have	a	common	developmental	origin	in	the	sensory

otic	placode,	a	thickening	of	the	ectoderm	that	invaginates	towards	the	neural	tube	forming	the	otic	cup,	which	later	closes	up	and	forms	the	otic	vesicle,	also	named	otocyst	(Adam	et	al.,	1998;	Magariños	et	al.,	2012).

The	otic	vesicle	is	an	embryonic	transitory	organ	that	contains	the	information	required	to	generate	most	cells	of	the	adult	inner	ear	(Magariños	et	al.,	2014).	The	otic	vesicle	can	be	explanted	and	the	whole	organ	cultured	in
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Abstract

The	development	of	the	inner	ear	complex	cytoarchitecture	and	functional	geometry	requires	the	exquisite	coordination	of	a	variety	of	cellular	processes	in	a	temporal	manner.	At	early	stages	of	inner	ear	development

several	rounds	of	cell	proliferation	in	the	otocyst	promote	the	growth	of	the	structure.	The	apoptotic	program	is	initiated	in	exceeding	cells	to	adjust	cell	type	numbers.	Apoptotic	cells	are	cleared	by	phagocytic	cells	that

recognize	the	phosphatidylserine	residues	exposed	in	the	cell	membrane	thanks	to	the	energy	supplied	by	autophagy.	Specific	molecular	programs	determine	hair	and	supporting	cell	fate,	these	populations	are	responsible

for	the	functions	of	the	adult	sensory	organ:	detection	of	sound,	position	and	acceleration.	The	neurons	that	transmit	auditory	and	balance	information	to	the	brain	are	also	born	at	the	otocyst	by	neurogenesis	facilitated	by

autophagy.

Cellular	senescence	participates	in	tissue	repair,	cancer	and	aging,	situations	in	which	cells	enter	a	permanent	cell	cycle	arrest	and	acquire	a	highly	secretory	phenotype	that	modulates	their	microenvironment.	More

recently,	senescence	has	also	been	proposed	to	take	place	during	vertebrate	development	in	a	limited	number	of	transitory	structures	and	organs;	among	the	later,	the	endolymphatic	duct	in	the	inner	ear.

Here,	we	review	these	cellular	processes	during	the	early	development	of	the	inner	ear,	focusing	on	how	the	most	recently	described	cellular	senescence	participates	and	cooperates	with	proliferation,	apoptosis	and

autophagy	to	achieve	otic	morphogenesis	and	differentiation.
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vitro,	as	schematized	in	Fig.	1	(panel	A,	León	et	al.,	1995).	Otocyst	cells	are	multipotent	progenitors	that	undergo	orchestrated	apoptosis	(Fig.	1	B,	a-b),	autophagy	(Fig.	1	B,	c-d),	senescence	(Fig.	1	B,	e-f),	proliferation	(Fig.	1	B,	g-i)

and	differentiation	(Fig.	1	B,	j)	programs	to	form	the	adult	inner	ear.	These	programs	are	strictly	orchestrated	and	act	sequentially	to	sculpt	the	otic	vesicle	as	schematized	in	Fig.	1	panel	C.	Otic	vesicle	dorsal	cells	will	contribute	to	the

formation	 of	 the	 vestibular	 system	 and	 the	 endolymphatic	 sac,	 whereas	 the	 ventral	 part	 will	 give	 rise	 to	 the	 auditory	 organ,	 named	 cochlea	 in	mammals.	 The	 ventral	 otocyst	 contains	 neurosensory	 progenitors	whose	 stepwise

specification	and	differentiation	has	been	a	classic	model	to	understand	basic	developmental	mechanisms	(Torres	and	Giráldez,	1998;	Stojanova	et	al.,	2016).	There	is	also	a	great	interest	in	understanding	otic	developmental	clues	to

achieve	in	vitro	reproduction	of	the	differentiation	of	auditory	cells	for	the	translation	of	this	knowledge	to	hearing	loss	regenerative	therapy	(Hawkins	et	al.,	2007;	Groves	et	al.,	2013;	Elliott	et	al.,	2018).



Finally,	otic	neurons	are	specified	from	ventromedial	otic	vesicle	neurosensory	progenitors	(Fig.	1	B,	 j	and	C).	Epithelial	neuroblasts	delaminate	from	the	otocysts	and	differentiate	giving	rise	to	the	bipolar	neurons	of	 the

embryonic	auditory	and	vestibular	ganglion	(AVG),	cochleovestibular	ganglion	in	mammals	(Sanchez-Calderon	et	al.,	2007).	Later	in	development,	the	AVG	will	generate	distinct	auditory	and	vestibular	ganglia	that	connect	sensory	hair

cells	with	the	central	brainstem	(Coate	and	Kelley,	2013).	Likewise,	understanding	the	molecular	basis	of	neurogenesis,	neuronal	specification	and	connections	has	been	the	focus	of	much	attention	in	development	(Magariños	et	al.,

2010;	Davies,	2011;	Aburto	et	al.,	2012b)	and	regenerative	medicine	studies	(Chen	et	al.,	2012).

2	Apoptosis	and	autophagy	contribute	to	morphogenesis	and	cellular	specification
2.1	Apoptosis	during	early	inner	ear	development

Apoptosis	is	a	programmed	cell	death	suicide	mechanism	crucial	during	the	development	of	organisms	(Degterev	and	Yuan,	2008;	Green,	2011).	This	regulated	cell	death	program	runs	through	a	series	of	concrete	stages	that	can

be	identified	both	by	the	morphology	of	the	cell	and	by	the	collection	of	molecular	markers	that	have	been	exhaustively	described	over	the	last	decades	(Galluzzi	et	al.,	2015).

The	earliest	detectable	event	 is	 the	exposure	 to	 the	extracellular	milieu	of	phosphatidylserine	residues,	 followed	by	cell	 shrinkage,	membrane	blebbing,	nuclear	condensation	and	DNA	fragmentation	 that	 form	part	of	 the

morphological	alterations	characteristic	of	the	cellular	process	of	self-degradation,	which	ends	with	the	phagocytosis	of	the	apoptotic	cells	and	looks	for	minimal	impact	in	the	surrounding	cells.	Central	elements	of	the	self-degradation

process	are	the	caspases	family	of	specific	Asp	residues	cysteine	proteases.	Caspases	are	subdivided	into	initiator	caspases	(−2,	−8,	−9,	−10,	−11,	and	−12)	and	their	downstream	substrates	the	effector	caspases	(−3,	−6,	and	−7),

which	are	activated	by	cleavage	and	in	turn	execute	apoptosis	by	cleaving	cellular	proteins	(Pradelli	et	al.,	2010).	Caspases	activation	is	tightly	regulated	and	requires	additional	inputs,	as	the	release	of	cytochrome	c,	among	other	pro-

apoptotic	molecules,	from	damaged	mitochondria,	which	together	with	caspase-9	and	APAF1	will	form	the	apoptosome	and	mark	the	irreversibility	of	the	cell	death	process	(Riedl	and	Salvesen,	2007;	Acehan	et	al.,	2002).	Anti-apoptotic

ligands,	including	growth	factors	and	neurokines,	activate	AKT,	which	in	turn	phosphorylates	and	inactivates	the	pro-apoptotic	protein	BAD,	a	member	of	the	BCL-2	family.	Thus	preventing	and	blocking	the	subsequent	apoptotic	steps

including	the	expression	of	BIM	and	FASL	and	the	activation	of	FOXO	transcription	factors.	AKT	also	activates	the	IκB	kinase/NF-κB	pathway	thus	promoting	the	transcription	of	pro-survival	genes	(Chen	et	al.,	2001;	Song	et	al.,	2005).

During	the	development	of	the	inner	ear,	apoptosis	has	been	reported	to	play	an	essential	role	in	the	shaping	of	the	otocyst	and	in	the	control	of	AVG	neurogenesis	(Fekete	et	al.,	1997;	León	et	al.,	2004).	Apoptosis	shows	a	defined

pattern	during	development	that	associates	with	specific	developmental	events	in	the	otic	epithelium,	as	the	closure	of	the	otic	cup,	the	formation	of	the	endolymphatic	duct	and,	later	in	development,	in	the	formation	of	the	vestibular

semicircular	channels	(Fig.	1	B,	a-b	and	C;	Fekete	et	al.,	1997;	Frago	et	al.,	1998;	Chang	et	al.,	2004).	In	the	otic	vesicle	stage,	apoptosis	is	associated	with	the	thinning	of	the	endolymphatic	duct	and	with	the	control	of	the	populations	that

are	proliferating	(Frago	et	al.,	1998).	Blockade	of	caspase	activation	disturbs	both	processes	(Fig.	1	B,	a-b).	Apoptosis	is	also	required	to	control	the	populations	of	epithelial	and	neural	neuroblasts,	as	well	as	for	the	adjustment	of	the

auditory	 and	 vestibular	 neurons	 to	 the	 hair	 sensory	 cells	 that	 they	 innervate	 (León	et	 al.,	 2004),	 as	 an	 example	 of	 the	 neurotrophic	 theory	 (León	 et	 al.,	 1999;	Sanz	 et	 al.,	 1999a,b).	 Thus,	 neurotrophic	 factors	 are	 secreted	 from	 the

primordium	of	the	sensory	otic	epithelia	to	guide	neurons	during	the	process	of	innervation.	Embryonic	neurons	are	primed	to	die	but	express	neurotrophic	factors	receptors	that,	upon	activation,	initiate	intracellular	signaling	to	block

apoptosis.	Only	those	otic	neurons	receiving	neurotrophic	factor	signaling	from	the	otic	vesicle	will	epithelia	survive	(Frago	et	al.,	2003;	Aburto	et	al.,	2012b).

Intracellular	pathways	leading	to	apoptosis	have	been	studied	in	the	embryonic	otic	vesicle	(León	et	al.,	1999;	Sanz	et	al.,	1999a,b).	Extracellular	factors	leading	to	cell	survival	converge	in	the	activation	of	the	PI3K/AKT	pathway,

among	these	factors	insulin-like	growth	factor	1	(IGF-1)	and	neurotrophins	have	a	central	role	(Frago	et	al.,	2003;	Aburto	et	al.,	2012b).	Neurotrophins	have	a	dual	function	depending	on	the	neurotrophin	receptor	involved,	thus	when	p75

Fig.	1	Cellular	processes	during	early	development	of	the	chicken	inner	ear.	A)	Schematic	view	of	the	ex	vivo	culture	of	otic	vesicles.	The	cellular	processes	responsible	for	initial	acoustic-vestibular	ganglion	development	(AVG)	and	endolymphatic	duct	(Ed)

morphogenesis	can	be	followed	in	HH18	cultured	otic	vesicle	after	20 h	in	serum-free	culture	medium	(0S).	B)	Apoptosis	(a–b).	Blocking	apoptosis	in	ex	vivo	otocyst	cultures	with	BOC	disrupts	dorsal	morphogenesis	and	AVG	development	(asterisks).

Autophagy	(c–d).	Apoptotic	cells	visualized	by	TUNEL	(green)	accumulate	when	autophagy	is	inhibited	(3-MA)	due	to	reduced	expression	of	the	“eat-me”	signal	detected	by	An-V	(red).	Senescence	(e–f).	The	elimination	of	senescent	cells	abolishes

endolymphatic	duct	morphogenesis	(asterisk).	Proliferation	(g–i).	(g)	EdU	incorporation	(red)	shows	proliferating	cells	in	the	otocyst	and	AVG	(co-labelled	with	the	neuronal	marker	G4,	green).	Magnification	in	g'	shows	no	proliferation	in	the	endolymphatic

duct	region	at	this	stage	while	the	rest	of	the	otic	vesicle	shows	EdU	incorporation	(g'`).	(h–i)	Cell	proliferation	visualized	by	BrdU	incorporation	(red)	is	highly	reduced	by	the	RAF-MEK-ERK	inhibitor	Sor.	Cell	differentiation	(j).	Early	neurogenesis	is	shown

as	an	example	of	otic	cell	differentiation	at	HH18.	Immature	neural	population	is	labelled	by	the	neuroblast	marker	Islet-1	(green)	and	post-mitotic	neurons	show	the	neuronal	marker	G4	(magenta).	C)	Cartoon	showing	apoptosis,	autophagy,	senescence	and

cell	differentiation	participation	in	the	remodeling	events	of	a	HH18	otic	vesicle.	Senescent	(blue)	and	apoptotic	(green)	cells	facilitate	dorsal	morphogenesis	that	includes	the	protrusion	of	the	endolymphatic	duct.	Apoptosis	is	also	required	to	eliminate

exceeding	neuroblasts	during	neurogenesis	and	cell	differentiation	(yellow)	generates	mature	neurons.	Activation	of	autophagy	(red)	assists	cell	clearance	of	apoptotic	cells	and	allows	neuronal	differentiation.	Scale	bar:	a-i,	150 μM.	Abbreviations:	A,

anterior;	An-V,	Annexin-V;	AVG,	acoustic-vestibular	ganglion;	BOC:	Boc-D-FMK	(pan-caspase	inhibitor);	D,	dorsal;	Ed,	endolymphatic	duct;	HH,	Hamburger	and	Hamilton	classification;	M,	medial;	Sor,	Sorafenib	(RAF-MEK-ERK	inhibitor).	3-MA,	3-

methyladenine.	Adapted	from	Magariños	et	al.	(2010)	and	Aburto	et	al.	(2012b),c.	(For	interpretation	of	the	references	to	colour	in	this	figure	legend,	the	reader	is	referred	to	the	Web	version	of	this	article.)

alt-text:	Fig.	1



nerve	growth	factor	(NGF)	is	activated	in	the	absence	of	the	tyrosine	kinase	high	affinity	receptors	TRK	it	leads	to	cell	death	by	apoptosis	(Bandtlow	and	Dechant,	2004).	Signaling	pathways	described	so	far	include	the	balance	between

ceramide	pro-	and	anti-apoptotic	metabolites	(Frago	et	al.,	1998)	and	the	activation	of	the	RAF	kinase	and	the	MAPK	cascade	also	lead	to	cell	survival	but,	in	addition,	promote	cell	division	and	otocyst	growth	(Fig.	1	g-h;	Sanz	et	al.,

1999a,b;	Magariños	et	al.,	2010).	Apoptotic	signaling	leads	to	the	activation	of	the	c-JUN-N-terminal	kinase	(JNK)	that	is	a	central	element	of	the	transcriptional	machinery	of	programmed	cell	death	during	development	(León	et	al.,	1998;

Sanz	et	al.,	1999a;	Lahlou	et	al.,	2018).

In	the	adult	inner	ear,	apoptosis	is	a	crucial	mechanism	to	maintain	neuronal	and	sensory	cell	populations,	being	this	a	field	of	renewed	research	interest	to	identify	drug-targets	and	develop	novel	therapies	to	prevent	cell

death	and	hearing	loss	(Morrill	and	He,	2017;	Wang	and	Puel,	2018).

2.2	Autophagy	during	inner	ear	development
Autophagy	emerged	as	an	evolutionary	conserved	mechanism	of	cell	death,	which	was	later	shown	to	play	other	central	roles	in	mammalian	development,	metabolic	homeostasis,	human	disease	and	ageing	(Booth	et	al.,	2014;

Magariños	et	al.,	2017;	Doherty	and	Baehrecke,	2018).	Autophagy	is	activated	by	stress	conditions,	which	include	growth	factor	deprivation,	and	depending	on	the	cellular	context	it	is	classified	as	macroautophagy,	microautophagy	and

chaperone-mediated	autophagy,	only	reported	in	mammals	(Hansen	et	al.,	2018;	Kaushik	and	Cuervo,	2018).	Morphological	and	molecular	characteristics	of	autophagy	have	been	extensively	described	(Ariosa	and	Klionsky,	2016;	Klionsky	et

al.,	2016).	Macroautophagy	(hereafter	referred	as	autophagy)	signaling	is	the	best	studied	pathway.	Downstream	AKT,	mechanistic	target	of	rapamycin	(mTOR)	is	the	key	sensor	of	nutrients	and	regulates	cell	homeostasis	by	modulating

lysosomal	biogenesis	and	autophagy.	During	autophagy	the	intracellular	components	to	be	degraded	are	encased	into	a	phagophore	that	evolves	to	form	the	autophagosome,	a	transport	vesicle,	which	will	fuse	with	the	lysosomes	to

complete	 the	 degradation.	 This	 complex	 process	 involves	 more	 than	 thirty	 autophagy	 related	 genes	 (ATG),	 whose	 precise	 roles	 and	 regulation	 are	 still	 under	 study.	 Thus,	 autophagy	 is	 used	 by	 cells	 to	 degrade	 cytoplasmic

macromolecules	and	dysfunctional	organelles	to	recycle	intracellular	components	and	to	generate	energy,	being	an	essential	process	during	the	development	of	the	nervous	system	(Aburto	et	al.,	2012a;	Magariños	et	al.,	2017).

During	early	inner	ear	development	autophagy	plays	a	central	role	that	has	been	recently	reviewed	(Magariños	et	al.,	2017,	Fig.	1	C).	Autophagy	helps	apoptosis	providing	energy	to	carry	out	the	ATP-consuming	programmed

death	cell	and	facilitates	epithelial	neuroblasts	delamination	from	the	otic	vesicle	(Fig.	1	B,	j;	Aburto	et	al.,	2012a,c).	Autophagy	has	also	been	reported	to	be	essential	for	the	development	of	the	mouse	vestibular	system	(Mariño	et	al.,

2010)	although	much	research	effort	should	be	placed	into	studying	this	process	during	mammalian	inner	ear	development.	Later	in	development	and	lifelong	autophagy	plays	a	role	in	inner	ear	homeostasis	(de	Iriarte	Rodríguez	et	al.,

2015;	Magariños	et	al.,	2017)	and	response	to	injury	(Taylor	et	al.,	2008;	Yuan	et	al.,	2015)	in	the	mouse.

3	Cell	senescence	in	inner	ear	development
3.1	Overview	of	cell	senescence

Cell	senescence	is	a	stable	form	of	cell	cycle	arrest,	with	a	relevant	role	in	cell	balance	in	different	pathological	and	physiological	situations	(Fig.	2	A,	a	and	b;	Pérez-Mancera	et	al.,	2014;	Salama	et	al.,	2014;	He	and	Sharpless,	2017).

Through	inhibition	of	proliferation	followed	by	clearance	mediated	by	immune	cells,	senescence	facilitates	the	elimination	of	cells	that	either	suffer	an	unrepairable	level	of	damage	or	are	no	longer	required	for	normal	tissue	function.

A	 series	 of	 distinctive	morphological	 and	molecular	markers	 distinguishes	 senescence	 from	 other	 non-proliferative	 states	 (Fig.	 2	 B).	 These	 include	 increased	 lysosomal	 β-galactosidase	 activity	 (known	 as	 senescence-associated	 β-

galactosidase	or	SAβG),	a	characteristic	morphology	with	extended	and	vacuolated	cytoplasm,	changes	in	nuclear	and	chromatin	structure	and	a	characteristic	secretory	phenotype	(senescence-associated	secretory	phenotype	or	SASP,

see	below)	(Salama	et	al.,	2014).	Retinoblastoma	and	p53	tumor	suppressor	pathways	generally	play	an	essential	role	in	senescence	regulation,	most	frequently	involving	p16INK4A	and	ARF,	products	of	CDKN2A	locus	(Salama	et	al.,

2014).	Of	note,	none	of	these	markers	are	universal	or	completely	specific	for	senescence,	making	advisable	the	use	of	a	combination	of	several	markers	to	identify	senescent	cells.



Senescence	can	be	activated	by	a	variety	of	cellular	alterations	 that	can	be	regarded	as	stress	or	damage	signals	 (Fig.	2B).	Many	of	 these	are	commonly	associated	with	 the	 tumorigenic	process,	 such	as	DNA	damage	or

oncogene	activation.	Accordingly,	senescence	acts	as	an	effective	tumor	suppressive	mechanism	blocking	the	uncontrolled	proliferation	of	cells	with	potentially	oncogenic	alterations	(Collado	and	Serrano,	2010).	Cellular	senescence	is

also	involved	in	a	variety	of	physiological	and	pathological	situations,	beyond	its	well-established	role	in	tumor	suppression	(Muñoz-Espín	and	Serrano,	2014;	Childs	et	al.,	2017;	He	and	Sharpless,	2017).	Senescence	has	been	implicated	in	a

growing	list	of	pathologies,	many	of	them	aging-related,	including	atherosclerosis,	osteoarthritis,	fibrosis	or	diabetes.	The	relevance	of	senescence	in	disease	is	supported	by	studies	of	senescence	markers	in	human	samples	and,	most

significantly,	from	recent	studies	on	the	impact	of	selective	elimination	of	senescent	cells	in	vivo	(Baker	et	al.,	2011;	Demaria	et	al.,	2014).	Strikingly,	the	role	of	senescence	in	disease	is	highly	context	dependent,	with	examples	of	both

protective	and	pathogenic	roles	for	senescence	(Muñoz-Espín	and	Serrano,	2014;	Childs	et	al.,	2017;	He	and	Sharpless,	2017).	Notably,	in	addition	of	these	links	to	disease,	senescence	also	has	a	role	in	the	control	of	cell	balance	and	tissue

homeostasis	in	the	context	of	normal	physiology	and	embryonic	development,	as	will	be	discussed	in	detail	below	(Fig.	2A	and	b;	Muñoz-Espín	et	al.,	2013;	Storer	et	al.,	2013).	Pathologies	associated	with	senescence	could	be	explained	by

Fig.	2	Classification	and	characteristics	of	senescent	cells.	A)	Schematic	representation	of	senescence	cellular	phenotypes.	(a)	Senescence	is	associated	to	pathological	situations	such	as	cancer	(oncogene-induced	senescence)	where	it	can	be	beneficious	(tumor

suppression)	or	detrimental	(tumor	promotion),	as	well	as	to	aging	(replicative	senescence).	(b)	Developmental	senescence	is	present	at	specific	time	windows	in	vertebrate	embryos	acting	through	p15,	p21,	TGFβ	and	PI3K/FOXO.	Senescence	functions	include	cell	clearance	and

population	balance	contributing	to	the	morphogenesis	of	embryonic	structures.	Developmental	senescence	has	been	reported	in	most	vertebrates.	B)	Characteristics	of	senescent	cells.	A	variety	of	cellular	insults	trigger	the	senescent	program	that	results	in	a	stable	cell	cycle

arrest.	Senescent	cells	show	upregulation	of	cell	cycle	inhibitors	(p16,	p53	and	p21),	increased	lysosomal	content	with	high	levels	of	senescence-associated	β-galactosidase	activity	(SAβG)	and	a	strong	secretory	phenotype	known	as	the	senescence-associated	secretory	phenotype

(SASP),	which	includes	pro-inflammatory	cytokines,	metalloproteinases	and	growth	factors	to	influence	neighboring	cells.	C)	Clearance	of	developmental	senescent	cells.	Cells	to	be	removed	during	development	could	be	eliminated	either	by	apoptosis	or	by	senescence,	either

way	cells	will	be	finally	phagocyted.	Senescent	cells	may	eventually	enter	the	apoptotic	program.

alt-text:	Fig.	2



the	dysregulation	of	the	normal	senescence	program,	for	example	by	defective	activation	of	senescence,	or	aberrant	accumulation	of	senescent	cells	and	impaired	regeneration	as	in	aging	(Muñoz-Espín	et	al.,	2013;	He	and	Sharpless,

2017).	The	growing	evidence	of	the	implication	of	senescence	in	disease	has	fuelled	the	interest	in	exploiting	manipulation	of	senescence	for	therapeutical	purposes.	A	number	of	compounds	have	been	recently	identified	with	the	ability

to	induce	senescence	(senogenics)	or	selectively	kill	senescent	cells	(senolyitics).	These	promising	findings	have	set	the	ground	for	therapeutical	interventions	based	on	senescence	(He	and	Sharpless,	2017;	Kirkland	and	Tchkonia,	2017;

Soto-Gamez	and	Demaria,	2017).

Senescent	cells	produce	and	release	a	complex	combination	of	secreted	factors,	known	as	the	SASP	(Fig.	2	B;	Pérez-Mancera	et	al.,	2014;	Malaquin	et	al.,	2016;	Ito	et	al.,	2017),	which	typically	includes	inflammatory	cytokines,	IL-6

and	IL-8,	matrix	metalloproteases,	and	components	of	several	key	signalling	pathways,	such	as	TGFβ	or	WNT	(Acosta	et	al.,	2008;	Coppé	et	al.,	2008;	Malaquin	et	al.,	2016).	The	SASP	is	under	a	complex	regulatory	circuit	that	includes

NFkappaB,	C/EBPβ,	mTOR	and	p38MAPK	(Acosta	et	al.,	2013,	2008;	Kuilman	et	al.,	2008;	Malaquin	et	al.,	2016).	The	SASP	is	central	to	the	communication	of	senescent	cells	with	their	environment	and	participates	in	opposing	outcomes	of

senescence.	It	promotes	the	senescent	response	through	the	cell-autonomous	reinforcement	of	senescence,	the	paracrine	spreading	of	senescence,	and	the	recruitment	of	immune	cells	for	the	clearance	of	senescent	cells	(Xue	et	al.,

2007;	Krizhanovsky	et	al.,	2008;	Kuilman	et	al.,	2008;	Acosta	et	al.,	2008,	2013).	Paradoxically,	in	addition	to	these	beneficial	actions,	the	SASP	can	also	elicit	detrimental	effects,	such	as	proliferation	of	tumor	cells,	epithelial-mesenchymal

transition	and	invasiveness	or	an	immunosuppressive	environment	that	allows	tumor	growth	(Coppé	et	al.,	2008;	Ruhland	et	al.,	2016).	As	discussed	in	detail	below,	the	SASP	is	also	a	key	player	in	developmental	senescence	and	in	the

link	of	senescence	to	cell	plasticity.	Recent	 investigations	also	 indicate	 that	exosomes	released	by	senescent	cells	play	an	 important	role	 in	cellular	communication	 in	senescence,	although	the	relative	 importance	of	SASP	soluble

factors	or	exosome-associated	cargo	in	this	context	is	still	unclear	(Takasugi,	2018).

3.2	Developmental	senescence
As	 described	 above,	 senescence	 had	 been	 traditionally	 associated	 to	 cellular	 damage	 and	 pathological	 situations.	 In	 contrast	 to	 this	 view,	 the	 existence	 of	 “physiological”	 senescence	 during	 vertebrate	 development	was

described	(Fig.	2A	and	b;	Muñoz-Espín	et	al.,	2013;	Storer	et	al.,	2013).	Using	SAβG	as	a	senescence	marker,	these	studies	identified	senescent	cells	 in	several	discrete	anatomical	structures	in	mouse	embryos	in	mid	to	late	stages	of

development,	 from	E9.5	 to	E18.5	 (Muñoz-Espín	 et	 al.,	 2013;	Storer	 et	 al.,	 2013).	 Specific	 SAβG	 staining	was	 detected	 in	 the	 otic	 vesicle,	 neural	 roof	 plate,	 limb	 buds,	 and	 the	mesonephros,	 among	 other	 locations.	 Although	 these

phenotypes	have	been	characterized	in	detail	in	mouse	embryos,	developmental	senescence	has	also	been	identified	in	human,	chick,	quail,	axolotl,	xenopus	and	zebra	fish	embryos	(Nacher	et	al.,	2006;	Muñoz-Espín	et	al.,	2013;	Storer	et

al.,	2013;	Lorda-Diez	et	al.,	2015;	Davaapil	et	al.,	2017;	Villiard	et	al.,	2017),	indicating	that	it	represents	an	evolutionary	conserved	mechanism.	Interestingly,	physiological	senescence	has	also	been	observed	in	the	placenta,	where	it	has

been	associated	to	trophoblast	cell	fusion	(Chuprin	et	al.,	2013),	as	well	as	in	embryonically-derived	membranes,	where	its	dysregulation	could	be	related	to	pregnancy	and	parturition	defects	(Cha	and	Aronoff,	2017).	From	an	evolutionary

point	 of	 view,	 it	 appears	 that	 developmental	 senescence	may	 represent	 a	 primitive	 form	 of	 senescence,	 directed	 to	 elicit	 cell-cycle	 arrest,	 cell	 clearance	 (Fig.	 2	 C)	 and	 possibly	 instructive	 signals	 necessary	 for	 morphogenesis.

Accordingly,	adult,	stress-induced	senescence	would	have	appeared	as	an	adaptation	of	this	physiological	process	in	order	to	respond	to	stress	or	damage	situations	sustained	during	adult	life	(Banito	and	Lowe,	2013).

In	the	developing	inner	ear,	senescence	is	restricted	to	the	endolymphatic	duct	in	a	time	window	that	spans	from	the	onset	of	its	formation	in	the	dorsal	tip	of	the	epithelium	of	the	otic	vesicle	around	E9.5,	up	to	E14.5	when	the

morphogenesis	of	this	structure	is	complete	(Muñoz-Espín	et	al.,	2013).	The	main	function	of	the	endolymphatic	duct	and	sac	is	the	control	of	the	homeostasis	of	the	endolymph,	the	fluid	in	contact	with	sensory	cells	in	the	cochlea	and

vestibule.	The	ion	composition,	volume	and	pressure	of	the	endolymph	are	critical	for	efficient	transduction	of	sound	and	balance	stimuli	into	nerve	signals.	The	endolymphatic	system	seems	to	mediate	the	resorption	of	endolymph	that

balances	 its	 generation	 from	 the	 perilymph.	 Additional	 functions	 of	 the	 endolymphatic	 sac	may	 include	 the	macrophage-mediated	 immune	 surveillance	 of	 the	 inner	 ear	 and	 the	 clearance	 of	 cellular	 debris	 from	 inner	 ear	 ducts

(Couloigner	et	al.,	2004).	Of	note,	several	human	diseases	of	 the	endolymphatic	duct	and	sac	are	known.	These	 include	Meniere's	disease,	characterized	by	vertigo	and	tinnitus	and	 linked	to	changes	 in	 the	endolymph	content	and

pressure	(Nakashima	et	al.,	2016),	endolymphatic	sac	epithelial	tumors,	frequently	associated	to	the	Von-Hippel-Lindau	syndrome	(Wick	et	al.,	2015),	and	the	Enlarged	Vestibular	Aqueduct,	linked	to	dilated	endolymphatic	sac	and	duct

epithelia	(Griffith	and	Wangemann,	2011).	Given	the	well-established	involvement	of	senescence	in	many	diseases	and	its	physiological	occurrence	in	endolymphatic	sac	morphogenesis,	it	would	be	interesting	to	investigate	the	potential

role	of	senescence	in	endolymphatic	sac	pathologies.

3.3	Regulation	of	developmental	senescence
Notably,	developmental	senescence	seems	to	depend	on	a	specific	regulatory	network	that	differs	from	canonical	adult	senescence.	In	the	endolymphatic	sac,	senescence	is	accompanied	by	increased	expression	of	the	cell-cycle

inhibitors	and	senescence	 regulators	p21CIP1	and	p15INK4b.	 In	contrast,	p16INK4a	and	p19ARF,	which	are	critical	mediators	of	adult	mouse	senescence,	are	not	 involved	 in	developmental	 senescence	 (Muñoz-Espín	 et	 al.,	 2013).

Senescent	cells	in	the	endolymphatic	sac	display	other	hallmarks	of	senescence,	like	reduced	proliferation	or	heterochromatin	foci,	but	they	show	no	evidence	of	DNA	damage,	a	common	marker	of	many	forms	of	adult	senescence

(Muñoz-Espín	et	al.,	2013;	Pérez-Mancera	et	al.,	2014).	Genetic	analysis	revealed	that	p21CIP1	(hereafter	p21)	seems	to	be	the	major	mediator	of	senescence	during	development,	as	shown	by	reduced	senescence	markers	in	p21-null

embryos.	In	contrast,	genetic	manipulation	of	senescence	mediators	like	p16INK4a/p19ARF,	p53	or	p27	had	no	significant	impact	in	this	phenotype	(Muñoz-Espín	et	al.,	2013;	Storer	et	al.,	2013).	p21	is	a	well-known	transcriptional	target

of	 the	 tumor	 suppressor	 p53	 and	 plays	 an	 important	 role	 in	 p53-mediated	 cell	 cycle	 arrest	 in	 adult	 senescence	 and	 other	 p53-mediated	 responses	 (Pérez-Mancera	 et	 al.,	 2014).	 However,	 since	 p53	 is	 apparently	 not	 involved	 in



developmental	senescence,	the	role	of	p21	in	this	setting	seems	to	be	p53-independent.	Notably,	p21	expression	in	mouse	embryos	faithfully	correlates	with	known	locations	of	developmental	senescence	(Vasey	et	al.,	2011).	In	addition

to	 p21,	 other	 senescence	 effectors	 may	 also	 be	 important.	 One	 attractive	 candidate	 is	 p15INK4b,	 which	 is	 also	 prevalent	 marker	 of	 inner	 ear	 developmental	 senescence.	 Genetic	 analyses	 of	 the	 impact	 of	 p15INK4b	 loss	 in

developmental	senescence	would	be	interesting	to	determine	its	contribution	to	this	process.

p21	expression	and	developmental	senescence	in	the	inner	ear	are	under	the	coordinated	control	of	the	TGFβ	and	FOXO/PI3K	pathways	(Muñoz-Espín	et	al.,	2013).	FOXO1	and	P-SMAD2,	 the	 latter	 indicative	of	active	TGFβ

signalling,	are	elevated	in	senescent	cells	and	the	genetic	or	pharmacological	inhibition	of	either	pathway	results	in	reduced	levels	of	senescent	markers	(Muñoz-Espín	et	al.,	2013).	Interestingly,	gene	expression	analysis	in	the	senescent

mesonephros	also	suggested	the	possible	implication	in	programmed	senescence	of	additional	signalling	pathways	relevant	in	development,	such	as	SHH	or	WNT,	but	their	involvement	in	the	otic	vesicle	or	other	senescent	structures

remains	to	be	determined.	Of	note,	some	of	the	pathways	linked	to	senescence,	like	TGF/BMP,	SHH	or	WNT,	are	known	for	their	central	role	in	specifying	dorsal-ventral	polarity	on	the	otic	vesicle	(Bok	et	al.,	2007;	Magariños	et	al.,	2012).

Since	senescence	occurs	in	the	endolymphatic	sac	in	the	dorsal-most	extreme	of	the	otic	vesicle	and	elimination	of	senescent	cells	at	the	otic	vesicle	stage	abolish	endolymphatic	duct	morphogenesis	(Fig.	1	B,	e-f	and	C;	Gibaja	et	al.,

2019;	submitted)	it	is	tempting	to	speculate	that	the	regulation	of	senescence	might	somehow	be	connected	to	the	general	program	of	dorso/ventral	patterning	of	the	otocyst.

A	similar	regulatory	mechanism	to	that	of	the	endolymphatic	sac	appears	to	be	in	action	in	additional	locations	of	developmental	senescence.	p21	(and	to	some	extent	p15INK4b)	is	also	overexpressed	in	senescent	cells	in	the

mesonephros,	the	apical	ectodermal	ridge	(AER)	of	the	limb	bud,	and	the	neural	roof	plate.	Accordingly,	senescence	in	these	structures	is	impaired	in	p21-null	embryos	(Muñoz-Espín	et	al.,	2013;	Storer	et	al.,	2013).	However,	in	addition

to	this	common	layer	of	regulation,	specificities	may	also	exist	in	each	individual	senescent	structure.	For	instance,	the	TGFβ	or	PI3K	pathways	have	only	been	investigated	so	far	in	the	endolymphatic	sac	and	the	mesonephros,	but	its

possible	role	in	other	senescent	sites	is	not	known.	Instead,	senescence	in	the	AER	seems	to	be	mediated	by	ERK	signalling	emanating	from	the	surrounding	mesenchyme.	Thus,	although	the	existing	evidence	suggests	a	common

regulatory	theme,	further	studies	are	required	to	fully	characterize	the	regulatory	machinery	of	developmental	senescence	and	identify	common	as	well	as	structure-specific	mechanisms.

3.4	Functional	significance	of	developmental	senescence
What	is	the	physiological	function	of	senescence	during	development	in	the	inner	ear	and	other	locations?	In	many	cases,	developmental	senescence	occurs	in	transient	structures,	which	undergo	active	remodelling	coinciding

with	the	presence	of	senescence.	In	these	cases,	senescence	has	been	associated	to	cell	clearance	leading	to	patterning	during	development.	This	is	clearly	the	case	for	the	AER	(Storer	et	al.,	2013)	and	the	mesonephros	(Muñoz-Espín	et

al.,	2013).	Both	structures	normally	undergo	massive	remodelling,	which	is	 impaired	in	senescence-defective	p21-null	embryos.	The	case	of	 the	endolymphatic	sac	seems	more	complex	as	senescence	markers	are	detected	at	early

stages	of	the	formation	of	the	sac	(since	E9.5),	and	this	structure	is	retained	in	the	adult	inner	ear,	without	presence	of	overt	remodelling	processes.	Interestingly,	senescent-defective	p21-null	embryos,	display	abnormal	folding	of	the

endolymphatic	sac	at	later	developmental	stages	(E18.5).	To	explain	this	phenotype,	it	has	been	suggested	that	senescence	could	control	the	balance	between	specific	cell	populations	required	for	proper	morphogenesis	of	the	sac.

Senescence	would	block	the	proliferation	of	the	major	population	of	epithelial	cells	characterized	by	the	absence	of	pendrin,	a	membrane	anion	transporter	key	for	endolymph	absorption,	in	favour	of	the	minority	of	pendrin-positive

cells	(Muñoz-Espín	et	al.,	2013).	 In	addition	 to	 this	role	at	 later	stages,	senescence	plays	a	role	 in	 the	 formation	of	 the	endolymphatic	sac	and	 its	modulation	modifies	otic	vesicle	morphology	 (Fig.	1	B,	e	and	C;	Gibaja	et	al.,	2019;

submitted).	These	findings	raise	the	possibility	that	senescence	may	play	distinct	roles	at	different	stages	morphogenesis.	Interestingly,	similar	defects	both	at	early	and	late	stages	of	endolymphatic	sac	have	been	described	in	embryos

defective	 in	ephrin	signalling,	a	pathway	linked	to	senescence	(Zhu	et	al.,	2015).	 Indeed,	genetic	 inactivation	of	Efnb2	 in	 the	 inner	ear	results	 in	endolymphatic	sac	delayed	morphogenesis	and	malformation	that	 includes	abnormal

distribution	of	pendrin-positive	cells	(Raft	et	al.,	2014).

Somewhat	unexpectedly,	impaired	developmental	senescence	seems	to	have	a	limited	impact	in	the	inner	ear	in	adult	mice.	The	defects	in	the	endolymphatic	sac	found	in	p21-null	mice	appear	to	be	compensated	at	later	stages

by	a	process	involving	macrophage	infiltration	and	apoptosis,	explaining	that	adult	p21-null	mice	show	no	obvious	ear	anatomical	defects	or	impaired	hearing	(Muñoz-Espín	et	al.,	2013;	Chang	et	al.,	2016).	Similarly,	increased	apoptosis	is

observed	in	the	AER	in	p21-null	mice,	presumably	to	compensate	for	the	lack	of	senescence,	providing	an	explanation	for	the	lack	of	overt	limb	phenotypes	in	these	mice.	These	observations	are	reminiscent	of	the	relatively	normal

embryo	phenotypes	observed	in	mice	defective	in	the	apoptotic	machinery	(Lindsten	et	al.,	2000),	and	most	likely	reflect	the	existence	of	robust	compensation	mechanisms	directed	to	preserve	correct	embryo	development,	even	in	the

presence	of	severe	alterations	 in	developmentally	 relevant	processes.	Moreover,	 redundancy	with	other	potential	 regulators	of	developmental	senescence,	such	as	p15	or	p27	 is	also	possible.	 Interestingly,	 the	 impact	of	defective

senescence	depends	on	the	organ.	The	consequences	of	defective	senescence	in	p21-null	mice	were	most	evident	in	the	mesonephros,	where	the	female	Wolffian	duct	fails	to	degenerate	completely,	 leading	to	vagina	abnormalities

(Muñoz-Espín	et	al.,	2013).

3.5	Role	of	the	SASP	in	developmental	senescence
Considering	 the	 importance	 of	 the	 SASP	 in	 many	 aspects	 of	 adult	 senescence,	 it	 is	 important	 to	 understand	 its	 contribution	 to	 developmental	 senescence.	 The	 signature	 of	 genes	 upregulated	 in	 senescent	 cells	 in	 the

endolymphatic	sac,	AER	or	the	mesonephros,	 include	several	genes	associated	with	the	SASP,	such	as	C/EBP,	a	key	transcriptional	regulator	of	the	SASP,	the	BMP	receptor	1	of	the	TGF	pathway	or	IGFBP5.	Notably,	 inflammatory



cytokines,	 such	as	 IL-6,	which	are	major	SASP	components	 in	many	 forms	of	 senescence,	were	not	up-regulated	 in	 this	context	 (Muñoz-Espín	et	al.,	2013;	Storer	 et	 al.,	 2013).	As	mentioned,	one	major	 function	of	 the	SASP	 in	adult

senescence	is	to	recruit	immune	cells	for	the	clearance	of	senescent	cells	(Xue	et	al.,	2007;	Krizhanovsky	et	al.,	2008).	Macrophage-mediated	cell	clearance	has	so	far	been	described	in	the	senescent	mesonephros	and	the	limb	bud,	but

not	 in	 the	 inner	ear.	Thus,	 recruitment	of	 immune	cells,	possibly	mediated	by	 the	SASP,	appears	 to	be	relevant	 for	patterning	at	 least	 in	some	senescent	 locations.	 In	addition	 to	cell	clearance,	 the	SASP	can	also	relay	paracrine

transmission	of	the	senescent	phenotype	to	surrounding	cells,	influencing	tissue	microenvironment	(Acosta	et	al.,	2013).	Whether	this	type	of	SASP-mediated	signaling	contributes	to	developmental	senescence	is	unclear.	In	support	of	an

active	role	of	senescence	in	instructive	signalling,	is	the	fact	that	impaired	AER	epithelium	senescence	in	p21-null	mice	results	in	reduced	FGF	expression	and	decreased	proliferation	in	the	adjacent	mesenchyme.	Conversely,	ERK-

mediated	 paracrine	 signals	 from	 the	 surrounding	 non-senescent	 mesenchyme	 can	 influence	 senescence	 in	 the	 AER	 epithelium	 (Storer	 et	 al.,	 2013).	 Interestingly,	 this	 pathway	 is	 also	 involved	 in	 instructive	 signalling	 from	 the

mesenchyme	necessary	for	limb	morphogenesis.	Similarly,	some	of	the	SASP-related	signalling	pathways	linked	to	senescence	in	the	otic	vesicle,	such	as	SHH	or	WNT	also	underpin	instructive	signals	originating	from	mesoderm	or

neural	plate	critical	for	shaping	of	the	developing	inner	ear	(Bok	et	al.,	2007).	Thus,	it	is	feasible	that	common	molecular	pathways	can	orchestrate	the	coordinated	regulation	of	senescence	and	complementary	biological	responses	in

order	to	ensure	correct	morphogenesis.

4	Senescence	links	to	apoptosis,	autophagy	and	differentiation	in	inner	ear	development
4.1	Apoptosis

Apoptosis	and	senescence	seem	to	have	mutually	exclusive	outcomes	in	many	settings	(Childs	et	al.,	2014).	Indeed,	many	types	of	senescent	cells	are	protected	from	apoptosis	by	the	elevated	expression	of	antiapoptotic	factors,

including	members	of	the	BCL2	family	(Zhu	et	al.,	2015;	Chang	et	al.,	2016;	Yosef	et	al.,	2016).	In	fact,	this	vulnerability	has	been	exploited	for	the	development	of	senolytic	drugs	for	selective	elimination	of	senescent	cells	(Kirkland	and

Tchkonia,	2017).	Moreover,	in	addition	to	its	function	in	proliferation,	p21	can	also	have	a	protective	role	from	apoptosis	during	development	and	in	other	settings,	at	least	in	part	through	regulation	of	the	SASP	(Roninson,	2002;	Vasey	et

al.,	2011).	The	crosstalk	between	senescence	and	apoptosis	during	development	appears	to	be	complex,	and	the	relative	contribution	of	apoptosis	to	the	cell	fate	of	developmental	senescent	cells	is	still	poorly	understood.	In	the	AER,

clearance	of	senescent	cells	apparently	follows	a	multi-step	process,	where	senescent	cells	initially	disappear	from	the	limb	bud	epithelium	and	can	be	found	predominantly	in	the	surrounding	mesenchyme	where	they	then	become

apoptotic	and	are	cleared	by	macrophages	(Storer	et	al.,	2013).	However,	the	precise	timing	and	functional	connection	between	apoptosis	and	macrophage	clearance	in	this	context	remains	to	be	defined.	Clearing	of	senescent	cells	in

the	mesonephros	similarly	involves	macrophage-mediated	clearance,	but	in	this	case	the	process	is	apparently	unrelated	to	apoptosis	(Muñoz-Espín	et	al.,	2013).	To	date,	it	is	unclear	whether	senescence	in	the	otic	vesicle	may	be	linked

to	programmed	cell	clearance	either	through	macrophage	phagocytosis	or	apoptosis.	Interestingly,	apoptosis	can	be	detected	in	the	endolymphatic	duct	epithelium	at	early	stages	of	morphogenesis	in	a	time	window	overlapping	with

senescence,	and	apoptosis	dysregulation	is	linked	to	defective	endolymphatic	sac	formation	(Cecconi	et	al.,	2004;	Raft	et	al.,	2014).	Further	studies	should	determine	whether	senescence	and	apoptosis	might	be	related	processes	also	in

the	otic	vesicle.	Interestingly,	apoptosis	can	also	act	as	a	compensatory	mechanism	when	senescence	is	impaired,	as	shown	in	the	endolymphatic	sac	and	the	AER	of	p21-deficiente	mice	(Storer	et	al.,	2013).	In	apparent	contrast	to	the

notion	that	developmental	senescent	cells	disappear	over	time,	either	by	active	clearance	or	as	a	consequence	of	cellular	rebalancing	(Fig.	2	C),	a	recent	study	suggests	that	senescent	cells	may,	at	least	in	part,	be	retained	at	later

developmental	stages.	Using	 lineage	tracing	 in	mice	to	 follow	the	 fate	of	cells	 that	are	p21-positive,	and	presumably	senescent,	at	early	developmental	stages	 (E10.5	to	E11.5),	 the	study	 finds	that	a	 fraction	of	 these	cells	can	be

detected	at	later	stages	of	development	where	they	can	even	resume	proliferation	(Li	et	al.,	2018).	Further	studies	should	clarify	the	fate	of	senescent	cells	during	development.

4.2	Autophagy
Several	studies	have	investigated	the	link	between	autophagy	and	senescence.	In	the	context	of	stress-related	senescence,	it	is	thought	that	general	autophagy	prevents	senescence,	by	counteracting	cellular	damage	or	stress

that	would	trigger	this	response	(Gewirtz,	2013;	Kwon	et	al.,	2017).	For	instance,	in	muscle	satellite	cells,	autophagy	prevents	senescence	in	young	muscle	by	opposing	proteoxicity.	In	aging,	autophagy	is	impaired	and,	as	a	consequence,

cellular	damage	accumulates,	leading	to	senescence	(García-Prat	et	al.,	2016).	On	the	other	hand,	autophagy	seems	to	be	necessary	to	maintain	the	viability	of	senescent	cells	through	different	mechanisms,	mainly	related	to	the	SASP

(Pérez-Mancera	et	al.,	2014).	Autophagy	could	counteract	the	elevated	cellular	stress	characteristic	of	senescence,	which	is	largely	due	to	intense	SASP	production	leading	to	ER	stress	and	unfolded	protein	response	(Dörr	et	al.,	2013).

Also,	 autophagy	may	 support	 the	 intensive	 synthesis	 of	 SASP	 factors,	 by	 providing	 building	 blocks	 for	 protein	 synthesis	 through	 recycling	 of	 cytoplasmic	 components	 (Young	 et	 al.,	 2009;	Narita	 et	 al.,	 2011).	 Finally,	 the	 increased

mitochondrial	respiration	typical	of	senescent	cells	might	be	dependent,	at	least	in	part,	on	autophagy	(Dörr	et	al.,	2013;	Pérez-Mancera	et	al.,	2014).	In	addition	to	general	autophagy,	substrate-selective	autophagy	has	also	a	relevant,	but

context-dependent,	role	in	senescence	with	examples	of	both	reduced	and	augmented	autophagy-mediated	degradation	of	senescence	mediators	(Dou	et	al.,	2015;	Kang	et	al.,	2015).	Based	on	the	strong	evidence	of	the	link	of	autophagy

to	stress	senescence,	it	is	feasible	that	it	may	also	play	a	role	in	developmental	senescence.	Interestingly,	chemical	and	genetic	manipulation	of	autophagy	indicates	that	this	process	is	essential	for	vertebrate	inner	ear	development,

where	it	has	been	implicated	in	diverse	processes,	including	clearance	of	apoptotic	cells,	migration	of	epithelial	neuroblasts	and	formation	of	otoconia	in	the	vestibular	system,	possibly	linked	to	the	elimination	of	ROS	(Magariños	et	al.,

2017).	The	existence	of	crosstalk	between	autophagy	and	senescence	during	inner	ear	development	has	not	been	described	experimentally	yet,	however,	it	could	be	speculated	that	some	of	the	forms	of	autophagy	could	participate	in

the	acquisition	and	maintenance	of	the	developmental	senescent	phenotype.	Further	studies	are	necessary	to	investigate	the	potential	link	between	autophagy	and	senescence	in	this	context.



4.3	Differentiation
A	series	of	recent	investigations	has	uncovered	the	connection	of	senescence	with	cellular	plasticity	in	different	contexts.	On	one	hand,	senescence	can	oppose	pluripotency	and	promote	differentiation.	Indeed,	senescence	acts

as	a	cell-autonomous	roadblock	to	reprogramming	with	Yamanaka	factors	(Banito	et	al.,	2009),	and	increased	senescence	is	linked	to	diminished	self-renewal	capacity	in	aged	adult	stem	cells	(Sousa-Victor	et	al.,	2014).	In	contrast,	in	vivo

studies	using	mouse	models	or	limb	regeneration	in	amphibians	have	shown	that	senescence	can	promote	cell	plasticity	in	adjacent	cells	in	a	process	mediated	by	the	SASP	(Demaria	et	al.,	2014;	Yun	et	al.,	2015;	Mosteiro	et	al.,	2016;

Chiche	et	al.,	2017;	Ritschka	et	al.,	2017).	This	effect	has	primarily	been	described	in	the	context	of	tissue	or	cell	damage,	where	this	pro-plasticity	action	of	senescence	could	contribute	to	tissue	repair.	Whether	a	similar	link	between

senescence	and	plasticity	occurs	during	development	is	not	known.	The	balance	between	stem/progenitor	and	differentiated	phenotypes	is	at	the	core	of	the	morphogenetic	events	that	take	place	during	development.	It	is	thus	possible

that	 senescence	may	 not	 only	mediate	 cell	 clearance	 and	 remodelling	 but	 also	 participate	 in	 differentiation	 and	 cell	 fate	 decisions	 during	 development.	 It	 has	 also	 been	 suggested	 that	 senescence	may	 be	 related	 to	 changes	 in

regenerative	capacity	during	development	and	in	adult	life	(Yun	et	al.,	2015).	Clearly,	further	studies	would	be	informative	in	identifying	the	potential	crosstalk	between	senescence	and	cell	plasticity	during	development.

5	Conclusions	and	perspectives
Developmental	proliferation	generates	an	excessive	number	of	otic	cells	 that	are	 later	eliminated	by	a	number	of	mechanisms	of	 refinement	exquisitely	 regulated.	Senescence	 jointly	with	apoptosis	 is	part	of	cell	 clearing

mechanisms	during	development,	which	for	example	sculpt	the	endolymphatic	duct.	The	precise	connection	between	apoptosis	and	senescence	in	ear	development	is	still	unclear.	It	is	feasible	that	apoptosis	may	play	an	active	part	in

the	elimination	senescent	cells,	as	in	other	sites	of	developmental	senescence.	On	the	other	hand,	autophagy	supplies	energy	for	migrating	otic	neuroblasts	and	also	to	carry	out	the	clearing	of	apoptotic	cells.	To	study	the	autophagy

status	of	programmed	cell	senescent	cells	is	particularly	interesting	considering	their	highly	secretory	nature.

Although	the	existing	evidence	is	still	limited,	the	emerging	picture	described	here	supports	a	role	for	programmed	cell	senescence	in	inner	ear	development.

The	coordination	of	senescence	with	other	developmental	processes	has	started	 to	be	understood	but	 there	are	still	many	open	aspects	 that	deserve	 further	studies.	The	mechanisms	and	extracellular	 factors	 that	 trigger

senescence	in	the	otic	epithelia	are	not	well	defined.	The	impact	of	the	secretome	of	senescent	cells	in	their	microenvironment,	and	therefore,	on	surrounding	developmental	cells,	is	also	unknown.

Finally,	cellular	senescence	is	being	increasingly	involved	in	the	ethiology	of	various	pathologies.	It	is	an	attractive	hypothesis	to	suggest	that	its	dysfunction	could	be	the	underlying	cause	of	inner	ear	human	developmental

disorders.
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• 	Cellular	 senescence	emerges	as	one	of	 these	processes	 that	 is	 complementary	 to	 those	of	 apoptosis	and	autophagy	 to	 sculpt	 the	developing	 inner	earCellular	 senescence	emerges	as	a	complementary	process	 to	apoptosis	and

autophagy	to	sculpt	the	developing	inner	ear.

• 	Understanding	the	molecular	mechanisms	that	underlie	otic	cell	specification	and	survival	should	help	the	development	of	regenerative	medicine	strategies.Understanding	the	mechanisms	of	otic	cell	specification	and	survival	should

help	the	development	of	regenerative	strategies.
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