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ABSTRACT	(ereditary	 retinal	 degenerations	 encompass	 a	 group	 of	 genetic	 diseases	characterized	 by	 extreme	 clinical	 variabilityǤ	 Following	 nextǦgeneration	sequencing	 and	 autozygomeǦbased	 screening	 of	 patients	 presenting	 with	 a	peculiarǡ	 recessive	 form	 of	 coneǦdominated	 retinopathyǡ	 we	 identified	 five	homozygous	 variants	 ȏpǤȋAspͷͻͶfsȌǡ	 pǤȋGlnͳͳȗȌǡ	 pǤȋMetͳʹfsȌǡ	 pǤȋ)leͷPheȌǡ	and	pǤȋGluͷͶ͵LysȌȐ	in	the	polyglutamylaseǦencoding	gene	TTLL5ǡ	in	eight	patients	from	six	familiesǤ	The	two	male	patients	carrying	truncating	TTLL5	variants	also	suffered	from	a	substantial	reduction	 in	sperm	motility	and	 infertilityǡ	whereas	those	carrying	missense	changes	were	fertileǤ	Defects	in	this	polyglutamylase	in	humans	have	recently	been	associated	with	cone	photoreceptor	dystrophyǡ	while	mouse	 models	 carrying	 truncating	 mutations	 in	 the	 same	 gene	 also	 display	reduced	fertility	in	male	animalsǤ	We	examined	the	expression	levels	of	TTLL5	in	various	human	tissues	and	determined	that	this	gene	has	multiple	viable	isoformsǡ	being	highly	expressed	in	testis	and	retinaǤ	)n	additionǡ	antibodies	against	TTLLͷ	stained	 the	basal	body	of	photoreceptor	 cells	 in	 rat	 and	 the	 centrosome	of	 the	spermatozoon	flagellum	in	humansǡ	suggesting	a	common	mechanism	of	action	in	these	two	cell	typesǤ	Taken	togetherǡ	our	data	indicate	that	mutations	in	TTLL5	delineate	 a	 novelǡ	 alleleǦspecific	 syndrome	 causing	 defects	 in	 two	 as	 yet	pathogenically	unrelated	functionsǡ	reproduction	and	visionǤ			 	



Ͷ		

INTRODUCTION	Cone	 dystrophies	 ȋCDsȌ	 and	 coneǦrod	 dystrophies	 ȋCRDsȌ	 are	 rare	heterogeneous	retinal	disorders	with	an	estimated	prevalence	of	̱ͳǣͶͲǡͲͲͲ	ȋͳȌǤ	They	 lead	 to	 severe	 visual	 impairmentǡ	 primarily	 or	 exclusively	 due	 to	 the	degeneration	 of	 cone	 photoreceptorsǤ	 Patients	 experience	 progressive	 loss	 of	visual	acuityǡ	defective	color	visionǡ	photophobiaǡ	and	have	central	scotomasǤ	Only	laterǡ	as	the	disease	progressesǡ	in	some	cases	loss	of	peripheral	vision	may	also	occur	ȋʹǡ	͵ȌǤ	The	progressive	degeneration	of	 retinal	photoreceptors	 in	CDs	and	CRDs	 is	mostly	nonsyndromic	and	has	been	associated	with	multiple	genetic	causesǡ	with	at	 least	 ʹͲ	 associated	 disease	 genes	 ȋRetNetǢ	httpǣȀȀwwwǤsphǤuthǤtmcǤeduȀRetNetȀȌǤ	 (oweverǡ	 more	 than	 ͷΨ	 of	 cases	presenting	with	dominant	or	recessive	forms	of	these	conditions	are	genetically	unsolved	 ȋͶȌǤ	 Recent	 discoveries	 in	 CD	 molecular	 genetics	 include	 the	identification	 of	 pathogenic	 variants	 in	 the	 tubulin	 polyglutamylase	 TTLL5	ȋTubulin	Tyrosine	LigaseǦlike	Protein	ͷȌ	geneǡ	found	to	cause	retinal	dystrophy	in	four	 British	 families	 ȋͷȌǤ	 This	 geneǡ	 like	 the	 ͳʹ	 other	 members	 of	 the	 TTLL	superfamilyǡ	 is	 involved	 in	postǦtranslational	modifications	of	ȽǦ	and	ȾǦtubulinǡ	which	are	components	of	the	axonemes	of	both	cilia	and	flagellaǤ		)nterestinglyǡ	male	mice	with	a	defective	TTLLͷ	display	dramatically	reduced	fertility	associated	with	defects	in	sperm	motility	ȋȌǤ	Most	sperm	tails	of	mutant	mice	were	found	to	have	disrupted	axonemes	with	loss	of	tubulin	doublets	and	a	significantly	decreased	polyglutamylation	 in	the	upper	and	 lower	segmentsǤ	No	abnormal	phenotype	of	 retinal	photoreceptors	or	of	 cochlear	cells	was	 initially	observedǡ	 based	 on	 histologic	 examination	 ȋȌǤ	 A	 second	 study	 with	 a	 more	
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thorough	 characterization	 of	 the	 ocular	 phenotype	 in	 the	 same	 mouse	 model	showed	 a	 decline	 of	 electroretinographic	 ȋERGȌ	 amplitudes	 for	 both	 rods	 and	cones	in	aged	mice	ȋʹͲǦʹʹ	moȌǤ	(oweverǡ	no	microtubule	defects	were	found	after	examination	of	electron	micrographs	ȋȌǤ	Ciliopathies	represent	a	class	of	hereditary	disorders	involving	deficiencies	in	ciliary	and	ciliaǦassociated	proteinsǡ	often	affecting	a	variety	of	tissues	and	organs	ȋͺȌǤ	 Due	 to	 the	 presence	 of	 an	 immotile	 cilium	 in	 both	 rods	 and	 cones	photoreceptorsǡ	many	ciliopathies	display	a	retinal	phenotypeǡ	either	as	part	of	a	syndromic	 condition	 ȋassociated	 with	 hearing	 defectsǡ	 renal	 nephronophtisisǡ	liver	fibrosisǡ	bone	andȀor	brain	anomaliesȌ	or	as	the	sole	pathological	sign	ȋͻǦͳͳȌǤ	Following	the	investigation	of	a	cohort	of	patients	displaying	CD	or	CRDǡ	we	identified	mutations	in	TTLL5	that	are	associated	with	both	retinal	degeneration	and	 reduced	 sperm	 motility	 in	 humansǡ	 possibly	 defining	 a	 novel	 syndromic	ciliopathyǤ		 	



		

RESULTS	

	

Clinical	and	molecular	findings	Our	 research	 started	 with	 the	 molecular	 characterization	 of	 a	 Swiss	 male	patient	ȋPͳȌǡ	aged	ͷ	yearsǡ	presenting	with	a	lateǦonset	cone	dystrophy	ȋCDȌǤ	(e	was	the	eldest	of	three	brothers	and	his	parents	were	first	cousins	ȋFigure	ͳǡ	FͳȌǡ	without	any	history	of	ocular	problemsǤ	The	patient	was	first	seen	at	the	age	of	͵͵	yearsǡ	when	he	first	noticed	blurred	visionǤ	(is	best	corrected	Snellen	visual	acuity	ȋBCVAȌ	at	that	time	was	ͲǤ	in	the	right	eye	and	ͲǤͺ	in	his	left	eyeǤ	Seven	years	laterǡ	his	BCVA	was	still	stableǡ	but	worsened	when	he	was	ͷ͵	years	oldǡ	dropping	dramatically	 to	 ͲǤͲͷ	 in	 the	 right	 eye	 and	 ͲǤͲͺ	 in	 the	 left	 eyeǤ	 (e	 was	 also	complaining	 of	 a	 reduced	 dark	 adaptationǤ	 TwentyǦtwo	 years	 later	 his	 vision	remained	stableǡ	with	the	patient	using	more	of	his	peripheral	visionǤ	The	 clinical	 examination	 was	 typical	 of	 a	 cone	 dystrophyǣ	 the	 fundus	examination	showed	central	foveal	atrophy	with	peripapillary	hyperpigmentation	and	atrophyǡ	while	the	peripheral	retina	was	within	normal	limits	ȋFigure	ʹȌǤ	The	first	ERGs	ȋperformed	when	the	patient	was	ͷ	years	oldȌ	showed	normal	scotopic	responsesǡ	 whereas	 photopic	 responses	 had	 severely	 reduced	 amplitudeǤ	 The	following	 ERG	 testingǡ	 when	 the	 patient	 was	 Ͳ	 years	 oldǡ	 showed	 some	 rod	involvementǡ	 with	 reduced	 rodǦspecific	 bǦwaveǤ	 The	 ͵ͲǦ(z	 flicker	 was	undetectableǤ	 Autofluorescent	 ȋAFȌ	 images	 at	 age	 	 years	 ȋFigure	 ʹȌ	 showed	central	 hypofluorescence	 corresponding	 to	 atrophyǡ	 surrounded	 by	 a	 large	hyperfluorescent	 ringǤ	 AF	 imaging	 at	 age	 ʹ	 indicated	 that	 the	 ring	 mildly	increased	in	diameterǡ	and	so	did	the	area	of	hypofluorescence	ȋFigure	ʹȌǤ	Kinetic	



		

visual	field	tested	at	this	later	age	showed	mild	constriction	and	central	scotoma	in	both	eyesǤ		The	DNA	 of	 the	 patient	was	 first	 screened	 for	mutations	 in	 known	disease	genesǤ	 Following	 the	 negative	 output	 of	 a	 panelǦbased	 NextǦGeneration	Sequencing	screening	ȏthe	)ROme	ȋͳʹȌȐǡ	we	performed	wholeǦgenome	sequencing	ȋWGSȌ	of	the	patientǯs	DNAǤ	This	latter	procedure	resulted	in	more	than	Ͷ	million	DNA	variants	with	respect	to	the	human	reference	genome	ȋBuild	hgͳͻȌǤ	These	were	 evaluated	 by	 the	 use	 of	 an	 internal	 inǦsilico	 pipeline	 assessing	 their	frequency	 in	 the	 general	 populationǡ	 qualityǡ	 etcǤ	 ȋTable	 SͳȌǡ	 as	 well	 as	 their	presence	within	autozygous	regions	 ȋFigure	SͳȌǤ	At	 the	end	of	 this	processǡ	we	were	 left	 with	 ͳͻ	 variants	 ȋ	 in	 autozygous	 regionsȌǡ	 including	 cǤͳͺʹdelT	 in	
TTLL5	ȋFigure	͵Ȍǡ	a	gene	known	to	be	involved	in	microtubule	posttranslational	modifications	 and	 associated	 with	 ciliary	 microtubule	 stabilization	 ȋͳ͵ȌǤ	 The	variant	 was	 in	 exon	 ʹͲ	 and	 consisted	 of	 a	 ͳǦbp	 deletion	 causing	 a	 frameshift	starting	from	codon	ͷͻͶ	and	terminating	with	the	creation	of	a	premature	stop	triplet	ʹͻ	codons	downstream	ȏpǤȋAspͷͻͶGlufsȗʹͻȌȐǤ	)t	was	also	not	detected	in	the	 genome	 of	 ͶͲͲ	 healthy	 controls	 from	 the	 same	 geographic	 region	 of	Switzerland	 ȏdata	 from	 the	 CoLaus	 study	 ȋͳͶȌȐǡ	 and	 from	 publicly	 available	databases	ȏExAC	ȋͳͷȌǡ	dbSNP	ȋͳȌȐǤ	)mportantlyǡ	this	DNA	change	localized	to	a	region	 of	 chromosome	 ͳͶ	 ȋͷǡͻͺǡͷͻǦͺͲǡͺͷǡͻͳͳǡ	 Build	 hgͳͻȌ	 showing	 clear	autozygosity	ȋFigure	SͳȌ	in	Pͳǯs	genomeǤ	Because	of	the	possible	involvement	of	TTLLͷ	 in	 extraǦocular	 ciliary	 functionsǡ	 the	 patient	 underwent	 more	 detailed	clinical	examinationsǤ	To	assess	the	presence	of	additional	subtle	abnormalities	in	organs	known	to	be	affected	by	ciliopathiesǡ	he	was	evaluated	for	both	renal	and	otorhinolaryngological	functionsǤ	(e	did	not	display	the	classical	clinical	features	
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of	 renal	 ciliopathy	 ȋno	 polyuriaȀpolydipsiaȌǡ	 but	 chronic	 renal	 insufficiency	without	proteinuria	ȋstage	G͵aAͳȌ	ȋͳȌ	was	identifiedǡ	associated	with	lowǦgrade	chronic	anemiaǤ	By	ultrasoundǡ	the	size	of	the	kidneys	appeared	to	be	preservedǡ	but	a	small	asymmetry	was	noted	ȋͻǤ	cm	on	the	left	vsǤ	ͳͲǤ	cm	on	the	right	sideȌǡ	without	significant	renal	artery	stenosisǤ	No	cysts	were	visible	and	no	biopsy	was	performedǤ	 Altogetherǡ	 the	 renal	 features	 were	 consistent	 with	 ageǦrelated	decreased	 renal	 functionǡ	 but	 lowǦgrade	 and	 late	 appearance	 nephronophtisis	cannot	be	fully	excludedǤ	The	observed	minor	sensorineural	hearing	lossǡ	and	loss	of	some	high	frequenciesǡ	was	compatible	with	the	natural	course	of	hearing	on	a	person	of	the	age	of	the	subject	ȋFigure	SʹȌǤ	The	clinical	examination	and	patientǯs	history	 did	 not	 reveal	 any	 upper	 airway	 pathology	 necessitating	 further	investigations	for	impaired	mucocillary	function	in	the	sinus	or	the	bronchiǤ	The	patient	reported	history	of	 infertility	due	to	reduced	sperm	motilityǡ	diagnosed	when	 he	 was	 in	 his	 late	 ʹͲǯsǤ	 (e	 could	 not	 have	 offspring	 and	 adopted	 two	childrenǤ	Following	our	findingsǡ	a	new	semen	analysis	was	performed	at	age	ͷǡ	revealing	 azoospermiaǡ	 a	 sign	 that	 nonetheless	 could	 simply	 be	 related	 to	 the	difficulty	in	obtaining	an	ejaculate	at	his	current	ageǤ	Based	on	these	findingsǡ	we	extended	our	analyses	to	a	number	of	additional	cohorts	of	͵ͷ	patients	with	CD	and	CRD	from	Switzerlandǡ	Swedenǡ	Greeceǡ	The	Netherlandsǡ	 and	 BritainǤ	 )n	 a	 Swedish	male	 patient	 of	 )raqi	 descent	 ȋPʹȌǡ	 we	identified	 the	 homozygous	 nonsense	 variant	 cǤ͵ͶͻCεTǢpǤȋGlnͳͳȗȌ	 by	 targeted	Sanger	sequencing	of	TTLL5	ȋFigure	ͳǡ	FʹǢ	Figure	͵ ȌǤ	Againǡ	this	variant	was	absent	from	 controls	 and	 publicly	 available	 databasesǤ	 Although	 the	 patient	 did	 not	report	any	history	of	consanguinityǡ	the	occurrence	of	this	extremely	rare	variant	in	 a	 homozygous	 state	 suggests	 the	presence	 of	 residual	 consanguinity	 or	 of	 a	



ͻ		

geographical	founder	effectǡ	which	was	not	tested	at	the	genome	levelǤ	The	patientǡ	aged	Ͷ	yearsǡ	reported	no	 family	history	of	similar	visual	 impairmentǤ	Fundus	examination	revealed	degenerative	changesǡ	especially	in	the	posterior	poleǡ	but	more	 normal	 features	 in	 the	 peripheryǤ	 Visual	 field	 analysis	 by	 Goldmann	perimetry	showed	residual	 fields	 in	 the	peripheryǡ	but	a	 large	central	scotomaǤ	FullǦfield	ERG	demonstrated	 residual	 cone	and	 rod	 responseǡ	 consistent	with	a	diagnosis	 of	 coneǦrod	 degenerationǤ	 )n	 addition	 to	 these	 signs	 and	 symptoms	typical	 of	 CRDǡ	 the	 patient	 had	 high	 myopia	 ȋTable	 ͳȌǤ	 This	 subject	 was	 also	infertileǡ	 but	 had	 been	 able	 to	 have	 a	 child	 by	 in	 vitro	 fertilizationǤ	 (is	 semen	analysis	revealed	a	normal	spermatozoa	count	butǡ	similar	to	Pͳǡ	reduced	sperm	motilityǤ	(e	also	had	morphologically	normal	spermatozoa	for	ͷΨ	of	the	countǡ	over	three	independent	assaysǤ	Following	autozygomeǦbased	analysis	ȋFigure	SͳȌǡ	we	identified	homozygous	mutations	in	three	additional	patients	from	the	Netherlands	ȋFigure	ͳǡ	F͵ǦͷȌǤ	All	of	them	were	diagnosed	with	CDǡ	with	fullǦfield	ERGs	showing	reduction	of	cone	function	but	preserved	 rod	 responses	 ȋTable	ͳȌǤ	 Similar	 to	 the	 cases	described	aboveǡ	 the	 female	 patient	 P͵	 had	 a	 TTLL5	 truncating	 mutationǡ	cǤʹͳ͵ʹ̴ʹͳ͵͵insGATAǢpǤȋMetͳʹ)leAspfsȗͳͷȌǡ	 resulting	 in	 a	 premature	termination	 codonǤ	 The	 other	 two	 patients	 ȋPͶǡ	 and	 PͷȌ	were	males	 and	 both	carried	homozygous	missense	mutationsǡ	namely	cǤͳʹGεAǢpǤȋGluͷͶ͵LysȌ	and	cǤʹʹAεTǢpǤȋ)leͷPheȌǡ	respectively	ȋFigure	͵ȌǤ	Following	color	vision	testingǡ	substantial	mistakes	were	made	in	all	three	color	axesǤ	All	patients	had	a	myopic	refractive	errorǡ	but	none	of	them	showed	any	additional	extraocular	symptomsǤ	)n	particularǡ	they	did	not	report	any	fertility	problemsǡ	and	both	male	patients	had	offspringǤ	
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Finallyǡ	a	male	patient	ȋPȌ	of	Pakistani	origin	was	screened	by	wholeǦexome	sequencing	ȋWESȌǤ	(e	was	a	member	of	a	consanguineous	pedigree	that	included	six	additional	individuals	with	high	myopia	and	an	acquired	CD	or	CRD	with	loss	of	corrected	visual	acuity	from	the	second	decade	onwards	ȋFigure	ͳǡ	FȌǤ	)n	this	case	 as	 wellǡ	 a	 homozygous	 mutation	 in	 TTLL5	 was	 identified	 within	 an	autozygous	 region	 in	 chromosome	 ͳͶ	 ȋFigure	 SͳȌǤ	 )t	 was	 the	 same	 missense	detected	 above	 ȏcǤͳʹGεAǢpǤȋGluͷͶ͵LysȌǡ	 Figure	 ͵Ȑǡ	 which	 perfectly	 coǦsegregated	with	the	disease	in	the	three	affected	and	two	unaffected	individuals	for	which	DNA	samples	were	availableǤ	Of	noteǡ	in	addition	to	retinal	dystrophyǡ	all	 patients	 from	 this	 pedigree	 reported	 high	 to	 veryǦhigh	 myopia	 ȋǦͷ	 to	 Ǧʹʹ	dioptersȌ	ȋTable	ͳȌǤ	None	of	the	patients	reported	fertility	problemsǡ	and	indeed	patient	P	had	five	childrenǤ		
TTLL5	RNA	isoforms	and	expression	in	different	tissues.	According	to	publiclyǦavailable	databasesǡ	TTLL5	produces	six	proteinǦcoding	and	alternatively	spliced	isoforms	ȋtranscripts	ͲͲͳǡ	ͲͲʹǡ	ͲͲ͵ǡ	Ͳͳǡ	Ͳͳǡ	Ͳͳͺ	of	the	Ensembl	 database	 GRCh͵ǡ	 release	 ͺͶȌǡ	 presenting	 a	 rather	 widespread	expression	throughout	different	 tissues	and	organs	ȋUniGeneȌǤ	To	gain	 insights	into	 this	 topicǡ	 we	 investigated	 the	 composition	 and	 abundance	 of	 TTLL5	transcripts	from	a	panel	of	cadaveric	organs	and	tissues	ȋFigure	ͶȌǤ	Our	data	confirmed	that	TTLL5	has	an	extremely	variable	expression	patternǡ	both	in	terms	of	isoforms	and	of	presence	in	various	tissuesǤ	(oweverǡ	qualitative	and	 quantitative	 assessment	 of	 all	 transcripts	 revealed	 that	 expression	 of	 the	canonical	 isoform	ͲͲͳ	was	overwhelmingly	more	abundant	ȋmore	than	ͶͲǦfold	higher	than	the	average	of	the	remainderȌ	and	that	expression	in	retina	and	testis	
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represented	̱ͶΨ	of	TTLLͷ	presence	across	all	tissues	and	organs	examined	ȋ͵ͳ	and	͵͵Ψ	in	testis	and	retinaǡ	respectivelyǢ	Figure	ͶȌǤ	)nterestinglyǡ	all	mutations	identified	 in	 our	 cohort	 of	 patients	 affected	 isoform	 ͲͲͳǡ	 and	 individuals	with	inactivating	mutations	show	reduced	fertility	ȋTable	ͳȌǤ			
TTLL5	mRNA	level	in	the	index	patient	Since	mutations	leading	to	premature	termination	codons	trigger	nonsenseǦmediated	mRNA	decay	ȋNMDȌ	and	result	in	no	or	in	shortǦlived	transcripts	ȋͳͺȌǡ	we	analyzed	expression	of	TTLL5	in	skin	fibroblasts	from	patient	Pͳǡ	displaying	retinal	degeneration	and	infertilityǤ	Quantitative	real	time	PCR	ȋqǦPCRȌ	resulted	in	a	dramatically	reduced	detection	of	the	transcript	of	interest	as	compared	to	a	healthy	control	fibroblast	mRNA	ȋ̱ͳͲΨǢ	Figure	ͷȌǤ			
TTLL5	protein	in	ciliated	fibroblasts,	retina,	and	spermatozoa	To	better	understand	the	role	of	TTLLͷ	with	respect	to	the	cellular	ciliumǡ	we	analyzed	control	fibroblasts	following	serum	starvationǡ	a	procedure	that	induces	ciliogenesisǤ	)mmunofluorescence	analysis	revealed	clear	localization	of	TTLLͷ	at	both	centrioles	ȋFigure	ǡ	panels	AǦDȌǤ	Subsequentlyǡ	 we	 performed	 immunofluorescence	 analyses	 in	 retina	 and	sperm	cells	from	rat	and	humanǡ	respectively	ȋFigure	ǡ	panels	EǦGȌǤ	)n	agreement	with	previous	results	in	mouse	and	human	ȋͷȌǡ	the	antiǦTTLLͷ	antibody	decorated	the	 inner	 segment	 of	 photoreceptors	 in	 proximity	 of	 the	 basal	 body	 and	 the	connecting	ciliumǡ	suggesting	that	TTLLͷ	may	in	fact	play	its	functions	at	the	base	of	the	photoreceptor	primary	ciliumǤ		
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Staining	of	mature	human	spermatozoa	also	indicated	for	the	first	time	a	clear	centrosomal	localization	of	TTLLͷǡ	with	no	overlap	with	the	polyglutamylated	ȽǦ	and	ȾǦtubulin	of	the	flagellumǤ		 	
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DISCUSSION	Both	 primary	 ȋor	 immotileȌ	 and	 motile	 cilia	 play	 crucial	 roles	 in	 normal	function	 of	 most	 tissues	 of	 the	 human	 bodyǤ	 These	 tiny	 hairǦlike	 organelles	participate	 in	 a	 wide	 range	 of	 cellular	 functions	 during	 developmentǡ	 tissue	morphogenesis	and	homeostasisǤ	)t	is	therefore	not	surprising	that	mutations	in	ciliary	genes	are	often	associated	with	a	broad	range	of	conditionsǡ	classified	as	ciliopathiesǡ	either	involving	single	organs	or	causing	syndromic	phenotypes	ȋͺȌǤ	Some	examples	of	diseases	affecting	primary	cilia	are	polycystic	kidney	diseaseǡ	Usher	syndromeǡ	retinitis	pigmentosaǡ	BardetǦBiedl	and	Joubert	syndromes	ȋͳͻǦʹʹȌǤ	On	the	other	handǡ	motile	cilia	defects	have	been	shown	to	be	causative	for	Kartagener	syndrome	and	allied	diseasesǡ	collectively	grouped	under	the	disease	spectrum	of	primary	ciliary	dyskinesiasǤ		Cilia	 and	 flagellaǡ	 highly	 conserved	 in	 their	 core	 structureǡ	 are	 ancestral	organelles	composed	of	more	 than	ͷͲ	proteins	 ȋͳͲǡ	ʹ͵ȌǤ	The	building	units	of	both	 cilia	 and	 flagella	 microtubulesǡ	 ȽǦ	 and	 ȾǦtubulinǡ	 are	 subject	 to	 postǦtranslational	 modificationsǡ	 accomplished	 by	 enzymes	 catalyzing	 different	reactions	such	as	the	generation	of	ȟʹǦtubulinǡ	acetylation	ȋʹͶȌǡ	tyrosination	ȋʹͷȌǡ	polyglutamylation	ȋʹȌ	and	polyglycilation	ȋʹǡ	ʹͺȌǤ	Among	members	of	the	TTLL	superfamily	 there	 are	 glutamylases	 and	 glycilases	 ȋʹͻǦ͵ͳȌǤ	 TTLLͷ	 initiates	 the	formation	 of	 side	 chains	within	 the	 CǦterminal	 tail	 of	 ȽǦ	 and	 ȾǦtubulinǡ	 with	 a	preference	 for	 ȽǦtubulin	 ȋ͵ʹȌǡ	 and	 current	 models	 indicate	 that	 the	 role	 of	polyglutamylation	 is	 to	 provide	 the	 necessary	 conditions	 for	 proper	MTǦMAPs	ȋmicrotubule	 and	 microtubuleǦassociated	 proteinsȌ	 interactionsǤ	 Studies	 have	shown	 that	 polyglutamylation	 exerts	 differential	 regulation	 by	 selectively	recruiting	different	MAPsǣ	MAPͳBǡ	MAPʹǡ	tauǡ	and	neuronal	kinesins	have	higher	
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affinity	for	tubulins	with	ͳǦ͵	glutamyl	unitsǡ	whereas	MAPͳA	has	higher	affinity	for	 longer	 side	 chains	 ȋʹͷǡ	 ʹǡ	 ʹͺȌǤ	Moreoverǡ	 it	 has	 been	 shown	 that	masking	polyglutamylated	 sites	 with	 a	 specific	 antiǦpolyglutamylated	 tubulin	 antibody	ȋGT͵͵ͷȌ	affects	the	amplitude	of	flagellar	beating	in	sea	urchin	sperm	axonemesǡ	suggesting	a	key	role	of	polyglutamylated	sites	for	interaction	with	ciliary	dyneins	ȋ͵͵ȌǤ	 Centriole	 stability	 was	 also	 shown	 to	 be	 influenced	 by	 the	 degree	 of	polyglutamylationǡ	 and	 GT͵͵ͷ	 antibodyǦloaded	 (eLa	 cells	 showed	 a	 complete	transient	disappearance	of	the	centriole	pair	ȋͳ͵ȌǤ	Finallyǡ	members	of	the	TTLL	familyǡ	Ttll͵	and	Ttllǡ	play	a	role	in	cilia	structure	and	motility	in	zebrafish	ȋ͵ͶȌǤ	All	TTLL	proteins	have	a	preference	for	either	ȽǦ	or	ȾǦtubulin	and	participate	to	either	initiation	or	elongation	of	the	polyglutamyl	side	chainǤ	TTLLͷǡ	together	with	TTLLͶ	and	TTLLǡ	initiates	polyglutamylationǡ	while	other	members	function	in	the	elongation	of	the	polyglutamyl	side	chain	or	in	the	initiation	or	the	elongation	of	polyglycylationǤ	Specific	 patterns	 of	modifications	 on	microtubules	might	 be	 responsible	 of	various	functionsǤ	)n	the	case	of	polyglutamylationǡ	the	side	chains	are	built	within	the	 carboxyǦterminal	 tail	 of	 tubulinǡ	where	 the	binding	 sites	of	motor	 and	MTǦassociated	proteins	ȋMAPsȌ	are	also	foundǤ	Thusǡ	it	is	plausible	that	the	interaction	of	MTs	with	such	proteins	might	depend	on	specific	patterns	of	modifications	ȋ͵ͷȌǤ	Additional	studies	highlighted	the	importance	of	polyglutamylation	for	the	proper	beating	 of	 airway	 cilia	 ȋ͵Ȍǡ	 as	 well	 as	 for	 providing	 a	 molecular	 traffic	 sign	required	by	motor	proteins	in	order	to	maintain	continuous	synaptic	transmission	ȋ͵ȌǤ	 Major	 evidence	 of	 the	 implication	 of	 polyglutamylation	 in	 photoreceptor	ciliary	function	was	recently	reported	ȋȌǡ	showing	that	Ttll5Ǧ/Ǧ	mice	developed	a	similar	 retinal	 phenotype	 to	 RpgrǦ/Ǧ	 miceǡ	 a	 known	 mouse	 model	 for	 retinitis	
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pigmentosaǤ	 )n	additionǡ	Ttll5Ǧ/Ǧ	mice	display	strongly	 reduced	glutamylation	of	RPGRORFͳͷǡ	 a	 retinaǦspecific	 variant	 of	 RPGR	 ȋ͵ͺȌǤ	 Altogetherǡ	 current	 evidence	strongly	supports	 the	notion	 that	 the	presence	and	 length	of	polyglutamyl	side	chainsǡ	 not	 only	 on	 tubulin	 but	 also	 on	 other	 substratesǡ	 is	 crucial	 for	 proper	functioning	of	both	motile	and	immotile	ciliaǤ		)n	 our	 work	 we	 show	 that	 mutations	 in	 a	 gene	 involved	 in	 the	polyglutamylation	 of	 ȽǦtubulin	 is	 associated	 with	 defects	 in	 retina	 and	spermatozoaǤ	Clinicallyǡ	these	molecular	phenotypes	translate	into	coneǦfirst	CRD	and	 reduced	 sperm	 motilityǡ	 likely	 due	 to	 the	 functional	 impairment	 of	 the	primary	cilium	and	the	flagellumǡ	respectivelyǤ	Our	assumption	is	supported	by	immunofluorescence	dataǡ	demonstrating	that	TTLLͷ	localizes	at	the	basal	body	of	the	cilia	in	photoreceptorsǡ	as	well	as	at	the	base	of	the	spermatozoal	axoneme	and	 in	 ciliated	 skin	 fibroblastsǤ	 Moreoverǡ	 we	 reveal	 that	 the	 highest	 levels	 of	expression	of	the	major	TTLL5	proteinǦcoding	isoform	is	in	retina	and	testisǤ	)t	is	also	 very	 interesting	 to	 note	 thatǡ	 in	 terms	 of	 fertility	 and	 TTLL5	 pathogenic	variantsǡ	there	is	an	apparent	genotypeȀphenotype	correlationǡ	which	seems	to	be	irrelevant	 for	 retinal	 degenerationǤ	 )n	 other	 wordsǡ	 the	 phenotype	 elicited	 by	
TTLL5	 pathogenic	 changes	 appears	 to	 depend	 on	 mutation	 classesǤ	 Missense	variants	are	seemingly	associated	with	a	nonǦsyndromic	phenotype	that	is	limited	to	the	retinaǡ	whereas	inactivating	mutations	appear	to	disrupt	functions	of	both	photoreceptors	and	spermatozoaǡ	thus	defining	a	novel	alleleǦspecific	syndromeǤ	Yetǡ	 three	 male	 patients	 with	 truncating	 TTLL5	 mutations	 were	 previously	reported	having	offspring	 ȋͷȌǡ	 raising	 the	possibility	of	variable	expressivity	or	reduced	penetrance	of	this	class	of	mutationsǤ	)n	support	of	the	latter	hypothesisǡ	
Ttll5	 knockout	 mice	 display	 extremely	 reduced	 but	 not	 completely	 abolished	
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fertility	 ȋȌǤ	 Alternativelyǡ	 this	 genotypeȀphenotype	 correlation	 in	 our	 cohort	could	 also	 be	 coincidentalǤ	 The	 association	 of	 TTLL5	 mutations	 with	 severe	myopia	is	another	intriguing	hypothesis	that	warrants	additional	investigation	in	a	larger	cohort	of	patientsǡ	especially	given	the	complex	pattern	of	inheritance	of	nearsightedness	in	humansǤ	)n	conclusionǡ	we	show	that	mutations	in	TTLL5	are	associated	with	a	newlyǦdefined	syndrome	affecting	vision	and	the	male	reproductive	systemǤ	Despite	the	fact	 that	 cilia	and	 flagella	have	different	morphologies	and	 functionsǡ	 they	may	share	 similar	 physiological	 mechanismsǡ	 and	 the	 enzymatic	 reaction	 of	polyglutamylation	performed	by	TTLLͷ	may	be	one	of	these	common	elementsǤ		 	
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MATERIALS	AND	METHODS	

Patients	and	controls	Patient	Pͳ	was	recruited	from	the	Jules	Gonin	Ophthalmic	(ospital	ȋLausanneǡ	SwitzerlandȌǢ	 and	 patient	 Pʹ	 from	 the	 Department	 of	 Ophthalmology	 of	 Lund	University	(ospital	ȋLundǡ	SwedenȌǤ	Patients	P͵ǡ	PͶ	and	Pͷ	were	recruited	from	the	 Radboud	 University	 Medical	 Center	 ȋNijmegenǡ	 The	 NetherlandsȌ	 and	 the	Erasmus	University	Medical	Center	ȋRotterdamǡ	The	NetherlandsȌǤ	Patients	PǦͺ	were	sampled	by	author	MMKǡ	an	ophthalmologist	based	at	St	Jamesǯs	University	(ospital	ȋLeedsǡ	EnglandȌǡ	while	on	a	field	trip	in	PakistanǤ	DNA	of	all	subjects	was	extracted	from	peripheral	blood	leukocytesǤ	A	control	sperm	sample	was	provided	by	 a	 healthy	 donorǤ	 Our	 research	 has	 been	 conducted	 in	 accordance	 with	 the	tenets	of	the	Declaration	of	(elsinki	and	was	approved	by	the	)nstitutional	Review	Boards	of	our	respective	OrganizationsǤ			
Clinical	evaluation	For	patients	PͳǦͷǡ	ophthalmologic	examination	included	assessment	of	BCVAǡ	slitǦlamp	 examinationǡ	 funduscopyǡ	 fundus	photographyǡ	 and	optical	 coherence	tomographyǤ	 FullǦfield	 ERGs	 were	 also	 recordedǡ	 as	 prescribed	 by	 the	)nternational	Society	for	Clinical	Electrophysiology	of	Vision	ȋ)SCEVȌǤ	For	 patients	 PǦͺǡ	 ophthalmologic	 assessment	 was	 limited	 to	 slitǦlamp	examination	 and	 fundus	 inspection	 using	 direct	 and	 indirect	 ophthalmoscopy	through	dilated	pupilsǤ	Owing	to	the	nonǦhospital	settingǡ	electrodiagnostic	and	other	testing	was	not	availableǤ	Visual	acuity	was	recorded	together	with	a	history	of	nyctalopia	or	photoaversionǤ	
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Semen	analysis	was	carried	out	for	patients	Pͳ	and	Pʹ	by	standard	procedures	of	andrology	laboratoriesǡ	and	according	to	W(O	guidelines	ȋ͵ͻȌǤ	For	Pͳ	patientǡ	two	Leja	chambers	ȋLejaȌ	filled	with		ρl	of	semen	were	entirely	scanned	under	phase	 contrast	microscopy	 to	 confirm	 the	 absence	 of	 spermatozoaǤ	 Additional	clinical	features	were	assessed	only	for	patient	Pͳǡ	due	to	substantial	problems	in	getting	 back	 to	 the	 other	 probandsǤ	 These	 tests	 included	 a	 thorough	otorhinolaryngology	 examination	 assessing	 structure	 and	 function	 of	 the	nasopharyngeal	mucosaǡ	the	ear	canal	and	the	hearing	ȋby	pureǦtone	audiometryȌǡ	as	well	as	a	full	renal	examinationǡ	including	a	complete	checkup	of	renal	functionǡ	urine	 and	 blood	 analysisǡ	 assessment	 of	 blood	 pressureǡ	 and	 ultrasonographyǤ	Analyses	 involving	 other	 tissues	 and	 organs	 known	 to	 be	 involved	 in	 other	ciliopathies	were	not	performed	due	to	a	negative	clinical	historyǣ	normal	body	mass	indexǡ	no	respiratory	complainsǡ	no	metabolic	disturbance	and	no	skeletal	abnormalitiesǤ		
Whole	Genome	and	Whole	Exome	Sequencing	WGS	 in	 the	 Swiss	 index	 patient	 Pͳ	 was	 performed	 using	 Ͷ	 ρg	 of	 DNAǤ	Sequencing	was	performed	by	Complete	Genomics	)ncǤ	ȋMountain	Viewǡ	CAǡ	USAȌǡ	as	described	previously	ȋͶͲȌǤ	Genetic	variants	were	 identified	using	vʹǤͲ	of	 the	Complete	Genomics	pipeline	ȋͶͳȌǤ	WES	was	performed	for	proband	P	using	͵	ρg	of	DNAǤ	ProteinǦcoding	regions	were	captured	using	the	SureSelect	All	Exon	vͶ	kit	ȋAgilentǡ	Santa	Claraǡ	CAǡ	USAȌ	and	pairedǦend	sequencing	was	performed	using	the	)llumina	(iSeq	ʹͷͲͲ	platformǤ	Single	nucleotide	variants	and	small	insertions	or	 deletions	were	 detected	 using	 the	 Genome	 Analysis	 Tool	 Kit	 ȋGATK	 vʹǤͶǤȌ	software	packageǡ	using	the	Best	Practice	Guidelines	identified	by	the	developers	



ͳͻ		

ȋͶʹȌǤ	The	pathogenicity	of	genetic	variants	detected	through	WGS	and	WES	were	assessed	after	functional	annotation	through	ANNOVAR	ȋͶ͵ȌǤ		
Homozygosity	mapping	Genomic	regions	with	high	homozygosity	were	determined	using	the	free	web	based	tool	(omozygosityMapper	ȋͶͶȌǤ		
Mutation	screening	Primer	pairs	for	TTLL5	exons	and	flanking	intron	boundaries	were	designed	using	the	CLCbio	Genomics	Workbench	ȋQiagenǡ	Table	SʹȌǤ	PCR	amplification	was	performed	in	a	ʹ Ͳ	Ɋl	total	volume	containing	ͳͲ	ng	genomic	DNAǡ	ͳx	GoTaq	bufferǡ	ͲǤͳ	mM	dNTPsǡ	ͳͲ	ɊM	of	each	primerǡ	and	ͷ	UȀɊl	of	GoTag	polymerase	ȋPromegaȌǤ	PCR	 products	 were	 purified	 ȋExoSAPǦ)Tǡ	 USBȌ	 and	 a	 sequencing	 reaction	 was	performed	 in	 a	 total	 volume	 of	 ͷ	 Ɋl	 using	 ͳ	 Ɋl	 primer	 ͵Ǥ͵	 ρMǡ	 ͲǤͷ	 Ɋl	 BigDye	Terminator	vͳǤͳǡ	and	ͳ	Ɋl	of	the	provided	Buffer	ȋApplied	BiosystemsȌǤ			
Antibodies	Commercial	goat	polyclonal	antiǦTTLLͷ	antibody	ȋSanta	Cruz	Biotechnology	)ncȌǡ	 raised	 against	 a	 peptide	 mapping	 near	 the	 CǦterminus	 of	 TTLLͷ	 human	originǡ	was	used	at	a	ͳǣͳͲͲ	dilutionǤ	Mouse	monoclonal	antiǦcentrin	clone	ʹͲ(ͷ	antibody	was	purchased	 from	Millipore	and	used	at	 a	dilution	of	ͳǣͳͲͲͲǤ	AntiǦpolyglutamylated	 tubulin	 GT͵͵ͷ	 and	 monoclonal	 antiǦacetylated	 tubulin	antibodies	 were	 provided	 by	 Dr	 CǤ	 Janke	 ȋ)nstitut	 Curieǡ	 Orsayǡ	 FranceȌ	 and	purchased	 from	 SigmaǦAldrichǡ	 respectivelyǤ	 Secondary	 donkey	 antiǦgoat	antibodies	conjugated	with	Alexa	Fluor	Ͷͺͺ	were	purchased	from	)nvitrogen	and	
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secondary	goat	antiǦmouse	antibodies	ȋLife	TechnologiesȌ	were	conjugated	with	Alexa	Fluor	ͷͻͶ	ȋͳǣͳͲͲͲȌǤ		
Fibroblast	immortalization	and	culture	Primary	skin	fibroblasts	were	immortalized	with	exogenous	hTERT	by	the	use	of	pLOXǦTERTǦiresTK	ȋͶͷȌ	and	grown	in	DMEMȋͳxȌ	Ϊ	ͳgȀL	DǦglucose	LǦGlutamine	Pyruvate	ȋGibcoȌǡ	supplemented	with	ͳͲΨ	FBSǡ	ͳΨ	penicillinǦstreptomycinǡ	and	ͳΨ	fungizoneǡ	adapted	from	previously	published	protocols	ȋͶȌǤ		
Immunofluorescence	)mmunofluorescence	was	performed	for	TTLLͷ	localization	in	human	control	spermatozoa	 and	 rat	 retinal	 sectionsǤ	 The	 sperm	 staining	 procedure	 used	was	adapted	from	a	previously	published	protocol	ȋͶȌǤ	After	washing	five	times	with	PBS	ͳX	in	a	ͳͷ	ml	Falcon	tube	and	centrifugation	steps	of	ͷǯ	at	ͺͲͲgǡ	all	at	room	temperature	ȋRTȌǡ	 the	semen	pellet	was	resuspended	and	 fixed	with	ͶΨ	ȋvȀwȌ	PFA	in	PBSǡ	and	incubated	for	͵Ͳ	minutes	on	iceǤ	The	sample	was	then	washed	three	 times	 with	 PBS	 and	 stored	 at	 ͶιC	 for	 future	 useǤ	 The	 immunostaining	procedure	 used	 ʹͲ	 ρl	 aliquots	 of	 fixed	 sperm	 cellsǡ	 transferred	 to	 a	 ͳǤͷ	 ρl	Eppendorf	tubesǤ	Blocking	was	done	for	͵ Ͳ	minutes	at	RT	in	ͳͲͲ	ρl	PBS	containing	͵Ψ	ȋwȀvȌ	BSA	ȋPBSAȌǤ	Primary	antibody	incubation	was	performed	with	specified	dilutions	in	ͳͲͲ	ρl	PBSAǡ	overnight	at	ͶιCǤ	Samples	were	washed	three	times	with	PBS	containing	ͲǤͳΨ	ȋvȀvȌ	TXͳͲͲ	ȋPBSTȌǤ	Secondary	antibody	incubation	of	͵Ͳ	minutes	was	carried	out	at	RT	in	ͳͲͲ	ρl	PBSAT	ȏPBST	containing	͵Ψ	ȋwȀvȌ	BSA	and	ͲǤͳΨ	ȋvȀvȌ	TXͳͲͲȐǤ	After	three	washes	with	PBST	and	two	washes	with	PBS	the	final	pellet	was	resuspended	in	PBS	and	ͷ	ρl	were	placed	on	a	slideǤ	ͷ	ρl	DAP)	



ʹͳ		

vectashield	were	added	to	the	sampleǡ	which	was	then	coverslipped	and	fixed	with	nail	polishǤ	Unfixed	SpragueǦDawley	rat	eyes	and	CͷBLȀJ	mouse	eyes	were	isolated	and	soaked	for	͵ 	hours	in	PBS	containing	͵ ͲΨ	sucroseǤ	Eyes	were	embedded	in	Yazulla	medium	ȋ͵ͲΨ	egg	albumen	and	͵Ψ	gelatin	in	waterȌ	and	cryosectioned	ȋͳʹ	ρmȌ	onto	Superfrost	Plus	slides	ȋThermo	ScientificȌǤ	Sections	were	washed	three	times	with	PBS	and	a	stepwise	procedure	was	followed	similarly	to	that	described	for	sperm	immunostainingǡ	the	only	difference	being	that	this	was	carried	out	on	slide	and	with	lower	volumesǤ		
	

Quantitative	Real	Time	PCR	Primer	pairs	used	for	qǦPCR	are	 listed	 in	Table	S͵Ǥ	The	qǦPCR	product	was	visualized	on	ͳΨ	agarose	gel	to	verify	primerǯs	specificityǤ	A	standard	curve	using	a	 control	 cDNA	 template	 prepared	 from	 human	 normal	 tissues	 total	 RNA	ȋBioChainȌ	was	used	to	test	the	efficiency	of	each	primer	pairǤ	HPRT1	was	used	as	a	normalization	controlǡ	as	described	ȋͶͺȌǤ	Amplification	was	performed	using	the	SYBR	Green	PCR	Master	Mix	ȋApplied	BiosystemsȌǤ			 	
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Retin.	Eye	Res.ǡ	42ǡ	ͳǦʹǤ	ͷ	 Sergouniotisǡ	PǤ)Ǥǡ	Chakarovaǡ	CǤǡ	Murphyǡ	CǤǡ	Beckerǡ	MǤǡ	Lenassiǡ	EǤǡ	Arnoǡ	GǤǡ	Lekǡ	 MǤǡ	 MacArthurǡ	 DǤGǤǡ	 Consortiumǡ	 UǤCǤǦEǤǡ	 Bhattacharyaǡ	 SǤSǤ	 et	 al.	 ȋʹͲͳͶȌ	Biallelic	 variants	 in	 TTLLͷǡ	 encoding	 a	 tubulin	 glutamylaseǡ	 cause	 retinal	dystrophyǤ	Am.	J.	Hum.	Genet.ǡ	94ǡ	ͲǦͻǤ		 Leeǡ	GǤSǤǡ	(eǡ	YǤǡ	Doughertyǡ	EǤJǤǡ	JimenezǦMovillaǡ	MǤǡ	Avellaǡ	MǤǡ	Grullonǡ	SǤǡ	Sharlinǡ	 DǤSǤǡ	 Guoǡ	 CǤǡ	 Blackfordǡ	 JǤAǤǡ	 JrǤǡ	 Awasthiǡ	 SǤ	 et	 al.	 ȋʹͲͳ͵Ȍ	 Disruption	 of	TtllͷȀstamp	 gene	 ȋtubulin	 tyrosine	 ligaseǦlike	 protein	 ͷȀSRCǦͳ	 and	 T)FʹǦassociated	modulatory	protein	 geneȌ	 in	male	mice	 causes	 sperm	malformation	and	infertilityǤ	J.	Biol.	Chem.ǡ	288ǡ	ͳͷͳǦͳͷͳͺͲǤ		 Sunǡ	XǤǡ	Parkǡ	JǤ(Ǥǡ	Gumersonǡ	JǤǡ	Wuǡ	ZǤǡ	Swaroopǡ	AǤǡ	Qianǡ	(Ǥǡ	RollǦMecakǡ	AǤ	and	Liǡ	TǤ	ȋʹͲͳȌ	Loss	of	RPGR	glutamylation	underlies	the	pathogenic	mechanism	of	retinal	dystrophy	caused	by	TTLLͷ	mutationsǤ	Proc.	Natl.	Acad.	Sci.	U.	S.	A.ǡ	113ǡ	EʹͻʹͷǦʹͻ͵ͶǤ	ͺ	 (ildebrandtǡ	FǤǡ	Benzingǡ	TǤ	and	Katsanisǡ	NǤ	ȋʹͲͳͳȌ	CiliopathiesǤ	N.	Engl.	J.	
Med.ǡ	364ǡ	ͳͷ͵͵ǦͳͷͶ͵Ǥ	
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ͻ	 Watersǡ	 AǤMǤ	 and	 Bealesǡ	 PǤLǤ	 ȋʹͲͳͳȌ	 Ciliopathiesǣ	 an	 expanding	 disease	spectrumǤ	Pediatr.	Nephrol.ǡ	26ǡ	ͳͲ͵ͻǦͳͲͷǤ	ͳͲ	 Fliegaufǡ	 MǤǡ	 Benzingǡ	 TǤ	 and	 Omranǡ	 (Ǥ	 ȋʹͲͲȌ	When	 cilia	 go	 badǣ	 cilia	defects	and	ciliopathiesǤ	Nat.	Rev.	Mol.	Cell	Biol.ǡ	8ǡ	ͺͺͲǦͺͻ͵Ǥ	ͳͳ	 (ildebrandtǡ	 FǤǡ	 Attanasioǡ	 MǤ	 and	 Ottoǡ	 EǤ	 ȋʹͲͲͻȌ	 Nephronophthisisǣ	disease	mechanisms	of	a	ciliopathyǤ	J.	Am.	Soc.	Nephrol.ǡ	20ǡ	ʹ͵Ǧ͵ͷǤ	ͳʹ	 Schorderetǡ	DǤFǤǡ	Bernasconiǡ	MǤǡ	Tiabǡ	LǤǡ	Favezǡ	TǤ	and	Escherǡ	PǤ	 ȋʹͲͳͶȌ	)ROmeǡ	a	new	highǦthroughput	molecular	tool	for	the	diagnosis	of	inherited	retinal	dystrophiesǦa	price	comparison	with	Sanger	sequencingǤ	Adv.	Exp.	Med.	Biol.ǡ	801ǡ	ͳͳǦͳǤ	ͳ͵	 Bobinnecǡ	YǤǡ	Khodjakovǡ	AǤǡ	Mirǡ	LǤMǤǡ	Riederǡ	CǤLǤǡ	Eddeǡ	BǤ	and	Bornensǡ	MǤ	ȋͳͻͻͺȌ	Centriole	disassembly	in	vivo	and	its	effect	on	centrosome	structure	and	function	in	vertebrate	cellsǤ	J.	Cell	Biol.ǡ	143ǡ	ͳͷͷǦͳͷͺͻǤ	ͳͶ	 Firmannǡ	 MǤǡ	 Mayorǡ	 VǤǡ	 Vidalǡ	 PǤMǤǡ	 Bochudǡ	 MǤǡ	 Pecoudǡ	 AǤǡ	 (ayozǡ	 DǤǡ	Paccaudǡ	 FǤǡ	 Preisigǡ	 MǤǡ	 Songǡ	 KǤSǤǡ	 Yuanǡ	 XǤ	 et	 al.	 ȋʹͲͲͺȌ	 The	 CoLaus	 studyǣ	 a	populationǦbased	study	to	investigate	the	epidemiology	and	genetic	determinants	of	cardiovascular	risk	factors	and	metabolic	syndromeǤ	BMC	Cardiovasc.	Disord.ǡ	8ǡ	Ǥ	ͳͷ	 Lekǡ	 MǤǡ	 Karczewskiǡ	 KǤǡ	 Minikelǡ	 EǤǡ	 Samochaǡ	 KǤǡ	 Banksǡ	 EǤǡ	 Fennellǡ	 TǤǡ	O̵DonnellǦLuriaǡ	AǤǡ	Wareǡ	JǤǡ	(illǡ	AǤǡ	Cummingsǡ	BǤ	et	al.	ȋʹͲͳͷȌ	Analysis	of	proteinǦcoding	genetic	variation	in	ͲǡͲ	humansǤ	bioRxivǤ	ͳ	 Sherryǡ	SǤTǤǡ	Wardǡ	MǤ(Ǥǡ	Kholodovǡ	MǤǡ	Bakerǡ	 JǤǡ	Phanǡ	LǤǡ	Smigielskiǡ	EǤMǤ	and	 Sirotkinǡ	 KǤ	 ȋʹͲͲͳȌ	 dbSNPǣ	 the	NCB)	 database	 of	 genetic	 variationǤ	Nucleic	
Acids	Res.ǡ	29ǡ	͵ͲͺǦ͵ͳͳǤ	
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ͳ	 KD)GO	 ȋʹͲͳ͵Ȍ	 Clinical	 Practice	 Guideline	 for	 the	 Evaluation	 and	Management	of	Chronic	Kidney	DiseaseǤ	Kidney	Int	Suppl	(2013)ǡ	3ǡ	ͳͷͲǤ	ͳͺ	 (entzeǡ	MǤWǤ	and	Kulozikǡ	AǤEǤ	ȋͳͻͻͻȌ	A	perfect	messageǣ	RNA	surveillance	and	nonsenseǦmediated	decayǤ	Cellǡ	96ǡ	͵ͲǦ͵ͳͲǤ	ͳͻ	 Badanoǡ	 JǤLǤǡ	 Mitsumaǡ	 NǤǡ	 Bealesǡ	 PǤLǤ	 and	 Katsanisǡ	 NǤ	 ȋʹͲͲȌ	 The	ciliopathiesǣ	an	emerging	class	of	human	genetic	disordersǤ	Annu	Rev	Genomics	

Hum	Genetǡ	7ǡ	ͳʹͷǦͳͶͺǤ	ʹͲ	 Zaghloulǡ	NǤAǤ	 and	Katsanisǡ	NǤ	 ȋʹͲͲͻȌ	Mechanistic	 insights	 into	BardetǦBiedl	syndromeǡ	a	model	ciliopathyǤ	J.	Clin.	Invest.ǡ	119ǡ	ͶʹͺǦͶ͵Ǥ	ʹͳ	 Forsytheǡ	EǤ	 and	Bealesǡ	PǤLǤ	 ȋʹͲͳ͵Ȍ	BardetǦBiedl	 syndromeǤ	Eur.	 J.	Hum.	
Genet.ǡ	21ǡ	ͺǦͳ͵Ǥ	ʹʹ	 Falkǡ	 NǤǡ	 Loslǡ	 MǤǡ	 Schroderǡ	 NǤ	 and	 Giesslǡ	 AǤ	 ȋʹͲͳͷȌ	 Specialized	 Cilia	 in	Mammalian	Sensory	SystemsǤ	Cellsǡ	4ǡ	ͷͲͲǦͷͳͻǤ	ʹ͵	 CarvalhoǦSantosǡ	ZǤǡ	Azimzadehǡ	JǤǡ	PereiraǦLealǡ	JǤBǤ	and	BettencourtǦDiasǡ	MǤ	ȋʹͲͳͳȌ	Evolutionǣ	Tracing	the	origins	of	centriolesǡ	ciliaǡ	and	flagellaǤ	J.	Cell	Biol.ǡ	
194ǡ	ͳͷǦͳͷǤ	ʹͶ	 Pipernoǡ	GǤ	and	Fullerǡ	MǤTǤ	ȋͳͻͺͷȌ	Monoclonal	antibodies	specific	for	an	acetylated	form	of	alphaǦtubulin	recognize	the	antigen	in	cilia	and	flagella	from	a	variety	of	organismsǤ	J.	Cell	Biol.ǡ	101ǡ	ʹͲͺͷǦʹͲͻͶǤ	ʹͷ	 Gundersenǡ	GǤGǤ	and	Bulinskiǡ	 JǤCǤ	 ȋͳͻͺȌ	Distribution	of	 tyrosinated	and	nontyrosinated	alphaǦtubulin	during	mitosisǤ	J.	Cell	Biol.ǡ	102ǡ	ͳͳͳͺǦͳͳʹǤ	ʹ	 Eddeǡ	BǤǡ	Rossierǡ	JǤǡ	Le	Caerǡ	JǤPǤǡ	Desbruyeresǡ	EǤǡ	Grosǡ	FǤ	and	Denouletǡ	PǤ	ȋͳͻͻͲȌ	Posttranslational	glutamylation	of	alphaǦtubulinǤ	Scienceǡ	247ǡ	ͺ͵ǦͺͷǤ	ʹ	 Westermannǡ	 SǤ	 and	 Weberǡ	 KǤ	 ȋʹͲͲ͵Ȍ	 PostǦtranslational	 modifications	regulate	microtubule	functionǤ	Nat.	Rev.	Mol.	Cell	Biol.ǡ	4ǡ	ͻ͵ͺǦͻͶǤ	
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ʹͺ	 Jankeǡ	CǤ	and	Kneusselǡ	MǤ	ȋʹͲͳͲȌ	Tubulin	postǦtranslational	modificationsǣ	encoding	functions	on	the	neuronal	microtubule	cytoskeletonǤ	Trends	Neurosci.ǡ	
33ǡ	͵ʹǦ͵ʹǤ	ʹͻ	 Boucherǡ	 DǤǡ	 Larcherǡ	 JǤCǤǡ	 Grosǡ	 FǤ	 and	 Denouletǡ	 PǤ	 ȋͳͻͻͶȌ	Polyglutamylation	 of	 tubulin	 as	 a	 progressive	 regulator	 of	 in	 vitro	 interactions	between	 the	microtubuleǦassociated	protein	Tau	and	 tubulinǤ	Biochemistryǡ	33ǡ	ͳʹͶͳǦͳʹͶǤ	͵Ͳ	 Larcherǡ	 JǤCǤǡ	 Boucherǡ	 DǤǡ	 Lazeregǡ	 SǤǡ	 Grosǡ	 FǤ	 and	 Denouletǡ	 PǤ	 ȋͳͻͻȌ	)nteraction	of	kinesin	motor	domains	with	alphaǦ	and	betaǦtubulin	subunits	at	a	tauǦindependent	binding	siteǤ	Regulation	by	polyglutamylationǤ	J.	Biol.	Chem.ǡ	271ǡ	ʹʹͳͳǦʹʹͳʹͶǤ	͵ͳ	 Bonnetǡ	CǤǡ	Boucherǡ	DǤǡ	Lazeregǡ	SǤǡ	Pedrottiǡ	BǤǡ	)slamǡ	KǤǡ	Denouletǡ	PǤ	and	Larcherǡ	 JǤCǤ	 ȋʹͲͲͳȌ	 Differential	 binding	 regulation	 of	 microtubuleǦassociated	proteins	MAPͳAǡ	MAPͳBǡ	and	MAPʹ	by	tubulin	polyglutamylationǤ	J.	Biol.	Chem.ǡ	
276ǡ	ͳʹͺ͵ͻǦͳʹͺͶͺǤ	͵ʹ	 Jankeǡ	 CǤǡ	 Rogowskiǡ	 KǤǡ	 Wlogaǡ	 DǤǡ	 Regnardǡ	 CǤǡ	 Kajavaǡ	 AǤVǤǡ	 Strubǡ	 JǤMǤǡ	Temurakǡ	 NǤǡ	 van	 Dijkǡ	 JǤǡ	 Boucherǡ	 DǤǡ	 van	 Dorsselaerǡ	 AǤ	 et	 al.	 ȋʹͲͲͷȌ	 Tubulin	polyglutamylase	enzymes	are	members	of	the	TTL	domain	protein	familyǤ	Scienceǡ	
308ǡ	ͳͷͺǦͳʹǤ	͵͵	 Gagnonǡ	 CǤǡ	 Whiteǡ	 DǤǡ	 Cossonǡ	 JǤǡ	 (uitorelǡ	 PǤǡ	 Eddeǡ	 BǤǡ	 Desbruyeresǡ	 EǤǡ	PaturleǦLafanechereǡ	 LǤǡ	 Multignerǡ	 LǤǡ	 Jobǡ	 DǤ	 and	 Cibertǡ	 CǤ	 ȋͳͻͻȌ	 The	polyglutamylated	 lateral	 chain	 of	 alphaǦtubulin	 plays	 a	 key	 role	 in	 flagellar	motilityǤ	J.	Cell	Sci.ǡ	109	(	Pt	6)ǡ	ͳͷͶͷǦͳͷͷ͵Ǥ	
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͵Ͷ	 Pathakǡ	NǤǡ	Austinǡ	CǤAǤ	and	Drummondǡ	)ǤAǤ	ȋʹͲͳͳȌ	Tubulin	tyrosine	ligaseǦlike	 genes	 ttll͵	 and	 ttll	maintain	 zebrafish	 cilia	 structure	 and	motilityǤ	 J.	Biol.	
Chem.ǡ	286ǡ	ͳͳͺͷǦͳͳͻͷǤ	͵ͷ	 Jankeǡ	CǤǡ	Rogowskiǡ	KǤ	 and	van	Dijkǡ	 JǤ	 ȋʹͲͲͺȌ	Polyglutamylationǣ	a	 fineǦregulator	of	protein	functionǫ	̵Protein	Modificationsǣ	beyond	the	usual	suspects̵	review	seriesǤ	EMBO	Repǡ	9ǡ	͵ǦͶͳǤ	͵	 )kegamiǡ	KǤǡ	 Satoǡ	 SǤǡ	Nakamuraǡ	KǤǡ	 Ostrowskiǡ	 LǤEǤ	 and	 Setouǡ	MǤ	 ȋʹͲͳͲȌ	Tubulin	 polyglutamylation	 is	 essential	 for	 airway	 ciliary	 function	 through	 the	regulation	of	beating	asymmetryǤ	Proc.	Natl.	Acad.	Sci.	U.	S.	A.ǡ	107ǡ	ͳͲͶͻͲǦͳͲͶͻͷǤ	͵	 )kegamiǡ	KǤǡ	(eierǡ	RǤLǤǡ	Taruishiǡ	MǤǡ	Takagiǡ	(Ǥǡ	Mukaiǡ	MǤǡ	Shimmaǡ	SǤǡ	Tairaǡ	SǤǡ	 (atanakaǡ	 KǤǡ	 Moroneǡ	 NǤǡ	 Yaoǡ	 )Ǥ	 et	 al.	 ȋʹͲͲȌ	 Loss	 of	 alphaǦtubulin	polyglutamylation	in	ROSAʹʹ	mice	is	associated	with	abnormal	targeting	of	K)FͳA	and	modulated	synaptic	functionǤ	Proc.	Natl.	Acad.	Sci.	U.	S.	A.ǡ	104ǡ	͵ʹͳ͵Ǧ͵ʹͳͺǤ	͵ͺ	 Vervoortǡ	 RǤǡ	 Lennonǡ	 AǤǡ	 Birdǡ	 AǤCǤǡ	 Tullochǡ	 BǤǡ	 Axtonǡ	 RǤǡ	 Mianoǡ	 MǤGǤǡ	Meindlǡ	AǤǡ	Meitingerǡ	TǤǡ	Ciccodicolaǡ	AǤ	 and	Wrightǡ	AǤFǤ	 ȋʹͲͲͲȌ	Mutational	hot	spot	within	a	new	RPGR	exon	in	XǦlinked	retinitis	pigmentosaǤ	Nat.	Genet.ǡ	25ǡ	ͶʹǦͶǤ	͵ͻ	 W(O	ȋʹͲͳͲȌ	WHO	laboratory	manual	for	the	examination	and	processing	of	

human	semenǤ	ͶͲ	 Drmanacǡ	RǤǡ	Sparksǡ	AǤBǤǡ	Callowǡ	MǤJǤǡ	(alpernǡ	AǤLǤǡ	Burnsǡ	NǤLǤǡ	Kermaniǡ	BǤGǤǡ	Carnevaliǡ	PǤǡ	Nazarenkoǡ	)Ǥǡ	Nilsenǡ	GǤBǤǡ	Yeungǡ	GǤ	et	al.	ȋʹͲͳͲȌ	(uman	genome	sequencing	 using	 unchained	 base	 reads	 on	 selfǦassembling	 DNA	 nanoarraysǤ	
Scienceǡ	327ǡ	ͺǦͺͳǤ	Ͷͳ	 Carnevaliǡ	PǤǡ	Baccashǡ	JǤǡ	(alpernǡ	AǤLǤǡ	Nazarenkoǡ	)Ǥǡ	Nilsenǡ	GǤBǤǡ	Pantǡ	KǤPǤǡ	Ebertǡ	JǤCǤǡ	Brownleyǡ	AǤǡ	Morenzoniǡ	MǤǡ	Karpinchykǡ	VǤ	et	al.	ȋʹͲͳʹȌ	Computational	
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techniques	for	human	genome	resequencing	using	mated	gapped	readsǤ	J.	Comput.	
Biol.ǡ	19ǡ	ʹͻǦʹͻʹǤ	Ͷʹ	 DePristoǡ	MǤAǤǡ	Banksǡ	EǤǡ	Poplinǡ	RǤǡ	Garimellaǡ	KǤVǤǡ	Maguireǡ	JǤRǤǡ	(artlǡ	CǤǡ	Philippakisǡ	AǤAǤǡ	del	Angelǡ	GǤǡ	Rivasǡ	MǤAǤǡ	(annaǡ	MǤ	et	al.	ȋʹͲͳͳȌ	A	framework	for	variation	discovery	and	genotyping	using	nextǦgeneration	DNA	sequencing	dataǤ	
Nat.	Genet.ǡ	43ǡ	ͶͻͳǦͶͻͺǤ	Ͷ͵	 Wangǡ	 KǤǡ	 Liǡ	 MǤ	 and	 (akonarsonǡ	 (Ǥ	 ȋʹͲͳͲȌ	 ANNOVARǣ	 functional	annotation	 of	 genetic	 variants	 from	 highǦthroughput	 sequencing	 dataǤ	 Nucleic	
Acids	Res.ǡ	38ǡ	eͳͶǤ	ͶͶ	 Seelowǡ	 DǤǡ	 Schuelkeǡ	 MǤǡ	 (ildebrandtǡ	 FǤ	 and	 Nurnbergǡ	 PǤ	 ȋʹͲͲͻȌ	(omozygosityMapperǦǦan	 interactive	 approach	 to	 homozygosity	 mappingǤ	
Nucleic	Acids	Res.ǡ	37ǡ	Wͷͻ͵ǦͷͻͻǤ	Ͷͷ	 Salmonǡ	PǤǡ	Oberholzerǡ	 JǤǡ	Occhiodoroǡ	TǤǡ	Morelǡ	PǤǡ	Louǡ	 JǤ	 and	Tronoǡ	DǤ	ȋʹͲͲͲȌ	 Reversible	 immortalization	 of	 human	 primary	 cells	 by	 lentivectorǦmediated	transfer	of	specific	genesǤ	Mol.	Ther.ǡ	2ǡ	ͶͲͶǦͶͳͶǤ	Ͷ	 van	Karnebeekǡ	CǤDǤǡ	Bonafeǡ	LǤǡ	Wenǡ	XǤYǤǡ	TarailoǦGraovacǡ	MǤǡ	Balzanoǡ	SǤǡ	RoyerǦBertrandǡ	BǤǡ	Ashikovǡ	AǤǡ	Garavelliǡ	LǤǡ	Mammiǡ	 )Ǥǡ	Turollaǡ	LǤ	et	al.	 ȋʹͲͳȌ	NANSǦmediated	 synthesis	 of	 sialic	 acid	 is	 required	 for	 brain	 and	 skeletal	developmentǤ	Nat.	Genet.ǡ	48ǡ	ǦͺͶǤ	Ͷ	 Nishimuraǡ	 (Ǥǡ	 Guptaǡ	 SǤǡ	 Mylesǡ	 DǤGǤ	 and	 Primakoffǡ	 PǤ	 ȋʹͲͳͳȌ	Characterization	of	mouse	sperm	TMEMͳͻͲǡ	a	small	transmembrane	protein	with	the	 trefoil	 domainǣ	 evidence	 for	 coǦlocalization	 with	 )ZUMOͳ	 and	 complex	formation	with	other	sperm	proteinsǤ	Reproductionǡ	141ǡ	Ͷ͵ǦͶͷͳǤ	Ͷͺ	 (oggartǡ	 CǤJǤǡ	 Venturiniǡ	 GǤǡ	Manginoǡ	MǤǡ	 Gomezǡ	 FǤǡ	 Ascariǡ	 GǤǡ	 Zhaoǡ	 JǤ(Ǥǡ	Teumerǡ	AǤǡ	Winklerǡ	TǤWǤǡ	Tsernikovaǡ	NǤǡ	Luanǡ	 JǤ	et	al.	 ȋʹͲͳͶȌ	Novel	approach	
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identifies	SNPs	in	SLCʹAͳͲ	and	KCNKͻ	with	evidence	for	parentǦofǦorigin	effect	on	body	mass	indexǤ	PLoS	Genet.ǡ	10ǡ	eͳͲͲͶͷͲͺǤ			 	
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LEGENDS	TO	FIGURES	

	

Figure	1ǣ	Pedigrees	from	families	with	pathogenic	TTLL5	variantsǤ	The	probands	areǣ	 subject	Pͳ	 ȏ))ǣ͵ǡ	 family	FͳǢ	 cǤͳͺʹdelǢpǤȋAspͷͻͶGlufsȗʹͻȌȐǡ	 subject	Pʹ	 ȏ))ǣͶǡ	family	 FʹǢ	 cǤ͵ͶͻCεTǢpǤȋGlnͳͳȗȌȐǡ	 subject	 P͵	 ȏ))ǣ͵ǡ	 family	 F͵Ǣ	cǤʹͳ͵ʹ̴ʹͳ͵͵insGATAǢpǤȋMetͳʹ)leAspfsȗͳͷȌȐǡ	 subject	 PͶ	 ȏ))ǣͶǡ	 family	 FͶǢ	cǤͳʹGεAǢpǤȋGluͷͶ͵LysȌȐǡ	subject	Pͷ	ȏ))ǣͶǡ	family	FͷǢ	cǤʹʹAεTǢpǤȋ)leͷPheȌȐǡ	and	subject	P	ȏ)VǣͳͶǡ	family	FǢ	cǤͳʹGεAǢpǤȋGluͷͶ͵LysȌȐǤ		
Figure	2ǣ	Fundi	of	index	patient	PͳǤ	Autofluorescence	imaging	of	the	right	ȋAȌ	and	left	 ȋBȌ	 eye	 at	 age	 	 yearsǡ	 showing	 a	 distinctive	 pattern	 of	 abnormalitiesǡ	including	 a	 hyperfluorescent	 ring	 and	 hyperfluorescent	 area	 at	 the	 fovea	surrounded	by	patchy	hypofluorescence	in	both	eyesǤ	(ypofluorescence	around	the	optic	nerve	was	also	presentǤ	The	same	imagesǡ	obtained		years	later	ȋCǡ	DȌǡ	showed	 an	 increase	 of	 hypofluorescent	 areas	 within	 the	 ring	 and	 a	 mild	enlargement	of	the	hyperfluorescent	ring	in	both	eyesǤ	Composite	pictures	of	the	fundi	at	age	ʹǡ	showing	atrophic	areas	around	the	 fovea	and	around	the	optic	nerve	ȋEǡ	FȌǤ	Peripheral	retina	was	within	normal	limitsǤ		
Figure	3ǣ	Mutation	diagram	of	the	TTLLͷ	protein	ȋAȌǡ	and	corresponding	cDNAǤ	Exons	are	numbered	and	drawn	to	scale	ȋBȌ	with	respect	to	the	protein	sequenceǤ	The	 TTL	 domain	 responsible	 for	 polyglutamylation	 activity	 is	 indicatedǤ	Chromatograms	of	the	mutations	identified	ȋCȌǡ	compared	to	their	relevant	wild	type	sequences	ȋDȌǤ		
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Figure	4ǣ	Relative	expression	of	TTLL5	isoforms	and	their	expressionǤ	TTLL5	has	six	known	alternative	 transcripts	 ȋͲͲͳǡ	ͲͲʹǡ	ͲͲ͵ǡ	Ͳͳǡ	Ͳͳǡ	 and	ͲͳͺȌǡ	 resulting	from	the	splicing	of	the	exons	indicated	here	in	dark	grey	ȋAȌǤ	Their	expression	within	seven	different	human	tissuesǡ	measured	by	quantitative	real	time	PCRǡ	is	indicated	by	both	numerical	values	and	shades	of	grey	ȋBȌǤ	Although	all	isoforms	seem	to	be	widely	expressedǡ	isoform	ͲͲͳ	is	the	most	prominent	oneǡ	among	all	tissues	considered	ȋǮTotalǯ	columnȌǤ	Asterisks	show	the	position	of	the	mutations	identified	in	this	workǤ		
Figure	5ǣ	TTLL5	isoform	ͲͲͳ	expression	in	fibroblasts	of	the	index	patient	Pͳ	vsǤ	a	 controlǡ	 by	 quantitative	 PCRǤ	 TTLL5	 mRNA	 amounts	 were	 normalized	 with	respect	to	the	housekeeping	gene	HPRT1Ǥ			
Figure	6ǣ	)mmunofluorescence	staining	of	ciliated	control	human	skin	fibroblasts	ȋAǦDȌǤ	TTLLͷ	coǦlocalizes	with	acetylated	tubulin	at	the	centriolesǡ	as	indicated	by	arrowheads	ȋCǡ	DȌǤ	)mmunofluorescence	in	rat	retina	sections	ȋEǡ	and	magnified	cilium	in	FȌ	and	in	control	human	spermatozoon	ȋGȌǤ	TTLLͷ	decorates	the	basal	body	in	photoreceptors	and	the	centrioles	in	spermatozoaǤ	Scale	barsǣ	AǦEǡ	ͷ	ρm	Ǣ	Bǡ	ͳ	ρm	Ǣ	Cǡ	ʹͲ	ρmǤ					
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Table	1	:	patients	with	TTLLͷ	mutations	and	clinical	features	
Family	 Patient		 TTLL5	protein	change	 Zygosity	 Sex	 Age	at	last	

examination	
Visual	
acuity	 Correction	 Full	field	ERG	at	last	

examination	 Macula	 Periphery	 Other	features	

	 		 		 		 		 		 		 		 cone	
response	

rod	
response	 		 		 		Fͳ	 Pͳ	 cǤͳͺʹdelǢ	pǤAspͷͻͶGlufsȗʹͻ	 hom	 M	 ͷ	 ͲǤͲͷ	 Ǧ͵Ǥ	 absent	 reduced	 atrophy	 normal	 azoospermia	

Fʹ	 Pʹ	 cǤ͵ͶͻCεTǢ	pǤGlnͳͳȗ	 hom	 M	 Ͷ	 ͲǤͲͷ	 ǦͳͲǤͲͲ	 residual	 residual	 atrophy	 minor	changes	 reduced	motility	of	spermǢ	normal	anterior	eye	segment	F͵	 P͵	 cǤʹͳ͵ʹ̴ʹͳ͵͵insGATAǢ	pǤMetͳʹ)leAspfsȗͳͷ	 hom	 F	 ͷͺ	 ͲǤͳ	 Ǧ͵	 reduced	 normal	 		 normal	 		FͶ	 PͶ	 cǤͳʹGεAǢ	pǤGluͷͶ͵Lys	 hom	 M	 ͳ	 ͲǤͲ͵	 Ǧͷ	 absent	 normal	 atrophy	 normal	 		Fͷ	 Pͷ	 cǤʹʹAεTǢ	pǤ)leͷPhe	 hom	 M	 ͵ͺ	 ͲǤ͵͵	 Ǧͺ	 absent	 normal	 pigmentary	changes	 normal	 		F	 P	 cǤͳʹGεAǢ	pǤGluͷͶ͵Lys	 hom	 M	 ͷ͵	 NA	 ǦͺǤͲͲ	 NA	 NA	 atrophy	 pigmentary	changes	 phthisical	right	eye	P	 cǤͳʹGεAǢ	pǤGluͷͶ͵Lys	 hom	 M	 ͵ͺ	 NA	 ǦͷǤͲͲ	 NA	 NA	 NA	 NA	 posterior	subcapsular	cataract	Pͺ	 cǤͳʹGεAǢ	pǤGluͷͶ͵Lys	 hom	 M	 ͳͺ	 NA	 ǦʹʹǤͲͲ	 NA	 NA	 NA	 NA	 fairly	normal	retina				



͵Ͷ		

	













 

 
 
 
Figure S1: Autozygous regions of patients P1, P3, P4, P5, and P6 (panels A, B, C, D, 
and E, respectively). In all these patients, TTLL5 lies in a region of homozygosity (red 
arrowhead).  



 

Figure S2: Pure-tone conduction audiograms for the index patient P1. Data is shown 
separately for the left and right ear (LE and RE, respectively). The grey area depicts 
the hearing ranges (average values ±1 standard deviation) for normal male individuals 
at age 70-79, as reported by Cruickshanks et al. (1998). 
  



 

Table S1: WGS data (index patient P1) 

Filtering step Variants 

total called variants  4,043,185 

homozygous 1,418,251 

exonic 8,486 

non synonymous 3,892 

not in 69 WGS healthy controls 90 

not in dbSNP132 19 

 

  



Table S2: Primers used for the screening of TTLL5 exons and flanking sequences 

Exon         Amplicon 
size [bp] 

Annealing 
T [°C] 

E1 (5'-UTR) 
E2 F 5'- ATTGAGGCACATATTGAGG -3' 

470 55 
  R 5'- CCCAAGGAATGACACTAGA -3' 
E3 F 5'- CAGAAGGAAGGGGAAACTTG -3' 

391 55 
R 5'- CAGAGGAAAAACATAAGCAG -3' 

E4 F 5'- CTCATGGTCCAAAATACGTTCA -3' 
292 55 

  R 5'- TAGGTGGCTGGGATTTTCAG -3' 
E5 F 5'- GGTGAGTACACTGTGGATGAAA -3' 

301 57 
R 5'- AGGACACTAATTACCTTTGCTG -3' 

E6 F 5'- TCTAGGACTGTGAACTGTAACT -3' 
327 55 

  R 5'- TTTGGAAAGCCCTGATTGGT -3' 
E7 F 5'- GTTACTGCCCAACACTTAG -3' 

288 55 
R 5'- CAATACAAAGGGTGAAGGAG -3' 

E8 F 5'- AGAACTTTGCTCCCTTATTG -3' 
284 57 

  R 5'- AACCTGCTGCCTTTCTGGA -3' 
E9 F 5'- TCCGAAGTCAAGGTGTGTG -3' 

454 56 
R 5'- GAGACTACAGACAAATAAGCC -3' 

E10 F 5'- TCTCATTGATCCTCAGTTCC -3' 
290 59 

  R 5'- CACCTCTACAACACCCACATC -3' 
E11 F 5'- CCTTCTTCCCCACCCTCTTG -3' 

428 59 
R 5'- CAGCAACACTATCAAAGCAAC -3' 

E12 F 5'- TATAGCACCCATTCAGAAGTC -3' 
339 56 

  R 5'- GAATCACTAAGCCTCTCTACC -3' 
E13 F 5'- TCTCTGCTTCTACTTCCACTTG -3' 

320 56 
R 5'- AAACAGTCTTCTAGTGCCAA -3' 

E14 F 5'- GGCTTTATGTGTTGCTCTTC -3' 
414 56 

  R 5'- CTCCTAATTCCTGTGCCTCA -3' 
E15 F 5'- TTATGGTGGTTCAGAGTTCAG -3' 

392 56 
R 5'- CCAAATTCTCCTGCTCTAAGT -3' 

E16 F 5'- AAGTGGGCTATGAATTTGAG -3' 
845 56 

  R 5'- GGATAGGAAGCTAGTTAGGAG -3' 
E17 F 5'- TCTCCCTTCATGCTACTTTC -3' 

437 56 
R 5'- E16 Reverse -3' 

E18 F 5'- CTGTCTTTTCCTTTGCCACT -3' 
354 56 

  R 5'- AGCATGCTTTCTACAGGACT -3' 
E19 F 5'- CTAGTGTTCCTCTTTATCTGTC -3' 

420 56 
R 5'- AGGTGTATGTGATCAGGAAG -3' 

E20 F 5'- GAAGGTATTGGGAGAGAGGAAC -3' 
608 59 

  R 5'- AAATGCCCAACCAATGAGAC -3' 
E21 F 5'- CCATCATAATAGAAGCATCCTC -3' 

452 56 
R 5'- TGAACATAGCTCCAGGTCA -3' 

E22 F 5'- GTTCTGGGTCTTGTTTGTTG -3' 
299 56 

  R 5'- GCCAGAGAACAGAAGAAGAG -3' 
E23 F 5'- GGTGGCAAAAGTACATACAAG -3' 

395 56 
R 5'- AGAACTAAAGGGGTGTGCCA -3' 

E24 F 5'- AGGGAATTTTCAGCTTGTGC -3' 
412 56 

  R 5'- TACTGTCCCCCATTCTCCAC -3' 
E25 F 5'- TTAGGGCTGTGGGTGTCTTC -3' 

502 56 
R 5'- CCCCTTCTTTTCACCCTTCT -3' 



E26 F 5'- GTTGTTTCTGGTAGGCAAA -3' 
654 56 

  R 5'- AAAGGCAAAGGGAAGAGATGA -3' 
E27 F 5'- GGCAGTTTGGTAATAGGAAG -3' 

497 56 
R 5'- AAGAGGCATCAGTATATGGGA -3' 

E28 F 5'- TTCCTTCCTGAGTGCCTTTG -3' 
427 56 

  R 5'- CAGGTGGAGAAAGGGCATAT -3' 
E29 F 5'- ACTGTGCTTGGTTCCATATTG -3' 

338 56 
R 5'- CCTACATTTCTCATTCACTG -3' 

E30 F 5'- CTGGCAACATTAGAGAAGT -3' 
502 56 

  R 5'- TTAGCCTTTATTTCCCAGCAG -3' 
E31 F 5'- AAGGAAGTGAGTGAATGAGCCA -3' 

348 56 
R 5'- TGCCCATTTGCCAATGTTTT -3' 

E32 F 5'- CCACTTAGAGGTGAACTTCAT -3' 
394 56 

  R 5'- CCACTGCCAAGTTCCATCAAAA -3' 
 

  



Table S3: Primers for q-PCR, specific for the six TTLL5 isoforms (Ensembl IDs) 

Isoform         Amplicon 
size [bp] 

Annealing 
T [°C] 

001 F 5'- CAACATCCCAGAAAGCTTCCAA -3' 
101 58 

  R 5'- TTTTAGTGTGAGCAGGATCTGT -3' 
002 F 5'- CCACCTGAAGCCCTTCTTAC -3' 

144 58 
R 5'- AGGACACTAATTACCTTTGCTG -3' 

003 F 5'- CCTCTATGTGCTCGTGACTTC -3' 
129 58 

  R 5'- AGCACCTGTACATAAATAGG -3' 
016 F 5'- GCCAATTTATCCCACCTTTGAG -3' 

85 58 
R 5'- TTTGACGACTGAAACTGTGCAG -3' 

017 F 5'- TCTGTGCTTGGTCTGTCAAT -3' 
200 58 

  R 5'- TAAGCTTCTTCTTGGGTTTCC -3' 
017+018 F 5'- TCGGCGAGGTGGATTTATTC -3' 

148 58 
  R 5'- TCCTGTCAATAAGCTTCTTC -3' 
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