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Abstract	

Intellectual	 disability	 (ID)	 is	 a	 neurodevelopmental	 disorder	 that	 affects	 1-3%	 of	 the	

population	and	represents	a	major	public	health	issue.	ID	is	highly	heterogeneous,	regarding	the	

severity	 of	 its	 manifestation,	 the	 possible	 comorbid	 symptoms,	 as	 well	 as	 its	 etiology.	While	

hundreds	of	genes	have	already	been	associated	with	ID,	the	genetic	causes	of	many	cases	still	

remain	elusive.	We	have	decided	to	use	whole	exome	sequencing	(WES)	to	unravel	the	genetic	

causes	of	unsolved	syndromic	ID	in	23	families.	

During	my	doctorate,	I	worked	in	collaboration	with	clinicians	from	Lithuania	and	Italy	

who	collected	clinical	data	of	families	for	which	microarrays	and	Fragile-X	tests	were	negative.	

While	ID	was	diagnosed	for	every	patient	I	studied,	the	presence	of	additional	symptoms	made	

each	family	a	particular	case	that	I	had	to	analyze	individually.	Candidate	variants	identified	by	

WES	were	 validated	 via	 functional	 analysis	 as	well	 as	 clinical	 data	 collection	 of	 similar	 cases	

through	international	collaborations.	

My	work	led	to	the	discovery	of	a	new	ID	syndrome	characterized	by	mesomelic	dysplasia,	

horseshoe	kidney	and	encephalopathic	epilepsy,	and	the	description	of	the	underlying	molecular	

mechanism.	De	novo	missense	variants	in	the	degron	motif	of	AFF3	are	gain-of-function	through	

an	accumulation	of	the	encoded	protein.	This	hypothesis	is	supported	by	molecular	and	animal	

models	analysis.		

Moreover,	I	identified	a	yet	unreported	de	novo	variant	in	a	known	ID	gene,	PIK3R2,	in	a	

boy	with	 severe	 encephalopathy,	explaining	 the	molecular	mechanism	via	3D	modeling.	 I	also	

broadened	the	phenotypical	description	of	the	Aicardi-Goutières	syndrome,	describing	the	first	

inflammatory	 myopathy	 case	 associated	 with	 a	 homozygous	 missense	 variant	 in	 TREX1.	 I	

participated	in	the	description	of	two	new	syndromes	associated	with	variants	in	KIAA1109	and	

MAST1.	 As	 exome	 sequencing	 of	 the	 other	 families	 allowed	 us	 to	 identify	 likely-pathogenic	

variants	 or	 variants	 of	 uncertain	 significance,	 gathering	 clinical	 data	 of	 similar	 cases	 and	

functional	evidences	are	warranted.		

Overall,	my	work	enabled	us	to	report	a	genetic	diagnosis	to	multiple	patients	and	their	

families,	providing	opportunities	 to	 improve	 their	 family	planning,	clinical	care	and	 follow-up.	

Ultimately,	a	better	delineation	of	the	pathological	mechanisms	involved	in	neurodevelopmental	

disorders	such	as	ID	will	help	identifying	new	therapeutic	targets.		





	
	

	 Introduction	 	

I. Definition	of	developmental	delay	and	intellectual	disability		

Developmental	delay	(DD)	is	diagnosed	when	a	child	does	not	acquire	the	skills	associated	to	

the	 developmental	 milestones	 of	 its	 age	 group.	 These	 are	 related	 to	 gross	 and	 fine	 motor	

movements,	 cognitive	 function,	 language/speech,	 social	 interaction	and	personal	hygiene.	The	

term	DD	is	preferentially	used	for	children	younger	than	five	years	of	age,	as	the	skills	acquisition	

timing	is	highly	documented,	whereas	“intellectual	disability”	(ID)	is	often	used	for	individuals	

older	 than	 seven	 years	 of	 age	 when	 intellectual	 quotient	 (IQ)	 testing	 is	 more	 adequate	 and	

dependable1.	

According	to	the	American	Association	on	Intellectual	and	Developmental	Disability	(AAIDD),	

ID,	 formerly	 known	 as	 “mental	 retardation”,	 is	 characterized	 by	 significant	 limitations	 in	

intellectual	functioning	and	adaptive	behavior,	including	everyday	social,	conceptual	and	practical	

skills,	 originating	 before	 the	 age	 of	 18.	 An	 extended	 version	 of	 this	 definition	 is	 given	 in	 the	

Diagnostic	 and	 Statistical	 Manual	 of	 Mental	 Disorders	 (DSM-52)	 published	 by	 the	 American	

Psychiatric	Association	(APA).	The	APA	bases	the	ID	diagnosis	on	several	criteria.	Firstly,	deficits	

in	 intellectual	 functioning	 have	 to	 be	 observed	 such	 as	 problem	 solving,	 reasoning,	 abstract	

thinking	or	judgment.	Mental	capabilities	can	be	measured	via	IQ	tests	that	are	standardized	and	

culturally	 appropriate.	 Secondly,	 individuals	 must	 show	 deficits	 or	 impairments	 in	 adaptive	

functioning.	These	are	various	skills	considered	as	mandatory	for	a	responsible	and	independent	

daily	living	such	as	communication,	social	skills,	personal	independence,	adaptive	and	learning	

capacities.	Lastly,	this	diagnosis	has	to	be	established	during	the	developmental	period,	namely	

before	 the	 age	 of	 18.	 Any	 neurological	 defect	 diagnosed	 after	 that	 are	 called	 neurocognitive	

disorder	and	may	result	from	brain	injury	due	to	trauma	or	infections	for	instance.	

The	APA	emphasizes	the	importance	of	clinical	evaluation	as	well	as	the	use	of	standardized	

IQ	 test.	 While	 several	 IQ	 test	 have	 been	 established,	 one	 of	 the	 most	 commonly	 used	 is	 the	

Wechsler	 test	which	has	variations	adapted	to	 the	age	of	the	person	tested:	 the	Wechsler	Pre-

School	&	Primary	Scale	of	Intelligence	(WPPSI)	covers	children	from	2	years	and	6	months	to	7	

years	and	7	months,	the	Wechsler	Intelligence	Scale	for	Children	(WISC)	covers	children	from	6	

to	16	years	old,	and	the	Wechsler	Adult	Intelligence	Scale	(WAIS)	test	covers	teenagers	from	16	

years	of	age	through	adulthood.		

A	distribution	of	 the	 general	 population	 IQ	 can	be	 established	on	Wechsler	 scale,	 defining	

categories	of	intellectual	performances	(Figure	1).	The	average	IQ	for	the	general	population	is	

estimated	at	100,	although	 it	may	vary	depending	on	 the	social	and	cultural	environment	(e.g.	



	
	

country,	 social	 class,	 access	 to	 education).	 Two	 standard	 deviation	 below	 the	 average	 on	 the	

Wechsler	scale,	corresponding	to	a	score	of	70,	is	considered	as	significant	cognitive	impairment.	

ID	is	one	of	the	most	prevalent	brain	disorders	as	it	affects	1-3%	of	the	population3,4.	As	one	

of	the	most	common	causes	of	referrals	to	pediatric,	neurological	and	genetic	counseling	services,	

it	 is	 responsible	 for	 5-10%	 of	 health	 care	 costs5,6.	 For	 decades	 efforts	 have	 been	 made	 to	

understand	 the	 etiology	 of	 ID.	 Severity	 level	 and	 clinical	 presentations	 are	 broad	 and	 only	

standardized	evaluations	can	lead	to	comparable	clinical	reports.	However,	despite	the	common	

guidelines	for	the	evaluation	and	classification	of	ID,	standard	tests	are	not	always	conducted	as	

they	are	long	and	require	a	special	consulting.	Therefore,	pediatricians,	clinical	geneticists	and	

neurologists	often	diagnose	and	evaluate	 the	degree	of	 ID	according	 to	 the	global	skills	of	 the	

patient	during	consultation.	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	1:	Distribution	of	the	population	on	Wechsler	IQ	scale		

Intellectual 
disability 



	
	

II. Comorbidities	of	ID	
The	spectrum	of	ID	presentation	is	large	by	its	severity	level	(IQ	score)	but	it	is	also	broadened	

by	the	co-occurrence	of	additional	symptoms.	We	can	thus	define	two	forms	of	ID:	 isolated	ID,	

when	 it	 is	diagnosed	alone,	without	any	other	clinical	anomalies;	and	syndromic	 ID,	when	 it	 is	

accompanied	by	other	severe	symptoms	(Table	1).	Isolated	forms	of	ID	are	rare,	as	it	is	difficult	to	

rule	out	the	presence	of	other	more	discrete	manifestations,	while	syndromic	forms	of	ID	are	more	

frequent.	 Indeed,	 comorbidity	 of	 neurodevelopment	 disorders	 has	 been	 established	 as	 they	

originate	from	developmental	defects	of	the	same	neurological	structures	and/or	perturbation	of	

common	molecular	pathways7.	But	ID	is	also	often	observed	with	affected	structures	outside	of	

the	nervous	system8,9(e.g.	bones,	face,	internal	organs,	etc.).	The	description	of	these	additional	

features	 allows	 the	 identification	of	 specific	syndromes	 for	which	 clinical	 synopses	have	been	

established.	For	instance,	particular	facial	dysmorphisms	are	associated	with	distinct	syndromic	

ID	and	constitute	a	precious	diagnostic	tool	(e.g.	Down,	Kabuki,	Cornelia	de	Lange	syndromes).	

Innovative	 artificial	 intelligence-based	 phenotyping	 softwares	 (e.g.	 Face2Gene10)	 have	 been	

developed	to	help	prioritize	genetic	disorders	and	variants	based	on	the	facial	features	of	patients	

and	 their	 similarities	with	 hundreds	 of	 known	genetic	disorders.	Additional	 features	 can	 also	

point	 towards	genes	or	pathways	 involved	 in	 the	affected	structures	development	or	 function.	

Consequently,	 the	 use	 of	 standardized	 phenotypic	 description	 as	 proposed	 by	 the	 Human	

Phenotype	Ontology11	(HPO),	is	highly	recommended,	to	allow	comparison	of	clinical	reports	and	

identification	of	noteworthy	similarities	and	differences12.	

	

Associated	Traits	 Number	of	genes	

Neurological	symptoms	 307	

Epilepsy	 222	

Metabolic/mitochondrial	anomalies	 182	

Microcephaly	 146	

Short	stature	 143	

Eye	anomalies	 141	

Lethality	 138	

Progression/regression	 133	

Non-structural	anomalies	 128	

Behavioral	anomalies	 123	

	
Table	1:	Top	ten	traits	associated	with	650	ID	genes	retrieved	from	OMIM9	 	



	
	

III. Etiology	of	ID	
While	the	spectrum	of	manifestations	of	ID	is	wide,	the	underlying	causes	are	also	diverse,	and	

many	remain	elusive.	However,	we	can	distinguish	two	main	origins	for	ID,	that	are	not	mutually	

exclusive:	environmental	and	genetic	factors.		

These	factors	could	alter	the	development	of	the	brain	at	various	stages	(Figure	2).	Indeed,	the	

fine-tuning	 and	 sequential	 regulation	 of	 neuronal	 proliferation,	 migration,	 differentiation,	

synapses	formation	and	myelination,	is	crucial	for	a	proper	brain	development	and	functioning.	

As	most	of	neurodevelopmental	disorders	are	associated	with	neuroanatomical	defects,	imaging	

techniques	such	as	Magnetic	Resonance	Imaging	(MRI)	are	precious	tools	to	pinpoint	the	affected	

structures.		

	
Figure	2:	Etiology	of	ID	over	neurodevelopmental	stages13	

	

A. Environmental	factors	
Many	 external	 risks	 factors	 are	 yet	 to	 be	 identified	 and	 the	 prevalence	 of	 the	 known	

environmental	 factors	 for	 ID	 is	 hard	 to	 establish	 as	 they	may	 vary	 according	 to	 sociocultural	

background.	 Moreover,	 there	 is	 no	 specific	 diagnostic	 test	 and	 only	 familial	 testimony	 and	

clinicians’	experience	prevail.		

The	 most	 common	 environmental	 ID	 cause	 according	 to	 the	 World	 Health	 Organization	

(WHO)	is	the	consumption	of	alcohol	by	the	mother	during	pregnancy,	leading	to	Fetal	Alcohol	

Syndrome	(FAS).	Because	there	is	no	treatment,	prevention	campaign	efforts	raising	awareness	



	
	

have	 been	 made	 these	 past	 decades.	 Other	 toxic	 exposures	 known	 to	 be	 detrimental	 for	

neurodevelopment	include	drugs	such	as	amphetamine	or	opioids,	and	endocrine	disruptors	such	

as	 lead	 or	 bisphenol	 A.	 Similarly,	 infectious	 diseases	 contracted	 by	 the	 mother	 during	 early	

pregnancy	like	cytomegalovirus	infection	or	rubella,	and	childhood	infections	like	meningitis,	can	

affect	the	development.	A	maternal	metabolic	disorder	such	as	diabetes,	anemia	or	chronic	kidney	

disease	can	also	 lead	to	developmental	defects	such	as	 intrauterine	growth	restriction	(IUGR).	

Finally,	 vascular	 accident	 during	 pre-natal	 period	 or	 hypoxia	 at	 peri-natal	 stage	 may	 be	

responsible	for	physical	lesions	of	the	brain	and	traumatic	ID.	When	considering	environmental	

factors,	dosage	but	also	timing	of	exposure	is	critical	as	the	nervous	system	is	especially	sensitive	

to	certain	factors	at	specific	time	points.	

	

B. Genetic	factors	
Besides	 environmental	 factors,	 the	 heritability	 and	 the	 shared	 characteristics	 of	 some	 ID	

syndromes	pointed	toward	genetics	as	the	most	common	ID	cause.	Historically,	the	first	genetic	

diagnosis	of	ID	was	the	identification	of	trisomy	21	as	the	cause	of	Down	syndrome14,	since	then	

recognized	 as	 the	 most	 frequent	 genetic	 form	 of	 ID15.	 Chromosomal	 abnormalities	 such	 as	

aneuploidy	 and	 large	 structural	 variants	 (over	 5Mb)	 account	 for	 up	 to	 15%	 of	 genetic	 ID16	

although	 chromosomal	 aneuploidies	 are	 often	 lethal17.	 They	 were	 traditionally	 detected	 via	

karyotyping	but	nowadays,	 comparative	 genomic	hybridization	array	 (aCGH)	 is	able	 to	detect	

cytogenetic	rearrangements	as	small	as	a	few	kb	and	has	become	the	first	scanning	approach	for	

genetic	ID	diagnosis18.	Its	diagnostic	yield	is	significantly	increased	when	combined	with	a	clinical	

checklist	 score19.	Although	aCGH	cannot	detect	balanced	 rearrangements,	 inversions	and	 low-

level	mosaicisms,	 these	 are	 rarely	 (in	<1%	of	 cases)	 responsible	 for	 ID20.	 aCGH	 improved	 the	

discovery	 and	 identification	 of	 copy	 number	 variants	 (CNVs)	 that	 lead	 to	 imbalanced	 genetic	

dosage.	Deletions	and	duplications	of	dosage-sensitive	regions	are	associated	with	many	clinical	

features	 observed	 in	 genomic	 disorders21.	 Especially,	 recurrent	 CNVs	 explain	 distinct	 ID	

syndromes	such	as	the	mirror	16p11.2	deletion	and	duplication	syndromes22.	However,	as	CNVs	

account	 for	12%	of	 the	human	genome	 in	 the	general	population23,	 it	 is	hard	to	evaluate	their	

contribution	to	ID.		

The	 observation	of	 a	 sex	 bias	 in	 ID	patients	 (1.3-1.4	 affected	males	 for	1	 female)	 and	 the	

recurrence	of	large	families	with	only	male	patients	focused	an	early	interest	of	researchers	on	

the	X	chromosome.	Molecular	characterization	of	X-linked	ID	started	in	1991	with	the	discovery	

of	expansion	of	CGG	repeats	in	FMR1,	also	the	first	microsatellite	disorder	to	be	described24,25.	

Extensive	 study	 of	 the	 X	 chromosome	 by	 international	 consortiums	 through	 familial	 linkage	

analysis	 or	 translocation	studies	 subsequently	 followed	by	 the	sequencing	of	 its	 entire	 coding	
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regions	led	to	the	identification	of	more	than	100	genes	implicated	in	monogenic	forms	of	X-linked	

ID,	explaining	up	to	10%	of	ID	in	males26.	

Research	on	autosomal	causes	of	 ID	was	initially	restricted	to	 the	study	of	CNVs	and	their	

dosage-sensitive	 genes	and	 those	disrupted	 at	 breakpoints.	The	 limitations	of	 cytogenetic	and	

sequencing	technologies	as	well	as	the	absence	of	large	pedigrees	with	autosomal	ID	slowed	down	

the	discovery	of	autosomal	ID	genes.	Autosomal	recessive	ID	(ARID)	is	traditionally	elucidated	

through	the	study	of	linkage	and	runs-of-homozygosity	in	large	consanguineous	families,	often	

coming	 from	North	Africa,	Middle	East	and	South	East	Asian	 countries,	were	 consanguinity	 is	

more	frequent	than	in	Western	countries,	China	and	Japan27.	Large	studies	collecting	numerous	

consanguineous	 families	 allowed	 the	 identification	 of	many	 novel	 ID	 genes28,	 highlighting	 the	

extreme	genetic	heterogeneity	of	ARID.	Autosomal	dominant	ID	(ADID)	was	less	investigated	as	

dominant	variants	were	unlikely	transmitted	from	one	generation	to	another,	due	to	the	limited	

fitness	of	the	severely	affected	individuals,	and	incomplete	penetrance	is	hard	to	detect.	The	idea	

of	spontaneous	de	novo	germline	mutations	as	a	major	cause	of	ADID	emerged	from	the	study	of	

CNVs19.	 The	 progresses	 in	 sequencing	 technologies29,30	 as	well	 as	 large-scale	 projects	 like	 the	

Deciphering	 Developmental	 Disorders	 (DDD)	 Study	 recruiting	 patients	 with	 similar	

developmental	 disorders31	 allowed	 the	 identification	 of	 many	 novel	 causative	 genes	 in	 rare	

syndromic	ID.	

So	 far,	more	 than	700	genes	 have	 been	 associated	with	monogenic	 forms	 of	 ID32,	 but	 the	

discovery	curve	of	new	ID	genes	did	not	reach	a	plateau,	indicating	that	there	are	still	ID	genes	to	

be	identified	(Figure	3).		

	

	
	

	

	

	

	

	
	
	
	
	
	
	
	
	

	
	
	

Figure	3:	Discovery	of	novel	ID	genes	over	time	and	technologies	development32	



	
	

IV. Next	generation	sequencing	applied	to	ID	
Conventional	karyotyping	was	the	routine	test	in	the	70s	to	detect	chromosomal	aneuploidy	

and	 large	 rearrangements.	 It	 was	 later	 implemented	 with	 fluorescence	 in	 situ	 hybridization	

(FISH)	 and	 aCGH,	 allowing	 the	 detection	 of	 submicroscopic	 CNVs.	 Linkage	 analysis	 and	

homozygosity	 mapping	 were	 used	 for	 studies	 involving	 big	 cohorts	 of	 patients	 with	 similar	

phenotypes,	or	large	families,	but	they	were	often	defining	regions	associated	with	disorders,	and	

hardly	single	nucleotide	variants	(SNVs).	In	the	90s,	Sanger	sequencing,	so	far	restricted	to	the	

targeted	 sequencing	 of	 small	 fragments	 and	 thus	 the	 discovery	 of	 substitutions	 and	 small	

insertions/deletions	in	candidate	genes	or	regions	already	associated	with	a	disorder,	was	used	

to	decipher	the	entire	human	genome.	While	the	Human	Genome	Project	(HGP)	took	13	years,	it	

provided	 a	 reference	 sequence	 to	 work	 on,	 and	 to	 compare	 individuals’	 sequences.	 Next	

generation	 sequencing	 (NGS),	 or	 high-throughput	 sequencing,	 refers	 to	 massive	 parallel	

sequencing	technologies	which	revolutionized	genomic	research	and	in	particular	the	discovery	

of	novel	ID	genes	(Figure	3).	NGS	technologies	detect	the	incorporated	nucleotides	as	millions	of	

DNA	fragments	are	synthetized	at	the	same	time,	providing	high-quality	sequences	in	record	time	

that	then	needed	to	be	assembled.	As	the	technologies	changed,	the	bioinformatic	field	faced	new	

challenges	 and	 had	 to	 evolve	 along.	 Indeed,	 management,	 storage	 and	 analysis	 of	 such	

unprecedented	 amount	 of	 newly	 generated	 data	 required	 bioinformatics	 innovations,	

development	of	many	dedicated	tools,	and	the	emergence	of	a	new	era	of	research.	

A	major	improvement	brought	by	NGS	for	ID	genetic	diagnosis	is	an	unbiased	approach.	The	

output	 consists	 in	 lists	 of	 variations	 compared	 to	 the	 reference	 genome,	 without	 a	 priori	

knowledge	 of	 ID	 genes	 or	 homozygous	 region	 segregating	with	 the	 disorder	 in	 a	 family.	 The	

drawback	of	this	technology	lies	within	its	strength:	the	tremendous	amount	of	data	that	are	then	

to	interpret.	While	whole-genome	sequencing	(WGS)	refers	to	the	sequencing	of	nearly	the	entire	

human	genome	and	generates	sequences	that	are	still	hard	to	interpret	like	non-coding	regions,	

an	alternative	was	found	in	the	whole-exome	sequencing	(WES).	Cheaper	and	faster	than	WGS,	it	

specifically	captures	approximately	95%	of	the	coding	regions	of	the	genome,	comprising	around	

20,000	genes.	WES	approach	is	 justified	by	 the	 fact	 that	only	3%	of	all	known	disease-causing	

mutations	are	located	outside	of	genes33.	Moreover,	various	studies	showed	that	it	is	possible	to	

prioritize	 pathogenic	 variants	 according	 to	 their	 presence	 in	 the	 exomes	 of	 patients	 with	

overlapping	 syndromes34,35	 and	 that	 trio	 based	 (proband	 and	 parents)	 exome	 sequencing	 is	

efficient	to	identify	de	novo	variants	in	ID	and	neurodevelopmental	disorders30,36,37.	Pathologies	

that	were	previously	disregarded	given	their	rarity,	 clinical	and	genetic	heterogeneity	and	the	

absence	of	multiplex	families,	have	shown	high	discovery	rate	using	WES.	Besides	being	extremely	

efficient	at	discovering	new	ID	genes,	WES	is	also	very	useful	to	identify	variants	in	already	know	

ID	genes.	Using	both	aCGH	and	exome	sequencing,	the	DDD	Study	combined	the	recruitment	of	a	



	
	

large	cohort	of	over	1’000	patients	with	similar	features	with	a	trio-based	approach.	This	meta-

analysis	provided	a	diagnosis	to	31%	of	the	patients.	28%	exhibited	variations	within	previously	

associated	developmental	disorder	genes	and	12	novel	developmental-disorder-associated	gene	

were	identified31,	proving	that	a	comprehensive	strategy	is	possible	and	efficient.	Although	WGS	

gives	a	huge	amount	of	 (yet)	uninterpretable	 information	about	the	non-coding	regions,	 it	has	

been	shown	that	it	also	gives	a	higher	quality	sequencing	of	the	coding	regions	compared	to	WES,	

with	a	higher	diagnosis	rate30	and	a	truly	unbiased	approach.	

Over	 the	 years,	 the	 advancements	 in	 sequencing	 technologies	 have	 helped	 increasing	 the	

number	of	know	ID	genes	(Figure	3).	Nowadays,	aCGH	and	targeted	sequencing	of	candidate	genes	

(panels	of	suspected	genes	via	identification	of	a	known	syndrome)	are	the	first	approaches	to	

identify	the	genetic	causes	of	ID18.	WES	is	used	when	the	aforementioned	tests	are	inconclusive.	

The	 cost	 of	 WGS	 is	 for	 now	 refraining	 most	 diagnostic	 laboratories	 from	 using	 it	 routinely,	

restricting	its	use	to	genomics	research	laboratories.	Nevertheless,	as	cost,	processing	time	and	

data	management	became	more	and	more	affordable,	and	as	our	knowledge	about	non-coding	

regulatory	regions	increases,	we	can	predict	that	WGS	will	be	more	used	in	the	future.	

	

	

	

	

	

	

	 	



	
	

V. Variants	interpretation	
WES	detects	about	60,000	variants	per	individuals	and	identifying	the	pathogenic	one	in	case	

of	monogenic	form	of	ID	can	be	difficult.	To	help	researchers	prioritize	some	variants,	the	WES	

output	lists	are	implemented	with	information	collected	on	many	public	databases	and	prediction	

software	tools	(detailed	Method	p18).	For	each	variant,	the	coordinates	in	the	human	genome	has	

to	be	 retrieved.	Official	 nomenclature	 following	 the	Human	Genome	Variation	Society	 (HGVS)	

guidelines	 can	 also	 be	 assigned	 to	 the	 variants,	 facilitating	 further	 references.	 Large-scale	

sequencing	projects	 in	 the	general	population	give	 information	about	 the	 frequencies	of	 these	

variations	in	unaffected	individuals	and	constraint	metric	for	the	four	different	classes	of	variants	

(synonymous,	missense,	loss	of	function	and	CNV)	can	be	calculated	for	each	gene,	indicating	its	

intolerance	 to	 variations38,39.	 The	 evolutionary	 conservation	 of	 the	 affected	 positions	 and	 the	

predicted	effects	of	those	changes	at	the	DNA	and	protein	levels	can	also	be	scored	via	various	

tools40,41,42,43.	It	is	crucial	to	accumulate	the	maximum	number	of	information	possible	to	try	and	

interpret	the	variants.	In	the	case	of	familial	or	cohort	studies,	the	segregation	of	the	variants	with	

the	studied	phenotype	is	also	highly	informative.	According	to	all	these	evidences,	variants	can	be	

classified	as	possibly	pathogenic	or	benign.	When	the	pathogenicity	of	a	variant	is	uncertain,	it	is	

classified	as	variant	of	unknown	significance	(VUS).	When	a	variant	is	predicted	as	pathogenic	but	

localized	inside	a	gene	never	associated	with	 ID,	 the	gene	 is	considered	as	a	gene	of	unknown	

significance	(GUS)	for	this	pathology.	

Besides	 computational	 mapping,	 frequency	 and	 pathogenicity	 predictors,	 data	 mining	 is	

required	 to	 interpret	 the	 shortlisted	 variants.	 Firstly,	 catalogs	 of	 genes	 and	 their	 expression	

profiles,	the	role	of	the	encoded	proteins,	their	interactants	as	well	as	the	pathologies	associated	

have	 to	 be	 explored	 to	 possibly	make	 a	 link	 between	 some	 of	 the	 shortlisted	 genes	 and	 the	

phenotypes	 observed.	 For	 instance,	 genes	 only	 expressed	 in	 the	 stomach	would	 not	 be	 good	

candidates	for	neurodevelopmental	disorders	while	genes	expressed	in	the	developing	brain	and	

associated	with	the	retinoic-acid	pathway	would	be	good	candidates	for	a	syndromic	form	of	ID	

with	heart	defects.	Secondly,	collaborative	platforms	such	as	GeneMatcher44	have	been	created	to	

facilitate	the	identification	of	other	individuals	with	similar	phenotypes	and/or	candidate	variants	

within	 the	 same	 genes.	 These	 represent	 important	 resources	 to	 constitute	 cohorts,	 compare	

patients	and	resolve	VUS	and	GUS.	Finally,	functional	validation	can	be	performed	to	confirm	the	

pathogenicity	of	variants.	Study	of	in-silico	and	in-vivo	models	can	confirm	that	a	VUS	affects	the	

protein	 function	 (via	 knock-in	models),	 and	 that	 a	 GUS	 can	 be	 associated	with	 the	 observed	

phenotypes	such	as	brain	function	and	other	affected	structures	in	syndromic	forms	(often	via	

knock-out	models).	





	
	

Aim	of	this	project	

Whereas	many	genetic	causes	of	ID	have	been	discovered,	more	are	still	to	be	unraveled.	To	

identify	new	genetic	causes	of	syndromic	DD/ID,	our	lab	has	enrolled	around	150	families	coming	

from	Lithuania,	Italy	and	Saudi	Arabia,	with	one	or	two	affected	individuals.	The	aCGH	screening	

showed	 that	 12%	 (17	 families)	 carry	 probably	 causative	 CNVs.	 We	 subjected	 the	 remaining	

unsolved	 cases	 to	 exome	 sequencing.	 During	 my	 doctorate,	 I	 have	 been	 working	 in	 close	

collaboration	with	clinicians	from	Lithuania	and	Italy.	They	provided	me	with	clinical	reports	of	

23	families,	for	which	I	have	performed	WES,	searching	for	causative	variants.	Whereas	ID	was	a	

shared	phenotype	among	all	studied	cases,	a	broad	range	of	other	features	was	associated,	making	

each	family	a	specific	syndromic	form	of	ID	that	needed	to	be	studied	independently.	My	work	

aimed	at	giving	a	genetic	diagnosis	to	the	patients	and	their	families,	providing	opportunities	to	

improve	their	family	planning,	clinical	care	and	follow-up.	It	also	aimed	to	discover	new	ID	genes,	

describe	new	syndromes	and	reach	a	better	understanding	of	known	ones	and	their	underlying	

molecular	mechanisms.	Ultimately,	a	better	delineation	of	the	pathological	mechanisms	involved	

in	neurodevelopmental	disorders	such	as	ID	will	help	identifying	new	therapeutic	targets.		 	





	
	

Method	

I. Patients	recruitment	

Patients	were	referred	to	us	by	collaborators	in	Vilnius	and	Naples	upon	clinical	consultations	

and	diagnosis	of	syndromic	DD/ID	of	unknown	genetic	cause.	Families	where	a	specific	syndrome	

such	as	Fragile-X	was	suspected	were	Sanger	sequenced.	When	this	approach	was	inconclusive,	

aCGH	was	performed.	Only	the	samples	for	which	both	aforementioned	diagnostics	were	negative	

were	sent	to	our	laboratory	for	further	investigation.	We	extracted	DNA	from	peripheral	blood	

samples	of	the	patients	and	their	close	relatives	(parents	and	siblings	if	applicable).	During	this	

project,	I	studied	12	Italian	and	11	Lithuanian	families	with	various	manifestations	of	syndromic	

ID	(Table	2).		

	

Family	

Number	of	

affected	

individuals	

Number	of	

sequenced	

exomes	

Main	features	

Italian_1	 1	 4	
ID,	seizures,	megalencephaly,	polymicrogyria,	corpus	

callosum	hyperplasia,	focal	cortical	dysplasia	

Italian_2	 1	 4	

Hypotonia,	short	stature,	moderate	ID,	stumbling	gait	and	

fine	motor	skills	problems,	hyperplasia	of	corpus	

callosum	and	neuronal	migration	defect	

Italian_3	 1	 5	
Epilepsy,	encephalopathy,	bone	deformities,	horseshoe	

kidney,	hypertrichosis,	facial	dysmorphism	

Italian_4	 1	 4	 Hypotonia,	DD,	distal	amyotrophy,	ataxia,	spasticity	

Italian_5	 1	 4	
Corpus	callosum	hyperplasia,	speech	delay,	moderate	ID,	

behavioral	problem,	hepatomegaly,	splenomegaly	

Italian_6	 1	 3	 Isolated	agenesis	of	corpus	callosum,	mild	speech	delay	

Italian_7	 1	 0	 X-linked	frontonasal	dysplasia	like	

Italian_8	 1	 3	 DD,	speech	delay,	ASD,	corpus	callosum	hyperplasia	

Italian_9	 4	 5	
Cornelia	de	Lange-like,	short	stature,	maternal	

inheritance	

Italian_10	 1	 4	
Prader-Willy-like,	macrocephaly,	scaphocephaly,	

hyperphagia,	DD,	ASD	

Italian_11	 1	 5	

ID,	behavioral	problems,	facial	dysmorphism,	

cryptorchidism,	Type	1	Chiary	malformation,	

hepatosplenomegaly	

Italian_12	 1	 3	 ID,	corpus	callosum	hyperplasia	



	
	

Family	

Number	of	

affected	

individuals	

Number	of	

sequenced	

exomes	

Main	features	

Lithuanian_1	(006)	 2	 4	

Mild	ID,	delayed	speech,	behavioral	problems,	wide-

spaced	teeth,	micropenis,	obesity,	pes	planus,	

hypothyroidism	

Lithuanian_2	(009)	 1	 4	

Severe	DD,	failure	to	thrive,	feeding	problems,	

microcephaly,	dysmorphic	facial	features,	cryptorchidism,	

finger	joint	hypermotility,	atrial	septal	defect,	

dextrocardia,	chronical	heart	failure,	hemivertebrea,	

dysplastic	ribs,	scoliosis,	enlarged	thymus,	tantrums	

Lithuanian_3	(040)	 2	 4	
ASD,	sleep	disorder,	no	speech,	retrognathia,	tantrums,	

hyperkinetic	disorder	

Lithuanian_4	(057)	 1	 5	

Severe	ID,	DD,	cognitive	decline,	progressive	loss	of	

vision,	motor	impairment,	cerebral	atrophy,	progressive	

microcephaly,	spasticity,	inflammatory	myopathy	

Lithuanian_5	(093)	 2	 4	

Mild	ID,	DD,	optic	nerves	and	chiasm	atrophy,	long	face,	

high	arched	palate,	gingival	hypertrophy,	spaced	teeth,	

clinodactyly,	synophrys,	scoliosis	

Lithuanian_6	(094)	 2	 4	
Pre-eclampsia,	speech	delay,	behavioral	problems,	

hypermetropia,	stereotypic	movements,	additional	teeth	

Lithuanian_7	(107)	 2	 4	 Achromatopsia,	hyperactivity,	ID	

Lithuanian_8	(112)	 1	 4	
ID,	joint	hypermotility,	cubitus	valgus,	anxiety,	walking	on	

tip-toes	

Lithuanian_9	(119)	 1	 5	 ID,	no	speech,	ocular	disorder,	coordination	instability	

Lithuanian_10	(048)	 2	 4	

Severe	ID,	DD,	plagiocephaly,	epilepsy,	hypotonia,	

arthrogryposis,	hypermetropia,	brain	atrophy,	

hydrocephaly	

Lithuanian_11	(LitX)	 3	 4	
1	stillbirth	and	2	terminated	pregnancies,	severe	internal	

hydrocephalus	

	

Table	2	(above	and	previous	page):	Studied	families	during	this	project	

	 	



	
	

II. DNA	sequencing	
A. Exome	sequencing	and	variants	annotation	

In	total,	for	this	project,	exomes	of	90	individuals	were	captured	using	the	Agilent	SureSelect	

Human	All	Exon	V5	enrichment	kit	and	multiplex	sequenced	(6-plex)	on	an	Illumina	HiSeq	2500	

platform	to	reach	80	to	120-fold	coverage	on	average.	Purity-filtered	reads	were	adapters	and	

quality	trimmed	with	FastqMcf45,	and	aligned	to	the	reference	human	genome	(GRCh37/hg19	and	

decoy	 sequence)	 using	 BWA-MEM46.	 The	 following	 steps	 were	 performed	 on	 each	 sample	

separately:	(1)	duplicate	marking	using	Picard	tools,(2)	Indel	realignment	with	GATK,	(3)	base	

quality	 score	 recalibration,	 (4)	 variants	 calling	with	 GATK	HaplotypeCaller	 in	 gVCF	mode47,48.	

Samples	were	then	pooled	for	genotyping	using	GATK	GenotypeGVCFs	and	variants	were	filtered	

using	GATK	Variant	Quality	Score	Recalibration48	(Figure	4).	

	

	

Figure	4:	Command-line	tools	for	processing	biological	sequencing	data45	

	

B. Variants	filtering	
Analysis-ready	variants	in	variant	call	format	(VCF)	files	were	imported	on	Varapp	software49	

for	further	annotation	and	filtering.	Varapp	is	a	tool	developed	in-house	and	assessed	with	our	

data	 for	 software	 implementation	 and	 troubleshooting.	 Calling	 several	 databases,	 Varapp	

provides	 an	 accurate	 nomenclature	 of	 the	 variants	 based	 on	 HGVS	 and	 output	 frequency	

information	as	well	as	pathogenicity	predictions	from	various	sources	and	calculators.	Variants	

were	 filtered	 based	 on	 inheritance	 patterns	 including	 autosomal	 recessive,	 X-linked	 and	 de	

novo/autosomal	 dominant.	 Lists	 of	 variants	 for	 each	 transmission	 mode	 were	 filtered	

automatically	based	on:	



	
	

§ the	quality	of	the	variants:	Quality	filter	PASS	keeps	the	variants	above	the	threshold	defined	

by	the	VQSLOD	value	above	which	99.9%	of	the	variants	are	included;	Quality	score	≥50	for	

the	 assertion	made	 in	 ALT	 from	VCF	QUAL	 field;	 Fisher	 Strand	 bias	 ≤20	 to	 reduce	 reads	

number	bias	between	the	strands;	

§ their	frequency	in	the	population:	ExAC38/GnomAD39	frequency	≤2%;		

§ their	predicted	pathogenicity:	High	(exon	deleted,	frameshift,	splice	acceptor,	 splice	donor,	

start	 loss,	 stop	 gain,	 stop	 loss,	 nonsynonymous	 start,	 transcript	 codon	 change	 (CC),	 rare	

amino-acid,	chromosomal	large	deletion);	Medium	(nonsynonymous	coding,	inframe	codon	

gain,	inframe	codon	loss,	inframe	CC,	CC	deletion,	CC	insertion,	5’UTR	deletion,	3’UTR	deletion,	

splice	 region,	 mature	 miRNA,	 regulatory	 region	 (RR),	 RR	 ablation,	 RR	 amplification,	

transcription	factor	binding	site	(TFBS),	TFBS	ablation,	TFBS	amplification);	CADD50	scaled	

≥10	(a	Phred-like	scoring	not	applicable	to	indels;	top	10%	of	all	deleterious	variants	have	a	

CADD	scaled	score	of	10	or	greater).	

The	filters	used	here	are	less	stringent	than	usual	practice	in	order	to	reduce	the	number	of	false	

negative	(variants	filtered	out	despite	being	real	and	potentially	pathogenic).	The	number	of	false	

positive	 is	 limited	 by	 the	 manual	 annotation	 that	 follows	 and	 during	 which	 more	 stringent	

thresholds	(e.g.	predicted	deleteriousness)	are	applied	for	variants	ranking,	but	without	loss	of	

information.	

	

C. Variants	interpretation	and	validation	
To	interpret	the	variants	after	automated	filtering,	we	considered	all	the	evidences	supporting	

or	 invalidating	 the	pathogenicity	of	a	variant	 in	a	specific	gene	and	 its	 link	with	 the	observed	

phenotypes	(Figure	5).	Manual	curation	through	databases	mining	included:	

§ predicted	deleteriousness	of	the	variant	(SIFT40,	PolyPhen-241,	GERP51);	

§ gene	association	with	disorders	(OMIM	catalog	of	all	human	genes	associated	with	monogenic	

disorders,	their	phenotypic	spectra	and	molecular	bases,	Decipher31);		

§ gene	association	with	ID	(cross	reference	with	lists	of	known	ID	genes32	of	various	sources	

including	SFARI52	and	sysID9);	

§ function	of	the	encoded	proteins	(GeneOntology53,	UniProt54,	Human	Protein	Atlas55);	

§ expression	in	the	affected	tissues	(GTex);	

§ animal	models	(IMPC56,	ZFIN57,	PubMed).	

Sanger	 sequencing	was	used	 to	 confirm	 the	 anticipated	 segregation	of	 the	 short-listed	

variants.	We	considered	a	variant	causative,	if	it	segregated	with	the	disorder	in	the	family,	was	

previously	associated	with	ID	or	is	identified	in	a	known	ID	gene	and	is	predicted	to	be	deleterious.	

This	genetic	diagnosis	was	transmitted	to	the	clinicians	who	was	responsible	to	relay	it	to	patients	

and	their	families.	GUS	and	VUS	were	uploaded	on	GeneMatcher44	aiming	at	collaborations	with	



	
	

laboratories	having	patients	presenting	similar	phenotypes	and	variants	in	the	same	genes.	If	no	

match	was	found	at	the	moment	of	the	submission,	the	genes	will	continue	to	be	queried	by	new	

entries,	allowing	long-term	data	collection.	In	the	meantime,	functional	analyses	were	carried	out,	

especially	when	the	affected	gene	was	not	previously	associated	with	ID	(GUS).	

	

	
	

Figure	5:	Data	collection	for	variants	filtering	and	interpretation	
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Results	

During	my	doctorate,	I	was	able	to	reach	a	conclusive	genetic	diagnosis	for	seven	families	out	

of	the	23	I	studied	(30%)	(Table	3),	ranging	within	the	usual	discovery	rates	of	WES	for	ID	and	

neurodevelopmental	disorders	(25-40%)58.	In	the	following	chapters	I	describe	the	three	projects	

I	led	during	my	PhD.		

I	also	participated	to	two	other	projects:	KIAA1109	project	led	by	my	colleague,	Lucie	Gueneau,	

and	MAST1	project	led	by	Austrian	collaborators	from	David	Keays’	laboratory.	For	the	KIAA1109	

project	I	was	in	charge	of	the	collection	of	the	clinical	data,	coordination	of	the	collaboration	that	

unite	seven	teams	worldwide	and	participated	in	writing	of	the	article.	I	also	presented	this	work	

at	the	American	Society	of	Human	Genetics	2016	meeting	in	Vancouver,	Canada	as	a	semifinalist	

for	 the	 Charles	 J.	 Epstein	 Trainee	 Awards	 for	 Excellence	 in	 Human	 Genetics	 Research.	 Our	

common	results	were	published	in	AJHG	with	me	as	co-first	author59.	As	for	the	MAST1	project,	

our	collaborators	collected	patients’	data	and	performed	functional	analyses.	I	identified	one	of	

these	patients	within	our	collection	and	one	other	through	my	contacts	with	clinical	geneticists.	

The	results	of	 this	project	were	published	 in	Neuron60.	Copies	of	both	articles	are	attached	as	

Appendices	3-4.		

Please	 note	 that	 while	 we	 analyzed	 the	 exomes	 of	 Italian	 family	 4	 and	 suspected	 the	

pathogenicity	of	a	homozygous	recessive	variant	in	TBCE,	another	diagnostic	laboratory	that	was	

following	 the	 same	 family	 without	 our	 prior	 knowledge	 reached	 the	 same	 conclusion	 and	

provided	evidence	for	the	implication	of	TBCE	 in	neurodegeneration.	This	work	was	published	

independently61.		

Finally,	the	POMK	patient	is	being	written	as	a	case	study,	while	we	are	collecting	clinical	and	

genetic	data	of	individuals	with	SATB1	variants	and	overlapping	features	through	international	

collaborations.	Functional	validations	of	the	implication	of	SATB1	variants	in	syndromic	ID	are	

being	coordinated	with	another	team	we	partnered	with.	

	

	

	

	

	

	

	

	

	



	
	

Family	 Results	

Pathogenic	variants	identified	(7/23)	

Italian_3	 AFF3,	de	novo	(Voisin	et	al,	revision	to	be	submitted	to	AJHG);	see	p23	

Italian_1	 PIK3R2,	de	novo	(Terrone	et	al,	EJHG,	2016)62	;	see	p59	

Lithuanian_4	(057)	 TREX1,	homozygous	recessive	(Tumiene	et	al,	EJMG,	2017)63	;	see	p64	

Italian_4	 TBCE,	homozygous	recessive	(Sferra	et	al,	AJHG,	2016)61	

Lithuanian_10	(048)	 KIAA1109,	compound	heterozygous	(Gueneau	et	al,	AJHG,	2018)59	

Italian_2	 MAST1,	de	novo	(Tripathy	et	al,	Neuron,	2018)60	

Lithuanian_11	(LitX)	 POMK,	homozygous	recessive	(Preiksaitiene	et	al,	in	progress)	

Likely-pathogenic	variants	identified,	GUS	(3/23)	

Lithuanian_5	(093)	 DCHS2,	compound	heterozygous	

Lithuanian_7	(107)	 CNGB3,	homozygous	recessive	

Lithuanian_8	(112)	 SATB1,	de	novo	

Pathogenic	variants	to	be	identified,	VUS	(13/23)	

Italian_5,	Italian_6,	

Italian_7,	Italian_8,	

Italian_9,	Italian_10,	

Italian_11,	Italian_12,	

Lithuanian_1	(006),	

Lithuanian_2	(009),	

Lithuanian_3	(040),	

Lithuanian_6	(094),	

Lithuanian_9	(119)	

VUS	

	
Table	3:	Results	of	the	present	study	

	



	
	

I. Variants	in	the	degron	motif	of	AFF3	cause	a	multi-system	disorder	with	skeletal	

dysplasia	and	severe	neurologic	involvement	

This	project	started	with	an	Italian	patient	exhibiting	a	multi-system	disorder	with	skeletal	

dysplasia	and	neurodevelopmental	defects,	in	the	genome	of	which	we	identified	an	AFF3	de	novo	

missense	variants.	Thanks	to	worldwide	collaborations,	we	gathered	a	total	of	10	individuals	with	

de	novo	missense	variants	of	AFF3.	They	all	map	within	codons	encoding	the	core	degron	motif,	a	

signal	 for	 protein	 degradation	 by	 the	 ubiquitin-degradation	 system64,65.	 We	 describe	 a	 new	

syndrome	characterized	by	a	recognizable	pattern	of	anomalies	including	global	developmental	

and	epileptic	encephalopathies,	horseshoe	kidney,	dysmorphic	facial	features,	a	mesomelic	form	

of	 skeletal	 dysplasia	 resembling	 Nievergelt/Savarirayan	 type	 and	 other	 skeletal	 features.	

Immunoblotting,	 as	well	 as	 zebrafish	 and	mice	models,	 support	a	 gain-of-function	mechanism	

through	an	 increased	amount	of	AFF3	protein	product	 in	affected	 individuals.	Transcriptomic	

analyses66	and	the		partial	phenotypic	overlap	between	this	new	syndrome	and	the	AFF4	variants-

associated	CHOPS	syndrome66	suggest	specialized	functions	of	these	AFFs	transcription	factors.	

	

As	first	author	of	this	paper,	I	was	in	charge	of	the	writing,	literature	mining	and	figures	

assembly.	 I	 performed	 the	 functional	 analyses	 including	 zebrafish	modeling,	 mouse	 knock-in	

modeling,	transcriptomic	analyses	and	immunoblotting.	I	coordinated	data	sharing	between	all	

researchers	and	clinicians	involved	in	this	collaboration.	I	personally	presented	this	work	at	the	

European	Society	of	Human	Genetics	2017	congress	in	Copenhagen,	Denmark	and	was	awarded	

one	of	the	six	Young	Investigator	Awards	for	best	platform	presentation.	This	work	is	now	under	

revision	by	our	collaborators	and	will	soon	be	resubmitted	for	publication	(see	following	pages).	
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Abstract 

The ALF transcription factor paralogs, AFF1, AFF2, AFF3 and AFF4, are components of the 

transcriptional super elongation complex that regulates expression of genes involved in 

neurogenesis and development. We describe a new autosomal dominant disorder associated 

with de novo missense variants in the degron of AFF3, a nine amino acid sequence important 

for its degradation. Consistent with a causative role of AFF3 variants, the mutated AFF3 

proteins show reduced clearance. Ten affected individuals were identified, and present with a 

recognizable pattern of anomalies, which we named KINSSHIP syndrome (KI for horseshoe 

KIdney, NS for Nievergelt/Savarirayan type of mesomelic dysplasia, S for Seizures, H for 

Hypertrichosis, I for Intellectual disability and P for Pulmonary involvement), partially 

overlapping the AFF4 associated CHOPS syndrome. An eleventh individual with a 

microdeletion encompassing only the transactivation domain and degron motif of AFF3 

exhibited overlapping clinical features. A zebrafish overexpression model that shows body axis 

anomalies provides further support for the pathological effect of increased amount of AFF3 

protein. 

Whereas homozygous Aff3 knockout mice display skeletal anomalies, kidney defects, brain 

malformation and neurological anomalies, knock-in animals modeling the microdeletion and 

the missense variants identified in affected individuals presented with lower mesomelic limb 

deformities and early lethality, respectively.  

 

Transcriptome analyses as well as the partial phenotypic overlap of syndromes associated with 

AFF3 and AFF4 variants suggest that ALF transcription factors are not redundant in contrast 

to what was previously suggested  
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Introduction 

 

The AFF1 (AF4/FMR2 family member 1, a.k.a AF4), AFF2 (a.k.a FMR2), AFF3 (a.k.a LAF4) 

and AFF4 genes encode members of the ALF (AF4/LAF4/FMR2) family. These transcription 

factors share five highly conserved domains starting from the amino terminus: (i) an N-terminal 

homology domain (NHD); (ii) the hallmark ALF domain, which interacts with Seven In 

Absentia Homolog (SIAH) ubiquitin ligases through the [xPxAxVxPx] degron motif1,2 and thus 

regulates protein degradation mediated by the proteasome pathway; (iii) a serine-rich 

transactivation domain3; (iv) a bipartite nuclear localization sequence (NLS); and (v) a C-

terminal homology domain (CHD)4,5. AFF1, AFF3, and AFF4 have each been identified as 

fusion partners of the mixed-lineage leukemia (MLL) gene involved in acute pediatric 

leukemias3. They are part of the super elongation complex6 implicated in transcription of a set 

of genes, among them histones, retinoid signaling and HOX genes involved in neurogenesis and 

several other developmental processes (e.g. Hoxa1, Cdx11 and Cyp26a16,7). Mutations of the 

fruit fly ALF orthologous gene lilliputian (lilli) were shown to prevent neuronal differentiation 

and to decrease cell growth and size8,9. Silencing of AFF2 by CGG repeat expansion is 

associated with FRAXE intellectual disability syndrome10 (OMIM #309548), whereas 

hypermethylation of a mosaic CGG repeat expansion in the promoter of AFF3, which leads to 

its silencing in the central nervous system, was associated with a cytogenetic fragile site 

(FRA2A) and intellectual disability in three families11. AFF3 is also known for regulating the 

expression of imprinted genes12,13 such as XIST through binding to differentially methylated 

regions14. An individual carrying a 500kb microdeletion within the AFF3 locus and presenting 

with skeletal dysplasia and encephalopathy was described15. 

 

Six de novo missense variants in AFF4 were recently linked with CHOPS (Cognitive 

impairment and coarse facies, Heart defects, Obesity, Pulmonary problems, Short stature and 

skeletal dysplasia) syndrome16,17 (OMIM#616368). They were suggested to act through 

reduced clearance of AFF4 by SIAH, a hypothesis supported by the fact that surviving adult 

Aff4 null mice have only azoospermia and no features of CHOPS syndrome. However, a 

majority of Aff4-/- embryos died in utero with severely shrunken alveoli of the lung18. 

Upregulation of AFF4 resulted in dysregulation of genes involved in skeletal development and 

anterior/posterior pattern formation such as MYC, JUN, TMEM100, ZNF711 and FAM13C16. 

These molecular changes were proposed to impair complex function and lead to 
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cohesinopathies associated with the clinical phenotypes seen in the eleven reported individuals 

with CHOPS and in Cornelia de Lange syndrome (CdLS; OMIM #122470)16,17. 

 

Here we describe 10 individuals with de novo missense variants in the AFF3 gene and a 

recognizable pattern of anomalies including developmental delay, intellectual disability, 

seizures, dysmorphic facial features, mesomelic dysplasia, and failure to thrive. Although there 

is some overlap, the clinical presentation of this autosomal dominant disorder appears to be 

distinct from CHOPS syndrome. 

 

Material and Methods 

 

Enrollment  

Participants were enrolled after written informed consent was obtained from parents or legal 

guardians according to ethical review boards policies. The clinical evaluation included medical 

history interviews, physical examinations and review of medical records. The Deciphering 

Developmental Disorders (DDD)19 identifier of proband 4 is DDD276869. 

 

Exome/Genome sequencing and analysis 

Affected individuals were selected for sequencing to establish a diagnosis. 

Proband 1: Trio exome analysis was performed on a NextSeq 500 Sequencing System 

(Illumina, San Diego, CA) after a 12-plex enrichment with SeqCap EZ MedExome kit (Roche, 

Basel, Switzerland), according to manufacturer’s specifications. Sequence quality was assessed 

with FastQC 0.11.5, reads were mapped using BWA-MEM (v 0.7.13), sorted and indexed in a 

bam file (samtools 1.4.1), duplicates were flagged (sambamba 0.6.6), coverage was calculated 

(picard-tools 2.10.10). Variant calling was done with GATK 3.7 Haplotype Caller. Variants 

were then annotated with SnpEff 4.3, dbNSFP 2.9.3, gnomAD, ClinVar, HGMD, and an 

internal database. Coverage for these samples was 93% at a 20x depth threshold. 

Probands 2 and 10: Exomes were captured using the IDT xGen Exome Research Panel v1.0 

for proband 2 and her parents and SureSelect Human All Exon V4 (50 Mb) for proband 10 and 

his parents. Sequencing and analyses were performed as previously described20. The general 

assertion criteria for variant classification are publicly available on the GeneDx ClinVar 

submission page. 
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Proband 3: The exomes of proband 3, his parents and two healthy siblings were captured and 

sequenced as described21. Variants were called and filtered using the Varapp software22. Sanger 

sequencing confirmed the anticipated segregation of the potentially causative variants. 

Proband 4: Exome capture and sequencing was performed as previously described19. 

Proband 5: Exome sequencing of the proband was performed as previously described23. Sanger 

sequencing of samples from parents revealed de novo segregation of the variant. 

Proband 6: Trio genome analysis was performed as previously described24. Sanger sequencing 

confirmed the de novo variant reported here.  

Proband 7: Trio exome analysis was performed as previously described25. 

Proband 8: Sample preparation and enrichment was performed using TruSeq DNA Exome kit 

(Illumina) and sequencing was performed using NextSeq 500 (Illumina) with mean region 

coverage 83x. Variant were called using VarAft software. Variant analysis was performed 

according to standards and guidelines for the interpretation of sequence variants26. Sanger 

sequencing confirmed the de novo origin of variant. 

Proband 9: Trio exome analysis was performed with Agilent SureSelect CRE exome capture, 

Illumina NextSeq 500 sequencer and a mean coverage of 100x. Data were processed using 

Cpipe27 and variant filtering and prioritization were phenotype driven (gene lists: intellectual 

disability, Mendeliome). Variant classification followed ACMG guidelines. 

 

Protein alignment 

Alignments of ALF family members were made using Clustal Omega28 (v1.2.4) and imported 

on Jalview29 for visualization. 

 

Interaction modeling 

3D modeling for AFF3 (UniProt entry P51826) and SIAH1 (Q8IUQ4) interaction30 was 

obtained on Swiss-PdbViewer-DeepView31 v4.1. As no structural model for human SIAH1 

ubiquitin-ligase was available, we used mouse ubiquitin ligase structure (pdb 2AN6) 100% 

conserved with human sequence in the binding region32.  

 

Mouse models  

Brain neuroanatomical studies were performed on three 16-week-old male mice in 

C57BL/6N background with homozygous knock-out of the Aff3 (a.k.a. Laf4) gene33. Seventy-

eight brain parameters were measured across three coronal sections as described34 and data 

were analyzed using a mixed model and comparing to more than 100 wild-type males using a 
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false discovery rate of 1%. Other metabolic and anatomical phenotypes were assessed by the 

Welcome Trust Sanger Institute through phenotyping of 6 to 13 homozygous and 7 to 14 

heterozygous mice and are available on the International Mouse Phenotyping Consortium 

website. Engineering of Aff3del mice model carrying a 353 kb deletion homologous to the one 

harbored by an affected individual15 was previously published35. E18.5 animals were processed 

and stained as described36. With Taconic Biosciences GmbH, Cologne, Germany, we 

engineered a constitutive Aff3A233T knock-in through CRISPR/Cas9-mediated gene editing 

using TGGTGGATGCACGCCGGTTA as guide (NM_001290814.1, NP_001277743.1). This 

allowed the insertion of an additional silent mutation that creates an AleI restriction site for 

analytical purposes. 

 

Zebrafish overexpression model 

Human wild-type ORFs (AFF3, NM_002285.2 and AFF4, NM_014423.4) cloned into the pEZ-

M13 vector were transcribed using the mMessage mMachine kit (Ambion) as prescribed. We 

injected 1-2 nL of diluted RNA (100-300 ng) inside the yolk, below the cell of wild-type 

zebrafish embryos at the 1- to 2-cell stage. Phenol red dye with distilled water was injected as 

vehicle control in similar volume. Injected embryos were raised at 28°C and fixed in 4% PFA 

for 2 hrs at 4-5 days post fertilization (dpf) and stored in PBS at 4°C. Pictures of the embryos 

were taken after embedding in glycerol. Counts were compared by Fisher exact test. 

 

Protein accumulation assay 

Tagged human wild-type mRNAs cloned into a CMV promoted expression vector were 

obtained from GeneCopoeia. The ORFs of AFF3 and AFF4 were inserted in pEZ-M13 vector 

with a C-terminal FLAG tag, while the ORF of SIAH1 (NM_001006610) was inserted in pEZ-

M07 vector with a C-terminal 3xHA tag. The AFF3 NM_002285.2:c.697G>A, c.704T>G, and 

AFF4 NM_014423.4:c.772C>T mutations were engineered using the QuikChange II XL Site-

Directed Mutagenesis Kit (Agilent Technologies) following the manufacturer’s instructions. 

HEK293T cells cultured in complete medium (DMEM containing 10% FBS and 1% penicillin-

streptomycin) were transiently transfected with wild type and mutated plasmids using calcium 

phosphate. 24 hrs after transfection, medium was changed to fresh complete medium. Total 

protein extracts were obtained after 48 hrs using RIPA buffer with protease and phosphatase 

inhibitor cocktail. Denatured protein extracts were immunoblotted with anti-FLAG (F3165), -

HA (12CA5) and -β-actin (A2066) antibodies from Sigma-Aldrich.  
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Results 

 

We identified ten unrelated affected individuals (probands 1-10) with de novo missense variants 

in the ALF domain of AFF3 (Figure 1A and Table 1) through trio-based exome sequencing 

and data aggregation of multiple laboratories and clinical centers via GeneMatcher37. The four 

different identified variants (Table 1) (i) are not present in the Genome Aggregation Database 

(gnomAD38 v2.1.1); (ii) are predicted to be deleterious by SIFT39, PROVEAN40, PolyPhen241 

and MutationTaster242; (iii) are part of the top 1% of all deleterious variants with CADD scores 

over 20; and (iv) modify highly conserved amino acids (Figure 1B-C). Nine of the probands 

present variants affecting the same codon of exon 6, c.772G>T p.(A258S) (probands 1-2), 

c.772G>A p.(A258T) (probands 3-8), c.773C>T p.(A258V) (proband 9), whereas proband 10 

carries a variant perturbing a neighboring codon c.779T>G p.(V260G) (NM_001025108.1, 

NP_001020279.1; Table 1). An eleventh individual (deletion proband) carrying a 500kb 

microdeletion and an overlapping phenotype (see below) was previously described15. This 

deletion removes exons 4 to 13 of AFF3, which encode its N-terminal region, including the 

ALF and its degron and part of the transactivation domains and was proposed to act as a 

dominant negative35 (Figure 1A).  

 

All AFF3 variants described here and CHOPS syndrome-associated AFF4 de novo missense 

previously published16,17 map within the degron motif of the ALF domain. This highly 

conserved 9 amino acid sequence [xPxAxVxPx] (Figure 1A-B) mediates interaction with the 

SIAH E3 ubiquitin ligase and regulates their degradation1. According to pathogenic variant 

enriched regions (PER)43, the degron is predicted to be constrained within the ALF family. 

Pathogenicity of the four de novo AFF3 identified variants is further supported by the three-

dimensional representation of part of the encoded peptide (Figure 1D). The mutated residues 

are located within the degron motif (KPTA258YV260RPM), which adopts a beta-strand 

conformation directly contacting the SIAH ubiquitin ligase binding groove30. The side chains 

of Alanine 258 and Valine 260 are embedded into the hydrophobic core of the beta-sandwich 

where the binding pockets are too small to accommodate larger side chains32. Thus, the variants 

p.(A258T), p.(A258S), p.(A258V) and p.(V260G) are likely to weaken or prevent binding to 

the ubiquitin ligase. Hence, all these de novo variants, as well as the 500kb deletion previously 

reported15 that encompasses the degron, could result in hindered degradation and thus 

accumulation of AFF3. Consistent with this hypothesis, transiently transfected FLAG-tagged 

AFF3A258S and AFF3V260G proteins were more stable than wild-type FLAG-tagged AFF3 



 10 

(Figure 1E). The previously reported AFF4 de novo variants p.(P253R), p.(T254A), p.(T254S), 

p.(A255T), p.(R258W) and p.(M260T) that also affect the degron motif 

(KP253T254A255YVR258PM260) (Figure 1A) were similarly shown to reduce clearance of the 

ALF transcription factor by SIAH16,17. 

 

We compared the phenotypes of the ten individuals with de novo variants in AFF3 described 

here and that of the previously reported case carrying AFF3 partial deletion15 (Table S1 for 

detailed phenotypes). They exhibit severe developmental epileptic encephalopathy (10 

probands out of 11), along with mesomelic dysplasia resembling Nievergelt/Savarirayan 

mesomelic skeletal dysplasia (NSMSD) (10/11) and failure to thrive (10/11). These three 

features are often associated with microcephaly (7/11), global brain atrophy and/or 

ventriculomegaly (7/9) (Figure S1), fibular hypoplasia (9/11), horseshoe kidney (8/11), 

abnormalities of muscle tone (9/10), gastroesophageal reflux disease (5/10) and other 

gastrointestinal symptoms (10/10). They also share common dysmorphic facial features such 

as a bulbous nasal tip (6/9), a wide mouth with square upper lip (7/10), abnormalities of the 

teeth and gums (9/10) and hypertrichosis (8/9) (Figure 2-3). Respiratory difficulties/pulmonary 

involvement were observed in about half of the probands with de novo variants (6/11). Whereas 

respiratory arrest led to the death of proband 3 at 21 years, the deletion proband died at four 

months after recurrent apneic episodes (Table S1). 

 

This constellation of features recalls some features of CHOPS-affected individuals. The three 

originally described probands16, along with the eight recently identified17, presented with 

distinctive facial dysmorphic features reminiscent of CdLS, short stature with obesity (11/11), 

developmental delay/intellectual disability (DD/ID) (11/11) and microcephaly (6/11) without 

epilepsy. They showed gastrointestinal abnormalities (8/11), accompanied by abnormal feeding 

behavior (6/6), hearing loss (8/11), cardiac (8/11) and pulmonary defects (8/11) and rarely 

horseshoe kidney (2/11). Whereas they present with vertebral abnormalities (5/11) and 

brachydactyly (8/11), mesomelic dysplasia is never observed and hypoplastic fibula rarely 

(1/11). 

 

Although phenotypes of AFF3 and AFF4 missense carriers are overlapping, they are not 

identical. We thus suggest naming the distinct autosomal dominant AFF3-associated disorder 

KINSSHIP syndrome (KIdney anomalies, Nievergelt/Savarirayan mesomelic dysplasia, 

Seizures, Hypertrichosis and Intellectual disability with Pulmonary involvement, MIM 
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#XXXX) to evoke both some of its cardinal characteristics, as well as its similarity (common 

mode of action and inheritance and overlapping phenotypes) with CHOPS syndrome. 

 

To better understand the functional effects of AFF3 variation, we investigated both knock-out 

and knock-in mouse models (Table 2). We first studied the knock-out mouse line engineered 

by the International Mouse Phenotyping Consortium33 (IMPC). The IMPC routinely measures 

an extensive series of parameters and evaluate if those are significantly different from wild-

type mice44 (p≤10-04). Aff3+/- and Aff3-/- mice exhibit skeletal defects including fusion of 

vertebral arches, vertebral transformation and decreased caudal vertebrae number. 

Homozygous knock-out mice also show an abnormal skull shape with a small, deviated snout 

and malocclusion as well as decreased serum fructosamine and albumin levels that could reflect 

kidney defects and/or metabolic dysregulation. Neurological dysfunctions were also noted with 

an increased or absent threshold for auditory brainstem response (signs of hearing impairment) 

and diminished grip strength. As Aff3 is expressed in progenitor neurons45 and required for 

neuronal migration in the cerebral cortex46, we further assessed the consequences of Aff3 

disruption on brain development by measuring a standardized set of 78 parameters across 22 

brain regions34. Compared with wild type males, homozygous Aff3-/-, but not heterozygous 

Aff3+/- males, exhibited significantly enlarged lateral ventricles (p = 1.24 x 10-04) and decreased 

corpus callosum size (p = 3.02 x 10-06; Figure 4), similar to the phenotypes observed in proband 

2, 3 and 6 and in the previously reported deletion proband (Table S1, Figure S1)15. These 

features are in stark contrast with results obtained with another engineered Aff3-/- line that 

showed no phenotypic perturbations possibly because of genetic background differences, i.e. 

C57BL/6N versus CD1, and/or focusing on limb morphology only35. 

 

We then reassessed mouse models mimicking the deletion identified in the previously described 

proband, which were previously engineered to assess an aggregation method for the rapid 

generation of structural variants35. Consistent with the phenotype of the deletion proband, 

homozygous animals chimeric for a 353kb deletion syntenic to the 500kb human deletion 

exhibited mesomelic dysplasia, triangular tibia, severe hypoplastic fibula and polydactyly of 

the feet35 (Table 2). Reexamination of these Aff3del/del (a.k.a. Laf4del/del) mice showed that they 

also presented with reduced body size, craniofacial dysmorphisms with delayed ossification of 

skull bones, hypoplastic pelvis, intestinal prolapse and neurological dysfunction (Figure 5A-

C). Chimeric Aff3del/+ heterozygotes presented with variable features ranging from unaffected 

to homozygous deletion-like phenotypes. Whereas Aff3del/+ animals with low chimerism were 



 12 

fertile they produced no heterozygous offspring suggesting lethality of the 353kb deletion 

(Table 2). While these results support a causative role for the deletion in the deletion proband, 

they do not allow differentiating between gain-of-function and haploinsufficiency. 

 

To further assess the underlying mutational mechanism in our missense probands, we 

engineered a knock-in mouse model carrying the Aff3A233T mutation that is the equivalent of the 

most commonly observed de novo variant, identified in probands 3 to 8 [p.(A258T)]. The 

microinjection of a total of 410 C57BL/6NTac zygotes and transfers into 14 recipient females 

to allow CRISPR/Cas9 editing resulted in only 13 pups at weaning. Genotyping showed that 

most of them were either wild type (8 individuals) or carried CRISPR/Cas9-mediated mutations 

(4) although reduced gRNA activity was used for microinjection. A single female F0 founder 

animal showed the targeted A233T knock-in but with a very low mosaicism rate of 16.7% in 

an ear biopsy. Genotyping showed that none of its offspring from four consecutive pregnancies 

were heterozygous for the mutation. These results suggest that the Aff3A233T mutation is lethal 

with high mosaicism (homozygous Aff3A233T/A233T and heterozygous Aff3+/A233T chimeras), in 

gametes or during the fetal period (heterozygous Aff3+/A233T; Table 2). The success statistics of 

similar CRISPR/Cas9 knock-in projects performed by Taconic Biosciences GmbH (Cologne, 

Germany) through the years further support this hypothesis. Out of 92 attempted knock-in 

constructs 98% were successful with only 2% failing to generate F0 animals. For most projects, 

positive F1 animals were also generated.  

 

To lend further support to the model centered on a pathological increase of AFF3 protein 

product in affected individuals, we assessed its accumulation in zebrafish. Whereas the genome 

of these teleosts encodes four ALF transcription factors orthologous to the mammalian AFF1 

to AFF4, these genes do not harbor a [xPxAxVxPx] degron motif suggesting that their 

degradation is regulated differently in fish. Therefore, we modeled accumulation by 

independently overexpressing increasing amounts of unmutated human AFF3 and AFF4 

mRNA in zebrafish embryos. We observed a dose-dependent increase in the fraction of 4 dpf 

embryos with morphological defects upon overexpression of AFF3. The observed phenotypes 

included bent body axis, yolk sac edema and generalized body development defects at higher 

doses (Figure 5D-E). A similar albeit less pronounced dose-dependent increase in zebrafish 

embryos with morphological defects was seen upon overexpression of AFF4 (Figure 5E). 
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To further assess the redundancy of ALF transcription factors, we took advantage of published 

knockdown experiments47. Luo and colleagues established and profiled the transcriptome of 

stable HEK293T cell lines independently knocked down for AFF2, AFF3 and AFF4 expression 

by specific shRNAs. Reanalysis of these data confirmed that ALF transcription factors have 

mostly different target genes, as 55% (125 out of 226), 62% (261/423) and 87% (966/1116) of 

the genes are specifically perturbed by the knock down of AFF2, AFF3 and AFF4, respectively 

(Figure 6A). Intriguingly, the subset of common targets is similarly influenced by decreased 

expression of AFF2 and AFF3 (Figure 6C,D), whereas knocking down AFF3 and AFF4 had 

opposite effect (Figure 6B,C). 95% (119 out of 125) of common targets are decreased upon 

reduction of AFF3 and increased upon reduction of AFF4 expression suggesting that these two 

transcription factors act as positive and negative regulators of common pathways. Within the 

genes perturbed by both AFF3 and AFF4, we observed a significant overrepresentation of genes 

implicated in the gastrin hormone pathway (CCKR signaling map, P06959) and a proton pump 

complex (vacuolar proton-transporting V-type ATPase complex, GO:0016471) possibly 

associated with the gastroesophageal reflux disease observed in both KINSSHIP and CHOPS 

individuals. Genes linked to the gonadotropin-releasing hormone receptor pathway are 

similarly enriched (P06664). This observation could be related to cryptorchidism of KINSSHIP 

proband 1 and small genitalia/cryptorchidism in three out of five males affected by CHOPS 

syndrome16,17, as well as the erratic menstrual cycle of proband 4 (most probands being too 

young to predict any pubertal anomaly) and popliteal pterygium in proband 8 (Table S1). 

 

Discussion 

All eleven individuals with an AFF3 variant we identified have a complex but overlapping 

clinical presentation, which we named KINSSHIP syndrome. One of the cardinal characteristics 

of this rare autosomal dominant syndrome is mesomelic dysplasia with short forearms, radial 

head dislocation/subluxation, triangular and/or short tibia, fibular hemimelia, hip dislocation, 

tarsal and/or metatarsal synostosis resembling NSMSD (Figure 3). NSMSD is a sporadic or 

rare autosomal dominant condition48,49 associated with neurodevelopmental and often 

urogenital abnormalities50,51. KINSSHIP affected individuals similarly present with vertebral 

and bone mineralization defects, scoliosis, epilepsy, severe global DD/ID sometimes associated 

with structural brain abnormalities, significant feeding difficulties, horseshoe kidney, 

hypertrichosis and recognizable facial features. Multiple probands showed coarsening facial 

features with age, including a large nose with bulbous nasal tip, a prominent columella and a 

wide mouth with square upper lip (Figure 2-3, Table S1, Figure S1). 
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AFF3 is one of the targets of the Wnt/β-catenin pathway, an important contributor to pathways 

involved in bone development and homeostasis52,53. Variants in WNT genes cause a diverse 

range of skeletal dysplasias including mesomelic defects (WNT5A; Robinow syndrome, 

dominant type, OMIM#180700), decreased bone density (WNT1; Osteogenesis imperfecta, 

type XV, OMIM#615220) and limb hypoplasia–reduction defects including fibular 

a/hypoplasia (WNT3 and WNT7A; Tetra-amelia OMIM#273395 and Fuhrmann syndrome 

OMIM#228930, respectively). Of note individuals with Robinow rhizo/mesomelic dysplasia 

also present with developmental kidney abnormalities54, whereas perturbations of the Wnt/b-

catenin pathway have been associated with the development of ectodermal appendages like hair 

and teeth55. Nine out of ten KINSSHIP probands show dental anomalies. While widespread 

hypertrichosis may have been partially caused by multi-drug, antiepileptic treatment in 

probands 3 and 4, its presence in the only non-epileptic AFF3 individual (proband 9) and the 

much younger proband 5 seems to confirm the association of this feature with AFF3 genetic 

variants. It is possible that the complex clinical presentation of the cases described here (Table 

S1) may represent the effects of impaired AFF3 function on a number of downstream targets 

within the Wnt/β-catenin pathway. In-depth transcriptome analysis of affected individuals 

and/or animal models is warranted to confirm this hypothesis. 

 

Despite the limited number of individuals for both conditions, similarities and differences are 

notable between individuals with KINSSHIP and CHOPS16,17 syndrome. Individuals with 

variants in AFF3 and AFF4 share features that include respiratory difficulties and vertebral 

abnormalities, as well as less specific clinical findings such as microcephaly, DD/ID and 

gastroesophageal reflux disease. Although skeletal abnormalities are reported in both CHOPS 

and KINSSHIP syndrome, KINSSHIP individuals present with mesomelic dysplasia, whereas 

CHOPS individuals show brachydactyly. Seizures and failure to thrive are specific to 

KINSSHIP and obesity with short stature to CHOPS. Congenital heart defects and hearing loss 

are typically observed in CHOPS, while horseshoe kidney and hypoplastic fibula are 

predominantly present in KINSSHIP (80% versus 18% and 80% versus 9% of affected 

individuals, respectively). Despite having thick hair and coarse facies in common, CHOPS 

probands differ from KINSSHIP probands by their round face and dysmorphic features 

resembling those of CdLS individuals16,17. 
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Although proteins encoded by AFF2, AFF3 and AFF4 were reported to be functionally 

redundant, at least in regulating splicing and transcription during normal brain development56, 

the clinically distinct phenotypes of individuals carrying de novo variants in the degron of AFF3 

and AFF4 and our zebrafish results suggest that the encoded proteins are not fully redundant. 

Further support for this hypothesis is provided by the intolerance to LoF variant of AFF1 

(pLI=0.8), AFF2 (pLI=1), AFF3 (pLI=1) and AFF4 (pLI=1) reported by GnomAD. Whereas 

homozygous Aff3-/- knockout mice display features comparable to those presented by 

KINSSHIP individuals such as skeletal anomalies, kidney defects, brain malformations and 

neurological anomalies, these animals do not recapitulate the characteristic mesomelia contrary 

to Aff3del/del mice model. This result and the aforementioned intolerance to LoF suggest that 

AFF3 could be associated with two different syndromes, the one described here caused by 

missense degron variants and a hemizygous deletion of the degron, as well as a second one 

associated with LoF variants for which affected humans remain to be identified. Although this 

hypothesis warrants further investigation, we have identified by exome sequencing an 

individual with features partially overlapping those of KINSSHIP. He is compound 

heterozygote for a truncating mutation and a predicted to be deleterious missense variant 

outside of the degron. 

 

In conclusion we describe a new pathology that we propose to name KINSSHIP syndrome. It 

is associated with variants in the degron of AFF3 that affect the degradation of the encoded 

protein. This syndrome shows similarities with the AFF4-associated CHOPS syndrome, in 

particular its gain of protein stability and affected tissues. However, specific KINSSHIP 

features such as mesomelic dysplasia combined with horseshoe kidney allow a differential 

diagnosis. 
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Supplemental Data 

Supplemental data include 1 figure and 1 table. 

Figure S1: Brain MRI of proband 7 carrying a de novo variant in AFF3 

Table S1: Phenotype of individuals with AFF3 variants 
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ClustalOmega: http://www.clustal.org/omega/ 

DDD: http://www.ddduk.org/ 
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Figure Titles and Legends  

 

Figure 1: AFF3 and AFF4 degron motif variants 

(A) Schematic protein structure of ALF proteins with from the amino terminus a N-terminal 

homology domain (NHD), the AF4/LAF4/FMR2 homology domain (ALF)21 containing the 

SIAH-binding degron motif, a serine-rich transactivation domain (TAD)3, a bipartite 

nuclear/nucleolar localization sequence (NLS), and a C-terminal homology domain (CHD). 

The sequences of the degron motif of AFF3 and AFF4 are shown above. The residues modified 

in the KINSSHIP probands described in this manuscript and individuals affected by CHOPS16,17 

are highlighted in bold and numbered. The extent of the 500kb deletion previously described35 

is indicated here. A red arrow pinpoints the position of the degron motif.  

(B) Amino acid sequences alignment of human AFF1, AFF2, AFF3 and AFF4 proteins 

(ENSP00000305689, ENSP00000359489, ENSP00000317421 and ENSP00000265343, 

respectively) showing the highly conserved degron motif (red rectangle) of the ALF homology 

domain that provides the binding moiety to the SIAH ubiquitin-ligase. Sequences alignment 

was performed using Clustal Omega and edited using Jalview. Shading is proportional to 

conservation among sequences.  

(C) Amino acid sequences alignment of different AFF3 vertebrate orthologs showing the 

conservation of the degron motif (red rectangle). Accession numbers are ENSP00000317421 

(human), ENSMUSP00000092637 (mouse), ENSFCAP00000024603 (cat), 

ENSLAFP00000010776 (elephant), ENSPSIP00000007060 (chinese turtle), 

ENSACAP00000008035 (anole lizard) and ENSPMAP00000008605 (lamprey). 

(D) 3D modeling of the binding of human AFF3 degron to the mouse Siah ubiquitin ligase. 

PDB entry 2AN632 was loaded in Swiss-PdbViewer31 and used as a template to align the human 

SIAH ubiquitin ligase (uniprot entry Q8IUQ4)30. With respect to the mouse crystal structure, 

the only difference is the presence of an aspartic acid residue instead of a glutamic acid at 

position 116. The region of AFF3 containing the degron motif (LRPVAMVRPTV) was then 

aligned onto the Siah-interacting protein50 peptide present in the crystal structure 

(QKPTAYVRPMD) to highlight the position of the variants reported in this study. For clarity, 

only side-chains of the core degron motif (P256, A258, V260 and P262) are shown, with yellow 

highlights on the KINSSHIP mutated residues. A zoom in is displayed on the right. The core 

degron motif adopts a beta-strand conformation directly contacting the ubiquitin ligase-binding 

groove. The sidechains of A258 and V260 are embedded into binding pockets too small to 

accommodate larger side chains32. They are in direct proximity of Siah residues T156 (pink) 
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and M180 (cyan), identified as key binding residues in a series of pull-down assays32. The 

longer side-chains of A258T, A258S, A258V variants and the smaller V260G are likely to 

weaken or prevent the interaction with the ligase. 

(E) Immunoblot showing the accumulation of mutated forms of AFF3 and AFF4 proteins 

compared to wild type (WT). Protein extracts of HEK293T cells independently expressing 

FLAG-tagged AFF3WT, AFF3A258S, AFF3V260G, AFF4WT and AFF3R258Wproteins were 

immunoblotted with an anti-FLAG antibody (upper portion) and an anti-ß-actin antibody for 

loading control (bottom portion). The positions of FLAG-AFF3, FLAG-AFF4 and ß-actin 

proteins are indicated on the right; they are 133kD, 127kD and 42kD respectively. Signal 

intensity is measured and normalized on corresponding loading control. 

 

Figure 2: Photographs of KINSSHIP individuals with AFF3 de novo missense variants  

(A) Proband 2 at 2 years 6 months old; 

(B, I) Proband 3 at 18 years old; 

(C) Proband 4 at 9 months and (D, J) 21 years old; 

(E) Proband 5 at 1 year 7 months and (N-O) 16 days old; 

(F, K-M) Proband 6 at 9 years old; 

(G) Proband 7 at 8 years old; 

(H, P-R) Proband 8 at 7 years 9 months old; 

(S) Proband 10 at 11 years old. 

Note the synophrys and micrognathia, protruding ears, large nose with prominent nasal tip and 

prominent teeth in proband 3 (B), 4 (D), 6 (F) and 8 (H), as well as their hypertrichosis of the 

limbs (I, J, M, P). Together with probands 5 and 7, they exhibit thick hair, long eyelashes and 

a wide mouth (E, G). Facial features coarsen with age as shown by pictures of proband 4 at 

different ages (C-D), explaining the more delicate features of younger probands (A, E). 

AFF3 de novo missense variant carriers also have hypoplastic talipes and abnormalities of toes 

(I, J, M-S). Proband 6 also shows clinodactyly and soft tissue syndactyly of both hands (K, L). 

 

Figure 3: X-rays of KINSSHIP individuals with de novo missense variants in AFF3  

(A-D) Proband 3 at 18 years old;  

(E-I) Proband 4 at 21 years old; 

(J-L) Proband 5 at 10 months old; 

(M) Proband 7 at 8 years old; 

(N-P) Proband 10 at 10 years old.  
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(A) Severe scoliosis and fusion of C2-C3 vertebral bodies and L5-S1 vertebral cleft (B) Dorsal 

and radial bowing of the radius and "V-shaped" proximal carpal bones as seen in Madelung 

deformity, (C) metaphyseal widening and hypoplastic fibula and (D) hypoplastic talipes. (E) 

Static scoliosis, (F) Short ulna and radius and bilateral dislocation/subluxation of radial heads. 

Note erratic articulation of the styloid process of the ulna on the radius rather than on the carpal 

bones, (G) Congenital fusion of the bases of the second and third right metatarsals, (H) 

Hypoplastic bowing femora and (I) short tibias with enlarged metaphyses. (J) Right foot with 

4th and 5th metatarsals synostosis (K) and left foot missing the lateral ray, (L) Extremely short 

rectangular fibula and bowed tibia. (M) Hypoplastic fibula. (N) Scoliosis and cervical ribs, (O) 

bowed radius and ulna, (P) bowed tibia, severely hypoplastic fibula and oligodactyly. 

 

Figure 4: Neuroanatomical defects in Aff3-/- mice  

Merged double-stained sections in Aff3-/- mice (right of dashed lines) and their matched controls 

(WT: wild type, left of dashed lines) at the striatum (A) and at the hippocampus (B) levels with 

schematic representation of the affected areas (C,D). Histograms showing the percentage of 

increase or decrease of parameters in measured areas as compared to the controls, for striatum 

(E) and hippocampus (F) sections. Red shading is proportional to the stringency of the 

significance threshold. Numbers indicate studied areas: 1=total brain area, 2=lateral ventricles, 

3=cingulate cortex (section 1) and retrosplenial cortex (section2), 4=corpus callosum, 

5=caudate putamen (section 1) and hippocampus (section 2), 6=anterior commissure (section 

1) and amygdala (section 2), 7=piriform cortex, 8=motor cortex, 9=somatosensory cortex, 

10=mammilo-thalamic tract, 11=internal capsule, 12=optic tract, 13=fimbria, 14=habenular, 

15=hypothalamus, and 16=third ventricle. Results demonstrate an enlargement of lateral 

ventricles (LV; p=1.24E-04 on section 1, p=4.64E-02 on section 2) and a smaller genu of the 

corpus callosum (gcc; decreased corpus callosum size p=6.35E-02 indicated by the black dash 

and double arrow, decreased bottom width of the corpus callosum p=3.02E-06 and decreased 

height of the corpus callosum p=4.96E-02). Other phenotypes of lesser stringency can be 

observed such as atrophy of the anterior commissure (aca; p=1.02E-02) and smaller 

hippocampus (p=4.02E-02). 

 

Figure 5: Animal models 

(A) Schematic representation of the deletion generated in mice ES cells with the CRISPR/Cas9 

system, which models the mutation observed in the deletion proband15,35. 
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(B) Skeletal staining of E18.5 mouse embryos show mesomelic dysplasia with triangular tibia 

and hypoplastic fibula (see Figure 3 in reference35), as well as a hypoplastic pelvis in Aff3del/del 

mice, especially noticeable in the iliac wing (black arrows) and acetabulum (orange arrows), 

perturbations also observed in the deletion proband. 

(C) Delayed ossification of flat bones in the skull of Aff3del/del mice.  

(D) Lateral (top line) and dorsal (bottom line) views of the observed phenotypes of 4 dpf AB-

WT zebrafish embryos injected with human AFF3 mRNA (hAFF3). hAFF3-injected zebrafish 

embryos exhibit severe developmental defects including a bent body axis and yolk sac edema 

(D3-6), as well as extreme malformations with absence of body axis, tail and fins and cyclopia 

(D7-8). Embryos with normal development are displayed for comparison (D1-2). 

(E) Proportions of normal and developmentally defective 4 dpf AB-WT zebrafish embryos 

upon injection of increasing doses of hAFF3 (left panel) and hAFF4 (right panel) mRNA. Dark 

and light colors indicate developmentally defective and normal animals, respectively. Control 

injections with Phenol Red show no significant (ns) differences with WT in both AFF3 and 

AFF4 experiments (Fisher exact test, p=0.09 and p=0.12 respectively). hAFF3 mRNA injection 

significantly increases the number of zebrafish with developmental defects when compared to 

controls starting from 150ng (*; p=0.03) and reinforced at 300ng (***; p=3.2E-5). AFF4 

injections do not have a significant impact on zebrafish development compared to WT, even at 

the same dose (300ng, p=0.29). 

 

Figure 6: AFF2, AFF3 and AFF4 targets 

(A) Venn diagram of the differentially expressed genes from independent RNAi of AFF2, 

AFF3, and AFF4 (adapted from Luo et al47) showing that ALF transcription factors have 

different targets. The knocked-down gene color code is indicated on the right. 

The expression modifications of common targets are presented in panels B-E. Common 

differentially expressed genes show adverse regulation between knockdown of AFF3 and AFF4 

(B), AFF2 and AFF4 (E) and AFF2/AFF3 and AFF4 (C). Whereas RNAi of AFF2 and AFF3 

similarly influence their 76 common targets (D), knockdowns of AFF2 or AFF3 have opposite 

effects to that of AFF4 on their common targets [54/64=84% (E) and 119/125=95% (B) of 

common targets with opposite perturbation of their expression levels, respectively].  
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Table 1. Predicted pathogenicity and allele frequencies of AFF3 de novo variants 

Gene Individual 
Chromosome 
coordinates 

(GRCh37/hg19) 

Nucleotide 
change 

Amino 
acid 

change 

dbSNP 
(v152) 

GnomAD 
allele 

frequency 
(v2.1.1) 

Deleteriousness prediction (score) 

CADD_PHRED 
(GRCh37-v1.4) 

SIFT  
(v4.0.3) 

PROVEAN 
(v1.1) 

PolyPhen2 
(v2.2.2) 

Mutation Taster2 
(09.01.19) 

AFF3 
 

NM_001025108.1 
NP_001020279.1 

1 
Chr2:100623270 c.772G>T A258S - 0 23.8 Damaging 

(0.000) 
Neutral 
(-2.48) 

Probably 
damaging 

(1.000) 
Disease causing 

2 

3 

Chr2:100623270 c. 772G>A A258T rs1131692272 0 24.3 Damaging 
(0.000) 

Deleterious 
(-3.30) 

Probably 
damaging (1.000) Disease causing 

4 
5 
6 
7 
8 

9 Chr2:100623269 c.773C>T A258V - 0 24.2 Damaging 
(0.000) 

Deleterious 
(-3.30) 

Probably 
damaging (1.000) Disease causing 

10 Chr2:100623263 c. 779T>G V260G - 0 24.4 Damaging 
(0.000) 

Deleterious 
(-5.85) 

Probably 
damaging (1.000) Disease causing 

Footnote: SIFT cutoff=0.05, PROVEAN cutoff=-2.5, PolyPhen2 cutoff=0.5. 

  



 27 

Table 2: AFF3 mice models and their phenotypes 
Producer IMPC33 Kraft et. al.35 This work 

Background C57BL/6N CD1 CD1 C57BL/6N 
Genotype Aff3+/- Aff3-/- Aff3-/- Aff3del/+ Aff3del/del Aff3A233T 

Ph
en

ot
yp

e 

Craniofacial anomalies - + NA 

Variable features, from 
non-affected to 

homozygous-like 
phenotype 

+ 

NA 

Vertebral malformations + + NA NA 
Mesomelic dysplasia - - - + * 

Polydactyly - - - + 
Kidney malfunction - + NA NA 
Intestinal prolapse - - NA + 

Neurological 
dysfunctions - + NA + 

Neuroanatomical defects NA + NA NA 
Reduced body size - - NA + 

Lethality - - NA 
Low chimerism, no 

heterozygous offspring, 
suggesting lethality 

Postnatal lethality 
No heterozygous 

offspring, suggesting 
lethality 

NA: Not available; IMPC significance threshold p ≤ 10-04, *Kraft et. al35 
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Table S1. Phenotype of individuals with AFF3 variants 

Individual Proband 1 Proband 2 Proband 3 Proband 4 Proband 5 Proband 6 Proband 7 Proband 8 Proband 9 Proband 10 Deletion 
proband* 

Age [years] 17 3 years 18 21 5 9 8 8 8 11 4 months 

Sex M F M F F F F F M M F 

AFF3 variant p.(A258S) p.(A258S) p.(A258T) p.(A258T) p.(A258T) p.(A258T) p.(A258T) p.(A258T) p.(A258V) p.(V260G) 500kb deletion 

Inheritance De novo De novo De novo De novo De novo De novo De novo De novo De novo De novo De novo 

Neurodevelopmental anomalies 

Severe DD/ID + + + + + + + + + + + 

Epilepsy 

Generalized 
tonic-clonic 
seizures (onset at 
5 years), 
nocturnal, 
treatment with 
Keppra and 
Micropakine 

Multifocal 
epileptiform 
discharges in 
bilateral posterior 
quadrant, no 
clinical seizures. 

Generalized, 
tonic-clonic 
seizures (onset at 
5 months), 
initially 
controlled with 
phenobarbital, 
developed drug-
resistance, 
partially 
controlled with 
carbamazepine, 
clobazam, 
nitrazepam and 
phenobarbital 

Generalized, 
tonic-clonic 
seizures 

Generalized, 
tonic-clonic 
seizures 

Complex partial 
with secondary 
generalization 

Generalized, 
tonic-clonic 
seizures 

Generalized 
(onset at 3 years), 
tonic-clonic 
seizures, 
inefficient 
treatments but 
remission since  
6 years 9 months 

- 
Generalized, 
tonic-clonic 
seizures 

Myoclonic jerks, 
convulsions 

Muscle tone 
Limb hypertonia, 
spastic 
tetraparesis 

Generalized 
hypotonia 

Axial hypotonia, 
peripheric 
hypertonia 

Limb hypertonia Hypotonia 
Axial hypotonia, 
peripheric 
hypertonia 

Hypotonia Hypotonia Normal Hypotonia N/A 

Vision and 
hearing Normal 

Cortical visual 
impairment, 
hyperopic 
refractive error 
and small angle 
intermittent 
strabismus 

Normal Myopia, 
strabismus Strabismus 

Central vision 
loss due to 
occipital 
impairment, 
central 
progressive 
hearing loss 

Normal Strabismus 
inconstant 

Conductive 
hearing loss 
(resolved), vision 
not yet formally 
assessed 

Strabismus N/A 

Brain MRI 

Enlargement of 
the ventricular 
system and peri-
cerebral spaces, 
thin and irregular 
appearance of the 
corpus callosum 

Partial agenesis 
of the corpus 
callosum, 
forshortened and 
undersulcated 
frontal lobes, 
small cerebellar 
vermis with mega 
cisterna magna 
and wide sylvian 
fissures 

Pachygyria of 
frontal lobes, 
abnormal 
opercularization 
of insulae with 
thicker insular 
cortices, wide 
Sylvian fissures, 
cerebral atrophy, 
brainstem 
hypoplasia, 
increased volume 
of the trigones 
and occipital 
horns of the 
lateral ventricles 

N/A 

Cerebral atrophy 
with possible 
brainstem 
hypoplasia 

Prominence of 
CSF spaces Cerebral atrophy 

Cerebral atrophy, 
pachygyria of 
frontal lobes 

Normal N/A Brain atrophy, 
ventriculomegaly 

Other Stereotypic 
movements - - - - - - - Autism and 

ADHD - - 



Craniofacial features 

Microcephaly + (plagiocephaly) - + - + - (brachycephaly) + + + + -(dolicocephaly) 

Nose Small nose, 
anteverted nares 

Prominent 
columella 

Large nose with 
bulbous nasal tip 
and low hanging 
columella 

Large nose with 
bulbous nasal tip 
and low hanging 
columella 

Small nasal tip 

Bulbous nasal 
tip, low hanging 
columella with 
low insertion  

Large nose with 
bulbous nasal tip 
and low hanging 
columella 

Large nose with 
bulbous nasal tip 
and low hanging 
columella 

Normal N/A N/A 

Short philtrum - - + + - + (smooth) + + Smooth philtrum N/A N/A 

Mouth Wide mouth with 
square upper lip 

Wide mouth, 
downturned 
corners, thin 
upper lip 

Wide mouth with 
square upper lip 

Wide mouth with 
square upper lip 

Wide mouth with 
square upper lip 

Wide mouth with 
downturned 
corners, thick 
lower lip 
vermillion 

Prominent upper 
lip Wide mouth 

Thin upper 
vermillion, mild 
ankyloglossia 
(snipped), high 
arched palate 

Ankyloglossia N/A 

Teeth and gum 
abnormalities 

Small, gingival 
hypertrophy 

Small, widely 
spaced, bruxism + + Small, widely 

spaced + - Widely spaced Hypomineralisati
on + N/A 

Chin Prognathism Normal Micrognathia Triangular chin Normal Micrognathia Mild 
micrognathia Prognathism Micrognathia N/A N/A 

Synophrys and 
hypertrichosis + - + + + + + + + N/A N/A 

Other Hypertelorism, 
short neck 

Full cheeks, mild 
facial asymmetry - - - 

Long palpebral 
fissures, low-set 
and posteriorly 
rotated large ears 
with a simple 
helix, facial 
asymmetry 

Long palpebral 
fissures 

Long palpebral 
fissures, low set 
ears, mild facial 
asymmetry, 
gingival 
hyperplasia 
diabetes 

Slight metopic 
prominence - 

Short palpebral 
fissures, low set 
ears, short neck 

Skeletal abnormalities 
Mesomelic 
dysplasia - Lower limbs 4 limbs 4 limbs 4 limbs 4 limbs 4 limbs 4 limbs Mild lower limbs Lower limbs 4 limbs 

Arms and legs Bilateral elbow 
dislocation 

Bilateral fibular 
agenesis, short 
and curved tibia, 
bilateral Syme 
amputations with 
resection of 
cartilaginous 
fibular anlage 
and bilateral 
tibial osteotomies 
for angular 
deformity 
correction, fitted 
with bilateral 
lower extremity 
prosthetics at 2 
years 3 months. 

Madelung 
deformity, 
slender limb 
bones, fibular 
hypoplasia/agene
sis 

Short ulna and 
radius, radial 
head 
dislocation/sublu
xation, styloid 
process of ulna 
on radius, carpal 
coalition, 
hypoplastic 
femora, short and 
curved tibia with 
metaphyseal 
flaring, mid tibial 
dimples, deviated 
knees, 
hypoplastic and 
gracile fibula 

Short and thick 
ulna, slightly 
shortened radius 
with convex 
distal end 
bilaterally, 
dislocation of 
right radial head, 
short and curved 
tibia, extremely 
short rectangular 
fibula 

Short fibula, 
discoid meniscus, 
limited knee 
extension 

Limited 
supination, radial 
head 
dislocation/sublu
xation, 
hypoplastic fibula 

Short humerus, 
hypoplastic short 
fibula 

Mild lateral 
bowing of 
both radii, normal 
bone age 

Bowed radii, 
unilateral bowed 
ulna, shortened 
ulna, abnormal 
radial diaphysis, 
bowed and 
angulated tibias, 
hypoplastic fibula 

Radial head 
dislocation/sublu
xation, slightly 
short radius and 
ulna, short and 
dysplastic 
triangular tibias, 
fibular agenesis 

Hands and feet 

Limited 
pronosupination, 
bilateral 
camptodactyly, 
edema of back-
hands and -feet, 
bilateral simian 
creases, tapered 
fingers, dorsum 
pedis edema, 
small toes, 
hypoplasia of 

Right single 
transverse and 
left bridged 
palmar crease, 
bilateral 
hypoplastic 4th 
metatarsals, 
absence of the 5th 
ray and 
phalanges of 
lateral toes, 4 
splayed toes 

Hypoplastic 
talipes, fusion of 
tarsal bones 

Carpal coalition, 
small feet, 
hypoplastic left 
5th, metatarsal 
synostosis 

Talus ossified in 
hindfoot, one 
ossified bone in 
midfoot 
(cuneiform), 
missing one 
lateral ray in left 
foot, 4th-5th right 
metatarsal 
synostosis 

Soft tissue 
syndactyly of 
fingers 3rd-4th, 
small feet, pes 
planus, 2nd toe 
overlapping 
hallux bilaterally 

Limited 
supination, pes 
planus, broad toe 
tips 

Transverse 
palmar crease, 
limited 
pronosupination, 
proximal 
deviation of 
thumbs, small 
feet, absent 
calcanei, broad 
1th toes, 
polydactyly, 
cutaneous 

Very broad feet. 
Bilateral hind 
foot varus 
deformity, mild 
metatarsus 
adductus. 
misshaped and 
large talus, 
cuboid and 
calcaneum, mild 
shortening and Y 

Wide distal radial 
metaphyses, 
oligodactyly: 2 
tarsal bones on 
each foot, 
absent/hypoplasti
c calcanei, 3 
metatarsals, 3 
associated 
phalanges, 1 
phalanx not 

Small 
equinovalgus 
feet, 
oligodactyly: 4 
toes on 1 foot, 5 
on the other, 
abnormally 
spaced 



distal phalanges, 
ungual 
hypoplasia, 
neonatal 
arthrogryposis 

process on the 
side of the 5th 
finger and 
cutaneous 
syndactyly 3th-6th 
toes on left foot, 
four metatarsals 
and partial 
syndactyly 3th-4th 
toes on right foot 

shaped fusion of 
the 
left 4th and 5th 
metatarsals, 
hyperplastic/dysp
lastic toenails, 
hand Xrays 
normal 

associated with a 
metatarsal bone 

Ribs and spine Scoliosis 

13 rib-bearing 
thoracic-type 
vertebrae and 5 
lumbar type 
vertebrae, 
hypoplastic L1 
with focal 
kyphosis 

Severe scoliosis, 
C2-C3 vertebral 
fusion, L5-S1 
vertebral cleft 

Scoliosis Bilateral cervical 
ribs 

Scoliosis, 
incomplete 
coronal cleft of 
T9 and T12 
vertebrae, low 
lying spinal cord, 
termination of 
conus medullaris 
at upper border of 
L3 

Pectus excavatum 
Scoliosis, fusion 
1th-2th ribs, sacral 
sinus 

6 lumbar 
vertebrae, 13 
pairs of ribs, 
sacral dimple 

Scoliosis, 
cervical ribs, 
anterior superior 
vertebral 
notching, 
tethered cord 

Sacral sinus 

Hips and pelvis 
Bilateral coxa 
valga, dislocation 
of the hips 

Normal Normal 

Bilateral coxa 
valga with 
hypoplastic ilia, 
hip dislocation 

Coxa valga Bilateral coxa 
valga Hip dislocation Coxa valga, hip 

dysplasia Normal 
Coxa valga, 
unilateral hip 
dysplasia 

N/A  

Osteopenia N/A + + (osteoporosis) + - + + (osteoporosis) - - + N/A 

Additional features 

Horseshoe kidney - + - +  + + - + + + + 

Gastro-intestinal 
symptoms N/A 

GERD, 
dysphagia, 
gastrostomy tube 
dependent, 
concerns for 
esophageal 
dysmotility ± 
abnormal gastric 
accommodation, 
abnormal gastric 
emptying with no 
evidence of small 
intestinal 
dysmotility 

GERD, 
constipation 

GERD, 
constipation 

Constipation, 
swallowing 
difficulties, 
percutaneous 
endoscopic 
gastrostomy 

GERD, 
gastrojejunostom
y tube dependent, 
chronic 
constipation, 
hiatal hernia, 
pancreatitis 

Constipation Сonstipation, 
anal dystopia  

Constipation, 
feeding 
difficulties due to 
floppy larynx and 
adenotonsillar 
hypertrophy, 
frequent 
obstruction 

GERD, 
constipation 

Colon 
malrotation 

Failure to thrive + - + + + + + + + + + 

Respiratory 
problems Apnea 

Multicompartme
ntal respiratory 
disease (upper 
airway 
obstruction, 
lower airway 
obstruction, 
ineffective 
mucociliary 
clearance, 
restrictive lung 
disease, 
aspiration and 
pneumonia), 
moderate to 

Neonatal 
respiratory 
distress, recurrent 
pneumonia, 
frequent hiccups 
improved with 
carbamazepine, 
respiratory arrest 
leading to death 
at 21 years 

- 

Nightly 
desaturations 
treated with 
CPAP from 3 
years of age  

- - - 

Severe 
obstructive sleep 
apnea, 
adenotonsillecto
my at 3 years 

- 

Recurrent apnea, 
respiratory arrest 
leading to death 
at 4 months 



  

severe mixed 
sleep apnea, 
severe 
laryngomalacia 
status post 
supraglottoplasty 
at 18 months,  
cough assist and 
inhaled steroid 
and 
bronchodilator 
and supplemental 
oxygen with 
sleep, 
tonsillectomy and 
adenoidectomy 
planned 

Other 

Bilateral 
cryptorchidism, 
bicuspid aortic 
valve 

History of 
bilateral 
vesicoureteral 
reflux, grade II 

 Menstrual cycle 
perturbations    Popliteal 

pterygium Short stature   

Footnote: AFF3 variants are described according to RefSeq NP_002276.2. *Steichen-Gersdorf et al (2008)15 
Abbreviations: DD= developmental delay, ID= intellectual disability, N/A = not available, ADHD= Attention deficit hyperactivity disorder, GERD= gastroesophageal reflux disease 



Figure S1: Brain MRI of proband 7 carrying a de novo variant in AFF3
FLAIR (right) and T1 (left) at 9 months old



	
	

II. De	novo	PIK3R2	variant	causes	polymicrogyria,	corpus	callosum	hyperplasia	and	
focal	cortical	dysplasia.	

This	study	of	an	8-year-old	Italian	patient	led	to	the	discovery	of	a	yet-unreported	de	novo	

missense	variant	in	PIK3R2	that	was	recently	associated	with	megalencephaly-polymicrogyria-

polydactyly-hydrocephalus	 (MPPH)	 syndrome	 and	 bilateral	 perisylvian	 polymicrogyria	

(BPP)67,68.	Besides	expanding	the	number	of	patients	presenting	with	this	phenotypic	spectrum	

and	helping	at	its	delineation,	we	described	a	variant	outside	of	the	SH2	domain	whose	variants	

were	the	only	ones	previously	associated	with	this	disorder.	We	modeled	the	effect	of	this	residue	

change	in	its	interface	domain	with	the	PhosphatidylInositol	4,5	bisphosphate	3	kinase	catalytic	

subunit	alpha	(PIK3CA)	using	3D	structure.	

	

I	was	in	charge	of	the	genetics	analysis	by	exome	sequencing,	variants	filtering	and	Sanger	

validation.	 I	 also	 took	 part	 of	 the	writing	 process.	 A	manuscript	describing	 these	 results	was	

recently	published	in	the	European	Journal	of	Human	Genetics62	(see	following	pages).	

	

	 	





SHORT REPORT

De novo PIK3R2 variant causes polymicrogyria, corpus
callosum hyperplasia and focal cortical dysplasia

Gaetano Terrone1,9,10, Norine Voisin2,9,10, Ali Abdullah Alfaiz2,3,4,5, Gerarda Cappuccio1, Giuseppina Vitiello1,
Nicolas Guex2,3, Alessandra D’Amico6, A James Barkovich7, Nicola Brunetti-Pierri1,8, Ennio Del Giudice1,11 and
Alexandre Reymond*,2,11

We report an 8-year-old boy with a complex cerebral malformation, intellectual disability, and complex partial seizures. Whole-exome

sequencing revealed a yet unreported de novo variant in the PIK3R2 gene that was recently associated with megalencephaly–

polymicrogyria–polydactyly–hydrocephalus (MPPH) syndrome and bilateral perisylvian polymicrogyria (BPP). Our patient showed cerebral

abnormalities (megalencephaly, perisylvian polymicrogyria, and mega corpus callosum) that were consistent with these conditions.

Imaging also showed right temporal anomalies suggestive of cortical dysplasia. Until now, only three variants (c.1117G4A (p.(G373R)),

c.1126A4G (p.(K376E)) and c.1202T4C (p.(L401P))) affecting the SH2 domain of the PIK3R2 protein have been reported in MPPH

and BPP syndromes. In contrast to the variants reported so far, the patient described herein exhibits the c.1669G4C (p.(D557H))

variant that affects a highly conserved residue at the interface with the PI3K catalytic subunit α. The phenotypic spectrum associated

with variants in this gene and its pathway are likely to continue to expand as more cases are identified.

European Journal of Human Genetics (2016) 24, 1359–1362; doi:10.1038/ejhg.2016.7; published online 10 February 2016

INTRODUCTION

Megalencephaly-related (MEG) syndromes are overgrowth disorders
presenting with increased brain volume, cortical malformations,
developmental vascular anomalies, benign mesenchymal masses,
and distal limb malformations.1 Somatic-activating variants in the
PI3K–AKT–mTOR pathway have been recently recognized as causa-
tive of these overgrowth disorders.2 Postzygotic de novo variants in
PIK3CA are responsible for the PIK3CA-related overgrowth spectrum
(PROS), including the megalencephaly-capillary malformation syn-
drome (MCAP) and hemimegalencephaly (HMEG) syndrome.3,4 De
novo germline variants in PIK3R2 and AKT3 genes, which are
upstream components of the mTOR pathway, have been found in
patients with megalencephaly–polymicrogyria–polydactyly–hydroce-
phalus syndrome (MPPH).2,5 More recently, de novo variants in
Cyclin D2 (CCND2), a gene downstream of the PI3K–AKT pathway
were reported in patients with MPPH,6 whereas germline and somatic
variants in PIK3R2 were reported from patients affected by bilateral
perisylvian polymicrogyria (BPP).5 Although the phenotypes of these
syndromes largely overlap, they can be distinguished based on somatic
features because, in contrast to MCAP, MPPH lacks skin vascular
malformations, somatic overgrowth, connective tissue dysplasia,
and syndactyly.2 Somatic PIK3CA variants are also a common cause
of isolated lymphatic malformations in patients without brain
involvement.7 The only somatic features reported in MPPH include
postaxial polydactyly, found in ~ 41% of patients, and mild facial
dysmorphic features such as prominent forehead, low nasal bridge,

and hypertelorism, that are likely secondary to the increased brain
volume.1 Additional brain abnormalities reported in these patients
include cerebellar tonsillar ectopia (Chiari 1 malformation), whereas
increased thickness of corpus callosum was observed in ~ 7% of cases.1

Here, we report a patient with MPPH syndrome harboring
a previously unreported de novo variant in PIK3R2 gene detected by
whole-exome sequencing.

SUBJECT AND METHODS

Patient
The reported patient of Italian origin was diagnosed at the Department of
Translational Medicine, Section of Pediatrics and the Department of Diagnostic

Imaging, Neuroradiology Unit, Federico II University, Naples, Italy. His parents
gave written informed consent for this study.

Methods
To uncover genetic variants associated with the abnormalities shown by the

patient, we performed whole-exome sequencing of DNA extracted from blood
of the proband, both his parents and his unaffected brother (Supplementary
Figure S1) as previously described.8,9 Briefly, exomes were captured using the
Agilent SureSelect Human All Exon V4 enrichment kit (Agilent, Santa Clara,
CA, USA) and sequenced on an Illumina HiSeq platform. Variants were filtered
based on adherence to either an autosomal recessive inheritance pattern or as
being de novo in the proband. Further filtering was based on functional

candidates among the 33 remaining genes using GeneOntology and OMIM
databases. Variants with MAFo0.1 in control populations of European descent
and predicted to be deleterious by SIFT10 and/or PolyPhen-211 were prioritized.
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PCR and Sanger sequencing were used to validate their proper segregation in
the family. The model of PIK3R2/PIK3CA interaction was obtained using
UNIPROT entry O00459 and Swiss-PdbViewer-DeepView v4.1. All PIK3R2
variants mentioned in the text are described according to transcript
NM_005027.3 and protein NP_005018.1. The newly identified PIK3R2 variant
was deposited in the Leiden Open Variation Database.

RESULTS

Clinical findings
The patient presented with reduced mobility of his left upper arm,
developmental delay, and macrocephaly (occipitofrontal circumference
(OFC) 48 cm; 498th centile; Supplementary Figure S2A) at 8 months.
At 2 years, he showed a left spastic hemiplegia and dysmorphic features
(Supplementary Figure S2B), including synophrys, depressed nasal
bridge, anteverted nares, pectus excavatum, broad thumb and hallux.
A brain MRI, at age 3, revealed hyperplasia of corpus callosum
(Figure 1) and asymmetrical bilateral polymicrogyria (PMG; Figure 1a
and Supplementary Figure S3A). Reduced myelination of the under-
lying white matter of the anterior right temporal lobe was suggestive of
a focal cortical dysplasia (FCD) type I (Figure 1b). A thick cortical
infolding and blurring of a single sulcus of the anterior right insula
suggested FCD type IIa; lateral to this lesion, a cyst was identified in
the frontal right operculum cortex (Figure 1c and Supplementary
Figure S3C). It was unclear how (if) the cystic area was related to the
dysplasia. The right thalamus and right cerebral peduncle/brain stem
were reduced in size (Supplementary Figure S3B). The left hemisphere
had coarse PMG involving perisylvian and suprasylvian cortex
(Supplementary Figure S3D). By 4 years of age, the patient developed
complex partial seizures characterized by leftward gaze deviation,
reduction of muscle tone and loss of consciousness with falls during
prolonged epileptic discharges. Antiepileptic therapy with valproic
acid, topiramate and clobazam resulted in good seizure control.
Interictal-EEG revealed bursts of slow spike/polyspike-and-wave
complexes worsening during sleep, especially in right temporal–
occipital regions (Supplementary Figure S4).

Genetic findings
Exome sequencing resulted in five variants that complied with the
above filtering (Supplementary Table S1). While we identified in the
proband homozygous variants in PSPN and TSEN54, and compound
heterozygous variants in CCDC41 that complied with an autosomal
recessive inheritance, we also uncovered a de novo variant in the
PIK3R2 gene, a gene previously found in patients with MCAP and
MPPH.2 The identified variant is a G to C substitution in exon 13 of
the PIK3R2 gene (chr19:18,278,049 [hg19]), which modifies a highly
conserved aspartic acid (Supplementary Figure S5) into a histidine
residue at the amino acid position 557 [NM_005027.3: c.1669G4C;
NP_005018.1: p.(D557H)]. Although somatic variants in components
of the PI3K–AKT3–mTOR pathway were previously shown to cause
hemimegalencephaly,4 the almost 50:50 proportion of G and C
nucleotides at position chr19:g.18,278,049 in both high throughput
and Sanger sequencing is consistent with a bona fide germline variant.
Specifically, we obtained 41 (57%) and 31 (43%) Illumina sequencing
reads corresponding to the reference and the alternative (de novo)
allele, respectively, whereas the Sanger chromatogram shows equal size
peaks (Supplementary Figure S1).

Structural modeling
The PI3K kinase complex is composed of a catalytic moiety, encoded
by the PIK3CA, PIK3CB or PIK3CD gene, and one of five different
regulatory subunits, such as PIK3R2 (Supplementary Figure S6A). In

contrast to the already reported PIK3R2 variants associated with this
disorder, (c.1117G4A (p.(G373R)), c.1126A4G (p.(K376E)) and
c.1202T4C (p.(L401P)))2,5,12,13 which are positioned within the
region encoding the first Src homology 2 (SH2) domain of the
protein, the c.1669G4C (p.(D557H)) lies within another interface
between the two subunits of the kinase (Figure 1e; Supplementary
Figure S6A and B). Both the D557 and the neighboring N561 residues
of PIK3R2 generate H-bonds with the side-chain nitrogen atom of the
N345 residue of PIK3CA (Figure 1f and Supplementary Figure S6C).
It is expected that the c.1669G4C (p.(D557H)) variant would fit
nicely in this environment (Supplementary Figure S6D). We hypothe-
size that the lack of a negative charge does not perturb the interaction
as there are no positively charged residues in this portion of the
α-catalytic unit. It appears, however, that an ~ 311 cubic angstroms
(Å) groove that could accommodate a small compound is present
between the two subunits of the kinase (Figure 1g). Consistent with
this hypothesis, in the 4l2y crystal structure, a molecule of glycerol
is located at the entry of this groove. The direct contact by the tip of
the D557 side chain with the surface of the groove (Figure 1g), as well
as the negative charge of this residue could be essential in positioning
an adaptor molecule that acts in between the two kinase units in vivo.
We hypothesize that a slightly larger and neutral or positively charged
histidine variant at this position would result into a smaller groove,
as well as altered hydrogen bonds with an adaptor molecule.

DISCUSSION

Although normocephalic patients with PIK3R2 variants were reported,5

our patient shares MEG, bilateral perisylvian PMG, mega corpus
callosum, intellectual disability, abnormal muscle tone, spasticity, and
epilepsy with the 12 previously described MPPH syndrome patients
with PIK3R2 variants.2,12 Cortical brain malformations were also
reported in PROS, particularly in MCAP syndrome with megalence-
phaly its most consistent feature (OFC42.5–10 SD).1 Our patient
showed a mild asymmetric brain overgrowth, a feature more frequently
observed in PROS than MPPH.
The most common pattern of PMG reported in MCAP and

MPPH patients is bilateral perisylvian PMG that often extends
beyond the perisylvian region.14 Other patterns occur such as focal
PMG or PMG involving bilateral frontal lobes.1,14 Although
the extent of PMG involvement is bilateral, many patients show
a mildly asymmetric presentation, as observed in our case.5

The proband’s brain MRI revealed PMG with broad cerebral
involvement extending to the frontoparietal cortex; in addition
a sulcus with cortical-white matter blurring in the anterior right
insula and abnormal white matter signal in right anterolateral
temporal lobe, and an infolding of thick cortex with cortical blurring
in the right frontal operculum are consistent with FCD,15 a malforma-
tion not yet described in MPPH. Nevertheless, FCD was observed
in PROS, highlighting the overlap between these clinical
entities.3 Brain-mosaic-activating variants of PI3K–AKT–mTOR were
identified in patients with isolated FCD type II, HMEG, MEG
and intractable epilepsy without MRI-identifiable lesions.16,17 The
patient brain MRI also revealed a small area with cyst-like appearance,
adjacent to the region of dysplastic cortex in the frontal right
operculum that could represent either a small dysembryoplastic
neuroepithelial tumor or other cyst, a feature not reported in previous
cases. Considering the risk of brain cancer,2 an ongoing surveillance
should be considered.
Epilepsy is another distinctive phenotypic characteristic of

MPPH syndrome. A wide spectrum of seizures was reported
ranging from complex partial seizures to infantile spasms.5 The
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seizure presentation is predominantly focal, even if no clear
recurrent epilepsy pattern is described. In fact, atypical absences,
myoclonic jerks, generalized tonic–clonic or complex febrile
seizures are reported in these individuals.5,14 Our patient showed
focal seizures characterized by dyscognitive features with a critical
onset in the right hemisphere. As described in asymmetrical
bilateral PMG, our case had epilepsy laterality with more severe
and difficult-to-treat seizures.18

In absence of consistent dysmorphic features in MPPH syndrome,
it is worthwhile pinpointing phenotypic characteristics, including
synophrys, broad-looking thumbs, large great toes, shared by our
patient with two cases recently described.5

Although the PIK3R2 de novo variant identified in the proband does
not lie within the SH2 domain, whose variants were previously
associated with this disorder, it is the most likely causative variant as
it affects a highly conserved residue at the interface with PIK3CA. This

variant putatively modifies the size and shape of the groove separating
the two kinase subunits.
This case extends the spectrum of MPPH syndrome and highlights

the role of the interface domain of PIK3R2.
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Figure 1 Brain MRI, localization and modeling of PIK3R2-mutated residue. (a-d) Brain MRI of the patient. (a) T1-weighted axial image: bilateral
frontoparietal polymicrogyria and incomplete perisylvian opercularization of the right hemisphere (white arrowhead). (b) T2-weighted axial image: thickness
and blurring of the cortex-white matter junction in the right temporal cortex (white arrows) with diminished myelination of the underlying white matter and
hypoplasia of right cortico-spinal tract. (c) T1-weighted coronal image shows thick cortical infolding with subtle cortical-white matter blurring in the anterior
right insula (white arrow) and a cystic lesion in the right frontal operculum (white arrowhead). (d) T1-weighted mid-sagittal image: increased thickness
of corpus callosum. Additional brain MRI images are shown in Supplementary Figure S3. (e) Schematic representation of the PIK3R2 protein domains and
positions of the variants reported in literature. Thirty-three cases with c.1117G4A (p.(G373R)) de novo and mosaic variants, one case with a de novo
c.1126A4G (p.(K376E)) variant and one case with a p.(L401P) de novo variant2,5,12,13 were reported beside the c.1669G4C (p.(D557H)) patient
described here. SH3, Src homology 3 domain; Rho-GAP, Rho GTPase-activating protein domain; SH2, Src homology 2 domain. (f, g) Context of the
c.1669G4C (p.(D557H)) variant. The PIK3CA (uniprot P42336) and PIK3R2 (uniprot O00459) are shown in yellow and cyan ribbon diagrams according
to the PDB entry 4l2y model, respectively. (f) Detail view of the interaction showing PIK3R2 D557 and PIK3CA N345 forming an H-bond. (g) Groove
of ~311 Å3 (in green) with a glycerol molecule present in the pdb entry complex showing PIK3R2 D557 residue in direct contact with its surface. A general
view of the interaction between PIK3R2 and PIK3CA and positioning of H557 is shown in Supplementary Figure S6.
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NOTE ADDED IN PROOF

During the revision of this manuscript, Mirzaa et al.5 reported PIK3R2
variants in BPP, we modified our manuscript to discuss our results
in view of these recently published data to help potential readers
getting a complete view of current knowledge.
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III. Inflammatory	Myopathy	in	a	Patient	with	Aicardi-Goutières	Syndrome	
This	 study	 focused	 on	 an	 11-year-old	 female	 Lithuanian	 patient	 with	 symptoms	

reminiscent	of	CK	syndrome69,70	(OMIM	300831).	As	this	X-linked	recessive	disorder	is	associated	

with	NSDHL	variants71,	and	targeted	sequencing	were	negative,	we	performed	exome	sequencing	

of	 the	 proband,	 her	 parents	 and	 her	 two	 healthy	 siblings.	 This	 allowed	 us	 to	 diagnose	 type	 I	

interferonopathy	Aicardi–Goutières	syndrome	1	(AGS;	OMIM	225750),	caused	by	a	previously	

described	homozygous	missense	mutation	in	TREX1	gene72.	Histological	analysis	showed	that	our	

patient	 exhibits	 inflammatory	 myopathy,	 expanding	 the	 range	 of	 AGS	 clinical	 symptoms	 and	

suggesting	 a	 possible	 mitochondrial	 damage	 triggering	 the	 autoimmune	 response	 in	 this	

syndrome.	

	

I	was	in	charge	of	the	genetic	diagnosis	of	AGS,	analyzing	exomes	and	identifying	the	causal	

variant	 in	 accordance	 to	 known	 syndromes	 and	 clinical	 features	 of	 the	 patient.	 A	manuscript	

describing	these	results	was	recently	published	in	the	European	Journal	of	Medical	Genetics63	(see	

following	pages).		 	
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AicardieGouti�eres syndrome (AGS) is an inflammatory disorder belonging to the recently characterized
group of type I interferonopathies. The most consistently affected tissues in AGS are the central nervous
system and skin, but various organ systems and tissues have been reported to be affected, pointing to the
systemic nature of the disease. Here we describe a patient with AGS due to a homozygous p.Arg114His
mutation in the TREX1 gene. The histologically proven inflammatory myopathy in our patient expands
the range of clinical features of AGS. Histological signs of muscle biopsies in the proband, and in two
other AGS patients described earlier, are similar to those seen in various autoimmune myositises and
could be ascribed to inapproapriate IFN I activation. In view of signs of possible mitochondrial damage in
AGS, we propose that mitochondrial DNA could be a trigger of autoimmune responses in AGS.

© 2017 Elsevier Masson SAS. All rights reserved.
1. Introduction

AicardieGouti�eres syndrome (AGS) is an inflammatory disorder
caused by mutations in any of seven genes involved in nucleic acid
metabolism/signaling and belonging to a recently characterized
group of inborn errors of immunity termed type I interfer-
onopathies (Crow et al., 2015). The hallmark of these diseases is an
inapproapriate up-regulation of type I interferon (IFN I) with
further induction of IFN I-mediated innate and adaptive immune
responses. Increased expression of IFN I-stimulated genes in serum
and cerebrospinal fluid, so-called IFN I signature, was observed in
90% (74 of 82) of patients with mutation-proven AGS (Rice et al.,
2013). Four human diseases were associated with TREX1 muta-
tions, including Aicardi-Gouti�eres syndrome 1 (OMIM #225750),
familial chilblain lupus (FCL, OMIM #610448), systemic lupus ery-
thematosus (SLE, OMIM #152700), and retinal vasculopathy with
cerebral leukodystrophy (OMIM #192315) (Rice et al., 2015). The
Medical Genetics, Faculty of
Vilnius, Lithuania.
ne@santa.lt (B. Tumien _e).

erved.
most severe of these nosologies, AGS1, can encompass the features
of both FCL and SLE (Crow et al., 2015; Ellyard et al., 2014;
Ramantani et al., 2010). Correspondingly, families segregating
both FCL and AGS through several generations have been described
(Abe et al., 2013). SLE was the first human disease consistently
associated with increased levels of IFN I and IFN I signature
(Kalliolias and Kirou, 2012). Moreover, activation of the IFN I
pathway in the blood and affected tissues has been found in a vast
variety of systemic autoimmune diseases, including systemic scle-
rosis, Sj€ogren's syndrome, dermatomyositis, polymyositis, and
rheumatoid arthritis (Kalliolias and Kirou, 2012; Greenberg, 2010;
Greenberg et al., 2012; Hayashi et al., 2015). All these disorders
can present considerable clinical overlap and affect almost any
human organ or tissue (Kalliolias and Kirou, 2012).

The most consistently affected tissues in AGS are the central
nervous system and skin, but a vast range of clinical features in
various organ systems and tissues have been reported, pointing to
the systemic nature of the disease (Crow et al., 2015; Ramantani
et al., 2010). Here we describe a patient with histologically
proven inflammatory myopathy and AGS due to a homozygous
p.(Arg114His) missense variant in the TREX1 gene. Correlation with
earlier published cases of muscle biopsy investigations in AGS and
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with histopathological signs of autoimmune myositis is provided
with suggestions concerning possible common pathogenetic
mechanisms in all these human pathologies.

2. Case report

The proband, an 11-year-old female at the time of diagnosis, was
the youngest child of healthy unrelated Lithuanian parents.
Although she had two older healthy male and female siblings, her
oldest brother died at the age of 2.5 months with a presumable,
though not laboratory-confirmed, perinatal infection, neonatal
seizures, and focal brain lesions in neurosonoscopy. Shewas born at
term with birth weight and birth length in the 50th and the 75th
centile respectively and occipitofrontal head circumference (OFC)
in the 3rd centile (32 cm). She had an uneventful postnatal period
and was considered healthy until the age of three months, but
retarded early psychomotor development milestones such as lack
of a smile and head lag were reported retrospectively. At the age of
three months, she became extremely irritable, with inconsolable
crying, pyrexia, feeding difficulties, infantile spasms, and marked
startle reactions provoked by acoustic, tactile and other stimuli.
Multiple brain calcifications were observed in a head CT already at
that age. Developmental regress with progressive microcephaly
and failure to thrive became evident. She subsequently developed
spastic tetraparesis with truncal hypotonia, blindness with pale
optic nerve discs, and cardiac arrhythmia, with episodes of parox-
ysmal supraventricular tachycardia, multifocal extrasystoles, and
atrioventricular/sinoatrial heart block with normal findings on
echocardiography. Right eye and subsequently left eye glaucoma
developed at the age of nine and ten years. Sensorineural hearing
loss was diagnosed at the age of two years. Episodes of sterile py-
rexia lasting one to two days were observed three to eight times per
year, with increasing frequency at the age of twelve to thirteen
years of age. The patient suffered several episodes of pneumonia
during her life. Chilblain lesions on her toes and feet appeared at
the age of 11 years and increased in frequency at the age of twelve
years. She also developed severe kyphoscoliosis and contractures of
her knees, ankles and elbows and generalized muscle atrophy, as
well as being of short stature and hypotrophic. The patient had
severe intelectual disability with absent psychosocial and motor
functions. Epileptic spasms and startle reactions provoked by
acoustic stimuli were observed several times per day. At the age of 6
years, electroencephalographic records showed a slow disorga-
nized background with intermittent spikes and sharp waves, more
pronounced frontotemporally on the right. At the age of 11 years,
groups of spikes over the right parietooccipital, deformed com-
plexes of spikes and waves, and high theta waves over the right
parietotemporal regions were registered in an EEG. Multiple
confluent calcifications periventriculary, subcortically, in the basal
ganglia, and in the cerebellar white matter and marked diffuse
cerebral and cerebellar atrophy were observed in a head CT at the
age of 11 years. She had never had any endocrinological abnor-
malities. The patient developed severe dysphagia necessitating
gastrostoma, respiratory insufficiency, increasingly frequent py-
rexias, and chilblain lesions and passed away at the age of thirteen
years (Fig. 1).

Genetic counseling with subsequent genetic testing were pro-
vided to the proband at the age of 11 years. Blood and urine tests for
inborn errors of metabolism and karyotyping did not demonstrate
any diagnostic abnormalities. Muscle biopsy, except from several
isolated cytochrome oxidase (COX)-negative fibers, failed to reveal
signs suggestive of primary mitochondrial diseases. Marked peri-
vascular inflammatory infiltrates with lymphocytes and isolated
plasmocytoid dendritic cells, not extending into the endomysium,
were however observed (Fig. 2). There was ubiquitous up-
regulation of MHC-I expression in otherwise structurally normal
muscular fibers. To uncover genetic variants associated with the
abnormalities shown by the proband, we performed whole exome
sequencing of DNA extracted from her blood, her parents, and her
two healthy siblings as previously described (Alfaiz et al., 2014,
2016). Briefly, exomes were captured using the Agilent SureSelect
Human All Exon V5 enrichment kit and multiplex sequenced on an
Illumina HiSeq 2500 platform. Variants were filtered according to
the quality of the calling, their frequency in control populations,
their adherence to either being de novo in the proband or with an
autosomal recessive inheritance pattern, and their predictive
impact on the function of the protein (see Supplementary methods,
Supplementary Table S1). Five variants in four genes, all confirmed
by Sanger Sequencing, complied with these filtering steps
(Supplementary Table S2). We uncovered in particular that the
proband was homozygote for a known pathogenic variant in TREX1
(NM_033629.4:c.341G > A; NP_338599.1:(p.Arg114His)). This
variant has an allele frequency of 0.00016 in ExAC Version 0.3
(http://exac.broadinstitute.org/). It is the most common of the
knownpathogenic TREX1 variants, being found in 35 out of 70 (50%)
of parents of Northern European ancestry with AGS due to TREX1
mutations (Crow et al., 2015). These findings allow us to hypothe-
size that the deceased elder brother was homozygous for the same
variant, as his clinical features matched AGS.

3. Discussion

Type I interferons play a pivotal role in the immune response to
infection by influencing development of innate and adaptive im-
mune responses. The outcomes of IFN I responses can however vary
from clearing out the pathogens to chronic infection and autoim-
mune diseases (Ivashkiv and Donlin, 2014). One of the causes of
recently ascribed to type I interferonopathies Aicardi-Gouti�eres
syndrome is a genetic alteration in the TREX1 gene encoding the
major mammalian and ubiquitous 30-50 DNA exonuclease (Crow
et al., 2006, 2015). Though AGS is mostly considered to be a
neurological disorder with onset in the neonatal period or early
childhood andmostly stable disease course after the first episode of
acute or subacute illness, it is known to affect multiple tissues and
organs, including the skin, endocrinological and gastrointestinal
systems, and heart. However, persistent throughout the whole life
of patients and progressive disease process was suggested because
of the persistently found up-regulation of IFN-I induced genes (IFN I
signature) and recurrent episodes of fever and chilblains (Crow
et al., 2015; Crow, 2015). Features or histological signs of inflam-
matory myopathy were not mentioned in earlier reports of AGS
patients, but it is difficult to ascertain skeletal muscle damage in a
profoundly disabled child with absent or severely disturbed motor
functions. Of note, signs of myopathy in electromyography were
observed in a child with AGS (Haaxma et al., 2010). Also, 3.3% of AGS
cases from a large cohort of 374 patients had infantile-onset hy-
pertrophic cardiomyopathy (Crow et al., 2015). Trex1-/- mice exhibit
reduced survival and develop inflammatory myocarditis leading to
progressive cardiomyopathy. Focal lymphoid aggregates were also
seen in murine liver, lungs, and other tissues (Morita et al., 2004).

There are several reports of muscle biopsies performed in AGS
patients. A patient with a de novo heterozygous p.(Asp18Asn) mu-
tation in the TREX1 gene and a mild presentation of AGS syndrome
was found to have isolated ragged red fibers, COX-negative fibers,
and decreased overall energy (ATP and creatine phosphate) pro-
duction in the presence of normal activities of the individual res-
piratory chain complexes (Haaxma et al., 2010). Southern blot
analysis of muscle tissues from an affected child and two affected
fetuses demonstrated multiple mtDNA deletions in a family with
AGS5 (OMIM#612952) due to a large homozygous deletion of the

http://exac.broadinstitute.org/


Fig. 1. (A and B). Phenotype of the patient at the age of 11 years: marked atrophy of facial and dorsal interosseous muscles, microcephaly, convex nasal bridge, and retrognathia.

Fig. 2. Quadriceps muscle biopsy with isolated COX-negative fibers (A), perivascular inflammatory infiltrates with lymphocytes and isolated plasmocytoid dendritic cells, not
extending into the endomysium (B), and homogenous ubiquitous up-regulation of MHC-I expression in otherwise structurally normal muscular fibers (C).
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SAMHD1 gene (Leshinsky-Silver et al., 2011). There is no mention of
any inflammatory signs in muscle biopsies in these cases. Inter-
estingly, ragged red fibers, COX-negative fibers, and multiple
mitochondrial DNA deletions are frequent findings in inclusion
body myositis, a progressive autoimmune disorder with an insuf-
ficiently evaluated etiopathogenesis (Dalakas, 2011). Autoimmune
myositis with inflammatory infiltrate in muscle biopsy is a constant
feature of other diseases such as dermatomyositis and polymyositis
and occurs with increased frequency in patients with other sys-
temic autoimmune diseases, including systemic lupus erythema-
tosus (SLE) (Dalakas, 2011). Perivascular and perimysial
inflammatory infiltrates were recently found in 46% of biopsied
patients (7 of 15) with SLE (Jakati et al., 2015). Interestingly, no
correlation with clinical features or serological signs was observed.
Perivascular inflammatory infiltrates of lymphocytes and dendritic
plasmocytes is a constant histological feature of dermatomyositis
(Greenberg, 2010; Dalakas, 2011). Plasmacytoid dendritic cells are
the main producers of IFN I, and all these disorders were shown to
be associated with an IFN I signature (Kalliolias and Kirou, 2012;
Greenberg, 2010; Greenberg et al., 2012; Higgs et al., 2011).

It is well known that the accumulation of cytosolic nucleic acids
activates the IFN I response (Crow et al., 2006; Atianand and
Fitzgerald, 2013). The precise trigger of the IFN I response in AGS
is unknown, and there are hypotheses implicating metabolites of
DNA replication and repair (Yang et al., 2007) or fossil genome
retroelements in IFN I activation (Crow et al., 2006; Stetson et al.,
2008). Almost half of the human genome consists of retroele-
ments and many of them are still active. The origins of the disease
in a substantial proportion of patients have a prenatal onset (22.8%)
in the biggest cohort to date of 374 AGS patients (Crow et al., 2015)
when confrontation with exogenous sources of nucleic acids is
limited. Interestingly, treatment with three reverse transcriptase
inhibitors in doses comparable to those given to patients with HIV
substantially reduced mortality and inflammatory myocarditis in
Trex1-/- mice, further pointing to the role of genome retroelements
in the activation of autoimmunity (Beck-Engeser et al., 2011).
However, since mitochondria are evolutionary endosymbionts
containing DNA similar to bacterial DNA, there is a possibility that
mitochondrial DNA could be an additional trigger of autoimmunity.
Indeed, as was recently shown, mitochondrial DNA that escapes
from autophagy cells autonomously leads to Toll-like receptor (TLR)
9 mediated inflammatory responses in cardiomyocytes and is
capable of inducing myocarditis and dilated cardiomyopathy (Oka
et al., 2012). There is a possibility that a secondary mitochondrial
damage as evidenced by ragged red fibers, COX-negative fibers, and
multiple DNA deletions in skeletal muscle biosies of AGS patients
(Haaxma et al., 2010; Leshinsky-Silver et al., 2011) and accumu-
lating mitochondrial DNA are further activators of autoimmune
responses in AGS.

In conclusion, histologically proven inflammatory myopathy in
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our patient expands further the range of clinical features in AGS
syndrome. Histological signs of muscle biopsies in our patient and
in two other genetically confirmed AGS patients described earlier
are similar to those seen in various autoimmune myosites and
could be ascribed to a common pathogenetic mechanism of inap-
proapriate IFN I activation. Fossil genome retroelements and other
substrates of TREX1 such as metabolites of DNA replication and
repair have been suggested as a possible trigger of autoimmune
responses in AGS; in view of signs of possible mitochondrial
damage in AGS and a recent publication linking accumulated
mitochondrial DNAwith autoimmunemyocarditis, we propose that
mitochondrial DNA could be another trigger of autoimmune re-
sponses in AGS. However, the latter hypothesis warrants further
evaluation.
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Discussion	and	perspectives	

Before	NGS,	diagnostic	yield	was	hampered	by	the	technologies	available,	as	well	as	the	prior	

knowledge	of	some	genetic	causes	of	ID.	Indeed,	fragile-X	testing,	aCGH	and	targeted	sequencing	

of	candidate	genes	were	limited	strategies,	especially	to	find	new	ID	genes.	WES	overcame	these	

limitations	 and	greatly	 improved	 the	diagnosis	 rate,	 restricting	 the	previous	 tests	 as	 first-tier	

genetic	tests,	followed	by	WES	when	inconclusive.	As	prices	decreased,	WES	replaced	fragile-X	

testing,	aCGH	and	targeted	sequencing	in	some	laboratories,	as	they	give	the	same	information,	

and	 much	 more.	 Researchers	 provided	 evidences	 that	 WES	 is	 more	 efficient	 than	 panel	

sequencing	and	WGS	as	it	covers	all	the	genes	tested	by	the	panel	but	is	not	as	expensive	as	WGS.	

However,	some	argued	in	return	that,	with	today’s	WGS	cost,	this	technology	should	be	the	first-

approach	as	the	coverage	is	greater	than	WES	for	all	coding	parts	of	the	human	genome,	and	it	

may	capture	interpretable	variants	in	introns,	UTR	and/or	promoter	regions	of	known	ID	genes.		

Whereas	 WES	 has	 been	 successfully	 used	 to	 identify	 new	 ID	 genes	 and	 provide	 genetic	

diagnosis	in	25-40%	of	patients	with	ID	and	neurodevelopmental	disorders,	a	high	coverage	is	

needed	to	limit	false	positive	and	false	negative	results,	 increasing	the	cost.	Also,	WES	is	much	

more	efficient	in	family-	or	cohort-based	analysis	than	in	singleton	study.	Sequencing	of	families	

allows	us	to	filter	according	to	the	segregation	of	the	variants	with	the	condition.	Thus,	families	

with	patient’s	siblings,	healthy	or	affected,	are	usually	easier	to	study.	A	cohort	approach	is	more	

limited	in	the	case	of	neurodevelopmental	disorders,	as	the	heterogeneity	of	phenotypes	is	broad	

and	can	be	reflected	by	 the	heterogeneity	of	 the	genetic	causes.	 In	our	projects,	patients	have	

various	phenotypes,	too	divergent	to	be	considered	as	a	cohort	to	search	for	shared	variants	as	

the	genetic	causes	are	likely	to	be	as	different.	We	used	a	family-based	approach,	with	patients	

and	 their	 parents	 sequenced,	 and	 encouraged	 collection	 of	 samples	 from	 siblings,	 although	 it	

increases	the	cost	of	the	procedure.	We	had	only	3	trio	cases	(Italian_6,	Italian_8,	Italian_12)	and	

they	 are	 still	 undiagnosed	 after	 WES	 as	 too	 many	 VUS	 remain	 after	 filtering.	 Continuous	

implementation	of	databases	with	acquired	knowledge	on	genes	function,	residues	conservation	

and	variants	frequency	should	help	us	reduce	those	lists	of	GUS	and	VUS.	Regular	exome	results	

re-assessment	and	variants	annotation	is	needed	to	consider	new	findings.	For	example,	at	the	

beginning	of	this	project	we	were	collecting	variants	frequency	from	the	ExAC	database.	In	2017,	

the	 GnomAD	 implementation	 increased	 the	 population	 data	 from	 60,706	 exomes	 to	 125,748	

exomes	and	15,708	genomes.	Frequencies	estimated	have	consequently	changed,	and	so	has	our	

interpretation	of	some	variants.	

	



	
	

Validation	of	GUS	and	VUS	is	eased	by	the	increasing	number	of	patients	that	are	sequenced	

as	 well	 as	 the	 presence	 of	 new	 platforms	 of	 data	 exchange	 like	 GeneMatcher	 that	 allow	

laboratories	to	share	clinical	data	and	assemble	groups	of	patients	with	variants	within	the	same	

genes	and	similar	phenotypes.	This	helped	us	in	particular	to	collect	evidences	for	new	ID-genes	

identification	(AFF3,	MAST1,	KIAA1109).	However,	although	suspected	genes	remain	available	on	

the	platform	and	are	queried	following	new	entries,	the	overlap	of	clinical	data	may	be	limited	to	

what	 was	 investigate	 in	 a	 particular	 laboratory	 or	 may	 not	 completely	 correspond	 to	 one’s	

features.	Consequently,	a	conclusion	on	the	pathogenicity	of	a	variant	may	not	be	reached	until	

further	functional	analyses	are	performed.		

Performing	such	analyses	for	all	the	GUS	would	have	represented	a	tremendous	work	for	only	

one	research	 laboratory.	Collaborations	allowed	us	 to	split	the	 tasks	and	have	3	new	ID-genes	

identified,	as	several	laboratories	took	the	lead	of	different	experiments.	But	research	studies	are	

usually	long	and	fastidious,	not	compatible	with	the	need	of	a	fast	diagnosis	for	the	families	who	

may	wait	for	personalized	care.	An	ethical	issue	is	raised	with	the	disclosing	of	uncertain	findings	

(GUS	and	VUS)	for	which	analyses	are	warranted	to	conclude	on	their	pathogenicity	as	well	as	

findings	 unrelated	 to	 the	 primary	 diagnosis	 purpose,	 so	 called	 “secondary	 findings”.	 It	 is	

nowadays	up	to	 the	clinicians	and	the	ethical	board	of	 local	hospitals	 to	decide	on	whether	 to	

communicate	 to	 the	 families	 the	 inconclusive	 results	 and	 the	 secondary	 findings,	 or	 not.	

Noteworthy,	to	promote	standardized	reporting,	the	American	College	of	Medical	Genetics	and	

Genomics	(ACMG)	published	a	list	of	59	medically	actionable	genes	recommended	for	report	of	

secondary	findings.	In	my	humble	opinion,	results	should	always	be	communicated	to	the	families,	

as	they	willingly	took	part	in	these	studies	and	are	waiting	for	feedback.	But	caution	is	needed	

when	explaining	the	sequencing	outcomes	as	they	consist	of	suppositions,	added	evidences,	but	

not	 definitive	 proves.	 That	 is	 why	 I	 personally	 think	 that	 clinicians	 and	 researchers	 should	

collaborate	on	the	material	that	should	be	provided	to	the	patients	and	their	family,	explaining	

the	process	of	research,	the	techniques	used,	the	time	needed	to	perform	the	validation	steps	and	

how	 to	 interpret	 the	 results.	 This	work	 of	 transmission	 of	 our	 knowledge	 is	 a	duty,	 as	 those	

families	are	the	tax	payers	who	found	our	research	projects	and	have	the	right	to	know	what	is	

done	with	their	money,	and	their	samples.	Moreover,	involving	them	in	the	process	by	giving	them	

a	clear	idea	and	follow-up	on	our	experiments	and	results	may	convince	them	of	the	importance	

of	clinical	re-examinations	and	sample	collections.	This	could	help	us	collect	pictures	or	biological	

samples	that	are	sometimes	hard	to	get,	due	to	the	uncertainty	of	use	of	these	data.	Giving	them	

all	these	details	would,	to	me,	lead	to	a	true	enlightened	consent	for	experiments,	data	collections	

and	data	sharing,	crucial	in	our	field.	By	helping	them	understand	our	work,	they	will	help	us	do	

it.	



	
	

Besides,	as	research	work	can	take	a	long	time	between	the	identification	of	the	pathogenic	

variants	 and	 the	 collection	 of	 functional	 evidences,	 I	 think	 it	 is	 necessary	 to	 not	 wait	 for	

publication	to	communicate	the	findings	to	the	families	although	we	have	to	stay	cautious.	Indeed,	

sequencing	results	can	be	given	by	genetic	councilors	and	followed	by	clinical	consulting	which	

can	suggest	treatments	in	the	light	of	the	collected	data.	For	instance,	the	AFF3	project	took	us	3	

years	 to	 collect	 clinical	 data	 of	 10	 patients,	 as	 well	 as	 performing	 functional	 analyses.	 In	 the	

meantime,	the	observation	of	older	probands	3	and	4	and	reports	on	the	in/efficacy	of	treatments	

enabled	 the	 clinicians	 of	 other	 probands	 to	 prioritize	 drugs.	 Also,	 the	 observation	 of	 specific	

features	that	may	not	yet	be	present	in	some	of	the	proband	raised	the	attention	of	the	clinicians	

who	adapted	their	follow-up	and	warned	the	parents	about	the	possibility	of	development	of	these	

difficulties.	In	addition	to	this,	we	were	able	to	put	in	contact	families	of	the	AFF3	project	at	their	

request.	Some	created	a	Facebook	support	group	where	they	shared	their	daily	life	and	difficulties,	

treatments	and	medical	interventions.	Their	feedback	is	precious	for	us,	to	have	up-to-date	clinical	

status	without	waiting	 for	consultations’	 reports,	but	also	 for	 the	other	 families	 to	share	 their	

experience,	 their	 struggle	and	 their	hope.	To	my	mind,	at	 any	 step	of	 our	 research,	 the	dialog	

between	 researchers,	 clinicians	 and	 families	 should	 be	 encouraged,	 being	 beneficial	 and	

rewarding	for	each	side.		

	

Out	 of	 the	 7	 families	 we	 elucidated,	 4	 had	 variants	 within	 genes	 already	 identified	 in	

neurodevelopmental	 disorders	 (PIK3R4,	TREX1,	 POMK,	TBCE),	 as	 interpretation	of	 the	 variant	

may	be	facilitated.	However,	restricting	WES	to	the	research	of	variants	within	known	ID-genes	

would	limit	its	power.	Indications	for	new	ID-genes	identification	may	come	from	the	recurrence	

of	pathways	associated	with	syndromic	ID	and	neurodevelopmental	defects.	Indeed,	a	lot	of	the	

ID	 genes	 are	 involved	 in	metabolism	or	 gene	 expression	 regulation.	 It	 is	admitted	 that	a	 fine-

tuning	 of	 gene	 expression	 during	 neurodevelopment	 is	 crucial	 for	 complete	 and	 proper	

functioning,	 but	 it	 is	 intriguing	 that	 variants	 in	 such	 ubiquitous	 proteins,	 targeting	numerous	

other	genes,	lead	to	specific	defects	in	brain	development	and	synaptic	functions.	This	might	come	

from	 the	 fact	 that	 neural	 cells	 are	 more	 sensitive	 the	 gene-dosage	 than	 other	 cell	 types,	 as	

suggested	by	the	prominence	of	haploinsufficiency	mechanisms	in	neurodevelopmental	disorders	

associated	 with	 chromatin-related	 genes.	 As	 functional	 validation,	 RNA	 sequencing	 can	 be	 a	

valuable	complement	of	WES	to	understand	possible	dysregulation	of	genes.	However,	it	is	usually	

limited	to	peripheral	blood	RNA	quantification	and	thus	may	not	reflect	what	happened	in	the	

affected	tissues	at	a	certain	time	point	of	their	development,	those	being	hardly	accessible.	

RNA	 sequencing	 and	WGS	would	 allow	 us	 to	 identify	mutations	 in	 introns	 or	 promoters,	

affecting	 the	 expression	 (splicing,	 expression	 level)	 of	 corresponding	 mRNA.	 WGS	 allows	

detection	 of	 all	 variants,	 independently	 of	 their	 coding	 or	 non-coding	 function.	 Besides,	 its	



	
	

uniform	 coverage	 improves	 the	 detection	 of	 balanced	 and	 unbalanced	 structural	 variants.	

However,	besides	the	tremendous	amount	of	data	produced	by	WGS	that	need	to	be	stored,	its	

limitation	 resides	 also	 in	 the	 annotation	 of	 all	 these	 variants	detected	 in	 non-coding	 regions.	

Indeed,	there	is	a	lack	of	interpretation	tools	that	could	help	annotate	these	non-coding	variants,	

and	thus	to	prioritize	them.	Now	that	WGS	is	more	and	more	used,	international	consortia	start	to	

accumulate	data,	for	instance	on	the	frequency	of	these	variants.	Also,	projects	like	ENCODE	strive	

at	 annotating	 the	 human	 genome,	 including	 regulatory	 elements	 and	 topologically	 associated	

domains	(TADs)	that	are	known	to	be	important	for	the	action	of	regulatory	elements	over	distal	

elements	 they	 contact	 through	 3D	 folding.	 As	 our	 understanding	 of	 the	 non-coding	 regions	

increases,	we	also	understand	their	importance	in	gene	regulation	and	their	possible	implication	

in	genetic	disorders.	

	

At	the	release	of	this	manuscript,	16	cases	are	yet	unsolved.	For	3	families	we	have	potential	

candidates	 and	 proves	 have	 to	 be	 made	 that	 these	 GUS	 can	 be	 involved	 in	 the	 phenotype	

apparition.	 For	 instance,	 in	 the	 family	 Lithuanian_7,	 2	 boys	 were	 suffering	 of	 photophobia,	

nystagmus,	and	ID.	WES	helped	us	to	identify	a	variant	in	CNGB3,	a	gene	already	associated	with	

achromatopsia,	but	never	with	ID.	After	a	full	review	of	the	literature	and	contacting	the	original	

submitters	of	the	CNGB3/Achromatopsia	study,	we	could	not	determine	if	other	achromatopsia	

cases	suffered	from	neurodevelopmental	disorders.	Hence,	we	could	not	confirm	if	the	observed	

CNGB3	variant	was	the	cause	of	both	achromatopsia	and	ID	in	our	patients,	or	if	the	ID	phenotype	

originated	elsewhere.	For	those	GUS,	only	description	of	other	patients	and	functional	analyses	

will	allow	us	to	give	a	genetic	diagnosis.	We	are	currently	starting	a	collaboration	for	the	deeper	

study	 of	 SATB1	 that	we	 suspect	 at	 the	 origin	 of	 the	 syndromic	 ID	 in	 family	 Lithuanian_8.	We	

collected	clinical	data	of	7	patients	with	variants	in	SATB1	and	another	laboratory	is	investigating	

the	molecular	impact	of	the	identified	amino-acid	changes.	

For	 the	 remaining	 VUS,	 their	 impact	 is	 unclear	 as	 they	 are	 not	 necessarily	 considered	 as	

pathogenic	by	all	predictors	and	are	not	 fully	conserved,	and	the	corresponding	genes	are	not	

associated	with	functions	or	disorders	reminiscent	of	the	observed	phenotypes.	This	absence	of	

“best	 candidate”	 incite	 cautiousness	 and	 the	 diagnosis	 rely	 on	 functional	 analyses	 and	

collaborations.	Besides,	our	approach	may	be	efficient	to	identify	monogenic	causes	of	syndromic	

ID	but	we	cannot	rule	out	a	more	complex	etiology	for	the	unsolved	cases.	Multigenic	forms	of	

neurodevelopmental	 disorders	 cannot	 easily	be	 identified	given	 the	 current	method	used	and	

filtering	 strategy.	 Only	 studies	 of	 large	 cohort	 and	 genetic	 interaction	 studies	 may	 help	 us	

delineate	the	contribution	of	variants	in	more	complex	scenario	such	as	combination	of	multiple	

genetic	variants.	Besides,	we	hypothesized	a	full	penetrance	transmission	of	the	disorders	and	

filtered	 out	 variants	 present	 in	 unaffected	 relatives	 of	 the	 patients	 whereas	 there	 could	 be	



	
	

pathogenic	variants	in	one	individual,	responsible	for	no	or	milder	phenotype	in	other,	depending	

on	the	genetic	background.	In	the	Lithuanian_8	family,	the	original	clinical	evaluations	reported	2	

affected	brothers.	Later	reevaluations	informed	us	that	the	younger	brother	was	borderline	for	ID	

but	 had	 none	 of	 the	 other	 co-morbid	 traits	 of	 his	 brother.	We	 changed	 the	 filtering	 strategy	

according	to	this	new	information,	but	clinical	data	suggest	that	a	more	complex	transmission	is	

at	play.	

	

	

To	 conclude,	 for	 the	 past	 decade	 NGS	 technologies,	 and	 in	 particular	WES,	 allowed	 us	 to	

identify	many	new	genetic	causes	of	ID.	Although	this	work	is	far	from	being	completed,	as	some	

cases	remain	unsolved	and	new	ones	come	regularly,	we	proved	that	our	 family-based	exome	

sequencing	approach	is	a	successful	method	to	establish	a	genetic	diagnosis	and	that	world-wide	

collaborations	are	required	to	better	delineate	syndromic	ID,	gather	clinical	data	and	perform	the	

warranted	 functional	 experiments.	As	our	understanding	of	 the	human	genome	 structure	 and	

function	 is	 expanding,	we	 can	 guess	 that	 some	 of	 the	 remaining	 unsolved	 cases	will	 obtain	 a	

molecular	diagnosis	in	the	near	future.	However,	deciphering	the	etiology	of	more	complex	cases,	

with	 incomplete	 penetrance	 or	 multifactorial	 origin,	 will	 require	 the	 development	 of	 new	

methods.	
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Résumé	de	la	thèse	en	français	

La	déficience	intellectuelle	(DI)	est	un	trouble	neuro-développemental	qui	affecte	1-3%	

de	 la	 population,	 représentant	 un	 enjeu	 de	 santé	 publique	 majeur.	 La	 DI	 est	 extrêmement	

hétérogène,	de	par	sa	sévérité,	la	possibilité	de	symptômes	associés,	ainsi	que	son	étiologie.	Alors	

que	plusieurs	centaines	de	gènes	ont	été	associés	avec	la	DI,	les	causes	génétiques	de	nombreux	

cas	restent	à	déterminer.	Nous	avons	utilisé	le	séquençage	d’exome	afin	de	découvrir	les	causes	

génétiques	de	DI	syndromiques	non-résolues	pour	23	familles.	

Pendant	mon	doctorat,	 j’ai	 travaillé	 en	 collaboration	 avec	des	 cliniciens	de	Lituanie	 et	

d’Italie	qui	ont	collecté	les	données	cliniques	de	familles	pour	lesquelles	les	tests	CGH-array	et	de	

l’X-fragile	 étaient	négatifs.	Bien	qu’une	DI	 ait	 été	diagnostiquée	 chez	 tous	 les	patients	que	 j’ai	

étudiés,	la	présence	de	symptômes	additionnels	a	fait	de	chaque	famille	un	cas	particulier	que	je	

devais	analyser	individuellement.	Les	variants	candidats	identifiés	par	exome	ont	été	validés	par	

des	analyses	fonctionnelles	ainsi	que	par	la	collecte	de	données	cliniques	de	cas	similaires	via	des	

collaborations	internationales.	

Mon	travail	a	mené	à	la	découverte	d’une	nouvelle	DI	syndromique,	caractérisée	par	une	

dysplasie	 mésomélique,	 des	 reins	 en	 fers	 à	 cheval	 et	 une	 épilepsie	 encéphalopathique	

développementale,	et	 la	description	du	mécanisme	moléculaire	sous-jacent.	Des	variants	 faux-

sens	de	novo	dans	le	motif	degron	de	AFF3	sont	responsable	d’une	accumulation	de	la	protéine	

correspondante,	agissant	comme	un	gain-de-fonction.	Cette	hypothèse	est	supportée	par	l’analyse	

de	modèles	moléculaires	 et	 animaux.	De	plus,	 j’ai	 identifié	un	variant	de	novo	 jusqu’alors	non	

reporté	dans	un	gène	de	DI	 connu,	PIK3R2,	 chez	 un	garçon	avec	une	 encéphalopathie	 sévère,	

expliquant	 le	 mécanisme	 moléculaire	 via	 modélisation	 3D.	 J’ai	 aussi	 étendu	 la	 description	

phénotypique	 du	 syndrome	 Aicardi-Goutières	 en	 décrivant	 le	 premier	 cas	 de	 myopathie	

inflammatoire	associée	à	un	variant	faux-sens	homozygote	dans	le	gène	TREX1.	Par	ailleurs,	j’ai	

participé	à	 la	description	de	deux	nouveaux	syndromes	associés	à	des	variants	dans	les	gènes	

KIAA1109	et	MAST1.	Alors	que	le	séquençage	d’exome	des	autres	familles	a	permis	d’identifier	des	

variants	potentiellement	pathogènes	ou	des	listes	de	variants	de	significations	incertaines,	il	est	

impératif	de	collecter	des	données	cliniques	de	cas	similaires	ainsi	que	des	preuves	fonctionnelles.		

Mon	travail	nous	a	permis	de	donner	un	diagnostic	génétique	à	certains	patients	et	à	leurs	

familles,	 fournissant	 des	 pistes	 d’amélioration	 de	 leurs	 prises	 en	 charge	 et	 de	 leurs	 suivis.	

Finalement,	une	meilleure	définition	des	mécanismes	pathologiques	impliqués	dans	les	troubles	

neuro-développementaux	 tels	 que	 la	 déficience	 intellectuelle	 aidera	 à	 identifier	 des	nouvelles	

cibles	thérapeutiques.	
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La	 déficience	 intellectuelle	 (DI),	 autrefois	 appelée	 retard	 mental,	 se	 manifeste	 durant	

l’enfance	 (avant	 18	 ans)	 par	 une	 limitation	 du	 développement	 psychomoteur	 et	 des	 facultés	

d’interactions	sociales	et	d’adaptation.	Elle	se	traduit	lors	de	tests	spécifiques,	par	un	quotient	

intellectuel	(QI)	inférieur	à	70.	Le	degré	de	sévérité	de	la	DI	est	très	variable,	allant	de	difficultés	

légères	(la	majorité	des	cas)	à	profondes.	Aussi,	les	personnes	atteintes	de	DI	peuvent	présenter	

d’autres	 symptômes	 tels	 que	 des	 troubles	 psychiatriques	 (hyperactivité,	 autisme,	

schizophrénie…)	 ou	 encore	 des	 pathologies	 dites	 somatique,	 qui	 touchent	 certains	 organes	

(malformations	cérébrales,	osseuses,	cardiaques…).	On	parle	alors	de	DI	syndromique.	La	grande	

hétérogénéité	des	symptômes	s’accompagne	d’une	grande	variété	des	causes	possibles.	En	effet,	

des	facteurs	extérieurs	intervenant	durant	le	développement	de	l’enfant	tels	que	l’abus	d’alcool	

de	 la	 femme	 enceinte	 ou	 la	 malnutrition	 infantile	 influencent	 le	 développement	 du	 système	

nerveux	et	ainsi	les	capacités	intellectuelles.	De	plus,	de	nombreuses	causes	génétiques	ont	été	

identifiées	pour	les	DI	telles	que	des	anomalies	du	nombre	de	chromosomes	(ex	:	la	trisomie	21)	

ou	encore	des	mutations	de	certains	gènes	(ex	:	syndrome	de	l’X	fragile	due	à	une	mutation	du	

gène	FMR1).		

Lors	de	 consultations	de	 familles	avec	une	 ou	plusieurs	personnes	 atteintes	de	DI,	 les	

cliniciens	 tentent	 d’établir	 un	 diagnostic	 sur	 la	 base	 des	 symptômes	 présentés	 et	 de	 la	

connaissance	approfondie	des	nombreux	syndromes	déjà	identifiés.	Quand	le	diagnostic	clinique	

échoue	à	déterminer	une	cause	claire,	les	cliniciens	font	appel	à	des	généticiens	qui	étudient	alors	

l’ADN	des	patients	et	de	leurs	familles.		

Durant	ma	thèse,	 j’ai	travaillé	en	étroite	collaboration	avec	des	cliniciens	de	Lituanie	et	

d’Italie	qui	m’ont	transmis	les	données	cliniques	ainsi	que	les	échantillons	ADN	de	23	familles.	

Mes	travaux	ont	permis	de	donner	un	diagnostic	à	certaines	de	ces	familles,	de	les	informer	des	

risques	de	transmission	héréditaires	ainsi	que	d’adapter	leurs	suivis	médicaux.	Nous	avons	aussi	

implémenté	 la	 liste	 de	 gènes	 de	 DI	 répertoriés	 et	 étendu	 la	 description	 de	 syndromes	 déjà	

identifiés,	améliorant	les	capacités	de	diagnostics	de	DI.	Mon	étude	a	par	ailleurs	permis	d’offrir	à	

une	 famille	 lituanienne	 la	 possibilité	 d’avoir	 recours	 à	 une	 fécondation	 in	 vitro	 (FIV)	 avec	

diagnostic	génétique	pré-implantation	(DPI)	afin	d’avoir	un	second	enfant	sain.		
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SUMMARY

Corpus callosum malformations are associated with
a broad range of neurodevelopmental diseases. We
report that de novo mutations in MAST1 cause
mega-corpus-callosum syndrome with cerebellar
hypoplasia and cortical malformations (MCC-CH-
CM) in the absence of megalencephaly. We show
that MAST1 is a microtubule-associated protein
that is predominantly expressed in post-mitotic neu-
rons and is present in both dendritic and axonal com-
partments. We further show that Mast1 null animals
1354 Neuron 100, 1354–1368, December 19, 2018 ª 2018 Elsevier In
are phenotypically normal, whereas the deletion of
a single amino acid (L278del) recapitulates the
distinct neurological phenotype observed in pa-
tients. In animals harboring Mast1 microdeletions,
we find that the PI3K/AKT3/mTOR pathway is unper-
turbed, whereas Mast2 and Mast3 levels are dimin-
ished, indicative of a dominant-negative mode of
action. Finally, we report that de novoMAST1 substi-
tutions are present in patients with autism andmicro-
cephaly, raising the prospect that mutations in this
gene give rise to a spectrum of neurodevelopmental
diseases.
c.

mailto:keays@imp.ac.at
https://doi.org/10.1016/j.neuron.2018.10.044
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuron.2018.10.044&domain=pdf


MAST1 gene

MAST1 protein p. 
Ly

s2
76

de
l

p. 
Le

u2
78

de
l

1 61 335 373 652 968 1050 1570

p. 
Glu1

94
de

l

p. 
Gly5

17
Ser

DUF1908 Kinase PDZ

c. 
82

5_
82

7d
el

c. 
83

1_
83

3d
el

c. 
15

49
G>A

c. 
58

0_
58

2d
el

V

W

Y

X

Z

****

Pelleted 
mMast1

w/ M
APs

w/o 
MAPs

Pelleted 
mMast1

TnT 
mMast1

K27
6d

el

L2
78

de
l

E19
4d

el

G51
9S

WT

WT

E19
4d

el

K27
6d

el

L27
8d

el

G51
9S

0.0

0.5

1.0

1.5

2.0

2.5
P

el
le

te
d

M
as

t1
/T

nT

*

U

P V

P1: Glu194 del

P2: Lys276 del

P3: Leu278 del

P5: Gly517Ser

P6: Gly517Ser

P4: Gly517Ser

A B C D

E F G H

I K L

M O 

N

J

N P

Q R S T

w/ MAPs w/o MAPs
0.0

0.2

0.4

0.6

0.8

P
el

le
te

d 
M

as
t1

/T
nt

TnT
 In

pu
t

Figure 1. Patients with MAST1 Mutations

(A–T) Selected magnetic resonance images from patients P1 (A–D), P2 (E–H), P3 (I and J), P4 (K and L), P5 (M–P), and P6 (Q–T) in the midline sagittal plane (A, E, I,

K, M), parasagittal plane (Q), and axial planes through the brainstem (F andN), lateral ventricles (B, C, G, J, L, O, R, S, and T), and high convexities (D, H, and P). All

patients have a cortical malformation or dysgyria characterized by diffuse undersulcation, shallow sulci (arrowheads in B, C, G, J, L, O, R, S, and T point to

selectedmore obvious areas), and, in themore severely affected, mildly thick cortex (G and J; thus consistent with mild lissencephaly). While diffused, the cortical

malformation appears most severe in the posterior frontal and perisylvian regions. The lateral ventricles are mildly to moderately enlarged, and the corpus

callosum is abnormally thick (arrows in A, E, I, K, M, and Q), accompanied by mildly thick white matter. The brainstem, especially the pons, is mildly (E) or

moderately (A, I, K, M, and Q) small, and in at least one child a prominent ventral midline cleft of the pons is seen (arrow in N). Available axial images through the

high convexity of the cerebral hemispheres showed very dysplastic, longitudinally oriented gyral pattern (long arrows in D, H, and P).

(legend continued on next page)
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INTRODUCTION

The bilateral integration of sensory, motor, and cognitive inputs

is mediated by the corpus callosum, the largest white matter

tract of the brain (Paul et al., 2007). A broad array of neurodeve-

lopmental disorders are known to be associated with malforma-

tions of this structure. For instance, corpus callosum agenesis

has been reported in patients with microcephaly, lissencephaly,

and polymicrogyria and has been described in patients with

autism (Parrini et al., 2016). Mouse and human genetics studies

have provided insight into the molecular machinery that is

required for the development of this important anatomical

feature (Edwards et al., 2014). It has been shown that the midline

crossing of post-mitotic neurons requires transcription factors

such as Satb2 (Britanova et al., 2008), cell adhesion molecules

such as L1-CAM (Demyanenko et al., 1999), guidancemolecules

such as Netrin1 and the semaphorins (Niquille et al., 2009; Ser-

afini et al., 1996), and cytoskeletal proteins including Map1b

and the b-tubulin Tubb3 (Meixner et al., 2000; Tischfield et al.,

2010). Collectively, these molecules specify the fate of neurons

destined to traverse the cerebral hemispheres, guiding their

leading process to the correct destination.

While thinning of the corpus callosum is relatively common, in

rare instances patients present with a thickening of this myelin-

ated structure (Edwards et al., 2014; Marsh et al., 2017). To

date, this phenotype has been reported in patients with neurofi-

bromatosis and megalencephaly-polymicrogyria-mega-corpus-

callosum syndrome (DiMario et al., 1999; Göhlich-Ratmann

et al., 1998). These diseases are associated with a generalized

enlargement in brain size, driven by activation of the PI3K/

AKT3/mTOR pathway attributable to mutations in PIK3R2 and

NF1 (Johannessen et al., 2005; Nguyen et al., 2016; Terrone

et al., 2016). As mutations in these genes do not account for all

cases, it is apparent that our understanding of the molecular pa-

thology that underlies mega-corpus-callosum syndromes is

incomplete (Hengst et al., 2010). Here, we present a cohort of

patients with an enlarged corpus callosum in the absence of

megalencephaly, harboring mutations in the uncharacterized

microtubule-associated protein (MAP) MAST1.

RESULTS

Identification of MAST1 Mutations
As part of an ongoing endeavor to identify genetic variants asso-

ciated with structural brain malformations, we undertook whole-

exome sequencing on 7 patient-parent trios where the affected
(U) Schematic representation of the MAST1 genomic locus shows the position o

(V) The MAST1 protein consists of a domain of unknown function (DUF1908, show

The amino acid boundaries of each of the domains are shown.

(W–Z) Autoradiograph showing the results of the microtubule binding assay w

translation (TnT) in rabbit reticulocyte lysate, before incubation with a porcine micr

(MAPs) (W and X). Following microtubule polymerization in the presence of Taxo

(PAGE), and the ratio of pelleted radiolabeled-mMast1 to TnT input was determine

the absence of MAPs (X; n = 6 technical replicates; two-tailed unpaired t test; t7

labeled by in vitro TnT, and microtubule binding was assessed (Y and Z). The

determined. Comparison of pelleted wild-type Mast1 to the K276del mutation s

L278del (Z; n = 6–9 repeated experiments; one-way ANOVA with Dunnett’s mult

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Error bars show mean ± SEM.
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individual presented with a striking enlargement of the corpus

callosum. This led to the identification of de novo mutations

in the gene MAST1 (microtubule-associated serine threonine

kinase 1) in 6 of the 7 affected individuals (Figures 1A–1T).

Each of these patients presented with a hyperplastic corpus

callosum (particularly over the genu and mid-body), cerebellar

hypoplasia, ventricular dilation, and impaired motor and verbal

performance (Table 1). Four patients presented with gyral

simplification (P2 [Pierson et al., 2008], P3, P5, P6), three with

dysplastic longitudinal gyri (P1, P5, P6), and one (P4) with

periventricular nodules of white matter. We refer to this syn-

drome as mega-corpus-callosum with cerebellar hypoplasia

and cortical malformations (MCC-CH-CM).

Through the Genematcher platform, four additional patients

with de novo mutations in MAST1 were identified who pre-

sented with either microcephaly accompanied by motor deficits

(P7, P8) or autism spectrum disorder (P9, P10) (Figures

S1A–S1E, Table S1) (Gilissen et al., 2014; Sobreira et al.,

2015). In each case the mutation was verified by Sanger

sequencing, was unreported in publicly available genome data-

bases (e.g., dbSNP, 1000 genome, ExAC; see Table S2), and

was in a highly conserved residue (Figures S1F–S1L) that was

predicted to be deleterious when mutated (Table 1, Table S1,

CADD score) (Kircher et al., 2014; Lek et al., 2016). We did

not identify any unreported variants in our patient cohort, with

the exception of a silent mutation in TUBGCP5 (T457T) in P2

and a de novo mutation in NIMA related kinase 1 (NEK1) in

P8 (Table 1, Table S1). It should be noted that mutations in

NEK1 have been previously associated with amyotrophic lateral

sclerosis, cilial dysfunction, and skeletal diseases; however,

patient P8 did not present with symptoms consistent with these

disorders (Kenna et al., 2016; Thiel et al., 2011). Three of the

MCC-CH-CM-associated variants in MAST1 were single amino

acid deletions positioned in the hydrophobic core of a four-he-

lix bundle in the domain of unknown function DUF1908 (P1,

p.Glu194del; P2, p.Lys276del; P3, p.Leu278del) (Figure S1M),

while the remainder (P4–P6, p.Gly517Ser) harbored a recurrent

missense mutation in the kinase domain of the protein (Figures

1U and 1V). These microdeletions were not found in control in-

dividuals in the ExAC genome browser; however, a single mi-

crodeletion between the kinase and PDZ domains (Glu697del)

has been reported (Table S2).

MAST1 Is a Microtubule-Associated Protein
Little is known of the function of the MAST family of proteins

(MAST1–4). MAST2 was initially cloned from testes and was
f the mutations identified in patients P1–P6.

n in red), a kinase domain (shown in yellow), and a PDZ domain (shown in blue).

ith Mast1. Murine Mast1 was radiolabeled (35S) by in vitro transcription and

otubule extract in the presence or absence of microtubule-associated proteins

l, pelleted microtubules were analyzed by polyacrylamide gel electrophoresis

d. This experiment revealed a decrease of binding of Mast1 to microtubules in

= 7.134, p < 0.0001). Patient mutations were introduced into mMast1, radio-

ratio of microtubule-bound Mast1 (in the pelleted fraction) to TnT input was

hows a significant alteration in microtubule binding and a similar trend for the

iple comparison; WT versus K276del p < 0.05).



Table 1. Clinical Summary of Patients with MCC-CH-CM

Patient P1 P2 P3 P4 P5 P6

Mutation (chr19) 19:12958677delGAG chr19:12962798delGAA chr19:12962804delGTT 19:12975903G>A 19:12975903G>A 19:12975903G>A

Mutation (NM_

014975.2)

Glu194del c.580_582del Lys276del c.825_827del Leu278del c.831_833del Gly517Ser c.1549G>A Gly517Ser, c.1549G>A Gly517Ser, c.1549G>A

CADD v1.3 16,71 17,35 21,4 27,9 27,9 27,9

Inheritance de novo de novo de novo de novo de novo de novo

Ethnicity Caucasian Caucasian Caucasian Moroccan Caucasian Caucasian

Geographic

ancestry

Italian Hungarian French Moroccan Unknown French

Sex Male Male Female Female Female Female

Age at last

evaluation

9 years 11.5 years 6 years 6 years 10 years 1.5 year

OFCa at birth Unknown 36.5 cm (50th–75th

percentile)

Unknown Unknown Unknown 35 cm (50th percentile)

OFCa 52 cm 53 cm (25th–50th

percentile)

51 cm 52 cm (+0.6 SD) 49.2 cm at 2 years,

9 months (50th percentile)

46.5 cm at 18 months

Cortical

dysgenesis

Dysplastic longitudinal

gyri; subependymal

heterotopias

Extensive undersulcated

gyral pattern over frontal,

temporal, and perisylvian

regions; dysplastic

longitudinal gyri

Tubulinopathy-like

dysgyria with mildly

thick cortex and diffuse

very shallow sulci

Periventricular lesions Diffuse subtle dysgyria;

radial/shallow sulci with

some deep infolds;

dysplastic longitudinal gyri

Subtle frontal dysgyria;

dysplastic longitudinal gyri

Basal ganglia Normal Poorly developed Normal Normal Normal Normal

Cerebellum Vermis hypoplasia (++);

counterclockwise

rotation of cerebellar

vermis

Mild diffuse cerebellar

hypoplasia (+) with

prominent sulci

Hypoplasia (++) Hypoplasia (++) Vermis hypoplasia (++) and

mild hemispheric hypoplasia

Vermis hypoplasia (++)

and mild hemispheric

hypoplasia

Brainstem Hypoplasia (++) Small pons (+) Hypoplasia (++) Pontine hypoplasia (++) Severe brainstem hypoplasia

with a very small pons (++),

thin midline cleft, long and

mildly enlarged medulla

Severe brainstem

hypoplasia (++), small

pons with relative

sparing of its buldging

Corpus callosum Hyperplasia, mostly

over genu and anterior

body (++)

Very thick and dysplastic

corpus callosum (mega

corpus callosum) (++)

Hyperplasic (++) Hyperplasia, mostly

over genu and

anterior body (+)

Thick corpus callosum (+) Thick corpus callosum (+)

Ventricular

dilation

Enlarged 4th ventricle (+) Enlarged 3rd ventricle (++) Enlarged 3rd ventricle

(++)

Enlarged 4th ventricle

(++)

Enlarged 3rd and 4th

ventricles (++)

(+)

Cognitive

abilities

Moderate cognitive

impairment

Intellectual disability Severe encephalopathy Severe intellectual

disability

Global developmental delay Global developmental

delay

Verbal abilities Poor Non-verbal Non-verbal Non-verbal Non-verbal Only some sounds

(vowels)

(Continued on next page)
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shown to function as a kinase and interact with microtubules via

other MAPs (Walden and Cowan, 1993). To ascertain whether

MAST1 associates with the microtubule cytoskeleton, we per-

formed an in vitro transcription and translation (TnT) reaction em-

ploying rabbit reticulocyte lysate with radiolabeled murine (m)

Mast1 (which shares 94% sequence identity with human

MAST1). The reaction products were then assayed for their abil-

ity to bind to microtubules in the absence or presence of MAPs.

We found that mMast1 associates with Taxol-stabilized microtu-

bules in a MAP-dependent manner (Figures 1W and 1X; n = 6;

p < 0.0001). Next, we asked whether the MAST1 mutations

found in our patient cohort influence microtubule binding. We

introduced each mutation into our pcDNA 3.1 vector, labeled

Mast1 with 35S-methionine, and repeated the aforementioned

microtubule binding assay. While translation efficiency was

similar for all variants, we found that the K276 deletion signifi-

cantly enhanced Mast1 binding to microtubules (Figures 1Y

and 1Z; n = 9; WT versus K276del p < 0.05). Taken together,

these data show that Mast1 binds to microtubules in a MAP-de-

pendent manner and that mutations can perturb this interaction.

MAST1 Is Expressed in Post-mitotic Neurons
To gain insight into the role of MAST1 in neurodevelopment, we

analyzed its expression in the human and mouse brain during

early developmental stages (Figures 2A and 2B). To this end

we extracted mRNA from the developing murine brain (E10.5,

E12.5, E14.5, E16.5, E18.5, P0, and P6), generated cDNA, and

performed qPCR analysis. We observed that Mast1 expression

begins at E12.5, peaks at E16.5, and decreases postnatally (Fig-

ure 2B). Consistent with this result, qPCR analysis of human fetal

brain cDNA showedmoderate expression ofMAST1 at gestation

weeks 13 and 22 (Figure 2A). To determine which cells express

Mast1, we performed immunohistochemistry on the murine cor-

tex at E12.5, E14.5, E16.5, and P0 (n = 3). We used a commer-

cially available Mast1 antibody, having validated its specificity

employing a Mast1 knockout (KO) animal (Figures S3B–S3D).

We observed staining in the developing cortical plate and inter-

mediate zone at these time points (Figures 2C–2F). Further anal-

ysis at E14.5 and E16.5 showed that Mast1 is located in the

cytoplasm in Tuj-positive post-mitotic neurons but is largely ab-

sent from Sox2-positive progenitors and Tbr2-positive interme-

diate progenitors (Figures 2S–2AP) (n = 3). This expression

pattern is mirrored in human cerebral organoids that were

cultured for 64 days, where we again observed co-localization

with post-mitotic markers (Figures S2A–S2F) (n = 10 organoids)

(Lancaster et al., 2013). Immunostaining on P0 mouse brain sec-

tions showed that Mast1 is present in Tuj-positive corpus cal-

losal fibers that cross the midline (n = 3) (Figures S2G–S2L). To

gain further insight into the subcellular localization of Mast1,

we cultured primary P0 cortical neurons and P7 cerebellar

granule neurons and performed immunostaining. We again

validated the specificity of our Mast1 antibody for cell culture ex-

periments employing aMast1 KO animal (Figure S2S-T). We per-

formed double staining with antisera specific for the axonal

marker Tau or the dendritic marker Map2 (Kosik and Finch,

1987). We observed Mast1 staining throughout the soma,

as well as in dendritic and axonal compartments in cortical neu-

rons (Figures 2G–2R, n = 5) and in cerebellar granule neurons
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Figure 2. Mast1 Expression in Human and Mouse Embryonic Brain

(A) qPCR analysis reveals that MAST1 mRNA is expressed in the human developing fetal brain at gestational week (GW) 13 and the fetal frontal lobe at GW22.

(B) qPCR analysis performed on mouse brain cDNA libraries from E10.5 to P6 show that Mast1 expression peaks at E16.5 in mice (n = 3 animals per time point).

(C–F) Immunohistochemistry employing a validated Mast1 antibody (see also Figures S3B-S3D) indicates staining in the post-mitotic cortical plate and inter-

mediate zone from E12.5 to P0 in mice.

(G–R) Maximum-projection images of cultured P0 cortical neurons at 5-DIV staining with the axonal marker Tau (G–L) and the dendritic marker Map2 (M–R) show

that Mast1 (I, L, O, and R) is present in both axonal and dendritic compartments. Dashed boxes in (G)–(I) and (M)–(O) are expanded in (J)–(L) and (P)–(R),

respectively.

(S–AP) Immunohistochemistry employing the progenitor marker Pax6 (S–U and AE–AG), intermediate progenitor marker Tbr2 (W–Y and AI–AK), and post-mitotic

marker Tuj (AA–AC and AM–AO) on E14.5 (S–AD) and E16.5 (AE–AP) murine sections reveals that Mast1 expression is restricted to post-mitotic neurons at these

time points (PP, preplate; CP, cortical plate; MZ, marginal zone; IZ, intermediate zone; VZ, ventricular zone).

Error bars show mean ± SEM.
(Figures S2M–S2R, n = 3). This staining had a punctate appear-

ance, suggesting that Mast1 may associate with vesicular struc-

tures that are trafficked along the microtubule cytoskeleton.
qPCR analysis of Mast1 expression in the adult mouse showed

that its expression persists in all brain regions (albeit at much

lower levels) and that it is present in the testes, liver, and spleen
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Figure 3. L278del Mice Have an Enlarged

Corpus Callosum Associated with an In-

crease in the Number of Callosal Axons

(A–D) Nissl-stained sections of 8-week-old adult

brains highlighting the thicker corpus callosum in

L278del/+ animals compared to wild-type litter-

mates (black boxes in A and B are expanded in

C and D).

(E) Quantification of the thickness at the septum

reveals a significantly thicker corpus callosum in

L278del/+ animals (n = 5 animals per genotype;

unpaired t test; +/+ versus L278del/+; t8 = 6.217,

p < 0.001).

(F and G) MRI reconstructions of the corpus cal-

losum in wild-type controls (F) and L278del/+ mice

(G). The heatmap reflects the thickness of the

corpus callosum (blue, thinner region; red, thicker

region). Note that in L278del/+ animals the genu

and midbody region are most affected.

(H) MRI volumetric quantification of the corpus

callosum shows that this structure is significantly

larger in L278del/+ animals compared to wild-type

littermates (n = 3 animals per genotype; two-tailed

unpaired t test; +/+ versus L278del/+; t4 = 4.233,

p < 0.05).

(I and J) Electron microscopy images showing

cross-sections of the corpus callosum at the

midbody (region depicted with boxes in F and G).

Myelinated axons can be clearly visualized.

(K) Quantification of myelin thickness reveals no

significant different between L278del/+ animals

and wild-type littermates (n = 5 animals per ge-

notype, >500 myelinated axons per animal; two-

tailed unpaired t test; t8 = 1.001, p > 0.1).

(L) Quantification of axonal caliber reveals no sig-

nificant different between L278del/+ animals and

wild-type littermates (n = 5 animals per genotype,

>1,500 myelinated axons per animal; +/+ versus

L278del/+; two-tailed unpaired t test; t8 = 1.786,

p > 0.1; see also Figure S3N).

(M and N) Assessment of the total number of

myelinated axons within a 30-mm-wide box ex-

tending along the ventro-dorsal axis of the corpus

callosum.

(O) Quantification reveals a significant increase in

axonal count in the L278del/+ animals in com-

parison to wild-type littermates (n = 5 animals per

genotype, 3 images analyzed per animal; two-

tailed unpaired t test; t8 = 4.095, p < 0.01).

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Error bars show mean ± the SEM.
at very low levels (n = 3) (Figure S2U). These results are consis-

tent with expression data that are available through online data-

bases (e.g., Allen Brain Atlas, GTEx) (GTEx Consortium, 2013;

Morris et al., 2010). Taken together, these data show that

Mast1 is predominantly expressed in post-mitotic neurons in

the developing nervous system.

An Enlarged Corpus Callosum in a L278Del Mast1

Mouse Model
To investigate the effect ofMast1mutations in vivo, we exploited

the power of the CRISPR-Cas9 genome editing system to

generate a Mast1 KO mouse and a Mast1 L278del (L278del)

mouse employing guide RNAs targeted to exon 8 (Figure S3A)
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(Wang et al., 2013). We decided to recapitulate the mutation

identified in patient P3 because of the striking callosal, cortical,

and cerebellar phenotypes. As homozygous L278del/del ani-

mals die shortly after birth, we focused our initial analysis on ho-

mozygous Mast1 KO and heterozygous L278del/+ mice, which

are viable. We analyzed the thickness of the genu of the corpus

callosum on rostral Nissl-stained coronal sections (bregma

0.86 mm). While Mast1 KO animals were indistinguishable

from wild-type littermate controls (Figures S3E–S3G; n = 5; +/+

versus KO/KO; p > 0.5), L278del/+ animals presented with a

significantly thicker corpus callosum in comparison to wild-

type littermate controls (Figures 3A–3E; n = 5; +/+ versus

L278del/+; p < 0.001). High-resolution volumetric magnetic



resonance imaging (MRI) analysis confirmed an increased

corpus callosum volume in L278del/+ animals (Figure 3H;

n = 3; +/+ versus L278del/+; p < 0.05) and revealed that the thick-

ening was most prominent in the rostral regions encompassing

the genu and the mid-body (Figures 3F and 3G). The enlarged

corpus callosum was also present in L278/del mice aged

10 days (Figures S3K–S3M; n = 5; +/+ versus L278del/+;

p < 0.05). While off-target mutations in Cas9-modified mice are

rare (Iyer et al., 2015), we confirmed that this phenotype was

not due to a linked mutation by undertaking whole-exome

sequencing for our L278del/+mouse line. We identified no other

non-synonymous mutations on chromosome 8 in this line (Table

S3). Moreover, we generated a second independent L278del

mouse line and once again observed an enlarged corpus cal-

losum (Figures S3H–S3J; +/+ versus L278del/+_Line#7; n = 3;

p < 0.01).

We then asked whether the increase in the thickness of the

corpus callosum of the L278del/+ mice was due to an increase

in the thickness of myelinated axons. In light of our MRI studies,

we focused our analysis on the midbody of the corpus callosum,

where we observe themost pronounced phenotype in L278del/+

mutants (bregma �0.10). The corpus callosum of adult animals

was microdissected, samples were stained to enable clear visu-

alization of myelinated neurons crossing the midline, and images

captured at high resolution (8,9003) with transmission electron

microscopy (Figures 3I and 3J) (Sturrock, 1980; West et al.,

2015). We observed no significant difference in either myelin

thickness (Figure 3K; n = 5; n > 500 axons per animal; +/+ versus

L278del/+; p > 0.1) or axonal caliber (Figure 3L; n = 5; n > 1500

axons per animal; +/+ versus L278del/+; p > 0.1) when

comparing littermate controls with L278del/+ animals. An anal-

ysis of the distribution of axon calibers in L278del/+ animals

again revealed no significant difference in comparison to litter-

mate controls (n = 5; +/+ versus L278del/+; p > 0.1 for all bins)

(Figure S3U). Reflecting this, an assessment of the G-ratio

(axonal diameter/total fiber diameter), revealed no significant

difference between genotypes (n = 5, n > 300 fibers animal, +/+

versus L278del/+; p > 0.1) (Figure S3N) (Guy et al., 1989).

Given these results, we askedwhethermoremyelinated axons

might cross the midline in L278del/+ animals. To assess this,

TEM images were acquired at a magnification of 7103 along

the dorso-ventral axis of the corpus callosum. These images

(10–12 per animal) were tiled, resulting in a single image that en-

compassed the entire cross-section of the corpus callosum.

A box 30 mm wide was overlaid onto the structure, and the total

number of myelinated axons was counted manually (Figures 3M

and 3N). Statistical analysis revealed a significant increase in the

number ofmyelinated axonswithin that box in L278del/+ animals

in comparison to littermate controls (Figure 3O; n = 5 animals per

genotype, n = 3 images per animal, +/+ versus L278del/+;

p < 0.01). Finally, we counted the number of Olig2-positive oligo-

dendrocyctes and GFAP-positive astrocyctes in a box of fixed

width that was overlaid onto coronal sections of the corpus cal-

losum (Figures S3O–S3R). This revealed that in L278del/+ ani-

mals there are more oligodendrocytes and astrocyctes in com-

parison to wild-type controls (n = 5; +/+ versus L278del/+;

Olig2, p < 0.05; GFAP, p < 0.05) (Figures S3S and S3V). There

was, however, no significant difference in the density of these
cell types when comparing genotypes (n = 5; +/+ versus

L278del/+; Olig2, p > 0.5; GFAP, p > 0.05) (Figures S3T and

S3W). Taken together, these data show that our L278del/+

mouse model recapitulates the enlarged corpus callosum

observed in affected patients, which we attribute to an increase

in the number of myelinated axons crossing the midline.

Cortical andCerebellar Hypoplasia in the L278delMast1

Mouse Model
We extended our analysis of the L278del and KOmouse lines to

the cortex and cerebellum, which are consistently affected in our

MAST1 patient cohort. MRI volumetric analysis of adult animals

revealed an overall reduction in cortical volume in L278del

heterozygotes (Figures 4A–4C; n = 3; +/+ versus L278del/+;

p < 0.05). We confirmed this finding by undertaking Nissl and

NeuN staining, where we observed a significant reduction in

cortical thickness in L278del animals that was most pronounced

in caudal regions (bregma �1.82 mm; Nissl [Figures 4D–4F]:

n = 5, +/+ versus L278del/+, p < 0.001; NeuN [Figures S4A–

S4D]: n = 5; +/+ versus L278del/+; p < 0.0001). We did observe

a reduction in cortical thickness in the rostral motor cortex in

L278del heterozygotes (bregma 0.86 mm); however, this was

not statistically significant (Figures S4E–S4G, n = 5; +/+ versus

L278del/+; p > 0.1). We assessed the thickness of the cortical

layers in the affected caudal regions in L278del heterozygotes

and littermate controls. We observed a significant reduction in

the thickness of layer 5, marked by the transcription factor

Er81 (Figures 4J–4L; n = 5; +/+ versus L278del/+; p < 0.01).

We did not observe a significant difference in the thickness of

Foxp2-positive layer VI neurons (Figures S4H–S4K; n = 5; +/+

versus L278del/+; p > 0.1) (Ferland et al., 2003) or Cux1-positive

granule cells (Figures 4G–4I; n = 5; +/+ versus L278del/+; p > 0.5)

(Cubelos et al., 2015). Analysis of the caudal cortex at P10 by

Nissl staining again revealed that it was thinner in L278del/+

mutants (Figure S4U; n = 5; +/+ versus L278del/+; p < 0.01).

Consistent with our previous findings, adult Mast1 KO animals

appeared to be phenotypically normal, without morphological

or layering defects in the adult KO cortex (Figures S4A–S4D

and S4H–S4T).

MRI volumetric analysis of the cerebellum revealed a severe

reduction in L278del heterozygotes (Figures 5A–5C; n = 3; +/+

versus L278del/+; p < 0.001). Nissl staining as well as NeuN

and calbindin immunohistochemistry showed that the foliation

and lamination of the cerebellum in L278del heterozygotes was

comparable to wild types; however, the granule and the molec-

ular cell layer appeared thinner in mutants (Figures 5D–5I). We

calculated the density of granule cells as well as the linear den-

sity of Purkinje cells, allowing us to estimate the total number

of these cell types in midsagittal sections. While the density of

both cell types was similar in L278del mutants in comparison

to littermate controls (Figures S5A and S5B), we observed a sig-

nificant reduction in the total number of granule cells per section

(Figure 5J; n = 5; +/+ versus L278del/+; p < 0.05). We also

observed a reduction in the total number of Purkinje cells per

section, but this reduction was not statistically significant (Fig-

ure 5K; n = 5; +/+ versus L278del/+; p > 0.5). Volumetric analysis

of the colliculi, putamen, thalamus, and olfactory bulbs revealed

no significant difference between wild-type littermates and
Neuron 100, 1354–1368, December 19, 2018 1361
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Figure 4. L278del Mice Have a Reduction in Cortical Volume Associated with an Increase in Neuronal Apoptosis

(A and B) MRI reconstructions of the cortex in adult animals reveal a reduction in cortical volume in L278del/+ mice in comparison to littermate controls.

(C) Quantification of the MRI cortical volume (n = 3 animals per genotype; two-tailed unpaired t test; +/+ versus L278del/+; t4 = 2.902, p < 0.05).

(D and E) Nissl-stained sections of the adult somatosensory cortex reveal a reduction in cortical thickness in L278del/+ adult mice in comparison to littermate

controls.

(F) Quantification of caudal cortical thickness (n = 5 animals per genotype; two-tailed unpaired t test; +/+ versus L278del/+; t8 = 5.417, p < 0.001).

(G–L) Labeling of Cux1-positive layer II-III (G and H) and Er81-positive layer 5 neurons in wild-type and L278del/+ adult mice (J and K). Quantification (I) reveals no

significant difference in Cux1 layer thickness when comparing genotypes but a significant reduction in the size of the Er81-positive layer (L) (n = 5 animals per

genotype; two-way repeated-measures ANOVA with a Bonferroni test for multiple comparisons; +/+ versus L278del/+; Cux1 layer p > 0.1; Er81 layer p < 0.01).

(M–X) Representative Nissl-stained (M–O), activated caspase-3-stained (P–U), and activated caspase-9-stained (V–X) P0 cortical sections of littermate controls

(M, P, S, and V), L278del/+ (N, Q, T, andW), and L278del/del (O, R, U, and X) animals. Thewhite boxes in (P), (Q), and (R) are expanded in (S), (T), (U). The number of

caspase-3-positive and caspase-9-positive cells in the cortex of P0 animals was counted and averaged (3 sections per animal). There is a dose-dependent

increase in apoptotic cells in L278del/+ and L278del/del animals in comparison to littermate controls (see also Figure S4V).

(Y and Z) Quantitation of caspase-3 (Y) and caspase-9 (Z) staining (n = 5 animals per genotype; n = 3 sections per animal; two-way repeated-measures ANOVA

with a Bonferroni test for multiple comparison. Caspase-3: +/+ versus L278del/+ p < 0.01; ‘+/+ versus L278del/del p < 0.0001; L278del/+ versus L278del/del

p < 0.001. Caspase-9: +/+ versus L278del/+ p < 0.05; ‘+/+ versus L278del/del p < 0.0001; L278del/+ versus L278del/del p < 0.01).

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Error bars show mean ± the SEM.
L278del heterozygotes (Figure S5C; n = 3; +/+ versus L278del/+;

p > 0.5 for all regions). There was a reduction in the volume of the

hippocampus in L278del heterozygotes, but this difference was

not statistically significant (Figure S5C; n = 3; +/+ versus

L278del/+; p = 0.34).
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Neuronal Apoptosis in the L278del Mast1 Mouse Model
To determine if the smaller cortex and cerebellum in our L278del

mutant mice is a result of neuronal cell death during develop-

ment, we performed an activated caspase-3 staining. We de-

tected a dose-dependent increase in the number of apoptotic
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Figure 5. L278del Mice Have a Hypoplastic Cerebellum

(A and B) MRI reconstructions of the cerebellum from wild-type littermates (A) and L278del/+ (B) adult animals.

(C) Quantification reveals a significant reduction in cerebellar volume (mm3) in L278del/+ animals (n = 3 animals per genotype; two-tailed unpaired t test; +/+

versus L278del/+; t4 = 10.16, p < 0.001).

(D–G) Nissl-stained sagittal sections of 8-week-old cerebellum confirm the reduction in cerebellar size and indicate that laminationwithin the cerebellum is normal

in L278del/+ animals.

(H and I) Immunostaining employing the neuronal marker NeuN (shown in red) and the Purkinje cell marker Calbindin (shown in green) revealed a reduction in the

thickness of the granule cell layer and molecular layer in L278del/+ animals.

(J and K) Estimates of the total number of granule cells (J) and Purkinje cells (K) per amidsagittal section in L278del/+ animals and littermate controls (n = 5 animals

per genotype; two-way ANOVA with a Bonferroni correction; +/+ versus L278del/+; granule cell counts: p < 0.05; Purkinje cell counts: p > 0.5; see also Figures

S5A and S5B).

(L–Q) Immunohistochemistry employing sera for activated caspase-3 reveals an increase in apoptosis in the L278del/+ and L278del/del animals in the developing

cerebellum at P0. The white boxes in (L), (N), and (P) are expanded in (M), (O), and (Q), respectively.

(R) Quantification of caspase-3 staining (n = 3 animals per genotype; one-way ANOVAwith Tukey’smultiple-comparisons test; +/+ versus L278del/+ p < 0.01; +/+

versus L278del/del p < 0.001; L278del/+ versus L278del/del p < 0.01).

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Error bars show mean ± the SEM.

Neuron 100, 1354–1368, December 19, 2018 1363



cells in the P0 cortex of wild-type versus heterozygous and

homozygous L278del mice (Figures 4P–4U, 4Y, and S4 AB;

n = 5; +/+ versus L287del/+ p < 0.01; +/+ versus L278del/del

p < 0.0001; L278del/+ versus L278del/del p < 0.001). Consistent

with our anatomical analysis of adult animals, we found that

apoptosis wasmore severe in the caudal regions of the P0 cortex

in the L278del/+ and L278del/del animals (Figure S4V; n = 5;

rostral versus caudal: L278del/+ p < 0.001; L278del/L278del

p < 0.0001). At P10 and in 8-week-old adult mice, apoptosis in

L278del/+ mice was comparable to wild-type controls (Figures

S4W–S4Z; n = 5; +/+ versus L278del/+; P10, p > 0.1; Adult:

p > 0.1). An analysis of activated caspase-3 staining in the

P0 cerebellum revealed a large increase in L278del/+ and

L278del/del animals in comparison to wild-types (Figures 5L–

5R; n = 3; +/+ versus L287del/+ p < 0.01; +/+ versus L278del/

del p < 0.001; L278del/+ versus L278del/del p < 0.01). To ascer-

tain whether this cell death is associated with intrinsic suicide

pathways, we stained P0 cortical sections with sera that target

activated caspase-9, an upstream regulator of caspase-3 that

is associated with mitochondrial mediated apoptosis (Hyman

and Yuan, 2012). We observed a dose-dependent increase

in the number of activated caspase-9-positive cells in the cortex

of heterozygous and homozygous L278del mice (Figures 4V–4X

and 4Z; n = 5; +/+ versus 278del/+ p < 0.05; +/+ versus L278del/

del p < 0.0001; L278del/+ versus L278del/del p < 0.01). Intrigu-

ingly, this was not associated with the upregulation of the

tumor suppressor p53 (Figures S4AA–S4AF), which has been

associated with a range of stressful cellular events including

DNA damage, defects in cell cycle progression, as well as oxida-

tive and nutritional stress (Szybi�nska and Le�sniak, 2017). Taken

together, these data show that the L278del mutation results in a

hypoplastic cortex and cerebellum, a phenotype that is associ-

ated with neuronal apoptosis mediated by activated caspases 3

and 9, but not p53 upregulation.

The L278Microdeletion AltersMast1/2/3 Protein Levels
but Not the PI3K/AKT3/mTOR Pathway
Next, we exploited thesemousemodels to investigate the under-

lying molecular impairment associated with MAST1 mutations.

Western blot analysis of P0 brain lysates showed a complete

absence of Mast1 protein in KO animals (n = 6), with an unex-

pected dose-dependent reduction in Mast1 levels in the

L278del line (Figure 6A-D; n = 4, Mast1: +/+ versus L278del/+

p < 0.0001; +/+ versus L278del/Ldel p < 0.0001). This absence

of protein in the Mast1 KO animals correlates with a dramatic

reduction in mRNA levels, but this is not the case in L278del

mice, where Mast1 transcript levels are statistically similar in

+/+, L278del/+, and L278del/del animals (Figures S6A and

S6D).We assessedwhether the reduction inMast1 protein levels

would influence the levels of other MAST family members.

Relying on western blot analysis, we observed a striking

reduction in the levels of Mast2 and Mast3 in our L278del ani-

mals (Figures 6A and 6B; n = 4; Mast2: +/+ versus L278del/+

p < 0.0001; +/+ versus L278del/del p< 0.0001;Mast3: +/+ versus

L278del/+ p < 0.0001; +/+ versus L278del/del p < 0.0001). This

was not attributable to changes in the mRNA levels of Mast2

and Mast3, which were similar in +/+, L278del/+, and L278del/

del animals (Figures S6B and S6C). In contrast, in our Mast1
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KO animals we observed a signficant increase in the levels

of Mast2 and Mast3 (Mast2: +/+ versus KO p < 0.0001;

Mast3: +/+ versus KO p < 0.001), again with no change in the

mRNA levels (Figures S6E and S6F). These data imply that the

L278del mutation in Mast1 acts by a dominant-negative mode

of action, whereas a form of post-transcriptional compensation

occurs in the Mast1 KO line.

Finally, as previous studies have implicated activation of the

PI3K/AKT3/mTOR pathway in corpus callosum hyperplasia

associatedwithmegalencephaly, we assessed the phosphoryla-

tion state of AKT and rpS6 in our L278delmice (Figure 6E) (Broix

et al., 2016; Poduri et al., 2012; Rivière et al., 2012; Terrone et al.,

2016). We observed no difference in the levels of p-AKTS473 and

p-rpS6S240/244 when comparing heterozygous and homozygous

L278del brain lysates with wild-type controls (Figure 6F; n = 5

animals; +/+ versus L278del/+ AKT p > 0.5; +/+ versus

L278del/del AKT p > 0.5; L278del/+ versus L278del/del AKT

p > 0.5; +/+ versus L278del/+ rpS6 p > 0.5; +/+ versus L278del/

del rpS6 p > 0.5; L278del/+ versus L278del/del rpS6 p > 0.5).

DISCUSSION

Here, we report that de novo mutations in MAST1 cause MCC-

CH-CM, a disease characterized by a striking enlargement of

the corpus callosum, cerebellar hypoplasia, and cortical malfor-

mations. For patients with this constellation of phenotypes, mu-

tations inMAST1 appear to be the primary genetic cause, as we

observed MAST1 variants in 6 of the 7 patients that we studied.

We have shown that MAST1 is expressed predominantly in post-

mitotic neurons in the developing nervous system, and that it is

present in the soma as well as dendritic and axonal compart-

ments. We demonstrate that a L278delmouse line recapitulates

the enlarged corpus callosum and cerebellar hypoplasia

observed in patients, while theMast1 KO line lacks any morpho-

logical defects. We report extensive cortical apoptosis in our

L278del mice that is mediated by activated caspases 3 and 9,

but not p53 upregulation. We report that this apoptosis varies

along the rostro-caudal axis of the cortex, being most severe

in caudal regions where the enlarged corpus callosum is least

pronounced. Our results show that, unlike other syndromes

associated with an enlarged corpus callosum, activation of the

PI3K/AKT3/mTORpathway does not appear to be the underlying

pathogenic driver (Terrone et al., 2016).

What molecular mechanism underlies MCC-CH-CM? We

have shown that MAST1 binds to microtubules in a MAP-depen-

dent manner, but this binding is only altered in the case of the

K276del mutation. It therefore seems unlikely that alterations in

microtubule affinity cause the spectrum of phenotypes we

observe in patients with MCC-CH-CM. Analysis of our L278del

mouse model has shown a dramatic reduction in the levels of

Mast2 and Mast3 protein. This result suggests that pathogenic

microdeletions in Mast1 act by a dominant-negative mechanism

and that the Mast proteins (like other AGC kinases) may physi-

cally interact (Leroux et al., 2018). Notably, three of the deletions

detected in patients were located in the domain of unknown

function (DUF1608), which adopts a 4-helix bundle structure

in solution (PDB: 2M9X). Since the helices pack together to

form a hydrophobic core, it is expected that the Glu194del,
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Figure 6. The L278del Mutation Influences

Mast1/2/3 Protein Levels but Does Not Acti-

vate the PI3K/AKT3/mTOR Pathway

(A and B) Western blot analysis of Mast1, Mast2,

and Mast3 on P0 cortical lysates from L278del

animals. Quantification reveals a dramatic reduc-

tion of Mast1, Mast2, and Mast3 protein levels in

L278del heterozygotes and homozygotes in com-

parison to littermate controls (n = 4 animals per

genotype; two-way repeated-measures ANOVA

with a Bonferroni correction). Mast1: +/+ versus

L278del/+ p < 0.0001; +/+ versus L278del/del

p < 0.0001. Mast2: +/+ versus L278del/+

p < 0.0001; +/+ versus L278del/del p < 0.0001.

Mast3: +/+ versus L278del/+ p < 0.0001; +/+

versus L278del/del p < 0.0001. See also Figures

S6A–S6C.

(C and D) Western blot analysis of Mast1, Mast2,

and Mast3 on brain lysates from Mast1 KO ani-

mals. While Mast1 is absent, there is a significant

increase in the levels of Mast2 and Mast3 when

compared to littermate controls (n = 6 animals per

genotype; two-way repeated-measures ANOVA

with a Bonferroni test for multiple comparison).

Mast1: +/+ versus KO p < 0.0001. Mast2: +/+

versus KO p < 0.0001. Mast3: +/+ versus KO

p < 0.001. See also Figures S6D–S6F.

(E and F) Levels of phosphorylated AKT and ri-

bosomal S6 proteins, indicators of activation of

PI3K/AKT/m-TOR pathway, are not significantly

different in wild-type and L278del P0 cortex (n = 5

animals per genotype; two-way repeated-mea-

sures ANOVA with a Bonferroni test for mul-

tiple comparison). +/+ versus L278del/+ AKT

p > 0.5; +/+ versus L278del/del AKT p > 0.5;

L278del/+ versus L278del/del AKT p > 0.5; +/+

versus L278del/+ rpS6 p > 0.5; +/+ versus

L278del/L278del rpS6 p > 0.5; L278del/+ versus

L278del/Ldel rpS6 p > 0.5.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Error bars show mean ± the SEM.
Lys276del, and Leu278del microdeletions would disrupt this

structure by changing the register of the a helices. It is therefore

conceivable that these MAST1microdeletions exert a dominant-

negative effect by titrating out functional endogenousMAST pro-

teins and/or targeting them for degradation. The consequence of

the reduction in Mast1/2/3 levels is likely to be complex, influ-

encing the phosphorylation of multiple targets. Little is known

of the targets of the MAST family; however, Andrade and col-

leagues have recently shown that in mature dopaminergic neu-

rons in the striatum, MAST3 phosphorylates ARPP-16 at

Ser46, which in turn inhibits the serine-threonine phosphatase
Neuron
PP2A (Andrade et al., 2017). Mast2 has

been reported to interact with b2-syntro-

phin, but its targets are otherwise

undefined (Lumeng et al., 1999). Future

experiments that define and validate the

targets and binding partners of the

MAST family in the developing brain will

provide valuable insight on this front.
Why do our L278delmice have a thicker corpus callosum?We

report that our L278del mice present with an enlarged corpus

callosum that is most severe in the midbody and genu and

manifests despite an increase in cortical apoptosis. Electron

microscopic analysis has revealed that this phenotype is not

attributable to an increase in the caliber of myelinated neurons,

nor to the thickness of the myelin sheath itself, but is associated

with an increase in the number of axons that project to the

contralateral hemisphere. Such a phenotype may result from:

(1) an increase in the branching of callosal fibers, (2) the forma-

tion of multiple axons originating from the soma of projection
100, 1354–1368, December 19, 2018 1365



neurons, or (3) a change in the fate of differentiating neurons

during embryogenesis resulting in an increase in the number of

callosal projection neurons at the expense of sub-cortical pro-

jection neurons (Baranek et al., 2012; Britanova et al., 2008).

Finally, we report the presence of de novo MAST1 substitu-

tions in patients with severe autism and microcephaly. Notably,

a de novo P500L mutation in MAST1 has also been reported in a

patient presenting with cerebral palsy (McMichael et al., 2015).

This suggests that mutations in MAST1 give rise to a spectrum

of neurodevelopmental diseases. Unlike those mutations that

we describe in patients with MCC-CH-CM, these variants are

all substitutions, which might account for the different clinical

phenotypes. At this stage we are not able to comment on the

functional effect of these substitutions, or on the impact of the

�750 coding variants reported in the ExAC control genome data-

base. In light of our work, it is conceivable that mutations in

MAST2 and MAST3, both of which are expressed in the devel-

oping and adult brain, might also result in neurological disease

(Garland et al., 2008). In conclusion, we have defined the genetic

lesion that causes MCC-CH-CM and revealed the importance of

the MAST family in global brain development.
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Keays (david.keays@imp.ac.at).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Mice were maintained on a 12:12 light dark cycle and food was available ad libitum. Mice of ages E10.5, E12.5, E14.5, E16.5, P0, P6,

8-10 weeks were used in this study. Animals were not subject to randomization and allocated to experimental groups according to

their genotypes as littermates regardless of the sex. For experiments with mice of ages E10.5, E12.5, E14.5, E16.5, P0, P6 the sex

was not determined. For generating CRISPR mouse lines, female BL6/CBA F1 mice were used, whereas all backcrosses were per-

formed using C57/BL6mice to the 7th generation. All procedures were carried out according to legal requirements and covered by an

approved license (M58/006093/2011/14).

Human studies
Informed consentwas obtained fromall patients included in this study. Details of eachpatient and the condition is provided in Tables 1

and S1. This study was conducted within approved ethical frameworks University of Oxford (08/MRE09/55); Stanford University

Institutional Review Board (28362); University of Alabama at Birmingham (X130201001); and at the Seattle Children’s Research Insti-

tute (IRB protocol #13291); and by the Commissie Mensgebonden Onderzoek Regio Arnhem-Nijmegen (NL36191.091.11).

Cell Lines, primary cultures, microbe strains
For generating cerebral organoids, feeder free H9 human embryonic stem cells (ESCs) were obtained from Wicell (WA09), having a

normal karyotype, female sex, and no contaminants. These cells were maintained using the commercially available mTESR media

(Stem cell technologies #05850) at 37�C with 5% CO2 levels. These cells were not authenticated. Primary cell cultures were gener-

ated from P0 and P7 cortex or cerebellum. The sex of these pups was not determined. The primary neurons were cultured in Neuro-

basal media with B27, Penstrep and L-glutamine supplements at 37�Cwith 5%CO2 levels. The Escherichia coliDH5alpha strain was

used for cloning purposes.

METHOD DETAILS

Exome Sequencing
Patients with structural brain phenotypes and their parents were recruited in accordance with existing ethical frameworks and inter-

nal review boards. DNA from blood was extracted using standard methods and subject to exome sequencing. We exploited capture

arrays (such as the Agilent Human All exon 50Mb array) to capture exonic genomic DNA, which was then subject to next generation

paired end sequencing (Illumina). Bioinformatic filtering employed platforms such as the Genome Analysis Toolkit (GATK), and

excluded variants with a population frequency greater than 1%. For this purpose, we relied on available genomic databases including

dbSNP and the 1000 Genomes server. Sanger sequencing was employed to confirm any putative de novo variants. This study was
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conducted within an approved ethical framework (08/MRE09/55). For mouse exome sequencing genomic DNA was extracted from

the tails of BL6J, CBA, and L278del mice and then subjected to Illumina library preparation and captured on the Agilent SureSelect

mouse (51Mb) array. The samples were sequenced on an Illumina HiSeq2500with 100-125 nucleotides paired-end reads followed by

data quality analysis using FASTQC. Reads were mapped to the mouse genome (GRCm38, mm10) using BWA (Li and Durbin, 2010).

The BAM files were used as an input to UnifiedGenotyper module from the GATK-lite toolkit (v2.3). (McKenna et al., 2010) Variants

were called and dbSNP variants were used as known sites, according to GATK Best Practices recommendations (DePristo et al.,

2011). Finally, Variants were annotated by SnpEff v4.1 (Cingolani et al., 2012). Sanger sequencing was employed to confirm putative

de novo variants on chromosome 8, potentially linked to the L278del mutation (Table S2).

qPCR
The following tissues were dissected from C57/BL6 mice: embryonic brains at stages E10.5, E12.5, E14.5, E16.5, E18.5 (undeter-

mined sex); brains from early postnatal mice at P0, P6 (undetermined sex); the brain regions (cortex, cerebellum, hippocampus, stria-

tum, midbrain, colliculi, hypothalmus, brain stem, spinal cord, olfactory bulbs) and organs (liver, spleen, heart, muscle, testis, kidney,

lung) frommale adult littermates (n = 3). To ascertainMast1,Mast2, andMast3mRNA levels in L278del and KO animals, cortices from

littermate homozygote, heterozygote, and wild-type P0s were obtained (undetermined sex) (n = 4). Tissue samples were snap frozen

before total RNA extraction and cDNA synthesis (SuperScript III First-Strand Synthesis System, Invitrogen, 18080-051). We used

SYBR green on a Bio-Rad Cycler together with intro spanning primers to amplify murineMast1 (mMAST1_qPCR_F/GCAAGGTGTAC

AGCAGTATGG, mMAST1_qPCR _R/TGGGTCCCGCTTGCTG). For qPCR on human fetal tissue (hMAST1_qPCR _F/GGTGCATCT

GGAGGAACAG, hMAST1_qPCR_R/GATGGTATCGAAGTCATTCTCCC) we performed technical triplicates on two different cDNA li-

braries (Biochain; C1244051, C1244035) again using intro spanning primers. In addition, we amplified three control genes (Pgk1, Tfrc,

and Hprt). For each control gene technical triplicates were performed, and the geometric mean of the Ct values for the three control

genes calculated. This geometricmeanwas then used to obtain the delta Ct value by subtracting it from the average (of triplicate runs)

Ct value for Mast1. The relativemRNA levels were then obtained by taking into account the efficiency of the qPCR primers (see Braun

et al., 2010).

Generation of CRISPR Mice
Female BL6/CBA F1 mice (3-4 weeks old) were superovulated according to standard protocols. Zygotes were isolated from donor

females at the day of the coagulation plug ( = E0.5). Surrounding cumulus cells were removed by incubation of the cumulus-zygote-

complexes in hyaluronidase solution (at �0.3 mg/mL). The injection mix (50 ng/mL Cas9 mRNA + 50 ng/mL guide RNA + 200 ng/mL

L278del-ssODN repair template) was injected into the cytoplasm of zygotes. Injected zygotes were incubated for at least 15 min in a

CO2 incubator at 37�C. Zygotes that survived microinjection were transferred the same day into the oviducts of pseudopregnant

recipient females ( = 0.5 days post coitum). Resultant pups were genotyped by PCR amplification of chromosome 8 followed by

sequencing using primers GGAGAGGGTCTTACTTGCTT and TCTTCTGGGTTGAATTCCTA, and backcrossed to C57/BL6.

MRI Analysis
MRI analysis was performed as described previously (Breuss et al., 2016). Briefly, 8-week old littermates were perfused with 0.9%

NaCl and 4% PFA supplemented with 10% ProHance Solution (Bracco Imaging Group, 4002750). Images were then acquired with a

15.2 T Biospec horizontal bore scanner (Bruker BioSpin, Ettlingen, Germany). Brain regions of interest were manually segmented,

blinded to the genotype, using Amira 5.6 (Visualization Science Group), relying on a mouse brain atlas, and the volumes obtained.

Electron Microscopy Studies
Mice aged 8-9 weeks (n = 5) were sacrificed and brain tissue prepared for electronmicroscopy (Korogod et al., 2015). Briefly, animals

were perfused employing a constant flow of 7 mL/min with 2.5% glutaraldehyde and 2% paraformaldehyde in phosphate buffer

(0.1 M, pH 7.4). Following dissection of the brain, 80-mm thick coronal slices were prepared on a vibratome (Leica VT 1000S). Match-

ing slices were selected from the medial region of each brain (bregma �0.10), the corpus callosum microdissected, and then post

fixed for 40 min in 1% osmium tetroxide in cacodylate buffer (0.1 M, pH 7.4). Samples were then washed twice for 5 min in

ddH20 and stained with 1% uranyl acetate for 40 min before being dehydrated in a graded acetone series and embedded in

Epon resin. Ultrathin sections were prepared (70nm), mounted on 50 mesh grids and post-stained with uranyl acetate (10 min,

2% in water) and with Reynolds’ lead citrate (5 min). To assess differences in myelin thickness and axon, internal diameter images

were captured at 8900x using a FEI Morgagni 268D (FEI Company) 100 kV transmission electron microscope operating at 80 kV. A

customized script written in Definiens Architect XD (Version: 2.7.0; Build 60765X64) was employed to ascertain axonal surface area

and myelin thickness determined using ImageJ. To ascertain the number of axons crossing the midline, images were acquired at

710x along the dorsa-ventral axis. These images (approx 10-12) per animal were then tiled employing iTEM, resulting in a single im-

age. A box measuring 30 mmalong the x axis was then overlaid onto the structure, and the total number of myelinated axons counted

manually. Three stitched images were prepared per animal and all analysis was performed blind to genotype. To determine the

G-ratio of axons crossing the midline we measured the total diameter of fibers (> 300 per animal) and the axonal diameter (without

myelin) on high resolution EM images. The G-ratio was then calculated (axon diameter/fiber diameter) (Guy et al., 1989).
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Generation of organoids
Human cerebral organoids were generated from H9 human ESCs (Wicell, WA09) as previously described (Lancaster and Knoblich,

2014)_ENREF_14. 64 days-old organoids were then embedded in Neg-50 Medium (Richard-Allan Scientific) and sliced into 20 mm

sections in a cryostat. The slides were dried overnight before storing at �20�C and stained as described below.

Nissl Staining and Immunohistochemistry
Brains were removed at E12.5, E14.5, E16.5, E18.5, P0 and drop-fixed in 4%PFA overnight followed by dehydration in 30% sucrose.

Brains were embedded in Neg-50 Medium (Richard-Allan Scientific) and sliced into 12 mm sections in a cryostat. Adults brains were

recovered from the animals after perfusion with 0.9%NaCl and 4%PFA. These brains were post-fixed, dehydrated, and sliced using

a sledge microtome into 40 mm sections. For Nissl staining, sections were washed in PBS, and bathed in Cresyl Violet for 3 min

[0.25% Cresyl Violet acetate (Sigma, C5042) dissolved in distilled water with ten drops of glacial acetic acid per 100 mL of solution].

After briefly washing in PBS, slides were dehydrated in an alcohol series (30%, 70%, 96% and 100% ethanol, 2 min each), xylol

(twice, 2 min each), mounted with DPX mountant (Fluka, 44581) and left overnight at room temperature. Images were acquired using

the transmitted Mirax slide scanner (Zeiss).

Immunofluorescence experiments were performed as previously described (Breuss et al., 2016; Breuss et al., 2015). Where neces-

sary antigen retrieval was performed on sections by slow heating of the slides in antigen retrieval buffer (Vector, H-3301) up to 90�C,
followed by gradual cooling at room temperature for 20 min. Primary antibody in 0.1%–0.3% Triton X-100/PBS with 4% donkey

serum as the blocking agent, was incubated overnight at 4�C. The following concentrations of primary antibodies were used:

1:300 Mast1 (Santa Cruz, sc-55851), 1:100 Mast1 (Santa Cruz, sc-373845) 1:300 cleaved-Caspase-3 (Cell Signaling, #9661),

1:300 cleaved-Caspase-9 (Cell Signaling #9509), 1:300 Pax6 (Covance, PRB-278P), 1:300 Tbr2 (Abcam, ab23345), 1:1000 Tuj

(Covance, MMS-435P), 1:300 NeuN (Millipore, MAB377), 1:100 Cux1 (Santa Cruz, sc-6327), 1:1000 Er81 (Abcam, ab36788),

1:300 FoxP2 (Abcam, ab16046), 1:250 Calbindin (Millipore, AB1778), 1:1000 Olig2 (Millipore, AB9610), GFAP 1:500 (Dako,

Z0334), 1:300 Map2 (Abcam, ab24640), 1:300 Tau (Abcam, ab61493), 1:1000 p53 (Leica, P53-CM5P). The next day, sections

were washed in PBS and a species-specific secondary antibody (Molecular Probes, A-10037, A-11057, A-10042, A-21206; 1:500)

was applied for 1 h in blocking solution at 4�C, followed by Hoechst 33342 staining (1:2000 in PBS) for 5 min. Subsequently the slides

were mounted with Fluorescent Mounting Medium (Dako, S302380) and dried overnight at 4�C before imaging. Images were taken

using a laser scanning confocal microscope (LSM 780 Zeiss).

Quantification of Histological Data
To determine the thickness of the corpus callosum in Nissl-stained sections the septum in the genu region wasmeasured three times

and an average determined (bregma co-ordinates 0.86mm). To determine the cortical thickness six measurements were obtained for

rostral (bregma co-ordinates 0.86mm) and caudal regions (bregma co-ordinates�1.82mm) and averaged for each animal. To assess

the thickness of various cortical layers, matched caudal immunostained (Foxp2, Cux1, Er81) sections were measured four times in

the region of the somatosensory cortex and averaged for each animal. To assess the levels of apoptosis in the cortex of P0 animals

caspase-3 and caspase-9-positive puncta were counted in 3 matched sections (spanning anatomical co-ordinates 3.75mm to

4.0mm [Paxinos et al., 2007]), and the number averaged per animal. To compare rostral and caudal cortical apoptosis at P0 cas-

pase-3 positive punctaewere counted in a boxmeasuring 10003 300 mm2, in rostral sections (n = 2 sections per animal, co-ordinates

2.3-2.5mm [Paxinos et al., 2007]) and caudal sections (n = 2 sections per animal, co-ordinates: 3.75-4.0mm [Paxinos et al., 2007]). To

assess levels of apoptosis in the P0 cerebellum, caspase-3-positive positive puncta were counted in 2 matched sections per animal

(spanning anatomical co-ordinates 7mm to 7.25mm [Paxinos et al., 2007]) and the number averaged per section. To quantify the

number and density of oligodendrocyctes and astrocyctes within the corpus callosum coronal sections from 8 week old animals

were stained with Olig2 and GFAP. A box measuring 770 mm wide was placed over the septum of the corpus callosum extending

from the ventral to dorsal edges, and positively stained cells were manually counted. To quantitate the number of Purkinje and

granule cells in the cerebellum, free-floating, 40 mm, sagittal midline cerebellar sections were stained with anti-sera for Calbindin

and NeuN, followed by counterstaining with DAPI (n = 2 sections per animal). Folium III was imaged and all Purkinje cells in this folium

were counted allowing determination of the Purkinje cell linear density (cells/mm of Purkinje cell layer). The total number of Purkinje

cells per section was then estimated by measuring the entire length of the Purkinje cell layer. To estimate the number of granule cells

per section 4 images per animal were captured within the granule cell layer of folium III, and the density of granule cells/mm2 of

granule layer (GL) was determined. The total number of cells per section was then estimated by measuring the entire surface area

of the GL andmutilpying it by the average density for that animal. All quantifications were done using ImageJ software and performed

blinded to the genotype.

Immunoblotting
Brains were snap frozen in liquid nitrogen and stored at �80�C. Protein lysates were prepared from frozen tissue samples, homog-

enized in chilled lysis buffer (20 mM TrisHCl pH 7.5, 100 mM NaCl, 10% glycerol, 1% Triton X-100) supplemented with protease and

phosphatase inhibitors (Pierce #88668). Using a Tungsten Carbide Bead the tissue was lysed in a QIAGEN Tissue Lyser (2 3 1 min,

20Hz), incubated at 4�C for 1 hr, and then centrifuged twice for 20 min. Protein concentration of the collected supernatant

was measured using the Pierce BCA Protein Assay Kit (#23225). Protein lysates were run on NuPAGE protein gels, blotted onto
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nitrocellulose membranes and blocked in 5% skimmed milk/TBST. Primary antibodies [1:2000 GAPDH (Millipore, MAB374); 1:1000

Mast1 (Proteintech, 13305-1-AP); 1:300 Mast2 (Santa Cruz, sc-377198); 1:500 Mast3 (Novus; NBP1-82993); 1:1000 pan-Akt (Cell

Signaling Technology #9272); 1:1000 Phospho-Akt (Ser473) (Cell Signaling Technology #4060); 1:500 S6 Ribosomal Protein (Cell

Signaling Technology #5548); 1:1000 Phospho-S6 Ribosomal Protein (Ser240/244) (Cell Signaling Technology #2215)] were incu-

bated overnight in blocking solution at 4�C. The following day, the blot was incubated with the corresponding HRP conjugated sec-

ondary antibody (abcam) for 1 hr at room temperature. The signal was detected on Amersham Hyperfilm ECL film using the ECL

Western Blotting Detection Reagents kit (GE healthcare, RPN2106). Western blots were quantified using ImageJ.

Primary neuron culture
Cortical neurons were prepared from brains of C57/BL6 or Mast1 KO P0 mice while P7 mice were used for cerebellar neuronal cul-

tures. In short, the brain region of interest was isolated, and the meninges carefully removed. The tissue was treated with 0.25%

trypsin solution in a 37�C water bath for 15 mins, followed by three washes in HBSS (20 mM HEPES, 2 mM CaCl2, 5.4 mM KCl,

1 mMMgCl2, 1 mMNaPi, 5.6 mM glucose, pH 7.3). The trypsinised tissue was titurated in plating media (DMEM, 10%Horse serum,

200 mM L-glutamin, 100 mM sodium pyruvate), first using a P1000 pipette and then a P200 pipette. The cells were passed through a

70 mm strainer and the resulting cell suspension counted. Neurons plated at�13 105 cells per well in a 24-well plate containing poly-

L-lysine coated coverslips. After 3-4 hr the medium was changed to Neurobasal containing B27, L-glutamine and PenStrep supple-

ments. After 4-5 days in culture the coverslips were fixed in 4%PFA and stained with anti-Map2, anti-Tau and anti-Mast1 antibodies.

In vitro transcription and translation of Mast1 and microtubule-binding assay
These experiments were performed as previously described (Keays et al., 2007; Walden and Cowan, 1993). Briefly, the full-length

murine Mast1 cDNA was cloned into the pcDNA 3.1+ vector (Invitrogen) driven by the T7 promoter. The different patient mutations

screenedwere introduced by site-directedmutagenesis using theQuikChange LightningMulti Site-DirectedMutagenesis Kit (Agilent

#210518) kit. Plasmids (20 ng/mL final concentration) were used to drive expression in rabbit reticulocyte lysate (TnT T7 Coupled

Reticulocyte Lysate System, Promega) containing 35S-methionine (specific activity: 1000 Ci/mMol; Perkin Elmer). Reactions were

incubated at 30�C for 90 min. Prior to co-polymerization reactions, the TnT reaction product was cleared by centrifugation at

60,000 g for 10 min at 4�C. MAP rich porcine brain tubulin (Cytoskeleton #ML116) was depolymerized in tubulin buffer (0.1 M PIPES

buffer pH 6.9, 1 mM MgCl2 and 0.5 mM EGTA) by incubation on ice. Co-polymerization reactions were set up by adding the 35S-

labeled Mast1 to MAP rich tubulin (1mg/ml), in tubulin buffer containing 1 mMGTP, 2 mM AMP-PNP and 20 mM taxol. To investigate

Mast1 binding to microtubules in either the presence or absence of MAPs, the labeled Mast1 reaction was distributed equally be-

tween MAP rich and 99% pure porcine brain tubulin (Cytoskeleton #T240). All co-polymerization reactions were incubated at

30�C for 30 min to promote microtubule polymerization and binding of associated proteins. Reaction products were then loaded

onto cushions (0.20 mL) containing 1 M sucrose in tubulin buffer, 0.5 mM GTP, 1 mM AMP-PNP and 10 mM taxol and centrifuged

at 60,000 g for 15 min at 30�C. All centrifugations were done in a Beckman TL-100.3 rotor. Proteins in the pellet were solubilized

in SDS loading dye and separated in a 7% SDS-PAGE. Radioactivity content of the microtubule pellets obtained was determined

following an overnight exposure to a high-sensitive film (KODAK BioMax MR film).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis was executed using GraphPad Prism software package (v7.0c). Numbers (n) of animals or replica for experi-

ments are indicated in the text and the statistical test used indicated in individual figure legends. Statistical tests used in this study

include the Student’s t test, one-way ANOVA with Dunnett’s or Tukey’s multiple comparisons test, and two-way repeated-measures

ANOVA with Bonferroni’s multiple comparisons test. Samples and animals were not subject to randomization, but were assigned to

experimental groups based on their genotype. Shapiro-Wilk or Kolmogorov-Smirnov tests were applied to assess whether assump-

tions of normality were met, and corrected for multiple comparisons were necessary. A summary of the statistical tests applied for

each experiment, the n numbers, and the results obtained are shown in Table S4.

DATA AND SOFTWARE AVAILABLITITY

In accordance with ethical frameworks and our commitment to patient confidentiality we have not deposited the primary exome

sequencing data generated in this study in a community repository.
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ARTICLE

KIAA1109 Variants Are Associated
with a Severe Disorder of Brain Development
and Arthrogryposis

Lucie Gueneau,1,27 Richard J. Fish,2,27 Hanan E. Shamseldin,3,27 Norine Voisin,1,27

Frédéric Tran Mau-Them,4,5,27 Egle Preiksaitiene,6,27 Glen R. Monroe,7,27 Angeline Lai,8,9

Audrey Putoux,10,11 Fabienne Allias,12 Qamariya Ambusaidi,13 Laima Ambrozaityte,6

Loreta Cimbalistien _e,6 Julien Delafontaine,14 Nicolas Guex,14 Mais Hashem,3 Wesam Kurdi,13

Saumya Shekhar Jamuar,8,15 Lim J. Ying,8 Carine Bonnard,16 Tommaso Pippucci,17

Sylvain Pradervand,1,14 Bernd Roechert,14 Peter M. van Hasselt,7 Michaël Wiederkehr,1

Caroline F. Wright,18 DDD Study, Ioannis Xenarios,1,14 Gijs van Haaften,7 Charles Shaw-Smith,19

Erica M. Schindewolf,20 Marguerite Neerman-Arbez,2 Damien Sanlaville,10,11 Gaëtan Lesca,10,11

Laurent Guibaud,11,21 Bruno Reversade,16,22,23,24 Jamel Chelly,4,5 Vaidutis Ku�cinskas,6

Fowzan S. Alkuraya,3,25,26,28,* and Alexandre Reymond1,28,*

Whole-exome and targeted sequencing of 13 individuals from 10 unrelated families with overlapping clinical manifestations identified

loss-of-function and missense variants in KIAA1109 allowing delineation of an autosomal-recessive multi-system syndrome, which we

suggest to name Alkuraya-Ku�cinskas syndrome (MIM 617822). Shared phenotypic features representing the cardinal characteristics of

this syndrome combine brain atrophy with clubfoot and arthrogryposis. Affected individuals present with cerebral parenchymal under-

development, ranging from major cerebral parenchymal thinning with lissencephalic aspect to moderate parenchymal rarefaction,

severe to mild ventriculomegaly, cerebellar hypoplasia with brainstem dysgenesis, and cardiac and ophthalmologic anomalies, such

as microphthalmia and cataract. Severe loss-of-function cases were incompatible with life, whereas those individuals with milder

missense variants presented with severe global developmental delay, syndactyly of 2nd and 3rd toes, and severe muscle hypotonia result-

ing in incapacity to stand without support. Consistent with a causative role for KIAA1109 loss-of-function/hypomorphic variants in this

syndrome, knockdowns of the zebrafish orthologous gene resulted in embryos with hydrocephaly and abnormally curved notochords

and overall body shape, whereas published knockouts of the fruit fly and mouse orthologous genes resulted in lethality or severe neuro-

logical defects reminiscent of the probands’ features.
Introduction

The advent of high-throughput sequencing led to the

delineation of multiple syndromes. Neurological genetic

diseases are the main class of these Mendelian disorders1

with, for example, approximately 700 different genes

confidently associated with intellectual disability (ID)
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and developmental delay notwithstanding that about

50% of yet unexplained ID-affected case subjects are

predicted to have a genetic basis in genes remaining to

be discovered.2,3 Neurodevelopmental disorders character-

ized by brain malformations represent an important group

among these unexplained conditions and are likely associ-

ated with mutations in genes implicated in cortical or
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cerebellar development. They can be classified into four

main categories depending on the origin of the defect.4

First are disorders due to abnormal proliferation of

neuronal and glial cells including brain under-growth

(microcephaly) or overgrowth (megalencephaly). Second

are neuronal migration disorders that include: (1) lissence-

phaly, i.e., the absence or decrease of gyration responsible

for a smooth brain; (2) cobblestone cortical malformations;

and (3) neuronal heterotopia, i.e., the abnormal localiza-

tion of a neuronal population. Third are pathologies char-

acterized by malformations caused by postmigrational

abnormal cortical organization, mainly polymicrogyria,

i.e., the increase of small gyration. The last category re-

groups malformations of the mid-hindbrain with early

anteroposterior and dorsoventral patterning defects. This

phenotypic heterogeneity is paralleled by molecular het-

erogeneity as more than 100 genes have been implicated

to date.4–7 The causative genes can be arranged into spe-

cific biological pathways (for instance synapse structure,

cellular growth regulation, apoptosis, cell-fate specifica-

tion, actin cytoskeleton, and microtubule assembly) that

do not necessarily correlate with the type ofmalformations

described above, as emerging evidence suggests that brain

disorders are far more heterogeneous than the classifica-

tion suggests.4,8

We report, through description of 19 affected individ-

uals, an autosomal-recessive brain malformation disorder

with arthrogryposis caused by variants within KIAA1109

(MIM: 611565).
Material and Methods

Enrollment
Families were recruited in Lithuania, the United Kingdom, France,

Saudi Arabia, the USA, and Singapore. The institutional review

boards of the Vilnius University Faculty ofMedicine, NHS Founda-

tion Trust, Hôpitaux Universitaires de Strasbourg, King Faisal

Specialist Hospital and Research Center, the Children’s Hospital

of Philadelphia, ‘‘Hospices Civils de Lyon,’’ and KK Women’s

and Children’s Hospital approved this study. Participants were

enrolled after written informed consent was obtained from par-

ents or legal guardians. The clinical evaluation included medical

history interviews, a physical examination, medical imaging as

appropriate, and review of medical records.
Exome Sequencing and Analysis
To uncover genetic variants associated with the phenotypes of the

two affectedmembers of the Lithuanian (LT) family, we sequenced

their exomes and that of their parents, as described.9 DNA libraries

were prepared from leukocytes by standard procedures. Exomes

were captured and sequenced using different platforms as specified

below to reach 50- to 120-fold coverage on average. Variants were

filtered based on inheritance patterns including autosomal reces-

sive, X-linked, and de novo/autosomal dominant. Variants with

MAF < 0.05% in control cohorts (dbSNP, the 1000 Genome

Project, NHLBI GO Exome Sequencing Project, the ExAC, and

our in-house databases) and predicted to be deleterious by

SIFT,10 PolyPhen-2,11 and/or UMD predictor12 were prioritized.
The Americ
This exome analysis singled out compound heterozygote variants

in KIAA1109 as possibly causative in both affected siblings,

prompting us to look for other individuals with overlapping phe-

notypes and variants in the same gene through GeneMatcher, the

DDD portal, and clinical genetics meetings. These searches led to

the identification of a total of 17 additional affected individuals.

In the Algerian (AL) family, exome sequencing was performed

by the Centre National de Génotypage (CNG, Evry, France),

Institut de Génomique, CEA. Exomes were captured with Human

All Exon v5; 50 Mb (Agilent Technologies) and sequenced on a

HiSeq2500 platform (Illumina) as paired-end 100 bp reads.

For the Saudi Arabian (SA1–SA3) families, exome capture and

sequencing was performed in conjunction with autozygome anal-

ysis as previously described.13 For the family from Singapore (SG),

exome capture, sequencing, and variant calling and analysis were

performed as described.14 For the two families from Tunisia (TU1

and TU2), exome sequencing was performed on a NextSeq500

(Illumina) after SeqCapEZ MedExome Library preparation and

analyzed with BWA and GATK HaplotypeCaller. Variants with

MAF < 0.1% in ExAC database and predicted to be deleterious

by SIFT,10 PolyPhen-2,11 and Mutation Taster15 were prioritized.

The UK family’s exome capture and sequencing was performed

as previously described.16 For the US family, exome capture,

sequencing, and variant calling and analysis were performed as

described.16,17 The breakpoints of the paternally inherited dele-

tion were determined by whole-genome sequencing.
Breakpoint Mapping by Whole-Genome Sequencing
100 ng of genomic DNA were sheared using Covaris with a target

fragment size of 500 bp. The sequencing library was prepared

using Tru-Seq DNA PCR-free Sample Prep Kit (Illumina) and

100-bp paired-end reads sequenced on a HiSeq 2500 platform

(Illumina). The PCR-free kit was used to prepare the library in

order to avoid PCR duplicates. Sequence-control, software real-

time analysis, and bcl2fastq conversion software v.1.8.4 (Illumina)

were used for image analysis, base calling, and demultiplexing.

Purity-filtered reads were adapters- and quality-trimmed with

FastqMcf. v.1.1.2 and aligned to the human_g1k_v37_decoy

genome using BWA-MEM (v.0.7.1018). PCR duplicates were

marked using Picard tools (v.2.2.1). We obtained a sequence yield

of 11.4 Gb of aligned bases with a 3.63 mean coverage. Aligned

reads within the KIAA1109 locus were visualized and evaluated

using Integrative Genomics Viewer (IGV) in search of chimeric

inserts. We identified a single pair of paired-ends reads mapping

unequivocally 8,971 bp apart within KIAA1109 allowing us

to map the paternally inherited deletion of the US proband

breakpoints within exon 68 and intron 72. The breakpoints were

then finely mapped with Sanger sequencing to coordinates

chr4:123254885 and chr4:123263438 (hg19) (Figure S1).
Zebrafish Manipulations, CRISPR/Cas9 Editing, and

Design of Morpholinos
Zebrafish animal experimentation was approved by the Ethical

Committee for Animal Experimentation of the Geneva University

Medical School and the Canton of Geneva Animal Experimen-

tation Veterinary authority. Wild-type TU (Tübingen) zebrafish

were maintained in standard conditions (26�C–28�C, water con-

ductivity at 500 mS [pH 7.5]). Embryos obtained by natural mat-

ings were staged according to morphology/age.

Zebrafish kiaa1109 mutant lines were developed using CRISPR-

Cas9-mediated genome editing. Using the ZiFiT online tool,19 we
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identified three suitable 20-nucleotide sites upstream of proto-

spacer adjacent motifs (PAM) for S. pyogenes Cas9 and targeting

kiaa1109 exons 1, 4, and 7 (numbering according to GenBank:

NM_001145584.1). Annealed oligonucleotides carrying the

20-nucleotide target sequence were ligated into pDR274 (Addgene

plasmid # 42250), and clones verified by Sanger sequencing,

linearized, and used for in vitro transcription of single-guide

RNAs (sgRNAs) using the MEGAshortscript T7 Transcription Kit

(ThermoFisher). sgRNAs were mixed with recombinant Cas9

nuclease (PNA Bio), Danieau buffer, and phenol red as a tracer,

and approximately 1 nL injected into early zebrafish embryos.

Each injection contained 0.25 ng of sgRNA and 0.5 ng of Cas9

per nL. Evidence for genome editing was assessed qualitatively

by PCR amplification around the target sites in each exon in

injected embryo lysates. Heterogeneous PCR products, consistent

with mosaic editing, was seen as smeared bands by gel electropho-

resis, compared to uninjected embryos (not shown). Injected fish

embryos were raised to adulthood and screened for their ability

to transmit mutant kiaa1109 alleles by out-crossing and

PCR genotyping. PCR products were cloned with pCRII TOPO

(ThermoFisher) to separate alleles, and colony PCRs were

sequenced to detect germline transmission of potential kiaa1109

frameshift alleles. Out-crossed F1 embryos were raised to adult-

hood for mutations detected in exon 1, 4, and 7, as separate

lines. F1 adult fish were tail-clipped, targeted exons were amplified

by PCR, and PCR products were cloned to pCRII TOPO

(ThermoFisher) to identify specific kiaa1109 mutant alleles in

heterozygosity by colony PCR and DNA sequencing. Heterozy-

gous F1 fishes carrying the same kiaa1109 mutation were then

in-crossed to assess embryonic survival and phenotype in homo-

zygosity. kiaa1109 genotyping for embryos from these crosses

was made using PCR, amplifying the target exon regions. Products

from wild-type, heterozygous, or homozygous mutant amplicons

were distinguished by gel electrophoresis. Details of the sgRNA

target sites, representative mutant allele sequencing chromato-

grams, and predicted frameshifts for the three kiaa1109 mutant

lines described are given in Figures S2 and S3.

To knock down kiaa1109 (GenBank: NM_001145584.1) in

zebrafish, we designed two non-overlapping splice-blocking MOs

(morpholinos) targeting pre-mRNA: (1) sbE4MO- 50-TGTTCTGT

TTTTGCACTGACCATGT-30 and (2) sbE2MO- 50-CAACATTGAGA

CAGACTCACCGATG-30 (Gene Tools) that target the exon 4/

intron 4 and exon 2/intron 2 boundaries, respectively. The stan-

dard Ctrl-MO (50-CCTCTTACCTCAGTTACAATTTATA-30) (Gene

Tools) without any targets in the zebrafish genome was used for

mock injections. MOs were dissolved in nuclease-free water and

their concentrations determined by NanoDrop. The fish were in-

jected at 1- to 2-cell stages (1–2 nL) using phenol red as a tracer

in Danieau buffer. The following amounts of MO: 3.35 and

6.7 ng of sbE4MO; 5.6, 11.3, 16.9, and 22.3 ng of sbE2MO and

the equivalent of Ctrl-MO for the higher doses were injected

into wild-type zebrafish embryos, respectively. Uninjected, stan-

dard control MO, and kiaa1109 MO-injected embryos were

collected at 2 dpf and total RNAs were isolated using standard

Trizol protocol (Invitrogen). 1 mg of total RNA from each sample

was used to synthesize cDNAwith the Superscript III kit withOligo

d(T) primers (Invitrogen). Dilutions 1/20 of cDNA were used for

standard PCR reactions (JumpStart RED Taq ReadyMix, Sigma-

Aldrich). Basic quantifications of agarose gels were performed

with ImageQuant TL software (GE Healthcare). We assessed

embryos for morphological changes at 2 days post-fertilization.

We grouped the embryos into four classes by morphology: normal
118 The American Journal of Human Genetics 102, 116–132, January
embryos, embryos with clear midbrain and/or hindbrain ventricle

swelling, curved embryos, and embryos with both phenotypes.

The degree of hydrocephaly was not measured; hydrocephaly

was assessed by clear deviation from the normal embryo

morphology (see Results). Curved embryos showed caudal axis

curvature. They were clearly distinguishable from the straight

anterior-posterior axis of normal 2-day-old embryos (see Results).

The most severely affected embryos had a combination of hydro-

cephaly and caudal axis curvature (see Results).
Results

We first identified compound heterozygous missense

variants in KIAA1109 in a Lithuanian family with two

affected siblings (LT.II.1 and LT.II.2) presenting with

a constellation of severe global developmental delay,

cerebral parenchymal rarefaction and ventriculomegaly

(observed at 20 months of age), plagiocephaly, paretic po-

sition of hands and feet at birth, early-onset epilepsy, mus-

cle hypotonia, stereotypical movements, hypermetropia,

and lack of walking function (Table 1, Figure 1). As a homo-

zygous stop-gain allele in this gene was suspected to cause

a syndromic neurological disorder in a fetus (described

in more details in this manuscript as fetus SA1.II.1) with

cerebellar malformations, hydrocephalus, micrognathia,

club feet, arthrogryposis with flexed deformity, pleural

effusion, and death 1 hr after birth,13 we hypothesized

that KIAA1109 variants cause an autosomal-recessive

(AR) brain development disorder with arthrogryposis.

Our searches for more case subjects led to the identifica-

tion of a total of 19 affected individuals from 10 families

(including 6 undiagnosedmiscarriages) recruited in Algeria

(AL), Lithuania (LT), Saudi Arabia (SA1–SA3), Singapore

(SG), Tunisia (TU1, TU2), the United Kingdom (UK), and

the United States of America (US) (Figure 2A). Genetic var-

iants associated with the complex phenotype of interest

were uncovered through exome sequencing of the affected

individuals and their healthy parents with the exception of

SG.II.4. We found only one gene, KIAA1109, compliant

with AR Mendelian expectations and bearing two

putatively deleterious variants in all affected individuals.

GENCODE20 catalogs in Ensembl 16 isoforms of

KIAA1109; two encode the full-length 5,005-amino acids

protein, six have no coding potentials, and the remaining

eight isoforms encode protein of lengths varying from 164

to 1,674 amino acids. All the mutations reported in this

manuscript affect the full-length GenBank: NP_056127

protein. Consistent with consanguineous unions, the

affected members of families AL, TU1/TU2, SA1, SA2,

and SA3 were homozygous for variants c.9149C>A

(p.Pro3050His), for c.10153G>C (p.Gly3385Arg), for

c.1557T>A (p.Tyr519Ter), for c.11250�1G>A (r.11250_

11465del, p.His3751_Arg3822del), and for c.12067G>T

(p.Glu4023Ter), respectively, whereas the affected

individuals from LT, SG, UK, and US families were hetero-

zygote for c.3986A>G (p.Tyr1329Cys) and c.5599G>A

(p.Val1867Met), for c.2902C>T (p.Arg968Cys) and
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c.3611delA (p.Asn1204Thrfs*6), for c.4719G>A

(p.Met1573Ile) and the de novo c.5873G>A

(p.Arg1958Gln), and for c.997dupA (p.Ile333Asnfs*5) and

the deletion g.123254885_123263438delinsG (c.11567_

12352delinsG, p.Lys3856Argfs*44), respectively (nomen-

clature according to GenBank: NM_015312.3, NP_

056127.2; Figures 2A and 2B, Table S1). The fact that

families TU1 and TU2 are not known to be related sug-

gests a Tunisian founder effect of variant c.10153G>C

(p.Gly3385Arg). Sanger sequencing in each family

confirmed the anticipated segregation of the KIAA1109

variants, with the exception of family TU1 whose parents

declined to be assessed. It also confirmed the genetic status

of the SG.II.4 affected sibling (Figure 2A). All variants are

either absent or encountered (as heterozygous variants)

with a frequency lower than 1/10,000 in ExAC (v.0.3.1)21

(Table S1). The missense variants are predicted to be

functionally damaging at least by two of the three

PolyPhen-2,11 Provean,22 and SIFT10 predictors with the

exception of the UK.II.1 variants predicted to be benign,

neutral, and tolerated, respectively (Table S1). They might

be under ‘‘compensated pathogenic deviation in human,

a phenomenon that contributes to anunknown, but poten-

tially large, number of false negatives to the evaluation of

functional sites’’ as demonstrated in Jordanet al.23Missense

variants and CNVs are underrepresented compared to

expectation in ExAC (missense Z score ¼ 4.97; CNV

Z score ¼ 0.77) indicating that KIAA1109 is under

constraint. The identification of 50 LoF variants compared

to the 176.1 expected, while not significant with a pLI ¼
0.0, does not contradict this hypothesis. In agreement

with a possible contributing role of bi-allelic KIAA1109

LoF variants to the phenotype of affected individuals

SA1.II.1, SA2.II.1, SA3.II.1, and US.II.3, ExAC does not

report homozygous LoF variants in KIAA1109. The splice

variant c.11250�1G>A identified in fetus SA2.II.1 is pre-

dicted to abolish the consensus acceptor site of intron

66.24 A prediction validated by our RT-PCR experiments

that showed a partial skipping of 216-nucleotides-long

exon 67 in lymphoblastoid cell line of the affected

SA2.II.1 fetus (Figure S4). The corresponding transcript

would encode a protein lacking 72 amino acids. All

missense variants identified in the AL, LT, SG, TU, and

UK families affect highly conserved residues within evolu-

tionary conserved regionof the encodedprotein (Figure S5).

As exemplified by the LT.II.1 and LT.II.2 siblings and the

SA1.II.1 proband, the phenotype of the 19 affected indi-

viduals ranges from global developmental delay with/

without inability to stand to stillbirth. Many of the more

severely affected case subjects harbor homozygous or com-

pound heterozygote truncating alleles (families SA1–SA3

and US) (Table 1, Supplemental Note). While the pheno-

type of proband SA1.II.1 is summarized above, SA2.II.1

and SA3.II.1 stillborn fetuses shared hydrocephalus, cere-

bellar hypoplasia, arthrogryposis, and skeletal anomalies

(Figures 3 and S6). Proband SA2.II.1 had bilateral overlap-

ping fingers, apparent contractures of the hands and feet,
The Americ
and bilateral sandal gaps, along with shortened long bones

and nuchal thickening. He also presented with absence of

corpus callosum and abnormal kidneys. Proband SA3.II.1

showed skin edema, bilateral talipes, and arthrogryposis

(Figure 3; Table 1; Supplemental Note). The US.II.3 still-

born fetus resulted from a 3rd pregnancy attempt of the

couple (Figure 2A). The fetus demonstrated major central

nervous anomalies including thin cerebral parenchyma

with lissencephalic pattern, prominent germinal matrix,

ventriculomegaly, brain stem vermian dysgenesis (kinked

brain stem and elongated pons), and absence of corpus

callosum, as well as closed spinal defect at L4-L5, associated

with extra-central nervous anomalies including coarcta-

tion of the aorta, small omphalocele, echogenic bowel,

hydrops, cystic hygroma, pleural effusion, possible anal

atresia, low-set ears, short penis, clinodactyly, talipes, and

abnormal posturing of the limbs (Figure 3). The SG family

had four pregnancy attempts; two resulted in miscarriages

(SG.II.2 and SG.II.3) and two in fetuses who did not pass

the first semester (Figures 2A and 4). The SG.II.1 elder

brother had minimal respiratory effort at birth and

required immediate intubation and mechanical ventila-

tion. He presented with macrocephaly, hypertelorism,

posteriorly rotated ears, flattened nasal bridge, congenital

cataract, and microphthalmia. He had generalized arthrog-

ryposis and bilateral congenital talipes equinovarus. He

also had hypotonia and an ano-rectal malformation with

recto-perianal fistula (Figure 4). Brain MRI showed major

cerebral parenchymal thinning with lissencephalic aspect,

severe ventriculomegaly, absence of corpus callosum, and

severe cerebellar and pontine hypoplasia (Figure 4). He

passed away at 3 months of age from pneumonia and sep-

tic shock. The SG.II.4 younger sibling was remarkably

similar to his elder with hypertelorism, bilateral low-set

ears, short nose, anteverted nares, bilateral congenital cata-

ract, microphthalmia, webbed neck, bilateral structural

congenital talipes equinovarus, generalized arthrogrypo-

sis, and hypotonia. Brain MRI showed severe hydrocepha-

lus with marked thinning of the cerebral parenchyma. The

corpus callosum was absent, the cerebellum and brainstem

were hypoplastic, and there was a pontomesencephalic

kink. He remained ventilator dependent from birth and

passed away at 1 month of age (Figure 4). The AL.II.1 fetus

presented with an equally severe phenotype so the parents

elected to terminate the pregnancy. He showed multiple

brain malformations including hydrocephalus, vermis

fusion, lamination defect of cerebellar cortex, and absence

of the corpus callosum, combined with arthrogryposis

with flexed deformity and bilateral adductus thumbs,

diffuse effusion, and other clinical features (Figures 3 and

S6; Table 1; Supplemental Note). Affected individuals and

fetuses TU1.II.1, TU1.II.4, and TU2.II.2 had arthrogryposis

and the same cerebral malformative pattern, associating

cerebellar and brainstem dysgenesis, parenchymal thin-

ning with major lack of gyration, corpus callosum agen-

esis, and hyperplastic germinal matrix protruding within

ventriculomegaly. The severity of features of the AL.II.1
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Table 1. Overlapping Clinical Features of Individuals with KIAA1109 Variants

Family # Individual #
Gender,
Age Ethnicity

Gene
Mutations ID

Mutation
Coordinates
(GRCh37/hg19)

Cerebral Anomalies
(Pre/Post-natal
Images) and
Pathological Findings Head and Face

LT LT.II.1
(brother)

male,
13 yo

Lithuanian compound
heterozygote

severe, global
developmental
delay, no
language,
cannot stand
or walk without
support

Chr4:123160823;
c.3986A>C,
Chr4:123170727;
c.5599G>A

post-natal brain MRI:
small posterior fossa
arachnoid cyst, discrete
vermian atrophy, slight
increase of the fluid-filled
retro and infra-cerebellar
space and mild
enlargement of
subarachnoid spaces
of frontal regions.

plagiocephaly

LT LT.II.2
(sister)

female,
7 yo

Lithuanian compound
heterozygote

severe, global
developmental
delay, no
language,
cannot sit or
stand without
support

Chr4:123160823;
c.3986A>C,
Chr4:123170727;
c.5599G>A

post-natal brain MRI:
discrete parenchymal
rarefaction involving
the frontal lobes

plagiocephaly

UK UK.II.1,
DDD#
263241

female,
11 yo

British compound
heterozygote
with one
de novo
missense
mutation

global
developmental
delay, mild to
moderate
learning
disability

Chr4:123164200;
c.4719G>A and
Chr4:123171679;
c.5873G>A

prenatal imaging
(US and MRI): major
microcephaly (HC -5 SD)
with reduced white
matter volume and
mild ventriculomegaly

hypertelorism,
slightly
upslanting
palpebral
fissures

AL AL.II.1 male,
termination
of pregnancy
at 21 weeks of
amenorrhea

Algerian homozygous
missense
mutation

not applicable Chr4:123207807;
c.9149C>A

prenatal US findings:
triventricular
ventriculomegaly and
corpus callosum agenesis;
neuropathological
findings: absence of
cortical lamination
and diffuse migration
anomalies within a thin
parenchymal mantle,
ventriculomegaly, and
voluminous germinal
matrix. Corpus callosum
was not identified.
Infra-tentorial space:
hypoplasia of the pons
with absence of the
longitudinal and
transversal fibers and
dysplasia of the
cerebellum characterized
by lack of foliation and
poorly identified vermis;
narrowing of the
aqueduct

hypertelorism,
posteriorly
rotated ears
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Table 1. Overlapping Clinical Features of Individuals with KIAA1109 Variants

Eyes Mouth Joints Limbs
Gastro-
intestinal Urogenital Heart Muscles Behavior

Other
Symptoms

hypermetropia,
strabismus,
astigmatism

delayed
eruption of
permanent
teeth

mild
contractures
of large
joints

syndactyly
of 2nd and
3rd toes,
hands and
feet paresis
at birth,
talipes valgus

normal scrotum
hypoplasia

none muscle
hypotonia,
atrophy

stereotypic
movements,
spontaneous
paroxysms
of laughter

early-onset
epilepsy

hypermetropia,
strabismus,
astigmatism

normal mild
contractures
of large
joints

paretic
position of
hands and
feet in
infancy,
talipes valgus

chronic
constipation

none none muscle
hypotonia,
atrophy

stereotypic
movements

early onset
epilepsy,
dermatitis,
psoriasis

ocular motor
apraxia,
hypermetropia,
strabismus

dental
crowding,
high palate

mild bilateral
talipes
managed by
physiotherapy
only;
asymmetry
of the thorax

syndactyly
of 2nd and
3rd toes,
5th toe
clinodacytly,
hallux valgus

gastro-
esophageal
reflux

none complex
congenital
heart
disease
(tetralogy
of Fallot
with
pulmonary
atresia)

none poor
concentration,
immature
behavior
with minor
self-harm
(head-
banging)
when angry/
frustrated

none

bilateral cataract
with crystalline
fibers of variable
size and
orientation

retrognathism,
big
horizontalized
mouth

arthrogryposis
(flexed
deformity of
shoulders,
elbow and
hips, and
bilateral
adductus
thumbs)

bilateral
equinovarus
foot

choanal
atresia

scrotum
hypoplasia

pericardial
effusion

not
available

not applicable slight
pleural
effusion,
peritoneal
effusion,
dilatation
of lymph
vessels in
lung with
lympho-
hematopoietic
elements

(Continued on next page)
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TU1 TU1.II.1 female, died
at 3 days
of age

Tunisian homozygous
missense
mutation

not applicable Chr4:123230520;
c.10153G>C

prenatal imaging
(US and MRI): cerebellar
hypoplasia and brainstem
dysgenesis (flat and
elongated pons and
slightly kinked brainstem
with increased fluid filled
retro-cerebellar spaces);
severe parenchymal
thinning with major lack
of gyration (lissencephalic
aspect) associated with
voluminous germinal
matrix protruding
within moderate
ventriculomegaly and
absence of corpus
callosum. Cephalic
biometry was normal.

hypotelorism

TU1 TU1.II.4 male,
termination
of pregnancy
at 23 weeks

Tunisian homozygous
missense
mutation

not applicable Chr4:123230520;
c.10153G>C

prenatal US findings:
severe parenchymal
thinning with lack of
gyration associated with
ventriculomegaly and
corpus callosum agenesis.
Neuropathological
findings: complete corpus
callosum agenesis,
ventricular dilatation,
severe cortical
malformations with a
reduced cortical plate,
neuronal depletion,
heterotopia within
white matter, dysplasia
of brainstem and
cerebellum.

none

TU2 TU2.II.2 female, died
at 12 days
of age

Tunisian homozygous
missense
mutation

not applicable Chr4:123230520;
c.10153G>C

prenatal imaging
(US and MRI): cerebellar
hypoplasia and
dysgenesis associated
to severe brainstem
dysgenesis characterized
by flat and elongated
pons and slightly kinked
brainstem with increased
fluid filled retro-cerebellar
spaces. Corpus callosum
was not identified.
Supratentorial anomalies
include severe
parenchymal thinning
associated with
lissencephalic aspect
as well as voluminous
germinal matrix
protruding within severe
ventriculomegaly.

none

SA1 SA1.II.1,
13DG1900

female, death
at 1 hr after
delivery

Saudi homozygous
nonsense
mutation

not applicable Chr4: 123128323;
c.1557T>A

prenatal US findings:
severe ventriculomegaly
with supratentorial
cerebral mantle thinning
associated with cerebellar
hypoplasia

small eyes,
low-set ears

Table 1. Continued

Family # Individual #
Gender,
Age Ethnicity

Gene
Mutations ID

Mutation
Coordinates
(GRCh37/hg19)

Cerebral Anomalies
(Pre/Post-natal
Images) and
Pathological Findings Head and Face
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Table 1. Continued

Eyes Mouth Joints Limbs
Gastro-
intestinal Urogenital Heart Muscles Behavior

Other
Symptoms

none deep palate left club foot long fingers none none left heart
hypoplasia

not
available

not applicable none

none none arthrogryposis
(hip and
shoulder
contractures)

clenched
hands,
camptodactyly,
club feet

none none none not
applicable

not applicable none

microphthalmia,
blepharophimosis

none club feet club feet and
hands

none none none hypotonia not applicable narrow chest

small eyes micrognathia severe
arthrogryposis
(fixed elbows,
fixed bilateral
talipes,
bilateral
overlapping
fingers,
bilateral
clinodactyly)

bilateral club
foot

not
available

not
available

not
available

not
available

not applicable pleural
effusion

(Continued on next page)
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SA2 SA2.II.1,
15DG0595

female,
stillborn

Saudi homozygous
splice
mutation

not applicable Chr4:123252480;
c.11250�1G>A

prenatal US findings:
hydrocephalus, absent
corpus callosum,
hypoplastic cerebellum

not available

SA3 SA3.II.1,
15DG1933

female,
stillborn

Saudi homozygous
nonsense
mutation

not applicable Chr4:123258092;
c.12067G>T

prenatal US findings:
hydrocephalus,
hypoplastic cerebellum

not available

US US.II.3 male,
termination
of pregnancy
at 19 weeks

Caucasian compound
heterozygote

not applicable Chr4:123113479;
c.997dupA
and Chr4:
123254885_
123263438del;
c.11567_
12352delinsG

prenatal imaging
(US and MRI): severe
ventriculomegaly, thin
cerebral parenchyma and
cortical mantle associated
with lissencephalic
pattern, prominent
germinal matrix, brain
stem and vermian
dysgenesis (kinked brain
stem) and elongated pons;
corpus callosum agenesis

low-set ears,
webbed neck

SG SG.II.1 male, died
at 3 months
of age

Chinese compound
heterozygote

not applicable Chr4:123147970;
c.2902C>T and
Chr4:123159280;
c.3611delA

post-natal MRI:
supratentorial findings
include both severe
parenchymal (or cerebral
mantle) thinning and
smooth cortical surface,
germinolytic cysts
involving voluminous
germinal matrix
protruding within severe
ventriculomegaly without
any identification of
corpus callosum.
Infratentorial findings
include severe cerebellar
hypoplasia with severe
brain-stem dysgenesis
characterized by a
kinking aspect.

macrocephaly;
hypertelorism;
posteriorly
rotated ears;
flattened nasal
bridge

SG SG.II.4 male, died
at 1 month
of age

Chinese compound
heterozygote

not applicable Chr4:123147970;
c.2902C>T and
Chr4:123159280;
c.3611delA

post-natal MRI:
supratentorial findings
include both severe
parenchymal (or cerebral
mantle) thinning and
smooth cortical surface,
germinolytic cysts
involving voluminous
germinal matrix
protruding within severe
ventriculomegaly without
any identification of
corpus callosum.
Infratentorial findings
include severe cerebellar
hypoplasia with severe
brain-stem dysgenesis
characterized by a
kinking aspect

macrocephaly;
hypertelorism;
bilateral low-set
ears, short nose;
anteverted nares

Table 1. Continued

Family # Individual #
Gender,
Age Ethnicity

Gene
Mutations ID

Mutation
Coordinates
(GRCh37/hg19)

Cerebral Anomalies
(Pre/Post-natal
Images) and
Pathological Findings Head and Face
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Table 1. Continued

Eyes Mouth Joints Limbs
Gastro-
intestinal Urogenital Heart Muscles Behavior

Other
Symptoms

not available not available arthrogryposis
multiplex

bilateral
overlapping
fingers,
bilateral
cleft feet,
bilateral cleft
toes, and
bilateral sandal
gaps

normal bilaterally
abnormal
kidneys

not
available

not
available

not applicable skeletal
shortening,
nuchal
thickening

not available not available arthrogryposis bilateral talipes normal normal absent
fetal heart

not
available

not applicable skin edema

normal unremarkable severe
arthrogryposis
with flexion
contractures
and pterygia,
hyperflexed
wrists,
bilateral
clinodactyly

bilateral talipes normal echogenic
malrotated
bowel
without
ascites,
short penis
with
bulbous
shaft

coarctation
of the
aorta

muscle
atrophy

not applicable low conus
non-immune
hydrops with
scalp edema,
cystic
hygroma,
anal atresia,
bilateral
pleural
effusion

congenital
cataract;
microphthalmia

no structural
anomalies

arthrogryposis
(involving
bilateral
shoulders,
elbows,
wrists, hands,
knees)

bilateral
structural
congenital
talipes
equinovarus
(CTEV)

ano-rectal
malformation
with recto-
perianal
fistula

no
structural
anomalies

small
atrial
septal
defect/
patent
foramen
ovale

hypotonia not applicable excess skin
folds of
neck

congenital
cataracts;
microphthalmia

no structural
anomalies

arthrogryposis
(involving
bilateral
elbows, wrists,
hands, knees,
hips)

bilateral
structural
congenital
talipes
equinovarus
(CTEV)

normal no
structural
anomalies

small to
moderate
fenestrated
atrial
septal
defect

hypotonia not applicable webbed
neck;
inverted
nipples
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Figure 1. Pictures and Brain MRI from Surviving Individuals
Front and side views of the LT affected brother LT.II.1 (A–C) and sister LT.II.2 (D, E) at the ages of 13 years and 7 years, respectively. Brain
MRI images of affected individual LT.II.1 at age of 8 years showed small posterior fossa arachnoid cyst, discrete vermian atrophy, and
slight increase of the fluid-filled retro and infra-cerebellar space (F). BrainMRI images of affected individual LT.II.2 at age of 1 year showed
discrete parenchymal rarefaction involving mainly the frontal lobes (G).
fetus, the SG.II.1 and SG.II.4 siblings, and the TU1.II.1,

TU1.II.4, and TU2.II.2 Tunisian affected individuals and

their resemblance with those observed in carriers of trun-

cating variants suggest that the missense variants

p.Pro3050His, p.Gly3385Arg, and p.Arg968Cys act as LoF

or strong hypomorphs. Consistent with this hypothesis,

the C>T transition in exon 24 of the latter variant is pre-

dicted to alter an exonic splicing enhancer site and thus

proper splicing. More experiments are warranted to further

demonstrate these assumptions.

All case subjects compatible with life carry missense

variants (Figure 2; Table S1; Supplemental Note). Whereas

the two LT.II.1 and LT.II.2 Lithuanian siblings are briefly

described above, the UK.II.1 British proband showed

global developmental delay, microcephaly, absence of

the pulmonary valve, tetralogy of Fallot and ventricular

septal defect, ocular motor apraxia, hypermetropia, dental

crowding, 5th toe clinodactyly, syndactyly of the 2nd and

3rd toe like the LT.II.1 elder sibling, hallux valgus, and

pes planus (Supplemental Note).

In line with the clinical presentation of LoF affected

individuals, ablation in fruit flies and mice of the

KIAA1109 orthologs, tweek and Kiaa1109, respectively, re-

sulted in lethality. Whereas Kiaa1109�/� mice engineered

and phenotyped by the International Mouse Phenotyping

Consortium25,26 exhibited complete penetrance of pre-

weaning lethality, some rare homozygous tweek mutants

survive to adulthood.27 These survivors presented with se-

vere neurological defects such as seizures, inability to stand

upright for long periods or walk, suggesting that tweek was

involved in synaptic function.27 These results further sup-

port a causative role of LoF of KIAA1109 in the phenotypes

observed in families AL, SA1–SA3, and US. Consistent with
126 The American Journal of Human Genetics 102, 116–132, January
this hypothesis, KIAA1109 has higher expression in the

pituitary, the cerebellum, and the cerebellar hemispheres

according to GTex.28

To further assess the consequences of decreased

KIAA1109 activity, we used both CRISPR/Cas9 genome ed-

iting and morpholinos (MO) technology in zebrafish.

We generated three different stable lines with frameshift

variants in exons 1, 4, and 7 of kiaa1109. Crosses of each

heterozygote line with themselves suggest that these muta-

tions are not lethal. To explain the discrepancy between

these results and what was observed in mice and fruit flies,

we profiled the transcriptome of homozygotes larvae.

While we observed subtle differences between homozy-

gous fish and their wild-type clutchmates, by and large

we see no changes in expression of the different kiaa1109

exons (Table S2). Our results suggest that the expression

of kiaa1109 isoforms containing only downstream exons

encode proteins providing all the non-redundant func-

tions of kiaa1109. More work is warranted to assess

whether the engineered variants are inducing nonsense-

mediated decay and whether there is any maternal contri-

bution. In parallel, we knocked down kiaa1109 using two

different non-overlapping morpholinos (MOs). While we

are aware that unspecific effects have been reported when

using MOs,29 we still favored this approach to mimic to a

certain degree the situation observed in the LT.II.1 and

LT.II.2 siblings and the UK.II.1 affected individual. Injec-

tion of early zebrafish embryos with 6.7 ng of sbE4MO

resulted in a 50% reduction of the kiaa1109 tran-

scripts through skipping of 65 nucleotides long exon 4

(Figure S7). 49% of morphants were hydrocephalic or pre-

sented with other head defects, whereas only 3% of the

mock-injected fish showed such phenotypes (Figures 5A
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Figure 2. KIAA1109 Pedigrees and Variants
(A) Pedigrees of the ten families carrying KIAA1109 variants. The affected individuals of the Lithuanian (LT), Singaporean (SG), British
(UK), and American (US) families are compound heterozygotes for rare variants, whereas the probands of the Algerian (AL), Saudi
Arabian (SA1–SA3), and Tunisian (TU1, TU2) consanguineous families are homozygous for KIAA1109 variants.
(B) Distribution of variants along the schematically represented 86 exons of KIAA1109. Missense variants are depicted in blue, nonsense
in red, and the splice site variant in green. The extent of the deletion identified in the proband of the US family is indicated in black
below.
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Figure 3. Ultrasound, X-Rays, and Autopsy Images of the SA2.II.1, SA3.II.1, AL.II.1, and US.II.3 Fetuses
X-ray images showing arthrogryposis of SA2.II.1 fetus (SA2.A and SA2.B).
X-ray images showing SA3.II.1 skeleton (SA3.A), head (SA3.B), and club feet (SA3.C).
Autopsy pictures from the AL.II.1 fetus showing right (AL.A) and left (AL.B) adductus thumbs of the fetus, and dilatation of cerebral
ventricles with agenesis of corpus callosum (AL.C).
Autopsy image of the brain from US.II.3 fetus showing hydrocephalic brain with diaphanous pallium (US.A). The colliculi appear
as single elongated ridges separated by a midline futter and the midline appears angulated on the brainstem, which is small as is
the cerebellum. Antenatal ultrasound scan showed general arthrogryposis (US.B), one hyperflexed wrist (US.C), club feet (US.D), and
bilateral clinodactyly of one hand (US.E).
and 5B). The second MO, sbE2MO, acts through retention

of 88-nucleotide-long intron 2 and decreases kiaa1109

levels by about 50% after injection of a large dose of

16.9 ng (Figure S7). Under such condition, about two-

thirds (66%) of MO-sbE2 morphants were hydrocephalic

or presented with other head defects compared to 8% of

mock-injected fish affected at such dose (Figures 5A

and 5C). Of note, rescue experiments of MO-injected

zebrafish could not be performed due to the large size

of the kiaa1109 transcript. In summary, knockdowns

of the zebrafish KIAA1109 ortholog using two different

MOs resulted in hydrocephalic animals reminiscent of

probands’ features.
Discussion

Data aggregation of exome sequencing from multiple lab-

oratories allowed associating homozygous and compound
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heterozygote variants in KIAA1109 with a syndrome that

we suggest naming Alkuraya-Ku�cinskas syndrome (AKS),

as these clinicians first described affected individuals at

the severe and mild ends of the phenotype, respectively.

AKS combines severe brain malformations (13 affected in-

dividuals out of 13), in particular hydrocephaly/ventricu-

lomegaly (11/13) and corpus callosum agenesis (8/13)

with arthrogryposis/contractures (10/13) and/or talipes

valgus/talipes equinovarus/club foot (12/13) and heart

defects (6/13).

AKS presents multiple overlaps with Aase-Smith

syndrome 1 (ASS1 [MIM: 147800]) characterized by ar-

throgryposis, hydrocephalus, Dandy-Walker malforma-

tion, talipes equinovarus, cardiac defects, and risks of

stillbirth or premature death. However, the two described

families with one father and two children affected30 and

one mother and her affected daughter31 are suggestive of

a dominant rather than a recessive mode of transmission.

Consistent with the view that AKS and ASS1 have different
4, 2018



Cerebral hemisphere Midbrain Mid sagittal Right parasagittal

S
G

.II
.1

S
G

.II
.4

A B C D

E F G H I

TU
1.

II.
1

U
S

.II
.3

J K L M

* * *
*

Figure 4. Pictures and Brain MRI Images of the SG.II.1 and SG.II.4 Babies and US.II.3 and TU1.II.1 Fetuses
(A–D) Photographs of SG.II.1 (A and B) and SG.II.4 (C and D) babies showing their whole bodies (A and C) and a close up of their faces
(B and D).
(E–I) Brain MRI images of the elder brother SG.II.1 (top) and the younger brother SG.II.4 (bottom). Axial T2 weighted images showed
severe ventriculomegaly, associated with severe thinning of the brain parenchyma (E, F). The brain parenchyma showed absence of
normal gyral/sulcal pattern with smooth appearance in keeping with lissencephaly (E, F). Corpus callosum appeared to be absent
(E, H). Note the prominent germinal matrix with germinolysis cysts (solid arrows) (F, I). The pons and cerebellum appeared hypoplastic
with dilatation of the 4th ventricle (G, H) and Z shaped appearance of the brainstem (solid arrows) (H).
(J–M) Coronal (J), axial (L), and midsagittal (K, M) T2-weighed fetal prenatal MRI images of US.II.3 at 18.5 weeks of pregnancy (J and K)
and TU1.II.1 at 28 weeks of pregnancy (L and M) demonstrating a similar imaging pattern including thin parenchyma (lissencephalic
aspect), prominent germinal matrixmarked by an asterisk, ventriculomegaly, and brain stem and vermian dysgenesis (kinked brain stem
and elongated pons).
In summary, we observe a similar brain malformation pattern both prenatally—US.II.3 in (J) and (K), TU1.II.1 in (L) and (M), AL.II.1
(see text), TU1.II.4 (see text), and TU2.II.2 (see text)—and postnatally (SG.II.1 [E–I top] and SG.II.4 [E–I bottom]).
etiologies, both ASS1-affected families presented individ-

uals affected with cleft palate, a birth defect not present

in the 13 KIAA1109 individuals described here, including

those at the severe end of the phenotypic spectrum.

Interestingly, we have identified by exome sequencing an

individual with partially overlapping features carrying a

single de novo variant in KIAA1109. Although we cannot
The Americ
exclude that a second variant is present outside of the

open reading frame, we might, alternatively, be dealing

(1) with a spurious association or (2) with another

syndrome related to AKS and associated with single

variants in KIAA1109, similar to the de novo and biallelic

variation recently associated with mitochondrial dy-

namics pathologies.32 The high missense ExAC Z-score of
an Journal of Human Genetics 102, 116–132, January 4, 2018 129



Figure 5. kiaa1109 Knockdown in Zebrafish Results in Phenotypes Reminiscent of Probands’ Clinical Features
(A) Lateral views representing the four classes of observed phenotypes in 2 dpf TU zebrafish embryos injected with sbE4-MO (morpho-
lino) targeting kiaa1109: from top left to bottom right, normal, hydrocephalic or other head defects, curved and curved with head defect.
(B) Results for uninjected embryos (left) and those injected with equivalent amounts of standard control MO (center) or kiaa1109
sbE4-MO (6.7 ng, right). Phenotyping and scoring were performed at 2 dpf in two independent experiments.
(C) Results for uninjected embryos (left) and those injected with equivalent amounts of standard control MO (center) or kiaa1109
sbE2-MO (16.9 ng, right). Phenotyping and scoring were performed at 2 dpf in two independent experiments.
KIAA1109 is compatible with such hypothesis. The identi-

fication of other similarly affected individuals will allow

disentangling this conundrum.

The observed combination of intellectual disability,

corpus callosum hypoplasia, hydrocephalus, and talipes

equinovarus is also reminiscent of the constellation of

features seen in the L1CAM-associated (neural cell adhe-

sion molecule L1 [MIM: 308840]) HSAS (hydrocephalus

due to congenital stenosis of aqueduct of sylvius [MIM:

307000]) and CRASH (corpus callosum hypoplasia, retar-

dation, adducted thumbs, spastic paraplegia, and hydro-

cephalus [MIM: 303350]) syndromes. Whereas HSAS

syndrome leads to neonatal or infant death, L1CAM vari-

ants survivors are described as affected by CRASH syn-

drome. Similarly, ten of the herein described AKS-affected

case subjects did not survive past infancy (16 if account-

ing for undiagnosed miscarriages), whereas the living

UK.II.1, LT.II.1, and LT.II.2 individuals presented other

prominent features reported in CRASH syndrome, such

as adducted thumbs, short stature, microcephaly, lan-

guage impairment, and abnormalities of tone. L1CAM is

a cell adhesion molecule that plays critical roles in

neuronal migration and differentiation.33 Congenital

joint contractures, limb deformities, hydrocephalus,

corpus callosum agenesis, hypoplastic brainstem, cortical

thinning, and high proportions of stillborn or neonatal

death also are reminiscent of the PVHH (proliferative

vasculopathy and hydranencephaly-hydrocephaly [MIM:

225790]) syndrome, a recessive disorder caused by

variant in the transmembrane calcium transporter,

FLVCR2 (feline leukemia virus subgroup C receptor 2

[MIM: 610865]).
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The Drosophila ortholog of KIAA1109 named tweek is

widely expressed but enriched in the brain lobes and in

the ventral nerve cord.27 Neuronal phosphatidylinositol-

4,5-bisphosphate [PI(4,5)P(2)] levels are critical in re-

stricting synaptic growth via localization and activation

of presynaptic Wiscott-Aldrich syndrome protein/WASP,

a phenomenon dependent on tweek but not on bone

morphogenetic protein signaling.34 The 5,005-amino-

acid-long KIAA1109 protein is conserved from nematodes

to vertebrates (Figure S8) in spite of a lack of recognizable

domains, with the exception of a 22-residue amino-termi-

nal transmembrane segment and a small central coiled-

coil of 22 residues. It is described by specialists as an

unconstrained peptide thought to adopt a definite

conformation upon binding to its interactors.35 Consis-

tent with this hypothesis, multiple high-throughput

protein-protein interactions screens coupling near-endog-

enous expression levels with quantitative proteomics

and mass spectrometry have identified human or mouse

KIAA1109 interactors. For example, CTNNB1 (catenin

beta-1), a protein associated with a dominant form of

intellectual disability (MIM: 615075), interacts with two

separate regions of KIAA1109.36 Another set of experi-

ments showed high-confidence interactions with BUB3,

DNAJB1, and PTPA, three proteins implicated in cell

division.37 BUB3 participates to the spindle-assembly

checkpoint signaling and the establishment of kineto-

chore-microtubule attachments. It inhibits the ubiquitin

ligase activity of the anaphase-promoting complex

(APC/C) by phosphorylating its activator CDC2. PTPA,

one of four major Ser/Thr phosphatases, negatively

controls cell growth and division. DNAJB1 (a.k.a. HSP40)
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interacts with HSP70 and stimulates its ATPase activity

and its association with HIP. Interestingly, lower-confi-

dence KIAA1109 protein interactors include BAG2 that

competes with HIP for binding to the HSC70/HSP70

ATPase domain, as well as DRC1 and SMAD2. DRC1

(MIM: 615288) encodes a central component of the

nexin-dynein complex that regulates the assembly of

ciliary dynein and is associated with primary ciliary dyski-

nesia (MIM: 615294). SMAD2 (MIM: 601366) regulates

cell proliferation, apoptosis, and differentiation through

mediation of TGF-b signaling.
Conclusion

We propose that bi-allelic LoF and missense variants in

KIAA1109 cause anautosomal-recessive brainmalformation

disorder with cerebral parenchymal underdevelopment

ranging frommajor cerebral parenchymal thinningwith lis-

sencephalic aspect tomoderate parenchymal rarefaction, se-

vere to mild ventriculomegaly, and cerebellar hypoplasia

with brainstem dysgenesis, associated with club foot and

arthrogryposis. Severe cases are incompatible with life.

Although further studies have to be engaged, our findings

suggest that KIAA1109 is potentially involved in cell cycle

control, particularly of the central nervous system.
Accession Numbers

Alkuraya-Kucinskas syndrome as described in this paper has been

assigned MIM: 617822.
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