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I.	Mendelian	and	complex	genetic	disorders	
a.	The	human	genome	
The	haploid	human	genome	is	composed	of	roughly	3	billion	pairs	of	nucleotides.	While	

a	 small	 amount	of	 genetic	 information	 is	 found	 in	 the	mitochondria	 (mitochondrial	

genome),	the	major	part	of	human	DNA	is	condensed	within	the	nucleus	as	23	pairs	of	

chromosomes,	 one	 inherited	 from	 each	 parent.	 The	 nuclear	 genome	 encodes	

approximately	 30,000	 protein-coding	 genes	 consisting	 of	 coding	 (exonic)	 and	 non-

coding	(intronic)	regions.	The	exonic	regions	are	spliced	and	translated	into	~100,000	

different	proteins	containing	~6,000,000	amino	acids,	but	compose	less	than	3	%	of	the	

human	 genome	 (Bohlander,	 2013).	 The	 function	 is	 much	 less	 understood	 for	 the	

remaining,	untranslated	part	of	the	genome.	Sometimes	referred	to	as	the	genomic	

‘dark	matter’,	the	non-coding	part	of	the	genome	has	been	shown	to	play	key	roles	in	

coordinating	critical	biological	processes	(Blaxter,	2010).	More	than	70%	of	the	human	

genome	is	transcribed	into	RNA	that	does	not	encode	proteins	(ncRNA)	but	is	involved	

in	various	regulatory	processes	of	gene	expression	 including	splicing	(lncRNA),	post-

transcriptional	 regulation	(miRNA)	and	translational	machinery	 (rRNA,	tRNA)	among	

others	(Carcini	et	al.,	2005;	Romero-Barios	et	al.,	2018).	The	non-coding	genome	also	

contains	over	14,000	pseudogenes	-	copies	of	functional	genes	with	coding-sequence	

alterations.	Although	considered	as	evolutionary	relics,	some	pseudogenes	have	been	

shown	to	regulate	their	protein-coding	counterparts	(Jackson	et	al.,	2018).	In	2007,	the	

authors	 of	 the	 Encyclopedia	 of	 DNA	 Elements	 (ENCODE)	 project	 claimed	 that	 a	

“biochemical	 function”	 could	 be	 assigned	 to	 80%	 of	 the	 human	 genome	 (ENCODE	

Project	 Consortium,	 2007;	 2013).	 This	 statement	 was	 heavily	 debated	 afterwards,	

based	on	a	loose	definition	of	“function”	by	the	authors	and	by	invoking	the	so-called	

“Onion	test”:	briefly,	the	genome	size	of	the	onion	plant,	Allium	cepa,	is	approximately	

five	times	larger	than	the	humans	(Palazzo	and	Gregory,	2014).	If	most	eukaryotic	DNA	

is	functional	at	the	organism	level,	then	why	does	an	onion	require	five	times	more	of	
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it	 than	 a	 human?	 Thus,	 the	 question	 of	what	 proportion	 of	 the	 human	 genome	 is	

functional	remains	heavily	debated.	

b.	Genetic	disorders	and	mutations	
Genetic	disorders	are	recognized	to	be	one	of	the	major	categories	of	human	

diseases	and	result	from	cellular	dysfunction	caused	by	one	or	more	alterations	of	

the	genome	(mutations).	If	disease-causing	mutations	occur	in	the	individual's	germ	

cells	(constitutional/germline	mutations),	genetic	diseases	are	hereditary	and	can	be	

transmitted	to	descendants.	Many	genetic	disorders	can	also	occur	sporadically,	

caused	by	a	de	novo	mutation	in	one	of	the	parental	gametes,	resulting	in	a	genetic	

abnormality	present	in	the	affected	child	but	absent	in	either	parent’s	genome.	

A	 classic	 definition	 of	 mutation	 is	 ‘any	 heritable	 change	 to	 the	 DNA	 sequence’.	

Although	such	changes	may	be	disease-causing,	many	alterations	of	the	genome	have	

no	consequences	on	 the	 individual’s	phenotypes.	Consequently,	 in	modern	medical	

genetics,	 disease-causing	 alterations	 of	 the	 genome	 are	 called	 ‘mutations’,	 while	

alterations	with	neutral/unknown	effect	are	 referred	to	as	 ‘variants’	 (i.e.,	 variations	

from	 the	 sequence	 of	 the	 reference	 genome)	 (Karki	 et	 al.,	 2015).	 Variants	 can	 be	

further	classified	as	benign/polymorphic	if	they	do	not	cause	a	disease	phenotype,	or	

as	pathogenic/disease-causing	when	presenting	sufficient	evidence	for	their	disease	

implication	(Richards	et	al.,	2015).	In	case	of	unknown	effect,	variants	are	classified	as	

‘variants	of	uncertain	significance’	(VUS).	Genetic	variants	are	now	known	to	result	in	

more	than	6,000	genetic	diseases,	many	of	which	are	fatal	or	causing	extremely	severe	

conditions	 (Hamosh	et	al.,	2002).	Over	 the	past	decade,	novel	 technologies	of	DNA	

analysis	have	led	to	remarkable	progress	in	identification	of	genetic	factors	underlying	

human	 disorders	 (Durmaz	 et	 al.,	 2015).	Numerous	 efforts	were	made	 to	 collate	 all	

known	genetic	anomalies	identified	in	clinical	context.	For	example,	the	Human	Gene	

Mutation	 Database	 (HGMD),	 established	 in	 1996,	 represents	 one	 of	 the	 largest	

databases	of	inherited	disease-related	genetic	variants	(Figure	1A).	As	of	2017,	HGMD	

contained	more	than	203,000	variants	identified	in	over	8,000	genes	manually	curated	
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from	over	2,600	peer-reviewed	scientific	journals	(Cooper	et	al.	2010;	Stenson	et	al.	

2017).	

	

	

Single	 Nucleotide	 Variants	 (SNVs),	 historically	 termed	 Single	 Nucleotide	

Polymorphisms	(SNPs),	correspond	to	a	substitution	of	a	single	base	pair	and	represent	

the	 most	 common	 type	 of	 genetic	 variation	 in	 the	 human	 genome,	 occurring	

Figure 1. (A) Summary statistics of the HGMD database (2017 release). Data is retrieved from 
Stenson et al., 2017. (B) Types of variants found in human genomes. For depiction of structural 
variants, A, B, C and D correspond to large segments of DNA; Y and Z represent segments of DNA 
originating from a different chromosome. Jackson et al., 2018. 

Mutation	type Total	number	(HGMD	Professional	2017)
Missense 92331
Nonsense 22372
Splicing	SNV 18386
Regulatory	SNV 3801
Micro-deletions	<	20	bp 30169
Micro-insertions/duplications	<	20	bp 12557
Micro-indels	<	20	bp 2866
Gross	deletions	>	20	bp 15272
Gross	insertions	/	duplications	>	20	bp 3767
Complex	rearrangements 1857
Repeat	variations 507
Totals 203885

A

B
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approximately	once	every	100-300	bases	(Sherry	et	al.,	2001).	SNVs	also	represent	the	

majority	of	disease-related	variants	recorded	in	the	HGMD	(67%).	Of	these,	missense	

variants	resulting	in	substitution	of	a	single	amino	acid	are	the	most	common,	followed	

by	 nonsense	 variants	 resulting	 in	 a	 premature	 stop	 codon	 producing	 a	 truncated,	

usually	non-functional	protein.	Substitutions	in	splicing	and	regulatory	regions	account	

for	10	%	of	the	HGMD	database.	Insertions	and	deletions	of	short	genomic	sequences	

(<	1000	bp),	 commonly	 referred	 to	as	 Indels,	 constitute	 the	 second	most	abundant	

class	of	genetic	variation	 (The	1000	Genomes	Project	Consortium,	2015).	 Structural	

variants	correspond	to	large	(>	1000	bp)	deletions/duplications	(copy	number	variants	

or	CNVs)	and	complex	rearrangements,	such	as	inversions	and	translocations	(Figure	

1B).	

For	a	long	time,	studies	of	genetic	diseases	have	distinguished	disorders	of	Mendelian	

and	 complex	 inheritance	 (Badano	 and	 Katsanis,	 2002).	 Mendelian	 disorders	 are	

considered	rare	and	have	predictable	inheritance	patterns	as	they	usually	result	from	

a	 single	 highly-penetrant	 pathogenic	 mutation	 in	 a	 disease-associated	 gene.	 In	

contrast,	 complex	disorders	 are	 considered	 common	 in	 the	 general	 population	 and	

result	 from	 interaction	of	multiple	genetic	and	environmental	 factors.	Although	the	

existence	of	functional	links	between	Mendelian	and	complex	diseases	has	now	been	

illustrated,	 this	 simplified	dichotomy	was	useful	 for	 elucidating	 the	genetic	basis	of	

human	disorders	in	the	past.	

	

c.	Mendelian	disease	era	and	single-gene	disorders	
In	1865,	Gregor	Mendel	laid	the	foundation	for	our	modern	comprehension	of	genetic	

disorders	(Weiling,	1991).	In	his	famous	work	on	the	inheritance	of	different	features	

in	 pea	 plants,	 Mendel	 discovered	 the	 fundamental	 laws	 of	 genotype-phenotype	

relationships	by	tracking	the	segregation	of	parental	genes	and	their	appearance	in	the	

offspring	 as	 dominant	 and	 recessive	 traits.	 Since	 this	 milestone	 discovery,	 the	

emphasis	in	human	genetics	has	long	been	focused	on	studies	of	single	gene	disorders	
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inherited	 in	a	dominant	or	 recessive	manner	 -	 the	period	 termed	as	 the	Mendelian	

disease	 era	 (Katsanis,	 2016).	 Such	 studies	 have	 led	 to	 important	 insights	 into	 the	

genetic	basis	underlying	phenotypic	variation	in	human.	

Mendelian	disorders,	also	called	monogenic,	are	the	most	well-characterized	type	of	

genetic	disease	 (Kennedy,	2005).	As	 their	name	suggests,	 the	disease	phenotype	 in	

such	disorders	 results	 from	a	mutation	at	 a	 single	 genetic	 locus	and	 its	 inheritance	

follows	 a	 recognizable	 Mendelian	 pattern.	 Several	 types	 of	 Mendelian	 inheritance	

patterns	can	be	distinguished	(Table	1),	depending	on	the	location	of	the	responsible	

mutation	 (autosomes	 or	 sex	 chromosomes)	 and	 whether	 the	 disease	 results	 from	

alterations	of	one	or	two	gene	copies	(heterozygous	/	homozygous	mutations).	

	

	

Inheritance		 Characteristics	 Disease	Examples	

Autosomal	
Dominant	

Disease	is	caused	by	an	autosomal	heterozygous	
mutation,	which	can	be	inherited	from	an	affected	
parent	or	occur	de	novo.	

Huntington’s	disease,	
neurofibromatosis	

Autosomal	
Recessive	

Disease	is	caused	by	an	autosomal	homozygous	
mutation.	Both	parents	of	an	affected	person	present	the	
mutation	at	heterozygous	state	(healthy	carriers).		

Tay-Sachs	disease,	sickle	cell	
anemia,	cystic	fibrosis,		

X-linked	
Dominant	

The	disease-causing	mutation	is	present	at	heterozygous	
state	on	the	X	chromosome.	Males	generally	present	
more	severe	symptoms.	No	male-to-male	transmission.	

Fragile	X	syndrome,	ornithine	
transcarbamylase	deficiency	

X-linked	
Recessive	

For	males,	one	altered	gene	copy	is	sufficient	to	cause	
the	disease.	For	females,	both	alleles	need	to	be	altered	
for	disease	manifestation.	Males	are	more	frequently	
affected;	affected	males	present	in	each	generation.		

Hemophilia	A,	Duchenne	muscular	
dystrophy	

Mitochondrial	 The	disease	is	caused	by	a	mutation	in	the	mitochondrial	
genome.	Maternal	transmission.	Can	appear	in	every	
generation.	

Leber’s	hereditary	optic	
neuropathy,	Kearns-Sayre	
syndrome	

Table 1. Common types of Mendelian inheritance. Adapted from Jackson et al., 2018 
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Initial	attempts	to	identify	genes	underlying	Mendelian	disorders	primarily	relied	on	

studies	of	multigenerational	affected	families	(Botstein	and	Risch,	2003).	Specifically,	

linkage	mapping	techniques	are	applied	to	family	genotyping	data	in	order	to	identify	

particular	 SNP	 markers	 that	 are	 present	 at	 identical	 state	 in	 the	 affected	 family	

members	 and	 transmitted	 from	 a	 common	 ancestor.	 Such	markers	 are	 also	 called	

identical	 by	 descent	 (IBD).	 Genomic	 regions	 located	 between	 two	 IBD	 markers	 in	

affected	individuals	are	considered	as	candidate	regions	segregating	with	the	disease.	

The	candidate	regions	are	subsequently	sequenced	and	analyzed	to	identify	the	gene	

involved	 in	 the	 disease	 pathogenesis.	 Linkage	 mapping	 has	 proven	 extremely	

successful	 in	discovering	genes	and	variants	underlying	about	one-half	 to	one-third	

(~3,000)	Mendelian	traits	(McKusik,	2007;	Kaiser,	2010).	However,	several	factors	can	

limit	the	power	of	this	approach:	the	disease	rarity	and	a	small	number	of	available	

families,	incomplete	penetrance	(i.e.,	not	all	carriers	of	the	disease-causing	mutation	

exhibit	 expected	 phenotype)	 and	 locus	 heterogeneity	 (i.e.,	 mutations	 in	 different	

genes	can	lead	to	the	same	disease	phenotype)	(Anthonarakis	and	Beckman,	2006).	

Since	2005,	the	advent	of	Next	Generation	Sequencing	(NGS),	described	in	part	IV	of	

the	 Introduction,	 has	 greatly	 contributed	 towards	 identifying	 novel	 genetic	 factors	

underlying	Mendelian	disorders.	Novel	studies	rapidly	demonstrated	the	utility	of	NGS	

in	clinical	context,	as	 it	became	possible	 to	 identify	pathogenic	mutations	cost-	and	

time-efficiently,	using	only	the	sequencing	data	of	several	unrelated	patients	or	a	single	

affected	family	(Gilissen	et	al.,	2010;	Hoischen	et	al.,	2010;	Lalonde	et	al.,	2010;	Ng	et	

al.,	2010a,	2010b).	NGS	has	rapidly	become	a	powerful	approach	to	identify	disease-

causing	genes	 in	cases	where	the	traditional	 linkage	mapping	has	failed,	and	is	now	

routinely	used	in	clinical	setting	for	the	diagnosis	of	Mendelian	disorders	(Bamshad	et	

al.,	2011).	

d.	Complex	non-Mendelian	disorders	
Although	 studies	 of	 Mendelian	 inheritance	 have	 contributed	 greatly	 to	 our	

understanding	 of	 genetic	 mechanisms	 underlying	 human	 disease,	 many	 disorders	

present	 familial	 recurrence	 and	 a	 clear	 genetic	 component	 without	 following	 a	
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recognizable	Mendelian	pattern.	Such	non-Mendelian	disorders	are	called	complex	or	

multifactorial	 (van	 Heyningen	 and	 Yeyati,	 2004).	 Common	 examples	 include	

neurodevelopmental	 disorders	 such	 as	 Autism	 Spectrum	 Disorder	 (ASD),	 bipolar	

disorder	 and	 epilepsy;	 autoimmune	 diseases;	 type	 II	 diabetes;	 and	 congenital	

malformations	including	Neural	Tube	Defects	(NTDs)	and	ciliopathies.	The	genetic	basis	

of	such	disorders	remains	largely	unknown	and	the	molecular	diagnosis	is	challenging	

due	to	absence	of	clear	genotype-phenotype	correlation.		

GWAS	
Unlike	 Mendelian	 disorders,	 studies	 of	 complex	 traits	 relied	 on	 population-based	

approaches	 rather	 than	 family-based	 investigations	 (Baron,	 2001).	 In	 particular,	

genome	wide	association	 studies	 (GWAS)	 apply	 a	 case-control	 approach	 to	 identify	

particular	SNP	genotypes	(alleles)	present	at	significantly	higher	frequencies	in	patients	

(cases)	 as	 compared	 to	 unaffected	 individuals	 (controls).	 Such	markers	 significantly	

associated	with	 the	 disease	 (also	 called	 risk	 variants	 or	 risk	 alleles)	 are	 believed	 to	

either	directly	participate	in	disease	pathogenesis	or	to	be	linked	to	disease-causing	

variants	via	linkage	disequilibrium	(LD)	-	the	nonrandom	association	between	different	

alleles	 driven	 by	 evolutionary	 forces	 such	 as	 genetic	 drift,	 natural	 selection	 and	

recombination	events	 (Slatkin,	2008).	Over	 the	years,	GWAS	studies	have	 identified	

more	than	1,200	risk	alleles	for	complex	traits,	but	their	precise	contributions	to	the	

disease	 phenotype	 or	 links	 to	 the	 disease-causing	 variants	 remain	 mostly	 unclear	

(Richards	et	al.,	2015).	Although	GWAS	have	brought	important	insights	into	genes	and	

pathways	underlying	complex	disorders,	the	identification	of	precise	disease-causing	

factors	remains	challenging	in	clinical	context	(Visscher	et	al.,	2012).	Studies	of	complex	

diseases	 often	 lead	 to	 a	 long-term,	 and	 often	 unsuccessful,	 search	 for	 a	 causative	

factor,	also	known	as	the	‘diagnostic	odyssey’	(Baynam,	2016;	Lappe	et	al.,	2018).	In	

order	 to	 resolve	 these	 enigmatic	 cases,	 unconventional	 patterns	 of	 inheritance	

involving	multiple	genetic	and	environmental	factors	are	considered.	
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Oligogenic/Polygenic	inheritance	
As	all	genetic	variants	are	transmitted	de	facto	in	a	Mendelian	manner,	the	distinction	

between	Mendelian	 and	 complex	 inheritance	 can	 sometimes	 appear	 elusive.	While	

Mendelian	disorders	are	caused	by	an	alteration	of	a	single	gene,	complex	disorders	

can	require	a	combined	input	of	multiple	genetic	variants	affecting	several	genes	at	

once	(Kousi	and	Katsanis,	2015).	Such	inheritance	pattern,	also	termed	oligogenic	or	

polygenic,	 has	 been	 illustrated	 in	 different	 genetic	 pathologies.	 Various	 cases	 of	

Hirschsprung	disease	(HSCR)	involve	alterations	of	at	least	three	genes	required	for	the	

disease	pathogenesis	(Gabriel	et	al.,	2002;	Brooks	et	al.,	2004;	Borrego	et	al.,	2013).	

Evidence	for	oligogenic	inheritance	has	been	reported	in	Parkinson’s	disease	(Lubbe	et	

al.,	 2016).	 In	 developmental	 disorders,	 ciliopathies	 are	 characterized	 by	 complex	

relationships	between	numerous	disease	genes	and	are	believed	to	involve	oligogenic	

inheritance	 (Davis	 and	 Katsanis,	 2012).	 The	 earliest	 example	 of	 such	 patterns	 in	

ciliopathies	is	the	report	of	triallelic	inheritance	(i.e.,	involving	variants	in	3	different	

genes)	 in	 Bardet-Biedl	 syndrome	 (BBS),	 initially	 considered	 as	 a	 classical	 autosomal	

recessive	disorder	(Katsanis,	2001).	

Implication	of	common	variants	
While	Mendelian	pathologies	are	caused	by	a	rare	mutation	with	a	high	deleterious	

impact	on	cell	function,	the	etiology	of	complex	disorders	can	involve	genetic	variants	

that	are	hypomorphic,	i.e.,	of	a	relatively	low	deleterious	effect	(Shastri	and	Shmidt,	

2016;	Nava	et	al.,	2015).	Assuming	that	one	hypomorphic	variant	is	not	sufficient	to	

induce	the	non-Mendelian	disease	phenotype,	they	can	be	relatively	common	in	the	

general	population.	For	example,	a	variant	in	RET	conferring	susceptibility	to	HSCR	has	

a	minor	allele	frequency	(MAF)	of	45%	and	25%	in	Asian	and	European	populations,	

respectively	 (Emison	 et	 al.,	 2005).	 In	 age-related	 macular	 degeneration,	 common	

variants	in	CFH	have	been	associated	with	an	increased	disease	risk	(Maller	et	al.,	2006;	

Hageman	et	al.,	2005).	In	Crohn’s	disease,	a	common	variant	in	IRGM	has	been	shown	

to	alter	gene	expression	and	participate	in	the	disease	pathogenesis	(Brest	et	al.,	2011).	

The	idea	that	both	common	variants	of	small	effect	and	rare	variants	of	large	effect	
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contribute	to	 the	genetic	architecture	of	complex	disorders	 is	now	 largely	accepted	

(Gibson,	2012),	thus	further	complicating	the	distinction	between	disease-related	and	

truly	benign	variants.	Unmasking	common	variants	 involved	in	disease	pathogenesis	

represents	a	major	challenge	in	modern	medical	genetics.	

Environmental	factors	
Furthermore,	 the	 genetic	 risk	 of	 a	 complex	 disorder	 can	 be	 modulated	 by	

environmental	factors.	For	example,	smoking	is	considered	as	a	strong	risk	factor	for	

Crohn’s	disease,	while	malnutrition	during	pregnancy	has	been	shown	to	increase	the	

risk	 for	 the	child	 to	be	affected	by	mental	 retardation	 (Aldhous	and	Satsangi,	2010;	

Raina	et	al.,	2016).	Some	environmental	factors	remain	difficult	to	interpret,	such	as	

birth	seasonality	in	psychiatric	disorders:	cases	of	bipolar	disorder	and	schizophrenia	

have	been	shown	 to	preferentially	occur	 in	winter-spring	births,	but	 the	underlying	

cause	of	that	association	remains	elusive	(Torrey	et	al.,	1997).	

Modifier	effect	
Polygenic/oligogenic	 inheritance	 observed	 in	 complex	 disorders	 has	 often	 been	

referred	to	as	‘modifier	effect’,	however	recent	studies	begin	to	distinguish	these	two	

concepts	 (Kousi	 and	 Katsanis,	 2015).	 While	 oligogenic	 inheritance	 refers	 to	 a	

combination	 of	 several	 variants	 which	 are	 strictly	 necessary	 for	 the	 disease	

manifestation,	modifier	effect	corresponds	to	the	presence	of	a	‘secondary’	mutation	

which	modulates	the	impact	of	the	‘main’	pathogenic	variant,	sufficient	itself	to	induce	

the	disease	 (Versbraegen	et	 al.,	 2019).	Although	genetic	modifiers	 are	not	disease-

causing	themselves,	they	can	influence	the	phenotypic	output	of	another	pathogenic	

variant,	 either	 by	modifying	 the	 expression	 of	 the	 affected	 gene	 or	 by	 altering	 the	

function	of	the	resulting	protein	(Nadeau,	2001;	Slavotinek	and	Biesecker,	2003).	The	

modifier	variant	 can	be	 located	 in	 the	 same	gene	as	 the	disease-causing	variant.	 In	

Erythropoietic	protoporphyria,	a	common	polymorphic	variant	in	FECH	modulates	the	

effect	of	a	rare	pathogenic	mutation	 located	 in	the	same	gene	(Gouya	et	al.,	2002).	

Modifier	variants	can	also	be	present	at	a	distinct	 location.	For	example,	analysis	of	

228	patients	affected	by	BBS,	has	revealed	that	a	variant	in	CCDC28B	modulates	the	
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effect	of	a	recurrent	pathogenic	mutation	in	BBS1	and	is	associated	with	more	severe	

clinical	phenotypes	(Badano	et	al.,	2006).	Similarly,	a	common	microsatellite	in	D4Z4	

modulates	 the	 penetrance	 of	 pathogenic	 SMCHD1	 variants	 in	 facioscapulohumeral	

muscular	dystrophy	(Lemmers	et	al.,	2012).	Modifier	effects	have	also	been	extensively	

studied	in	mouse	models.	For	example,	while	knockout	of	either	Pax3	or	Grhl3	(Curly	

tail)	results	in	NTDs,	the	simultaneous	deficiency	for	both	genes	causes	more	severe	

forms	 than	 those	 found	 in	 single	 knockout	 mutants,	 indicating	 that	 interaction	

between	these	two	genes	influences	the	resulting	phenotype	(Estibeiro	et	al.,	1993).	

Clinical	variability	
The	 overall	 complex	 etiology	 of	 non-Mendelian	 disorders	 contributes	 to	 a	 wide	

phenotypic	 variability	 observed	 in	 affected	 individuals.	 In	 neurodevelopmental	

disorders,	 ASD	 is	 associated	 with	 a	 wide	 spectrum	 of	 mental	 and	 behavioral	

abnormalities	 ranging	 from	 mild	 to	 severe	 learning	 disability,	 various	 deficits	 in	

communication	skills	and	manifestations	of	schizophrenia	and/or	epilepsy	(Wozniak	et	

al.,	2017).	In	NTDs,	clinical	manifestations	can	vary	from	spina	bifida	(failed	closure	of	

the	neural	tube	at	the	brain)	and	exencephaly	(failed	closure	at	the	spinal	cord)	to	more	

severe	 forms	 of	 craniorachischisis	 (failed	 closure	 at	 both	 the	 brain	 and	 the	 spinal	

regions)	(Greene	and	Copp,	2014).	

e.	Towards	the	end	of	the	Mendelian	disease	era	
Since	Mendel’s	 discoveries,	 the	 field	 of	 medical	 genetics	 had	 several	 fundamental	

concepts	of	genetic	causality,	which	are	now	being	challenged	 (Katsanis,	2016).	For	

much	of	the	Mendelian	disease	era,	the	reported	disease-causing	mutations	have	been	

described	 as	 both	 necessary	 and	 sufficient	 for	 disease	 pathogenesis.	 We	 are	 now	

aware	 that	many	 ‘disease-causing	mutations’	 do	 not	 necessarily	 cause	 the	 disease	

phenotype	 in	 a	 certain	 proportion	 of	 its	 carriers	 (i.e.,	 exhibit	 reduced/incomplete	

penetrance),	and	that	tolerance	to	pathogenic	mutations	can	vary	among	individuals	

(the	concept	termed	as	‘genome	resilience’)	(Chen	et	al.,	2016).	Reduced	penetrance	

of	 pathogenic	 variants	 has	 been	 illustrated	 for	 various	 disorders	 normally	

characterized	by	autosomal	dominant	(congenital	cataract,	GJA3,	Burdon	et	al.,	2004;	
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retinis	 pigmentosa,	 PRPF8,	 Maubaret	 et	 al.,	 2011)	 or	 autosomal	 recessive	 (von	

Willebrand	 disease,	 VWF,	 Castaman	 et	 al.,	 2007;	 hemochromatosis,	 HFE,	 Beutler,	

2003)	 inheritance.	 Although	 reduced	 penetrance	 of	 pathogenic	 mutations	 may	 be	

explained	 by	 non-genetic	 factors	 (age	 of	 onset,	 sex,	 epigenetic	 and	 environmental	

modifiers),	 it	 can	 also	 indicate	 that	 the	 onset	 of	 a	 Mendelian	 disease	 phenotype	

requires	the	presence	of	additional	genetic	variants,	overlooked	during	initial	diagnosis	

(Cooper	et	al.,	2013).	

As	 a	 result,	 the	 definitions	 of	Mendelian	 and	 complex	 disorders	 are	 becoming	 less	

distinct.	Many	of	the	features	describing	complex	disorders	have	now	been	reported	

in	classical	Mendelian	 traits.	Modifier	events	were	reported	 in	Huntingon’s	disease,	

considered	to	follow	the	traditional	autosomal	dominant	inheritance	pattern	(Gusella	

et	 al.,	 2014).	 Cases	 of	 complex	 inheritance	 have	 now	 been	 reported	 in	 classical	

Mendelian	traits	such	as	cystic	 fibrosis	 (Cutting,	2010).	With	the	accrual	of	genomic	

data	and	advances	in	discovery	of	disease	genes,	the	number	of	disorders	for	which	

the	 disease	 phenotype	 can	 be	 explained	 by	 a	 single	 genetic	 mutation	 is	 now	

decreasing.	 Altogether,	 these	 results	 suggest	 that	 single	 gene	 disorders	 are	 more	

complex	than	originally	thought	and	underline	the	necessity	to	revisit	the	traditional	

dichotomy	 between	Mendelian	 and	 non-Mendelian	 inheritance.	 Certain	Mendelian	

traits	 are	 now	 being	 redefined	 as	 complex	 disorders,	 requiring	 the	 joint	 effect	 of	

multiple	 genetic	 events.	 This	 is	 the	 case	 of	 holoprosencephaly	 (HPE)	 -	 a	 complex	

pathology	of	forebrain	development,	described	in	the	next	chapters.	

Overall,	modern	studies	focus	on	understanding	the	context-dependent	effects	of	both	

rare	and	common	variants	in	the	pathogenesis	of	genetic	disorders.	By	challenging	the	

concepts	of	genetic	causality	existing	since	the	Mendelian	era,	future	explorations	of	

genetic	mechanisms	underlying	both	Mendelian	and	complex	traits	will	elucidate	their	

etiology,	leading	to	more	accurate	diagnosis	and	better	patient	management.	
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II.	Holoprosencephaly	
	

a.	Definition	
Holoprosencephaly	 (HPE,	 OMIM	 #	 #236100)	 is	 a	 cerebral	 congenital	malformation,	

characterized	by	a	failure	of	cleavage	of	the	two	cerebral	hemispheres	(Dubourg	et	al.,	

2007).	 The	 disease	 results	 from	 incomplete	 or	 absent	 division	 of	 the	 forebrain	

(prosencephalon)	 at	 early	 stages	 of	 embryonic	 development.	 This	 developmental	

defect	remains	one	the	most	common	brain	abnormalities,	occurring	in	approximately	

1	of	8000	live	births	and	in	1	of	250	conceptuses	(Matsunaga	and	Shiota,	1977;	Leoncini	

et	al.,	2008).	

	

b.	Clinical	spectrum	
HPE	subtypes	
HPE	encompasses	a	wide	spectrum	of	midline	craniofacial	malformations	of	varying	

severity.	 Depending	 on	 the	 degree	 of	 separation	 of	 the	 cerebral	 hemispheres,	 the	

phenotypic	 continuum	 of	 HPE	 defects	 has	 been	 classified	 into	 several	 anatomic	

subtypes,	in	decreasing	order	of	severity:	alobar,	semilobar,	lobar	and	microform	HPE	

(Figure	2)	(Demyer	et	al.,	1964;	Tekendo-Ngongang	et	al.,	2000).	

Alobar	HPE	represents	the	most	severe	form	of	the	disease	and	is	characterized	by	a	

complete	absence	of	hemispheric	separation	leading	to	a	single	large	brain	ventricle	

(monoventricle)	 with	 fused	 frontal	 lobes,	 thalami	 and	 basal	 ganglia.	 Clinical	

manifestations	generally	 include	extremely	severe	facial	anomalies	such	as	cyclopia,	

proboscis,	 ethmocephaly	 and	 anophtalmia.	 Semilobar	 HPE	 constitutes	 the	

intermediate	form	of	the	disease	in	terms	of	severity	and	is	characterized	by	a	partial	

interhemispheric	cleavage.	Specifically,	the	separation	is	partially	present	in	posterior	

regions	of	the	brain,	while	the	anterior	regions	(cortex,	basal	ganglia,	thalamus)	remain	

fused.	 Facial	 aspect	 can	 vary	 from	 relatively	 normal	 to	mild/severe	manifestations	

including	ocular	(hypotelorism,	microphtalmia),	nasal	(depressed	nasal	ridge,	absent	

nasal	septum)	and	mouth	(cleft	lip/palate)	malformations.	Lobar	HPE	is	considered	as	
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the	least	severe	form	of	the	three	classical	subtypes.	The	interhemispheric	cleavage	is	

normal	along	almost	the	entire	brain	midline,	including	the	thalami	and	most	of	the	

basal	ganglia.	Therefore,	the	hemispheric	separation	is	almost	complete	except	for	the	

frontal	lobes	and	the	most	anterior	parts	of	the	brain.	Clinical	manifestations	generally	

include	mild	 facial	anomalies	 such	as	 slight	hypotelorism,	 single	median	 incisor	and	

bilateral	cleft	lip.	Of	note,	such	mild	anomalies	can	be	overlooked	in	slightly	affected	

family	members	(Lacbawan	et	al	2009,	Solomon	et	al	2009).	Finally,	microform	HPE	is	

characterized	 by	midline	 craniofacial	 anomalies	 found	 in	 classic	 HPE	 subtypes,	 but	

without	 the	 usual	 defect	 of	 interhemispheric	 cleavage	 (Tekendo-Ngongang	 et	 al.,	

2000).	Microforms	are	generally	identified	in	the	relatives	of	patients	affected	by	more	

severe	HPE	subtypes,	illustrating	the	variable	expressivity	of	this	disorder.		
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Over	 the	 years,	 additional	 subtypes	 of	 the	 HPE	 spectrum	 presenting	 distinct	

neurological	 features	have	been	described.	 Syntelencephaly,	 also	 called	 the	Middle	

Interhemisphiric	Fusion	Variant	(MIHV),	represents	a	rare	form	of	the	disease	(2	to	15	

%	 of	 total	 cases),	 characterized	 by	 abnormal	 midline	 connections	 of	 the	 cerebral	

hemispheres	in	posterior,	frontal	and	parietal	regions	(Simon	et	al.,	2002).	In	contrast	

to	classic	HPE,	syntelencephaly	presents	a	normally	separated	basal	forebrain	resulting	

in	milder	 symptoms	and	suggesting	a	distinct	embryological	origin	of	 this	particular	

subtype	(Fernandes	et	al.,	2007).	Septopreoptic	HPE,	described	in	a	small	case	series,	

represents	 another	 mild	 subtype	 of	 the	 disease,	 in	 which	 the	 midline	 fusion	 is	

Figure 2. Main anatomical subtypes of HPE. Cerebral and facial anomalies frequently associated 
to each subtype are described. MRI - Magnetic resonance imaging. 
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restricted	 to	 the	 septal	 and/or	 preoptic	 regions	 of	 the	 telencephalon	 (Hahn	 et	 al.,	

2010).	Additionally,	a	subset	of	patients	affected	by	schizencephaly	(a	rare	congenital	

brain	malformation	characterized	by	deep	clefts)	was	reported	to	carry	HPE-causing	

mutations,	 suggesting	 a	 partially	 common	 genetic	 background	 between	 the	 two	

disorders	and	further	expanding	the	clinical	spectrum	of	HPE	(Hehr	et	al.,	2010).	

	
Associated	clinical	findings	
HPE	is	often	associated	with	additional	extracephalic	clinical	features	(Martinez	et	al.,	

2018).	 Common	 manifestations	 include	 severe	 developmental	 and	 psychomotor	

delays,	 microcephaly	 and	 seizures,	 which	 are	 observed	 in	 all	 HPE	 subtypes	 except	

certain	microforms.	Short	stature	and	general	growth	delay	are	common	in	severely	

affected	 individuals,	 partially	 caused	 by	 the	 associated	 growth	 hormone	 deficiency	

and/or	 chromosome	 anomalies.	 Central	 diabetes	 insipidus	 caused	 by	 pituary	

dysfunction	 is	 commonly	 found	 in	 patients	 affected	 by	 nonchromosomal,	

nonsyndromic	HPE	(Lacbawan	et	al	2009,	Solomon	et	al	2010).	Hydrocephalus	resulting	

in	macrocephaly	can	be	encountered	in	about	one-sixth	of	HPE	patients	although	the	

underlying	 cause	 remains	 unclear	 (Levey	 et	 al.,	 2010).	 Pulmonary	 complications	

(pneumopathies,	 lung	hypoplasia,	chronic	respiratory	disorders)	and	gastrointestinal	

dysfunctions	such	as	anal	atresia	and	cholestasis	have	also	been	reported.	Additional	

extracephalic	manifestations	observed	in	HPE	include	abnormalities	of	cardiovascular	

(situs	 ambiguous,	 septal	 defect),	 genitourinary	 (micropenis,	 renal	 anomalies)	 and	

skeletal	 (polydactyly,	 clinodactily,	 costal/vertebretal	 anomalies)	 systems.	 Affected	

children	 present	 with	 feeding	 and	 swallowing	 difficulties,	 partially	 caused	 by	 axial	

hypotonia,	neurological	complications	and	side	effects	of	medical	treatments.	A	small	

portion	 of	 patients	 presents	 HPE	 associated	 with	 NTDs	 (rachischisis,	 spina	 bifida).	

Interestingly,	many	clinical	features	encountered	in	HPE	subjects	are	also	characteristic	

of	 other	 developmental	 pathologies	 such	 as	 ciliopathies	 (Meckel-Gruber	 syndrome,	

Bardet-Biedl	 syndrome)	and	NTDs,	 suggesting	a	partially	common	etiology	between	

these	disorders.	
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c.	Etiology	
The	etiology	of	HPE	is	complex	and	heterogeneous	(Krauss,	2007).	The	high	variability	

of	clinical	manifestations	 indicates	a	multisystemic	nature	of	the	disease	and	makes	

the	molecular	diagnosis	particularly	challenging.	The	disease	can	involve	both	genetic	

and	environmental	factors	or	occur	as	a	part	of	a	polymalformative	syndrome.	Known	

etiologies	of	HPE	are	shown	in	Figure	3	and	described	below.	

	

	

Chromosomal	aberrations	
Approximately	40-50	%	of	total	HPE	cases	are	caused	by	chromosome	abnormalities,	

which	 are	 generally	 found	 in	 the	 most	 severe	 forms	 of	 the	 disease	 (Muenke	 and	

Beachy,	 2001;	 Solomon	 et	 al.,	 2010;	 Abe	 et	 al.,	 2018).	 Trisomy	 13,	 trisomy	 18	 and	

triploidies	were	the	first	cytogenetic	anomalies	reported	in	HPE	cases.	Trisomy	13	is	

encountered	in	40-60%	of	HPE	fetuses	and	remains	the	most	common	disease	etiology.	

Recent	screen	of	over	50,	000	pregnancies	reported	that	86	%	of	abnormal	karyotypes	

found	in	HPE	correspond	to	trisomy	13	(Kagan	et	al.,	2010).	Trisomy	18	is	much	less	

frequent	and	is	found	in	1-2	%	of	HPE	patients	(Muenke	and	Beachy,	2001;	Solomon	et	

al.,	2010).	Recent	studies	report	that	trisomy	18	could	have	a	higher	prevalence	in	HPE	

(~7	%),	but	these	findings	are	limited	by	small	sample	sizes	(Rosa	et	al.,	2017,	Petracchi	

et	al.,	2011).	Triploidy	is	also	believed	to	account	for	a	substantial	part	of	HPE	etiology	

(Solomon	et	al.,	2010).	Additionally,	rare	cases	of	HPE	associated	with	trisomy	21	(n	=	

~40% Isolated cases
- Nonsyndromic
- Nonchromosomal

~20-25% 
Syndromic origin

~40-50% 
Chromosomal 

aberrations

~1-2% 
Environmental origin

Figure 3. Etiological causes of HPE. The estimated proportions are based on recent reports of 
Dubourg et al., 2018; Solomon et al., 2018. 
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5),	trisomy	22	(n	=	3)	and	trisomy	16	(n	=	1)	have	been	reported	(Kruzska	and	Muenke,	

2018).	 Most	 cases	 of	 chromosomal	 abnormalities	 represent	 isolated	 occurrences.	

Several	recurrences	have	been	reported,	however,	such	as	triploidy	of	maternal	origin	

(Brancati	 et	 al.,	 2003).	 Overall,	 the	 recurrence	 risk	 of	 HPE	 due	 to	 chromosomal	

anomalies	is	estimated	at	1	%	(Peebles,	1998).	

	

Syndromic	HPE	
In	approximately	20	%	of	cases,	HPE	is	syndromic,	i.e.,	occurring	as	a	part	of	various	

polymalformative	syndromes	described	below.		

	

Chromosome	13q	deletion	syndrome	is	a	rare	genetic	disorder	characterized	by	partial	

deletions	of	chromosome	13	resulting	in	various	birth	defects.	Depending	on	the	size	

and	location	of	the	deleted	region,	clinical	symptoms	differ	among	patients	and	include	

facial	 anomalies	 (hypotelorism,	 micrognathia),	 eye	 abnormalities	 (anophtalmia,	

microphtalmia)	 and	 various	 developmental	 delays.	Multiple	 studies	 report	 cases	 of	

chromosome	13q	deletion	syndromes	associated	with	HPE	phenotype	(Junior	et	al.,	

2006;	 Gutierrez	 et	 al.,	 2001;	 Garcia-Rodriguez	 et	 al.,	 2015).	 Interestingly,	 the	 13q	

deletions	in	such	cases	often	encompass	ZIC2,	one	of	the	major	HPE-associated	genes	

(described	further),	 indicating	that	 the	HPE	phenotype	encountered	 in	13q	deletion	

syndrome	could	be	linked	to	ZIC2	haploinsufficiency	(Quelin	et	al.,	2009).		

	

Similar	 link	was	observed	between	HPE	and	18p	deletion	 syndrome.	18p	 syndrome	

corresponds	 to	 deletion	 of	 the	 short	 arm	 of	 chromosome	 18	 resulting	 in	 various	

dysmorphic	features,	mental	retardation	and	growth	deficiencies.	18p	deletions	found	

in	patients	exhibiting	HPE	phenotype	often	encompass	TGIF1,	one	of	the	minor	genes	

implicated	in	HPE	(Portnoi	et	al.,	2007;	Chen	et	al.,	2013;	Yi	et	al.,	2014).	

	

Hartsfield	syndrome	is	defined	as	a	combined	manifestation	of	HPE	and	ectrodactily,	

with	or	without	cleft	lip/palate.	This	disorder	is	caused	by	mutations	in	FGFR1,	a	major	

component	of	the	FGF	pathway	(Simonis	et	al.	2013).	Interestingly,	a	recent	study	of	
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257	HPE	cases	identified	6	pathogenic	mutations	in	FGFR1,	4	of	which	were	found	in	

patients	presenting	HPE	without	ectrodactily,	indicating	that	FGFR1	mutations	can	also	

account	for	a	substantial	part	of	classic	HPE	spectrum	(Dubourg	et	al.,	2016).	

	

HPE	is	also	encountered	in	Smith-Lemli-Opitz	syndrome	(SLOS),	resulting	from	inborn	

errors	of	cholesterol	metabolism	(Porter,	2008).	SLOS	is	caused	by	mutations	in	DHCR7,	

which	encodes	an	enzyme	implicated	in	catalysis	of	reduction	of	7-dehydrocholesterol	

and	its	subsequent	conversion	to	cholesterol.	SLOS	is	characterized	by	malformations	

at	 the	 craniofacial	 level	 (microcephaly,	 cleft	 lip/palate,	 ocular	 dysfunctions,	

micrognathia),	intellectual	disability,	anomalies	of	cardio-vascular	and	gastro-intestinal	

systems,	 as	well	 as	 external	 genitalia	 defects	 in	males.	 Approximately	 5	%	 of	 SLOS	

patients	 present	 with	 clinical	 signs	 of	 HPE,	 indicating	 the	 role	 of	 cholesterol	

metabolism	 in	 the	disease	pathogenesis	 (Kruzska	and	Muenke,	2018).	 Interestingly,	

cholesterol	 has	 also	 been	 shown	 to	 affect	 the	 activity	 of	 Sonic	 Hedgehog	 signaling	

(SHH),	one	of	the	major	pathways	implicated	in	HPE	(Riobo,	2012).	

	

HPE	 is	 found	 in	 approximately	 2	 %	 of	 patients	 affected	 by	 CHARGE	 syndrome	

(Colobomata,	 Heat	 defect,	 choanal	 Atresia,	 Growth	 and/or	 developmental	

Retardation,	 Genital	 hypoplasia	 and	 Ear	 abnormalities)	 (Lin	 et	 al.,	 1990).	

Approximately	 50	 %	 of	 CHARGE	 syndrome	 is	 caused	 by	mutations	 in	CHD7,	 which	

encodes	a	DNA-binding	protein	of	the	chromodomain	helicase	(CHD)	family,	implicated	

in	differentiation	of	craniofacial	tissues	during	embryonic	development	(Zentner	et	al.,	

2010).		

	

In	 rare	 cases,	 HPE	 has	 been	 observed	 in	 patients	 with	 Pallister-Hall	 syndrome,	

characterized	by	hypothalamic	hamartomas,	pituitary	dysfunction,	central	polydactyly	

and	visceral	malformations	(Biesecker	et	al.,	1996).	Finally,	HPE	phenotypes	have	also	

been	reported	in	Lambotte	(Verloes	et	al.,	1990),	hydrolethalus	(Bachman	et	al.,	1990),	

Genoa	(Camera	et	al.,	1993),	agnathia-microstomia-synotia	(Wai	&	Chandran,	2017),	
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agnathia-otocephaly	(Faye-Petersen	et	al.,	2006)	and	Steinfeld's	syndromes	(Stevens	

et	al.,	2010).	

	

Non-genetic	risk	factors	in	HPE	
Although	a	substantial	part	of	HPE	cases	result	from	genetic	alterations,	non-genetic	

risk	factors	can	also	contribute	to	the	disease	pathogenesis.	Epidemiological	studies	of	

HPE	 are	 challenging	 due	 to	 its	 low	 birth	 prevalence.	 Nevertheless,	 environmental	

factors,	acting	alone	or	in	combination	with	additional	genetic	alterations,	are	believed	

to	account	for	approximately	1	%	of	total	HPE	cases.		

	

Maternal	diabetes,	a	known	risk	 factor	 for	various	birth	defects,	 is	one	of	 the	most	

extensively	studied	in	HPE.	A	relatively	high	prevalence	of	diabetes	(6-9	%)	is	observed	

among	mothers	of	HPE	patients	(Olsen	et	al.,	1997).	Several	studies	reported	that	the	

incidence	of	diabetes	among	mothers	of	HPE	children	 is	 twice	as	high	compared	to	

controls	(Martinez-Frias	et	al.,	1998;	Anderson	et	al.,	2005;	Correa	et	al.,	2008).	These	

findings	are	consistent	with	animal	 studies:	 inducing	diabetes	 in	pregnant	mice	has	

been	 shown	 to	 increase	 the	 risk	 of	 HPE,	 along	 with	 other	 congenital	 anomalies	

(Padmanabhan	and	Shafiullah,	2004).		

	

Epidemiological	 and	 animal	 studies	 have	 also	 illustrated	 a	 link	 between	 HPE	 and	

maternal	alcoholism	during	early	stages	of	pregnancy	(Johnson	and	Rasmussen,	2010).	

Ethanol	is	a	known	teratogen,	which	induces	various	birth	defects	in	humans.	Known	

teratogenic	effects	 involve	ethanol	metabolism,	which	 is	known	to	 induce	oxidative	

stress;	and	ethanol-derived	products,	such	as	ethanol-derived	acetaldehyde	implicated	

in	 exencephaly	 (Bhatia	 et	 al.,	 2019).	 However,	 recent	 animal	 study	 concluded	 that	

ethanol	 itself,	 rather	 than	 its	 metabolism	 or	 derived	 products,	 can	 act	 as	 an	 HPE-

inducing	teratogen,	in	combination	with	additional	genetic	factors	(Hong	and	Krauss,	

2017).	
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Additional	risk	factors	reported	in	HPE	include	alterations	of	cholesterol	biosynthesis	

and	the	use	of	certain	medications	during	pregnancy	such	as	retinoids,	antiepileptics	

and	hormone	supplements	(Miller	et	al.,	2010).	

	
Isolated	HPE	
Nonsyndromic	 HPE	 without	 chromosomal	 aberrations	 and	 known	 environmental	

causes	accounts	for	approximately	40	%	of	total	disease	cases	(Muenke	and	Beachy,	

2001).	Such	cases	are	referred	to	as	‘isolated’	and	remain	the	most	enigmatic	due	to	

their	 low	diagnostic	 yield	 and	unelucidated	etiology.	 Isolated	HPE	 is	 believed	 to	be	

caused	by	genetic	factors	involving	partial	chromosomal	deletions/duplications	(CNVs)	

and/or	point	mutations.	

	

CNVs	account	for	a	substantial	portion	of	isolated	HPE	cases.	In	2009,	an	impressive	

rate	of	19	HPE	patients	among	111	 (~17	%)	presenting	de	novo	CNVs	was	 reported	

(Bendavid	et	al.,	2009).	Recent	study	confirmed	these	numbers	by	identifying	clinically	

significant	 CNVs	 in	 23/222	 individuals	 (21	%),	 including	 several	 recurrent	 deletions	

identified	in	previous	studies	(Hu	et	al.,	2018).	

	

Detection	of	recurrent	CNVs	in	HPE	led	to	identifications	of	specific	patterns	of	CNV	

anomalies	associated	with	 the	disease	 (Dubourg	et	al.,	2007;	Bendavid	et	al.,	2010)	

(Figure	4).	Studies	of	the	corresponding	regions	led	to	the	discovery	of	first	causal	HPE	

genes:	SHH	at	7q36	(Belloni	et	al.,	1996;	Roessler	et	al.,	1996),	ZIC2	at	13q32	(Brown	et	

al.,	1998),	SIX3	at	2p21	(Wallis	et	al.,	1999)	and	TGIF1	at	18p11.3	(Gripp	et	al.,	2000).	

Deletions	affecting	one	of	these	four	genes	are	 identified	in	approximately	5-8	%	of	

HPE	patients	presenting	a	normal	karyotype	(Bendavid	et	al.,	2006;	Stokes	et	al.,	2018).		
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Follow-up	studies	revealed	that	pathogenic	point	mutations	(SNVs	and	Indels)	can	also	

underlie	 a	 substantial	 part	 of	 isolated	 HPE	 cases.	 Approximately	 25	 %	 of	 patients	

without	any	CNVs/chromosomal	anomalies	harbor	pathogenic	point	mutations	in	SHH,	

ZIC2,	SIX3	and	TGIF1	-	known	disease	genes	shown	in	Figure	4	and	described	in	part	III	

of	the	Introduction	(Dubourg	et	al.,	2007;	Mercier	et	al.,	2011).		

	

Figure 4. Cytogenetic abnormalities 
and HPE genes.   

On the left side: kaki bars represent 
deletions detected by routine karyotype.  

The locations of major (red) and minor 
(orange) HPE genes are represented. 

On the right side: green bars represent 
rearrangements identified by subtelomeric 
multiplex ligation-dependent probe 
amplification (MLPA), blue bars 
represent de novo (dark blue) and 
inherited (light blue) deletions detected by 
array CGH (Bendavid et al., 2010). 
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With	the	advent	of	new	technologies,	detection	of	recurrent	chromosomal	anomalies	

by	CGH-array	and	multiplex	ligation-dependent	probe	amplification	(MLPA),	combined	

with	 the	 analysis	 of	 sequence	 variants	 by	Next	Generation	 Sequencing	 (NGS),	 have	

greatly	expanded	our	knowledge	of	the	genetic	spectrum	of	isolated	HPE.	To	date,	it	

has	been	shown	that	at	least	16	genes	are	implicated	in	the	disease.	All	known	HPE	

genes	belong	to	major	pathways	of	embryonic	development	(Sonic	Hedgehog,	Notch,	

Nodal,	FGF),	described	in	part	III	of	the	Introduction.	

	

d.	Diagnostic	and	molecular	testing	
The	guidelines	for	diagnosis	and	testing	of	HPE	are	illustrated	in	Figure	5.	Severe	cases	

of	 alobar	 HPE	 can	 be	 detected	 during	 routine	 prenatal	 ultrasound	 examination	

(between	10th	and	14th	gestational	week),	generally	based	on	the	presence	of	abnormal	

facial	morphology.	Milder	cases	(semilobar	and	lobar	HPE)	cannot	be	reliably	detected	

by	 ultrasound,	 therefore,	 a	 second-line	 investigation	 by	 fetal	 MRI	 is	 generally	

recommended	 if	ultrasound	studies	suggest	the	presence	of	an	anomaly.	 If	 the	HPE	

diagnosis	is	established,	family	history	and	fetus	phenotype	are	thoroughly	examined	

to	 evaluate	 the	 possibility	 of	 environmental	 (maternal	 alcoholism,	 diabetes)	 or	

syndromic	 (consistent	 clinical	 findings)	 etiology.	 A	 karyotype	 study	 is	 performed	 to	

detect	the	presence	of	chromosomal	aberrations	(trisomy	13/18,	triploidy)	known	to	

cause	HPE.	 In	 case	 of	 negative	 results	 of	 the	 abovementioned	 studies,	HPE	 is	 then	

considered	as	isolated.	Fetal	DNA	samples	are	extracted	for	molecular	testing,	which	

involves	microarray	studies	(CGH-array,	MLPA)	and	targeted	sequencing	of	known	HPE	

genes	to	detect	pathogenic	CNVs	and/or	point	mutations	underlying	the	disease.	If	a	

pathogenic	CNV/mutation	is	found,	this	analysis	is	extended	to	parents	to	evaluate	its	

inheritance	pattern.	
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In	case	of	all	the	abovementioned	exams	bearing	negative	results,	a	trio-based	Whole	

Exome/Genome	sequencing	is	generally	recommended	to	conduct	a	thorough	analysis	

of	genomic	alterations	potentially	underlying	the	disease.	

	

Despite	numerous	advances	in	molecular	and	clinical	genetics,	most	patients	affected	

by	 isolated	HPE	remain	without	an	established	molecular	diagnosis.	Resolving	these	

enigmatic	cases	 is	critical	provide	better	patient	management	 in	HPE.	 	This	requires	

further	 elucidating	 of	 complex	 molecular	 and	 genetic	 mechanisms	 underlying	 the	

disease	pathogenesis.		

	

	

	

Figure 5. Recommended genetic testing for HPE. Adapted from Kruszka et al., 2018.  
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III.	Molecular	and	genetic	basis	of	HPE	
 
Molecular	and	genetic	events	leading	to	HPE	have	been	studied	extensively	throughout	

the	 years.	 Clinical	 studies	 of	 HPE	 patients	 identified	 specific	 genes	 and	 pathways	

involved	in	the	disease	pathogenesis.	Animal	studies	further	elucidated	molecular	and	

genetic	mechanisms	of	forebrain	and	craniofacial	development	underlying	HPE.	

 

a.	Forebrain	and	facial	development	
The	main	clinical	 features	of	HPE	are	 impaired	 forebrain	structures	and	craniofacial	

midline	 defects.	 Therefore,	 understanding	 the	 disease	 pathogenesis	 requires	

knowledge	 of	 the	 mechanisms	 of	 forebrain	 and	 craniofacial	 development.	 As	

demonstrated	in	mice	studies,	the	induction	of	HPE	generally	takes	place	during	early	

embryonic	development,	corresponding	to	a	period	between	3rd	and	4th	gestational	

week	in	human	(Lipinski	et	al.,	2010;	Kauvar	and	Muenke,	2010).	The	developmental	

and	molecular	events	taking	place	during	this	period	are	briefly	described	below.	

	

Early	stages	and	gastrulation	
At	the	end	of	the	second	week	post-conception,	the	human	embryo	corresponds	to	an	

oval-shaped,	two-layered	structure	called	the	bilaminar	embryonic	disc	(Figure	6).	Each	

of	the	two	layers	contains	different,	very	primitive	cells:	the	cells	of	the	upper	layer	

(epiblast)	will	eventually	contribute	to	the	formation	of	early	embryonic	structures;	the	

cells	of	the	lower	layer	(hypoblast)	will	contribute	to	the	formation	of	extraembryonic	

structures.	
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During	 the	 3rd	 week	 of	 embryonic	 development,	 the	 embryo	 undergoes	 the	

gastrulation	phase	which	 consists	of	 several	developmental	processes	 including	 the	

establishment	 of	 anteroposterior/dorsoventral	 axes	 and	 highly	 organized	 cell	

migrations.	 These	 cell	 migrations,	 also	 called	 morphogenetic	 movements,	 will	

transform	 the	 embryo	 into	 a	 three-layered	 structure	 (also	 called	 the	 trilamenar	

embryonic	disc)	containing	ectodermal	and	endodermal	layers	with	the	formation	of	

an	intermediate,	mesodermal	layer	between	the	two	(Figure	6).	The	endodermal	cell	

layer	will	 give	 rise	 to	 the	 gut	 and	 respiratory	 tract.	 The	mesoderm,	 containing	 the	

prechordal	plate	and	the	notochord,	will	form	bone,	muscle,	cartilage	and	the	vascular	

system.	 Cells	 of	 the	 ectodermal	 layer	 are	 divided	 into	 two	 types	 of	 stem	 cells:	

epidermal	 ectodermal	 stem	 cells	 form	 structures	 such	 as	 skin	 and	 nails,	 while	

neuroectodermal	stem	cells	will	act	as	the	neural	progenitor	cells	and	give	rise	to	the	

central	nervous	system. 

	
Neurulation	
At	the	end	of	the	gastrulation	phase,	signals	received	from	the	mesodermal	prechordal	

plate	 and	 the	 notochord	 induce	 neural	 progenitor	 cells	 to	 be	 positioned	 along	 the	

midline	 of	 the	 ectodermal	 layer	 and	 form	 a	 region	 called	 the	 neural	 plate.	 The	

extremities	of	the	neural	plate,	known	as	the	neural	folds,	rise,	fold	inward	and	fuse	to	

form	a	neural	tube	-	the	first	well-defined	structure	of	the	central	nervous	system.	This	

process	is	called	the	neurulation	phase	(Figure	7).	Fusion	begins	in	the	center	of	the	

developing	tube	and	then	gradually	proceeds	to	the	most	rostral	and	caudal	regions.		

Figure 6. Schematic representation of early embryonic development. 
www.invitra.com  
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The	formation	of	the	neural	tube	is	accompanied	by	a	rapid	growth	of	the	embryo	and	

major	changes	 in	 the	organization	of	 the	central	nervous	system.	At	 the	end	of	 the	

neural	 tube	 formation,	 the	 rostral	 end	 divides	 into	 three	 main	 vesicles	 along	 the	

posterior-anterior	axis:	hindbrain	(rhombencephalon),	midbrain	(mesencephalon)	and	

forebrain	(prosencephalon)	(Figure	8).	Forebrain	is	the	largest,	most	anterior	part	of	

the	brain	and,	by	the	end	of	the	embryonic	period,	further	divides	into	telencephalon	

and	 diencephalon	 eventually	 giving	 rise	 to	 key	 brain	 structures	 such	 as cerebrum,	

hypothalamus,	thalamus,	limbic	system,	pituitary	gland	and	olfactory	bulb.	Forebrain	

is	the	main	structure	affected	in	HPE.	

Figure 7. Neurulation phase  

(Gammil and Bronner-Fraser, 2003) 
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Forebrain	patterning	and	HPE	pathogenesis	
By	the	end	of	the	embryonic	development,	forebrain	corresponds	to	a	highly	organized	

structure	with	 telencephalon	 and	 eyes	 positioned	 on	 the	 dorsal	 side,	 the	 ventrally	

positioned	 hypothalamus	 and	 the	 caudally	 located	 diencephalon.	 The	 correct	

dorsoventral	 positioning	of	 forebrain	 components	 is	 critical	 for	 its	 correct	 function.		

Therefore,	 the	 critical	 step	 in	 the	 elaboration	 of	 the	 forebrain	 is	 its	 dorsoventral	

patterning,	which	 involves	a	 set	of	morphogens	acting	as	dorsalizing	or	ventralizing	

signals	(Wilson	and	Houart,	2004;	Geng	and	Oliver,	2009).	

	

A	major	morphogen	 that	 promotes	 the	 ventral	 patterning	 of	 the	 forebrain	 is	 Sonic	

Hedgehog	(SHH).	Produced	in	notochord	and	prechordal	plate,	SHH	is	then	secreted	

into	the	ventral	midline	of	the	forebrain	(Bertrand	and	Dahmane,	2006).	SHH	acts	as	

ventralizing	 signal	 of	 forebrain	 patterning	 and	 contributes	 to	 the	 separation	 of	 the	

single	eye	field	into	left	and	right	eye.	The	correct	expression	of	SHH	on	the	ventral	

side	of	the	forebrain	is	regulated	by	a	variety	of	factors	including	NODAL	and	NOTCH	

signaling	pathways;	and	transcriptional	activator	SIX3	(Müller	et	al.,	2000;	Dupé	et	al.,	

2011;	Jeong	et	al.,	2008).	Environmental	factors,	such	as	retinoic	acid	or	ethyl	alcohol	

have	also	been	shown	to	impact	on	SHH	activity	(Petryk	et	al.,	2015).	Moreover,	mouse	

Figure 8. Primary vesicles of the 
embryonic brain. 

https://courses.lumenlearning.com/ 
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studies	indicate	that	FGF8	and	ZIC2,	secreted	in	the	midline,	act	as	additional	factors	

in	concert	with	SHH	to	assure	the	correct	patterning	of	the	forebrain	on	the	ventral	

side	(Cheng	et	al.,	2006;	Strom	et	al.,	2008).	

	

On	the	dorsal	side	of	the	forebrain,	several	Bone	Morphogenic	Proteins	(BMP2,	BMP4-

7)	 and	 members	 of	 the	 WNT	 pathway	 (WNT1,	 WNT3,	 WNT3a,	 WNT4,	 WNT7b),	

expressed	in	discrete	and	overlapping	patterns,	act	as	dorsalizing	morphogens	(Bond	

et	al.,	2012;	Furuta	et	al.,	1997;	Harrison-Uy	and	Pleasure,	2012).	BMPs	and	WNTs	are	

secreted	from	the	dorsal	midline	of	the	telencephalon,	specifically	the	roofplate	and	

the	cortical	hem.	

	

SHH,	WNT	and	BMP	proteins,	expressed	in	a	precise	spatio-temporal	manner,	establish	

a	dorsoventral	gradient	controlling	the	correct	patterning	of	the	forebrain	(Figure	9).	

The	perturbations	of	this	gradient	lead	to	incorrect	or	absent	forebrain	structures	and	

HPE	pathogenesis	(Fernandes	and	Hebert,	2008),	as	demonstrated	by	animal	studies.	

Inactivation	of	Shh	in	mice	leads	to	severe	HPE-related	defects	including	absent	ventral	

structures	 and	 cyclopia	 (Chiang	 et	 al.,	 1996).	 Partial	 or	 complete	 inactivation	 of	

members	of	the	SHH	signaling	pathway	(DISP1,	GLI2,	SMO)	and/or	other	ventralizing	

factors	(ZIC2,	FGF8)	cause	various	manifestations	of	semilobar	and	alobar	HPE	in	mice	

(Warr,	2008;	Hayhurst	and	McConnell,	2003).	Interestingly,	while	classic	HPE	is	caused	

by	 a	 defective	 ventralization	 of	 the	 forebrain	 (mainly	 resulting	 from	 absent	 or	

insufficient	SHH	signaling),	defective	dorsalizing	signals	 lead	to	the	MIHV	subtype	of	

HPE.	Inactivation	of	BMPR1a	and	BMPR1b,	members	of	the	BMP	pathway,	results	in	

MIHV	phenotype	 in	mice	 (Fernandes	et	al.,	2007;	Gupta	and	Sen,	2016).	Moreover,	

inhibition	of	BMP	signaling	by	ectopic	expression	of	SHH	in	the	dorsal	midline	leads	to	

MIHV	(Huang	et	al.,	2007).	
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Signaling	interactions	in	forebrain	and	facial	development	
As	illustrated	by	various	HPE	cases	described	in	part	II	of	the	Introduction,	 impaired	

forebrain	 structures	 are	 typically	 associated	 with	 facial	 defects,	 indicating	 that	

defective	forebrain	development	also	impacts	the	morphogenesis	of	facial	structures.	

In	 addition	 to	 the	 physical	 impact	 that	 growing	 brain	 has	 on	 facial	 shape,	multiple	

studies	have	shown	that	 forebrain	coordinates	 facial	development	at	the	molecular	

level.	 In	particular,	 SHH	signaling	directly	affects	 facial	 structures	by	 controlling	 the	

spatial	organization	of	the	Frontonasal	Ectodermal	Zone	(FEZ),	a	signaling	center	that	

regulates	facial	development	(Hu	et	al.,	2003).	Blocking	SHH	expression	 in	the	brain	

leads	 to	 altered	 expression	 of	 SHH	 in	 the	 FEZ	 and	 causes	midline	 facial	 anomalies	

typically	 encountered	 in	 HPE	 (Marucio	 et	 al.,	 2005;	 Hu	 and	 Marucio,	 2009).	

Quantitative	experiments	in	chick	model	have	shown	that	varying	SHH	concentration	

in	the	brain	affects	the	head	shape,	the	midface	and	the	eyes,	leading	to	various	facial	

anomalies	 such	 as	 abnormal	 frontonasal	 processes,	 hypotelorism	 and	 jaw	

abnormalities	(Young	et	al.,	2010).	Importantly,	a	significant	correlation	between	SHH	

concentration	and	variations	of	midfacial	shape	has	been	illustrated,	suggesting	that	

SHH	controls	facial	development	in	a	dose-dependent	manner	(Figure	10A).		The	dose-

dependent	impact	of	SHH	signaling	on	phenotypic	outcome	may	explain	the	extreme	

Forebrain, 5 weeks in utero

FGF
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Telencephalon
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Figure 9. Dorsoventral patterning of forebrain and HPE pathogenesis. 

Adapted from Medina et al., 2007. 
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clinical	variability	observed	in	HPE	patients	(Marucio	et	al.,	2011;	Petryk	et	al.,	2015)	

(Figure	10B).	

	

Other	molecular	pathways	of	forebrain	development	have	also	been	linked	to	facial	

development.	Altering	the	expression	of	BMP	proteins	in	neural	crest	cells	results	in	

dramatic	 changes	 of	 the	 facial	 skeleton	 leading	 to	 orofacial	 clefts	 and	 mandibular	

defects	 (Bonilla-Claudio	 et	 al.,	 2012).	 Conditional	 knockout	 of	 ß-catenin,	 the	 key	

molecule	of	WNT	signaling,	results	in	absent	upper	jaw	and	dorsal	face	(Wang	et	al.,	

2011).	

Altogether,	these	results	indicate	that	forebrain	and	facial	development	are	linked	and	

coordinated	 by	 a	 complex	 interplay	 between	 multiple	 developmental	 pathways.	

Defects	in	these	pathways	result	in	incorrect	dorsoventral	patterning	of	the	forebrain	

leading	to	the	onset	of	HPE	and	associated	craniofacial	anomalies.	

	

Figure 10. The dose-dependent effect of SHH on phenotypic outcome. (A) Impact of SHH dosage 
on midfacial shape in chick model. Quantitative experiments of SHH repression (using anti-SHH 
antibody 5E1) or activation (SHH-N beads) illustrate a correlation between the SHH dosage (X axis) 
and midfacial configuration (Y axis). Bars represent standard error; the dashed line corresponds to the 
maximum likelihood fit (nonlinear Hill equation). Adapted from Young et al., 2010. (B) Variations of 
SHH signaling may explain clinical variability of HPE. Model proposed by Petryk et al., 2015. 

A B
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b.	Molecular	pathways	of	HPE	
 
NODAL	
Highly	conserved	among	vertebrates,	NODAL	signaling	is	essential	for	global	embryonic	

polarity	 and	 differentiation	 events	 that	 take	 place	 during	 pre-gastrulation	 and	

gastrulation	phases	(Lu	and	Robertson,	2004).		

During	pre-gastrulation,	NODAL	signaling	is	crucial	for	the	patterning	of	the	anterio-

posterior	axis	and	the	establishment	of	epiblast-hypoblast	 layers	 (Rossant	and	Tam,	

2004).	Specifically,	Nodal	is	expressed	in	the	early	epiblast	and	induces	the	formation	

of	the	anterior	hypoblast	(Shen,	2007).	The	anterior	hypoblast	then	produces	NODAL	

antagonists	(LEFTY1/2,	CER1),	thus	preventing	excessive	NODAL	activity	(Perea-Gomez	

et	 al.,	 2002).	 During	 gastrulation,	 Nodal	 expression	 is	 required	 for	 the	 correct	

formation	of	mesodermal	and	endodermal	layers	(Vincent	et	al.,	2003).	In	particular,	

NODAL	 signaling	 controls	 mesoderm	 differentiation,	 inducing	 axial	 mesoderm	 and	

exerting	a	dorsalizing	activity	(Jones	et	al.,	1995).	As	demonstrated	by	animal	studies,	

NODAL	is	also	critical	for	establishment	of	the	prechordal	plate,	the	major	secreting	

center	 of	 SHH	 (Sampath	 et	 al.,	 1998).	 Knockouts	 of	 NODAL	 components	 lead	 to	

defective	patterning	of	 the	prechordal	plate,	 reduced	SHH	expression	and	defective	

forebrain	structures	(Heyer	et	al.,	1999;	Hoodless	et	al.,	2001;	Nomura	and	Li,	1998;	

Song	et	al.,	1999).	

NODAL	belongs	to	the	superfamily	of	Transforming	Growth	Factor-β	(TGF-β)	regulating	

proteins	 (Shen,	 2007;	 Robertson	 et	 al.,	 2014)	 (Figure	 11).	 Initially	 synthetized	 as	 a	

precursor,	NODAL	is	cleaved	into	its	active	form	by	a	protease	PCSK6	and	transduced	

through	the	transmembrane	activin	receptors	(ACVR1B,	ACVR2A/B).	Binding	of	NODAL	

to	activin	receptors	leads	to	the	phosphorylation	of	SMAD	proteins	(SMAD2/3),	which	

subsequently	bind	to	SMAD4	and	translocate	to	the	nucleus.	The	SMAD2/3-4	complex	

activates	transcriptional	regulators	such	as	FOXH1,	thus	enabling	the	transcription	of	

target	genes.	NODAL	signaling	is	regulated	by	extracellular	co-factors	including	TDGF1	
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and	CFC1,	which	are	members	of	the	epidermal	growth	factor	(EGF)-cysteine	rich	(CFC)	

family.	

	

BMP	
Initially	 discovered	 for	 their	 role	 in	 ectopic	 bone	 formation,	 Bone	 Morphogenetic	

Proteins	(BMPs)	are	now	known	to	act	as	major	morphogens	during	embryogenesis	

and	development	(Wang	et	al.,	2014).	More	than	15	BMPs	are	known,	all	implicated	in	

various	 developmental	 processes.	 In	 particular,	 BMP2	 and	 BMP4	 are	 essential	 to	

embryogenesis,	 as	 knockout	 of	 these	 genes	 in	mouse	 leads	 to	 embryonic	 lethality	

(Winnier	 et	 al.,	 1995;	 Zhang	and	Bradley,	 1996).	 Importantly,	 several	BMP	proteins	

(BMP2,	 BMP4,	 BMP5,	 BMP7)	 have	 been	 proposed	 to	 act	 as	 important	 dorsalizing	

factors	during	forebrain	development	(Furuta	et	al.,	1997).	

BMPs	belong	to	another	branch	of	the	TGF-ß	superfamily	and	bind	to	transmembrane	

BMP-specific	receptors	(BMPR1,	BMPR2)	(Figure	12).	Similar	to	NODAL	signaling,	BMPs	

activate	SMAD	complexes	upon	binding,	which	 then	 translocate	 to	 the	nucleus	and	

activate	 the	 expression	 of	 target	 genes.	 Chordin	 (Chd),	 noggin	 (Nog)	 and	 Twisted	

gastrulation	 (Tsg)	 proteins	 regulate	 the	 BMP	 signaling	 by	 preventing	 the	 receptor	

binding.	In	mouse	studies,	double	inactivation	of	Chd	and	Nog	as	well	as	homozygous	

knockouts	of	Tsg	cause	alobar	HPE–like	phenotype	(Bachiller	et	al.,	2000;	Zakin	and	

Robertis,	 2003).	 As	 mentioned	 above,	 inactivation	 of	 BMPR1	 receptors	 (BMPR1A,	

Figure 11. NODAL signaling pathway. Adapted from Robertson et al., 2014. 

Target	genes
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BMPR1B)	 leads	 to	 the	MIHV	phenotype.	 Interestingly,	multiple	 studies	have	 shown	

that	NODAL	and	BMPs	pathways	antagonize	each	other	through	competitive	activation	

of	the	common	signaling	component	SMAD4	(Candia	et	al.,	1997,	Furtado	et	al.,	2008,	

Yamamoto	et	al.,	2009).	Additionally,	BMPs	can	also	bind	activin	 receptors	used	by	

NODAL	 (ACVR1A,	 ACVR2A/B)	 (Aykul	 and	Martinez-Hackert,	 2016).	 The	 antagonistic	

relationship	between	these	two	signaling	pathways	participates	 in	 the	regulation	of	

forebrain	patterning	and	could	contribute	to	the	complex	nature	of	HPE	pathogenesis	

(Yang	et	al.,	2010).		

	

	
	
Notch	
Initially	characterized	in	Drosophilia,	Notch	signaling	acts	a	general	developmental	tool	

of	 local	 cell	 interactions	 that	 is	 used	 to	 control	 a	 broad	 spectrum	of	 cell	 fates	 and	

developmental	processes	(Artavanis	Tsakonas	et	al.,	1999).	

The	 activity	 of	 the	 Notch	 pathway	 is	 based	 on	 the	 interaction	 between	 two	

neighbouring	cells	(trans-interaction):	a	transmembrane	NOTCH	receptor	is	activated	

by	binding	of	ligands	Delta	(DLL)	and/or	Jagged	(JAG)	present	on	the	neighboring	cell	

(Boareto	et	al.,	2015).	Once	activated,	the	intracellular	domain	of	the	NOTCH	receptor	

(Notch	 Intracellular	 Domain,	 NICD)	 is	 translocated	 to	 the	 nucleus,	 resulting	 in	

Figure 12. BMP signaling pathway. Adapted 
from Wang et al., 2014. 
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subsequent	 activation	 of	 downstream	 target	 genes.	 Once	 translocated,	 NICD	 also	

regulates	 the	 transcription	 of	 Notch,	 Jagged	 and	 Delta	 thus	 maintaining	 efficient	

intercellular	communication	(Figure	13).	Of	note,	interaction	between	Notch	receptors	

and	ligands	of	the	same	cell	(cis-interaction)	results	in	the	degradation	of	both	without	

generation	of	any	signal.	

	
	

	

During	neurulation,	Notch	signaling	is	involved	in	neural	tube	patterning	by	controlling	

the	timing	of	cell	birth	and	differentiation	(Stolfi	et	al.,	2011;	Cau	and	Blader,	2009).	

The	 temporal	 control	 of	 neurogenesis	 by	Notch	has	 been	 further	 demonstrated	by	

studies	 of	 Xenopus	 and	 chick	 embryos	 (Chitnis	 and	 Kintner,	 1996;	 Henrique	 et	 al.,	

1997).	 Recent	 studies	 demonstrated	 that	 Notch	 pathway	 regulates	 the	 SHH	 signal	

during	 forebrain	 development,	 indicating	 its	 relevance	 in	 HPE	 (Dupé	 et	 al.,	 2011).	

Specifically,	 Notch	 activity	 controls	 the	 localization	 of	 several	members	 of	 the	 SHH	

pathway	(SMO,	PTCH1)	within	the	primary	cilia	(Kong	et	al.,	2015;	Stasiulewicz	et	al.,	

2015).	Pathogenic	variants	in	DLL1,	a	ligand	of	the	Notch	pathway,	were	identified	in	

HPE	patients	(Dupé	et	al.,	2011).	Moreover,	a	recent	study	conducted	by	our	research	

team	 further	 revealed	 that	 deficiency	of	NOTCH	 signaling	 results	 in	 decreased	 SHH	

activity	leading	to	malformations	of	the	forebrain	midline	(Hamdi-Roze	et	al.,	2020).	

Figure 13. Notch signaling pathway. Adapted from Boareto et al., 2015. 
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FGF	signaling	
The	Fibroblast	Growth	Factor	(FGF)	signaling	pathway	regulates	fundamental	cellular	

processes	 including	 cell	 proliferation,	 survival,	migration	 and	 differentiation	 (Ornitz	

and	Itoh,	2015).	Prior	to	gastrulation,	FGFs	are	implicated	in	the	formation	of	epiblast.	

During	 gastrulation,	 FGF	 signaling	 induces	 chemotactic	 activity	 that	 controls	

morphogenetic	movements	necessary	to	the	formation	of	endodermal,	mesodermal	

and	 ectodermal	 layers	 (Kubota	 and	 Ito,	 2000).	 In	 particular,	 Fgf8	 is	 crucial	 for	 this	

process	as	mice	deficient	for	this	gene	lack	all	embryonic	structures	derived	from	the	

mesodermal	 and	 endodermal	 layers	 (Meyers	 et	 al.,	 1998).	 During	 forebrain	

development,	 FGF	 signaling	 functions	 downstream	 of	 SHH	 and	 participates	 in	

separation	of	the	anterior	cerebral	hemispheres	(Storm	et	al.,	2006;	Gutin	et	al.,	2006).	

In	mice,	conditional	deletions	of	Fgf8	and	Fgfr1	result	in	reduced	FGF	signaling	during	

forebrain	development	and	semilobar	HPE	(McCabe	et	al.,	2011;	Simonis	et	al.,	2013).	

The	 FGF	 pathway	 is	 comprised	 of	 secreted	 signaling	 ligands	 (FGFs)	 and	 a	 series	 of	

tyrosine	 kinase	 receptors	 (FGFRs).	 Upon	 ligand-receptor	 binding,	 activated	 FGFRs	

phosphorylate	specific	tyrosine	residues	and	regulate	the	expression	of	target	genes	

via	one	of	 the	 four	downstream	pathways:	RAS-MAPK,	PI3K-AKT,	Phospholipase	C!	
(PLC!)	 and	 STAT.	 FGF	 signaling	 primarily	 regulates	 growth	 factors	 involved	 in	 cell	

survival	and	differentiation.		

 

SHH	signaling	
Sonic	Hedgehog	signaling	represents	the	main	disease	pathway	of	HPE	(Mercier	et	al.,	

2013;	Dubourg	et	al.,	2016;	Kruszka	et	al.,	2018).	The	Hedgehog	gene	(hh)	was	initially	

identified	 by	 a	 genetic	 screen	 for	 mutations	 affecting	 segmental	 patterning	 in	

Drosophila	(Nüsslein-Volhard	et	al.,	1980).	Further	studies	rapidly	implicated	hh	as	a	

major	developmental	 factor	highly	conserved	throughout	evolution	 (Echelard	et	al.,	

1993;	Krauss	et	al.,	1993;	Chang	et	al.,	1994).	In	mammals,	three	homologues	of	the	

Hh	gene	have	been	 identified:	Sonic	Hedgehog	 (SHH),	Desert	Hedgehog	 (DHH),	and	

Indian	 Hedgehog	 (IHH).	 SHH,	 the	 best	 characterized	 mammalian	 Hh	 gene,	 is	 an	

essential	regulator	of	vertebrate	development	implicated	in	patterning	of	the	neural	
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tube,	forebrain	and	midline	facial	structures	(Rubenstein	and	Beachy,	1998;	Muenke	

and	 Beachy,	 2000).	 As	 mentioned	 before,	 SHH	 signaling	 plays	 an	 essential	 role	 in	

forebrain	development,	as	mice	 lacking	 the	Shh	gene	exhibit	 severe	HPE	associated	

with	cyclopia	and	absent	ventral	midline	structures.	Consistently,	SHH	is	also	the	major	

gene	implicated	in	HPE	(Dubourg	et	al.,	2016).	Of	note,	SHH	was	named	after	“Sonic	

the	 Hedgehog”,	 a	 computer	 game	 of	 the	 early	 90s.	 The	 game	 character,	 ‘Sonic’,	

appears	to	have	two	closely	set	eyes	reminiscent	of	facial	features	encountered	in	HPE.	

SHH	 functions	 as	 a	 morphogen	 with	 short-	 and	 long-range	 diffusion,	 capable	 of	

exerting	its	effect	within	up	to	300 μm	distance	from	the	secreting	cell	(Choudhry	et	

al.,	2014;	Ramsbottom	and	Pownal,	2016).	Initially	synthetized	as	a	45-kDa	precursor,	

SHH	is	then	autoproteolytically	cleaved	to	generate	a	19	kDa	N-terminus	(SHH-N)	and	

26	kDa	C-terminus	(SHH-C)	fragments	(Lee	et	al.,	1994;	Dessaud	et	al.,	2008)	(Figure	

14).	The	SHH-N	fragment	mediates	the	downstream	signaling	activity,	while	the	SHH-

C	is	necessary	for	the	proper	cleavage	and	maturation	of	the	precursor	(Chen	et	al.,	

2011).	Specifically,	SHH-C	fragment	contains	a	conserved	catalytic	cysteine	 (Cys198)	

and	a	sterol	recognition	(SR)	motif.	During	maturation,	the	catalytic	cysteine	forms	a	

thioester	intermediate	by	attacking	the	polypeptide	backbone	while	the	SR	motif	binds	

a	cholesterol	molecule.	The	recruited	cholesterol	generates	an	ester	linkage	with	the	

thioester	and	displaces	the	SHH-C	fragment.	This	results	in	dissociation	of	the	SHH-C	

fragment	and	attachment	of	the	cholesterol	to	the	SHH-N	(Mann	and	Beachy,	2004).	

Subsequently,	the	SHH-C	fragment	is	degraded	in	the	endoplasmic	reticulum	while	the	

SHH-N	 is	 further	 modified	 by	 attachment	 of	 palmitic	 acid,	 mediated	 by	 Hedgehog	

acyltransferase	(HHAT,	also	called	Skn).	The	cleavage	and	dual	lipidation	of	SHH-N	are	

essential	 for	 the	 correct	 functioning	 of	 the	 SHH	 signaling.	 Mutations	 blocking	 the	

autoproteolytic	cleavage	lead	to	loss	of	SHH	activity,	resulting	in	HPE	(Roessler	et	al.,	

1997).	Additionally,	mice	deficient	in	HHAT	exhibit	phenotypes	similar	to	Shh	knockout	

including	lack	of	differentiated	floor	plate	and	neural	tube	defects	(Dennis	et	al.,	2012).	
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The	dual	lipidation	of	the	SHH-N	results	in	a	highly	hydrophobic	molecule,	which	should	

complicate	its	release	from	the	cell.	Nevertheless,	SHH	has	been	shown	to	signal	at	a	

very	long	range,	indicating	that	the	lipidation	does	not	restrict	SHH-N	to	the	cell	but	

instead	 tightly	 controls	 its	 release	 and	 subsequent	 diffusion	 (Briscoe	 and	 Thérond,	

2013)	 (Figure	 15).	 The	 release	 of	 SHH-N	 from	 the	 cell	 is	 mainly	 maintained	 by	

transmembrane	protein	Dispatched	(DISP1)	and	glycoprotein	SCUBE2	in	a	cholesterol-

dependent	manner:	DISP1	directly	binds	 to	 the	 cholesterol	part	of	 SHH	and	acts	 in	

synergy	with	SCUBE2	to	promote	the	release	of	SHH	(Jakobs	et	al.,	2016;	Hall	et	al.,	

2019).	The	release	of	SHH	also	requires	the	action	of	Heparane	Sulphate	Proteoglycans	

(HSPG)	which	provide	 an	 assembly	 point	 for	 SHH/DISP1/SCUBE2	 at	 the	 cell	 surface	

(Carrasco	et	al.,	2005;	Goetz,	2006;	Ramsbottom	and	Pownal,	2016).	Mature	SHH-N	

peptids	 can	 also	 self-associate	 and	 form	multimeric	 complexes	 at	 the	 cell	 surface.	

Multimeric	 SHH	 can	 then	 be	 released	 in	 lipoprotein	 particles	 via	 interaction	 with	

HSPGs;	 and	 in	 extracellular	 vesical	 particles	 (exovesicles)	 by	 endosomal	 sorting	

complexes	required	for	transport	(ESCRT)	proteins	(Ramsbottom	and	Pownall,	2016).	

The	factors	that	determine	the	preferred	type	of	SHH	export	remain	unclear.	Recent	

reports	 suggest	 that	 the	 availability	 of	 HSPG-	 and	 SCUBE2-regulated	 sheddases	

(membrane	enzymes	involved	in	cleavage	of	transmembrane	proteins)	plays	a	role	in	

determining	the	type	of	SHH	release	(Jakobs	et	al.,	2016).	

HHAT
Cholesterol

Palmitate

SHH-N

SHH	precursor

Cleavage	site Cys198 SRR

Figure 14. Dual lipid modification of SHH protein. Adapted from Dessaud et al., 2008 
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Figure 15. Multiple types of SHH release. (1) SHH can be released under monomeric form via the 

combined action of SCUBE2, DISP1 (Disp) and HSPGs. (2) SHH can accumulate at the cell surface 

and form multimeric complexes, which are subsequently released as lipoprotein particles by 

interacting with HSPGs. (3) Unprocessed SHH can re-enter the cell and be internalized by ESCRT 

proteins, forming intra-luminal vesicles (ILV). ILV can subsequently fuse with the membrane and be 

released from the cell as exosomes. Adapted from Ramsbottom and Pownal, 2016. 
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Upon	reaching	its	target	cell,	the	SHH-N	peptide	will	further	activate	the	downstream	

signaling	cascade	which	 involves	several	 transmembrane	receptors	and	 the	primary	

cilium.	SHH-N	binds	 to	several	 transmembrane	proteins	 (Izzi	et	al.,	2011).	Patched1	

(PTCH1)	acts	as	 the	key	 receptor	of	SHH;	CDON,	BOC	and	GAS1	act	as	co-receptors	

enhancing	the	SHH/PTCH1	interaction.	SHH/PTCH1	binding	is	necessary	for	the	signal	

transduction.	 In	 absence	 of	 SHH-N	 ligand,	 PTCH1	 blocks	 the	 pathway	 activity	 by	

inhibiting	 Smoothened	 (Smo).	 Binding	 of	 SHH-N	 to	 PTCH1	 represses	 this	 inhibitory	

function,	 resulting	 in	 degradation	 of	 SHH-N/PTCH1	 complex	 and	 activation	 of	 Smo	

(Figure	16).		

	

	

Once	 activated,	 Smo	 transduces	 the	 SHH	 signal	 by	 translocating	 to	 the	 cilium	 and	

activating	transcription	factors	of	glioma-associated	oncogene	homolog	family	-GLI2	

and	GLI3	-	which	are	the	terminal	effectors	of	the	SHH	signaling	pathway	(Rimkus	et	

al.,	2016).	The	precise	mechanism	of	GLI2/3	activation	remains	unclear	(Figure	17).	In	

the	 absence	 of	 SHH	 signal,	 GLI2/3	 proteins	 are	 bound	 to	 the	 Suppressor	 of	 Fused	

protein	(SUFU)	and	remain	in	the	cytoplasm.	As	a	result,	GLI2/GLI3	proteins	undergo	

proteolytic	cleavage	to	form	transcriptional	repressors	(GLI2R/GLI3R).	In	the	presence	

of	SHH	signal,	the	activated	Smo	enables	the	translocation	of	full-length	GLI	proteins	

Figure 16. Reception of SHH signal. Izzi et al., 2011 
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to	 the	 cilia	 thereby	 inhibiting	 their	 cleavage	 and	 formation	 of	 the	 repressor	 forms.	

Instead,	GLI2/GLI3	proteins	are	transformed	into	transcriptional	activators	(GLI2A	and	

GLI3A)	and	translocated	to	the	nucleus	to	activate	the	target	genes.	Ultimately,	SHH	

signaling	activates	the	target	genes	by	modulating	the	ratio	between	the	repressor	and	

activator	 forms	 of	 GLI2/GLI3	 in	 the	 SHH-receiving	 cell	 (Jacob	 and	 Briscoe,	 2003;	

Stamataki	et	al.,	2005).	

	

SHH	pathway	is	a	complex	molecular	process	with	several	regulatory	nodes	that	can	

enhance	or	reduce	the	signal	output.	Along	with	other	pathways	described	above,	SHH	

forms	a	multi-layered	molecular	network	regulating	forebrain	and	facial	development.	

Genetic	alteration	of	one	or	several	components	of	this	network	can	lead	to	incorrect	

patterning	 of	 the	 forebrain	 and	 the	 onset	 of	 HPE.	 The	 complex	 spatio-temporal	

regulation	 and	 a	 large	 number	 of	 genetic	 factors	 involved	 in	 forebrain	 and	 facial	

development	contribute	to	large	genetic	heterogeneity	of	this	disease.	
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	Figure 17. Activation of GLI2/3 by SHH signaling.  

(1-4) SHH binds PTCH1 and represses its inhibitory action on SMO.  

(5-7) Activated SMO is phosphorylated by GRK2 and assumes an active conformation by forming a complex 
with ß-arrestin and Kif3a (Pak and Segal, 2016). The resulting Smo-β-arrestin2-Kif3a relocates to the tip of the 
primary cilium and recruits SUFU-GLI2/GLI3 complex from the cytoplasm.  

(8) Transport of SUFU-GLI2/GLI3 proteins into the primary cilium (anterograde transport) involves 
Intraflagellar Complex B (IFT-B) proteins. Once located at the tip of the primary cilium, GLI2/GLI3 are 
translocated back to the cytoplasm (retrograde transport) and dissociate from Sufu (Tukachinsky et al., 2010; 
Lin et al., 2014). Retrograde transport is assured by Intraflagellar Complex A (IFT-A) proteins. 

(9) During the retrograde transport, GLI2/GLI3 proteins are transformed into transcriptional activators (GLI2A 
and GLI3A). This process requires phosphorylation by ULK3 kinase (Goruppi et al., 2017) and action of several 
ciliary proteins including Mks1, Fuz, Intu, C2cd3 and Rpgrip1l (Murdoch and Coop, 2010). After the 
transformation, GLI2A/GLI3A are translocated to the nucleus and activate the transcription of target genes. 

(10-12) During the retrograde transport, GLI2/3 can also be degraded or cleaved into repressors (GLI2R/GLI3R). 
The SHH signal modulates the ratio between the repressor and activator forms of GLI2/GLI3 in the receiving 
cell (Stamataki et al., 2005). 

(13) Hedgehog-interacting protein (HHIP) can bind SHH ligand and repress the pathway activity (Chuang et al., 
2003). 

Adapted from Murdoch and Copp, 2013  
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c.	Genetic	mechanisms	of	HPE	
 
Known	disease	genes		
SHH	
In	1996,	Roessler	et	al.	analyzed	30	families	presenting	autosomal	dominant	HPE	and	

identified	 5	 cases	 carrying	 heterozygous	 mutations	 in	 SHH	 (7q36)	 (Roessler	 et	 al.,	

1996).	The	identified	mutations	segregated	with	the	disease	and	resulted	in	premature	

protein	 terminations	 or	 alterations	 of	 highly	 conserved	 residues.	 Together	 with	

previous	reports	indicating	the	implication	of	7q36	region	in	the	disease	(Gurrieri	et	

al.,	1993;	Muenke	et	al.,	1994),	this	study	identified	SHH	as	the	first	known	gene	to	

cause	HPE	in	human.	To	date,	deleterious	variants	in	SHH	remain	the	most	common	

cause	of	non-chromosomal	cases	of	HPE	(Dubourg	et	al.,	2016).	In	a	genetic	analysis	of	

157	HPE	families	(396	individuals),	Solomon	et	al.	identified	141	unique	SHH	mutations	

(Solomon	et	al.,	2012).	A	large	proportion	of	identified	variants	were	missense	(66%),	

followed	 by	 nonsense	 (15	 %)	 and	 frameshift	 (12	 %)	 mutations.	 Several	 inframe	

deletions/insertions	(~6%)	and	splicing	mutations	(1%)	have	also	been	reported.	

	

ZIC2	
ZIC2	 (Zinc	 finger	 protein	 of	 the	 cerebellum	2)	 is	 located	 at	 chromosome	13q32	 and	

codes	 for	 a	 transcription	 factor	 playing	 several	 roles	 in	 regulating	 neurological	

development.	Mice	with	complete	absence	of	Zic2	activity	exhibit	various	phenotypes	

of	 the	 HPE	 spectrum	 (hypotelorism,	 cyclopia)	 indicating	 its	 role	 in	 craniofacial	

morphogenesis	(Nagai	et	al.,	2000).	Similar	to	the	case	of	SHH,	ZIC2	was	first	considered	

as	 HPE	 candidate	 due	 to	 recurrent	 deletions	 involving	 its	 genomic	 location	 (13q)	

identified	 in	 individuals	 presenting	 brain	 anomalies.	 Subsequent	 analyses	 of	 HPE	

patients	identified	pathogenic	mutations	in	ZIC2,	most	of	which	led	to	the	impairment	

of	 the	 ZIC2	 homeodomain	 involved	 in	 transcriptional	 control	 (Brown	 et	 al.,	 1998;	

Brown,	 2001;	 Dubourg	 et	 al.,	 2004;	 Brown	 et	 al.,	 2005).	 For	 patients	 with	 normal	

karyotypes,	mutations	in	ZIC2	are	found	in	approximately	5-8	%	of	cases	(Solomon	et	

al.,	2009;	Dubourg	et	al.,	2016,	Kruzska	et	al.,	2018).	Unlike	other	HPE	genes,	the	vast	

majority	of	ZIC2	HPE	patients	are	sporadic	cases	and	present	with	a	specific	phenotype	
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including	large	ears,	flat	nasal	bridge	and	bitemporal	narrowing	(Solomon	et	al.,	2010).	

The	 ZIC2-specific	 facial	 features	 are	 distinct	 from	 standard	 facial	 dysmorphisms	

encountered	 in	 isolated	 HPE,	 suggesting	 its	 unique	 role	 in	 forebrain	 and	 facial	

development	(Dubourg	et	al.,	2011;	Mercier	et	al.,	2011;	Solomon	et	al.,	2009).	

	

SIX3	
Following	 the	 discovery	 of	 SHH	 as	 the	 first	 causal	 HPE	 gene,	 subsequent	 studies	

implicated	 its	 transcriptional	 regulator	SIX3	 (2p21)	 in	 the	disease.	This	 transcription	

factor	is	the	orthologue	of	the	sine	oculis	(“without	eyes”)	gene	in	Drosophila,	involved	

in	forebrain	and	eye	development	in	several	organisms	including	mouse	and	zebrafish	

(Oliver	et	al.,	1995;	Seo	et	al.,	1998). SIX3	acts	as	a	direct	regulator	of	SHH	expression	

in	 the	 ventral	 forebrain	 by	 binding	 to	 the	 SHH	 promoter	 region	 via	 its	 homeobox	

domain	(Jeong	et	al.,	2008).	SIX3	was	first	considered	as	HPE	candidate	in	1996	due	to	

cytogenetic	 anomalies	 of	 2p21	 identified	 in	 HPE	 patients	 (Schell	 et	 al.,	 1996).	 A	

subsequent	study	identified	4	different	mutations	in	the	homeodomain	of	SIX3	in	HPE	

patients,	thus	implicating	this	gene	in	HPE	(Wallis	et	al.,	1999).	SIX3	is	considered	as	

the	third	most	common	gene	implicated	in	isolated	cases	of	HPE	(~3	%,	Dubourg	et	al.,	

2016).		

	

TGIF1	
For	a	long	time,	TGIF1	(TGFß-induced	factor	homeobox	1)	was	thought	to	be	the	fourth	

major	 gene	 of	 HPE	 in	 terms	 of	 mutational	 frequency.	 Located	 at	 18p11.3,	 TGIF1	

encodes	 a	 homeodomain	 protein	with	 transcriptional	 repression	 activity	 regulating	

NODAL	and	retinoic	acid	signaling	pathways	(Powers	et	al.,	2010).	In	2000,	a	study	by	

Gripp	et	al.	implicated	this	gene	in	HPE	by	identifying	four	heterozygous	TGIF	mutations	

in	HPE	patients	(Gripp	et	al.	2000).	A	case	of	recessive	HPE	caused	by	two	compound	

heterozygous	variants	in	TGIF1	was	also	reported	(El-Jaick	et	al.,	2007).	Mutations	in	

this	gene	are	thought	to	be	responsible	for	1-2	%	of	isolated	cases	of	HPE,	although	

recent	reports	suggest	a	much	lower	mutational	frequency	(Dubourg	et	al.,	2016).	
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Since	the	discovery	of	SHH,	ZIC2,	SIX3	and	TGIF	as	causal	genes	 in	HPE,	subsequent	

studies	 of	 the	 related	 signaling	 pathways	 have	 contributed	 to	 the	 identification	 of	

additional	genetic	factors	implicated	in	the	disease	pathogenesis.		

	

Genes	of	the	SHH	pathway	
Most	of	known	HPE	genes	belong	to	the	SHH	signaling	pathway,	described	in	part	B.	

Mutations	 in	PTCH1,	 the	main	 receptor	of	SHH,	have	been	 identified	 in	10	patients	

presenting	HPE	and	HPE-like	phenotypes	(Ming	et	al.,	2002;	Ribeiro	et	al.,	2006).	PTCH1	

acts	 as	 a	 repressor	 of	 SHH	activity,	 as	 its	 partial	 inactivation	was	 shown	 to	 restore	

normal	SHH	signaling	and	rescue	the	HPE	phenotype	in	mice	(Hong	and	Krauus,	2013).	

Consistently,	PTCH1	mutations	found	in	HPE	patients	are	thought	to	result	in	a	gain-of-

function	effect,	enhancing	the	PTCH1	activity	of	repressing	the	SHH	signaling	(Ming	et	

al.,	 2002).	 Duplications	 of	 PTCH1	 were	 also	 identified	 in	 several	 HPE	 patients	

(Derwinska	et	al.,	2009).	GLI2,	the	main	transcriptional	mediator	of	SHH	signaling,	can	

be	considered	as	one	of	the	major	HPE	genes	in	terms	of	mutational	frequency	(3.2%,	

Dubourg	et	al.,	2016),	although	the	reported	variants	cause	a	distinct	phenotype	that	

includes	 pituitary	 insufficiency	 and	 subtle	 facial	 features	 (Bear	 et	 al.,	 2014).	 Rare	

pathogenic	mutations	were	 also	 reported	 in	 SHH	 co-receptors	 enhancing	 the	 SHH-

PTCH1	interaction	-	GAS1,	CDON,	BOC	 (Pineda-Alvarez	et	al.,	2012;	Bae	et	al.,	2011;	

Hong	et	al.,	2017).	DISP1,	 implicated	in	SHH	release,	was	found	mutated	in	patients	

presenting	HPE	microforms	 (Roessler	et	al.,	2009).	 Several	mutations	of	SUFU,	 long	

time	HPE	candidate	implicated	in	the	transduction	of	the	SHH	signal,	were	reported	in	

screenings	of	large	HPE	cohorts	(Dubourg	et	al.,	2016).	

	

NODAL	pathway	
In	 several	 cases,	 mutations	 in	 genes	 of	 the	 NODAL	 signaling	 pathway	 have	 been	

implicated	in	the	disease.	The	implication	of	NODAL	genes	remains	rare	in	liveborn	HPE	

children,	indicating	that	severe	NODAL	defects	are	likely	to	result	in	early	embryonic	

lethality	and	not	HPE	(Roessler	et	al.,	2008).	Two	genes	of	the	NODAL	pathway	have	

been	implicated	in	human	HPE	so	far.	FOXH1,	a	transcription	factor	implicated	in	the	
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formation	of	the	prechordal	plate	and	the	notochord	(Hoodless	et	al.,	2001;	Roessler	

et	al.,	2008);	and	TDGF1	(CRIPTO),	an	essential	factor	of	the	midline	development	(de	

la	Cruz	et	al.,	2002).		

	

FGF	pathway	
More	 recently,	 the	 FGF	 signalling	 pathway	 has	 been	 linked	 to	 HPE	 via	 pathogenic	

variants	 in	 FGF8	 and	 FGFR1	 (Arauz	 et	 al.,	 2010;	 Dubourg	 et	 al.,	 2016).	 In	 a	 recent	

analysis	of	257	HPE	patients,	FGF8	and	FGFR1	were	found	to	be,	respectively,	the	5th	

and	the	6th	most	commonly	mutated	genes,	suggesting	a	major	involvement	of	the	FGF	

pathway	in	HPE	pathogenesis	(Dubourg	et	al.,	2016).	Inactivation	of	Fgf8	in	mice	leads	

to	abnormalities	of	the	ventral	telencephalon	and	pituitary	dysfunction	(McCabe	et	al.,	

2011).	A	study	of	a	double	mouse	mutant	for	Fgfr1/Fgfr2	receptors	illustrated	that	FGF	

signalling	acts	downstream	of	Shh	and	Gli3	to	specify	telencephalic	cells	(Gutin	et	al.,	

2006).		

	

New	HPE	genes	
Deciphering	 the	 genetic	 bases	 of	 HPE	 is	 an	 ongoing	 task	with	 novel	 disease	 genes	

reported	every	year	(Table	2).	Recent	findings	report	the	implication	of	STIL	and	CNOT1	

genes	 in	 HPE.	 Previously	 associated	 with	 autosomal	 recessive	 microcephaly,	 STIL	

encodes	 a	 ciliary	 protein	 implicated	 in	 formation	 of	 the	 primary	 cilia,	 essential	 for	

transduction	of	SHH	signal.	Mutations	in	STIL	were	implicated	in	autosomal	recessive	

cases	of	HPE	with	two	consanguineous	families	reported	so	far	(Mouden	et	al.,	2015;	

Kakar	 et	 al.,	 2015).	 CNOT1,	 a	 member	 of	 CCR4-NOT	 complex	 involved	 in	

posttranscriptional	regulation,	was	implicated	in	the	disease	by	identifying	an	identical	

de	novo	missense	mutation	in	two	unrelated	individuals	affected	by	HPE	(Kruzska	et	

al.,	2019).	Recently	identified	disease	genes	also	include	KMT2D,	PPP1R12A,	RAD21,	

SMC1A,	SMC3	and	STAG2	but	further	investigations	of	large	HPE	cohorts	are	needed	

to	further	confirm	these	findings	(Tekendo-Ngongang	et	al.,	2019;	Hughes	et	al.,	2020;	

Kruszka	et	al.,	2019).	Despite	numerous	advances,	all	known	HPE	genes	account	for	

only	 a	 fraction	of	 the	 genetic	 etiology	 in	 isolated	HPE,	with	 approximately	 70	%	of	
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patients	remaining	without	an	identified	molecular	cause	of	the	disease	(Dubourg	et	

al.,	 2016).	 The	 low	 diagnostic	 yield	 of	 isolated	 HPE	 indicates	 the	 existence	 of	

unelucidated	genetic	factors	underlying	the	disease	pathogenesis.	

Gene Frequency	of	mutations References

Roessler	et	al.,	1996
Nanni	et	al.,	1999
Brown	et	al.,	1998
Brown	et	al.,	2001
Wallis	et	al.,	1999
Lacbawan	et	al.,	2009
Roessler	et	al.,	2003
Dubourg	et	al.,	2016
Gripp	et	al.,	2000
El-Jaick	et	al.,	2007
Arauz	et	al.,	2010
McCabe	et	al.,	2011
Simonis	et	al.,	2013
Dubourg	et	al.,	2016
Roessler	et	al.,	2009
Mouden	et	al.,	2016

CNOT1 <1.5% Kruzska	et	al.,	2009
Ming	et	al.,	2002
Ribeiro	et	al.,	2006

GAS1 Rare Pineda-Alvarez	et	al.,	2012
CDON Rare Bae	et	al.,	2011
BOC Rare Hong	et	al.,	2017

Hoodless	et	al.,	2001
Roessler	et	al.,	2008

TDGF1 Rare de	la	Cruz	et	al.,	2002
Mouden	et	al.,	2015
Kakar	et	al.,	2015

KMT2D Rare Tekendo-Ngongang	et	al.,	2019
PPP1R12A Rare Hughes	et	al.,	2020
RAD21 Rare Kruszka	et	al.,	2019
SMC1A Rare Kruszka	et	al.,	2019
SMC3 Rare Kruszka	et	al.,	2019
STAG2 Rare Kruszka	et	al.,	2019

FOXH1 Rare

STIL Rare

<1.2%DISP1

GLI2 ~3.2%

RarePTCH1

TGIF1 <1%

FGF8 <2.2%

FGFR1 ~1.2%

SHH 5.4%-5.9%

4.8%-5.2%ZIC2

~3%SIX3

Table 2. Known HPE genes. Estimated mutational frequencies have been retrieved 
from various sources detailed in Tekendo-Ngongang et al., 2000 (Updated Mar, 2020). 
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Inheritance	
In	1998,	an	epidemiologic	study	of	258	cases	of	isolated	HPE	concluded	that	the	most	

compatible	 mode	 of	 disease	 transmission	 was	 autosomal	 dominant	 (Odent	 et	 al.,	

1998).	The	disease	penetrance	was	estimated	at	82	%	for	major	HPE	subtypes	and	88	

%	 when	 including	 minor	 forms.	 The	 autosomal	 dominant	 inheritance	 was	 further	

supported	 by	 a	 high	 rate	 of	 observed	 sporadic	 cases	 (68	 %)	 caused	 by	 de	 novo	

mutations.	 However,	 subsequent	 studies	 challenged	 this	 notion.	 In	 2011,	 a	 genetic	

screening	 of	 645	 HPE	 probands	 revealed	 that	 mutations	 in	 major	 HPE	 genes	 are	

inherited	from	asymptomatic	or	mildly	affected	parents	 in	most	cases	(70%	for	SHH	

and	 SIX3),	 illustrating	 an	 extremely	 high	 incomplete	 penetrance	 and	 variable	

expressivity	of	pathogenic	mutations	(Mercier	et	al.,	2011).		

	

Several	cases	of	autosomal	recessive	HPE	have	also	been	reported.	The	first	recessive	

case	was	described	in	2007	involving	two	compound	heterozygous	variants	in	TGIF1,	

but	was	interpreted	as	a	rare	coincidence	since	one	of	the	two	identified	variants	was	

found	 to	 be	 functionally	 normal	 in	 its	 activity	 (El-Jaick	 et	 al.,	 2007).	 In	 2011,	 a	

pathogenic	homozygous	mutation	in	FGF8	was	reported	in	a	consanguineous	patient	

presenting	semilobar	HPE	 (McCabe	et	al.,	2011).	Together	with	reports	of	 recessive	

HPE	caused	by	mutations	in	STIL	and	DISP1	(Mouden	et	al.,	2015,	2016),	these	findings	

indicate	that	recessive	inheritance	may	account	for	a	certain	part	of	isolated	HPE	cases.	

	

Digenic	inheritance	of	HPE,	involving	two	mutations	in	two	distinct	HPE	genes,	was	also	

observed	(Table	3).	In	1999,	Nanni	et	al.,	reported	3	families	presenting	a	mutation	in	

SHH	associated	with	variants	in	another	disease	gene	(ZIC2,	TGIF1),	suggesting	that	the	

HPE	phenotype	may	result	from	interactions	of	multiple	gene	products	(Nanni	et	al.,	

1999).	Subsequent	studies	of	major	HPE	genes	described	isolated	cases	with	mutations	

in	 two	 HPE	 genes	 (Ming	 &	 Muenke,	 2002)	 and	 several	 cases	 of	 chromosomal	

rearrangements	associated	with	a	mutation	in	a	known	HPE	gene	(Mercier	et	al.,	2011).	
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Studies	 of	mouse	HPE	mutants	 further	 underline	 the	 complex	 genetic	mechanisms	

involved	in	the	disease	pathogenesis.	While	homozygous	mice	mutants	for	CDON	(Cdo-

/-)	exhibit	a	mild	HPE	phenotype,	a	heterozygous	 inactivation	of	SHH	 in	 this	mutant	

background	(Cdo-/-;	SHH+/-)	dramatically	exacerbates	the	phenotype	leading	to	severe	

HPE-like	defects	including	proboscis,	suggesting	a	genetic	interaction	between	CDON	

and	SHH	to	promote	disease	pathogenesis	(Tenzen	et	al.,	2006).	 In	NODAL	signaling	

pathway,	 double	 inactivation	 of	Nodal	 and	Hnf3b	 results	 in	 severe	 HPE	 phenotype	

(cyclopia),	which	is	absent	in	case	of	Nodal/Hnf3b	single	gene	inactivation	(Varlet	et	

al.,	1997).	The	same	pattern	is	observed	in	case	of	double	inactivation	of	Chd	and	Nog,	

resulting	in	proboscis,	cyclopia	and	agnathia	(Bachiller	et	al.,	2000).	Double	inactivation	

of	Fgfr1;Fgfr2	and	Bmp1ra;Bmp1rb	of,	respectively,	FGF	and	BMP	pathways,	 lead	to	

HPE-like	phenotypes	(Gutin	et	al.,	2006;	Fernandes	et	al.,	2007). Mouse	studies	also	

underline	 the	 importance	 of	 genetic	 background	 in	 the	 development	 of	 HPE	

phenotype.	Cdo-/-	mice	develop	semilobar	HPE	on	a	pure	C57BL/6	genetic	background	

but	exhibit	only	a	microform	phenotype	on	a	mixed	genetic	background	(Helms	et	al.,	

2005;	 Zhang	 et	 al.,	 2006).	 Modifying	 factors	 due	 to	 the	 genetic	 background	 seem	

insufficient	 to	 induce	 an	 HPE	 phenotype	 but	 can	 impact	 on	 the	 regulation	 of	 the	

involved	signalling	pathways	and	represent	important	risk	factors. 

	 	

Gene Mutation References 
SHH p.Gly290Asp Nanni et al, 1999 ZIC2 c.1377-1406dup30 

SHH p.Pro424Ala Nanni et al, 1999 
TGIF1 del18p11 
SHH Del378-380 Nanni et al, 1999 TGIF1 p.Thr151Ala 
GLI2 p.Arg151Gly Rahimov et al, 2006 PTCH1 p.Thr328Ala 
SIX3 p.Ala93Asp Ming et al, 2002 
PTCH1 p.Ala393Thr 
SIX3 p.Ala284Pro Lacbawan et al, 2009 
ZIC2 p.Trp304Arg 
GAS1 p.Asp270Tyr 

Ribeiro et al, 2010 SHH p.Leu218Pro 

Table 3. Digenic cases of HPE 
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d.	Non-mendelian	HPE	-	Article	1.		
 
	

Recent	advances	in	understanding	the	inheritance	of	
holoprosencephaly	

	

Christèle	Dubourg,	Artem	Kim,	Erwan	Watrin,	Marie	de	Tayrac,	Sylvie	Odent,	Véronique	David1,	

Valérie	Dupé	

1	-	corresponding	author:	veronique.david@univ-rennes1.fr		

American	Journal	of	Medical	Geneetics,	May	2018	

	

The	 increasing	number	of	 causative	genes	with	varying	 inheritance,	 the	 incomplete	

penetrance	and	variable	expressivity	of	disease-causing	mutations,	the	importance	of	

genetic	background	as	well	as	complex	molecular	basis	underlying	forebrain	and	facial	

development	have	led	to	the	idea	of	HPE	being	a	complex	genetic	disorder	with	non-

Mendelian	inheritance	resulting	from	accumulation	of	several	variants	in	functionally-

connected	genes.	Under	this	model,	a	single	pathogenic	mutation	can	be	necessary	but	

not	sufficient	for	the	disease	pathogenesis.	Additional	variants	can	either	modulate	the	

clinical	 phenotype	 induced	 by	 the	 pathogenic	mutation	 (modifier	 effect)	 or	 can	 be	

required	for	the	disease	onset	(oligogenic	inheritance).	Such	additional	variants	can	be	

hypomorphic	 (i.e.,	 of	 small	 effect)	 and	 be	 present	 in	 asymptomatic/less	 affected	

relatives	 of	 the	 HPE	 probands.	 Incomplete	 penetrance	 and	 variable	 expressivity	 of	

pathogenic	mutations	observed	in	HPE	can	be,	therefore,	explained	by	the	presence	of	

additional	variants	required	for	the	disease	manifestation.	As	such	mutations	are	likely	

to	be	overlooked	in	genetic	studies,	the	non-Mendelian	inheritance	model	accounts	

for	the	significant	part	of	cases	for	which	no	genetic	etiology	could	be	established	by	

conventional	 approaches.	 Given	 the	 potential	 modifier	 effect,	 the	 non-Mendelian	

inheritance	pattern	can	also	explain	the	wide	variability	of	clinical	features	observed	in	

HPE.		
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Holoprosencephaly (HPE) is a complex genetic disorder of the developing forebrain characterized by

high phenotypic and genetic heterogeneity. HPE was initially defined as an autosomal dominant dis-

ease, but recent research has shown that its mode of transmission is more complex. The past decade

has witnessed rapid development of novel genetic technologies and significant progresses in clinical

studies of HPE. In this review, we recapitulate genetic epidemiological studies of the largest Euro-

pean HPE cohort and summarize the novel genetic discoveries of HPE based on recently developed

diagnostic methods. Our main purpose is to present different inheritance patterns that exist for HPE

with a particular emphasis on oligogenic inheritance and its implications in genetic counseling.

K E YWORD S

complex disorder, holoprosencephaly, oligogenic inheritance, Sonic hedgehog

1 | INTRODUCTION

Holoprosencephaly (HPE) is a severe developmental disorder classically

defined as incomplete cleavage of the forebrain that originates from

failed midline delineation during early development. There are several

degrees of severity defined by the extent of the brain malformations.

For the most severe cases, malformations are divided into alobar, semi-

lobar, or lobar forms. These brain abnormalities are associated with

facial anomalies that are also of varying severity ranging from cyclopia

to milder signs such as ocular hypotelorism. The full spectrum of HPE

also includes microforms characterized by facial midline defects

(e.g., single median incisor) without brain malformations typical of HPE

(Cohen, 2006; Dubourg et al., 2007; Hahn, Barnes, Clegg, & Stashinko,

2010; Muenke & Beachy, 2000).

HPE occurs in most ethnic groups worldwide. Although implication

of maternal diabetes in HPE has been reported (Barr et al., 1983), the

well-established origin of HPE remains almost exclusively genetic and

consists of chromosomal abnormalities and nucleotide-based variants

(Dubourg et al., 2007, 2016; Solomon et al., 2012). So far, 17 genes

have been implicated in HPE, all of which encode proteins belonging to

brain development pathways. Sonic Hedgehog (SHH) was the first dis-

covered HPE gene (Roessler et al., 1996) and its alterations remain the

most common cause of nonchromosomal HPE (Dubourg et al., 2016).

SHH has been extensively studied and its functions during early brain

development are now well described. A morphogenetic gradient of

SHH is established from the ventral midline of the diencephalon to

induce appropriate cleavage of both forebrain and eyefield. Remark-

ably, all HPE genes described so far are involved in the regulation of

SHH activity (Sun et al., 2014; Xavier et al., 2016).

Initially described as an autosomal dominant trait with incomplete

penetrance and variable expressivity, the mode of inheritance of HPE

has been progressively redefined. The apparent autosomal dominant

transmission with incomplete penetrance observed in a few HPE

families may well be due to the cumulative effects of rare variants in

two genes or more. Undeniably, the prevalence of oligogenicity has

increased for several developmentalcc pathologies since next genera-

tion sequencing (NGS) technologies became accessible (Bamshad et al.,

2011). Despite technical advances, defining the causative gene for HPE

remains a difficult task, and even when one underlying variant is

known, prenatal prediction remains uncertain.

Here, we describe clinical features and inheritance aspects of this

disease with examples from our experience.

2 | CLINICAL AND GENETICS FEATURES OF
THE COHORT

2.1 | The European HPE cohort

In 1996, a European HPE network was established in Rennes, France.

Patients are recruited by clinicians from the different French centers of
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reference for rare developmental diseases as well as from several Euro-

pean clinical centers in the United Kingdom, Belgium, Italy, Spain, and

Portugal. Half of collected samples were fetuses, which enriched our

cohort for severe HPE phenotypes (Mercier et al., 2011). Over the

years, we have collected over 2,700 blood deoxyribonucleic acid (DNA)

samples or frozen fetal tissues, including patients and relatives, and

gathered clinical data and DNA for 1,420 HPE probands. Our cohort

contains both apparently sporadic and familial cases, excluding those

associated with other malformation syndromes or with known chromo-

somal abnormalities that could be revealed by standard cytogenetic

analysis (e.g., trisomies 18 and 13).

HPE presents a wide continuous spectrum of clinical malforma-

tions ranging from severe to milder forms. Our cohort is representative

of the full clinical spectrum of HPE phenotypes (Mercier et al., 2011).

Within this cohort, the most severe brain malformations are catego-

rized into alobar, semilobar, or lobar form. Middle interhemispheric

fissure (syntelencephaly)—incomplete separation of the posterior fron-

tal and parietal regions—also belongs to the HPE spectrum (Figure 1).

These brain abnormalities are significantly correlated with a variety of

distinct facial anomalies ranging from cyclopia, the most severe form,

to milder signs such as ocular hypotelorism. Severe facial phenotypes,

such as cyclopia, ethmocephaly (proboscis), and cebocephaly are more

highly associated with alobar HPE. Similarly, premaxillary agenesis, cleft

lip or palate and milder ocular abnormalities (coloboma, retinal

dysplasia) are mostly associated with semilobar HPE while the mild

midface malformations, such as pyriform sinus stenosis and choanal

stenosis are mostly found in lobar HPE. Patients who present the mild-

est facial abnormalities, such as hypotelorism, cleft lip, or single median

incisor, generally do not present easily detectable brain malformations

(Mercier et al., 2011). These HPE microforms can nonetheless be asso-

ciated with microcephaly and intellectual disability and their molecular

diagnosis is therefore important for proper patient care (Bruel et al.,

2017; Solomon et al., 2010). Notably, most of these microforms have

been diagnosed only because they were relatives of patients with

severe HPE. Some families manifest a wide range of phenotypes, from

typical alobar HPE with perinatal lethality to microforms such as micro-

cephaly, hypotelorism, or both (Mercier et al., 2011). These different

observations and clinical correlations made on a European cohort can

be extended to all HPE cohorts, as they are very similar to those of

North American patients (Lacbawan et al., 2009; Solomon et al., 2010).

As the frequency of microform HPE is underestimated, we are

currently expanding our diagnostic approach to mildly affected relatives

of a classical HPE patient. When a typical HPE patient is diagnosed in a

family, we routinely perform a careful examination of all family

members including neuroimaging techniques (MRI) and determination

of clinical features that are not traditionally considered as a part of the

HPE spectrum. Our goal is to expand our cohort to a larger number of

HPE microforms to ensure that we cover the entire HPE spectrum.

(a) (b)

(c)

FIGURE 1 Clinical and molecular details of the European HPE cohort. (a) Brain anomalies distribution in European HPE cohort
(1,420 probands). (b) Mutational spectrum of HPE. In blue, number of variants found in 2010. About 164/642 (25.4%) patients were
found to harbor variants in SHH, ZIC2, SIX3, or TGIF1. GLI2 variants were identified in 3/208 patients (Mercier et al., 2011). In red, number
of variants found in 2017. Molecular screening of major HPE genes in 1,420 patients revealed 207 variants in SHH, ZIC2, SIX3, and TGIF1.
Complementary screenings on a series of 302 patients revealed 32 variants in DLL1, FGF8, FGFR1, DISP1, and GLI2. (c) Contribution of
CGH-array to molecular diagnosis. In 2010, CNVs were detected in 22% of the 260 patients analyzed by CGH-array, including
36 occurring de novo. In 2017, the screening of our entire cohort (1,420 patients) reported CNVs in 142 patients (10%), including
71 occurring de novo
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2.2 | The evolution of genetic strategies for HPE
diagnosis

2.2.1 | Sanger sequencing and detection of microdeletions
in the major HPE genes

From the discovery of the first genes responsible for HPE until recently,

genetic analysis of HPE patients has mainly relied on a Sanger sequenc-

ing approach (Mercier et al., 2011). During that period (1997–2010),

screening our cohort for nucleotide-based variants in the four HPE

genes—SHH, Zinc Finger Protein 2 (ZIC2), Six Homeobox 3 (SIX3), and the

Homeobox protein TGIF1—provided a global variant detection rate of

20% (8.2% for SHH, 7.4% for ZIC2, 3.9% for SIX3, and 1.1% for TGIF1)

(Mercier et al., 2011). All variants in these genes were detected hetero-

zygously, and were shown to be loss-of-function variants (Roessler,

El-Jaick, et al., 2009; Roessler, Lacbawan, et al., 2009). These genes have

constituted the four major genes of HPE. Meanwhile, novel genes have

been implicated in sporadic cases of HPE (Roessler, El-Jaick, et al., 2009).

The implication of each gene represents less than 1% of HPE patients

and they are therefore referred to as minor genes.

In 2003, variants in GLI2, one crucial effector of SHH signaling

pathway (Ruiz i Altaba, Palma, & Dahmane, 2002), had been described

in HPE patients (Roessler et al., 2003), and screening of our cohort

(Figure 1) revealed GLI2 variants in 3.2% of the 302 patients tested

(Mercier et al., 2011), thus placing GLI2 as a major gene.

TABLE 1 Summary of chromosomal abnormalities in HPE cases

Patient Cytoband Type of CNV Start-end (GRCh37) CNV size Inheritance

1 1q43q44
3p25.2p22.1

Del
Dup

242094954_249212668
0_39848444

7 Mb
40 Mb

Inherited from parental
balanced t(1;3)

2 2p15 Del 61668439_61777447 109 kb De novo

3 2p11.2
16p13.11a

Dup
Dup

85824180_86469217
15492317_16276115

645 kb
784 kb

De novo
Inherited from father

4 3p22;20q11.2 Balanced translocation – – Inherited from mother

5 3q25.32 Del 157105931_157154842 50 kb Inherited from mother

6 4q12 Del 55193357_58196685 3,00 Mb ND

7 5q35.3 Del 177296851_178323802 1 Mb Inherited from mother

8 5q35.3 Dup 178038828_179766520 1.73 Mb Inherited

9 7p22.1 Del 5399371_6871084 1.4 Mb De novo

10 7p22.1 Dup 5057686_5166175 108 kb Inherited from father

11 8q23.3q24.11 Del 117641330_118051191 410 kb ND

12 Whole chromosome 8 Dup in mosaic 0_146294098 146 Mb De novo

13 10p15.3p14 Del 136361_9946915 9.8 Mb De novo

14 11q13.4 Dup 74931870_75109882 178 kb Inherited from mother

15 12q21.32 Del 86984993_87656628 672 kb ND

16 14q23.1 Del 60950490_61006021 55 kb Inherited from mother

17 14q23.1 Dup Unavailable data 900kb Inherited from mother

18 15q11.2a Del 22765628_23208901 443 kb Inherited from mother

19 16p13.11a

16p11.2a
Del
Dup

15492317_16267306
29652999_30197341

1.3 Mb
544 kb

ND
Inherited from mother

20 18q22.1 Dup 64152648_64324336 172 kb Inherited from mother

21 19q13.42q13.43 Dup 56228025_57744093 1.5 Mb De novo

22 22q11.21a Del 20719112_21464119 745 kb ND

23 22q11.21a Del 21081060_21505558 424 kb De novo

24 22q11.21a Del 18894835_21464119 2.6 Mb De novo

25 22q11.21a Del 18894835_21464119 2.6 Mb De novo

26 22q11.21a Del 18651614_21801661 3.2 Mb ND

27 Xq25q28 Del 123176394_152515593 29.34 Mb De novo

Del5 deletion; Dup5duplication; ND5not determined.
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Identification of variants combined with detailed clinical assess-

ment of HPE patients has allowed establishing some genotype–pheno-

type correlations (Mercier et al., 2011; Solomon et al., 2010). The most

severe types of HPE (alobar and semilobar) tend to be associated with

ZIC2 and SIX3 alterations while SHH tends to be more frequently asso-

ciated with microforms. Remarkably, in SHH and SIX3 cases, the facial

dysmorphism is associated with brain anomalies while the probands of

the ZIC2 group tend to have a combination of severe HPE with few of

the facial features. GLI2 variants were preferentially found in patients

presenting HPE microforms together with secondary specific features

such as pituitary anomalies (Bear et al., 2014). These genotype–

phenotype correlations have contributed to facilitate molecular analysis

and genetic counseling for HPE.

Initially, Sanger sequencing has successfully allowed establishing

molecular diagnoses for about 20% of HPE patients present in our

cohort (Mercier et al., 2011). In order to explain, at least part of the

remaining 80% of unsolved cases, we have searched for microdeletions

in the major HPE genes (SHH, ZIC2, SIX3, and TGIF1) first by quantita-

tive multiplex PCR of short fluorescent fragments and then by multi-

plex ligation-dependent probe amplification. Deletions in HPE genes

were thereby shown to be a common cause of HPE in up to 8.5% of

fetuses and in 5% in our whole cohort (Bendavid et al., 2006).

In 2006, the combination of these different approaches allowed us

to diagnose molecularly 25% of our patients, very similar to the success

rate of our American colleagues (Roessler et al., 2009; Solomon et al.,

2010, 2012). As 75% of cases remained unsolved, we and others in the

field have considered alternative genetic causes of HPE.

2.2.2 | Chromosomal abnormalities and copy number
variants in HPE

Since 2006, a pangenomic technique named comparative genomic

hybridization (CGH) array has been used to screen the entire genome

for copy number variations (CNVs). The first study, we carried out dur-

ing 2006–2009 revealed an impressively high rate of chromosomal

rearrangements in HPE patients (22%), of which 14% occurred de novo

and 8% were inherited (Bendavid et al., 2009, 2010). Furthermore, the

observation of these CNVs can also lead to the detection of parental-

balanced translocations and can subsequently improve prenatal diagno-

sis in such families.

In addition, these CNVs involved novel potential HPE loci. Despite

relatively low recurrence rates of CNVs, overlapping 6qter region dele-

tions among four unrelated patients allowed identification of a ligand

of the NOTCH signaling pathway, Delta-like 1 (DLL1) as candidate

gene (Dup!e et al., 2011). Subsequent detection of a nucleotide-based

variant in a distinct patient provided further evidence for DLL1 as HPE

gene, and, together with expression and functional studies in verte-

brates (Rati!e et al., 2013; Ware, Hamdi-Roz!e, & Dup!e, 2014), allowed

defining Notch as a novel signaling pathway involved in HPE.

In addition, microrearrangements found in unique cases, pointed to

candidate genes such as SIX6 and OTX2, which are both implicated in

early brain development (Jean, Bernier, & Gruss, 1999; Jin, Harpal, Ang,

& Rossant, 2001). Another study using a similar approach has also high-

lighted OTX2 as a candidate gene (Rosenfeld et al., 2010).

Since this work, CGH-array has been and still is part of our system-

atic molecular screening of HPE patients. The novel detected CNVs are

summarized in Table 1. The proportion of CNVs observed in this sec-

ond period (2010–2017) is reduced as compared to that of our previ-

ous study (Bendavid et al., 2009). The rate of disease-relevant CNVs is

now shown to be 10%, half of which being de novo. Several of these

rearrangements are recurrently observed in cases of intellectual disabil-

ity, such as 2.6 Mb-microdeletion of 22q11.21 (proximal deletion)

corresponding to DiGeorge syndrome (Burnside, 2015), 16p11.2

microduplication that confers susceptibility to autism (Fernandez et al.,

2010), 16p13.11 encompassing the NDE1 gene involved in brain

neurogenesis and rhombencephalosynapsis (Bakircioglu et al., 2011;

D!emurger et al., 2013) and 15q11.2 microdeletion emerging as one of

the most common cytogenetic abnormalities in intellectual disability

and autism spectrum disorder (Butler, 2017). These deletions and dupli-

cations are thus at the origin of other neurodevelopmental disorders

but are not sufficient to fully explain HPE. Nevertheless, CNV detec-

tion has increased the diagnostic yield from 25% to 35% in our cohort.

2.2.3 | NGS methods and their use for HPE diagnosis

The discovery of SHH in 1996 was followed by that of other genes—

ZIC2, SIX3, TGIF1, and GLI2. Since then, subsequent studies of the

pathways implicating these major genes have contributed to the

identification of additional HPE genes (Table 2). Variants in genes

involved in the SHH signaling pathway—PTCH1, DISP1, CDON, GAS1,

BOC, and SUFU—were described in some HPE patients (Bae et al.,

TABLE 2 List of HPE genes and corresponding percentages of
variants found in our HPE cohort

Chromosome Gene NM %

7 SHH 000193.2 5.4

13 ZIC2 007129.3 5.2

2 GLI2 005270.4 3.2

2 SIX3 005413.3 3.0

10 FGF8 033163.3 2.5

8 FGFR1 023110.2 2.0

1 DISP1 032890.3 1.2

6 DLL1 005618.3 1.2

18 TGIF1 170695.2 0.9

10 SUFU 016169.3 0.4

1 STIL 001048166.1 1 case/375

9 GAS1 002048.2 0

3 TDGF1 003212.3 0

11 CDON 016952.4 0

8 FOXH1 003923.2 0

10 NODAL 018055.4 0

3 BOC 001301861.1 Not tested

aCopy number variation (CNV) usually observed in intellectual deficiency.
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2011; Dubourg et al., 2016; M. Hong et al., 2017; Ming et al., 2002;

Pineda-Alvarez et al., 2012; Roessler, Ma, et al., 2009). A few variants

have been described in NODAL, TDGF1, FOXH1, which encode proteins

belonging to the Nodal/TGF-beta pathway (de la Cruz et al., 2002;

Roessler, Pei, et al., 2009; Roessler et al., 2008). The fibroblast growth

factor pathway has also been implicated in HPE through variants in

FGF8 and its receptor FGFR1 (Arauz et al., 2010; Simonis et al., 2013).

More recently, variants in STIL, a gene implicated in the formation of

the primary cilia, were also described in HPE families (Kakar et al.,

2015; Mouden et al., 2015). These are minor genes as they are

reported in less than 1% of HPE cases. Importantly, all these genes

have in common the ability to affect SHH activity (Sun et al., 2014;

Xavier et al., 2016).

Taking advantage of NGS in 2010, we established the first gene-

panel sequencing method that targeted all known HPE genes (Dubourg

et al., 2016). At the time we are writing this manuscript, more than 300

HPE patients have been tested. This study revealed that SHH, ZIC2,

SIX3, and GLI2 retain their position of major genes and TGIF1 is rele-

gated to the minor gene group. Furthermore, the identification of

numerous variants in FGF8 and FGFR1 strengthens the involvement of

FGF signaling in HPE (Figure 1b). Recent functional analysis in

Zebrafish has confirmed the contribution of FGF8 variants in HPE

(Hong, Hu, Roessler, Hu, & Muenke, 2018; Hong et al., 2016) in

accordance with the known function of FGF signaling during the speci-

fication of the dorso-ventral axis of the forebrain (Storm et al., 2006).

From the results we obtained over the years from our 1,420 pro-

bands, the 10 first-ranked genes involved are SHH (5.4%), ZIC2 (5.2%),

GLI2 (3.2%), SIX3 (3.0%), FGF8 (2.5%), FGFR1 (2.0%), DISP1 (1.2%),

DLL1 (1.2%), and TGIF1 (0.9%) (Figure 2; Table 2). Some rare deleteri-

ous variants have been found in SUFU, a regulator of the Sonic-

hedgehog-signaling pathway (Dubourg et al., 2016). By contrast, we

did not detect any pathogenic variants in the following minor genes:

PTCH1, NODAL, GAS1, TDGF1, CDON, and FOXH1. To date, only a

small number of variants have been reported for these genes (Bae

et al., 2011; de la Cruz et al., 2002; Ming et al., 2002; Roessler, Pei,

et al., 2009; Roessler et al., 2008). Therefore, more data need to be

collected to unambiguously assign these genes to HPE etiology.

As NGS technology evolved and became more accessible, whole

exome sequencing (WES) is now routinely used to investigate novel

HPE patients (see paragraph below). We expect this new approach will

allow us not only to increase the diagnostic yield but also to identify

novel HPE genes. Along the same lines, we are now establishing whole

(a)

(b)

FIGURE 2 Examples of complex inheritance in HPE. (a) Family presenting a digenic mode of transmission associating variants in SHH and
DISP1 (Mouden et al., 2016). Minor signs refer to microcephaly. (b) Family presenting an oligogenic pattern with combined inherited
variants in SHH, FAT1, and NDST1. Minor signs refer to hypotelorism (father) and epicanthus (mother). Individuals marked with asterisk
were analyzed by whole exome sequencing. NA: not available for DISP1 sequencing
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genome sequencing approach in order to identify other alterations

located in the noncoding part of the genome (!98%) that has remained

largely unexplored until now in the context of HPE.

An important observation has emerged from our experience as

clinical reference center for HPE. When comparing the percentage of

positive diagnoses between 2010 and 2017 it appears surprisingly

stable (about 35%), despite the fact that sequencing technology has

improved and that the number of HPE genes has increased. A closer

examination of our data indicates that the fraction of patients with a

CNV or with a variant in one of the major genes (SHH, ZIC2, and SIX3)

has been reduced by half as compared to that of 2010. Paradoxically,

this reduction of cases is due to the increase of knowledge in diagnosis

of HPE. Indeed, more and more clinical genetic centers are now able to

perform their own molecular diagnoses for HPE. When a deleterious

variant is found in one of the major HPE genes or when there is a

CNV, the patient is not systematically referred to the reference center

(i.e., Rennes, France) anymore. In contrast, when a molecular diagnosis

could not be established, the patient data are sent to us for further

investigation. As a consequence, the proportion of cases with an altera-

tion in the major HPE genes has decreased in our cohort, which

explains why our success rate of molecular diagnosis has remained

stable over the years.

3 | MODES OF INHERITANCE IN HPE

In 1996, we initiated an epidemiologic study on 258 HPE cases and

concluded that for nonsyndromic and nonchromosomal HPE, the most

compatible mode of transmission was autosomal dominant with incom-

plete penetrance and a variable expressivity (Odent, Le Marec,

Munnich, Le Merrer, & Bonaïti-Pelli!e!e, 1998).

In HPE, the analysis of the first four major genes revealed that in

most of the cases (70% for SHH and SIX3) the variants were inherited

from a parent who was asymptomatic or only mildly affected (micro-

form HPE). By classic textbook definitions, autosomal dominant inheri-

tance is defined as the transmission of disease from an affected parent

to an affected offspring. In this model, half of this parent’s offspring is

expected to be affected. Our observations show that this model (and

ratios of affected offspring) does not appear to apply to HPE. Further-

more, although as many as 17 genes have been linked to HPE, variants

in these genes collectively explain only 25% of all HPE cases. It sug-

gests that HPE is a complex disease with an increasing number of caus-

ative genes for which inheritance can vary depending of the affected

gene as well as other related factors. This observation stresses the

need for clarifying potential modes of its inheritance. In this section,

we present different cases from our cohort and discuss their corre-

sponding inheritance pattern.

3.1 | De novo versus inherited variants in HPE

Systematic sequencing of the major HPE genes has shown a high pro-

portion of de novo variants in ZIC2 (70%), SHH (30%), and SIX3 (30%)

(Figure 3; Mercier et al., 2011). Thus, de novo variants are implicated in

numerous sporadic HPE cases. In accordance with the essential role of

these genes in early brain development, these de novo variants are

loss-of-function and tend to be more deleterious than inherited ones

(Roessler et al., 2009).

In our cohort, 50% of FGFR1 variants appeared de novo. Adding to

complexity, FGFR1 is prone to mosaïcism as we could show in one fam-

ily in which a patient’s father presents an attenuated HPE phenotype

(Dubourg et al., 2016). Interestingly, cases of mosaïcism involving

FGFR1 were described in other diseases like Hartsfield syndrome and

encephalocraniocutaneous lipomatosis (Bennett et al., 2016; Dhamija

et al., 2014). It should be noted that mosaic variants could be over-

looked depending on the type of tissue tested and on the detection

method (Braunholz et al., 2015), which could artificially increase the

proportion of de novo variants.

3.2 | Rare examples of autosomal recessive
inheritance in HPE patients

In 2007, first case of recessive inheritance was described, involving two

compound heterozygous variants in TGIF1 (El-Jaick et al., 2007). Then,

homozygous variant in FGF8 was identified in one consanguineous HPE

family (McCabe et al., 2011). More recently, another case of recessive

inheritance involving FGF8 was described (Hong et al., 2018). This FGF8

FIGURE 3 Different inheritance patterns for HPE are presented together with illustrative cases from our unpublished data
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variant was functionally validated and shown to be hypomorph, which

is consistent with the indispensable role of FGF8 during early develop-

ment (Sun, Meyers, Lewandoski, & Martin, 1999). A severe loss of func-

tion is probably not compatible with embryonic development.

Still, consanguineous families should predispose descendants to

autosomal recessive gene combinations. Homozygosity mapping per-

formed on eight consanguineous HPE families from our cohort did not

initially reveal any homozygous variants. Only by complementing map-

ping with WES we were able to detect in one of these families a homo-

zygous hypomorphic variant for the gene STIL (Mouden et al., 2015). A

homozygous nonsense variant of STIL was independently reported by

others (Kakar et al., 2015). STIL is localized to centrioles where it partici-

pates in SHH signaling through its function in primary cilia biology and is

known to be involved in microcephaly (David et al., 2014). Notably, in

these two families, HPE is transmitted as a recessive trait associated

with severe microcephaly. As no additional variant of STIL was described

on more than 100 HPE patients tested (Karkera et al., 2002; Mouden

et al., 2015), STIL gene therefore belongs to the minor HPE genes.

We also described a female HPE patient displaying two different

mutated DISP1 alleles both inherited from her two healthy parents

(Mouden et al., 2016). These missense variants in the exon 10 were pre-

dicted to be deleterious. DISP1 is a protein that mediates the secretion

of SHH, that is required for long-range cell-to-cell signaling (Tian, Jeong,

Harfe, Tabin, & McMahon, 2005). This patient presents a localized fusion

of forebrain hemispheres (mild form of HPE). We believe that hypomor-

phic effect of DISP1 missense variant impacts SHH secretion to such an

extent that global SHH signaling is decreased to pathological level.

All cases of autosomal recessive inheritance reported so far involve

unaffected parents and concern minor HPE genes (Figure 3). Despite

systematic sequencing of the major genes (SHH, ZIC2, and SIX3) in our

1,420 probands and others (Roessler, V!elez, Zhou, & Muenke, 2012), no

recessive case has been reported for these genes. It suggests that

homozygous variants in major genes are not compatible with embryonic

development, which is fully consistent with their crucial roles during

early developmental stages (Geng & Oliver, 2009; Schachter & Krauss,

2008) and may explain why recessive inheritance is rare in HPE.

3.3 | Oligogenic inheritance

As presented above, variants in HPE genes are frequently inherited

from a parent without a typical HPE phenotype (Mercier et al., 2011).

Within a given family, we observed a large phenotypic heterogeneity

between the different variant carriers, illustrating the incomplete

expressivity of these variants (Kruszka, Hart, Hadley, Muenke, & Habal,

2015; Mercier et al., 2011; Solomon et al., 2010; Stokes et al., 2018).

These observations support the hypothesis that in these families vari-

ant in one HPE-related gene is necessary but not sufficient for the dis-

ease to occur, which implies more variants are required for complete

phenotypic spectrum. This oligogenic mode of inheritance has already

been proposed by our colleagues, who referred to it as “autosomal

dominant with modifier effects” (S. Hong et al., 2016; M. Hong et al.,

2017). In this oligogenic model, penetrance and expressivity of existing

heterozygous variant is modulated by variants in other genes

associated with HPE. Such a synergistic effect between distinct delete-

rious genetic events is now well-documented in several other heredi-

tary developmental diseases (e.g., Alport, Bardet-Biedl, and Kallman

syndromes) (M’hamdi et al., 2014; Maione et al., 2018; Mencarelli et al.,

2015). In a similar manner, HPE could result from cumulated effects of

distinct variants. The use of animal models has reinforced this possibil-

ity Mercier et al., 2013. Numerous examples of double heterozygous

mutant mice displaying HPE-like phenotypes provided evidence for

oligogenism by implicating genes controlling either the same or distinct

signaling pathways (Krauss, 2007).

For years, when a patient presented a deleterious variant in HPE

gene, the analysis was interrupted because a likely genetic cause for

the disease had been felt to be found. We believe it explains why rare

HPE cases compatible with oligogenism have been reported so far

(Ming & Muenke, 2002).

High-throughput sequencing and genomic technologies provided a

unique opportunity to address this oligogenic inheritance in HPE.

Thanks to WES, we have recently started to address the presence of

additional events in HPE patients with a known variant in a HPE gene.

Some of our most recent unpublished results on the subject are pre-

sented below.

3.3.1 | Examples of digenic inheritance in HPE

Digenic inheritance is the simplest form of inheritance for genetically

complex diseases. Systematic sequencing of major HPE genes have

described isolated cases with variants in two genes (e.g., SHH/ZIC2;

SHH/TGIF) (Ming & Muenke, 2002). We also reported several cases of

chromosomal rearrangement (CNV) associated with variant in HPE-

related gene (Mercier et al., 2011).

In one family, presented in Figure 2a, deleterious variants in both

SHH and DISP1 co-segregated with the disease, while relatives carrying

variant only in either SHH or DISP1 presented a mild or no disease phe-

notype (Mouden et al., 2016). This first digenic case in a family with

several HPE patients prompted us to consider and further investigate

digenic inheritance in families with HPE. This hypothesis was signifi-

cantly reinforced by our experience with HPE genes routinely analyzed

by targeted NGS. This study revealed that out of 257 HPE probands,

16% of the variants used for diagnosis were found in association with a

second variant (e.g., FGF8/FGFR1, FGF8/DLL1, DLL1/SHH, DISP1/SUFU)

(Dubourg et al., 2016). More recently, two more cases of digenism

were reported (ZIC2/BOC and TGIF/BOC) in HPE patients (Hong et al.,

2017). Considering the systematic use of NGS on HPE patients and the

increasing number of HPE genes, we expect that digenic cases will con-

tinue to accumulate further.

3.3.2 | Cases of oligogenic inheritance in HPE

The increasing number of digenic cases provides novel insights into

genetic etiology of HPE such as oligogenic inheritance. Oligogenic pat-

tern has never been described in HPE, but is often suggested in other

complex diseases such as ciliopathies (Reiter & Leroux, 2017), retinitis

pigmentosa (Ali, Rahman, Cao, & Yuan, 2017), autism spectrum disor-

der (Yin & Schaaf, 2017), amyotrophic lateral sclerosis (Nguyen, Van

Broeckhoven, & van der Zee, 2018), or porphyria (Lenglet et al., 2018).
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These disorders share with HPE high genetic and phenotypic heteroge-

neity as well as incomplete penetrance. We therefore considered oligo-

genic inheritance as a likely cause of HPE that may account for at least

a substantial part of enigmatic cases.

With constantly evolving knowledge of disease genes and

emergence of new analysis methods, it has become important to us to

reanalyze systematically previous unsolved cases. In that aim, we

reevaluated unsolved HPE families by taking into account the possibil-

ity of oligogenic inheritance. The study included families with no identi-

fied causal variant as well as families with variants in SHH, ZIC2, SIX3,

or TGIF1 inherited from clinically unaffected/mildly affected parent.

Parts of this unpublished work are presented and discussed hereafter.

We combined trio-based WES with deep clinical phenotyping of

the patients. Variant analysis was further improved by a gene prioritiza-

tion approach based on clinical ontologies and co-expression networks

of known disease-related signaling pathways.

In one family, presented in Figure 2b, we identified a variant in

SHH, which was inherited from the mother presenting with hypotelor-

ism. Considering oligogenic inheritance, we addressed whether paternal

variants could contribute to HPE phenotype in combination with the

SHH variant inherited from the mother. Indeed, our analysis revealed

paternally inherited variants in two candidate HPE genes—FAT1 and

NDST1. Both variants were rare (minor allele frequency below 1%) and

were predicted deleterious by the majority of bioinformatics algorithms

(Combined Annotation Dependent Depletion (CADD) score >20).

FAT1 is a protocadherin and its knockdown in mouse causes severe

midline defects including HPE (Ciani, Patel, Allen, & ffrench-Constant,

2003) and NDST1 is an N-deacetylase sulfotransferase and the corre-

sponding mice mutants exhibit reduced SHH signaling and HPE-like

phenotype (Grobe, 2005). Additionally, clinical phenotyping and analy-

sis of cross-species similarities provided further evidence of causality

for these genes by revealing a strong overlap of clinical features

between the patient and the FAT1 (proboscis) and NDST1 (eye defects)

mutant mice. Finally, the segregation analysis showed that the combi-

nation of variants in SHH/FAT1/NDST1 was exclusively found in the

two affected individuals of this family (Figure 2b). This example nicely

illustrates oligogenic inheritance in HPE where the disease results from

accumulation of multiple variants in genes associated to HPE pheno-

types and/or implicated in SHH signaling (Figure 3). We therefore pur-

sue a systematic reevaluation of all unsolved HPE cases. We believe

that numerous other genes will be characterized in patients with oligo-

genism transmission. An exciting future challenge will be to test experi-

mentally the combined effect of these different variants on early brain

development.

4 | OUR CLINICAL APPROACH

Over the last two decades, we have followed for prenatal diagnosis 26

HPE families affected by a first case of severe HPE carrying a variant in

one of the major HPE gene. In 18 instances, we were able to reassure

the parents after establishing the absence of the gene alteration in the

fetus. Fetal MRI scan was normal later in pregnancy, and no child had

medical problems after birth. A genetic alteration (in SHH, SIX3, or

TGIF1) was found in the eight other cases: five children were born,

either without brain malformation and asymptomatic, or presenting a

less severe form than the proband as predicted by the fetal brain sur-

veillance. Three pregnancies were interrupted after MRI scans showed

HPE features.

Nowadays, even when a causative gene for HPE has been found

in a patient, the molecular diagnosis is probably not fully established. In

order to properly address the molecular diagnosis, it will be necessary

to compare the detailed phenotypes of the different family members

with the segregation of relevant rare variants. For practitioners

involved in counseling, an important consideration is how to communi-

cate results of genetic analysis when potentially deleterious variants

are identified but not yet functionally validated. Ideally, determining

the contribution of each variant to the phenotype would be a condition

for reliable genetic counseling in HPE families with oligogenic

transmission.

5 | CONCLUSION

In this review, we aimed to present the different patterns of inheri-

tance of HPE in the light of our experience (Figure 3). In some cases,

the disease is due to de novo variants; in rare cases the disease exhibits

classical Mendelian inheritance with autosomal recessive transmission.

In most cases, it emerges that the penetrance and the phenotypic vari-

ability have digenic or oligogenic origin. This complex genetic architec-

ture will be better understood by analysis of hundreds of genes with

NGS techniques on unsolved HPE cases. Our future challenge will be

to differentiate rare variants that have significant impact on the

observed phenotype from those with no effect.
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IV.	Next	Generation	Sequencing	in	medical	genomics	
1977	marked	 the	beginning	of	 the	DNA	sequencing	era	with	 the	publication	of	 two	

novel	sequencing	methods.	The	method	developed	by	Maxam	and	Gilbert	was	based	

on	a	combination	of	4	base-specific	chemical	cleavages	of	a	 terminally-labeled	DNA	

fragment	 followed	 by	 separation	 of	 the	 reaction	 products	 by	 gel	 electrophoresis	

(Maxam	 and	 Gilbert,	 1977).	 This	 method	 presented	 however	 several	 drawbacks	

including	 the	extensive	use	of	 chemical	materials	 for	DNA	cleavage	and	a	 relatively	

complex	set	up.	The	method	developed	by	Sanger	and	colleagues	was	based	on	the	

detection	of	the	labeled	analogs	of	nucleotide	bases	(called	dideoxynucleotides)	which	

are	 incorporated	during	the	 in	vitro	 replication	and	act	as	base-specific	 inhibitors	of	

DNA	synthesis	 (Sanger	et	al.,	 1977).	 Similar	 to	 the	Maxam	and	Gilbert	method,	 the	

Sanger	technique	involves	4	separate	sequencing	reactions	(one	for	each	base	and	the	

corresponding	dideoxynucleotide)	and	the	resulting	DNA	fragments	are	separated	by	

size	using	electrophoresis.	Due	to	its	speed	and	relative	simplicity,	the	Sanger	method	

was	 further	 refined	 and	 commercialized	 thus	 becoming	 the	 most	 widely	 used	

sequencing	method	in	research	and	clinical	genetics.	In	particular,	the	Sanger	method	

was	used	in	the	Human	Genome	Project,	the	first	effort	to	sequence	the	entire	human	

genome	which	took	13	years	(completed	in	April	2003)	with	an	estimated	cost	of	$3.5	

billion	(Collins	et	al.,	2003;	Drake,	2011).	

	

Since	2005,	 the	emergence	 and	 commercialization	of	massively	 parallel	 sequencing	

methods,	now	referred	to	as	Next	Generation	Sequencing	(NGS),	marked	the	new	era	

of	genomic	analysis.	The	rapidly	evolving	field	of	NGS	technologies	has	made	it	possible	

to	perform	a	high-throughput	analysis	of	genomic	sequences	from	multiple	samples,	

thus	offering	a	much	larger	throughput	than	the	conventional	Sanger	approach.	The	

NGS	technologies	are	rapidly	developing	and	technical	advances	throughout	the	years	

resulted	in	large	reductions	of	both	time	and	cost	needed	for	NGS	analysis	(Muir	et	al.,	

2016;	Lightbody	et	al.,	2019).	In	2016,	an	entire	human	genome	could	be	sequenced	in	

one	day.	Nowadays,	 the	process	 can	 take	 less	 than	an	hour,	 for	a	 cost	of	 less	 than	
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$1000.	The	continuously	decreasing	costs	and	performance	gains	of	NGS	have	brought	

it	within	the	reach	of	many	laboratories	and	institutions,	thus	accelerating	discoveries	

and	advances	in	biomedical	research.	

	

a.	Main	principles	
NGS	 technologies	 share	 several	 core	 steps	 (Figure	 18).	 Depending	 on	 the	 input	

biological	material	and	specific	technical	details,	NGS	technologies	can	be	applied	in	a	

variety	of	ways	to	assist	biological	research	(Kulski,	2016).		The	first	major	step	in	all	

NGS	protocols	 is	 the	 fragmentation	of	 the	 input	DNA/RNA,	using	either	mechanical	

methods	 (sonication,	 nebulization)	 or	 enzymatic	 digestion.	 The	 preferred	

fragmentation	 method	 is	 the	 sonication,	 which	 uses	 ultrasound	 waves	 to	 break	

chemical	 bonds	 and	 generates	 more	 evenly	 sized	 DNA	 fragments	 than	 enzyme	

digestion.	 The	 fragmented	 DNA	 is	 then	 ligated	 to	 adapters	 containing	 specific	

sequences	designed	to	interact	with	the	NGS	platform.	This	process	is	known	as	library	

preparation.	 Ligation	 products	 are	 often	 separated	 by	 gel	 electrophoresis,	 and	 a	

specific	size	range	is	selected,	depending	on	the	platform	and	application.	In	case	of	

targeted	sequencing	(i.e.,	sequencing	of	a	subset	of	genes	/	genomic	regions),	several	

‘target-enrichment’	methods	exist	to	selectively	capture	specific	fragments	containing	

the	sequences	of	 interest	 (Kozarewa	et	al.,	2015).	Amplicon-based	methods	rely	on	

PCR	amplification	of	target	regions	using	sequence-specific	primers	and	are	generally	

preferred	 in	 analysis	 of	 specific	 disease	 gene	 panels.	 Hybridization-based	methods,	

used	 in	Whole	Exome	Sequencing,	rely	on	probes	-	single-stranded	oligonucleotides	

specific	to	the	sequences	of	 interest	-	 to	capture	target	sequences	from	the	 library.	

Depending	on	the	sequencing	technology,	the	resulting	library	fragments	are	amplified	

either	by	emulsion	PCR	or	using	bridge	amplification	(Voelkerding	et	al.,	2010).	After	

the	library	preparation	and	amplification	steps,	the	DNA	fragments	are	sequenced	by	

the	 NGS	 platform.	 The	 sequencing	 step	 uses	 specifically	 labeled	

nucleotides/oligonucleotides	that	attach	to	DNA	fragments	 in	a	stepwise	fashion	by	

complementarity.	 Each	 incorporation	 of	 a	 labeled	 molecule	 into	 the	 DNA	 chain	
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generates	a	luminescent	or	fluorescent	image	which	is	processed	by	the	NGS	platform	

and	 bioinformatically	 converted	 to	 the	 corresponding	 nucleotide.	 The	 nucleotide	 is	

then	added	 into	 the	 sequence	 read,	which	 is	 the	 final	output	of	 the	NGS	platform.	

Common	sequencing	techniques	include	pyrosequencing	(detection	of	pyrophosphate	

release	at	each	incorporation	generating	a	base-specific	 luciferase	signal),	reversible	

dye	terminators	(detection	of	base-specific	fluorescent	emission)	and	sequencing	by	

ligation	(use	of	fluorescent	oligonucleotide	probes).	

	
	
	
	

b.	Applications	
Various	applications	of	NGS	methods,	collectively	termed	as	“omics”	approaches,	have	

enabled	the	study	of	human	disease	events	at	multiple	levels	(Figure	19).		

At	 the	 genomics	 level,	 DNA-Sequencing,	 comprising	 Whole	 Genome,	 Exome	 and	

Targeted	 Sequencing	 (WGS,	 WES,	 TS)	 have	 enabled	 the	 identification	 of	 genomic	

alterations,	 such	 as	 point	 mutations	 (SNVs,	 Indels)	 and	 CNVs.	 WGS	 enables	 the	

identification	of	both	non-coding	and	coding	variations	and	has	been	used	to	identify	

pathogenic	 variants	 underlying	 various	 disorders,	 such	 as	 cardiomyopathy	 and	

Figure 18. Core steps of NGS.  
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tuberculosis,	among	others	(Cirino	et	al.,	2017;	Votintseva	et	al.,	2017).	WES,	although	

restricted	to	variants	in	coding	regions	(exome),	is	a	powerful	cost-effective	technique	

of	disease	gene	discovery	commonly	applied	in	studies	of	genetic	disorders	(Bamshad	

et	 al.,	 2011).	 WES	 studies	 contributed	 to	 the	 identification	 of	 causal	 variants	 in	

numerous	 diseases	 including	 ocular	 disorders,	 rheumatoid	 arthritis	 and	 oral	 clefts	

(Gupta	et	al.,	2017;	Li	et	al,	2017	Bureau	et	al.,	2014).	TS	can	be	applied	 in	 routine	

diagnostics	to	investigate	pathogenic	variants	in	a	panel	of	known	or	candidate	disease	

genes.	 Examples	 include	 studies	of	 retinal	 disorders,	NTDs	and	autism	 (Chen	et	 al.,	

2013;	Beaumont	et	al.,	2019;	O’Roak	et	al.,	2012).	

Other	 omics	 approaches	 are	 also	 widely	 used	 in	 studies	 of	 genetic	 disorders.	

Transcriptomics	 (RNA-Seq),	which	 investigates	 the	 gene	 expression	 level	 in	 a	 given	

sample,	can	be	used	in	a	case/control	differential	expression	analysis	to	aid	pinpointing	

genes	 and	molecular	 pathways	 altered	 by	 the	 disease	 pathogenesis	 (Ritchie	 et	 al.,	

2015).	 Moreover,	 RNA-Seq	 data	 can	 also	 be	 used	 to	 discover	 additional	 genomic	

alterations,	such	as	gene	fusions,	or	to	investigate	the	splicing	impact	of	DNA	variants	

on	gene	expression	(Vu	et	al.,	2017;	Brandão	et	al.,	2019).	Epigenomics	(Bisulfite-Seq,	

CHIP-Seq)	explores	mechanisms	that	affect	gene	expression	without	altering	the	DNA	

sequence,	 such	 as	 methylations	 and	 histone	 modifications.	 Studies	 of	 epigenetic	

mechanisms	have	been	conducted	in	various	disorders	including	epilepsy,	cancer	and	

autism	(Roopra	et	al.,	2012;	Shamra	et	al.,	2010;	Miyake	et	al.,	2012).	
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c.	DNA-Seq	and	identification	of	disease-causing	variants	
DNA-Seq	technologies,	such	as	WES	and	WGS,	are	widely	used	in	clinical	genetics	to	

detect	 pathogenic	 variants	 underlying	 the	 disease.	 However,	 a	 typical	 DNA-Seq	

experiment	results	in	identification	of	an	extremely	large	number	of	genetic	variants,	

most	 of	 which	 either	 correspond	 to	 neutral	 variation	 (polymorphisms)	 or	 have	 a	

functional	effect	but	are	not	actually	pathogenic	for	the	disease	under	 investigation	

(Macarthur	 et	 al.,	 2014).	 Additionally,	 sequencing	 errors	 are	 common	 and	 further	

complicate	 the	 identification	of	 genetic	 events	 underlying	 the	disease.	On	 average,	

exome	sequencing	detects	between	20,000	and	50,000	SNVs	and	indels	per	individual,	

while	 genome	 sequencing	 can	 result	 in	 identification	 of	 several	 million	 variants	

(Belkadi	et	al.,	2015;	Lek	et	al.,	2016).	A	key	challenge	in	clinical	DNA-Seq	is,	therefore,	

Figure 19. Applications of NGS in biomedical research. 

(Shyr and Liu, 2013) 
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a	classic	 ‘needle	 in	 the	haystack’	problem,	 i.e.	 identifying	 few	phenotypically	 causal	

variants	among	a	large	background	of	non-pathogenic	variants	and	sequencing	errors	

(Bamshad,	2011;	Cooper	and	Shendure,	2011).	

Generally,	 a	 filtering	 approach	 is	 applied	 to	 the	 DNA-Seq	 output	 to	 exclude	 non-

pathogenic	variants	and	prioritize	‘candidate’	variants	presenting	arguments	for	their	

disease	causality.	Such	approaches	can	be	used	at	both	the	variant	and	the	gene	level.	

Common	variant	prioritization	strategies	used	in	clinical	setting	are	described	below.	

	

Variant-level	prioritization	
Population	frequency	threshold	
Under	 assumption	 that	 genetic	 disorders	 are	 rare,	 filtering	 out	 variants	 commonly	

present	in	the	general	population	is	one	of	the	main	approaches	used	in	pathogenic	

variant	prioritization.	The	availability	of	 large	reference	databases	of	human	genetic	

variation	makes	 it	 possible	 to	 obtain	 robust	 frequency	 estimates	 for	most	 variants	

detected	 by	 WES/WGS.	 Exome	 Aggregation	 Consortium	 (ExAC)	 and	 its	 successor	

Genome	Aggregation	Database	(gnomAD)	are	considered	as	main	variant	 frequency	

sources,	containing	information	from	over	120,000	exomes	and	10,000	genomes	(Lek	

et	 al.,	 2016;	 Karczewski	 et	 al.,	 2019).	 Classical	 MAF	 thresholds	 used	 in	 variant	

prioritization	 include	1	%,	 0.1	%	and	0.01	%,	 depending	on	 the	disease	 inheritance	

mode	and	recurrence	risk	(Rybicki	and	Elston,	2000;	Bamshad,	2011;	Kobayashi	et	al.,	

2017).	 However,	 the	 frequency	 cutoffs	 are	 often	 arbitrary	 and	 must	 account	 for	

additional	 factors,	such	as	the	prevalence,	genetic	heterogeneity	and	penetrance	of	

the	studied	disease	(Whiffin	et	al.,	2017).	Although	the	frequency	filtering	is	a	powerful	

variant	prioritization	strategy,	it	presents	a	risk	of	eliminating	pathogenic	variants	that	

are	segregating	in	the	general	population	at	low	frequencies.	For	recessive	disorders,	

this	 approach	 could	 potentially	 discard	 causal	 variants	 that	 are	 detected	 at	

heterozygous	 state	 in	 healthy	 carriers.	 For	 complex	 disorders	 known	 to	 involve	

relatively	common	(MAF>1	%)	variants,	proper	frequency	thresholds	remain	unclear.	
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In	 some	 cases,	 the	 frequency	 of	 a	 variant	 can	 be	 substantially	 higher	 in	 certain	

subpopulations	 (phenomenon	 known	 as	 population	 stratification)	 thus	 further	

complicating	interpretation	of	its	disease	relevance	(Eilbek	et	al.,	2017).	

Functional	class	
Variants	 can	be	 further	 prioritized	based	on	 their	 functional	 class.	 As	 illustrated	by	

several	 studies,	 a	 large	 fraction	 of	 rare	 variants	 predicted	 to	 have	 a	

functional/deleterious	impact	are	located	in	the	protein-coding	regions	(Kryukov	et	al.,	

2007;	 Bamshad	 2011).	 As	 the	 exome	 is	 considered	 to	 be	 the	 primary	 source	 of	

pathogenic	 variation,	 genetic	 investigations	 tend	 to	 prioritize	 exonic	 variants	 over	

variants	 located	 in	 non-coding	 regions.	 This	 strategy	 has	 been	 proven	 particularly	

successful	in	studies	of	Mendelian	disorders	(Gilissen	et	al.,	2011).	

Additionally,	 certain	 strategies	 tend	 to	 prioritize	 variants	 that	 are	 predicted	 to	

completely	disrupt	the	function	of	the	affected	gene.	Such	variants	are	called	Loss-of-

Function	(LoF)	and	include	nonsense,	frameshift	and	splicing	alterations.	LoF	variants	

tend	to	be	prioritized	over	missense	and	synonymous	variants	as	they	are	believed	to	

have	 a	 greater	 functional	 impact.	 This	 assumption	 can,	 however,	 be	 biologically	

incorrect.	 For	 example,	 if	 a	 nonsense	 variant	 occurs	 sufficiently	 downstream	 in	 a	

protein	 coding	 sequence,	 the	 truncated	 protein	 may	 still	 preserve	 its	 function.	 In	

contrast,	 a	missense	 variant	 leading	 to	 an	 amino	acid	 substitution	 at	 a	 functionally	

important	site	may	have	large	deleterious	consequences.	

	
Computational	predictions	
The	 deleterious	 impact	 of	 a	 variant	 can	 be	 further	 investigated	 using	 in	 silico	

predictions.	 There	 exists	 a	wide	 range	 of	 computational	 algorithms	 that	 assess	 the	

potential	pathogenicity	of	a	given	variant	(Eilbeck	et	al.,	2017).		

Conservation-based	 approaches	 rely	 on	 phylogenetic	 conservation	 to	 distinguish	

deleterious	 variants.	 Conservation	 scores	 are	 based	 on	 an	 assumption	 that	 the	

evolutionary	 conservation	 of	 the	 nucleotide/aminoacid	 reflects	 its	 functional	

importance.	As	such,	variants	affecting	evolutionary	conserved	sites	are	believed	to	be	
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more	damaging	to	the	protein.	Conservation	scores	exist	at	both	nucleotide	(GERP++,	

SipHy	 scores)	 and	 aminoacid	 (SIFT	 score)	 level	 (Davydov	et	 al.,	 2010;	Garber	 et	 al.,	

2009;	Ng	and	Henikoff,	2001).		

Functional	scores	use	biological	data	to	measure	the	deleteriousness	of	a	variant.	For	

example,	 Multivariate	 Analysis	 of	 Protein	 Polymorphism	 (MAPP)	 score	 prioritizes	

missense	variants	based	on	a	physicochemical	variation	between	the	wildtype	amino	

acid	and	its	replacement.	Polyphen-2	uses	protein	sequence	and	structure	information	

to	predict	the	potential	impact	of	missense	variants	(Adzhubei	et	al.,	2013).		

Ensemble	methods,	 such	 as	 CADD,	MutationTaster2	 and	 VAAST,	 integrate	multiple	

levels	of	evidence	(conservation,	functional	and	biological	data)	into	a	statistical	model	

to	produce	a	single	measure	pathogenicity	score	for	each	variant	(Kircher	et	al.,	2014;	

Schwartz	et	al.	2014;	Hu	et	al.,	2013).	

Gene-level	prioritization	
Despite	the	variety	and	relative	success	of	prioritization	techniques	described	above,	

hypothesis-free	variant	filtering	(i.e.,	based	purely	on	variant	characteristics	without	

any	a	priori	knowledge	of	genes	or	disease	mechanisms)	typically	results	in	hundreds	

of	 candidate	 variants	 difficult	 to	 interpret	 in	 clinical	 context	 (Thuriot	 et	 al.,	 2018;	

Martin	 et	 al.,	 2019).	 In	 order	 to	 limit	 the	 number	 of	 candidate	 variants	 identified	

through	DNA-Seq,	various	strategies	of	gene-level	prioritization	have	been	developed.	

As	opposed	to	simply	searching	the	genome	for	potentially	deleterious	variants,	such	

strategies	aim	to	 identify	candidate	genes	presenting	evidence	of	disease	causation	

(Eilbeck	 et	 al.,	 2017).	 In	 simple	 terms,	 gene-level	 prioritization	 reduces	 the	 search	

space	for	causal	mutations	by	focusing	on	genes	related	to	the	studied	disease.	Lists	of	

candidate	genes	can	be	defined	using	the	combined	expert	knowledge	of	clinicians	or	

biologists,	as	exemplified	by	PanelApp	-	a	curated	knowledgebase	of	genes	presenting	

high	evidence	of	disease	causation	(Martin	et	al.,	2019).	Moreover,	gene	prioritization	

approaches	can	use	biological	and	statistical	evidence	to	identify	novel	disease	genes.	

Examples	of	such	approaches	are	described	below.	
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Protein-protein	interactions	
Analysis	of	Protein-Protein	Interaction	(PPI)	networks	is	one	of	the	most	widely	used	

gene	 prioritization	 techniques.	 The	 majority	 of	 protein	 functions	 are	 performed	

through	cooperation	of	a	set	of	functionally-related	proteins.	In	disease	context,	the	

main	 assumption	 is	 that	 genes	 related	 to	 the	 same	 disease	 encode	 proteins	 that	

interact	 with	 each	 other	 and	 display	 grouping	 patterns	 within	 specific	 molecular	

subnetworks	(Ideker	and	Sharan,	2008).	Therefore,	candidate	genes	can	be	prioritized	

according	to	their	proximity	within	the	interactome	to	known	disease	genes.	The	data	

on	 more	 than	 100,000	 experimentally	 validated	 PPI	 are	 now	 available	 for	 human	

organism	(Schaefer	et	al.,	2013).	Initial	attempts	to	prioritize	disease	genes	relied	on	

direct	interactions	(Oti	et	al.,	2006),	but	several	recent	methods,	such	as	the	STRING	

database,	 also	 integrate	 functional	 associations	 derived	 from	 co-expression	 data,	

genomic	context	and	text-mining	of	scientific	literature	(Franceschini	et	al.,	2013).	PPI-

based	prioritization	approaches	have	shown	promising	results	in	identifying	disease-

related	genes	of	epilepsy,	Parkinson’s	disease	and	cancer,	among	others	(Campbell	et	

al.,	2013;	Ferrari	et	al.,	2018;	Li	et	al.,	2017).	

Gene	burden	
Another	popular	method	to	identify	disease-related	genes	is	to	use	burden	testing.	In	

this	approach,	rare	variants	observed	in	a	given	gene	within	the	affected	individuals	

are	aggregated	to	calculate	a	gene-specific	sum	(burden)	score.	Genes	presenting	high	

burden	scores	can	be	prioritized	as	they	are	more	likely	to	be	damaged,	indicating	their	

potential	 disease	 implication.	 Most	 burden	 tests	 apply	 a	 case-control	 approach	 in	

which	 the	burden	of	 rare	 variants	 in	 each	 gene	 is	 compared	between	patients	 and	

unaffected	 individuals.	Genes	presenting	a	significant	enrichment	of	rare	variants	 in	

cases	as	compared	to	controls	represent	candidate	genes	associated	to	the	disease.	

Burden	 testing	 has	 led	 to	 discovery	 of	 a	 number	 of	 candidate	 genes	 in	 various	

disorders,	such	as	amyotrophic	lateral	sclerosis	(Cirulli	et	al.,	2015).	This	approach	is,	

however,	limited	as	it	requires	a	large	cohort	of	cases	and	ethnically	matched	controls	

to	provide	robust	statistical	estimations.	Several	approaches	have	been	developed	to	
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circumvent	 these	 limitations.	 Recently	 published	 TRAPD	 tool	 (Testing	 Rare	 vAriants	

using	Public	Data)	enables	the	burden	testing	of	rare	variants	using	public	control	data	

from	gnomAD	(Guo	et	al.,	2018).	Variant	Effect	Scoring	Tool	(VEST)	does	not	require	a	

control	cohort	and	instead	employs	a	supervised	machine	learning	method	to	identify	

genes	 enriched	 in	 functional	 variants	 across	 a	 set	 of	 disease	 exomes	 (Carter	 et	 al.,	

2013).	

Intolerance	to	variation	
Another	approach	very	similar	to	burden	testing	is	to	use	population	data	of	genetic	

variation	to	infer	genes	whose	function	is	more	likely	to	be	disrupted	by	the	presence	

of	 a	 rare	 deleterious	 variant.	 This	 concept	 was	 termed	 as	 gene	 tolerance	 or	 gene	

constraint	 (Harvilla	 et	 al.,	 2019).	 In	 simple	 terms,	 genes	 with	 significantly	 more	

common	variants	observed	in	the	general	population	than	expected	are	inferred	to	be	

‘mutation-tolerant’,	 i.e.,	 resistant	 to	 the	 presence	 of	 a	 rare	 deleterious	 variant.	 In	

contrast,	genes	 showing	 less	variation	 than	expected,	 termed	 ‘mutation-intolerant’,	

are	more	likely	to	be	damaged	by	the	presence	of	a	rare	variant.	Several	measures	exist	

to	measure	the	gene	constraint.	Using	the	data	of	the	NHLBI	Exome	Sequencing	Project	

(ESP),	Petrovski	et	al.	established	a	gene-intolerance	scoring	system	by	comparing	the	

observed	 number	 of	 common	 LoF	 and	missense	 variants	 in	 each	 gene	 to	 the	 total	

number	of	observed	variants	(Pterovski	et	al.,	2013).	The	most	widely	acclaimed	gene	

constraint	statistic	is	probability	of	being	loss-of-function	intolerant	(pLI),	which	makes	

use	of	the	ExAC	data	(Lek	et	al.,	2016).	pLI	calculates	gene	constraint	by	deriving	a	score	

(0-1	 range)	 from	 a	 statistical	 model	 (expectation-maximization	 algorithm)	 which	

compares	the	observed	and	expected	counts	of	LoF	variants	in	each	gene.	Prioritizing	

LoF-intolerant	 genes	 (pLI	 score	 >	 0.9)	 to	 search	 for	 causal	 variants	 has	 become	 a	

popular	approach	in	clinical	studies	(Singh	et	al.,	2017;	Leonenko	et	al.,	2017;	Wang	et	

al.,	 2019).	 Similar	 constraint	 scores	 are	 now	 also	 available	 for	 missense	 and	

synonymous	variants	in	the	gnomAD	database.	
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For	all	prioritization	strategies	described	above,	no	single	line	of	evidence	is	sufficient	

to	 implicate	 a	 variant	 as	 disease-causing.	 In	 clinical	 context,	 variants	 are	 scored	

according	 to	 the	 guidelines	 jointly	 established	 by	 the	 American	 College	 of	Medical	

Genetics	 and	 Genomics	 and	 the	 Association	 for	Molecular	 Pathology	 (ACMG-AMP,	

Richards	et	 al.,	 2015).	 These	guidelines	 require	multiple	 levels	of	 evidence,	both	at	

variant	 and	 gene	 level,	 in	 order	 to	 classify	 a	 variant	 as	 pathogenic.	 Taking	 all	 the	

necessary	 factors	 into	 account	 (variant	 population	 frequency,	 in-silico	 predictions,	

gene	constraint	and	burden,	available	biological	knowledge)	for	all	variants	identified	

by	DNA-Seq	requires	computational	approaches	of	automated	variant	prioritization.	

As	such,	recent	years	marked	the	emergence	of	novel	bioinformatic	tools	integrating	

various	clinical	and	biological	data	with	DNA-Seq	output	(Smedley	et	al.,	2015;	Pagel	et	

al.,	2020;	Jiang	et	al.,	2019).		

	

Strategies	 for	 prioritizing	 pathogenic	 variants	 may	 vary	 and	 depend	 on	 additional	

factors,	such	as	the	inheritance	pattern	and	locus	heterogeneity	of	the	disease,	as	well	

as	the	size	and	the	type	of	the	studied	population	(cohorts	of	unrelated	patients	or	

family-based	 studies).	 In	 case	of	a	presumed	monogenic	disorder	 caused	by	a	 rare,	

highly	penetrant	exonic	variant,	a	trio-based	WES	of	the	affected	family	 is	generally	

applied.	In	some	cases,	even	WES	of	a	single	proband	can	be	sufficient	to	identify	the	

causal	 mutation	 (Cabral	 et	 al.,	 2012).	 In	 contrast,	 optimal	 strategies	 for	 studying	

complex	 disorders	 remain	 unclear.	 Large	 cohorts	 with	 appropriate	 controls	 are	

generally	required	in	order	to	provide	a	robust	statistical	association	of	a	variant	to	the	

disease.	Moreover,	the	etiology	of	complex	disorders	can	involve	relatively	common	

variants	 with	 a	 low	 deleterious	 effect.	 Further	 advances	 require	 new	 strategies	

implementing	novel	lines	of	evidence	for	pathogenic	variant	interpretation.	
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d.	Novel	strategies	and	future	challenges	for	clinical	variant	
interpretation	
Deep	and	cross-phenotyping	
Recent	 studies	 indicate	 that	 gene-driven	 prioritization	 outperforms	 hypothesis-free	

approaches	 that	are	purely	based	on	variant	deleteriousness	 (Stark	et	al.,	 2017).	 In	

particular,	 the	 identification	 of	 pathogenic	 variants	 can	 be	 improved	 by	 prioritizing	

genes	 associated	 with	 particular	 phenotypes	 found	 in	 the	 affected	 individual.	 The	

precise	analysis	of	clinical	abnormalities	encountered	in	human	disorders,	termed	as	

deep	phenotyping,	led	to	the	establishment	of	Human	Phenotype	Ontology	(HPO)	-	a	

comprehensive	 database	 of	 known	 disease-phenotype	 and	 gene-phenotype	

associations.	 Currently,	 HPO	 contains	 over	 13,000	 phenotypic	 terms	 and	

approximately	 150,000	 disease	 annotations	 extracted	 from	 scientific	 literature	 and	

medical	 databases.	 The	phenotype-driven	 approach	 is	 used	 in	many	 computational	

tools,	such	as	PhenoRank,	PhenoTips	and	Phenomizer,	to	generate	lists	of	candidate	

genes	associated	with	clinical	phenotypes	of	interest	(Cornish	et	al.,	2018;	Girdea	et	

al.,	 2013;	 Kohler	 et	 al.,	 2009).	 Deep	 phenotyping	 is	 also	 integrated	 in	 variant	

prioritization	frameworks	such	as	PHIVE	and	PhenIX	(Robinson	et	al.,	2014;	Smedley	

and	Robinson,	2015).		

Disease	 implication	 of	 a	 candidate	 gene	 can	 also	 be	 supported	 by	 the	 similarity	

between	the	studied	pathology	and	the	phenotype	obtained	in	relevant	animal	models	

(MacArthur	et	al.,	2014).	Phenotype-driven	approaches	of	gene	prioritization	also	rely	

on	gene-phenotype	associations	extracted	from	mutant	studies	of	model	organisms,	

such	 as	mouse	 and	 zebrafish.	 For	 example,	 hiPHIVE	 algorithm	 implemented	 in	 the	

Exomiser	tool	performs	a	cross-species	analysis	to	identify	similarities	between	human	

disease	 manifestations	 and	 phenotypes	 observed	 in	 mice/zebrafish	 mutants.	 The	

resulting	gene-phenotype	associations	are	then	integrated	into	a	variant	prioritization	

framework	(Smedley	et	al.,	2015).	Although	useful,	phenotype-based	approaches	are	

mostly	 based	on	 the	 existing	 knowledge,	which	 limits	 their	 ability	 to	 identify	 novel	

gene-disease	associations.	



 

	 63	

Integration	of	RNA-Seq	data	
As	mentioned	above,	transcriptomic	data	can	aid	pinpointing	novel	disease	genes.	In	

particular,	 spatiotemporal	 patterns	 of	 gene	 expression	 observed	 in	 different	

tissues/development	 stages	 can	provide	 a	 valuable	 information	 for	 deciphering	 the	

genetic	 architecture	 of	 human	 disorders	 (Feiglin	 et	 al.,	 2017).	 Consequently,	 the	

integration	of	transcriptome-based	knowledge	has	emerged	as	a	powerful	method	for	

prioritizing	 pathogenic	 variants	 (Cummings	 et	 al.,	 2019).	 The	 advantage	 of	 this	

approach	 is	 that	 it	 is	 not	 based	 on	 any	a	 priori	 knowledge	 and	 can	 uncover	 novel	

disease	mechanisms.	In	particular,	studies	of	differentially	expressed	and	co-expressed	

(i.e.,	sharing	similar	expression	patterns	across	different	tissues)	genes	has	enabled	the	

identification	 of	 novel	 risk	 factors	 in	 autism	 and	 Wilm’s	 tumor,	 among	 others	

(Parikshak	et	al.,	2016;	Wang	et	al.,	2019).	Transcriptomic	studies	of	gene	expression	

are	now	facilitated	by	the	existence	of	public	databases	which	contain	large	numbers	

of	RNA-Seq	samples	across	a	variety	of	tissues.	One	such	resource	 is	 the	Genotype-

Tissue	Expression	(GTEx)	project,	which	regroups	various	genetic	and	transcriptomic	

data	of	nearly	1000	individuals	across	54	tissues	(GTEx	Consortium,	2013).	

Regulatory	and	synonymous	variants	
It	is	now	clear	that	many	non-coding	regions	of	the	genome,	such	as	promoters	and	

enhancers,	 act	 as	 crucial	 regulators	 of	 gene	 expression.	 Consequently,	 many	

computational	tools	that	attempt	to	predict	the	 impact	of	non-coding	variants	have	

emerged.	 Machine-learning	 approaches,	 such	 as	 FATHMM-MKL,	 employ	 a	 training	

method	based	on	various	genomic	features	to	discriminate	known	disease	and	benign	

variants	(Shihab	et	al.,	2015).	Tools	such	as	DeepBind	and	DeepSEA	integrate	molecular	

data	of	histone	modifications	and	chromatin	accessibility	into	a	deep	learning-based	

sequence	analysis	to	predict	the	pathogenic	impact	of	non-coding	variants	(Alipanahi	

et	 al.,	 2015;	 Zhou	 and	 Troyanskaya,	 2015).	 Finally,	 several	 approaches	 combine	

functional	genomic	data	with	measures	of	nucleotide-specific	evolutionary	constraint	

(Funseq2,	Fu	et	al.,	2014;	DANN,	Quang	et	al.,	2015).	However,	approaches	of	non-

coding	 variant	 prioritization	 are	 limited	 by	 the	 availability	 of	 training	 data	 and	 our	
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insufficient	understanding	of	regulatory	mechanisms	encrypted	in	the	non-coding	part	

of	the	genome	(Eilbeck	et	al.,	2017).	

The	 impact	 of	 synonymous	 single	 nucleotide	 variants	 (sSNVs)	 also	 remains	

underinvestigated	 in	 clinical	 studies.	 sSNVs	 can	 generate	 different	 molecular	

alterations	 at	 the	 mRNA	 and	 the	 protein	 level	 and	 have	 been	 shown	 to	 lead	 to	

pathologies	 by	 affecting	 mRNA	 splicing	 (Macaya	 et	 al.,	 2009),	 mRNA	 structure	

(Bartoszewski	et	al.,	2010),	miRNA-based	regulation	 (Brest	et	al.,	2011)	and	protein	

conformation	(Kimchy-Sarfaty	et	al.,	2007).	However,	despite	these	discoveries,	sSNVs	

are	still	largely	ignored,	unless	directly	associated	with	splicing	defects	(Bartoszewski	

et	al.,	2010).	

Oligogenic	inheritance	
Studies	 of	 complex	 disorders	 presenting	 oligogenic	 inheritance	 are	 faced	 with	 the	

challenging	 task	 of	 identifying	 pathogenic	 combinations	 of	 specific	 variants	 across	

multiple	genes.	The	task	is	further	complicated	by	the	fact	that	such	variants	can	be	

hypomorphic	(i.e.,	of	small	effect)	and	relatively	common	in	the	general	population.	

Moreover,	it	has	been	argued	that	monogenic	disorders,	such	as	Long	QT	syndrome,	

may	 be	 better	 described	 by	 complex	 inheritance	 mechanisms	 (Schaffer,	 2013),	

suggesting	 that	 hypomorphic	 variants	 may	 also	 participate	 in	 Mendelian	 disease	

pathogenesis.	 Consequently,	 deciphering	 oligogenic	 inheritance	 and	 hypomorphic	

variants	involved	in	human	disease	represents	one	of	the	major	challenges	in	modern	

genetics.	

Several	efforts	to	address	this	challenge	have	already	been	made.	In	2016,	Gazzo	et	al.	

reported	 the	 publication	 of	 a	 novel	 database,	 DIDA	 (DIgenic	 diseases	 DAtabase),	

describing	 genetic	 variants	 involved	 in	 digenic	 disorders,	 the	 simplest	 form	 of	

oligogenic	 inheritance	 (Gazzo	 et	 al.,	 2016).	 DIDA	 currently	 contains	 258	 digenic	

combinations	 implicated	 in	 54	 genetic	 disorders.	 This	 resource	 enabled	 the	

development	 of	 Variant	 Combinations	 Pathogenicity	 Predictor	 (VarCoPP)	 which	

employs	a	machine-learning	approach	based	on	DIDA	data	to	predict	disease-causing	
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variant	 combinations	 (Papadimitriou	 et	 al.,	 2019).	 DIDA	 and	 VarCoPP	 have	 been	

integrated	with	additional	lines	of	evidence,	including	PPI	networks	and	pathogenicity	

predictions,	to	establish	ORVAL	-	a	novel	platform	for	exploration	of	oligogenic	variant	

combinations	in	clinical	context	(Renaux	et	al.,	2019).	
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As	 illustrated	 in	 the	 Introduction,	 the	diagnosis	of	non-Mendelian	disorders	such	as	

HPE	 is	 challenging	 due	 to	 their	 complex	 etiology	 involving	multiple	 genetic	 factors.	

Unraveling	the	etiology	of	complex	disorders	requires	novel	bioinformatic	strategies	of	

variant	 interpretation	 integrating	 appropriate	 clinical	 and	 biological	 data	 with	 NGS	

output.	 My	 thesis	 work	 is	 part	 of	 the	 research	 conducted	 in	 the	 Genetics	 of	

Development-Related	Pathologies	team	(GPLD,	Institute	of	Genetics	and	Development	

of	 Rennes	 UMR6290	 Rennes),	 which	 works	 on	 deciphering	 the	 genetics	 and	

physiopathology	of	HPE.	The	main	objectives	of	my	thesis	were	to	elucidate	the	genetic	

basis	 of	 this	 pathology	 and	 to	 propose	 novel	 bioinformatic	 strategies	 for	 clinical	

interpretation	of	pathogenic	variants	underlying	complex	genetic	disorders.	

In	 my	 first	 study,	 I	 hypothesized	 that	 genetically	 unsolved	 cases	 of	 HPE	 follow	

oligogenic	 inheritance	and	 result	 from	a	cumulative	effect	of	multiple	hypomorphic	

variants	in	distinct	genes.	I	analyzed	the	trio-based	exome	data	of	HPE	cases	for	whom	

no	disease	etiology	was	established	by	conventional	diagnostic	approaches.	To	identify	

variants	 of	 clinical	 interest	 in	 these	 enigmatic	 cases,	 I	 developed	 a	 new	 variant	

prioritization	 strategy	 integrating	 clinical	 gene-phenotype	 associations	 and	

transcriptome	 data	 of	 gene	 expression	 profiles.	 Applied	 to	 the	 exome	 data,	 this	

approach	allowed	the	 identification	of	particular	combinations	of	rare	hypomorphic	

variants	 presenting	 a	 strong	 association	 with	 the	 disease,	 which	 were	 further	

investigated	 using	 deep	 and	 cross-species	 phenotyping.	 The	 hypothesis	 was	

statistically	validated	using	two	independent	control	cohorts,	thus	providing	evidence	

for	oligogenicity	as	clinically	relevant	model	in	HPE.	

In	my	 second	 study,	 I	 further	 explored	 the	 role	 of	 hypomorphic	 variants	 in	HPE	by	

investigating	the	pathogenic	impact	of	synonymous	variants	in	the	SHH	gene	found	in	

HPE	 patients.	 Computational	 analysis	 indicated	 that	 the	 identified	 synonymous	

variants	 introduced	 significant	 changes	 in	 synonymous	 codon	 usage	 and	 were	

predicted	 to	 impact	 protein	 translation.	 Subsequent	 in	 vitro	 studies	 illustrated	 the	

impact	of	synonymous	variants	on	translation,	leading	to	misfolding,	degradation	and	
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reduced	 levels	of	 the	resulting	SHH	protein.	Moreover,	a	significant	correlation	was	

observed	between	the	computational	and	experimental	results,	thus	underlining	the	

relevance	 of	 certain	 in	 silico	 approaches	 in	 predicting	 the	 pathogenic	 impact	 of	

synonymous	variants.	The	 results	of	 this	 study	 indicate	 that	 synonymous	mutations	

may	play	a	major	role	in	complex	genetic	disorders.	

During	the	final	months	of	my	thesis,	I	continued	the	work	previously	initiated	by	our	

research	 team	 and	 explored	 the	 hypothesis	 of	 autosomal	 recessive	 HPE	 in	

consanguineous	families.	In	this	study,	I	was	able	to	establish	a	variant	prioritization	

method	 integrating	 exome	 analysis	 with	 homozygosity	 mapping,	 which	 led	 to	

identification	of	several	candidate	genes.	

Overall,	 main	 work	 of	 my	 thesis	 explores	 genetic	 mechanisms	 that	 are	 currently	

discarded	 during	 conventional	 diagnostic	 procedures	 and	 proposes	 novel	

bioinformatics	strategies	for	their	analysis.	Ultimately,	these	results	should	help	avoid	

misdiagnosis	 and	 improve	 patient	 care	 in	 genetic	 pathologies	 that	 remain	 to	 be	

resolved.	
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I.	Implication	of	hypomorphic	variants	and	oligogenic	
inheritance	in	HPE.	
	

a.	Background	and	objectives	
HPE	has	been	recently	 redefined	as	a	complex	disorder	 requiring	 the	 joint	effect	of	

several	 genetic	 variants	 (Dubourg	 et	 al.,	 2018).	 Despite	 numerous	 advances	 in	

understanding	 the	genetic	basis	of	HPE,	 conventional	molecular	 testing	approaches	

result	in	a	very	low	diagnostic	yield	and	most	familial	cases	remain	unsolved.	Recent	

studies	highlighted	that	non-Mendelian	disease	phenotypes	could	present	oligogenic	

inheritance	and	result	from	accumulation	of	hypomorphic	variants	in	multiple	genes	

(Schäffer,	 2013;	 Kousi	 and	 Katsanis,	 2015).	 If	 such	 variants	 are	 inherited	 from	 an	

unaffected	 parent,	 such	 oligogenic	 events	 are	 likely	 overlooked	 in	 clinical	 studies,	

which	 could	 explain	 the	 low	 diagnostic	 yield	 of	 HPE.	 Therefore,	 we	 explored	 the	

possibility	 that	 genetically	 unsolved	 cases	 of	 HPE	 present	 an	 oligogenic	 origin	 and	

result	from	combined	inherited	variants	in	several	genes.		

b.	Methods	
This	 study	 comprised	 familial	 cases	 of	 HPE	 for	 which	 no	 disease	 etiology	 could	 be	

established	by	conventional	diagnostic	procedures.	Initial	analyses	included	targeted	

panel	sequencing	of	known	disease	genes,	CNV	analysis	using	CGH-array	and	a	trio-

based	 WES	 study	 following	 ACMG	 guidelines	 (Richards	 et	 al.,	 2015).	 As	 all	 initial	

analyses	failed	to	establish	the	disease	etiology,	the	studied	families	were	considered	

eligible	for	the	hypothesis	of	oligogenic	inheritance.	

A	total	of	26	HPE	families	(representing	80	individuals)	have	been	included	in	this	study.	

The	corresponding	WES	data	was	analyzed	using	more	permissive	settings	(described	

below).	To	identify	disease-related	variants,	I	developed	a	novel	variant	prioritization	

method	together	with	Clara	Savary,	a	Master	II	student	whom	I	supervised	during	my	

first	 year	 of	 Ph.D.	 This	 novel	 approach	 of	 variant	 prioritization	 restricts	 the	 exome	

search	 space	 to	 candidate	 genes	 presenting	 evidence	 of	 disease	 association.	 This	

approach	combines	classical	WES	filtering	(population	frequency	and	deleteriousness	
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predictions)	with	two	gene-based	prioritization	strategies	involving	clinical	ontologies	

and	analysis	of	gene	co-expression	networks.	

	
Whole	Exome	Sequencing	and	variant	filtering	
For	 data	 alignment	 and	 variant	 calling,	 a	 pipeline	 using	 Burrows-Wheeler	 Aligner	

(BWA),	Genome	Analysis	toolkit	(GATK)	and	Freebayes	was	applied	to	all	patients	as	

previously	described	(Li	and	Durbin,	2009;	Auwera	et	al.,	2013;	Garrison	and	Marth,	

2012;	Mouden	et	al.,	2016).	Briefly,	the	reads	were	aligned	to	the	reference	genome	

(hg19,	BWA),	followed	by	removal	of	PCR	duplicates	and	recalibration	of	quality	scores	

(GATK).	Variants	were	called	using	3	different	algorithms:	HaplotypeCaller	and	Unified	

Genotyper	from	GATK,	complemented	by	Freebayes.	The	resulting	variant	calls	were	

combined	and	low-quality	variants	were	excluded	using	GATK	filters	(Table	4).	

	

	

The	 resulting	 variants	 were	 annotated	 by	 ANNOVAR	 (Wang	 et	 al.,	 2010).	 The	

annotation	 step	 consists	 in	 assigning	 various	 information	 to	 each	 variant,	 such	 as	

variant’s	 sequencing	quality,	 genetic	 location	as	well	 as	 its	 frequency	 in	population	

databases	and	predicted	functional	 impact.	A	gene-based	annotation	using	RefGene	

database	 was	 used	 to	 identify	 variants	 functional	 classes	 and	 the	 affected	 genes	

(O’Leary	et	al.,	2016).	The	population	frequency	data	was	retrieved	from	dbSNP	(build	

147),	 1000	 Genomes	 (August	 2015),	 Kaviar	 (September	 2015),	 Exome	 Sequencing	

Project	(ESP,	March	2015),	Greater	Middle	East	Variome	(GME),	Exome	Aggregation	

Consortium	 (ExAC)	 and	 its	 new	 version	 -	 Genome	Aggregation	Database	 (gnomAD)	

(Sherry	et	al.,	2001;	1000	Genomes	Project	Consortium	et	al.,	2015;	Glusman	et	al.,	

2011;	 Scott	 et	 al.,	 2016;	 Lek	 et	 al.,	 2016).	 Variant	 impact	 was	 assessed	 using	

Table 4. GATK filters used for exome analysis. 
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deleteriousness	 prediction	 algorithms	 of	 dbNSFP	 and	 dbSCNV	 databases	 (Table	 5).	

Complementary	annotations	were	performed	using	Alamut	Visual	v2.8.1	(Interactive	

Biosoftware,	Rouen,	France)	and	Human	Splicing	Finder	(HSF)	(Desmet	et	al.,	2009).	

After	annotation,	a	variant	filtering	step	was	performed	on	a	family-by-family	basis.	

Specifically,	for	each	family,	the	following	criteria	was	applied:	

(1)	 Exclude	 variants	 outside	of	 exonic	 and	 splicing	 regions	 (within	 10	bp	outside	of	

exons;	RefSeq	annotation)	

(2)	 For	 multiplex	 families,	 exclude	 variants	 absent	 in	 the	 most	 severely	 affected	

individuals	

(3)	 Exclude	 variants	with	 population	 frequency	 equal/greater	 than	 1	%	 (defined	 as	

polymorphic	frequency	threshold	for	this	study)	in	any	of	the	control	databases	

(4)	Exclude	non-synonymous	SNVs	with	less	than	10	deleterious	predictions	(dbNSFP)	

Table 5. Summary of in silico prediction algorithms used in this study. 

Score Categorical prediciton Deleterious cutoff Type Source
GERP higher	scores	are	more	deleterious >=4.4 Conservation	

scores

dbNSFP
(annovar)

SIPHY higher	scores	are	more	deleterious >=12.17
CADD Phred-like	scaled	C-score >=20

Ensemble	scores

DANN 0-1.	higher	scores	indicate	a	higher	probability	
to	be	damaging

>=0.98

METASVM D:	Deleterious;	T:	Tolerated D
METALR D:	Deleterious;	T:	Tolerated D
MCAP - >=0.025

REVEL 0-1.	higher	scores	indicate	a	higher	probability	
to	be	damaging

>=0.5

SIFT D:	Deleterious	(sift<=0.05);	T:	tolerated	
(sift>0.05)

D

Functional	
predictions

Polyphen2-Hdiv

D:	Probably damaging (>=0.957)
P:	possibly damaging
(0.453<=pp2_hdiv<=0.956)
B:	benign (pp2_hdiv<=0.452)

D

Polyphen2-Hvar

D:	Probably	damaging	(>=0.909)
P:	possibly	damaging	
(0.447<=pp2_hdiv<=0.909)
B:	benign	(pp2_hdiv<=0.446)

D

LRT D:	Deleterious;	N:	Neutral;	U:	Unknown D

MutationTaster

A:	disease_causing_automatic
D:	disease_causing
N:polymorphism
P:polymorphism_automatic

D/A

MutationAssessor H:	high;	M:	medium;	L:	low;	N:	neutral H/M
FATHMM D:	Deleterious;	T:	Tolerated D
PROVEAN D:	damaging,	N:	neutral D

VEST3 0-1.	higher	scores	indicate	a	higher	probability	
to	be	damaging

>=0.5

FATHMM_MKL D:	Deleterious;	N:	neutral D

GENOCANYON 0-1.	higher	scores	indicate	a	higher	probability	
to	be	damaging

>=0.5

ADA 0-1.	higher	scores	indicate	a	higher	probability	
to	be	damaging

>=0.8 Splicing	
predictions

dbscSNV
(annovar)RF 0-1.	higher	scores	indicate	a	higher	probability	

to	be	damaging
>=0.8
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(5)	Exclude	splicing	SNVs	without	any	pathogenic	predictions	(dbscSNV)	

Clinically-driven	strategy	
The	objective	of	the	clinically-driven	strategy	was	to	establish	a	list	of	candidate	genes	

previously	 associated	 with	 disease	 phenotypes,	 i.e.,	 HPE	 and	 craniofacial	 features	

frequently	encountered	in	HPE	context.	Two	lists	of	disease-relevant	phenotypes	were	

established	for	human	and	mouse	organisms.	Genes	associated	with	the	phenotypes	

of	 interest	 were	 extracted	 using	 existing	 gene-phenotype	 annotations	 from	 public	

databases	 and	 ontologies.	 For	 human,	 disease-relevant	 genes	were	 extracted	 from	

Clinvar,	HPO,	Orphanet,	Online	Mendelian	 Inheritance	 in	Man	 (OMIM)	and	Uniprot	

databases	 (Landrum	 et	 al.,	 2016;	 Weinreich	 et	 al.,	 2008;	 Apweiler	 et	 al.,	 2004;	

Ambreger	et	al.,	2015;	Kohler	et	al.,	2017).	For	mouse,	we	used	the	Mouse	Genome	

Informatics	 (MGI)	 database	 (Blake	 et	 al.,	 2003).	 The	 clinically-driven	 strategy	

established	a	list	of	659	candidate	genes	associated	to	disease	phenotypes	(Figure	20).	

	

Transcriptome-driven	strategy	
While	 the	 clinically-driven	 strategy	 is	 based	 on	 existing	 gene	 annotations,	

transcriptome-based	analysis	can	uncover	novel	disease	mechanisms	by	establishing	

the	first	functional	link	between	previously	unrelated	genes.	Our	hypothesis	was	that	

Figure 20. Schematic representation of clinically-driven gene prioritization. 

Phenotypes overlapping with HPE

holoprosencephaly,	cyclopia,	proboscis,	
hypotelorism…

Clinvar HPO Orphanet OMIM Uniprot

435	genes

MGI

Clinical gene list :	637	gènes

Clinvar HPO Orphanet OMIM Uniprot
158	genes 121	genes 112	genes 140	genes 93	genes

Mouse	knock-out	phenotypes reminiscentof	HPE
abnormal forebrainmorphology,	absent	forebrain,	

craniofacial phenotype…

MGI

Remove redundancy

gene	– disease	phenotype	associations	 (human) gene	– knockout	phenotype	associations

Human Mouse
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genes	 implicated	 in	 HPE	 pathogenesis	 are	 highly	 co-expressed	 during	 the	 disease	

susceptibility	 period,	 i.e.,	 early	 brain	 development.	 Therefore,	 genes	 sharing	 highly	

similar	expression	patterns	with	major	HPE	genes	(SHH,	ZIC2,	SIX3	and	TGIF1)	during	

this	period	 can	 represent	novel	 candidate	genes	potentially	 involved	 in	 the	disease	

pathogenesis.		

To	identify	such	genes,	we	established	a	second	gene	prioritization	strategy	using	the	

RNA-Seq	data	of	pre-natal	human	brain	from	Human	Developmental	Biology	Resource	

(HDBR,	Lindsey	et	al.,	2016).	A	total	of	136	samples	were	selected	and	pre-processed	

according	 to	 procedures	 available	 at	 https://www.ebi.ac.uk/gxa/experiments/E-

MTAB-4840.	The	resulting	dataset	contained	the	expression	data	of	65217	transcripts	

across	136	samples	corresponding	to	cerebral	structures	in	early	developmental	stages	

(Figure	21).	

	

Further	analysis	was	performed	using	Weighted	Gene	Co-expression	Network	Analysis	

(WGCNA),	 which	 enables	 the	 construction	 of	 co-expression	 networks	 and	

identification	 of	 groups	 of	 genes	 (gene	 modules)	 sharing	 highly	 similar	 expression	

patterns	across	the	samples	of	the	dataset	(Langfelder	and	Horvath,	2008).	WGCNA	

was	 performed	 using	 R	 environment	 (package	 WGCNA	 v.1.51).	 Following	 the	

recommendations	of	WGCNA	developers,	 the	HDBR	dataset	was	 filtered	 to	exclude	

transcripts	showing	consistently	low	expression	(<	10	reads	in	90%	of	samples).	For	this	

study,	only	protein-coding	genes	were	analyzed.	Expression	values	were	normalized	

Figure 21. Sample selection from HDBR. 
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using	DESeq2	 (median	 normalization)	 (Love	 et	 al.,	 2014)	 and	 clustering	 by	WGCNA	

removed	two	outlier	samples	presenting	aberrant	expression	values.	The	final	dataset	

contained	expression	values	of	14459	protein-coding	genes	across	134	samples.	

The	 module	 construction	 was	 based	 on	 the	 expression	 matrix	 using	 the	

blockwiseModules	function	of	the	WGCNA	package.	Briefly,	this	function	calculates	a	

similarity	matrix	of	the	expression	values	based	on	a	Pearson	correlation.	The	similarity	

matrix	is	then	used	to	construct	a	Topological	Overlap	Matrix	(TOM),	which	reflects	the	

network	topology	and	the	relative	inter-connectivity	between	the	genes	based	on	the	

number	of	common	neighbors.	TOM	values	are	used	to	define	different	modules	of	

highly	connected	genes	using	a	hierarchical	top-down	clustering	and	a	dynamic	tree	

cut	method.	

In	our	study,	a	total	of	14	co-expression	modules	were	identified	labeled	by	different	

colors	(Figure	22).	The	4	major	HPE	genes	were	regrouped	within	the	red	(SHH,	ZIC2,	

SIX3)	and	green	(TGIF1)	modules.	Genes	sharing	highly	similar	expression	patterns	with	

major	 HPE	 genes	 were	 identified	 using	 TOM	 values.	 Specifically,	 top	 25%	 most	

connected	partners	(top	25%	TOM	values)	of	each	major	HPE	gene	were	retained.	This	

approach	 established	 a	 list	 of	 547	 candidate	 HPE	 genes	 based	 on	 transcriptomic	

evidence.	
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Figure 22. Overview of the transcriptome-based gene prioritization and WGCNA analysis. 

The heatmap represents expression of each module across all samples of the dataset, as measured 
by Module Eigengene, the first principal component of each module which reflects modules’ 
‘average’ expression profile.CS - Carnegie Stage, PCW - Post-conception week.  

Co-expression	moduleGene	A
Gene	B
Gene	C

RNA-Seq data	(HDBR) Expression	patterns
Co-expression	
networks

RNA-Seq samples (n=136)

Expression	patterns

Co-expression	network

65217	transcripts

• Remove genes with consistently low expression

• Keep only protein-coding genes

14459	protein-coding genes

16	Co-expression	modules

WGCNA

Filtering

• Clustering and	module	 detection

Module	Red
SHH,	ZIC2,	SIX3

Module	Green
TGIF1

547	genes most connected to	SHH,	ZIC2,SIX3,	TGIF1

Intramodular connectivity
(TOM	values)



 

	 77	

Integration	
The	 final	 approach	 integrated	 all	 strategies	 described	 above	 (Figure	 23).	 Variants	

identified	by	WES	were	filtered	and	restricted	to	candidate	genes	obtained	by	either	

transcriptomic	(n=567)	or	clinical	strategies	(n=637).	Manual	analyses	were	performed	

on	 a	 family-by-family	 basis	 to	 identify	 oligogenic	 combinations	 of	 strong	 candidate	

variants	 in	 genes	 connected	 in	 a	 biologically	 meaningful	 way	 and	 presenting	 a	

significant	link	with	HPE.	The	manual	analyses	included	deep	and	cross-phenotyping,	

segregation	study,	functional	enrichment	analysis	as	well	as	thorough	investigation	of	

variant	characteristics	and	available	biological	knowledge.	Variant	enrichment	analysis	

was	 performed	using	 two	 control	 cohorts	 provided	by	Genome	of	 the	Netherlands	

(GoNL)	and	French	Exome	Project	(FREX).	

	

	

	

	

	 	

Figure 23. Integrative variant prioritization approach. 
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c.	Results	
	
1.	Article	II	

	
Integrated	clinical	and	omics	approach	to	rare	diseases:		

novel	genes	and	oligogenic	inheritance	in	holoprosencephaly	
	

Artem	Kim,	Clara	Savary,	Christèle	Dubourg,	Wilfrid	Carré,	Charlotte	Mouden,	Houda	Hamdi-Rozé,	

Hélène	Guyodo,	Jerome	Le	Douce,	FREX	Consortium,	GoNL	Consortium,	Laurent	Pasquier,	Elisabeth	

Flori,	Marie	Gonzales,	Claire	Bénéteau,	Odile	Boute,	Tania	Attié-Bitach,	Joelle	Roume,	Louise	Goujon,	

Linda	Akloul,	Sylvie	Odent,	Erwan	Watrin,	Valérie	Dupé,	Marie	de	Tayrac1,	*,	Véronique	David*	

1	-	corresponding	author:	marie.detayrac@univ-rennes1.fr	
*	-	equal	contribution	

Brain,	January	2019	

Applied	to	the	26	studied	families,	the	integrative	approach	identified	a	total	of	232	

candidate	variants	in	180	genes	significantly	associated	with	key	pathways	of	forebrain	

development	including	Sonic	Hedgehog	(SHH),	primary	cilia	and	WNT	pathway.	Manual	

analysis	of	the	resulting	candidates	identified	10	families	presenting	oligogenic	events,	

defined	 as	 combinations	 of	 strong	 candidate	 variants	 in	 ≥2	 genes	 unique	 to	 the	

affected	individuals	of	each	family.	The	oligogenic	events	clustered	among	19	genes	

including	15	novel	disease	genes	presenting	functional,	clinical	and	statistical	evidence	

of	their	implication	in	HPE.	Analysis	of	control	cohorts	revealed	that	genes	affected	by	

the	 oligogenic	 combinations	 presented	 a	 significant	 burden	 of	 combined	 rare	

deleterious	variants	in	patients	(p	<	10−9),	indicating	oligogenic	inheritance	as	clinically	

relevant	model	in	HPE.	Deep	phenotyping	revealed	that	unrelated	patients	harbouring	

deleterious	variants	in	the	same	gene	present	clinical	similarities,	while	cross-species	

phenotyping	 revealed	 phenotypic	 overlaps	 between	 the	 patients	 and	 the	 mouse	

mutants	 for	 the	 corresponding	 gene.	 The	 observed	 overlaps	 further	 support	 the	

disease	 implication	of	 the	 candidate	 variants	 and	underline	 that	 integrating	 clinical	

phenotyping	in	genetic	studies	will	improve	the	identification	of	causal	genetic	factors	

in	complex	disorders.	



Integrated clinical and omics approach to rare
diseases: novel genes and oligogenic inheritance
in holoprosencephaly
Artem Kim,1 Clara Savary,1 Christèle Dubourg,1,2 Wilfrid Carré,2 Charlotte Mouden,1

Houda Hamdi-Rozé,1,2 Hélène Guyodo,1 Jerome Le Douce,1 FREX Consortium, GoNL
Consortium, Laurent Pasquier,3 Elisabeth Flori,4 Marie Gonzales,5 Claire Bénéteau,6

Odile Boute,7 Tania Attié-Bitach,8 Joelle Roume,9 Louise Goujon,3 Linda Akloul,3

Sylvie Odent,3 Erwan Watrin,1 Valérie Dupé,1 Marie de Tayrac1,2,* and Véronique David1,2,*

*These authors contributed equally to this work.

Holoprosencephaly is a pathology of forebrain development characterized by high phenotypic heterogeneity. The disease presents

with various clinical manifestations at the cerebral or facial levels. Several genes have been implicated in holoprosencephaly but its

genetic basis remains unclear: different transmission patterns have been described including autosomal dominant, recessive and

digenic inheritance. Conventional molecular testing approaches result in a very low diagnostic yield and most cases remain

unsolved. In our study, we address the possibility that genetically unsolved cases of holoprosencephaly present an oligogenic

origin and result from combined inherited mutations in several genes. Twenty-six unrelated families, for whom no genetic

cause of holoprosencephaly could be identified in clinical settings [whole exome sequencing and comparative genomic hybridization

(CGH)-array analyses], were reanalysed under the hypothesis of oligogenic inheritance. Standard variant analysis was improved

with a gene prioritization strategy based on clinical ontologies and gene co-expression networks. Clinical phenotyping and ex-

ploration of cross-species similarities were further performed on a family-by-family basis. Statistical validation was performed on

248 ancestrally similar control trios provided by the Genome of the Netherlands project and on 574 ancestrally matched controls

provided by the French Exome Project. Variants of clinical interest were identified in 180 genes significantly associated with key

pathways of forebrain development including sonic hedgehog (SHH) and primary cilia. Oligogenic events were observed in 10

families and involved both known and novel holoprosencephaly genes including recurrently mutated FAT1, NDST1, COL2A1 and

SCUBE2. The incidence of oligogenic combinations was significantly higher in holoprosencephaly patients compared to two

control populations (P510–9). We also show that depending on the affected genes, patients present with particular clinical

features. This study reports novel disease genes and supports oligogenicity as clinically relevant model in holoprosencephaly. It

also highlights key roles of SHH signalling and primary cilia in forebrain development. We hypothesize that distinction between

different clinical manifestations of holoprosencephaly lies in the degree of overall functional impact on SHH signalling. Finally, we

underline that integrating clinical phenotyping in genetic studies is a powerful tool to specify the clinical relevance of certain

mutations.
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Introduction
Holoprosencephaly (HPE1, OMIM #236100) is a severe
developmental defect resulting from incomplete forebrain
cleavage. The disease is characterized by incomplete separ-
ation of cerebral hemispheres with several anatomical
classes ranging from microforms to alobar HPE. Affected
individuals present with typical craniofacial midline defects
of varying severity including proboscis, cleft lip and palate,
ocular hypotelorism and solitary median incisor. HPE
occurs in about 1 in 10 000 to 20 000 live births worldwide
(Mercier et al., 2011).

The genetic basis of HPE remains unclear and different
transmission patterns have been described including auto-
somal dominant, recessive and digenic inheritance
(Dubourg et al., 2018). Most mutations associated with
HPE display incomplete penetrance and variable expressiv-
ity, i.e. close relatives carrying the same pathogenic variant
can be asymptomatic or present distinct HPE-spectrum
anomalies (Mercier et al., 2011). Sonic hedgehog (SHH)
was the first discovered gene implicated in HPE (Roessler
et al., 1996) and its variants remain the most common
cause of non-chromosomal HPE (Dubourg et al., 2018). In
2011, molecular screening of 645 HPE probands revealed
that mutations in the SHH, ZIC2, SIX3 and TGIF1 genes
were the most frequent ones and collectively accounted for
25% of cases (Mercier et al., 2011). The following studies
reported that GLI2 might also be considered as a major
HPE gene in terms of frequency (Dubourg et al., 2016),
although variants in GLI2 rarely result in classic HPE but
instead cause a distinct phenotype that includes pituitary
insufficiency and subtle facial features (Bear et al., 2014).
Pathogenic variants in FGF8, FGFR1, DISP1, and DLL1
were also found in !7% of HPE cases (Dupé et al., 2011;
Dubourg et al., 2016). The other HPE genes reported so far
are TDGF1, FOXH1, TGIF1, CDON, NODAL, GAS1,
STIL and SUFU whose frequency is not established due to
the small number of reported cases (Mouden et al., 2015,
2016; Dubourg et al., 2018; Kruszka et al., 2018).

Clinical genetic testing of HPE has improved, but
!70% of familial cases remain without a clear molecular
diagnosis. Most of known HPE genes belong to the SHH
pathway, which represents the primary pathway impli-
cated in the disease (Mercier et al., 2013; Dubourg

et al., 2016; Kruszka et al., 2018). Therefore, defective
SHH-related processes are likely to be substantially
involved in HPE.

Whole-exome sequencing (WES) has been successful for
Mendelian disease-gene discovery and differential diagnosis
(Bamshad et al., 2011). WES analysis uses filtering
approaches for candidate variant prioritization combined
with comprehensive clinical evaluation. A variety of add-
itional strategies has been developed to further improve the
performance of WES in clinical settings. Collaborative plat-
forms such as Matchmaker Exchange (Philippakis et al.,
2015) are used to search for recurrence in patients affected
by similar phenotypes. Integrative variant-prioritization al-
gorithms such as the Exomiser suite (Smedley et al., 2015)
combine WES with different phenotype-driven approaches
(based on clinical data and cross-species phenotype com-
parisons) and analysis of protein interactome data. As
useful as they are, these strategies are limited: collabora-
tive platforms are not efficient in case of very rare genetic
diseases while pipelines such as Exomiser are not designed
to study non-Mendelian disorders. Studying HPE faces
these two challenges: (i) HPE live-born infants are exces-
sively rare; and (ii) although HPE is considered a
Mendelian disorder, the wide range of severity must
necessitate strong modifying factors such that a single
pathogenic variant may be neither necessary nor sufficient
for pathogenesis.

Recent studies have highlighted that non-Mendelian dis-
ease phenotypes could present an oligogenic aetiology and
result from accumulation of inherited low-penetrance vari-
ants in multiple genes (Li et al., 2017). However, such
events are likely overlooked in clinical genetic studies if
variants are inherited from a clinically unaffected parent.

In this study, we address the additional yield that can be
obtained for HPE patients who underwent medical WES
evaluation in clinical settings that failed to establish a mo-
lecular diagnosis. Given the wide clinical spectrum of the
disease, as well as incomplete penetrance and variable ex-
pressivity of HPE mutations, we raised the possibility that
the low diagnostic yield is partly due to the complex aeti-
ology of HPE and hypothesized that a part of unsolved
HPE cases results from oligogenic events, i.e. accumulation
of several rare hypomorphic variants in distinct, function-
ally connected genes.

2 | BRAIN 2018: 0; 1–15 A. Kim et al.
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Our study involved patients for whom no disease aeti-
ology could be determined by conventional diagnostic
approaches. Similarly to previous WES studies (Lee et al.,
2014; Stark et al., 2017), we used clinically-driven priori-
tization approach to identify genes associated with specific
clinical features as reported in gene-phenotype reference
databases and mouse models. Complementarily, we de-
veloped and used a prioritization strategy based on gene
co-expression networks of the developing human brain to
select genes with spatio-temporal expression patterns com-
patible with those of known HPE genes. Finally, we used
in-depth clinical phenotyping together with cross-species
similarities to further strengthen the evidence of causality.

This study highlights novel HPE genes and identifies new
disease-related pathways including the primary cilia path-
way. Our findings also illustrate the high degree of oligo-
genicity of HPE and suggest that the disease requires a joint
effect of multiple hypomorphic mutations.

Materials and methods

Patient selection and preliminary
genetic analyses
Study protocol was approved by the Ethics Committee of Rennes
Hospital. Patients diagnosed with HPE and relatives were re-
cruited using the clinical database of Holoprosencephaly
Reference Center of Rennes Hospital. Study participation
involved informed written consent, availability of clinical data,
and either DNA or peripheral blood sample.

The main selection criterion for this study was the absence
of clear genetic cause of HPE after conventional diagnostic
procedures. As part of routine diagnosis, all patients were
scanned for rare damaging mutations by targeted HPE gene-
panel sequencing (Dubourg et al., 2016) and for copy number
variants (CNVs) using comparative genomic hybridization
(CGH)-array and multiplex ligation-dependent probe amplifi-
cation (MLPA). Patients for whom no genetic cause of HPE
(i.e. a fully-penetrant causal mutation in known HPE gene or a
chromosomic aberration/copy number variant explaining the
pathology) could be established, underwent trio-based WES
for further analysis. WES was performed using standard pro-
cedures as previously described (Mouden et al., 2015, 2016).
The scheme for variant classification followed the American
College of Medical Genetics and Genomics association
(ACMG) guidelines (Richards et al., 2015) and included a hy-
pothesis-free analysis of all de novo and homozygous variants
on a family-by-family basis. Patients for whom no such vari-
ants of clinical interest had been detected were considered eli-
gible for the hypothesis of oligogenic inheritance and included
in this study.

Variant selection under oligogenic
hypothesis
As discussed in previous studies, ACMG guidelines are useful
in identifying variants with strong effect on phenotype but are
unhelpful in case of modifier variants (Hong et al., 2017).

Therefore, the ACMG classification was not taken into ac-
count for variant selection dedicated to the analysis of oligo-
genic events. WES trio data were reanalysed using more
permissive settings (filtering protocols used in this study are
described in the Supplementary material). The exome analysis
was complemented with two gene prioritization strategies
based on available clinical knowledge and co-expression
networks.

Clinically-driven approach
We established two clinician-generated lists of relevant pheno-
types reminiscent of HPE in human and mouse models, respect-
ively (Supplementary Table 3). Genes associated with the
phenotypes of interest were identified with publicly available
clinical resources and associated ontologies. Human gene-
phenotype associations were extracted from relevant databases
(Supplementary Fig. 1) using R package VarFromPDB (https://
github.com/cran/VarfromPDB). The Mouse Genome Informatics
(MGI) (Smith et al., 2018) database and a homemade workflow
were used to retrieve genes associated with any of the corres-
ponding phenotypes in mouse mutants. Human and mouse re-
sults were combined and redundancy was removed to establish
a list of clinically-driven candidate genes associated with HPE-
related anomalies (Supplementary Table 4).

Identification of HPE-related genes
by weighted gene co-expression
network analysis
We used weighted gene co-expression network analysis
(WGCNA) (Langfelder and Horvath, 2008) on the RNA-Seq
data from the Human Development Biology Resource (HDBR)
(Lindsay et al., 2016) to identify genes sharing highly similar
expression patterns with four classical genes associated with
HPE (SHH, SIX3, ZIC2 and TGIF1) during cerebral develop-
ment. Data from samples corresponding to forebrain, cerebral
cortex, diencephalon, telencephalon and temporal lobe struc-
tures taken between the fourth and 10th post-conception
weeks were selected (Supplementary Fig. 9). RNA-seq data
were analysed with the iRAP pipeline (https://github.com/
nunofonseca/irap). We used R package WGCNA to construct
co-expression networks and identify modules of co-expressed
genes. The detailed protocols for WGCNA analysis are
described in the Supplementary material. The Topological
Overlap Matrix (TOM) matrix was used to establish a list
of transcriptome-driven candidate genes sharing highly similar
expression profiles with SHH, ZIC2, SIX3 and TGIF1
(Supplementary Table 5).

Integration and identification of
oligogenic events
The two gene prioritization schemes were combined with the
WES results to identify a restricted list of rare variations
located in genes identified by either the transcriptomic or the
clinical prioritization approach (Fig. 1). Further analyses of the
candidate variants were performed on a family-by-family basis.
Oligogenic events were defined as combinations of candidate
variants in 52 genes co-segregating with disease, i.e. unique to
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the affected individuals of each family. Variants could be either
inherited from the parents—at least one each from the mother
and the father—or occur de novo in the affected child.

To evaluate the impact of candidate genes further, we per-
formed deep clinical phenotyping to characterize similarities
between unrelated patients and/or published knockout mice.
Special attention was given to genes harbouring distinct rare
variants in at least two affected patients with striking pheno-
typic overlap. Phenotypic overlaps between patients and mouse

mutants deficient for the corresponding candidate genes were
also examined. The most interesting oligogenic combinations
of rare deleterious variants in the affected children were finally
discussed during multidisciplinary meetings.

To determine significantly enriched biological processes and
pathways, functional annotation was performed by g:profiler
(http://biit.cs.ut.ee/gprofiler) and Bonferroni adjusted P-value
were considered significant below a value of 0.05 (KEGG,
REACTOME and Gene Ontology Biological Processes).

Figure 1 Flow chart illustrating the prioritization strategy. Classical WES analysis was performed (blue) and combined with two

prioritization approaches: (i) based on gene co-expression networks (green); and (ii) based on clinical knowledge (salmon). Details of the pipeline

are also provided in the Supplementary material. Variant overlaps were selected and further analysed by functional annotation analysis and on a

family-by-family basis, by integrating a comprehensive clinical phenotyping of patients and exploration of cross-species similarities.
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Control cohorts and validation
To test whether the identified oligogenic combinations were
specific to the HPE cohort, we used SNV and INDELS data
from 248 healthy trios (744 individuals) provided by Genome
of the Netherlands (GoNL) sequencing project as a control
cohort (Genome of the Netherlands Consortium, 2014).
Additional control cohort consisting of 574 unrelated French
individuals was provided by the French Exome Project (FREX).

We applied the same variant filtering approach and the same
strategy for selection of oligogenic events. Proportion of
families and/or individuals presenting oligogenic events were
then compared between HPE cohort and the control cohorts.
P-values were calculated using two-sided Fisher’s exact test
(fisher.test function in R, version 3.4.2).

Data availability
The data that support the findings of this study are available
from the corresponding author, upon reasonable request.

Results

Clinical findings

We assembled a cohort of 26 families representing a total of
80 individuals including 29 affected children diagnosed with
lobar (n = 3), semilobar (n = 11), alobar (n = 13) or microform
HPE (n = 2) (Table 1). Common HPE clinical manifestations
were observed among the probands and included cleft lip and
palate (38%), hypotelorism (34%), microcephaly (31%) and
arhinencephaly (31%). Ancestry analysis identified that 24
families were of European descent and two of South East
Asia and African descent (Supplementary Fig. 10). Eight par-
ents presented minor signs of midline facial anomalies and
three parents were diagnosed with HPE microforms.

The initial targeted sequencing had identified point muta-
tions in known HPE genes in 13 families and a full hetero-
zygous deletion of SIX3 gene had been detected by CGH-
array in one family (Fig. 2 and Supplementary Fig. 8). All
anomalies were later confirmed by WES analysis. They were
inherited from asymptomatic or mildly affected parents and
were considered as insufficient to fully explain the pathogen-
esis of HPE, suggesting that the presence of additional risk
factors was required for the disease to occur.

HPE variants overview and
identification of disease-related
pathways

Combined clinically- and transcriptome-driven analysis of
the exome data identified a total of 232 rare candidate vari-
ants in 180 genes (Fig. 1 and Supplementary Table 6). All
variants presented a minor allele frequency below 1% and
were predicted to be highly deleterious to protein function
(Supplementary material). One hundred and fifty-three vari-
ants concerned genes associated with HPE phenotypes

among which 32 were located in genes reported to induce
HPE-like phenotypes in mutant mice (Supplementary
Table 8). One hundred and two variants were located in
genes sharing expression profiles highly similar to those of

Table 1 Clinical description of 26 HPE families

Category and feature n %

Proband sex

Male 6 21

Female 20 69

Unknown 3 10

Total 29 100

Clinical phenotype of the parents

Unaffected 40 78

Minor sign 8 16

Hypotelorism 4 8

Incomplete iris 1 2

Epicanthus 1 2

Narrow palate 1 2

Nasal anomaly 1 2

HPE microform 3 6

Total 51 100

Clinical characteristics of the probands

HPE 29 100

Lobar 3 10

Semilobar 11 38

Alobar 13 45

Microform 2 7

Cleft lip/palate 11 38

Hypotelorism 10 34

Microcephaly 9 31

Arhinencephaly 9 31

Agenesis of corpus callosum 7 24

Flat head (plagiocephaly) 6 21

Thalami Fusion 6 21

Ventricles Fusion 6 21

Premaxilliary agenesia 5 17

Fusion frontal lobes 4 14

Flat nose 4 14

Proboscis 3 10

Cyclopia 2 7

Total 29 100

Families with mutations in HPE genes

SHH 4 15.4

ZIC2 1 3.8

SIX3 5* 19.2

TGIF1 2 7.7

PTCH1 1 3.3

ZIC2/GLI2 1 3.8

No mutation 12 46.2

Total 26 100.0

Family ethnicity

European 21 81

African 1 4

South Asian 1 4

Admix 3 12

Total 26 100.0

*For SIX3, point mutations were found in four families (targeted sequencing) and a

heterozygous deletion was detected by CGH-array in one family.
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HPE genes. Overlap between phenotype and gene co-expres-
sion network analysis contains 23 variants including 14 pre-
viously described mutations in known HPE genes (SHH,
ZIC2, SIX3, GLI2, TGIF1 and PTCH1).

Consistent with known disease aetiology, functional profiling
of the 180 genes revealed a significant enrichment for biological
processes implicated in forebrain development (Supplementary
Table 7) including Sonic Hedgehog signalling pathway
(REAC:5358351, P-value=2.79! 10–5; KEGG:04340, P-
value=10–4), Primary Cilia (REAC:5617833, P-value=10–6;
GO:0060271, P-value=2! 10–6) and Wnt/Planar Cell
Polarity (PCP) signalling pathway (GO:0016055, P-
value=2! 10–5). The SHH pathway is the primary pathway
implicated in HPE and the primary cilium is required for the
transduction of SHH signalling (Gorivodsky et al., 2009;
Murdoch and Copp, 2010) while components of Wnt/PCP

pathway regulate both SHH signalling and primary cilia
(Goetz et al., 2009; Murdoch and Copp, 2010).

In-depth analyses highlighted 10 families with oligogenic
events (Fig. 2) clustered among 19 genes (Tables 2 and 3)
that functionally relate to disease-relevant pathways (Fig. 3).
These combinations of variants were unique to the affected
probands. The main findings are presented below and full
reports are available in the Supplementary material.

Recurrent oligogenic events involving
FAT1
Four different families, i.e. 15% of the 26 families studied
here, presented oligogenic events involving FAT1 in com-
bination with rare variants in known HPE genes (SHH,
PTCH1), as well as in NDST1, COL2A1 and LRP2

Figure 2 Oligogenic events reported in this study. Candidate genes are listed for each family. Individuals carrying or not carrying the

variants are identified by the plus or minus sign symbols, respectively. Variant information is available in Tables 2, 3 and Supplementary Table 6.

(A) Oligogenic events involving FAT1. (B) Oligogenic events involving variants in SCUBE2 and BOC. (C) Oligogenic events involving mutations in

genes related to the primary cilium. *Not available for WES, clinical phenotyping and Sanger sequencing of SHH, FAT1 and NDST1 were

performed. **Samples not available, Sanger sequencing of SHH was performed in the referring laboratory.
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genes (Fig. 2A). FAT1 is a protocadherin and its knock-
down in mice causes severe midline defects including HPE
(Ciani et al., 2003); in Drosophilia it has been shown to
regulate the PCP pathway (Rock et al., 2005). LRP2,
NDST1 and COL2A1 are all functionally relevant to the
SHH pathway (Fig. 3): NDST1 and COL2A1 mice mu-
tants exhibit HPE phenotype and reduced SHH signalling
in the forebrain (Grobe et al., 2005; Leung et al., 2010),
while LRP2 acts as an auxiliary receptor of SHH during
forebrain development and its inactivation in mouse simi-
larly leads to HPE phenotype (Christ et al., 2012).

Oligogenic events involved the following combinations:
SHH/FAT1/NDST1 (Family F3), FAT1/NDST1/COL2A1
(Family F16), FAT1/COL2A1/PTCH1 (Family F26) and
FAT1/LRP2 (Family F23) (Fig. 2A, Tables 2 and 3).
Details are provided in the Supplementary material, Case
report 1.

In Family F3, Sanger sequencing of additional family
members revealed that the SHH/FAT1/NDST1

combination was unique to the affected individuals
(Fig. 2A). For Family F16, only the foetus carrying the
FAT1/NDST1/COL2A1 combination was affected by semi-
lobar HPE, while the sibling carrying NDST1/COL2A1
variants presented only a microform (Fig. 2A). These ob-
servations are fully consistent with the oligogenic inherit-
ance model where accumulation of multiple variants in
genes associated to HPE phenotypes and/or HPE-related
molecular pathways is required.

Recurrent oligogenic events involving
SCUBE2/BOC implicated in SHH
signalling

Two families presented oligogenic events implicating com-
bined variants in the BOC and SCUBE2 genes (Fig. 2B,
Tables 2 and 3). BOC is an auxiliary receptor of SHH and
was recently reported as an HPE modifier in humans (Hong
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et al., 2017). SCUBE2 shares a highly similar expression
pattern with SHH and SIX3 and is implicated in the release
of SHH from the secreting cell (Jakobs et al., 2014). In
Family F4, a combination of SCUBE2/BOC variants was
associated with additional variants in SHH, STK36 (see
below) and WNT4, a member of the Wnt pathway, impli-
cated in regulation of SHH signalling (Murdoch and Copp,
2010). In Family F22, the SCUBE2 variant results in a
premature stop codon at position 525 (Supplementary
Fig. 7), which results in truncation of its CUB domain
and is predicted to directly affect its SHH-related activity
(Jakobs et al., 2014). This family presented an additional
candidate variant in HIC1, which genetically interacts with
PTCH1 (Briggs et al., 2008). Mice deficient for HIC1 ex-
hibit craniofacial defects including HPE (Carter, 2000).

The reported variant combinations were observed exclu-
sively in the affected probands and were absent in asymp-
tomatic individuals. Altogether, these results reveal
recurrent mutations in SCUBE2/BOC and further
strengthen the oligogenic inheritance model of HPE.

Implication of primary cilium in HPE

Remarkably, five families presented candidate variants in
genes related to the primary cilium: STK36, IFT172,
B9D1, MKS1, TCTN3 and TULP3 (Fig. 2C). Ciliary pro-
teins are known to play essential roles in the transduction of
SHH signalling downstream of PTCH1 during forebrain de-
velopment (Goetz et al., 2009; Murdoch and Copp, 2010).

STK36, also known as ‘fused’, is a ciliary protein impli-
cated in SHH signalling and associated to craniofacial pheno-
types (Goetz et al., 2009; Murdoch and Copp, 2010).
IFT172 codes for a core component of intraflagellar trans-
port complex IFT-B required for ciliogenesis and regulation
of SHH signal transduction. Moreover, Ift172–/– mice exhibit
reduced expression of Shh in the ventral forebrain and severe
craniofacial malformations including HPE (Gorivodsky et al.,
2009). B9D1, MKS1 and TCTN3 are all members of the
transition zone protein complex implicated in regulation of
ciliogenesis (Garcia-Gonzalo et al., 2011). The disruption of
B9d1 and Mks1 in mouse models causes craniofacial defects
that include HPE (Dowdle et al., 2011; Wheway et al.,
2013). Although no mouse model is available for TCTN3,
its expression profile is highly similar to that of SHH and
disruption of its protein complex partners (TCTN1, TCTN2,
CC2D2A, MKS1, B9D1) leads to HPE in mouse (Dowdle
et al., 2011; Garcia-Gonzalo et al., 2011; Wheway et al.,
2013). Moreover, TCTN3 was shown to be necessary for
the transduction of SHH signal and TCTN3 mutations
were found in patients affected by ciliopathies (Thomas
et al., 2012). Finally, TULP3 is a critical repressor of Shh
signalling in mice and is associated with various craniofacial
defects (Murdoch and Copp, 2010).

Additional variants observed in these families include a
heterozygous deletion of SIX3, missense mutations in SHH,
SCUBE2, BOC and LRP2 (described above) as well as two
genes implicated in PCP pathway (Fig. 3): CELSR1 (two

families) and PRICKLE1, both associated with craniofacial
defects in mouse mutants (Fig. 2C) (Goetz et al., 2009;
Murdoch and Copp, 2010; Yang et al., 2014). Similar to
previously described cases, the oligogenic events were pre-
sent exclusively in the affected children.

Given the essential role of the primary cilium in SHH
signal transduction, these observations strongly suggest
that rare variants in ciliary genes contribute to the disease
onset in these families.

Correspondence between affected
genes and secondary clinical features

To provide additional evidence, we performed an in-depth
analysis of secondary clinical features associated with HPE
in our patients. Deep clinical phenotyping identified clinical
similarities between unrelated patients (Tables 2 and 3) as
well as overlaps of secondary clinical features between pa-
tients and the corresponding mouse mutants.

Interestingly, the two patients with variants in ciliary
genes (IFT172/PRICKLE1 and SIX3/TCTN3/TULP3)
both presented with polydactyly, a clinical feature com-
monly associated with ciliopathies (Goetz et al., 2009).
Importantly, the patient with the oligogenic combination
IFT172/PRICKLE1 presented with a large set of overlap-
ping clinical features with the corresponding mouse mu-
tants including polydactyly, cleft palate and eye defects
(Gorivodsky et al., 2009; Yang et al., 2014).

Of note, the two unrelated patients having variants in
FAT1 and NDST1 shared a large set of specific secondary
clinical features, including mandibular and ear abnormal-
ities. Intrauterine growth restriction was found exclusively
in the two patients with COL2A1 variants. The most se-
verely affected child in Family F16 (FAT1/NDST1/
COL2A1) presented a strong overlap with NDST1-null
and COL2A1-null mutant mice (HPE, mandibular anoma-
lies, absent olfactory bulb, abnormal nose morphology)
(Grobe et al., 2005; Leung et al., 2010). Similarly, probos-
cis and eye defects were observed in both FAT1/NDST1/
SHH patient and FAT1–/– mice (Ciani et al., 2003).

Finally, the two unrelated SCUBE2/BOC cases in
Families F4 and F22 presented with cebocephaly, a midline
facial anomaly characterized by ocular hypotelorism and a
single nostril, which was absent in all other patients.
Consistently, SCUBE2 is highly expressed in the nasal
septum in mouse (Xavier and Cobourne, 2011), and cebo-
cephaly was previously associated with CDON—another
known HPE gene sharing highly similar functions and
structure with BOC (Zhang et al., 2006).

While these clinical features are not specific to HPE, the
described overlaps provide additional support for disease
implication of the presented candidate variants.

Statistical validations

The identified oligogenic events were clustered among 19
genes (Fig. 2, Tables 2 and 3). To assess the frequency of
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healthy individuals presenting similar variant combinations
in these genes, we applied the same family-by-family vari-
ant analysis to the 248 control trios provided by GoNL.
This control cohort was chosen as 24/26 (92%) of the HPE
families included in the study were of European descent
(Supplementary Fig. 10).

The approach identified three families among controls
presenting variant combinations satisfying the criteria that
we established for the oligogenic events (gene, variant and
parental inheritance). The three oligogenic events found in
the control cohort were FAT1/B9D1, SCUBE2/PTCH1 and
SCUBE2/LRP2/PTCH1/CELSR1 (Supplementary Table 9).
Although one SCUBE2 variant (p.Thr285Met) was found
in both the HPE and the control cohort, none of the com-
binations found among controls corresponded to oligogenic
events identified in the HPE cohort. The incidence of oligo-
genic events was significantly lower in the GoNL families
(3/248, 1.2%) as compared to the HPE cohort (10/26,
38%) with a Fisher’s exact test P-value of 2.301 ! 10–9

(Table 4).
Three additional children of the GoNL cohort harboured

combinations of rare deleterious variants in two or more
candidate genes. However, in these cases, all variants were
inherited from the same parent. Therefore, these combin-
ations were not considered as oligogenic events similar to
those of HPE patients. Nevertheless, even when taking into
account these three additional cases, the proportion of chil-
dren having variants in two or more candidate genes was
significantly different between the HPE cohort (13/29,
45%) and the GoNL cohort (6/248, 2.4%) with a
Fisher’s exact test P-value of 1.902 ! 10–10.

Finally, 14 individuals of the GoNL cohort (parents and
children combined) harboured rare deleterious variants in
two or more genes. Without taking into account the re-
latedness between the GoNL individuals, the proportion
of individuals having variants in two or more candidate
genes remained significantly different between the HPE
cohort (21/80, i.e. 26%) and the GoNL control cohort
(14/744, 1.8%), as confirmed by Fisher’s exact test (P-
value = 3.237 ! 10–14).

To assess the frequency of control individuals presenting
rare variant combinations in the identified candidate genes

further (Fig. 2, Tables 2 and 3), we analysed a second
control cohort. The FREX data were chosen as they consist
of 574 unrelated French individuals ancestrally matching
the HPE cohort.

Screening of the FREX cohort revealed that 16/574 indi-
viduals (i.e. 2.7%) harboured rare deleterious variants in
two or more candidate genes. This proportion was statis-
tically different from that observed in the HPE cohort (21/
80, 26% versus 16/574, 2.7%; P-value = 1.521 ! 10–11,
Fisher’s exact test).

Additionally, the two control cohorts (GoNL and FREX)
did not present statistically significant differences in terms
of proportions of individuals having rare deleterious vari-
ants in two or more candidate genes: 14/744 (1.8%) for the
GoNL cohort versus 16/574 (2.7%) for the FREX (P-
value = 0.35, Fisher’s exact test).

The analysis of the GoNL and FREX cohorts illustrates
that the incidence of combined rare deleterious variants in
the identified candidate genes is significantly higher in HPE
patients as compared to a control population. All per-
formed comparisons showed a statistically significant P-
value between the cases and the controls (Table 4), thus
providing evidence for oligogenicity as clinically relevant
model in HPE.

Discussion
In this study, we addressed the relevance of oligogenic
model for unsolved HPE cases. We provide evidence that
the onset of HPE arises from the combined effects of hypo-
morphic variants in several genes belonging to critical bio-
logical pathways of brain development. To circumvent the
limitations of classical WES analysis in complex rare dis-
orders, we combined clinically-driven and co-expression
network analyses with classical WES variant prioritization.
This strategy was applied to 26 HPE families and allowed
prioritization of 180 genes directly linked to the SHH sig-
nalling, cilium and Wnt/PCP pathways (Fig. 3). The ana-
lysis of oligogenic events in patients with HPE anomalies
revealed 19 genes including 15 genes previously unreported
in human HPE patients (Tables 2 and 3). All these genes

Table 4 Statistical validations: Fisher’s exact test analysis for oligogenic events

Comparison HPE GoNL FREX P-value

HPE versus
GoNL

HPE versus
FREX

GoNL
versus
FREX

Families with oligogenic events 10/26 (38%) 3/248 (1.2%) NA 2.301 ! 10–9 NA NA

Children harbouring rare deleterious
variants in two or more candidate genes

13/29 (45%) 6/248 (2.4%) NA 1.902 ! 10–10 NA NA

All individuals harbouring rare deleterious
variants in two or more candidate genes

21/80 (26%) 14/744 (1.8%) 16/574 (2.7%) 3.237 ! 10–14 1.521 ! 10–11 0.35

Oligogenic inheritance is defined as presence of combined rare deleterious variants in two or more genes, described in Table 3 and Fig. 2. The proportion of individuals harbouring

combined rare deleterious variants in the identified genes is significantly higher in HPE cohort as compared to two control populations GoNL and FREX (Fisher’s exact test).
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are either associated with HPE phenotypes in correspond-
ing mouse models (such as FAT1, NDST1), present highly
similar expression patterns with already known HPE genes
in the developing brain (such as SCUBE2, TCTN3), or
both. We observed co-occurrence of mutations in several
gene pairs such as FAT1/NDST1 and SCUBE2/BOC,
which provides additional arguments towards their impli-
cation in HPE. The incidence of oligogenic combinations
was significantly higher in HPE patients compared to the
GoNL and FREX control populations. We additionally
show that in-depth evaluation of secondary clinical features
in patients with HPE anomalies and comparison to pub-
lished mouse knockout models may provide additional ar-
guments for the causality of candidate genes.

The main challenge in disease-gene discovery by WES is
to identify disease-related variants among a large back-
ground of non-pathogenic polymorphisms (Bamshad
et al., 2011; MacArthur et al., 2014). For example, the
presented FAT1 encodes a large protocadherin gene span-
ning over 139 kb in the human genome and presenting over
2000 missense variants with a minor allele frequency below
1% in the gnomAD database. Despite this high number of
variations found in the general population, rare variants in
FAT1 were recently implicated in several genetic disorders
including facioscapulohumeral dystrophy-like disease
(Puppo et al., 2015). Hence, correct interpretations and
conclusions require extremely careful assessment of avail-
able biological and clinical knowledge.

To improve the pertinence of our study, we developed a
strategy to restrict the potential candidates by targeting
genes with biological and clinical arguments for their im-
plication in the disease. Implication of a given gene in a
disease is often supported by the similarity between the
human pathology and the phenotype obtained in relevant
animal models (MacArthur et al., 2014). Accordingly, in
this study, the main evidence of causality for candidate
genes was that their disruption leads to clinically-defined
HPE-related phenotypes in corresponding published
mutant mouse models. Unlike other phenotypes, such as
reduced body weight (Reed et al., 2008), holoprosence-
phaly is a rare effect of gene knockout in mice as it is
associated with 51% of knockout mice (as reported in
the MGI database). Recent exome sequencing studies
have applied similar phenotype-driven approaches to iden-
tify causal variants in monogenic disorders. Dedicated tools
have been developed to that aim (Exomiser, Phive)
(Smedley et al., 2015) but none are designed for non-
Mendelian traits involving hypomorphic variants with
mild effects. We provide a method to specifically address
such cases and show that further developments are neces-
sary to improve the diagnosis of genetic disorders, espe-
cially by taking into account oligogenic inheritance.
Inclusion of carefully defined mouse mutant phenotypes is
of powerful value as certain phenotypes like HPE are very
informative due to their rarity.

Prioritization tools can also include protein–protein inter-
action (PPI) network information, which improves

performance in cases where candidate genes do not have
an associated knockout mouse model. However, PPI-based
prioritization is limited when disease investigation requires
incorporation of tissue-specific data. The key process af-
fected by HPE is the elaboration of the forebrain and its
dorso-ventral patterning (Fernandes and Hébert, 2008).
Deciphering the biological mechanisms involved in the
early brain development is therefore necessary to provide
relevant information to select disease-related genes. To in-
corporate tissue-specificity, we performed analysis using the
RNA-Seq data of embryonic human brain at the earliest
available developmental stages (from 4 to 17 post-concep-
tion weeks) as provided by the Human Development
Biology Resource (Lindsay et al., 2016). We defined rele-
vant co-expression modules and selected candidate genes of
which expression patterns follow those of known HPE
genes. Further analysis showed that the resulting candidate
genes, such as SCUBE2 and TCTN3, are pertinent as they
are equally implicated in the SHH pathway that is the pri-
mary HPE pathway (Thomas et al., 2012; Jakobs et al.,
2014). Co-expression analysis provides additional insight
into disease pathogenesis by establishing the first link be-
tween previously unrelated genes. A future challenge will be
to generalize this approach, but such a task will face the
necessity to incorporate disease relevant co-expression
modules that need to be pre-computed.

Patients exhibiting HPE anomalies present enrichment of
rare variants in genes related to the SHH pathway, as well
as to the Wnt/PCP and primary cilia pathways, which were
both shown to functionally interact with and regulate SHH
pathway (Goetz et al., 2009; Gorivodsky et al., 2009;
Murdoch and Copp, 2010; Wheway et al., 2013).
Accumulation of multiple rare variants in genes related to
these pathways will likely disrupt the dorso-ventral gradi-
ent of the SHH morphogen (Fernandes and Hébert, 2008),
leading to an incomplete cleavage of the forebrain and,
ultimately, to HPE. In this model, distinction between dif-
ferent manifestations of HPE lies in the degree of overall
functional impact on SHH signalling (Mercier et al., 2013).
Moreover, depending on the affected genes and pathways,
HPE patients would present different secondary clinical
features.

The observed overlapping secondary clinical features fur-
ther support the causality of the reported variants for HPE.
As hypomorphic mutations do not have the same impact as
the complete inactivation of a gene in most cases, pheno-
typic overlaps may be challenging to detect and require
expert assessment of clinical and biological data. For ex-
ample, mice deficient in NDST1 exhibit agnathia (Grobe
et al., 2005) (absence of the lower jaw) while unrelated
patients presenting candidate variants in NDST1 exhibit
prognathia and retrognathia (abnormal positioning of the
lower jaw), respectively. All three phenotypes are part of
the same spectrum of mandibular anomalies. From a clin-
ical perspective, overlap of secondary clinical features be-
tween the patient and the animal models provides
additional critical evidence of a causal relationship between
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candidate gene and disease. A key issue here remains the
semantic representation of patient’s phenotype and the use
of a well-established phenotypic ontology during the exam-
ination processes. Explorations of secondary clinical fea-
tures should be performed in future studies of genetic
diseases.

Additional molecular screenings in larger populations of
HPE patients are necessary to definitely assess the implica-
tion of our candidate genes in the disease. Therefore, we
propose to include these novel genes into future genetic
screenings of HPE patients.

In conclusion, this paper presents novel genes implicated
in HPE and illustrates that HPE presents an oligogenic in-
heritance pattern requiring the joint effect of multiple gen-
etic variants acting as hypomorphic mutations. The
proposed inheritance pattern accounts for a wide clinical
spectrum of HPE and explains the significant part of cases
in which no molecular diagnosis could be established by
conventional approaches. It also explains the incomplete
penetrance and variable expressivity of inherited causal mu-
tations observed in the reported cases of HPE (Mercier
et al., 2011). We propose that in cases of non-Mendelian
diseases with variable phenotypes, the possibility of oligo-
genic inheritance needs to be evaluated. Exploration of
such events will improve the diagnostic yield of complex
developmental disorders and will contribute to better
understanding of the mechanisms that coordinate normal
and pathological embryonic development.
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CNRS, Université Rennes 1) for their help and advice.

Funding
This work was supported by Fondation Maladie Rares
(grant PMO1201204), Agence Nationale de la Recherche
(grant ANR-12-BSV1-0007-01) and the Agence de la
Biomedecine (AMP2016). This work was supported by
La Fondation Maladie Rares and the Agence de la
Biomedecine. The authors acknowledge the Centre de
Ressources Biologiques (CRB)-Santé (http://www.crbsante-
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2.	Additional	candidates	
Several	additional	variants	presented	clinical	and	functional	evidence	of	their	disease	

implication	but	have	not	been	included	in	the	main	article.		

Family	F17	presented	two	unaffected	parents	and	one	child	affected	with	semilobar	

HPE	 associated	with	 eye	defects	 (hypotelorism)	 and	microcephaly.	 Initial	molecular	

findings	 included	a	variant	 in	known	disease	gene	ZIC2	 (p.Ala461_Ala470dup)	and	a	

2243	 kb	 deletion	 at	 chromosome	 X	 (Xp22.322.31)	 detected	 by	 CGH-array.	 As	 both	

anomalies	 were	 inherited	 from	 asymptomatic	 parents,	 they	 were	 considered	

insufficient	to	explain	the	disease	phenotype	in	this	family	(Figure	24).	Our	integrative	

approach	 identified	 a	missense	 variant	 in	TRAPPC10,	which	was	 inherited	 from	 the	

mother.	 The	 variant	 is	 ‘novel’,	 i.e.,	 absent	 in	 all	 control	 databases,	 and	 results	 in	 a	

substitution	of	a	highly	conserved	nucleotide	and	aminoacid	residue,	as	predicted	by	

GERP	 and	 SIFT	 algorithms,	 respectively.	 TRAPPC10	 is	 also	 called	 Epilepsy-

Holoprosencehaly	Candidate	1	(EHOC-1)	as	it	maps	to	chromosomal	region	21q22.3,	

considered	as	candidate	region	for	HPE	(Yamakawa	et	al.,	1995).	This	gene	encodes	a	

protein	involved	in	vesicular	transport	and	mice	mutants	exhibit	eye	and	craniofacial	

defects	such	as	anophtalmia	and	HPE,	according	to	the	MGI	database.	TRAPPC10	has	

been	 previously	 considered	 as	 candidate	 gene	 for	 HPE	 and	 intellectual	 disability	

(Savastano	 et	 al.,	 2014;	 Santos-Cortez	 et	 al.,	 2018).	 Despite	 their	 presence	 in	

unaffected	 parents,	 the	 combined	 effect	 of	 variants	 in	 ZIC2,	 TRAPPC10	 and	 Xp22	

deletion	remains	unknown.	

Family	F7	comprised	two	unaffected	parents	and	a	child	affected	by	semilobar	HPE.	

Initial	screening	identified	a	missense	variant	in	known	disease	gene	SIX3	(p.F254V),	

which	was	inherited	from	asymptomatic	mother	and	insufficient	to	explain	the	disease	

phenotype.	Our	analysis	identified	a	rare	deleterious	variant	in	SPRY4,	inherited	from	

asymptomatic	 father.	 The	 variant	 is	 present	 in	 the	 gnomAD	 database	 with	 a	 total	

frequency	of	0.4	%	and	predicted	deleterious	by	14	algorithms	 including	SIFT,	GERP	

and	Polyphen2.	In	zebrafish	and	mouse	models,	dosage	of	SPRY4	has	been	shown	to	

influence	disease-related	FGF	and	SHH	signaling	(Fürthauer	et	al.,	2001;	Taniguchi	et	
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al.,	 2007;	 Lochovska	et	 al.,	 2015).	 In	mice,	 double	 knockout	of	SPRY4	 and	a	 closely	

related	gene	SPRY2	results	in	embryonic	lethality	associated	with	severe	craniofacial	

defects	including	cyclopia	and	HPE,	indicating	the	essential	role	of	SPRY	genes	in	early	

brain	morphogenesis	(Taniguchi	et	al.,	2007).	Overall,	 these	results	suggest	that	the	

combined	effect	of	inherited	variants	in	SPRY4	and	SIX3	could	participate	in	the	disease	

pathogenesis,	possibly	under	digenic	inheritance.		

Due	 to	 the	 lack	 of	 additional	 evidence	 for	 TRAPPC10	 and	 SPRY4	 (mutational	

recurrence,	variant	enrichment	in	relevant	biological	pathways,	phenotypic	overlaps),	

these	families	have	not	been	included	in	the	main	article.	Nevertheless,	TRAPPC10	and	

SPRY4	represent	candidate	genes	for	HPE	and	should	be	investigated	in	future	studies.	

		

3.	The	role	of	HSPGs	in	SHH	signaling	
Among	 the	 oligogenic	 combinations	 reported	 in	 the	 article,	 two	 of	 them	 involved	

variants	in	the	NDST1	gene.	NDST1	interacts	genetically	with	SHH	as	demonstrated	by	

mouse	studies:	Ndst1	knockout	mutants	exhibit	reduced	Shh	signalling	in	the	forebrain	

and	certain	Ndst1+/-;	Shh+/-compound	heterozygous	mice	exhibit	craniofacial	defects	

Figure 24. Additional candidates. 
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reminiscent	 of	 HPE	 (Grobe	 et	 al.,	 2005).	NDST1	 encodes	 a	 N-acetylglucosamine	 N-

deacetylase-N-sulfotransferase	enzyme	involved	in	synthesis	of	heparan	sulfates	(HS)	

and	plays	a	crucial	 role	 in	synthesis	of	HSPGs	(Pan	et	al.,	2006).	As	discussed	 in	the	

Introduction,	HSPGs	play	a	role	in	the	release	of	SHH	from	the	secreting	cell.	Moreover,	

HSPG	are	involved	in	the	reception	of	SHH	by	PTCH1.	Specifically,	SHH	interacts	with	

HSPG	via	a	series	of	positively	charged	aminoacids	(known	as	Cardin-Weinberg	motif)	

which	 bind	 to	 the	 negatively	 charged	 HS	 and	 enhance	 the	 SHH-PTCH1	 interaction.	

HSPGs	have	been	shown	to	act	as	essential	regulators	of	SHH	function	in	flies	and	mice	

(Desbordes	and	Sanson,	2003;	Grobe	et	al.,	2005).	Moreover,	HSPG	are	involved	in	the	

regulation	of	other	HPE-related	pathways.	HSPG	play	an	essential	role	in	regulating	FGF	

signaling	by	acting	as	FGF	co-receptors	during	embryonic	development	(Lin	et	al.,	1999;	

Yayon	et	al.,	1991).	EXT1,	a	gene	 involved	 in	HSPG	biosynthesis	similar	to	NDST1,	 is	

required	for	FGF8	function	during	brain	development	(Inatani	et	al.,	2003).	Glypican	3	

(GPC3),	encoding	a	HSPG	core-protein,	 interacts	with	BMP	pathway	during	limb	and	

skeletal	 development,	 while	 mice	 deficient	 for	 Gpc3	 exhibit	 loss	 of	 Wnt	 signaling	

(Paine-Saunders	et	al.,	2000;	Song	et	al.,	2005).	As	HSPGs	regulate	multiple	signaling	

pathways	implicated	in	HPE,	mutations	in	HSPG	genes	could	contribute	to	the	disease	

etiology.	Additional	studies	are,	however,	needed	to	elucidate	this	hypothesis. 
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II.	Pathogenic	impact	of	synonymous	variants	in	SHH	gene	
	

a.	Background	
Due	 to	 the	 degeneracy	 of	 the	 genetic	 code,	 synonymous	 mutations,	 also	 called	

synonymous	 single	 nucleotide	 variants	 (sSNVs),	 result	 in	 substitution	 of	 a	 protein-

coding	 nucleotide	 without	 changing	 the	 amino	 acid	 composition	 of	 the	 resulting	

protein.	 Such	 variants	 have	 long	 time	 been	 referred	 to	 as	 ‘silent’,	 i.e.,	without	 any	

protein-	 or	 phenotype-altering	 effect.	 Historically,	 sSNVs	 have	 been	 considered	

neutral,	i.e.,	not	affected	by	natural	selection	and	resulting	from	random	genetic	drift	

(Kimura,	1977).	In	evolutionary	biology,	approaches	for	detection	of	sites	under	natural	

selection	 at	 the	 DNA	 level,	 such	 as	 dN/dS	 and	McDonald-Kreitman	methods,	 have	

relied	on	assumption	that	all	sSNVs	are	neutral	(Yang	1998,	McDonald	and	Kreitman	

1991).	Nonetheless,	if	the	synonymous	substitutions	are	strictly	neutral,	then	codons	

encoding	 the	 same	 aminoacid	 -	 referred	 to	 as	 synonymous	 codons	 -	would	 appear	

randomly	and	equally	distributed	along	the	genes.	This	is	not	the	case,	as	synonymous	

codons	are	not	used	at	equal	 frequencies	 in	protein	coding	regions,	a	phenomenon	

called	codon	usage	bias	(Table	6).	The	non-random	use	of	synonymous	codons	is	now	

recognized	as	a	crucial	process	involved	in	fine-tuning	of	gene	expression	and	protein	

function	 (Plotkin	 and	 Kudla,	 2011).	 Consequently,	 sSNVs	 can	 influence	 protein	

biogenesis	 and	 phenotype	 and,	 thus,	 contribute	 to	 human	 pathologies	 (Sauna	 and	

Kimchi-Sarfaty,	2011).		A	recent	survey	of	21	429	variants	statistically	associated	with	

human	 disease	 determined	 that	 nonsynonymous	 and	 synonymous	 variants	 have	 a	

similar	 probability	 of	 disease	 association	 (Hunt	 et	 al.,	 2014).	 Overall,	 synonymous	

variants	have	now	been	implicated	in	over	50	genetic	disorders	(Chamary	et	al.,	2006).	

Their	clinical	impact	can	result	from	different	types	of	molecular	alterations	including	

aberrant	splicing,	modification	of	miRNA	binding	sites,	changes	in	mRNA	structure	and	

translation	dynamics	(Figure	25).	
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Table 6. Synonymous codon usage bias in Homo sapiens. For each codon, the corresponding aminoacid 
(AA) and the relative usage frequency in protein-coding sequences (Fraction) are represented. Codon usage 
frequencies were retrieved from the Kazusa database (Nakamura et al., 2000). * - stop codon 

Codon AA Fraction Codon AA Fraction Codon AA Fraction Codon AA Fraction
UUU F 0.46 UCU S 0.19 UAU Y 0.44 UGU C 0.46
UUC F 0.54 UCC S 0.22 UAC Y 0.56 UGC C 0.54

UCA S 0.15 UAA * 0.30 UGA * 0.47
UUA L 0.08 UCG S 0.05 UAG * 0.24 UGG W 1.00
UUG L 0.13
CUU L 0.13 CCU P 0.29 CAU H 0.42 CGU R 0.08
CUC L 0.20 CCC P 0.32 CAC H 0.58 CGC R 0.18
CUA L 0.07 CCA P 0.28 CAA Q 0.27 CGA R 0.11
CUG L 0.40 CCG P 0.11 CAG Q 0.73 CGG R 0.20

AUU I 0.36 ACU T 0.25 AAU N 0.47 AGU S 0.15
AUC I 0.47 ACC T 0.36 AAC N 0.53 AGC S 0.24
AUA I 0.17 ACA T 0.28 AAA K 0.43 AGA R 0.21
AUG M 1.00 ACG T 0.11 AAG K 0.57 AGG R 0.21

GUU V 0.18 GCU A 0.27 GAU D 0.46 GGU G 0.16
GUC V 0.24 GCC A 0.40 GAC D 0.54 GGC G 0.34
GUA V 0.12 GCA A 0.23 GAA E 0.42 GGA G 0.25
GUG V 0.46 GCG A 0.11 GAG E 0.58 GGG G 0.25

Figure 25. Possible mechanisms of sSNV impact on biological function.  

Adapted from Diederichs et al., 2016 
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Splicing	
The	 first	 molecular	 mechanism	 that	 explained	 the	 clinical	 impact	 of	 synonymous	

mutations	was	 disruption	 of	 the	 spliceosome:	 disease-associated	 sSNVs	 have	 been	

shown	to	alter	existing	splicing-control	elements	resulting	in	aberrant	mRNA	splicing	

and	leading	to	human	disease	(Cartegni	et	al.,	2002).	Such	sSNVs	can	alter	a	consensus	

splice	site	(typically,	GT/AG	sequence	motifs)	located	near	exon-intron	boundaries	or	

auxiliary	 elements	 such	 as	 Exonic	 Splicing	 Silencers	 and	 Enhancers	 (ESS/ESE).	

Additionally,	a	sSNV	can	activate	a	‘dormant’	cryptic	splice	site	located	within	the	exon.	

Such	changes	lead	to	incorrect	recognition	of	the	splice	sites,	resulting	in	aberrantly-

spliced	transcripts	and	non-functional	proteins.	Common	disease-associated	splicing	

defects	include	complete/partial	exon	skipping	(Chao	et	al.,	2001;	De	Meirleir	et	al.,	

1994;	Liu	et	al.,	1997)	and,	rarely,	intron	retention	(Yadegari	et	al.,	2016).	

mRNA	structure	
The	 mRNA	 forms	 a	 complex	 molecule	 with	 various	 structural	 features	 that	 can	

influence	the	resulting	protein	output	(Faure	et	al.,	2016).	In	particular,	mRNA	contains	

secondary	 structure	 elements,	 such	 as	 stems	 and	 loops,	 of	 varying	 thermodynamic	

stability	that	can	modulate	protein	expression.	Altered	stability	of	the	mRNA	structure	

can	lead	to	incorrect	folding	and	degradation	of	the	mRNA,	resulting	in	lower	protein	

levels	 (Sauna	 and	 Kimchi-Sarfaty,	 2011).	 Several	 studies	 illustrated	 that	 sSNVs	 can	

distort	the	secondary	structure	of	mRNA,	resulting	in	mRNA	misfolding	and	pathogenic	

consequences.	A	recent	example	of	such	impact	concerns	the	ΔF508	mutation	in	the	

CFTR	gene.	ΔF508	is	the	most	common	disease-causing	variant	of	cystic	fibrosis	causing	

a	reduced	expression	of	the	resulting	protein.	ΔF508	corresponds	to	a	three-nucleotide	

deletion	(CTT)	resulting	in	synonymous	substitution	at	isoleucine	507	(ATC	>	ATT)	and	

the	deletion	of	phenylalanine	at	position	508	(Figure	26).	For	a	long	time,	the	research	

has	been	focused	on	the	consequences	of	the	phenylalanine	deletion,	until	a	recent	

study	demonstrated	that	the	synonymous	ATC>ATT	substitution	alters	the	secondary	

structure	of	the	CFTR	mRNA,	leading	to	mRNA	misfolding	(Bartoszewski	et	al.,	2010).	

Moreover,	 keeping	 the	 phenylalanine	 508	 deletion	 but	 restoring	 the	 original	
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synonymous	codon	of	 the	 Isoleucine	507	 leads	 to	correct	mRNA	 folding	and	higher	

protein	 levels.	 These	 results	 indicate	 that	 the	 disease-causing	 impact	 of	 ΔF508	 is	 a	

consequence	of	the	synonymous	isoleucine	substitution	rather	than	the	phenylalanine	

deletion.	

miRNA-based	regulation	
sSNVs	 can	 also	 impact	 the	 post-transcriptional	 regulation	 of	 gene	 expression	 by	

modifying	the	binding	sites	of	its	miRNA	regulators.	A	common	sSNV	in	IRGM	has	been	

associated	with	increased	risk	of	Crohn’s	disease	(McCarrol	et	al.,	2008).	Subsequent	

study	 illustrated	 that	 this	 sSNV	alters	 the	sequence	of	 the	binding	site	 for	miR-196,	

resulting	 in	 altered	 expression	 of	 IRGM	 and	 deregulation	 of	 IRGM-dependent	

xenophagy	(Brest	et	al.,	2011).	

	

Codon-mediated	translation	dynamics	
The	codon	usage	bias	has	been	largely	linked	to	the	abundance	of	the	corresponding	

transfer	 RNA	 (tRNA)	molecules	 and	 has	 been	 shown	 to	 influence	 the	 translational	

optimality:	rare	codons	are	serviced	by	low-abundance	tRNAs	and	tend	to	slow	down	

the	translation,	while	frequently	used	codons	are	recognized	by	abundant	tRNAs	and	

result	 in	 faster	 translation	 rate	 (Sauna	 and	 Kimchi-Sarfaty,	 2011;	 Buhr	 et	 al.,	 2016;	

Rogozin	et	al.,	2018).	Specific	combinations	of	rare	and	frequent	codons	in	a	protein-

coding	sequence	modulate	 the	 translational	 speed	and	protein	 folding	 (Quax	et	al.,	

2015)	 (Figure	 27).	 Consequently,	 the	 impact	 of	 synonymous	 codon	 changes	 on	

translational	dynamics	has	been	suggested.	Depending	on	the	codon	change	and	the	

Figure 26. Impact of synonymous isoleucine variant in ∆F508 mutation.  

Adapted from Bartoszewski et al., 2010 
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positional	context,	sSNVs	can	alter	the	translational	efficiency,	influencing	the	amount	

of	protein	produced	per	mRNA	and	 folding	of	 the	nascent	protein	 (Rodnina,	2016).	

Kimchi-Sarfaty	and	colleagues	were	the	first	to	pay	attention	to	that	in	clinical	context	

with	 their	 discovery	 that	 a	 synonymous	 polymorphism	 in	 the	Multidrug	 Resistance	

gene	(MDR1/ABCB1)	introduces	a	very	rare	codon	instead	of	a	frequent	one	resulting	

in	altered	conformation	of	the	produced	protein	(Kimchi-Sarfaty	et	al.,	2007).	

	

Objective	
Although	 clinically	 relevant,	 sSNVs	 are	 still	 largely	 overlooked	 in	 studies	 of	 genetic	

disorders,	unless	directly	associated	with	splicing	defects.	The	under-prioritization	of	

sSNVs	is	mainly	due	to	the	 lack	of	reliable	 in-silico	prioritization	and	simply	the	vast	

number	 of	 such	 variants	 present	 in	 every	 individual’s	 genome.	 However,	 the	

pathogenic	impact	of	sSNVs	can	be	explored	for	a	particular	gene	already	known	to	be	

causative	for	the	disease	phenotype.	In	this	study,	we	investigated	the	contribution	of	

sSNVs	in	SHH	to	the	disease	mechanisms	of	HPE.	

Figure 27. Impact of codon usage on translational dynamics.  

Yu et al., 2015 
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B.	Strategy	
We	 performed	 a	 retrospective	 analysis	 of	 the	 sequencing	 data	 of	 931	 patients	

diagnosed	with	HPE.	 The	 screening	 identified	eight	 sSNVs	 in	 the	SHH	 gene,	 initially	

discarded	as	benign	during	molecular	diagnosis.	As	sSNVs	can	affect	protein	and	cell	

functions	via	a	variety	of	mechanisms	mentioned	above,	assessing	 their	pathogenic	

impact	requires	a	multi-hypothesis	approach.	In	this	study,	we	performed	a	series	of	

in	silico	and	in	vitro	analyses	to	investigate	the	impact	of	the	identified	sSNVs	at	both	

the	mRNA	and	the	protein	level.	

Splicing-related	defect	
In	 silico	 prediction	 tools	are	widely	used	 in	 clinical	 genetics	 to	assess	 the	 impact	of	

variants	on	splicing.	The	basic	premise	of	such	tools	is	to	determine	whether	a	given	

variant	alters	an	existing	splice	site	or	creates	a	new	one.	Commonly	used	algorithms	

for	splice	site	recognition,	such	as	SSF-like,	employ	Position	Weight	Matrices	(PWM),	

which	 are	 based	 on	 nucleotide	 sequences	 of	 experimentally	 validated	 splice	 sites	

(Shapiro	 and	 Senapathy,	 1987).	 Specifically,	 sequences	 of	 experimentally	 validated	

splice	sites	are	aligned	to	generate	a	consensus	motif	and	a	count	matrix.	The	count	

matrix	is	used	to	algorithmically	scan	the	genome	and	identify	sequences	matching	the	

splice	motif.	Sequences	with	high	matching	scores	are	considered	as	candidate	splice	

sites.	Consequently,	if	a	variant	falls	within	the	candidate	splice	site	it	is	predicted	to	

alter	the	splicing	pattern.	Tools	such	as	MaxEntScan	use	maximum	entropy	principle	

to	additionally	take	 into	account	the	dependencies	between	nucleotide	positions	of	

the	 splicing	motif	 (Yeo	 and	 Burge,	 2004).	 Several	 tools,	 such	 as	 SPiCe	 and	 Human	

Splicing	Finder	(HSF),	integrate	multiple	methods	into	a	statistical	framework	to	derive	

a	single	splicing	pathogenicity	score	(Leman	et	al.,	2018;	Desmet	et	al.,	2009).	

Splicing	 impact	 can	 be	 further	 investigated	 in	 vitro,	 using	 the	 minigene	 approach	

(Soukarieh	et	al.,	2016).	In	this	approach,	the	variant-containing	exon	and	the	adjacent	

intronic	regions	(typically	the	first	200–300	nucleotides	of	the	5’	and	3’	flanking	introns)	

are	 cloned	 within	 a	 plasmid	 vector	 containing	 a	 transcriptional	 promoter	 and	
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additional	 segments	necessary	 for	mRNA	 formation.	The	 resulting	vector	 is	used	 to	

investigate	the	variant	impact	on	the	splicing	outcome	by	comparing	the	PCR	products	

of	the	wildtype	and	the	mutant	constructs.	

mRNA	structure	
Commonly	used	algorithms	for	RNA	secondary	structure	prediction	are	based	on	the	

Minimum	Free	 Energy	 (MFE)	method	 (Mathews	 et	 al.,	 1999;	Mathews	 and	 Turner,	

2002).	For	a	given	mRNA	sequence,	every	possible	secondary	structure	has	a	global	

free	energy	(∆G)	depending	on	the	nucleotide	composition	and	pre-determined	energy	

parameters.	The	basis	behind	the	MFE	approach	is	that	the	native	secondary	structure	

is	 the	 most	 optimal	 and	 thermodynamically	 stable,	 with	 the	 minimum	 global	 free	

energy.	Tools	such	as	mFold	and	RNAfold	use	dynamic	programming	to	compute	the	

minimum	∆G	and	predict	an	optimal	secondary	structure	of	a	given	mRNA	sequence	

(Zucker,	2003;	Lorenz	et	al.,	2011).	Consequently,	it	is	possible	to	estimate	an	impact	

of	a	given	variant	on	mRNA	structure	by	comparing	the	predictions	for	the	wildtype	

and	the	mutated	sequences.	In	case	of	observed	differences	in	predicted	structures	or	

high	variations	of	estimated	minimum	free	energy	(∆∆G)	between	the	wildtype	and	

the	 mutant	 sequence,	 the	 variant	 can	 be	 predicted	 to	 impact	 on	 mRNA	 folding	

(Bartoszewski	et	al.,	2010;	Wang	et	al.,	2015).	

miRNA	-	RegRNA	
A	 variety	 of	 computational	 programs	 exist	 to	 identify	 regulatory	 RNA	motifs	 in	 the	

genome.	Tools	such	as	RegRNA	process	an	input	DNA	sequence	and	identify	candidate	

regulatory	 elements	 matching	 the	 experimentally	 validated	 regulatory	 RNA	 motifs	

extracted	 from	 scientific	 literature	 and	 databases	 (Huang	 et	 al.,	 2006).	 RegRNA	

integrates	 several	 computational	 tools	of	motif	 identification,	 such	as	miRanda	and	

GeneSplicer	(Enright	et	al.,	2003;	Pertea	et	al.,	2001).	Consequently,	if	a	variant	alters	

a	predicted	regulatory	motif	it	can	disrupt	the	miRNA-mediated	regulation.	

Codon	usage	and	translational	output	
As	mentioned	 above,	 synonymous	 codon	 changes	 have	 been	 shown	 to	 impact	 the	

translational	dynamics.	In	this	study,	we	used	multiple	in	silico	algorithms	to	measure	
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the	 impact	 of	 SHH	 sSNVs	 on	 codon	 usage	 and	 estimate	 their	 impact	 on	 codon-

mediated	translational	dynamics.	The	in-silico	results	were	verified	by	experimentally	

measuring	the	quantity	of	 the	produced	SHH	protein	 in	vitro.	Computational	and	 in	

vitro	approaches	used	in	our	study	are	fully	described	in	the	resulting	paper	(part	C).	

The	 in-silico	 investigation	of	impact	of	SHH	sSNVs	on	codon	usage	has	been	done	in	

collaboration	 with	 Luis	 Diambra	 from	 Regional	 Center	 of	 Genomic	 Studies	 (CREG,	

University	of	La	Plata,	Argentina).	
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c.	Results.		
	

1.	Article	III.		
	

Synonymous	variants	in	holoprosencephaly	alter	codon	usage	
and	impact	the	Sonic	Hedgehog	protein.	

Artem	Kim,	Jerome	Le	Douce,	Farah	Diab,	Monika	Ferovova,	Christele	Dubourg,	Sylvie	Odent,	Valérie	
Dupé,	Véronique	David,	Luis	Diambra,	Erwan	Watrin,	Marie	de	Tayrac1	

1	-	corresponding	author:	marie.detayrac@univ-rennes1.fr		

Brain,	July	2020	

	

Our	retrospective	analysis	of	the	diagnostic	data	identified	eight	different	sSNVs	in	the	

SHH	 sequence	 significantly	 enriched	 in	 HPE	 patients	 as	 compared	 to	 control	

populations	(gnomAD,	FReX,	GoNL),	suggesting	their	role	in	the	disease	etiology.	We	

further	demonstrated	that	five	out	of	the	eight	identified	sSNVs	are	associated	with	a	

significant	 reduction	 of	 protein	 levels,	 up	 to	 23	 %.	 Computational	 and	 functional	

validations	excluded	splicing-,	mRNA	folding-	and	miRNA-related	defects	but	indicate	

that	 the	protein	 reduction	 results	 from	alterations	of	 codon-mediated	 translational	

control,	 leading	 to	 protein	 misfolding	 and	 degradation.	 Considering	 the	 observed	

protein	reduction	and	the	critical	role	of	SHH	morphogen	in	early	brain	development,	

our	findings	underline	the	clinical	relevance	of	SHH	sSNVs	in	HPE	and	the	necessity	for	

deeper	investigation	of	‘silent’	substitutions	in	complex	genetic	disorders.	Moreover,	

we	 observed	 that	 the	 experimental	measures	 of	 protein	 reduction	 are	 significantly	

correlated	with	computational	variations	of	codon	usage,	indicating	the	relevance	of	

certain	 in	silico	models	for	predicting	the	 impact	of	sSNVs	on	translation.	Our	study	

thus	provides	an	analytical	framework	which	can	be	applied	in	future	investigations	of	

sSNVs	and	their	pathogenic	impact	on	translation.	



Synonymous variants in holoprosencephaly
alter codon usage and impact the Sonic
Hedgehog protein
Artem Kim,1 Jérôme Le Douce,1 Farah Diab,1 Monika Ferovova,1 Christèle Dubourg,1,2

Sylvie Odent,1,3 Valérie Dupé,1 Véronique David,1,2 Luis Diambra,4 Erwan Watrin1 and
Marie de Tayrac1,2

Synonymous single nucleotide variants (sSNVs) have been implicated in various genetic disorders through alterations of pre-mRNA

splicing, mRNA structure and miRNA regulation. However, their impact on synonymous codon usage and protein translation

remains to be elucidated in clinical context. Here, we explore the functional impact of sSNVs in the Sonic Hedgehog (SHH) gene,

identified in patients affected by holoprosencephaly, a congenital brain defect resulting from incomplete forebrain cleavage.

We identified eight sSNVs in SHH, selectively enriched in holoprosencephaly patients as compared to healthy individuals, and sys-

tematically assessed their effect at both transcriptional and translational levels using a series of in silico and in vitro approaches.

Although no evidence of impact of these sSNVs on splicing, mRNA structure or miRNA regulation was found, five sSNVs intro-

duced significant changes in codon usage and were predicted to impact protein translation. Cell assays demonstrated that these five

sSNVs are associated with a significantly reduced amount of the resulting protein, ranging from 5% to 23%. Inhibition of the pro-

teasome rescued the protein levels for four out of five sSNVs, confirming their impact on protein stability and folding. Remarkably,

we found a significant correlation between experimental values of protein reduction and computational measures of codon usage,

indicating the relevance of in silico models in predicting the impact of sSNVs on translation. Considering the critical role of SHH

in brain development, our findings highlight the clinical relevance of sSNVs in holoprosencephaly and underline the importance of

investigating their impact on translation in human pathologies.
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Introduction
Synonymous single nucleotide variants (sSNVs) generate dif-
ferent molecular alterations at the mRNA and the protein
level and, accordingly, can lead to pathologies by affecting
mRNA splicing (Macaya et al., 2009), structure
(Bartoszewski et al., 2010) and miRNA-based regulation
(Brest et al., 2011). The impact of sSNVs on translation has
also been proposed (Kimchi-Sarfaty et al., 2007; Sauna and
Kimchi-Sarfaty, 2011; Poliakov et al., 2014) but remains to
be explored in clinical context.

The degeneracy of the genetic code allows most amino
acids to be encoded by more than one codon. Codons
encoding the same amino acid—referred to as synonymous
codons—are not used at equal frequencies in protein coding
regions, a phenomenon called codon usage bias (Quax et al.,
2015). The non-random use of synonymous codons is large-
ly linked to the abundance of the corresponding tRNA mole-
cules and has been shown to participate in translational
optimality: rare codons, serviced by low-abundance tRNAs,
tend to slow down the translation (Dana and Tuller, 2014),
while frequently used codons are recognized by abundant
tRNAs and result in a faster translation rate (Berg and
Kurland, 1997; Gustafsson et al., 2004). The influence of
codon usage on translational output has also been demon-
strated for adjacent codon pairs, also called bicodons
(Gamble et al., 2016; Diambra, 2017), indicating that the
ability of a codon to be translated also depends on its se-
quence environment, termed codon context (Saunders and
Deane, 2010; Komar, 2016). Depending on the codon
change and context, sSNVs can alter translational rate and,
thereby, the folding and stability of the nascent protein, ul-
timately leading to a reduced protein amount (Buhr et al.,
2016; Brule and Grayhack, 2017; Chaney et al., 2017).
Variants with such an impact on translation can conceivably
underlie disorders driven by haploinsufficiency of specific
dose-sensitive genes.

A complex interplay between different regulatory path-
ways orchestrates human brain development (Jiang and
Nardelli, 2016). During embryonic development, the Sonic
Hedgehog (SHH) pathway regulates forebrain dorso-ventral
patterning in a morphogen-dependent manner (Fuccillo
et al., 2006), involving the SHH protein gradient. SHH is
initially synthesized as a 45-kDa precursor, which then
undergoes molecular processing in the endoplasmic reticu-
lum (Bumcrot et al., 1995). After removal of the signal pep-
tide, SHH is auto-proteolytically cleaved into two secreted
peptides: a 19-kDa N-terminal domain (SHH-N), possessing
the signalling activity, and a 26-kDa C-terminal domain
(SHH-C), responsible for the auto-processing and matur-
ation of the protein. The precise spatiotemporal regulation
of SHH activity is essential for normal development, and
even slight variations of SHH gradient lead to brain malfor-
mations (Roessler et al., 2009; Zhao et al., 2012).
Accordingly, pathogenic variants in SHH itself and its sig-
nalling effectors have been implicated in holoprosencephaly,
a severe developmental disorder caused by SHH signalling

deficiency and characterized by incomplete separation of the
two cerebral hemispheres (Mercier et al., 2011). Although
pathogenic variants have been reported in 17 genes, the gen-
etic aetiology of holoprosencephaly remains elusive for up to
70% of patients (Dubourg et al., 2018). Recently, we
reported that hypomorphic variants in SHH-related genes
are important risk factors and contribute to the holoprosen-
cephaly phenotype through oligogenic inheritance (Kim
et al., 2019), which implies that a variant with a small effect
on SHH activity can participate in the disease pathogenesis.
Therefore, we sought to evaluate the contribution of SHH
sSNVs to the pathogenesis of holoprosencephaly by investi-
gating their effect on SHH mRNA and SHH protein.

Materials and methods

Patients, clinical information and
sequencing data
The study protocol was approved by the Ethics Committee of
Rennes Hospital. The full retrospective cohort was constituted
of all the cases referred to our laboratory for molecular diagno-
sis during a 10-year period (2009–19) from eight French
Centers Labeled for Developmental Anomalies (CLADs), centres
of prenatal diagnosis and several European centres. Study par-
ticipation involved informed written consent as well as the avail-
ability of clinical information and associated molecular data
(whole exome, gene panel and Sanger sequencing with compara-
tive genomic hybridization array/multiplex ligation-dependent
probe amplification) for known/suspected genes associated with
holoprosencephaly and related midline defects (Supplementary
Table 6). For the 931 patients involved in the present study, we
retrieved all the quality checked sSNVs located in the coding se-
quence of SHH (NM_000193.3).

Bioinformatic annotation of SHH
sSNVs
Patient-associated SHH sSNVs were analysed through a semiau-
tomated bioinformatics pipeline (genome version hg19) using
Variant Effect Predictor (release 97), ANNOVAR, SpiCE
(v2.1.3) and SilVA (v1.1.1) software, combined with manual
annotations by Human Splicing Finder, TrAP and RegRNA 2.0
web servers. Alamut Visual v2.8.1 was used to retrieve splicing
predictions of MaxEntScan and SSF-like models. gnomAD data-
base (v2.1, controls dataset) was used to assess variant popula-
tion frequency. Eighty-nine sSNVs of SHH (NM_000193.3)
found in the gnomAD controls dataset are provided in
Supplementary Table 3.

Secondary mRNA structure
prediction
To assess the effect of each sSNV on the secondary structure of
SHH mRNA, we performed simulations using the Mfold web
server. RNA fragments of 75 and 401 nucleotides centred
around each sSNV were queried to Mfold using default parame-
ters. All predicted wild-type/mutated structures were considered
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for each case. Mfold results of 401 nucleotide fragments were
used to compare the average free energies (DG) predicted for the
wild-type and the mutated sequences using Wilcoxon rank-sum
test (statistical significance was set as P50.05), while the
75 nucleotide fragments were used to compare the resulting
optimal (most thermodynamically stable) structures. Other pre-
dicted structures are available in Supplementary Fig. 4.
Additionally, the ss-count values (propensities of a base to be
single stranded) were compared between wild-type and mutated
sequences (Supplementary Fig. 2).

Minigene splicing assay
In vitro minigene assays were carried out as previously
described (Soukarieh et al., 2016). Briefly, wild-type exon 2
of SHH and 150 bp of the 50 and 30 flanking introns were
amplified from whole DNA blood extraction with PhusionVR

High-Fidelity DNA Polymerase (New England Biolabs). The
insert was ligated into the pCAS-2 plasmid and the construct
was sequenced by Sanger. Mutagenesis was performed for the
SHH c.522C4T, c.552G4C and c.562+1G4A variants. The
c.562+1G4A variant known to induce a strong defect of
splicing was used as positive control. Wild-type or mutant
vectors were transfected into HeLa cells in triplicate. Total
RNA was harvested 24 h post-transfection and cDNA was
transcribed using High Capacity cDNA Reverse
Transcription kit with random primers (Applied Biosystems).
PCR using primers specific to the 50 and 30 native exons of
the pCAS-2 vector was performed and products were visual-
ized on an agarose gel. Gel products were extracted and
Sanger sequenced.

Measures of codon and bicodon
usage
The codon usage analysis was based on the relative synonymous
codon usage (RSCU) index. The bicodon usage analysis was
performed using the pause propensity indexes (PPI) and the rela-
tive synonymous bicodon usage (RSBU). Tricodon usage and
global codon usage of SHH were estimated using %MinMax.
Algorithms are briefly described below.

Relative synonymous codon usage

RSCU index is a relative measure of the codon rareness and is
defined as

RSCUi ¼ gfi=Na (1)

where fi is the frequency of the codon i, g is the degree of degen-
eracy of codon i (i.e. the number of codons which are synonym-
ous to codon i), and Na is the frequency of the amino acid
encoded by codon i.

%MinMax

The %MinMax measure compares actual codon usage of a
given sequence (fact) to hypothetical sequences encoding the
same amino acids using either the most common (fmax) or most
rare (fmin) synonymous codons, accounting for the average
usage frequency (favg). The %Min and %Max are computed as
follows:

%Min ¼ 100 " ðfact$ favgÞ =ðfmax$ favgÞ (2)

%Max ¼ 100 " ðfavg$ factÞ=ðfavg$ fminÞ (3)

For each residue, only the positive values are reported (either
%Min or %Max, not both). The resulting values are averaged
on a sliding window of size N. In this report, we used N = 9 to
analyse the global usage profile of the SHH sequence and N = 3
to assess the effect of each sSNV by accounting for the codon
context.

Pause propensity index

This index is defined by the relationship between bicodon usage
frequencies in two different samples of coding sequences:
one sample is associated with highly abundant proteins (denoted
by H), while the other sample is associated with lowly
abundant proteins (denoted by L). Thus, the pause propensity
of a bicodonij (where i indicates the codon corresponding to P-
site, while j indicates the one corresponding to the A-site) is
defined as:

pij ¼ qðfijL$ fijHÞ=Nap (4)

where, fijL and fijH are the frequencies of the bicodonij com-
puted over the sequence samples L and H, respectively; q is the
degree of degeneracy of the bicodon, and Nap is the frequency
of the corresponding amino acid pair computed over both sam-
ples or over the genomes.

Relative synonymous bicodon usage index

Some bicodons are scarcely used in both samples. In these cases,
the number of occurrences of a bicodon observed in one sample
of sequences is not significantly different than the number of
occurrences observed in the other sample of sequences, thus
leading to p & 0. However, they are associated to a very low
significance to estimate the pause propensity, as in the case of
the variant c.897G4C. For that reason, we used a complemen-
tary measure for such cases, which is the RSBU index, computed
over both samples of sequences. Mathematically, it is similar to
the RSCU index and is defined as:

RSBUij ¼ qðfijLþ fijHÞ=Nap (5)

Similar to the RSCU index, RSBU is a measure of a relative
rareness of a given bicodon.

Codon/bicodon variations were calculated for patient-associ-
ated sSNVs of SHH and compared to those of the sSNVs pre-
sent in the gnomAD control database. All corresponding
measures are available in Supplementary Table 7. Importantly,
each sSNV is associated with two bicodon variations, as one
codon can be part of two different bicodons. For each sSNV,
bicodons showing the largest change were taken into account.

Generation of the mutant SHH
cDNAs
Site directed mutagenesis was carried out on the SHH cDNA se-
quence integrated in the pRK5 expression vector to induce pa-
tient sSNVs using the PhusionVR High-Fidelity DNA Polymerase
(New England Biolabs) with primers designed according to
QuikChangeVR Site-Directed Mutagenesis protocol (Agilent). The
resulting SHH wild-type, c.522C4T, c.552G4C, c.570G4A,
c.630C4T, c.885C4T, c.897G4C, c.1206C4T and
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c.1354C4T constructs were confirmed by Sanger sequencing
using the BigDyeVR Terminator v3.1 kit (Applied Biosystems).

XTAPA plasmid constructs
The XTAPA plasmid constructs are based on a modification of
the episomal pRTS-1 vector (Supplementary Fig. 5), which com-
prises a bidirectional promoter Ptetbi-1, driving expression of
two genes in a coordinated fashion, encoding mCherry and
mEGFP, flanked by unique Xho and SwaI sites, respectively.
These unique restriction sites allow insertion of cDNAs of inter-
est in phase with the mCherry and mEGFP sequences. Five gly-
cines were added as flexible linkers. The vector backbone also
comprises the ampicillin and hygromycin B resistance gene. For
each XTAPA construct, two versions of the SHH gene were
inserted: the wild-type SHH sequence tagged by mCherry and
either the wild-type SHH sequence or the mutant SHH sequence
containing one of the sSNVs tagged by mEGFP. SHH cDNAs
were generated by PCR and amplified with pRK5 specific pri-
mers (Table 1). PCR products were separated from matrix plas-
mids on a 0.8% agarose gel and purified (NucleoSpinVR Gel and
PCR Clean-up, Macherey-Nagel). SHH cDNAs were inserted
using the Gibson Assembly method. The constructs were trans-
formed into DH5a competent cells, amplified, and confirmed
using restriction enzyme digestion (BglII) as well as conventional
Sanger sequencing.

Cell culture
HeLa cells were cultured in Dulbecco’s Modified Eagle Medium
1X (DMEM, Gibco, ThermoFisher Scientific), with addition of
10% v/v of foetal bovine serum (FBS), 100 U/ml of penicillin
and 100 mg/ml of streptomycin. All cell lines were maintained at
37!C with 5% CO2. At 60% confluency, the cells were trans-
fected with XTAPA constructs using jetPRIMEVR transfection re-
agent (Polyplus transfection) and selected by adding 100 mg/ml
of hygromycin B (InvivoGen). After selection, stable HeLa trans-
duced cell lines were maintained in a complete medium with 25
mg/ml hygromycin B. For experiments, cells were grown onto
glass coverslips and treated with 2 lg/ml doxycycline for 24 h
to induce expression of SHH. For proteasome inhibition assays,
MG132 was added to medium at 2 mmol/l 7 h after doxycycline
addition.

Fluorescence microscopy and
analysis
Medium was removed, and cells were fixed in 4% formalde-
hyde in phosphate-buffered saline for 20 min. Cells were per-
meabilized with 0.2% TritonTM X-100 for 10 min, DNA was
counterstained with DAPI (Invitrogen, ThermoFisher).
Coverslips were mounted to microscope slides with ProLongVR

Gold (Life Technologies). Images were finally acquired using an
Olympus IX71 inverted fluorescence microscope (DeltaVision,
MRic platform). Quantification of the fluorescence intensities
mEGFP (green, ImeGFP) and mCherry (red; ImCherry) for each cell
was done with ImageJ software. After background intensity sub-
straction (ImeGFP BGD and ImCherry BGD), signal intensities were
expressed as an ImeGFP/ImCherry ratio: R = (ImeGFP – ImeGFP BGD)/
(ImCherry – ImCherry BGD). The resulting measurements obtained
by condition (cell line) were expressed as mean and dispersion

value, normalized to the control condition (wild-type/wild-type)
for each experiment.

Quantitative real-time polymerase
chain reaction
Total RNA was isolated from stable HeLa cell lines 24 h after
doxycycline induction using NucleoSpinVR RNA kit (Macherey-
Nagel). To generate cDNA, 2 lg total RNA per sample was
reversed transcribed using the High Capacity cDNA Reverse
Transcription kit. Quantitative real-time PCR analyses were per-
formed using SYBRVR Green in 7900HT Fast Real-Time PCR
system (Applied Biosystems) with primer sequences as shown in
Table 1. The PCR reactions were carried out under the follow-
ing conditions: 95!C for 10 min followed by 40 cycles of 95!C
for 15 s, 60!C for 1 min, then incubation at 95!C for 15 s,
60!C for 15 s and finally 95!C for 15 s for the dissociation
stage. The DDCt method was used to calculate the fold-change
in gene expression using the housekeeping genes 36B4 and
SNAPIN and control sample for normalization. Specificity of
amplification and absence of primer dimers were confirmed by
melting curve analysis at the end of each run. The quality and
efficiency of the primers were assessed prior to their usage. The
SDS 2.4 software (Applied Biosystems) was used for the quanti-
fication analysis.

Statistical analysis
Statistical analyses were performed using R (v3.5.1). All the stat-
istical tests used are described in the relevant sections of the art-
icle. P-values 5 0.05 were considered statistically significant.
GraphPad prism 8 was used for graphical presentations.
Confidence intervals: *P50.05; ** P50.01; ***P50.001.

Data availability
The data that support the findings of this study are available
from the corresponding author, upon reasonable request.

Table 1 List of primers used in real-time qPCR

Gene name Primer sequence (50 fi 30)

GFP Forward AAGCTGACCCTGAAGTTCATCTGC

Reverse CTTGTAGTTGCCGTCGTCCTTGAA

mCherry Forward GAACGGCCACGAGTTCGAGA

Reverse CTTGGAGCCGTACATGAACTGAG

36B4 Forward CAGCAAGTGGGAAGGTGTAATCC

Reverse CCCATTCTATCATCAACGGGTACAA

SNAPIN Forward GGGAGCCGTACAGTTTGTT

Reverse GTCCTTTGGGAACCTCATTCT

SHH mEGFP Forward GAATTCCTGCAGCATTTAAAT
ATGCTGCTGCTGGCGAGATGT

Reverse CTCCTCCCCCATTTAAAT
GGCTGGACTTGACCGCCATGC

SHH mCherry Forward GTCAGCAAGCTTTTCGGCCTCACCT
CGAGATGCTGCTGCTGGCGAGATGT

Reverse CACTCCCCCTCCTCCCCCCTCGAGGCT
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Results

SHH sSNVs are more prevalent in
holoprosencephaly patients
compared to controls

We performed a retrospective analysis of clinical sequencing
data obtained from 931 patients affected by holoprosence-
phaly and associated disorders who were referred to our la-
boratory for molecular screening of SHH and related genes.
Variant analysis identified eight different sSNVs of SHH
(Fig. 1A) in 21 patients (Supplementary Table 1). Among the
identified sSNVs, two variants (c.1206C4T and
c.1354C4T) were never reported among 60 146 healthy indi-
viduals present in Genome Aggregation Database (gnomAD)
(Karczewski et al., 2019). Two variants (c.522C4T and
c.552G4C) were detected only once in gnomAD. Three var-
iants (c.630C4T, c.885C4T and c.897G4C) were rare in
gnomAD [minor allele frequency (MAF) 5 0.5%] and were
more prevalent in individuals of African ancestry (Fig. 1B, C
and Supplementary Table 2), consistent with studies suggest-
ing a higher prevalence of holoprosencephaly in this ethnicity

(Orioli and Castilla, 2010; Vaz et al., 2012). Finally,
c.570G4A (MAF = 0.5%) was the most frequent sSNV of
SHH in both gnomAD and patient cohort, questioning its
polymorphic nature (Supplementary Table 3). This exception
aside, all patient-associated sSNVs of SHH were absent in
two additional control cohorts: Genome of the Netherlands
(Genome of the Netherlands Consortium, 2014) (GoNL, 498
individuals) and French Exome Consortium (FrEX, 574 indi-
viduals) (Supplementary Table 4).

Altogether, these results indicate that SHH sSNVs are
more prevalent in holoprosencephaly patients as compared
to healthy individuals, suggesting their contribution to the
disease mechanism.

Identified sSNVs do not affect
splicing, mRNA folding or miRNA
regulation of SHH
We next investigated the deleterious impact the identified
SHH sSNVs may have on mRNA by using a series of in sil-
ico and in vitro assays.

Figure 1 Identification of SHH sSNVs in patients with holoprosencephaly. (A) Schematic representation of the SHH gene with the lo-

calization of patient-associated sSNVs represented by blue circles. Numbers inside the circles indicate the number of patients harbouring each

variant (absent numbers indicate that only one variant was identified). Known pathogenic variants reported in manually-curated UniProt database

are shown below (non-synonymous and stop variants in red and deletions in yellow). UTR and exonic regions are represented by, grey lines and

squares, respectively. Regions coding for the signal peptide, SHH-N, and SHH-C domains are indicated. (B) Comparison of sSNV frequencies be-

tween gnomAD and patients cohort. (C) Ethnicity distribution of the four rare SHH sSNVs present in the gnomAD database. c.630C4T,

c.885C4Tand c.897G4C were more frequent in individuals of African ancestry, while c.570G4A was more prevalent in South Asian ethnicity.
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First, we investigated the effect of each sSNV on splicing
in comparison to the known pathogenic variant
c.562+1G4A (Roessler et al., 2009), which is located at a
canonical splice site of SHH and used here as a positive con-
trol. No alteration of canonical splice sites nor splicing regu-
latory features was predicted in silico for any of the
identified sSNVs by SpiCe (Leman et al., 2018), Human
Splicing Finder (Desmet et al., 2009), SSF-like (Shapiro and
Senapathy, 1987) and MaxEntScan (Yeo and Burge, 2004)
models (Fig. 2A and Supplementary Fig. 1). We further eval-
uated the impact on splicing of the two rare sSNVs of

uncertain significance that were located near exon-intron
boundaries—c.522C4T and c.552G4C—by using dedi-
cated in vitro assay based on a minigene reporter. Four con-
structs were produced and analysed with sequences
containing either wild-type SHH, the above-mentioned posi-
tive control, or one of the two sSNVs (Fig. 2B). For the
wild-type construct, a splicing product of expected size (498
bp) was observed. The positive control resulted in a smaller
product (406 bp), indicative of a partial exon skipping.
Analysis of the minigenes containing each of the two tested
sSNVs did not reveal any differences when compared to the

Figure 2 The identified sSNVs are not associated with defects of splicing, mRNA folding or miRNA-based regulation. (A)

Computational predictions for SHH sSNVs by SpiCE, Human Splicing Finder (DHSF), SSF-like (DSSF) and MaxEntScan (DMES) models.

Pathogenicity thresholds are represented by yellow (potentially deleterious) and red (probably deleterious) dashed lines. sSNVs prediction values

are represented by cyan circles and compared to the positive control c.562+1G4A (purple). (B) Minigene splicing assay for c.522C4T and

c.552G4C sSNVs. The scheme of the SHH exon 2 minigene is shown with the exons of splicing reporter (SerpinG1), enzyme restriction sites

(BamH1, Mlul) and the localization of the positive control c.562+1G4A. Bands at sizes 498 bp and 236 bp correspond to a normal splicing prod-

uct and empty vector, respectively. In the positive control, the c.562+1G4A variant (406-bp band) impairs the splicing by altering the canonical

donor site (GT) and activating a cryptic exonic site (GT’), located 92 bp upstream, which results in partial exon 2 skipping of SHH. The full-length

unmodified gel is available in the Supplementary material. (C) Effects of identified sSNVs on mRNA folding were assessed by comparing the aver-

age free energy (DG) between secondary structures predicted by Mfold for wild-type (salmon) and mutated (cyan) sequences. Four hundred and

one nucleotide fragments centred around each sSNV were used. Box plots represent the distribution of DGs calculated by Mfold for each condi-

tion. Statistical comparison was performed using Wilcoxon rank-sum test and corresponding P-values are reported. Statistical significance was

set as P5 0.05. (D) Schematics of the most thermodynamically stable secondary structures predicted by (75 nucleotide fragments) for

c.897G4C and c.1206CT variants. (E) Schematic presentation of SHH mRNA and known/predicted miRNA binding sites. Two target sites in

SHH were reported by Akhtar et al. (2015) for miR-602 and miR-608, and three sites for miR-3665, miR-611 and miR-2277 were predicted by

the RegRNA software. All identified sSNVs (blue) are located outside of known (red) and predicted (light red) miRNA binding sites. Additionally,

the sSNVs did not result in creation of new miRNA response elements (MREs, data not shown).
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wild-type, thus confirming the predicted absence of splicing-
related defects.

Next, we examined whether the sSNVs could alter the
mRNA folding of SHH by comparing the secondary struc-
tures predicted by Mfold (Zuker, 2003) for the wild-type
and for the different sSNVs alleles. Statistically significant
differences in average predicted free energies (DG) were
observed only for c.897G4C and c.1206C4T variants
when compared to the wild-type (Fig. 2C); however, further
inspection of optimal mRNA structures (Fig. 2D and
Supplementary Fig. 4) and base-pairing probabilities
(Supplementary Fig. 2) did not predict any changes. All
sSNVs were classified as benign by SilVA (Buske et al.,
2013) and TrAP (Gelfman et al., 2017) models
(Supplementary Fig. 3 and Supplementary Table 5) further
arguing against any effect of sSNVs on mRNA folding.

Finally, none of the sSNVs altered any of the reported
(Akhtar et al., 2015) or predicted miRNA response elements
in SHH, thus ruling out their possible effect on miRNA-
based regulation (Fig. 2E).

Taken together, these results indicate that the identified
sSNVs of SHH do not cause any molecular alterations at the
RNA level. Thus, we interrogated their impact at the protein
level by investigating whether the identified sSNVs could
modify the translation efficiency of SHH through their im-
pact on codon usage.

Codon usage analysis reveals the
translational dynamics of SHH
We first calculated the global codon usage profile of SHH
using the %MinMax algorithm (Rodriguez et al., 2018),
which evaluates frequency patterns of synonymous codon
usage from a given DNA coding sequence. %MinMax fre-
quency scores were computed for the whole coding sequence
of SHH and averaged over a sliding window of nine codons.
This analysis revealed four clusters of rare codons
(%MinMax 5 1), three of which being in proximity of the
identified sSNVs (Fig. 3A). Interestingly, one cluster overlaps
with the boundary between the two main functional
domains of SHH (SHH-N and SHH-C) (Choudhry et al.,
2014), which is consistent with previous studies suggesting
that rare codon clusters occupy strategic positions slowing
down the translation at interfaces between important protein
domains (Thanaraj and Argos, 1996), albeit with conflicting
evidence (Chaney et al., 2017). Globally, this analysis indi-
cates that SHH mRNA consists of fast and slow translating
regions and that the introduction of certain patient-associ-
ated sSNVs could affect its translational efficiency through
alterations of codon usage.

Five of eight identified sSNVs
induce substantial changes in
codon usage
We next evaluated the impact of each identified sSNV on
codon usage by using a series of established algorithms that

measure the frequency of each codon. First, RSCU (Sharp
et al., 1986) was used to measure the variations at the single
codon level. To account for the codon context around each
sSNV, we extended this analysis to bicodons (RSBU;
Diambra, 2017) and the Pause Propensity Index (McCarthy
et al., 2017) measures and tricodons (%MinMax scores
averaged over a sliding window of three codons) (Fig. 3B,
see the ‘Materials and methods’ section for details). For each
algorithm and each sSNV, the changes in codon usage fre-
quency between the wild-type and mutated alleles were
defined as D-values (D = jmutated – wild-typej). To assess
the significance of each D-value, we performed the same cal-
culations for 89 SHH sSNVs reported in the general popula-
tion (gnomAD), which were used as control dataset. Five of
eight patient-associated sSNVs (c.552G4C, c.630C4T,
c.897G4C, c.1206C4T and c.1354C4T) presented at
least one significant D-value (above the 3rd quartile of the
control dataset) and were predicted to impact the translation
(Table 2). The c.1354C4T variant introduced the largest
decrease in codon usage (i.e. replacement of a very frequent
codon by a very rare one), indicating a slowdown in an
otherwise fast translating region (Fig. 3A and B). The largest
increase was observed for c.552G4C, indicating an acceler-
ated translation rate in a slow translating region. c.522C4T
and c.885C4T were associated with the smallest changes
among the studied variants and showed conflicting results
between different D measures, and were therefore considered
of low to null impact. Overall, these results indicate that
substantial changes in codon usage were observed for
c.552G4C, c.630C4T, c.897G4C, c.1206C4T and
c.1354C4T variants. Consequently, these five variants are
predicted to impact the translational program of SHH, ul-
timately leading to reduced protein amount.

The identified sSNVs reduce the
protein amount of SHH and
confirm in silico predictions of
codon usage
To test these predictions, we assessed the impact of each
sSNV on SHH protein translation using a plasmid-based
assay XTAPA, which allows the simultaneous expression of
both the wild-type SHH tagged by mCherry and of different
mEGFP-tagged versions of SHH harbouring sSNVs of inter-
est (Supplementary Fig. 5). The use of a bidirectional pro-
moter results in highly correlated expressions of the mEGFP
and mCherry-tagged proteins at the single cell level (R2 =
0.82; P5 2.2 ! 10–16; Supplementary Fig. 6), thereby allow-
ing for the precise comparison of produced protein amounts.
Results are shown in Fig. 4A and B. Five sSNVs, which
were previously predicted to impact translation, resulted in a
statistically significant reduction of protein amount. The
strongest effect was observed for variants c.1206C4T and
c.1354C4T, associated with, respectively, 23% and 19%
reduction of SHH amount. c.552G4C and c.897G4C var-
iants resulted in a 17% and 13% decrease, respectively.
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The c.630C4T variant was associated with a small albeit
significant decrease of !5%. No significant alteration of
protein expression was observed for c.522C4T, c.570G4A
and c.885C4T variants, consistent with codon usage

predictions. Remarkably, a significant correlation (R2 =
0.83; P = 0.0016) between experimental values of protein re-
duction and computational measures of DMinMax was
observed (Fig. 4C), providing strong arguments for the

Figure 3 The identified sSNVs introduce changes in codon usage. (A) Global codon usage profile of SHH calculated by %MinMax algo-

rithm and averaged on a sliding window of nine codons. Regions coding for signal peptide (SP), N-terminal domain (SHH-N) and C-terminal do-

main (SHH-C) are shown. Localization of known secondary structures, retrieved from the UniProt database (entry Q15465) are shown.

Clusters of rare codons are indicated by red boxes. (B) Changes in codon usage introduced by the sSNVs. For each variant, the differences be-

tween the wild-type (grey) and the mutated (blue) codon/bicodon are shown.

Table 2 Summary of changes in codon/bicodon usage introduced by the sSNVs

Variant Codon DRSCU DMinMax_3 DRSBU DPPI

From to

c.522C4T TAC TAT ! ! ! !
c.552G4C TCG TCC " ~ ~ "
c.570G4A TCG TCA ! ! ! !
c.630C4T GGC GGT ~ ~ ~ #
c.885C4T TCC TCT ! ! ! !
c.897G4C CTG CTC # ~ # ~
c.1206C4T GGC GGT ~ ~ ~ #
c.1354C4T CTG TTG # # # #

For each variant, we calculated differences in usage between the wild-type and the mutated codon/bicodon using RSCU, MinMax, RSBU and PPI algorithms. For this analysis,

%MinMax values were averaged over a sliding window of three codons to assess with better resolution the effect of each sSNV. To assess the significance of changes, the resulting

D-values were compared to those of known SHH sSNVs reported in gnomAD control database. Tilde (!) and downward and upward arrows (#") indicate low (below 3rd quartile)

and high (above 3rd quartile) D-values, respectively. For RSBU and PPI, each sSNV is associated with two bicodon variations, since one codon can be part of two different bicodons.

For each sSNV, bicodons showing the largest change were taken into account. Bold text indicates sSNVs predicted to alter the translational efficiency.
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relevance of this model in predicting the impact of sSNVs on
protein translation.

These results demonstrate the actual impact of five sSNVs
on protein levels of SHH and provide evidence as to how
changes in codon usage can alter protein translation.

Inhibition of proteasomal
degradation rescues the effects of
four of five sSNVs

From a molecular point of view, the observed reduction of
SHH amount can be accounted for by either reduced synthe-
sis (Ahat et al., 2019), increased proteasome-mediated deg-
radation (Mohanraj et al., 2019) or both. To test
degradation mediated by the proteasome, we measured in
the same manner the protein levels for each condition in the
presence of the proteasome inhibitor MG132. While the ex-
pression of the wild-type SHH remained unaffected, prote-
asome inhibition completely rescued the levels of SHH
amount for c.552G4C, c.630C4T, c.897G4C and

c.1354C4T variants (Fig. 4D), indicating that these mutated
versions of SHH are selectively degraded by the proteasome.
By contrast, only a partial restoration was observed for
c.1206C4T, supporting that proteasome degradation is
only in part responsible for the observed reduced protein
amount. To investigate the molecular mechanism underlying
this variant further, we measured its impact on mRNA levels
using a qPCR assay. This analysis revealed a significantly
reduced mRNA levels for the c.1206C4T variant compared
to wild-type SHH (Fig. 4E), suggesting a combined effect of
this variant at both transcriptional and translational levels.

Altogether, these results highlight that the observed pro-
tein reduction of SHH is mostly accounted for by prote-
asome-mediated degradation, leading to a production of an
unstable SHH protein.

Discussion
Our study demonstrates the impact of SHH sSNVs on
codon usage, leading to significant reduction of the resulting

Figure 4 The identified sSNVs affect the translation of the SHH protein. (A) Stable XTAPA cell lines were established for all eight

sSNVs together with a cell line expressing mCherry- and mEGFP-tagged wild-type versions of SHH that is used as control condition (see

‘Materials and methods’ section). XTAPA construct scheme is shown. The images are (from left to right) views in mEGFP, mCherry, and merged.

Merged analysis displaying overlapping mEGFP and mCherry signals. Scale bars = 10 lm. (B) Upon ectopic protein expression, background-cor-

rected fluorescence intensities (ImEGFP and ImCherry) were measured by fluorescence microscopy and expressed as ImEGFP/ImCherry ratios for each

sSNV. These ratios were further normalized using the wild-type/wild-type version condition. For each sSNV, dots represent measures of SHH

protein amount produced by cells containing wild-type (salmon) or mutated cDNA (cyan). Black lines represent means with standard deviation.

Statistical comparison was performed using two-tailed unpaired Wilcoxon test and the corresponding P-values are shown. (C) Correlation be-

tween experimental measures of protein change and computational measures of DMinMax. Each point represents one sSNV with the corre-

sponding standard deviation. Linear regression (R2) coefficient is presented with the corresponding P-value. (D) Proteasome inhibition assay

rescues four of five sSNVs associated with reduced protein amount. For each condition, dots represent measures of SHH protein amount pro-

duced by cells containing wild-type (salmon and red) or mutated cDNA (cyan and blue) from three independent experiments. Normal (–) and

MG132-treated ( + ) conditions are indicated. Black lines represent means with standard deviation. Asterisks indicate a significant difference com-

pared to the wild-type (WT) normal condition. **P5 0.01; ***P5 0.001, Wilcoxon unpaired two-tailed test. (E) Histogram representing qPCR

results of the WT/WT, WT/c.522C4Tand WT/c.1206C4T. Black lines represent mean fold change (±SEM, n = 3). ***P5 0.001.
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protein, for up to 23% for the c.1206C4T variant.
Considering the critical role of SHH gradient in early brain
development (Fuccillo et al., 2006; Roessler et al., 2009;
Choudhry et al., 2014), our findings indicate that such
sSNVs can participate in the pathogenesis of holoprosence-
phaly and of related disorders.

In almost all instances, the observed protein reduction of
SHH is accounted for by proteasome-mediated degradation.
Considering that the proteasome is involved in the degrad-
ation of misfolded proteins (Mohanraj et al., 2019), our
results suggest protein misfolding as the main pathogenic im-
pact of the identified sSNVs. To our knowledge, these are
the first experimental and computational evidences that sim-
ultaneously link sSNVs to alterations of codon usage, pro-
tein misfolding and degradation in a clinical context. Future
studies will help to elucidate whether this translation-related
misfolding can impair the function of SHH protein and the
overall morphogenic activity of the SHH gradient. For ex-
ample, previous explorations of the multidrug resistance 1
gene(ABCB1) showed that a common sSNV altered the con-
formation and substrate specificity of the resulting protein,
albeit without causing detectable misfolding or degradation
(Kimchi-Sarfaty et al., 2007; Tsai et al., 2008). Bartoszewski
et al. (2010) showed that an sSNV in the CFTR gene
reduces the translational activity by altering mRNA folding.
In the case of SHH, it would be interesting to test whether
the identified sSNVs impair the molecular processing and
the downstream signalling activity of the SHH-N peptide
(Bumcrot et al., 1995).

We demonstrate that one sSNV—c.1206C4T—is associ-
ated with a reduction of both the mRNA and the protein
levels. Decreased mRNA levels could originate from a
reduced transcriptional activity (Helmlinger et al., 2006), al-
though the precise mechanism by which this sSNV could im-
pact on transcription remains unknown. Alternatively, this
reduction in mRNA level could be a consequence of a nega-
tive feedback loop from suboptimal translation leading to
mRNA degradation, as described recently (Presnyak et al.,
2015). In both cases, further investigations will be required
to elucidate the impact of this particular sSNV.

We also show that sSNVs influencing the SHH protein
amount are present in the general population. The
c.630C4T and c.897G4C variants (associated with 5%
and 13% protein reduction, respectively) were found in 389
individuals of the gnomAD database, including seven homo-
zygous carriers for the c.630C4T variant observed in the
African ethnicity (Supplementary Tables 2 and 3).
Considering that human brain development is highly influ-
enced by genetic factors (Tarailo-Graovac et al., 2017), these
sSNVs could contribute to phenotypic spectrum of brain
and midline structures in healthy individuals.

In holoprosencephaly cases, the presence of additional
pathogenic variants in the same patients (Supplementary
Table 1) raises the possibility that these sSNVs participate in
the pathogenesis but are not sufficient by themselves to
cause the disease. In that regard, one can envision two dis-
ease mechanisms, considering the impact of SHH sSNVs on

the expression of the resulting protein. First, certain SHH
sSNVs could act as modifiers and modulate the disease
phenotype induced by another pathogenic mutation. Second,
sSNVs could participate in oligogenic inheritance, where a
combination of several pathogenic variants, including a
SHH sSNV, is necessary for the disease to occur, as we pre-
viously reported (Kim et al., 2019). In most cases, if not all,
the presence of additional genetic factors besides SHH
sSNVs is certainly necessary for the manifestation of the dis-
ease. We, therefore, conclude that SHH sSNVs are import-
ant risk factors for holoprosencephaly that need to be
investigated further. Additional molecular screenings in
larger populations of patients with holoprosencephaly com-
bined with dedicated functional studies will help in refining
the implication of SHH sSNVs in pathogenesis of holopro-
sencephaly and related disorders.

Importantly for future studies, we show that deleterious
impacts of the sSNVs on protein expression can be accurate-
ly predicted using in silico estimations of codon usage. In
particular, the measure based on a three-codon window ana-
lysis (DMinMax) has a strikingly high correlation with the
experimental measures of protein reduction, underlining the
importance of considering the codon context when predict-
ing the impact of sSNVs on translation. Although successful-
ly applied to SHH and holoprosencephaly in this study,
additional investigations of sSNVs in other genes and path-
ologies are needed to evaluate the predictive power of this
measure and its potential use in diagnosis of genetic disor-
ders. Overall, we underline the relevance of our in silico esti-
mations in predicting the effects of sSNVs on translational
efficiency and thus recommend its use when screening
known disease genes.

In conclusion, our study underlines the clinical relevance
of SHH sSNVs in holoprosencephaly and highlights the ne-
cessity to more systematically investigate the impact of
sSNVs on codon usage in genetic diseases.

Web resources
RegRNA, http://regrna2.mbc.nctu.edu.tw/
HSF, http://www.umd.be/HSF3/HSF.shtml
TrAP, http://trap-score.org/
UniProt, https://www.uniprot.org/uniprot/Q15465
FREX, http://lysine.univ-brest.fr/FrExAC/
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2.	The	double	effect	of	c.1206C>T	variant	
As	described	in	our	article,	the	reduced	protein	levels	were	mostly	accounted	for	by	

proteasome-mediated	 degradation	 of	 the	 mutated	 protein,	 indicating	 protein	

misfolding	as	the	main	pathogenic	impact	of	the	identified	sSNVs.	For	the	c.1206C>T	

variant,	however,	proteasome	inhibition	resulted	 in	only	a	partial	restoration	of	the	

protein	levels.	Additionally,	qPCR	experiments	revealed	that	this	particular	variant	is	

associated	with	significantly	reduced	mRNA	levels	as	compared	to	the	wildtype	SHH.	

These	 results	 indicate	 that,	 in	 addition	 to	 protein	misfolding	 and	 degradation,	 the	

c.1206C>T	 sSNV	 also	 has	 a	 deleterious	 impact	 at	 the	 mRNA	 level.	 Indeed,	 mFold	

simulations	revealed	statistically	significant	(albeit,	borderline)	differences	in	average	

predicted	free	energies	(∆G)	for	the	c.1206C>T	variant	when	compared	to	the	wildtype	

SHH	(P=0.01).	To	further	investigate	the	impact	of	this	variant	on	mRNA	folding,	we	

performed	 additional	 computational	 analysis	 using	 the	 recently	 introduced	 RNA-

stability	pipeline	(Gaither	et	al.,	2019).	RNA-stability	estimates	the	impact	of	sSNVs	on	

mRNA	structure	by	combining	four	different	metrics	measuring	the	change	in	mRNA	

stability	and	evolutionary	constraint:	dMFE	(Minimum	Free	Energy),	CFEED	(Centroid	

Free	 Energy	 Edge	 Distance),	 dCD	 (delta	 Centroid	 Distance)	 and	 SPI	 (Structural	

Predictivity	Index).	Similar	to	CADD	score,	calculations	are	performed	for	all	possible	

SNVs	of	the	human	genome	and	variants	presenting	relatively	high	scores	across	the	

four	metrics	(>80	percentile,	i.e.	top	20%	highest	scores)	are	considered	pathogenic.	

The	results	are	presented	in	the	Figure	28.	Although	no	SHH	sSNV	has	been	predicted	

as	pathogenic	by	 the	 four	algorithms,	 c.1206C>T	variant	has	been	predicted	by	3/4	

algorithms	 to	 have	 a	 deleterious	 impact	 on	 mRNA	 structure.	 These	 results	 are,	

however,	inconclusive,	as	another	SHH	sSNV	(c.552G>C)	presented	similar	predictions.	

Although	rejected	in	our	study	due	to	insufficient	evidence,	the	hypothesis	of	mRNA-

folding	 related	 defect	 cannot	 be	 fully	 excluded	 for	 the	 c.1206C>T	 variant	 without	

additional	functional	validations.	
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3.	Rare	codon	clusters		
In	our	study,	we	analyzed	the	global	codon	usage	profile	of	SHH	and	 identified	four	

clusters	 of	 rare	 codons.	 As	 rare	 codons	 are	 associated	 with	 slow	 and	 non-optimal	

translation,	such	clusters	are	believed	to	cause	translational	pausing	and	reduce	the	

local	translation	rate	at	strategic	points	beneficial	for	protein	biogenesis	(Clarke	and	

Clark,	 2008).	 Clusters	 of	 rare	 codons	 have	 previously	 been	 found	 in	 boundaries	 of	

protein	functional	domains	and	in	regions	rich	in	secondary	mRNA	structures,	such	as	

helices	and	beta	strands	(Clarke	and	Clark,	2010).	Consistent	with	previous	findings,	

our	codon	usage	analysis	of	the	SHH	sequence	revealed	2	clusters	of	rare	codons	in	the	

Figure 28. In silico predictions of RNA-stability algorithms for SHH sSNVs. 

Red and yellow dashed lines indicate, respectively, 80 and 99 percentile thresholds. 

Variant dMFE_abs_perc CFEED_perc dCD_abs_perc SPI_abs_perc Number	of	deleterious	predictions	(Perc>80)
c.522C>T 26,6 24,8 11,4 32,3 0
c.552G>C 80,1 93,6 96,5 31,9 3
c.570G>A 50,9 89,4 82,7 63,2 2
c.630C>T 64,3 49,4 49,6 49,2 0
c.885C>T 42,7 80,7 86,8 72,8 2
c.897G>C 38,5 7,3 13,9 99 1
c.1206C>T 82,4 49,4 98,8 99,8 3
c.1354C>T 98,2 79 94,7 8,5 2
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SHH-N	domain	overlapping	with	a	region	containing	beta	strands	and	the	boundary	

between	the	SHH-N	and	SHH-C	domains.	The	other	2	clusters	were	located	in	the	SHH-

C	domain,	for	which	structural	data	 is	not	available.	The	structure	of	SHH-C	domain	

was,	 therefore,	predicted	using	PSIPRED	 (Buchan	and	 Jones,	 2019)	but	 revealed	no	

overlap	between	rare	codons	and	predicted	secondary	structures	or	known	functional	

sites	(Figure	29).	Due	to	lack	of	experimental	data	concerning	the	SHH-C	domain,	the	

precise	 role	 of	 its	 rare	 codon	 clusters	 remains	 unclear.	 Overall,	 further	 studies	 are	

needed	to	elucidate	the	role	of	rare	codons	in	biogenesis	of	SHH	protein.		

Figure 29. Structural prediction for SHH-C domain. Red lines indicate the positions 
of rare codon clusters detected by MinMax algorithm. 
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III.	Autosomal	recessive	holoprosencephaly	in	consanguineous	
families	
	

a.	Background	
In	2016,	Charlotte	Mouden,	the	previous	PhD	student	of	our	research	team,	identified	

a	homozygous	pathogenic	mutation	 in	STIL	 causing	HPE	 in	a	consanguineous	 family	

(Mouden	et	al.,	2016).	Rare	cases	of	homozygous	variants	underlying	HPE	have	also	

been	reported	elsewhere	(Kakar	et	al.,	2015;	McCabe	et	al.,	2011).	The	existence	of	

such	cases	suggests	 that	autosomal	 recessive	 inheritance	may	account	 for	a	certain	

fraction	of	the	disease	etiology	and	can	aid	discovering	novel	disease	genes.	Hence,	as	

the	 final	 part	 of	 my	 PhD,	 I	 continued	 the	 work	 initiated	 by	 Charlotte	 and	 further	

explored	the	hypothesis	of	autosomal	recessive	HPE	in	consanguineous	context.	

	

b.	Strategy	
In	case	of	a	recessive	disorder	and	known	consanguinity,	the	initial	assumptions	are	

that	the	disease-causing	variant	is	likely	to	reside	within	a	homozygous	region	in	which	

both	alleles	of	each	locus	are	identical	and	inherited	from	the	same	common	ancestor	

(Figure	 30).	 Identification	 of	 such	 regions,	 called	 autozygous	 or	 Homozygous-by-

Descent	 (HBD),	 can	 thus	 improve	 variant	 prioritization	 by	 pinpointing	 genomic	

segments	likely	to	contain	the	causal	mutation.	HBD	regions	are	typically	identified	by	

homozygosity	mapping.	This	approach	uses	family	pedigree	and	genotype	information,	

obtained	from	exome	or	SNP-array	data,	to	analyze	inbreeding	across	the	genome	and	

identify	HBD	segments	shared	between	the	affected	individuals	(Keller	et	al.,	2011).	

Coupled	with	WES	analysis,	homozygosity	mapping	has	proven	to	be	a	powerful	tool	

for	discovery	of	genes	underlying	recessive	disorders	in	consanguineous	families	(Jinks	

et	al.,	2015;	Botstein	and	Risch,	2003).	
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The	 aim	 of	 this	 study	 was	 to	 identify	 novel	 candidate	 genes	 implicated	 in	 HPE	 by	

exploring	homozygous	variants	located	in	HBD	segments	of	affected	consanguineous	

individuals.	We	first	performed	homozygosity	mapping	and	identified	candidate	HBD	

regions	segregating	with	the	disease	in	each	family.	Using	the	WES	data,	pathogenic	

variants	underlying	the	disease	were	then	searched	in	the	identified	candidate	regions.	

	
Patients	
The	study	included	10	consanguineous	families	affected	by	HPE	described	in	Figure	31.	

Family	F1	was	previously	reported	by	Mouden	et	al.	 (F1,	pathogenic	variant	 in	STIL)	

and	included	in	this	study	as	a	positive	control,	to	evaluate	the	ability	of	homozygosity	

mapping	 to	 identify	 regions	 harboring	 disease-causing	 variants.	 Variants	 in	 known	

disease	genes	were	identified	in	two	additional	families	(F8,	F10),	but	were	concluded	

to	be	insufficient	to	completely	explain	the	disease	phenotype.	For	each	family,	at	least	

1	 affected	 and	 1	 unaffected	 individual	 were	 Whole	 Exome	 Sequenced	 for	 variant	

analysis.	SNP-array	genotyping	data	was	available	for	7/10	families.	

HBD	alleles HBD	regions

Figure 30. HBD alleles and HBD regions. 



 

	 96	

	
WES	and	SNP-array	genotyping	
WES	analysis	was	conducted	as	previously	described	in	Part	 I.	SNP-array	genotyping	

was	performed	using	Human	CytoSNP-12	(Illumina)	technique,	which	includes	244,097	

SNP	markers	distributed	along	the	genome.	The	resulting	genotype	calls	were	quality	

controlled	 using	 plink	 v1.9	 (Slifer,	 2018).	 Specifically,	 only	 autosomal	markers	with	

genotyping	 rate	 of	 at	 least	 99%	 across	 all	 individuals	 have	 been	 conserved.	

Additionally,	 Hardy-Weinberg	 equilibrium	 and	 Mendelian	 error	 controls	 were	

performed	to	exclude	potentially	erroneous	markers.	A	total	of	140797	markers	have	

been	conserved	for	further	analysis.	

	
Homozygosity	mapping	
Depending	 on	 data	 availability,	 homozygosity	mapping	was	 performed	 using	 either	

SNP-array	(8	families)	or	WES	data	(2	families).	For	this	analysis,	we	used	the	FSuite	
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Figure 31. Summary of non-consanguineous families analyzed in this study. Barred 
symbols represent deceased individuals. For families F1 and F7, paternal data (individuals 
I0 and I25) was unavailable. 
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pipeline	which	allows	 identifying	HBD	regions	 from	genomic	data	obtained	 through	

SNP	array	or	WES	experiments	(Gazal	et	al.,	2014).	Identifying	HBD	regions	by	FSuite	

requires	 the	 estimation	 of	 the	 inbreeding	 coefficient	 and	 control	 for	 linkage	

disequilibrium.	These	steps	are	described	below.	

	
FEstim	model	
Homozygosity	 mapping	 requires	 estimating	 the	 inbreeding	 coefficient	 f	 of	 each	

individual.	 Used	 in	 population	 studies	 to	 characterize	 mating	 habits,	 f	 reflects	 the	

individual’s	degree	of	consanguinity	and	corresponds	to	the	estimated	proportion	of	

HBD	segments	in	the	genome	(Gazal	et	al.,	2016).	For	example,	a	coefficient	f	=	0.01	

corresponds	 to	 1	 %	 of	 genome	 being	 HBD.	 While	 f	 is	 classically	 calculated	 using	

genealogical	 information,	 several	 methods	 exist	 to	 estimate	 f	 from	 genomic	 data.	

FSuite	is	based	on	FEstim	method	described	below	(Leutenegger	et	al.,	2003).		

The	challenge	 in	homozygosity	mapping	 is	 to	distinguish	 the	homozygous	segments	

that	are	truly	HBD	(i.e.,	linked	to	consanguinity	and	inherited	from	a	common	ancestor)	

from	those	that	have	arisen	by	chance	(homozygosity	by	chance,	HBC).	FEstim	is	based	

on	a	Hidden	Markov	Model	(HMM)	which	defines	HBD	regions	by	analyzing	each	SNP	

marker	(denoted	k)	and	estimating	its	HBD	status	(denoted	Xk)	(Figure	32).		

Specifically,	 FEstim	 employs	 a	 maximum	 likelihood	 approach	 to	 calculate	 the	

probability	of	each	marker	k	of	being	HBD	(P(Xk	=	1))	or	non-HBD	(P(Xk	=	0)).	These	

probabilities	depend	on	2	parameters	(Table	7):		

Genotype
(observed	state)

HBD	status
(hidden	state)

Depend	on	
allelic	frequencies

Depend	on	
genetic	distance

Figure 32. HMM model employed in FEstim. FEstim models the dependencies between 
the genotypes of the SNP markers (observed state) and their HBD statuses (hidden state). 
Emission probabilities depend on allelic population frequencies; transition probabilities 
depend on genetic distances (in cM) separating adjacent markers. 
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1) the	genotype	of	the	marker	(denoted	as	Yk)	which	can	be	either	homozygous	

(AiAi,	2	identical	alleles	i)	or	heterozygous	(AiAj,	2	different	alleles	i	and	j).		

2) the	population	 frequencies	of	 the	corresponding	alleles	 (pi,	pj),	estimated	

directly	from	the	samples	or	by	using	an	external	reference	(e.g.	GnomAD	or	

ENSEMBL).	

	

	

For	example,	a	SNP	with	a	homozygous	genotype	but	presenting	a	very	common	allele	

is	likely	to	be	homozygous	by	chance.	In	contrast,	a	homozygous	SNP	with	a	rare	allele	

is	more	likely	to	be	homozygous	due	to	consanguinity	(i.e.,	HBD).	The	model	also	takes	

into	account	the	genotyping	error	rate	(denoted	ε).	

Thus,	FEstim	assigns	to	each	SNP	marker	its	probability	of	being	HBD.	HBD	segments	

are	then	defined	as	regions	with	at	least	5	consecutive	SNP	markers	presenting	a	high	

HBD	probability	(P(Xk	=	1)	>	0.5)).	Finally,	the	inbreeding	coefficient	f	corresponds	to	

the	proportion	of	 the	 resulting	HBD	segments	 in	 the	genome.	An	 individual	with	at	

least	0.1	%	of	its	genome	estimated	HBD	(f	>	0.001)	is	considered	consanguineous	by	

FEstim.	

	
	Controlling	the	linkage	disequilibrium	
As	 mentioned	 in	 the	 Introduction,	 Linkage	 Disequilibrium	 (LD)	 corresponds	 to	 the	

nonrandom	association	between	different	alleles	driven	by	evolutionary	forces	such	as	

genetic	 drift,	 natural	 selection	 and	 recombination	 events	 (Slatkin,	 2008).	 As	 FEstim	

model	assumes	that	there	is	no	genetic	interference,	it	requires	SNP	markers	to	be	in	

linkage	equilibrium	(i.e.,	without	any	preferential	associations),	which	is	not	the	case	

Table 7. Emission probabilities of HBD status. 
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when	using	dense	SNP-array	or	WES	data.	To	minimize	the	LD	bias,	FSuite	generates	

random	genomic	sub-maps	separating	SNP	markers	presenting	high	LD.	FEstim	analysis	

is	 then	 performed	 separately	 on	 each	 submap,	 and	 the	 inbreeding	 coefficient	 f	 is	

calculated	as	the	median	value	of	estimations	obtained	across	all	sub-maps	(denoted	

F_MEDIAN).	

	

Identification	of	candidate	regions	
As	 recommended	 by	 the	 authors,	 FSuite	 analysis	 was	 performed	 on	 a	 set	 of	 100	

random	 submaps	 with	 one	 marker	 every	 0.5	 cM	 to	 reduce	 the	 LD	 bias.	 Allelic	

population	frequencies	were	obtained	from	the	ENSEMBL	database	(GRCh37,	release	

100).	The	HBD	segments	identified	by	homozygosity	mapping	were	further	analyzed	

on	 a	 family-by-family	 basis	 to	 identify	 candidate	 regions	 likely	 to	 contain	 the	

pathogenic	variant.	

	
Variant	filtering	and	integration	of	homozygosity	mapping		
For	each	family,	we	retrieved	variants	 located	in	the	candidate	regions	obtained	via	

homozygosity	 mapping	 (Figure	 33).	 Variants	 were	 annotated	 using	 ANNOVAR,	 as	

described	in	Part	I.	A	variant	filtering	step	was	performed	on	a	family-by-family	basis.	

For	 this	 study,	 we	 retained	 only	 rare	 (GnomAD	 MAF	 <	 1%)	 variants	 located	 in	

exonic/splicing	 regions	 and	 corresponding	 to	 the	 autosomal	 recessive	 inheritance	

pattern	(homozygous	in	affected	children;	heterozygous	in	unaffected	parent(s)).	We	

manually	explored	the	resulting	candidates	using	genetic,	genomic	and	biological	data	

from	literature	reviews,	genes	associated	with	human	disorders	(OMIM)	and	mouse	

phenotypes	(MGI	database).	Additionally,	in	silico	algorithms	were	used	to	assess	the	

deleterious	impact	of	candidate	variants.	
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c.	Results	
	
1.	Consanguinity	
We	first	calculated	the	 inbreeding	coefficient	 (f)	of	each	 individual	using	the	FEstim	

model	 (Figure	 34).	 Inbreeding	 coefficient	 varied	 from	 0	 (a	 non-consanguineous	

individual)	to	0.098	(an	individual	with	~10	%	HBD	fraction	of	the	genome).	

	

In	 family	 F5,	 only	 the	 affected	 child	 was	 estimated	 consanguineous	 (f	 >	 0.001),	

indicating	a	marriage	between	two	related	individuals	without	any	prior	consanguinity	

in	the	family.	In	families	F2,	F4	and	F9,	both	children	and	their	parents	were	estimated	

consanguineous,	 indicating	 a	 past	 history	 of	 consanguineous	 marriages	 and	 the	

Candidate	regions

Exome analysis
(n=23)

Homozygosity mapping
(n	=	35)

Plink

Fsuite pipeline

HBD	regions

Inbreeding factors

unaffectedaffected

Family-by-family analysis

Alignment (BWA)

Variant	Calling (GATK,	Freebayes)

Quality control	(GATK)

Variants

Annotation	
ANNOVAR
HSF
Alamut

Filtering
Exonic/splicing
Rare	(MAF	<	1	%)
Autosomal recessive inheritance

Rare	homozygous
variants

Candidate	variants

Manual	analysis

Figure 33. Workflow combining homozygosity mapping and WES analysis. 
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existence	of	additional	ancestral	inbreeding	loops	(Knight	et	al.,	2008).	Families	F3,	F6	

and	F8	correspond	to	‘intermediate’	cases	in	which	the	children	and	only	one	of	the	

parents	were	estimated	consanguineous.	For	 families	F1	and	F7,	while	 the	paternal	

data	 was	 not	 available,	 all	 genotyped	 individuals	 were	 estimated	 consanguineous.	

Family	 F10	 was	 excluded	 from	 further	 analysis,	 as	 no	 individual	 was	 estimated	

consanguineous	(f	<	0.001).	Further	inspection	of	family	data	revealed	that	family	F10	

corresponds	 to	 a	 marriage	 between	 very	 distant	 biological	 relatives,	 which	 could	

explain	the	absence	of	consanguinity	estimated	by	FEstim.	

	

	
2.	HBD	candidate	regions	
The	resulting	inbreeding	coefficients	were	used	to	estimate	HBD	segments	and	identify	

candidate	 regions	 likely	 to	 contain	 the	 pathogenic	 variant.	 Candidate	 regions	were	

defined	 as	 HBD	 segments	 specific	 to	 the	 affected	 individual(s)	 of	 each	 family.	

Specifically,	for	family	F5	presenting	non-consanguineous	parents,	all	HBD	segments	

found	 in	 the	 affected	 subject	 were	 taken	 into	 account.	 For	 all	 other	 families,	 we	

eliminated	 HBD	 segments	 shared	 with	 unaffected	 consanguineous	 parents.	

Figure 34. FSuite estimations of inbreeding coefficient f. 
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Additionally,	 for	 families	 presenting	multiple	 affected	 subjects	 (F1,	 F2,	 F3,	 F4),	 we	

further	restricted	the	candidate	regions	by	focusing	only	on	HBD	segments	shared	by	

all	the	affected	individuals	(Figure	35).	

	

	

The	total	size	of	the	resulting	candidate	regions	differs	greatly	between	the	studied	

families.	As	mentioned	above,	the	fraction	of	HBD	segments	in	the	genome	depends	

on	the	inbreeding	coefficient.	Additionally,	restriction	of	HBD	segments	to	candidate	

regions	can	be	more	or	 less	efficient,	depending	on	various	factors	such	as	parents’	

consanguinity	and	number	of	affected	children	in	the	family.	For	example,	families	F1-

F4	present	the	highest	inbreeding	coefficients	of	the	affected	individuals	(ranging	from	

0.077	 to	0.098),	 resulting	 in	 large	HBD	 segments	 and,	 consequently,	 a	 large	 size	of	

candidate	regions	(54	-	87	Mb).	On	the	other	hand,	family	F6	presents	lower	inbreeding	

coefficients	 (0	 to	 0.062)	 but	 contains	 only	 one	 affected	 child	 and	 only	 one	

consanguineous	parent,	which	results	in	a	less	efficient	restriction	and	a	similar	size	of	

candidate	regions	(55	Mb).

HBD	regions,	family-by-family analysis
Inbreeding FamiliesConsanguineous families

HBD	regions shared by	
affected individuals

HBD	regions shared by	affected individuals and
absent	in	unaffected parents

Candidate	regions

Family N	Candidate	 regions Total	size,	kb Chromosomes
F1 37 54133,893 1	|	12
F2 43 87534,852 4	|	5	|	6	|	9 |	10
F3 28 81655,358 3	|	4	|	5	|	10	|	13
F4 106 71861,288 2	|5	|	8	|	15 |	18	|	20	|	22
F5 42 29309,064 1	|	2	|	9	|	13
F6 19 55312,558 4	|	6	|	14
F7 21 17927,080 9	|	11	|	12	|	15	|	19	|	22
F8 4 9916,806 5	|	6
F9 23 4951,132 5	|	16

Variants within candidate	regions
(WES	data)

affected unaffected

Figure	35.	Overview	of	candidate	regions	identified	by	homozygosity	mapping.	
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Gene cDNA	change Protein	change

STIL c.2150G>A p.G717E 0 0
Deleterious	missense	variant	(dbNSFP	:	9	predictions)
highly	conserved	nucleotide	(GERP)

Previously	identified	pathogenic	variant	
in	known	disease	gene

SPEN c.2015G>A p.R672Q 0,0000159 0
Deleterious	missense	variant	(dbNSFP	:	5	predictions)
highly	conserved	nucleotide	(GERP)

Interactor	with	known	disease	
pathways	(Notch)

DLL1 c.2133C>T p.S711S 0,00399 3
Synonymous	variant	altering	splicing	
(HSF,	creation	of	an	exonic	ESE	site)

Known	disease	gene

IL6ST c.180A>G p.V60V 0,0000517 0
Synonymous	variant	altering	splicing	
(HSF,	creation	of	an	exonic	ESS	site)

Interactor	with	known	disease	
pathways	(SHH,Notch,FGF)

SKIV2L2 c.2287A>G .I763V 0,0000519 0
Deleterious	missense	variant	
(dbNSFP	:	5	predictions)

Associated	with	disease	phenotypes	
(reduced	brain	and	eye	size)

FAT1 c.11195A>G p.N3732S 0,000322 0
Deleterious	missense	variant	(dbNSFP	:	1	prediction)
higly	conserved	nucleotide	(GERP)

Known	disease	gene

PLCH1 c.3211delT p.C1071fs 0 0 Frameshift	variant
Candidate	pathway	(Phospholipase	C)
linked	to	known	disease	mechanism	
(SHH)

KIF23 c.933G>A .Q311Q 0,0000915 0
Synonymous	variant	altering	splicing	
(HSF,	creation	of	an	exonic	cryptic	acceptor	site)
highly	conserved	nucleotide	(GERP)

Interactor	with	known	disease	
pathways	(SHH)

MYO9A c.1762G>C p.D588H 0,0000719 1
Deleterious	missense	variant	(dbNSFP	:	13	
predictions)
highly	conserved	nucleotide	(GERP)

Associated	with	disease	phenotypes	
(hydrocephalus,	ciliopathies)

F6
Alobar	HPE,	hypotelorism,	
Microcephaly,	Proboscis

SLC30A9 c.197T>A p.L66X 0 0 Stopgain	variant
Candidate	pathway	(Wnt/PCP)	
linked	to	known	disease	mechanism	
(SHH,	Fgf,	Notch)

F8
Alobar	HPE,	fused	thalami,	

partial	agenesis	of	corpus	callosum
IQGAP2 c.2197A>T p.M733L 0,00000402 0

Deleterious	missense	variant	(dbNSFP	:	10	
predictions)
highly	conserved	nucleotide	(GERP)

Interactor	with	known	disease	gene	
(Cdc42)

F9 Alobar	HPE TBC1D24 c.793G>A p.265M 0,0000241 0
Deleterious	missense	variant	(dbNSFP	:	4	
predicitions)
highly	conserved	nucleotide	(GERP)

Candidate	pathway	(Wnt/PCP)	
linked	to	known	disease	mechanism	
(SHH,	Fgf,	Notch)

n	HOM
gnomAD Effect Disease	relevance

F4 Semilobar	HPE,	Oral	cleft

VariantFamily Clinical	Features Frequency	
(gnomAD)

F1
semilobar	HPE,	hypotelorism,	

partial	agenesis	of	corpus	callosum

F2
HPE	microform,	

Single	median	maxillary	incisor,	
hypotelorism,	epicanthus

F3
Alobar	HPE,	Microcephaly,	
Median	cleft	lip/palate

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Table	8.	Overview	of	candidate	variants	identified	in	this	study.	
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3.	Candidate	variants	
	

The	candidate	regions	were	integrated	into	our	exome	analysis	pipeline	to	identify	a	

restricted	list	of	rare	homozygous	variants	for	further	analysis.	In	family	F1,	previously	

described	by	Mouden	et	al.	 (Mouden	et	al.,	2016),	 the	pathogenic	STIL	 variant	was	

found	 in	the	candidate	regions,	 indicating	the	capacity	of	homozygosity	mapping	to	

identify	 causal	 mutations	 underlying	 consanguineous	 cases	 of	 HPE.	 We	 manually	

explored	 candidate	 variants	 identified	 by	 our	 approach.	 Our	 main	 findings	 are	

summarized	in	Table	8	and	the	strongest	candidate	variants	are	described	below.	

	

Variants	in	known	disease	genes	
Besides	STIL	variant	in	family	F1,	our	analysis	highlighted	2	additional	variants	in	known	

disease	 genes.	 Initially	 discarded	 during	 molecular	 diagnosis,	 these	 variants	 were	

reconsidered	due	to	their	HBD	status.		

In	family	F2,	the	patient	carried	a	homozygous	synonymous	variant	in	DLL1,	previously	

implicated	in	disease-related	processes.	DLL1	acts	a	ligand	of	NOTCH	signaling	pathway	

and	its	expression	depends	on	the	activity	of	the	FGF	pathway	(Wahl	et	al.,	2007;	Dupé	

et	al.,	2011).	Pathogenic	mutations	in	this	gene	have	been	previously	reported	in	HPE	

patients	(Dupé	et	al.,	2011).	The	detected	variant	is	observed	with	a	frequency	of	0.004	

in	gnomAD	and	associated	with	a	potential	splicing	defect	by	altering	an	exonic	ESE	

site,	as	predicted	by	Human	Splicing	Finder.		Although	observed	at	homozygous	state	

in	3	gnomAD	 individuals,	 these	results	 indicate	 that	 this	variant	could	participate	 in	

disease	pathogenesis.	

In	family	F3,	we	identified	a	homozygous	missense	variant	in	FAT1,	a	known	regulator	

of	Wnt/PCP	pathway.	Similar	variants	in	this	gene	have	been	implicated	in	HPE	under	

oligogenic	model	(Kim	A	et	al.,	2019;	see	Part	I).	The	detected	variant	is	extremely	rare	

in	 general	 population	 (gnomAD	 frequency	 of	 0.0003)	 and	 was	 never	 found	 at	

homozygous	 state.	 The	 variant	 is	 predicted	 deleterious	 by	 FATHMM-MKL	 and	 the	

nucleotide	 position	 is	 highly	 conserved	 in	 mammalian	 species	 (GERP	 score	 >	 2),	

consistent	with	this	variant	having	functional	impact.		
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These	 results	 indicate	 that	 restricting	 the	 exome	 analysis	 to	 the	 candidate	 regions	

identified	 by	 homozygosity	 mapping	 enables	 to	 pinpoint	 pertinent	 homozygous	

variants	in	disease-related	genes	which	would	have	been	discarded	otherwise.		

	

PLCH1	
In	family	F3,	we	additionally	 identified	a	variant	 in	PLCH1.	The	detected	variant	was	

absent	 in	 the	 gnomAD	database	 and	 leads	 to	 a	 production	 of	 a	 truncated	 protein.	

PLCH1	encodes	a	member	of	phosphoinositide-specific	phospholipase	C	(PLC)	family	of	

enzymes,	which	plays	 an	essential	 role	 in	 several	 signaling	pathways	 (Hwang	et	 al.,	

2005).	 Activated	 by	 various	 ligand-receptor	 systems,	 PLC	 enzymes	 induce	 the	

production	of	inositol-1,4,5-trisphosphate	(IP3)	and	diacylglycerol,	which	act	as	signal	

transducers:	IP3	induces	an	increase	in	intracellular	Ca2+	while	diacylglycerol	activates	

protein	kinase	C	(PKC)	(Kim	et	al.,	2000;	Berridge	et	al.,	2003).	The	PLC	enzymes	and	

their	 products	 have	 been	 previously	 implicated	 in	 SHH	 signaling,	 the	main	 disease	

pathway	 of	 HPE.	 In	 particular,	 IP3-controlled	 Ca
2+
	 activity	 has	 been	 linked	 to	 the	

activation	of	SHH	pathway	in	developing	neurons	(Belgacem	and	Borodinsky,	2011),	

while	 PKC	 has	 been	 implicated	 in	 non-canonical	 SHH	 signaling	 involving	 the	 direct	

activation	of	downstream	GLI	targets	bypassing	the	PTCH1-SMO	mechanism	(Yang	et	

al.,	2010;	Gu	and	Xie,	2015).	Although	the	precise	interactions	between	SHH	and	PLC	

pathways	are	still	poorly	understood,	variants	in	PLC-related	genes	could	potentially	

contribute	to	disease	mechanisms	implicated	in	HPE.		

	

SLC30A9	
In	 family	 F6,	we	 identified	a	homozygous	 stopgain	variant	 in	SLC30A9	 gene,	absent	

from	gnomAD.	SLC30A9	is	involved	in	the	transcriptional	regulation	of	canonical	WNT	

pathway,	which	plays	key	roles	during	forebrain	and	craniofacial	development	along	

with	SHH,	NOTCH	and	FGF	pathways	(Chen	et	al.,	2007).	Mutations	in	Wnt	genes	and	

their	downstream	targets	have	been	implicated	in	human	craniofacial	abnormalities	

including	cleft	lip/palate,	ciliopathies	and,	very	recently,	HPE	under	oligogenic	model	

(Vijayan	 et	 al.,	 2018;	 Waters	 and	 Beales,	 2011;	 Kim	 A	 et	 al.,	 2019).	 Interestingly,	
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SLC30A9	acts	as	a	zinc	transporter	and	zinc	deficiency	has	been	previously	linked	with	

alterations	of	SHH	activity	(Xie	et	al.,	2015).	

	

IQGAP2	
Patient	of	family	F8	is	affected	by	alobar	HPE	and	harbored	a	homozygous	missense	

variant	 in	 IQGAP2.	 The	 variant	 was	 found	 only	 once	 in	 gnomAD	 database	 (overall	

frequency	of	0.00000402)	and	is	predicted	deleterious	by	several	algorithms	including	

SIFT,	 FATHMM-MKL,	 MutationTaster	 and	 MutationAssessor.	 IQGAP2,	 a	 scaffolding	

protein	playing	central	roles	in	cell	organization,	binds	to	Cdc42	which	was	shown	to	

induce	Sonic	Hedgehog-independent	holoprosencephaly	in	mouse	embryos	(Ozdemir	

et	al.,	2018;	Chen	et	al.,	2006).	 	



 

	 107	

	

	

	

	

	

	

	

	

	

	

	

	

DISCUSSION	
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I.	Oligogenic	inheritance	in	complex	genetic	disorders	
	

My	findings	described	in	Part	I	illustrate	the	clinical	relevance	of	oligogenic	inheritance	

in	HPE	and	concord	with	the	advances	 in	understanding	of	other	complex	disorders	

such	as	autism,	NTDs	and	ciliopathies.	

	

In	non-syndromic	autism,	the	hypothesis	of	a	single	locus	inheritance	has	been	rejected	

in	 favor	 of	 a	 multi-locus	 genetic	 model	 involving	 interactions	 between	 several	

susceptibility	 genes	 to	 produce	 the	 disease	 phenotype	 (Folstein	 et	 Rosen-Sheidley,	

2001;	Pickles	et	al.,	1995).	The	concept	termed	as	‘oligogenic	heterozygosity’	proposes	

that	 certain	 cases	 of	 ASD	 result	 from	 a	 cumulative	 effect	 of	 several	 hypomorphic	

variants,	either	inherited	or	occurring	de	novo,	each	conferring	a	moderate	increase	in	

the	disease	risk	(Figure	36)	(Schaaf	et	al.,	2011).	Similar	to	HPE,	 in	which	parents	of	

affected	 children	 can	 exhibit	minor	 disease	 signs	 (slight	 hypotelorism,	 epicanthus),	

parents	of	autistic	children	have	been	shown	to	manifest	subthreshold	autistic	traits	

(Constantino	 and	 Todd,	 2005).	 This	 observation	 is	 consistent	 with	 the	 oligogenic	

Figure 36. Proposed models of inheritance for syndromic and nonsyndromic autism. 

 Mulitple hypomorphic variants in genes associated with syndromic autism may have a cumulative 
effect, resulting in non-syndromic autism (Shaaf et al., 2011). 
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heterozygosity	model	and	suggests	that	accumulation	of	hypomorphic	variants	up	to	a	

certain	threshold	can	lead	to	a	clinical	disease	manifestation.	

	

NTDs	are	also	believed	to	involve	oligogenic	inheritance	to	a	certain	degree.	In	mouse	

models,	genetic	background	has	been	shown	to	strongly	affect	the	risk	of	NTD	onset,	

indicating	the	essential	role	of	genetic	modifiers	in	the	disease	pathogenesis	(Wilde	et	

al.,	2014).	 	Extensive	mouse	studies	have	 led	to	the	 identification	of	more	than	300	

genes,	which,	when	mutated,	cause	various	NTD	phenotypes.	Although	most	reported	

mouse	mutants	 involve	 null	 mutations,	 some	 are	 hypomorphic	 and	 cause	 NTDs	 in	

digenic,	trigenic	or	oligogenic	combinations	(Harris	and	Jurillof,	2010).	Similar	to	HPE,	

most	of	oligogenic	combinations	in	NTDs	involve	alterations	of	genes	belonging	to	the	

same	signaling	pathway.	For	example,	a	simultaneous	knockout	of	3	genes	of	the	PCP	

pathway	-	Sfrp1,	Sfrp2	and	Sfrp5	-	causes	a	severe	NTD	phenotype	in	mice	(Satoh	et	al.,	

2008).	 These	 observations	 are	 consistent	 with	 findings	 in	 human	 NTD	 patients.	

Combined	deleterious	variants	affecting	multiple	disease	genes	of	 the	PCP	pathway	

have	been	identified	in	human	patients,	suggesting	a	multi-locus	etiology	involving	a	

cumulative	effect	of	several	genetic	alterations	 (Beaumont	et	al.,	2020;	Wang	et	al.	

2018).	

	

Oligogenic	 inheritance	 has	 also	 been	 reported	 in	 ciliopathies.	 In	 addition	 to	 BBS	

discussed	in	the	Introduction,	clinical	studies	of	Joubert	and	Meckel	syndromes	often	

identify	rare	deleterious	variants	in	≥	2	known	disease	genes	in	a	given	patient	(Phelps	

et	al.,	2018).	Although	the	relevance	of	oligogenicity	in	ciliopathies	remains	unclear,	

digenic	 inheritance	 has	 been	 reported	 in	 a	 small	 number	 of	 families	 affected	 by	

nephronophthisis	(Schaffer,	2013).	

	

Overall,	the	results	of	my	thesis	concord	with	other	studies	underlining	that	oligogenic	

inheritance	of	hypomorphic	 variants	 contributes,	 at	 least	 in	part,	 to	 the	etiology	of	

complex	genetic	disorders.	
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II.	Novel	strategies	for	investigating	the	clinical	impact	of	
hypomorphic	variants	
While	 the	 strategies	 and	 criteria	 for	 identifying	 pathogenic	 variants	 with	 strong	

protein-altering	effect	are	now	well	established	(Richards	et	al.,	2015),	such	mutations	

represent	 only	 the	 ‘tip	 of	 the	 iceberg’	 of	 disease-causing	 variations	 of	 the	 genome	

(Figure	37).	Establishing	the	pathogenicity	of	hypomorphic	variants	 is	challenging	as	

they	 can	 be	 rapidly	 dismissed	 as	 benign	 due	 to	 their	 low	 deleterious	 effect	 and	

inheritance	from	asymptomatic	family	members	(Leitch	et	al.,	2008;	Chapman	et	al.,	

2020;	Bahi-Buisson	et	al.,	2013).	In	my	thesis,	we	attempt	to	address	these	challenges	

by	proposing	novel	strategies	to	investigate	the	clinical	impact	of	hypomorphic	variants	

in	complex	disorders.	

	

Gene-based	prioritization	
The	integrative	approach	described	in	Part	I	allows	for	prioritization	of	hypomorphic	

variants	by	focusing	on	genes	presenting	significant	association	with	the	disease	based	

on	clinical	and/or	transcriptomic	evidence.	Indeed,	a	hypomorphic	variant	in	a	disease-

related	gene	can	play	a	greater	pathogenic	role	than	a	null	variant	in	a	gene	without	

Figure 37. Tip of the iceberg of disease-causing variants. Novel strategies of clinical variant 
interpretation are needed to elucidate genetic mechanisms underlying complex genetic disorders. 

Mutations	with strong protein-altering effect
(nonsense,	deletions,	 insertions,	 CNVs…)

Missense and	splicing variants

Synonymous,	UTR	variants

Intronic,	 Intergenic variants
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any	relation	to	the	disease	mechanism.	Both	clinically-driven	and	transcriptome-driven	

prioritization	 approaches	 resulted	 in	 identification	 of	 novel	 disease	 genes.	 Several	

genes,	 such	 as	 FAT1	 and	 NDST1,	 were	 identified	 by	 clinical	 strategy	 due	 to	 their	

knockout	in	mice	leading	to	HPE-related	phenotypes.	Certain	genes,	such	as	SCUBE2	

and	TCTN3,	were	prioritized	by	transcriptome	analysis	due	to	their	co-expression	with	

known	disease	genes	(SHH,	SIX3,	TGIF1,	ZIC2)	during	embryonic	development.	Further	

investigation	 illustrated	 the	 relevance	 of	 the	 transcriptomic	 approach,	 as	 the	 co-

expressed	genes	are	also	implicated	in	disease-related	pathways	(Thomas	et	al.,	2012;	

Jakobs	et	al.,	2014).	Thus,	co-expression	analysis	of	relevant	transcriptomic	data	can	

provide	 additional	 insight	 into	 disease	 pathogenesis	 by	 establishing	 the	 first	 link	

between	previously	unrelated	genes.		

A	future	challenge	would	be	to	generalize	our	approach	to	other	complex	disorders,	

but	 such	 a	 task	 will	 require	 incorporating	 gene-phenotype	 associations	 and	

transcriptomic	 data	 specific	 for	 each	 disease.	 Moreover,	 our	 strategy	 of	 gene	

prioritization	 can	 be	 further	 improved	 by	 implementing	 additional	 methods.	 For	

example,	the	disease	implication	of	genes	can	be	further	investigated	based	on	other	

network-based	 approaches,	 such	 as	 PPI	 networks,	 or	 using	 gene-phenotype	

associations	of	other	model	organisms,	such	as	rat	and	zebrafish	(Erten	et	al.,	2011;	

Mashimo	et	al.,	2005;	Cheng	et	al.,	2011).	

	

Predicting	the	impact	of	synonymous	variants	
Our	 study	 described	 in	 Part	 II	 provides	 an	 analytical	 framework	 to	 investigate	 the	

pathogenic	impact	of	sSNVs	at	both	the	mRNA	and	the	protein	level.		

At	the	mRNA	level,	splicing-related	defect	can	first	be	 investigated	by	 in	silico	 tools,	

such	as	SPiCE	and	HSF,	followed	by	in	vitro	validation	of	the	most	promising	candidates	

using	 the	minigene	 approach.	 Impact	 of	 sSNVs	 on	miRNA-based	 regulation	 can	 be	

evaluated	using	in	silico	tools	such	as	RegRNA,	which	can	assess	whether	a	particular	

variant	 alters	 a	 known	 or	 predicted	 regulatory	 site.	 For	 example,	 RegRNA	 has	

previously	been	used	to	investigate	the	miRNA-related	impact	of	the	c.313C>T	sSNV	in	

IRGM,	which	was	shown	to	alter	a	miRNA	binding	site	and	influence	gene	expression	
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(Brest	et	al.,	2011).	Impact	of	sSNVs	on	mRNA	folding	can	be	explored	by	comparing	

the	secondary	structures	of	wildtype	and	mutant	sequences	predicted	by	mFold,	as	it	

has	been	done	in	our	study.	Additionally,	several	in	silico	tools,	such	as	SilVA	and	DDIG-

SN,	can	assess	the	impact	of	sSNVs	on	mRNA	folding	by	automatically	computing	the	

variant-induced	 changes	 in	 free	 energy	 (∆G)	 (Buske	 et	 al.,	 2013;	 Livingstone	 et	 al.,	

2017).	Although	the	SHH	variants	analyzed	in	our	study	were	not	associated	with	any	

of	 the	 abovementioned	 defects,	 impacts	 at	 the	 mRNA	 level	 should	 always	 be	

considered	when	assessing	the	pathogenicity	of	sSNVs.		

	

At	 the	 protein	 level,	 our	 study	 illustrated	 that	 deleterious	 impacts	 of	 sSNVs	 on	

translation	can	be	accurately	predicted	using	 in	silico	estimations	of	codon	usage.	In	

particular,	the	variations	of	codon	usage	measured	by	a	three-codon	window	analysis	

(∆MinMax	measure)	have	shown	a	high	correlation	with	the	experimental	measures	of	

protein	reduction.	Although	based	on	a	small	number	of	studied	variants	(n	=	8),	the	

predictive	 power	 of	 our	 in-silico	 estimations	 is	 promising	 for	 future	 investigations.	

Additional	studies	are,	however,	required	to	assess	what	is	the	best	in	silico	method	to	

predict	 impacts	of	 sSNVs	on	codon-mediated	 translational	efficiency.	Besides	RSCU,	

RSBU	and	MinMax	algorithms	used	in	our	study,	codon	optimality	can	be	estimated	by	

other	algorithms	such	as	tRNA	adaptation	index	(tAI)	or	Codon	Adaptation	Index	(CAI)	

(Sharp	and	Li,	1987;	Reis	et	al.,	2004).	tAI	score	defines	translationally	optimal	and	non-

optimal	codons	based	on	the	estimated	abundance	of	the	corresponding	tRNAs	in	the	

cell.	 However,	 the	 tRNA	 abundance	 is	 rarely	measured	 experimentally	 and	 instead	

predicted	in	silico,	using	copy	numbers	of	each	tRNA	gene	as	proxy	(Wei	et	al.,	2019).	

The	CAI	measure	defines	optimal	codons	as	 those	which	are	preferentially	 found	 in	

highly	expressed	genes.	As	such,	using	CAI	in	clinical	context	can	be	challenging	as	it	

requires	 appropriate	 expression	 dataset	 for	 each	 study.	 Therefore,	 CAI	 and	 tAI	

measures	 are	 not	 based	 solely	 on	 codon	 usage	 frequencies	 and	 rely	 on	 additional	

biological	data	which,	if	not	appropriate	to	the	studied	disease,	can	introduce	a	certain	

bias.	Moreover,	CAI	and	tAI	scores	have	been	mostly	used	to	study	codon	bias	at	the	

scale	of	an	entire	gene,	or	even	an	entire	organism	(Pechmann	and	Frydman,	2013;	
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Jansen	et	al.,	2003;	Sahoo	et	al.,	2019).	Such	measures	can,	therefore,	be	not	sensitive	

enough	 to	 detect	 important	 variations	 of	 codon	 usage	 at	 a	 single	 variant	 level	

(Hockenberry	et	al.,	2014).	

	

III.	Autosomal	recessive	inheritance	in	HPE	
My	work	described	in	part	III	explored	the	autosomal	recessive	inheritance	in	HPE	and	

established	 a	 new	 method	 of	 variant	 prioritization	 in	 consanguineous	 families	 by	

homozygosity	 mapping.	 The	 identification	 of	 a	 previously	 reported	 pathogenic	

mutation	in	STIL	 (family	F1)	confirmed	the	ability	of	this	approach	to	 identify	causal	

variants	underlying	consanguineous	cases	of	HPE.	Although	our	analysis	didn’t	reveal	

any	 novel	 pathogenic	 variants	 presenting	 high	 evidence	 of	 causality,	 the	 reported	

genes,	 such	 as	 PLCH1	 and	 SLC30A9,	 can	 provide	 novel	 directions	 for	 the	 study	 of	

disease	mechanisms	 underlying	HPE.	We	 underline	 the	 importance	 of	 investigating	

homozygous	variants	in	HPE,	especially	in	a	consanguineous	context.	As	illustrated	by	

cases	 of	 homozygous	 STIL	 and	 FGF8	 mutations	 described	 previously,	 autosomal	

recessive	inheritance	may	account	for	a	certain	part	of	HPE	etiology	(Mouden	et	al.,	

2015;	Kakar	et	al.,	2015;	McCabe	et	al.,	2011).	Importantly,	a	recessive	origin	must	also	

be	considered	in	non-consanguineous	families,	as	illustrated	by	the	case	of	composite	

heterozygous	mutations	in	DISP1	identified	in	a	HPE	patient	during	molecular	diagnosis	

(Dubourg	et	al.,	2016;	Mouden	et	al.,	2016).	

	

IV.	Perspectives	
	

Impact	of	non-coding	variants	in	HPE	
Overall,	 the	 interpretation	 of	 impact	 of	 non-coding	 variants	 remains	 challenging	

despite	numerous	efforts.	As	such,	pinpointing	specific	genomic	regions	in	which	non-

coding	variants	can	have	a	functional	effect	can	be	of	great	interest.	As	mentioned	in	

the	Introduction,	certain	non-coding	regions,	such	as	promoters	and	enhancers,	act	as	

crucial	regulators	of	gene	expression.	In	clinical	context,	non-coding	variants	affecting	

such	 regulatory	 regions	 can	 contribute	 to	 the	 disease	 pathogenesis	 by	 altering	 the	
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expression	of	genes	involved	in	the	disease	etiology.	With	the	advent	and	increasing	

availability	 of	 WGS	 in	 clinical	 setting,	 exploration	 of	 non-coding	 variants	 can	

substantially	improve	the	molecular	diagnosis	of	complex	disorders.		

Considering	 the	 central	 role	of	SHH	 in	 forebrain	development,	 variants	 affecting	 its	

regulatory	regions	can	be	of	particular	interest	in	HPE.	To	date,	seven	enhancer	regions	

regulating	the	SHH	expression	in	brain,	named	SHH	Brain	Enhancer	1-7	(SBE1-SBE7),	

have	been	identified	(Jeong	et	al.,	2006;	Yao	et	al.,	2016;	Sagai	2019;	Benabdallah	et	

al.,	 2016).	 Additionally,	 two	 regions	 regulating	 the	 SHH	 expression	 in	 the	 ventral	

midline	of	spinal	cord	and	hindbrain,	named	SHH	floorplate	enhancer	1	and	2	(SFPE1,	

SFPE2),	were	 reported	 (Jeong	 et	 al.,	 2008).	 Several	 rearrangements	 affecting	 these	

regions	have	been	reported	in	HPE	patients	(Roessler	et	al.,	1997).	Additionally,	a	point	

mutation	in	SBE2	region,	resulting	in	a	reduced	SHH	expression,	has	been	detected	in	

a	patient	affected	by	semilobar	HPE,	(Jeong	et	al.,	2008).	Regulatory	regions	of	other	

HPE	genes,	 such	as	SIX3,	GLI2,	FGF8	 and	FGFR1	have	also	been	 reported	and	could	

represent	a	potential	source	of	pathogenic	non-coding	variants	(Parakati	and	DiMario,	

2002;	Marinic	et	al.,	2013;	Minhas	et	al.,	2015;	Nakanishi	et	al.,	2016).	

Moreover,	 GLI2	 and	 GLI3,	 the	 final	 effectors	 of	 the	 SHH	 signaling	 pathway,	 act	 as	

transcription	 factors	 (Armas-López	 et	 al.,	 2017).	 Identifying	 the	 downstream	

transcriptional	targets	of	the	SHH-GLI	pathway	and	precise	genomic	locations	of	their	

target	 sites	 (i.e.,	 binding	 sites	 for	 GLI2/GLI3	 transcription	 factors)	 could	 potentially	

pinpoint	novel	genes	and	non-coding	regions	implicated	in	HPE	pathogenesis.	

	
Common	etiologies	between	developmental	anomalies	and	cancers	
It	is	now	well	known	that	early	embryonic	development	presents	many	similarities	with	

tumorigenesis,	at	both	molecular	and	genetic	levels.	With	recent	advances	in	genetics,	

the	 similarities	 between	developmental	 and	 cancer	 biologies	 are	 increasingly	 being	

discovered,	particularly	in	terms	of	epigenetic	regulation	and	gene	expression	(Ma	et	

al.	 2010).	 The	 existence	 of	 children	 simultaneously	 affected	 by	 cancer	 and	

developmental	 abnormalities	 further	 indicates	 the	 relationship	 between	 the	

mechanisms	 of	 embryonic	 development	 and	 tumorigenesis	 (Ruyman	 et	 al.,	 1988).	
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Moreover,	 defects	 in	 developmental	 signaling	 pathways	 are	 also	 associated	 with	

various	cancers.	For	example,	the	major	HPE	gene	SHH,	is	also	implicated	in	pediatric	

medulloblastoma,	 indicating	 its	 essential	 role	 in	 both	 forebrain	 development	 and	

tumorigenesis	(Kool	et	al.,	2014).	Overall,	the	evidence	accumulated	to	date	makes	it	

possible	to	propose	a	common	etiological	model	 in	which	genetic	alterations	would	

disrupt	the	expression	programs	of	developmental	genes,	leading	to	oncogenesis	and	

developmental	anomalies	(Vladoiu	et	al	2019).		

	

In	this	context,	our	research	team	leads	a	multicentre	genetic	study	EXOCARE	(EXOme	

Childhood	Rare	Cancers),	which	aims	to	identify	novel	genes	underlying	both	pediatric	

cancers	 and	 developmental	 defects.	 This	 project	 involves	 analysis	 of	 WES	 data	 of	

children	 simultaneously	 affected	 by	 cancer	 and	 developmental	 abnormalities.	 The	

EXOCARE	study	includes	extensive	analysis	of	the	WES	data	to	identify	causal	genetic	

variants	and	functional	tests	to	assess	the	significance	of	the	most	relevant	candidates.	

This	project	will	allow	a	better	characterization	of	molecular	and	genetic	mechanisms	

involved	in	tumorigenesis	and	developmental	defects,	thus	providing	future	directions	

for	elucidating	 their	common	genetic	etiology.	 In	context	of	HPE,	 the	results	of	 this	

project	will	help	further	elucidate	the	molecular	pathways	implicated	in	both	forebrain	

development	 and	 cancer,	 such	 as	 SHH	 (medulloblastoma),	 Notch	 (breast	 cancer,	

squamous	cell	carcinoma)	and	WNT	(hepatocellular	carcinoma,	Wilm’s	tumor)	(Aster	

et	al.,	2017;	Polakis,	2012).	

	

Organoids:	a	novel	method	to	explore	the	functional	impact	of	genetic	variants	
In	the	current	state	of	knowledge,	the	diagnostic	yield	of	complex	disorders	remains	

low	and	the	identification	of	causal	genetic	factors	is	complicated	by	a	large	number	of	

VUS,	both	coding	and	non-coding,	found	in	every	individual’s	genome.	Moreover,	as	

illustrated	in	this	thesis,	it	is	also	important	to	consider	oligogenic	inheritance	and	the	

combined	effect	of	 several	hypomorphic	variants	 in	multiple	genes.	Even	 in	case	of	

efficient	variant	prioritization	and	reliable	in	silico	predictors,	validating	the	causality	

of	 candidate	 variants	 requires	 exhaustive	 functional	 explorations	 which	 remain	
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challenging	in	the	current	state	of	knowledge	and	clinical	means.	Existing	methods	to	

functionally	validate	the	disease	implication	of	a	candidate	variant	rely	on	genotype-

phenotype	correlations	observed	in	animal	studies	or	in	vitro	experiments	to	illustrate	

the	deleterious	impact	on	gene/protein	function.	Such	approaches	are	very	cost-	and	

time-consuming	 as	 they	 require	 the	 establishment	 of	 one	 experimental	 system	 for	

each	candidate	variant/oligogenic	combination.		

	

Using	NGS	data,	it	is	also	possible	to	investigate	the	impact	of	a	variant	on	the	overall	

“omics	state”	(i.e.,	transcriptomic,	metabolomic,	epigenetic	consequences),	but	such	

studies	are	often	complicated	by	the	lack	of	relevant	biological	material.	For	example,	

several	studies	have	shown	that	35	%	to	80	%	of	mRNAs	are	present	in	both	brain	and	

blood	 samples,	 but	 their	 expression	 levels	 are	 poorly	 correlated	 between	 the	 two	

tissues	 (Tylee	 et	 al.,	 2013).	 In	 case	 of	 HPE,	 investigating	 the	 impact	 of	 a	 candidate	

variant	 on	 the	 transcriptome	 is	 challenging	 as	 the	 relevant	 tissues	 (e.g.,	 embryonic	

brain)	are	often	unavailable	for	functional	studies.	

	

To	circumvent	these	limitations,	our	research	team	is	now	planning	to	explore	a	novel	

diagnostic	method	based	on	molecular	signatures	reflecting	the	overall	biological	state	

associated	to	the	pathology.	To	do	this,	we	plan	to	a	generate	induced	pluripotent	stem	

cells	 (iPSCs)	 from	patients'	 somatic	cells	and	 to	differentiate	 them	 into	 the	disease-

relevant	 tissue	 (neurectoderm	 and/or	 neural	 cell)	 generating	 the	 corresponding	

forebrain	organoids	(Cederquist	et	al.,	2019).	The	idea	is	to	define	molecular	signatures	

of	the	disease	by	comparing	patient-	and	control-derived	organoids	at	transcriptomic,	

epigenetic	 and	 metabolomics	 levels.	 Transcriptomic	 analyses	 will	 allow	 identifying	

genes	presenting	aberrant	expression	in	disease	cases.	Metabolomic	analyses	should	

allow	 identification	 and	 quantification	 of	metabolites,	 thus	 identifying	 the	 disease-

associated	metabolic	consequences.	Epigenetic	signatures	will	allow	us	to	investigate	

alterations	 of	 histone	 and/or	 chromatin	 accessibility.	 Initially,	 we	 will	 focus	 on	

determining	 molecular	 signatures	 for	 disease	 cases	 with	 established	 molecular	

etiology	of	high	redundancy	(e.g.	cases	with	pathogenic	mutations	in	SHH,	ZIC2,	SIX3	
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and	TGIF1).	This	first	step	will	allow	us	to	study	consequences	of	known	pathogenic	

mutations	at	multiple	biological	 levels	and	establish	 relevant	biomarkers	associated	

with	various	manifestations	of	the	disease	spectrum.	In	the	future,	it	would	be	possible	

to	test	the	disease	implication	of	a	candidate	variant	by	genome	editing	the	iPSCs	and	

studying	the	impact	on	molecular	signatures	/	biomarkers	(i.e.,	whether	the	variant-

associated	molecular	signature	corresponds	to	those	previously	established	from	the	

disease	cases).	This	method	has	the	potential	to	provide	a	novel	functional	framework	

of	pathogenic	variant	interpretation.	In	particular,	it	can	provide	a	necessary	functional	

model	to	investigate	the	impact	of	oligogenic	variants	and	further	elucidate	the	genetic	

basis	of	complex	disorders.	

	
	

Conclusion	
The	main	findings	of	this	thesis	elucidate	the	complex	genetic	architecture	of	HPE	and	

underline	the	necessity	to	investigate	unconventional	genetic	mechanisms	of	disease	

pathogenesis,	 currently	 discarded	 by	 traditional	 diagnostic	 procedures.	 Such	

mechanisms	 include	 oligogenic	 inheritance	 of	 hypomorphic	 variants,	 pathogenic	

impact	 of	 sSNVs	 as	 well	 as	 the	 overall	 necessity	 to	 consider	 multiple	 inheritance	

patterns	 in	 diagnosis	 of	HPE.	 To	 explore	 such	mechanisms,	 this	work	 also	 provides	

novel	 strategies	 and	 methods	 of	 pathogenic	 variant	 interpretation	 integrating	

appropriate	clinical	and	biological	data	with	NGS	output.	Ultimately,	these	results	will	

help	 avoid	 misdiagnosis	 and	 greatly	 improve	 patient	 care	 in	 unelucidated	 genetic	

pathologies.		

	

While	 significant	 progress	 has	 been	 made	 in	 deciphering	 the	 genetics	 and	

physiopathology	of	HPE,	 the	disease	arises	after	a	 set	of	 complex	and	 incompletely	

understood	 molecular	 events.	 Progress	 in	 understanding	 the	 etiology	 of	 complex	

disorders	is	increasingly	driven	by	analysis	of	large	scale,	multi-omics	data.	Single	omics	

and	reductionist	methods	(i.e.,	the	“needle	in	a	haystack”	approach)	can	achieve	only	

limited	success	in	identifying	disease-cuasing	factors.	Due	to	the	genetic,	clinical	and	
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molecular	complexity	of	HPE,	future	progress	will	 require	more	holistic,	multi-omics	

methods	 integrating	 heterogeneous	 biological	 and	 clinical	 data	 to	 address	 the	

interrelatedness	of	biological	processes	underlying	forebrain	development.	
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Exploration des bases génétiques de l’Holoprosencéphalie : 

apport de la bio-informatique pour l’étude d’un modèle de maladie génétique

complexe

Par Artem KIM

Institut de Génétique et Développement de Rennes (IGDR), UMR6290 CNRS

Université Rennes 1

Les maladies génétiques sont reconnues comme l'une des principales catégories de

maladies humaines et résultent d'un dysfonctionnement cellulaire causé par une ou

plusieurs  variations  de  la  séquence  du  génome,  appelées  mutations  ou  variants

génétiques.  Lorsque  les  anomalies  en  cause  touchent  les  cellules  germinales  de

l’individu  (génome  constitutionnel),  les  maladies  génétiques  sont  transmises  à  la

descendance et sont dites héréditaires. Les mutations sont à la fois une source de

diversité génétique et un mécanisme majeur de l’évolution. Cependant ces variants

génétiques peuvent également induire un mauvais fonctionnement des cellules et

donc être à l’origine d’une pathologie. Aujourd’hui plus de 6,000 maladies génétiques

sont  répertoriées,  beaucoup  d’entre  elles  sont  mortelles  ou  provoquent  des

affections extrêmement graves. L’un des enjeux les plus importants dans l’étude de

ces maladies est d’identifier le ou les facteurs génétiques responsables.  De par la

connaissance des gènes impliqués dans les maladies humaines, le conseil génétique

permet  alors  d’évaluer  le  risque  de  survenue  d’une  maladie  héréditaire  chez  un

individu.  La  mise  au  point  de  tests  diagnostiques  étendus  permet  aujourd’hui

d’affiner  le  diagnostic  et  d’établir  une  prise  en  charge  thérapeutique  adaptée.

Cependant  certaines  maladies  héréditaires  restent  difficiles  à  diagnostiquer  et  de

nombreux gènes restent à découvrir.



C’est le cas des maladies génétiques complexes,  également appelées les  maladies

non-Mendéliennes.  Contrairement  aux  maladies  monogèniques  ou  Mendéliennes,

causées  par  une  seule  mutation  à  effet  pathogène  fort,  les  maladies  complexes

résultent  d’une  accumulation  de  plusieurs  mutations  à  effet  faible,  également

appelées les variants hypomorphes. La présence d’un seul variant hypomorphe n’a

pas  de conséquences  cliniques,  ces  variants  peuvent  donc être  retrouvés  dans  le

génome  des  individus  asymptomatiques.  Cependant,  l’effet  cumulé  de  plusieurs

variants  hypomorphes  dans  plusieurs  gènes  peut  conduire  à  la  pathogénèse  et

l’apparition  d’une  maladie  génétique.  De  part  de  leur  effet  délétère  faible  et

transmission par des individus non-atteints, les variants hypomorphes responsables

de maladies génétiques sont extrêmement difficiles à identifier dans le cadre clinique.

Ainsi,  les  maladies  génétiques  complexes  présentent  une  étiologie  impliquant

plusieurs facteurs génétiques encore mal compris. 

L’identification de ces  facteurs  nécessite  une meilleure  interprétation du rôle des

variants génétiques identifies par le séquençage haut-débit dans le cadre clinique. En

raison  d’un  grand  nombre  de  variants  identifiés  par  séquençage,  les  stratégies

classiques d’identification de mutations pathogènes se basent sur les approches de

filtration afin d’exclure les variants non-pathogènes (polymorphismes) et identifier un

nombre restreint de variants candidats présentant des arguments en faveur de leur

implication dans la maladie. Les stratégies classiques de filtration sont basées sur la

fréquence des variants en population générale et leur effet délétère prédit par des

outils bio-informatiques. Cependant, ces stratégies sont insuffisantes pour identifier

les variants  hypomorphes impliqués dans  les  maladies génétiques complexes.  Des

approches  complémentaires  de  priorisation  de  variants,  comme  le  phénotypage

profond  et  intégration  de  données  d’expression  des  gènes,  sont  nécessaires  afin

d’améliorer le diagnostic des maladies complexes.



Mes travaux de thèse s’inscrivent dans le cadre des recherches menées dans l’équipe

Génétique  des  pathologies  liées  au  développement  (IGDR  UMR6290  Rennes),

engagée dans l’étude des mécanismes de la voie Sonic Hedgehog (SHH) impliquée

dans le développement du cerveau antérieur. Une dérégulation de cette voie conduit

à  une  pathologie  extrêmement  sévère,  caractérisée  par  des  anomalies  cranio-

faciales, l’holoprosencéphalie (HPE). Cette maladie résulte d’un défaut de clivage du

prosencéphale  lors  du  développement  cérébral  précoce,  conduisant  à  différentes

manifestations phénotypiques au degré de sévérité variable. HPE est associée à un

rendement  diagnostique  très  faible  due  à  sa  complexité  génétique.  Initialement

considérée comme une maladie à transmission autosomique dominante, l’HPE a été

redéfinie  très  récemment  comme  une  maladie  complexe  nécessitant  plusieurs

évènements  mutationnels  touchant  des  gènes  impliqués  dans  les  voies  de

signalisation  du  développement  cérébral,  notamment  la  voie  SHH.  L’existence  de

rares  cas  de  familles  consanguines  atteintes  d’HPE  suggère  que  le  mode  de

transmission autosomique récessif est également envisageable.

L’objectif de ma thèse a été de préciser les mécanismes génétiques impliques dans

l’HPE et de proposer des nouvelles approches bio-informatiques pour améliorer le

diagnostic des maladies génétiques complexes.

Dans un premier temps, j’ai  exploré et décrit pour la première fois des cas d’HPE

causés  par  un  effet  cumulatif  de  plusieurs  variants  rares  agissant  de  manière

hypomorphe. Dans cette étude, j’ai développé une nouvelle stratégie de priorisation

de  variants  en  intégrant  les  associations  gène-phénotype  et  l’étude  des  profils

d’expression des gènes au cours du développement cérébral. Appliquée aux données

de  séquençage  de  26  familles  HPE,  cette  approche  a  permis  d’identifier  des

combinaisons particulières de variants ayant une association forte avec la maladie et

touchant des gènes associés à des voies clés du développement cérébral, notamment

la voie SHH. Ces combinaisons de variants étaient retrouvées exclusivement chez les



individus atteints de chaque famille. J’ai pu valider l’implication de ces combinaisons

dans la maladie en montrant leur enrichissement significatif dans l’HPE comparé à la

population générale (cohortes contrôles GoNL, FREX). Ainsi mes travaux ont montré

l’importance de considérer l’effet combiné de plusieurs variants lors du diagnostic

des patients.

Par la suite, j’ai démontré l’impact pathogène de certaines variations synonymes du

gène SHH sur la traduction, conduisant à un défaut de repliement de la protéine et

apparition  de  l’HPE.  L’analyse  rétrospective  de  données  de  séquençage  de  931

patients  a  permis  d’identifier  huit  variants  synonymes  dans  le  gène  SHH,

significativement enrichis dans l’HPE comparé aux populations contrôles (gnomAD,

FReX,  GoNL),  suggérant  ainsi  leur  rôle  dans  la  maladie.  Les  analyses  statistiques

d’usage de codons ont indiqué un effet de cinq de ces variants sur la traduction du

gène  SHH :  par  introduction  de  codons  synonymes  possédants  les  propriétés

biochimiques différentes, ces variants modifieraient la vitesse de la traduction et la

capacité  de  la  protéine  à  se  replier  correctement.  Les  expériences  in  vitro ont

démontré que ces cinq variants synonymes sont en effet associés à une réduction

significative de la quantité de la protéine produite, réduction allant de 5 % à 23 %. En

inhibant  le  protéasome,  nous  avons  pu  restaurer  les  quantités  protéiques  pour

quatre de ces cinq variants synonymes, confirmant ainsi leur impact sur la stabilité et

le  repliement  de  la  protéine  SHH.   De  plus,  j’ai  pu  montrer  une  corrélation

significative entre les valeurs de réduction protéique évaluées expérimentalement et

les  mesures  computationnelles d’usage de codons (R2=0.83;  P=0.0016),  soulignant

ainsi la pertinence de certains modèles permettant de prédire l’impact des variants

synonymes sur la traduction. Les résultats de cette étude indiquent que les variations

synonymes peuvent avoir un rôle majeur dans les pathologies génétiques encore mal

comprises.



Les travaux de ma thèse contribuent à̀ la compréhension de l’architecture génétique

complexe de l’HPE et proposent de nouvelles méthodes d’analyse des mécanismes

génétiques des maladies complexes. A terme, ces résultats devraient permettre de

réduire l’errance diagnostique et d’améliorer la prise en charge des patients atteints

des maladies génétiques complexes.
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génétiques identifiés par le séquençage haut-débit 
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concernent l’étude d’holoprosencéphalie (HPE) - 

une pathologie cérébrale extrêmement sévère, 

associée à un rendement diagnostique très faible 

due à sa complexité génétique. L’objectif de ma 

thèse est de préciser les mécanismes génétiques 

impliqués dans l’HPE et de proposer des nouvelles 

approches bio-informatiques pour améliorer le 

diagnostic des maladies génétiques complexes.  
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hypomorphe dans les gènes liés à la voie Sonic 

Hedgehog (SHH). Ces travaux ont démontré 
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SHH sur la traduction : par introduction des codons 

possédants les propriétés biochimiques 

différentes, ces variants modifient la capacité́ de la 

protéine à se replier correctement. Ces résultats 

indiquent que les mutations synonymes peuvent 

avoir un rôle majeur dans l’étiologie des maladies 
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Les travaux de ma thèse contribuent à la 

compréhension de l’architecture génétique 
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méthodes d’analyse des mécanismes génétiques 
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Abstract: The etiology of complex genetic 

disorders involves multiple genetic factors that are 

still poorly understood. Identification of these 

factors requires a better clinical interpretation of 

genetic variants identified by high-throughput 

sequencing. My thesis concerns the study of 

holoprosencephaly (HPE) - an extremely severe 

cerebral pathology associated with a very low 

diagnostic yield due to its genetic complexity. The 

objective of my thesis is to elucidate the genetic 

mechanisms underlying HPE and to propose novel 

bioinformatic strategies of pathogenic variant 

interpretation in complex genetic disorders.  

During my thesis, I first identified and described 

cases of oligogenic HPE resulting from a joint effect 

of several rare hypomorphic variants in genes 

related to the Sonic Hedgehog (SHH) pathway. This 

work has shown the importance to consider the  

combined effect of several mutations in molecular 

diagnosis of complex genetic disorders. Second, I 

demonstrated the pathogenic impact of 

synonymous mutations in the SHH gene on 

translation: by introducing codons with different 

biochemical properties, these variants modify the 

capacity of the protein to fold correctly. These 

results indicate that synonymous mutations may 

play a major role in etiology of genetic disorders.  

Overall, my thesis contributes to the understanding 

of complex genetic architecture of HPE and 

proposes novel analytical methods to investigate 

the genetic mechanisms underlying complex 

disorders, such as oligogenic inheritance and 

synonymous variants. Ultimately, these results 

should help avoid misdiagnosis and improve 

genetic counseling in human disorders that remain 

to be resolved. 




