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ABSTRACT	OF	THE	DISSERTATION	
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Measurement	of	head	circumference	is	a	common	practice	in	the	care	of	a	developing	child	as	

it	is	a	high	yield,	low	cost	clinical	test	to	monitor	brain	development.	Macrocephaly,	or	head	

circumference	greater	than	two	standard	deviations	above	the	mean	(>98th	%ile),	can	be	

caused	by	abnormal	brain	growth,	impaired	cerebral	spinal	fluid	drainage,	or	bone	growth.	

While	head	circumference	is	a	normally	distributed	trait	with	normal	variations	in	the	

population,	extreme	variants	in	head	circumference	are	often	associated	with	underlying	

disease	pathogenesis	and,	in	many	cases,	accompanying	behavioral	phenotypes.	Understanding	

the	causes	of	reproducible	macrocephaly	allows	us	to	better	grasp	the	governing	principles	of	

brain	growth	and	furthermore	the	associated	behavioral	abnormalities.	The	clinical	workup	for	

a	child	presenting	with	macrocephaly	is	important	as	it	not	only	dictates	testing,	but	also	can	be	

indicative	of	a	more	insidious	disease	process	with	comorbidities.	With	the	wide	spread	use	of	

massively	parallel	sequencing	technologies	the	genetic	etiologies	of	numerous	de	novo,	

sporadic,	and	rare	genetic	syndromes	have	been	recently	discovered.	We	have	used	this	



	iii	

powerful	detection	tool	to	identify	mutations	in	a	cohort	of	cases	with	Macrocephaly.	We	

present	the	phenotypic	information	for	cases	with	identified	mutations	in	the	genes	PTEN,	

Ptch1,	SUFU,	mTOR,	and	DICER1.	Furthermore,	we	have	modeled	these	mutations	in	human	

cell	lines	and	show	that	their	mechanism	of	action	converges	on	activation	of	mTOR	signaling.	

Lastly,	we	demonstrate	that	infection	of	with	Toxoplasmosis	Gondi	mirrors	this	mTOR	activation	

and	explains	why	congenital	infections	manifest	with	macrocephaly.	We	have	dissected	the	

exact	molecular	mechanism	resulting	from	each	mutation	and	proposed	novel	precision	

medical	approaches	to	treat	these	and	future	cases.	The	work	presented	in	this	dissertation	

demonstrates	the	power	and	utility	of	a	precision	medical	approach	to	patients	presenting	with	

rare	disease	and	abnormal	phenotypes.						
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Chapter	One	

	

The	heterogeneous	genetic	etiologies	of	

macrocephaly:	associated	phenotypes,	novel	

neural	networks,	and	impacts	on	behavior		
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Abstract		

Measurement	of	head	circumference	is	a	common	practice	in	the	care	of	a	developing	child	

as	it	is	a	high	yield,	low	cost	clinical	test	to	monitor	brain	development.	Macrocephaly,	or	

head	circumference	greater	than	two	standard	deviations	above	the	mean	(>98th	%ile),	can	

be	caused	by	abnormal	brain	growth,	impaired	cerebral	spinal	fluid	drainage,	or	bone	

growth.	While	head	circumference	is	a	normally	distributed	trait	with	normal	variations	in	

the	population,	extreme	variants	in	head	circumference	are	often	associated	with	

underlying	disease	pathogenesis	and,	in	many	cases,	accompanying	behavioral	phenotypes.	

Understanding	the	causes	of	macrocephaly	allows	us	to	better	grasp	the	governing	

principles	of	brain	growth	and	furthermore	the	associated	behavioral	abnormalities.	The	

clinical	workup	for	a	child	presenting	with	macrocephaly	is	important	as	it	not	only	

dictates	testing,	but	also	can	be	indicative	of	a	more	insidious	disease	process	with	

comorbidities.	With	the	wide	spread	use	of	massively	parallel	sequencing	technologies	the	

genetic	etiologies	of	numerous	sporadic,	rare,	and	de	novo	genetic	syndromes	have	been	

recently	discovered.	We	have	reviewed	publications	relating	to	the	genetics	of	

macrocephaly.	From	these	publications	we	have	curated	a	macrocephaly-associated	gene	

list	and	subjected	this	list	to	pathway	enrichment	analysis,	functional	analysis,	and	cross	

reference	to	publically	available	gene	sets	including	those	from	Online	Mendelian	

Inheritance	in	Man	

(OMIM)	and	Human	Phenotype	Ontology	(HPO).	We	focus	on	associated	phenotypes,	

overrepresented	signaling	cascades,	and	functional	associations	to	synthesize	a	

comprehensive	review	of	the	genetics	of	macrocephaly.	Most	importantly	we	emphasize	

the	comorbidity	of	neurological	deficits	in	the	reported	cases	including	autism	spectrum	
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disorders,	intellectual	disability,	and	developmental	delay.		We	have	found	that	both	the	

PI3K/Akt/mTOR	pathway	and	the	sonic	hedgehog	pathway	are	significantly	enriched	in	

this	gene	set	and	furthermore	that	many	of	these	genes	are	related	to	or	members	of	

functional	neural	networks.		This	review	helps	to	characterize	the	genetic	heterogeneity	of	

macrocephaly,	guides	the	clinical	work	up	of	future	cases,	summarizes	known	biochemical	

data	where	available,	and	could	shed	additional	light	on	future	treatment	modalities	for	

syndromes	associated	with	this	phenotypic	finding.		
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Introduction	

Measurement	of	head	or	occipital	frontal	circumference	(OFC)	is	a	common	and	

recommended	practice	in	the	developing	newborn	and	infant.	The	measurement	obtained	

at	each	pediatric	well	child	visit	and	is	derived	from	the	placement	of	a	pliable	tape	

measure	around	the	head	using	the	occiput	and	supraorbital	ridges	as	points	of	reference.	

Measurements	are	plotted	on	standard	growth	curves,	most	commonly	those	published	by	

the	world	health	organization	(WHO)	and	the	centers	for	disease	control	(CDC).	These	

charts	compare	measurements	to	standard	trajectories	for	age	and	sex.	This	routine	

screening	is	a	first	line	detection	method	for	numerous	conditions	relating	to	alterations	in	

development	and	function	of	the	skull,	brain	or	its	ventricular	system.	Deviations	from	

normal	are	first	and	foremost	identified	by	increased	or	decreased	head	size,	termed	

macrocephaly	and	microcephaly	respectively.	These	terms	are	defined	by	growth	

measurements	that	are	two	or	more	standard	deviations	from	the	mean	(above	the	98th	

percentile	or	below	the	2nd	percentile).		Macrocephaly	can	be	the	result	of	numerous	

underlying	medical	abnormalities	including	increased	brain	size/volume	

(megalencephaly),	cerebral	spinal	fluid	content	(CSF),	intracranial	blood,	bone	growth,	and	

intracranial	pressure	(Figure	1).	Surveillance	and	identification	of	these	etiologies	is	

important	as	it	dictates	management	of	the	child	and	the	available/appropriate	

interventions.		Megalencephaly	results	in	an	enlarged	brain,	which	may	be	due	to	increased	

proliferation	and	division	of	brain	cells.		The	cause	of	the	increased	proliferation	is	possibly	

genetic	and	in	many	cases	the	result	of	sporadic,	de	novo	mutations	that	affect	growth-

signaling	pathways	therefore	resulting	in	their	deregulation.	Most	interestingly	this	

increase	in	proliferation	is	associated	with	behavioral	phenotypes	including	but	not	limited	
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to	intellectual	disability	(ID),	development	delay	(DD),	and	autism	spectrum	disorders	

(ASDs).	In	fact,	macrocephaly	is	the	most	reproducibly	documented	physical	finding	in	

autism	spectrum	disorder	(ASD)	cohorts1.		

Macrocephaly	is	a	key	finding	in	many	established	overgrowth	syndromes	where	

the	increased	head	circumferences	is	part	of	a	constellation	of	other	somatic	overgrowth	

findings	such	as	tall	stature,	increased	weight,	and	in	many	cases	deregulated	growth	

processes	that	present	as	neoplasms.	Understanding	the	spectrum	of	reported	

macrocephaly	associated	genes	is	essential	for	identifying	growth	signaling	pathways	that	

control	brain	growth	and	aides	in	the	justification	of	novel	variants	which	can	further	cause	

this	phenotypic	entity.			We	present	a	review	of	the	current	literature	on	macrocephaly	

associated	genetic	conditions	as	well	as	their	associated	phenotypic	findings.			 	
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Figure	1-1:		Etiologies	of	altered	head	size			

Flow	sheet	of	the	workup	and	potential	etiologies	for	the	patient	presenting	with	abnormal	

head	size;	we	focused	on	macrocephaly,	which	can	have	numerous	etiologies.		
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Types	of	Macrocephaly:	Extreme,	Relative	or	Disproportionate;	Progressive	or	Static	

The	definition	of	macrocephaly	as	having	an	OFC	greater	than	two	standard	deviations	

from	the	mean	encompasses	many	subtypes	of	macrocephaly.		Extreme	macrocephaly	is	

described	as	macrocephaly	greater	than	three	standard	deviations	above	the	mean	and	is	

most	commonly	associated	with	mutations	in	PTEN	2-4.		Relative	and	disproportionate	

macrocephaly	refers	to	the	relationship	between	head	circumference	and	height.	The	

definition	of	this	term	utilizes	the	“Klein	Ratio	(KR)”	a	derived	value	of	height	

percentile/head	circumference	percentile.		This	measurement	allow	us	to	make	the	

distinction	between	cases	with	large	heads	and	increased	height,	relative	macrocephaly	

(KR	>	.7),	and	cases	with	large	heads	and	disproportionately	shortened	stature,	

disproportionate	macrocephaly	(KR	<	.7)	2.	We	have	found	that	the	clinical	findings	within	

these	two	sub	categories	are	distinct,	possibly	pointing	to	a	differential	involvement	of	

organ	systems	and	distinct	genetic	etiologies.		Macrocephaly	is	also	described	and	

differentiated	by	state,	where	progressive	macrocephaly	worsens	during	development	and	

static	macrocephaly	remains	constant.	Although	the	trajectory	of	head	growth	is	a	

fascinating	subject	for	understanding	temporal	brain	development,	we	will	not	highlight	

this	throughout	the	review,	as	we	believe	the	data	on	these	cases	is	incomplete	due	to	the	

lack	of	reported	true	developmental	measurements	over	standard	lengths	of	time,	such	as	

at	every	well-child	visit.		Lastly	the	sub	category	of	familial	macrocephaly	is	a	term	used	to	

describe	specific	cases	which	have	(1)	an	absence	of	craniofacial,	neurocutaneous	or	

somatic	anomalies	(syndromic),	(2)	normal	brain	radiographs,	and	(3)	a	relative	(parent	or	

sibling)	with	reported	macrocephaly5	(Figure	2).		 	
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Figure	1-2:		Classifications	of	macrocephaly	sub	types		

Within	macrocephaly	there	are	numerous	subgroups.	We	show	and	define	the	common	

grouping	used	throughout	this	review.		
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A	note	on	Hydrocephalus		

Increased	head	circumference	secondary	to	increased	cerebral	spinal	fluid	is	referred	to	as	

hydrocephaly.			While	the	etiology	of	hydrocephaly	can	be	infection,	birth	defect,	

hemorrhage,	and/or	injury,	the	large	majority	of	cases	are	caused	by	obstructed	ventricular	

outflow.	Cases	with	macrocephaly	in	the	perinatal	period,	which	may	be	present	at	birth	or	

have	a	sudden	onset,	undergo	a	diagnostic	work-up	to	determine	the	type	(communicating	

versus	non-communicating),	and	in	some	cases	the	etiology.			There	are	also	genetic	

syndromic	cases	where	the	hydrocephaly	is	part	of	a	larger	reproducible	phenotype.	We	

have	identified	a	list	of	350	genes	associated	with	syndromes	where	hydrocephaly	is	a	key	

component.	Most	interestingly	these	genes	show	statistically	significant	enrichment	for	

components	of	the	cilium	(n=64,	p=5.6	x	10-34)	and	microtubule	cytoskeleton	(n=59,	

p=5.7x10-13).		Pertinent	examples	of	hydrocephaly-associated	genetic	syndromes	include:	

hydrocephalus	due	to	aqueductal	stenosis	(OMIM:	307000)	and	Peters-plus	syndrome	

(OMIM:	261540).		The	overlap	between	hydrocephaly-	and	megalencephaly-associated	

genes	is	striking	and	includes	genes	such	as	PTEN,	AKT3	and	PIK3CA.	For	that	reason	we	do	

not	attempt	to	use	hydrocephaly	as	an	exclusion	criterion	for	the	remaining	conditions	as	

there	is	phenotypic,	genetic,	or	functional	overlap	between	these	two	clinical	entities.		

	

Macrocephaly	Associated	Genes	

We	conducted	a	compressive	literature	search	for	all	reported	macrocephaly	genes	by	

querying	PubMed	<https://www.ncbi.nlm.nih.gov/pubmed>	for	the	key	words	

“macrocephaly	gene”	on	March	13th	2017.			This	search	yielded	707	publications,	which	

were	curated	manually.	We	excluded	publications	in	animal	models	(n=77),	publications	
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with	no	genetic	information	or	cases	with	macrocephaly,	and	publications	deemed	“outside	

of	the	scope”	of	the	search	(n=130).	We	were	then	left	with	539	articles	that	were	

composed	of	23	relating	to	the	clinical	management	of	cases,	73	reviews,	and	443	primary	

articles	reporting	novel	genetic	and	clinical	associations.		The	novel	genetic	findings	

subgroup	was	composed	of	289	single	nucleotide	variations	(SNVs)	and	155	copy	number	

variations	(CNVs,	Figure	3).	 	
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Figure	1-3:		Comprehensive	macrocephaly	literature	review.			

To	better	curate	the	genes	associated	with	macrocephaly	phenotypes,	we	undertook	a	

review	of	all	literature	obtained	through	PubMed	for	the	search	term	“macrocephaly	gene.”	

We	then	filtered	out	all	the	articles	without	clinical	macrocephaly	and	those	that	were	

reported	in	animal	models.		Of	the	539	remaining	articles	we	focused	on	the	443	with	novel	

genetic	findings/associations.	Within	this	group	we	found	289	single	nucleotide	variants	

(SNVs)	and	154	copy	number	variants	(CNV).	We	collected	all	genetic	and	phenotypic	

information	from	these	reports	into	a	master	gene	list.		
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The	genes	from	the	SNV	articles	(n=163)	were	combined	into	a	master	gene	list	and	to	this	

list,	those	genes	from	the	CNV	articles	that	were	listed	as	potential	candidates	with	any	

degree	of	experimental	functional	or	predictive	evidence	were	added	(n=183).	These	lists	

were	compared	to	one	another	and	showed	overlap	of	31	shared	genes,	125	unique	SNV	

genes,	148	unique	CNV	candidate	genes,	and	an	aggregate	total	of	299	genes	from	the	

literature	(Figure	4).	We	will	herein	refer	to	this	list	as	the	literature-associated	

macrocephaly	gene	list	or	“Lit-Macro”	(complete	gene	list,	reference	list	and	annotations	

presented	in	the	supplement).				 	
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Figure	1-4:		Generating	a	master	gene	list	from	the	available	literature.		

Comparison	of	genes	with	reported	single	nucleotide	variations	(SNVs)	and	candidate	

genes	in	the	copy	number	variations	(CNVs)	revealed	125	unique	SNV	genes,	148	unique	

CNV	genes,	and	31	shared	genes	which	were	combined	into	a	master	gene	list	of	304	

macrocephaly	associated	genes	from	the	literature.		
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Comparison	of	literature	gene	list	to	established	macrocephaly	gene	lists		

Using	the	Online	Inheritance	in	Man	(OMIM)	database	we	ascertained	a	list	of	all	genes	

associated	with	syndromic	macrocephaly	by	querying	the	terms	“macrocephaly”	and	

“megalencephaly.”	From	this	source	we	identified	499	distinct	clinical	entities.	After	

filtering	through	the	data	set	and	removing	repeated	genes	we	found	a	final	gene	list	of	251	

genes.	We	will	herein	refer	to	this	gene	list	as	the	online	inheritance	in	man	(OMIM)-

associated	gene	list	“OMIM-Macro”	(complete	gene	list,	reference	list,	and	annotations	

presented	in	the	supplement).			We	also	queried	Human	Phenotype	Ontology	(HPO)	for	an	

additional	gene	list	using	the	term	“macrocephaly”	(HPO:0000256)	which	yielded	a	list	of	

192	genes.	We	will	herein	refer	to	this	gene	list	as	the	human	phenotype	ontology	(HPO)	

macrocephaly-associated	gene	list	“HPO-Macro”	(complete	gene	list,	reference	list	and	

annotations	presented	in	the	supplement).				Comparing	the	three	genes	lists	revealed	34	

genes	shared	by	all	three	lists,	and	104	genes	shared	by	two	of	the	three	gene	lists.	This	

analysis	also	shows	that	there	are	135	OMIM-Macro	specific	genes,	84	HPO-Macro	specific	

genes,	and	213	specific	Lit-macro	genes.		We	finally	combined	the	three	lists	in	a	master	

gene	list	of	570	genes,	which	we	will	herein	refer	to	as	the	combined	macrocephaly-

associated	gene	list	“Comb-Macro”	(Figure	5,	complete	gene	list,	reference	list	and	

annotations	presented	in	the	supplement).		 	
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Figure	1-5:	Comparison	of	publically	available	gene	lists	to	the	gene	list	generated	from	the	

literature	

We	compared	the	master	gene	list	generated	from	the	literature	to	those	available	from	

online	mendelian	inheritance	in	man	(OMIM)	and	human	phenotype	ontology	(HP).		While	

there	is	overlap	reported	in	these	gene	lists,	we	found	213	genes	additional	genes	not	in	

our	curated	list,	which	demonstrates	the	power	of	manually	curating	literature-associated	

gene	lists.			
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Functional	enrichment	analysis		

We	subjected	the	Lit-Macro	gene	list	to	functional	and	pathway	cluster	enrichment	analysis	

using	the	ToppFun	tool	in	the	ToppGene	suite	<https://toppgene.cchmc.org/>.	Which	

identifies	enriched	clusters	in	gene	lists.		We	used	the	probability	density	function	to	

estimate	p-values	and	the	Bonferroni	correction	method	for	multiple	tests.		We	also	used	a	

level	of	significance	of	0.05	and	gene	limits	1≤n≤2000.		The	clusters	which	were	enriched	

most	significantly	in	this	gene	set	were	central	nervous	system	development,	neurogenesis,	

generation	of	neurons,	head	development,	neuron	differentiation,	and	brain	development	

(n=78,	97,	89,	62,	80,	58;	corrected	p-values=	2.33x10-30,1.14x10-29,7.12x10-26,6.13x10-

23,3.60x10-22,4.88x10-21).	We	compared	this	enrichment	to	the	Comb-Macro	gene	list	and	

found	biologically	relevant	similarities	with	the	most	enriched	clusters	being	neurogenesis,	

central	nervous	system	development,	cell	projection	organization,	generation	of	neurons,	

head	development,	brain	development	(n=	152,	117,	137,	141,	98,	92;	corrected	p-values=	

3.31x10-38,	3.25x10-37,	2.68Ex10-35,	2.94x10-34,	5.62x10-32,	1.29x10-29).		We	also	found	

enrichment	for	the	localization/cell	types	where	these	genes	are	expressed.	For	the	Lit-

Macro	gene	list,	we	observed	enrichment	for	the	neuron	projection,	neuron	part,	

somatodendritic	compartment,	excitatory	synapse,	and	axon	(n=63,	66,	44,	23,	32;	

corrected	p-value=	6.15x10-16,3.21x10-12,8.33x10-10,4.91x10-09,7.88x10-08).	The	Comb-

Macro	list	showed	similar	enrichment:	cell	projection	part,	neuron	projection,	neuron	part,	

ciliary	part	and	cilium	(n=94,	87,	100,	42,	51;	corrected	p-value=	8.97x10-19,5.92x10-

14,5.84x10-13,1.82x10-12,1.40x10-11).	Interestingly,	the	cilium	and	ciliary	part	clusters,	we	

believe,	are	enriched	because	these	genes	are	reported	in	publically	available	

“macrocephaly”	gene	lists	(OMIM	and	HPO);	however,	this	is	due	to	cases	of	underlying	
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hydrocephaly	and	as	already	discussed,	these	genes	show	over-representation	of	cilium	

associated	genes.		This	finding	exemplifies	the	need	for	well-curated	gene	lists	and	the	

potential	pit	falls	of	using	publically	available	gene	lists	for	analysis.		

Pathway-enrichment	

We	found	significant	enrichment	for	the	following	pathways	in	the	Lit-Macro	gene	list:	

signaling	by	NGF,	signaling	by	FGFR,	PI3K-Akt	signaling	pathway,	signaling	by	ERBB2,	and	

Hedgehog	signaling	Pathway	(n=26,	18,	25,	16,	7;	corrected	p-value=	3.37x10-07,7.65x10-

06,9.57x10-05,3.25x10-04,3.34x10-04).	We	found	significant	enrichment	in	the	Comb-Macro	

gene	list	for	Insulin	receptor-related	events	triggered	by	IGF1R,	Hedgehog	signaling	

pathway,	ErbB	signaling	pathway,	signaling	by	EGFR,	and	estrogen	signaling	pathway	(n=	

21,	10,	18,	25,	17;	corrected	p-value=	3.39x10-09,2.68x10-06,3.04E-06,6.74x10-06,1.59E-04).	

Manually	searching	these	enriched	clusters	made	it	evident	that	PI3K-AKT	and	hedgehog	

signaling	cascades	are	central	to	these	enrichments,	we	provide	a	review	of	the	pertinent	

mutations	and	associated	phenotypes	for	these	pathways	and	their	targets.				

	

The	PI3K-AKT	Pathway		

The	PI3K/AKT	pathway	is	a	central	signaling	axis	that	relays	external	stimuli	to	

numerous	intercellular	effector	pathways.		Mutations	to	genes	within	this	pathway	result	in	

human	overgrowth	phenotypes.	Through	our	analysis	we	have	identified	mutations	in	(1)	

core	components	of	the	pathway,	(2)	secondary	FGF	receptors,	(3)	collagen	types	1	and	2	

chains,	and	(3)	components	of	the	RAS	signaling	cascade	that	may	interact	with	this	

pathway.	Furthermore,	these	variants	highlight	the	genetic	heterogeneity	of	macrocephaly	
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and	show	the	striking	association	between	deregulation	of	this	pathway	and	macrocephaly	

phenotypes.		

PI3K/AKT/mTOR	Core	components	

At	every	level	of	the	core	canonical	mTOR-signaling	pathway,	mutations	result	in	

macrocephaly-associated	overgrowth	phenotypes.	These	mutations	present	as	one	of	two	

varieties:	inactivating	mutations	in	negative	regulators	of	the	pathway	or	activating	

mutations	in	positive	regulators	of	the	pathway.	The	inactivating	mutations	are	confined	to	

PTEN,	TSC1,	and	TSC2,	all	negative	regulators.	These	cases	largely	present	as	germline	

mutations	in	widely	distributed	affected	phenotypes.	Mutations	in	PTEN	cause	a	spectrum	

of	genetic	syndromes	collectively	referred	to	as	the	PTEN	Hamartoma	Tumor	Syndromes.	

This	collection	of	phenotypically	diverse	syndromes	include	Bannayan-Riley-Ruvalcaba	

syndrome	(BRRS,	MIM:	153480),	Cowden	syndrome	1	(CD1,	MIM:	158350),	and	

macrocephaly/autism	syndrome	(MIM:	605309).		These	syndromes	have	distinct	

phenotypic	manifestations	such	as	the	characteristic	penile	freckling	observed	in	BRRS	and	

the	multiple	tissue	neoplasms	observed	in	CD1;	however,	they	also	share	common	

phenotypes	including	macrocephaly3,6,7,	obesity/somatic	overgrowth,	and	dysmorphic	

facial	features.		The	mutations	reported	in	PTEN	are	all	suspected	to	be	loss	of	function8.		

Even	with	this	increased	understanding,	there	is	a	lack	of	genotype-phenotype	correlation	

and	it	is	not	yet	fully	understood	what	underlies	the	exact	genetic	pathophysiology	in	each	

syndrome.	Further	down	the	signaling	cascade	inactivating	mutations	in	TSC1	and	TSC2	

cause	Tuberous	sclerosis-1	(TSC1,	MIM:	191100)	and	Tuberous	sclerosis-2	(TSC2,	MIM:	

613254)	these	diseases	are	characterized	by	multiple,	benign	hamartomas	in	numerous	

organ	systems.		The	macrocephaly	in	these	patients	is	a	result	of	hemimegalencephaly	and	
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focal	megalencephaly	9,10.	The	lack	of	genotype-phenotype	correlation	within	these	

syndromes	is	still	poorly	understood;	however	there	are	some	developments	which	point	

to	temporal	mTOR	activation	as	being	a	pivotal	factor	in	TSC	signaling	11.	The	remaining	

mutations	in	the	core	pathway	represent	activating	mutations	in	drivers	that	increase	

signaling.	Activating	mutations	are	clustered	on	nucleotides	that	affect	specific	amino	acids	

resulting	in	either	constitutive	activation	or	a	loss	of	ability	to	be	inhibited.	These	

mutations	present	largely	as	mosaic	most	likely	due	to	the	fact	that	they	are	not	tolerated	

as	germline	mutations	in	keeping	with	Happle’s	Hypothesis11,12.	As	such,	these	mutations	

present	with	phenotypes	of	varying	severity	depending	on	the	extent	of	affected	tissue	

types.		Mutations	to	PIK3CA	are	associated	with	megalencephaly-capillary	malformation-

polymicrogyria	syndrome	(MACP,	MIM:	602501)13,		CLOVES	syndrome	(MIM:	612918)14,	

and	Cowden	syndrome	5	(CWS5,	MIM:	615108)15.	MCAP	is	characterized	by	

polymicrogyria,	megalencephaly,	and	overgrowth	as	well	as	asymmetry	of	the	brain,	

asymmetry	of	the	body,	vascular	malformations,	and	syndactyly.		CLOVES	syndrome	is	

associated	with	irregular	dysplastic	adipose	tissue,	truncal	vascular	malformations,	

scoliosis,	and	enlarged	bony	structures.		CWS5	is	a	genetic	variant	of	PTEN-associated	

CWS1	and	therefore	shows	strong	phenotypic	overlap	with	associated	PTEN	mutations16.			

Mutations	in	PIK3R2	are	associated	with	megalencephaly-polymicrogyria-polydactyly-

hydrocephalus	syndrome	1	(MPPH1,	MIM:	603387).		MPPH1	is	associated	with	

megalencephaly,		macrocepahly,	polymicrogyria,	hydrocephalus	and	sometimes	

polydactyly.	Mutations	in	AKT1	are	associated	with	the	proteus	syndrome	(MIM:	176920)	

and	Cowden	syndrome	6	(CWS6,	MIM:	615109).	Proteus	syndrome	is	characterized	by	

asymmetric	overgrowth,	vascular	malformations,	megaspondylodysplasia,	connective	
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tissue	and	epidermal	nevi,	and	irregular	adipose	tissue.	CWS6	is	a	genetic	variant	of	PTEN	

and	therefore	shows	strong	phenotypic	overlap	with	associated	PTEN	mutations16.		

Mutations	in	AKT3	are	associated	with	megalencephaly-polymicrogyria-polydactyly-

hydrocephalus	syndrome	2	(MPPH2,	MIM:	615937)	a	genetic	variant	of	MPPH1	that	is	

phenotypically	identical.	Mutations	in	mTOR	are	associated	with	Smith-Kingsmore	

syndrome	(SKS,	MIM:616638)	which	is	characterized	by	intellectual	disability,	seizures,	

macrocephaly,	and	dysmorphia.		

Mutations	in	members	of	the	PP2A	Family	

PP2A	is	a	direct	negative	regulator	of	AKT.	Mutations	in	members	of	the	protein	

phosphatase	2A	(PP2A)	regulatory	subunit	B	family	including	PPP2R5D,	PPP2R5C,	and	

PPP2R5B	are	associated	with	an	overgrowth	syndrome(s)	and	are	predicted	to	disrupt	this	

inhibitory	action,	thus	activating	AKT	function.17	These	mutations,	first	reported	by	

Loveday	et	al,	currently	have	no	formal	syndromic	name;	however,	they	are	characterized	

by	somatic	overgrowth,	macrocephaly	and	intellectual	disability.	

Mutations	of	the	FGF	Receptor		

The	FGF	receptor	lies	upstream	of	the	PI3K	signaling	cascade	and,	when	activated,	can	

increase	not	only	PI3K	signaling,	but	also	coordinated	activation	of	RAS/MAPK,	STAT	and	

PLCΥ18,19.	Interestingly,	gain	of	function	mutations	in	FGFR2	and	FGFR3	are	associated	with	

macrocephaly	syndromes.	Gain	of	function	mutations	in	FGFR2,	including	p.Try290Cys	and	

p.Ser351Cys,	cause	Pfeiffer	syndrome	(PS;	MIM:101600)	which	results	in	a	phenotype	

including		brachydactyly,	craniosynostosis,	dysmorphia,	variable	syndactyly,	and	can	be	

associated	with	macrocephaly20,21.	The	murine	model	solidified	the	role	of	these	mutations	

where	mutants	demonstrate	megalencephaly	among	other	congruent	phenotypes	including	
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midline	disorders	and	ventricular	wall	alterations	22.	Likewise,	specific	mutations	in	FGFR3,	

p.Pro250Arg,		cause	Muenke	Syndrome	(MNKES,	MIM:		602849)	which	result	in	

macrocephaly	as	well	as	synostosis,	dysmorphia,	thimble-shaped	middle	phalanges,	

brachydactyly,	deafness,	and	developmental	delay23,24.		In	combination,	these	variants	

show	that	pathogenic	activation	of	the	FGF	receptor	results	in	striking	phenotypes	with	

both	common	and	unique	findings	to	those	of	core	PI3K	mutations;	the	unique	findings	are	

possibly	the	result	of	other	pathway	activation	while	we	argue	the	macrocephaly	is	a	result	

of	AKT	activation.		

Mutations	in	Components	of	the	Extracellular	Matrix		

The	extracellular	matrix	(ECM)	is	a	complex	collection	of	secreted	proteins	that	surround	

and	support	neighboring	cells.		The	ECM	is	also	involved	in	complex	signaling	cascades	that	

aide	the	cells	in	determining	and	responding	to	external	stimuli.	Specifically,	components	

of	the	ECM	interact	with	membrane	embedded	TGFβ	receptors	and	causes	dimerization	

which	then	transduces	the	signaling	into	cytoplasmic	signaling	cascades.	TGFβRII	and	

TGFβRI	dimerize	and	activate	a	number	of	substrates	including,	but	not	limited	to	SOS1,	

PI3K,	Rac,	and	RhoA.	We	are	most	interested	in	the	interaction	of	the	ECM	with	the	PI3K	

pathway	as	mutations	to	components	of	the	ECM	have	been	reported	in	cases	with	

macrocepahly-associated	phenotypes.	Mutations	in	collagen	fiber	type	I	alpha	chains	

(COL1A1	and	COL1A2)	are	associated	with	osteogenesis	imperfecta	(OI)	which	is	

characterized	by	severely	weakened	bones	that	are	prone	to	fractures,	hearing	loss,	and	

short	stature.	In	its	progressively	deforming	type	(OI	Type	III),	macrocephaly	with	enlarged	

ventricles	is	seen;	barrel	chest	deformity	and	blue	sclera	are	also	common	phenotypic	

findings	within	this	subgroup	25.		Similarly,	mutations	in	the	collagen	type	II	alpha	chain	
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(COL2A1)	have	been	reported	in	association	with	macrocephaly.	A	mother/child	case	

report	with	documented	dominant	COL2A1	nonsense	mutation	showed	that	these	

mutations	are	associated	with	short	stature,	macrocephaly,	skeletal	dysplasia,	hearing	loss,	

and	dysmorphia26.	Additionally,	a	case	was	reported	to	have	mutations	in	both	COL2A1	and	

Gli3,	an	effector	of	Sonic	Hedgehog	Signaling	(discussed	later).	This	patient	presented	with	

macrocephaly	in	addition	to	syndactylies	and	severe	skeletal	dysplasia	27.	Mutations	to	the	

collagen	type	III	chain	were	reported	in	a	mother/child	series	with	Ehlers-Danlos	

syndrome	(EDS).	Although	macrocephaly	does	not	fall	into	the	common	phenotypic	

spectrum	of	EDS	these	patients	presented	with	macrocephaly,	secondary	to	hydrocephaly	

in	infancy28.	Lastly,	mutations	to	the	laminin	beta	subunit	LAMB1,	another	component	of	

the	ECM,	have	been	reported	to	be	associated	with	macrocephaly.	In	addition,	these	cases	

present	with	severe	progressive	neurodegeneration,	epilepsy,	optic	atrophy,	anterior	

subcapsular	lens	opacities,	and	deafness;	the	macrocephaly	was	characterized	by	

enlargement	of	the	ventricles29.		As	a	whole,	ECM-associated	macrocephalic	cases	are	a	

distinct	entity	with	unique	phenotypes	including	varying	degrees	of	short	stature,	skeletal	

dysplasia,	and	hearing	loss.	The	macrocephaly	is	in	many	cases	secondary	to	hydrocephaly	

and	can	be	characterized	by	increased	ventricular	size.	Also,	the	macrocephaly	is	

disproportionate	which	as	previously	discussed	means	the	head	circumference	is	increased	

in	comparison	to	the	smaller	than	average	body	(Figure	2)	therefore	making	the	difference	

more	pronounced.	Ultimate	diagnosis	results	from	a	combination	of	genetic	and	clinical	

evaluations	and	has	strong	implications	for	prognosis.			

	 RAS	Signaling		
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The	RAS-ERK	signaling	cascade	relays	diverse	signals	from	the	environment	into	adaptive	

cellular	activity.			Similar	to	the	PI3K	pathway	signaling	begins	at	receptor	tyrosine	kinases	

and	continues	into	the	cytoplasm/nucleus.	Specifically	Grb2	and	SOS1	assemble	at	the	

receptor	to	facilitate	the	transfer	of	a	phosphate	to	RAS-bound	GDP	forming	active	Ras-

GTP.	The	cascade	continues	with	Ras-GTP	signaling	Raf,	MEK,	ERK	and	finally	RSK	in	the	

canonical	core-signaling	unit.		This	pathway	has	numerous	effectors	and	cross	talks	with	

additional	signaling	cascades.	We	highlight	cross	talk	to	the	PI3K	signaling	pathway.		

Starting	closest	to	the	receptor,	Ras-GTP	can	interact	directly	with	PI3K	and	activate	it.	

Additionally,	Erk	secondary	signaling	can	activate	PI3K	and	directly	activate	mTORC1.	Erk	

and	RSK	are	furthermore	involved	in	complex	negative	feedback	mechanisms	that	

inactivate	TSC1	and	TSC2.		This	cross	talk	is	not	unidirectional	as	activated	AKT	signaling	

can	inhibit	Raf30-36.	The	high	level	of	interconnected	signaling	demonstrates	a	delicate	

balancing	in	these	two	pathways.	Interestingly,	mutations	in	members	of	the	Ras-ERK	

signaling	pathway	result	in	syndromes	that	are	associated	with	macrocephaly.		Ras	has	

three	isoforms	(HRAS,	KRAS	and	NRAS),	which	are	each	associated	with	a	constellation	of	

overlapping	and	unique	phenotypes.	Gain	of	function	mutations	(most	commonly	G12S)	in	

HRAS	are	associated	with	Costello	syndrome	(CSTLO,	MIM:	218040).	This	syndrome	is	

associated	with	macrocephaly,	papillomata,	dysmorphic	facial	features,	hypertrophic	

cardiomyopathy,	neoplasms,	and	developmental	delay.	The	macrocephaly	in	these	cases	is	

the	result	of	cerebellar	enlargement	and	results	in	progressive	frontal	bossing	37.		Similar	to	

the	macrocephaly-capillary	malformation	syndrome	(described	above)	cerebellar	tonsillar	

herniation	is	a	common	finding	that	is	proposed	to	arise	from	abnormal	and	unregulated	

genesis	of	neuronal	cells	as	well	as	structural	abnormalities38,39.	Mutations	in	KRAS	and	
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NRAS	are	associated	with	Noonan	syndromes	3	(NS3,	MIM:	609942)	and	6	(NS6,	MIM:	

613224).	In	addition	to	macrocephaly,	NS3	and	NS6	are	associated	with	cardiac	septal	

defects,	developmental	delay,	short	stature,	myelomonocytic	leukemia,	webbed	neck,	and	

sagittal	suture	synostosis	40-44.		Lastly	SOS1	mutations,	upstream	of	the	RAS	isoforms,	are	

associated	with	Noonan	Syndrome	4	(NS4,	MIM:	610733).	This	form	of	Noonan	syndrome	

is	characterized	by	macrocephaly,	increased	pulmonic	stenosis,	keratosis	pilaris,	curly	hair,	

and	a	lack	of	atrial	septal	defects	45,46.		Finally	mutations	in	MAP2K2,	a	map	kinase	

downstream	of	Ras	signaling,	cause	an	overlapping	phenotype	named	

Cardiofaciocutaneous	Syndrome	4	(CFC4,	MIM:	615280)	which	is	characterized	by	

macrocepahly,	cardiac	septal	defects,	cardiomyopathy,	craniofacial	dysmorphia,	xerosis,	

hyperkeratosis,	eczema,	pigmented	moles,	and	hemangiomas	47.	Additionally,	MAP2K2	is	a	

candidate	gene	in	the	19p13.3	microduplication	syndrome,	which	is	associated	with	

macrocephaly,	developmental	delay,	hypotonia,	speech	delay	and	dysmorphia	48,49.		As	a	

whole	these	activating	mutations	in	KRAS,	HRAS,	NRAS,	MAP2K2,	and	SOS1	represent	a	

group	of	macrocephaly-associated	conditions	that	are	molecularly	and	clinically	distinct.	

We	stress	the	presence	of	macrocephaly	in	each	of	the	conditions	and	attribute	this	to	the	

cross	talk	between	the	RAS	and	PI3K	signaling	pathways.		

	 Mutations	in	PI3K	Targets	outside	of	mTOR	canonical	signaling		

Outside	of	canonical	mTOR	signaling	there	are	numerous	targets	and	inputs	of	PI3K/AKT	

signaling	in	which	mutations	are	associated	with	macrocephaly.		These	include	MCL1,	

GNB3,	CCND2,	and	EFNA3.		MLC-1	is	downstream	target	of	AKT	signaling,	via	the	

intermediate	GSK,	and	is	a	potent	inhibitor	of	apoptosis.		Mutations	in	MLC-1	are	associated	

with	megalencephalic	leukoencephalopathy	with	subcortical	cysts	(MIM:	604004).	This	
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disease	demonstrates	autosomal	receive	inheritance.	It	is	clinically	characterized	by	

neurologic	deterioration,	epilepsy,	spasticity,	and	macrocephaly	50,51.	Cyclin	D2,	CCND2,	is	

another	downstream	target	of	AKT	signaling	and	involved	in	cell	cycle	regulation.	

Mutations	in	CCND2	have	been	associated	with	megalencephaly-polymicrogyria-

polydactyly-hydrocephalus	syndrome	3	(described	above,	MPPH,	MIM:	615938).	These	

mutations	occur	surrounding	a	residue	that	is	phosphorylated	by	GSKB	.The	mutant	

proteins	are	shown	to	be	resistant	to	degradation	52.	It	has	been	hypothesized	that	Cyclin	

D2	stabilization	is	the	ultimate	cause	of	MPPH,	which	can	be	caused	by	specific	mutations	

to	CCND2	itself	or	PI3K/AKT	activation	secondary	to	gain	of	function	mutations.	The	GNB3	

locus	codes	for	the	GB3	protein.	This	protein	associates	with	additional	subunits	and	

activates	signaling	cascades	including	PI3K	and	AKT.	Most	interestingly,	loss	of	GBN3	is	

associated	with	decreased	AKT	phosphorylation53.		Duplications	involving	GBN3	have	been	

reported	to	be	associated	with	macrocephaly	as	well	as	intellectual	disability,	obesity,	and	

seizures54.	It	should	be	noted	that	this	association	may	also	be	due	to	contribution	of	other	

genes	within	the	duplication;	however,	mouse	models	do	support	GBN3s	role	in	somatic	

overgrowth	and	show	expression	in	the	brain.		EFNA3	codes	for	Ephrin	A3,	which	binds	to	

receptor	tyrosine	kinases	and,	via	IRS1,	can	signal	PI3K.	Additionally,	EFNA3	deletions	in	

malignant	peripheral	nerve	sheath	tumors	(MPNST)	increases	the	expression	of	PI3K,	

while	overexpression	of	EFNA3	decreases	PI3K	expression	via	mechanisms	not	yet	

understood	55.		Recently	a	mutation	in	EFNA3	was	reported	in	the	Autism-Epilepsy	

phenotype	with	macrocephaly,	which	we	propose	has	strong	phenotypic	overlap	to	

mutations	in	PTEN	due	to	PI3K/AKT	over	activity.	In	aggregate,	these	mutations	confirm	

the	role	of	PI3K	signaling	and	implicate	targets	of	the	pathway	in	ultimate	pathogenesis.		It	
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is	important	to	evaluate	the	potential	interconnectedness	of	variants	identified	in	

Macrocephaly	cases	for	cross	talk	to	the	PI3K/AKT	pathway,	which	is	central	to	its	

development.		(Mutations	Summarized	in	Table	1	and	Figure	6)	

Table	1-1:	PI3k/AKT/mTOR	signaling-macrocephaly-associated	syndromes		

These	genes	were	identified	via	our	pathway	enrichment	analysis;	for	each	gene,	we	

present	the	syndrome	associated	with	it	and	the	reference	which	first	reported	its	

association.		
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Table	1-1:	PI3k/AKT/mTOR	signaling-macrocephaly-associated	syndromes		

These	genes	were	identified	via	our	pathway	enrichment	analysis;	for	each	gene,	we	

present	the	syndrome	associated	with	it	and	the	reference	which	first	reported	its	

association.		

	

PI3K/AKT/mTOR	Core	Components	 	 	

Gene	 Associated	

Syndrome(s)	

Reference	

PIK3CA	 phosphatidylinositol-4,5-bisphosphate	3-kinase	catalytic	subunit	alpha	 CLOVES	Syndrome,	Cowden	

Syndrome	5,	Megalencephaly-
capillary	malformation-

polymicrogyria	syndrome	

14,	56,	57,	15,	13		

PIK3R2	 phosphoinositide-3-kinase	regulatory	subunit	2	 Megalencephaly-

polymicrogyria-polydactyly-

hydrocephalus	syndrome	1	

	

58	

PTEN	 phosphatase	and	tensin	homolog	 PTEN	hamartoma	tumor	

syndrome	

		

3	

AKT1	 AKT	serine/threonine	kinase	1	 Cowden	syndrome	6,		Proteus	

syndrome,	

15,59	

AKT3	 AKT	serine/threonine	kinase	3	 Megalencephaly-

polymicrogyria-polydactyly-

hydrocephalus	syndrome	2	

56,57	

TSC1	 tuberous	sclerosis	1	 Tuberous	sclerosis-1	 60	

TSC2	 tuberous	sclerosis	2	 Tuberous	sclerosis-2	 61	

MTOR	 mechanistic	target	of	rapamycin	 Smith-Kingsmore	syndrome	 56,62	

PP2A	Family		 	

PPP2R5D	 protein	phosphatase	2	regulatory	subunit	B'delta	 Novel	Overgrowth	Syndrome		 17	

PPP2R5B	 protein	phosphatase	2	regulatory	subunit	B'beta	 Novel	Overgrowth	Syndrome	 17	

PPP2R5C	 protein	phosphatase	2	regulatory	subunit	B'gamma	 Novel	Overgrowth	Syndrome	 17	

FGF	Signaling		 	 	

FGFR3	 fibroblast	growth	factor	receptor	3	 Pfeiffer	syndrome	 63,64	
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FGFR2	 fibroblast	growth	factor	receptor	2	 Muenke	syndrome	 24	

Extracellular	Matrix	Components		 	 	

COL1A1	 collagen	type	I	alpha	1	chain	 Osteogenesis	Imperfecta	

	

65	

COL1A2	 collagen	type	I	alpha	2	chain	 Osteogenesis	Imperfecta	

	

65	

COL2A1	 collagen	type	II	alpha	1	chain	 Greig	syndrome	with	a	severe	

form	of	SED	

27	

COL3A1	 collagen	type	III	alpha	1	chain	 Ehlers-Danlos		 28	

LAMB1	 laminin	subunit	beta	1	 Lissencephaly	5	 29	

RAS	Signaling		 	 	

HRAS	 HRas	proto-oncogene,	GTPase	 Costello	syndrome	 66	

KRAS	 KRAS	proto-oncogene,	GTPase	 Noonan	syndrome	3	 44	

NRAS	 neuroblastoma	RAS	viral	oncogene	homolog	 Noonan	syndrome	6,		

Schimmelpenning-Feuerstein-

Mims	syndrome,		

40	

SOS1	 SOS	Ras/Rac	guanine	nucleotide	exchange	factor	1	 Noonan	syndrome	4	

	

67	

MAP2K2	 mitogen-activated	protein	kinase	kinase	2	 Cardiofaciocutaneous	

syndrome	4.		

19p13.3	deletion	Candidate	

Gene		

49,68	

Uncharacterized		 	 	

MCL1	 BCL2	family	apoptosis	regulator	 Megalencephalic	

leukoencephalopathy	with	

subcortical	cysts	

69	

GNB3	 G	protein	subunit	beta	3	 Childhood	obesity	syndrome	 54	

CCND2	 cyclin	D2	 Megalencephaly-

polymicrogyria-polydactyly-

hydrocephalus	syndrome	3	

52	

EFNA3	 ephrin	A3	 Autism-Epilepsy	Phenotype	

with	Macrocephaly	

70	

	

	

	

	



	29	

Figure	1-6:	The	PI3K/AKT/mTOR	signaling	pathway	and	associated	signaling	in	

macrocephaly		

We	show	the	canonical	PI3K/AKT/mTOR	signaling	pathway	highlighted	in	yellow.	

Additionally,	we	draw	attention	to	the	cross	talk	of	the	FGFR	and	RAS/MAPK	signaling	

pathways.	Additionally,	we	include	the	AKT	target	GSK3B,	which	provides	a	link	between	

PI3K	signaling	and	the	regulation	of	CCND2	and	MCL1,	which	are	both	associated	with	

macrocephaly	phenotypes.	
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Sonic	Hedgehog	Signaling	

Another	pathway	that	showed	significant	enrichment	in	our	macrocephaly	

associated	gene	list	was	the	Hedgehog	signaling	pathway.	Similar	to	the	core	PI3K/AKT	

pathway,	we	observe	that	mutations	at	nearly	every	level,	from	receptor	to	effector,	

manifests	with	overlapping	yet	unique	phenotypes.		The	Hedgehog	signaling	cascade	

begins	with	the	binding	of	numerous	ligands,	including	Sonic	Hedgehog	(SHH)	and	Indian	

hedgehog	(IHH),	to	the	PTCH1	or	PTCH2	membrane-bound	receptors.			Mutations	to	SHH	

that	cause	early	termination	are	associated	with	Holoprosencephaly	3	(MIM:	142945).	This	

condition	is	associated	with	a	failure	to	develop	two	cerebral	hemispheres	and	normal	

ventricular	structures	as	well	as	midface	hypoplasia	and	proboscis.		This	association	

demonstrates	the	importance	of	SHH	in	the	developing	brain	and	exemplifies	the	

consequence	of	its	loss71.	More	recently,	a	familial	7q36.3	duplication	encompassing	

RBM33	and	SHH	was	reported	in	association	with	macrocephaly,	agenesis	of	the	corpus	

collosum,	intellectual	disability,	widely	spaced	eyes,	and	broad	forehead72.	These	studies,	in	

combination,	point	to	SHH	being	essential	for	brain	development	and	increased	dosage	of	

SHH	resulting	in	macrocephaly.	In	addition	to	SHH,	duplications	involving	IHH	have	been	

associated	with	a	macrocephaly	phenotype	also	including	extensive	polysyndactyly,	

agenesis	of	the	corpus	callosum,	dysplastic	ears,	severe	hypertelorism,	and	psychomotor	

delay73.		This	phenotype	is	most	similar	to	acrocallosal	syndrome	(ACLS,	MIM:	200990)	and	

Joubert	syndrome-12	(JBTS12,	MIM:	200990),	two	autosomal	recessive	macrocephaly-

associated	conditions	caused	by	mutations	in	KIF7.		ACLS	is	further	characterized	by	

mental	retardation,	agenesis	of	the	corpus	callosum,	dysmorphic	facial	features,	and	

polydactyly.	JBTS12	has	strong	phenotypic	overlap	with	ACLS;	however,	it	is	distinct	in	the	



	31	

presence	of	the	molar	tooth	sign	(MTS).	KIF7	interacts	with	the	SHH	pathway	and	has	been	

shown	to	regulate	its	signal	transduction	as	well	as	its	final	effectors	(Gli1-3)74,75.			

Following	ligand	binding	PTCH1/2	are	inactivated	and	can	no	long	exert	an	

inhibitory	effect	on	Smoothened	(SMO).		Mutations	to	these	negative	regulators	are	also	

associated	with	macrocephaly	phenotypes.		Mutations	in	PTCH1	and	PTCH2	are	associated	

with	the	basal	cell	nevus	syndrome	(BCNS,	MIM:	109400).	Additionally,	PTCH1	is	

associated	with	holoprosencephaly	7	(HPE7,	MIM:	610828).	PTCH1	mutations	causing	

HPE7	are	inherited	in	an	autosomal	dominant	pattern	and	present	with	macrocephaly,	

mental	retardation,	and	dysmorphia76.	A	reciprocal	duality	exists	for	PTCH1	as	loss	of	

function	results	in	macrocephaly	phenotypes	while	reported	duplications	result	in	

microcephaly77.		BCNS	is	a	clinically	distinct	syndrome	characterized	by	jaw	cysts,	basal	cell	

tumors,	skeletal	abnormalities,	and	in	many	cases	macrocephaly	78,79.		BCNS	is	caused	by	

mutations	in	either	PTCH1,	PTCH2	or	SUFU.	SUFU	is	normally	bound	to	the	ultimate	effector	

(Gli1-3)	and	keeps	it	sequestered	in	the	cytoplasm	where	it	cannot	activate	expression	of	

its	target	genes,	but	when	inactivated	the	PTCH	receptor	subsequently	activates	the	

smoothened	(SMO)	membrane	bound	protein.	Gain	of	function,	mosaic	mutations	in	SMO	

have	been	associated	with	Curry-Jones	syndrome	(MIM:	601707).	This	syndrome	is	

characterized	by	patchy	skin	lesions,	polysyndactyly,	craniosynostosis,	iris	colobomas,	

microphthalmia,	and	intestinal	malrotation80.			Major	findings	from	this	initial	report	

included	megalencephaly,	hemimegalencephaly,	ventriculomegaly,	and	polymicrogyria	

which	show	overlap	and	are	also	associated	with	activating	mutations	in	the	

PI3K/AKT/mTOR	pathway.		These	mutations	are	suspected	to	be	gain	of	function	and	

result	in	ligand-independent,	constitutive	activation	of	Hedgehog	signaling.			
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The	ultimate	result	of	Hedgehog	signaling	is	translocation	of	the	effectors	GLI1-3	

into	the	nucleus	where	they	are	transcription	factors,	which	coordinate	the	expression	of	

multiple	target	genes.		Mutations	in	GLI2	are	associated	with	holoprosencephaly	9	(HPE9,	

MIM:	610829)	which	is	characterized	by	midline	dysmorphology,	pituitary	hypoplasia,	

postaxial	polydactyly,	agenesis	of	the	corpus	collosum,	and	macrocephaly81,82.	These	

mutations	are	inherited	in	an	autosomal	dominant	fashion	and	are	suspected	to	be	loss	of	

function.		Additionally,	mutations	in	GLI3	are	associated	with	Greig	Cephalopolysyndactyly	

syndrome	(GCPS,	MIM:	175700),	which	is	characterized	by	polydactyly,	syndactyly,	

hypertelorism,	and	macrocephaly.	The	association	of	GLI2	and	GLI3	with	phenotypes	that	

so	closely	resemble	those	in	the	upstream	pathway	components	support	that	activated	

hedgehog	is	pathogenic	in	those	cases	(Mutations	summarized	in	Table	2,	Figure	7)	
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Table	1-2:	Hedgehog	(Hh)	signaling-macrocephaly-associated	syndromes	

We	present	the	genes	from	our	pathway	enrichment	analysis,	which	were	grouped	and	

identified	as	members	of	the	Hh	signaling	pathway.	For	each	gene,	we	present	the	genetic	

syndrome	and	the	reference	that	first	reported	the	association.		

	

Hedgehog	Ligands		 	 	

Gene	Symbol	 Gene	Name	 Associated	Syndrome	(S)		 Refereences		

SHH	 sonic	hedgehog	 Holoprosencephaly	3	

	

72	

IHH	 indian	hedgehog	 Acrocallosal	Syndrome	 73	

Membrane	Bound	Receptors		 	 	

PTCH1	 patched	1	 Basal	cell	nevus	syndrome	

	

83	

PTCH2	 patched	2	 Basal	cell	nevus	syndrome	

	

84	

SMO	 	 Curry-Jones	Syndrome	

	

80	

Cytoplasmic/Nuclear	Signaling		 	 	

SUFU	 SUFU	negative	regulator	of	hedgehog	signaling	 Basal	cell	nevus	syndrome	

	

85	

GLI2	 GLI	family	zinc	finger	2	 Culler-Jones	syndrome,	Holoprosencephaly	9	

	

	

81	

GLI3	 GLI	family	zinc	finger	3	 Greig	cephalopolysyndactyly	syndrome	

	

	

27	

KiF7	 Kinesin	family	member	7	

	

Acrocallosal	syndrome,	Joubert	syndrome	12	

	

	

86	
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Figure	1-7:	The	Hedgehog	signaling	pathway	

We	show	the	interactions	of	the	Hh	signaling	pathway	and	highlight	the	genes	identified	in	

our	analysis.	
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Macrocephaly	Associated	Phenotypes		

We	thought	it	was	most	appropriate	to	compare	macrocephaly-associated	genes	based	

upon	additional	phenotypes	associated	with	the	cases	and	relate	this	to	the	underlying	

genetics	for	each	entity.		

	

	 Neurological/Behavioral	Phenotypes		

Neurological	and	behavioral	phenotypes	are	the	most	frequently	observed	comorbidities	

with	macrocephaly.	We	found	such	phenotypes	in	91%	(134/147)	of	entities.	It	is	highly	

plausible	that	where	we	see	brain	development	abnormalities	that	are	drastic	enough	to	

alter	brain	size,	skull	formation,	and/or	structural	organization	they	directly	result	in	

altered	brain	function.	The	most	common	finding	within	these	syndromes	is	developmental	

delay	(55%)	which	is	characterized	by	delays	in	age	appropriate	developmental	mile	

stones.	More	specifically,	many	of	these	syndromes	show	delays	in	speech	(37%)	and/or	

cognitive	acquisition.	Also	common	are	mental	retardation	(45%)	and	seizures	(40%).	The	

occurrence	of	seizures	within	these	cases	that	is	suspected	to	be	a	direct	result	of	altered	

brain	organization.	We	also	find	brain	atrophy	in	a	subset	of	cases	(18%),	which	may	be	

recognized	later	in	development	and	shows	interesting	insight	into	the	temporal	nature	of	

brain	development.	The	finding	of	hypotonia	(33%)	is	also	common	and	demonstrates	the	

general	dysfunction	of	the	central	nervous	system	affecting	control	of	motor	functions	and	

muscle	tone.	Lastly,	we	searched	for	the	association	of	autism	with	these	syndromes	and	

found	that	13%	are	associated	with	autism	or	autistic	traits.	This	is	an	important	

observation	that	we	will	expand	upon	with	a	more	comprehensive	explanation	in	a	later	
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section.			A	summary	of	the	neurological/behavioral	phenotypes	is	presented	below	(Table	

3)	with	the	full	table	in	the	supplement.	
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Table	1-3:	Most	common	neurologic	phenotypes	associated	with	macrocephaly		

We	provide	the	most	over-represented	neurologic	and	behavioral	phenotypes	associated	

with	macrocephaly.	More	than	half	of	the	syndromes	display	developmental	delays;	also	

common	are	mental	retardation	(MR),	seizures,	and	hypotonia.		

	

Phenotype		 Percentage	of	cases		

Developmental	Delay	 55.22%	

Speech		 25.37%	

Language		 8.96%	

MR	 45.52%	

Autistic		 8.96%	

Autism		 4.48%	

Seizures		 40.30%	

Brain	Atrophy	 17.91%	

Hypotonia		 32.84%	
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Skeletal	findings	

	Skeletal	abnormalities	were	the	second	most	common	phenotype	with	61%	(90/147)	of	

associated	syndromes	having	some	pathology	present.	The	associated	anomalies	in	skeletal	

development	with	macrocephaly	were	present	in	two	main	forms:	(1)	bone	overgrowth,	

which	is	more	striking	in	syndromes	such	as	the	Proteus	syndrome	where	affected	bones	

grow	asymmetrically	faster	than	the	unaffected	bones	and	can	be	seen	clinically	or	

measured	with	bone	age	studies	(2)	underdeveloped	bones	which	manifest	as	weakened	

bones	that	are	prone	to	fracture	and	short	stature	as	is	seen	in	osteogenesis	imperfecta.	

The	latter	comprises	a	group	of	disorders	collectively	called	skeletal	dysplasias	almost	and	

exclusively	present	with	short	stature	and	disproportionate	macrocephaly	while	the	

former	presents	with	megalencephaly	or	hemi-megalencephaly	depending	on	the	extent	of	

tissue	involvement.	Another	finding	within	this	group	is	abnormal	bone	age.	Bone	age	is	

determined	by	comparing	x-rays	from	the	subject	to	normalized	radiographs	from	controls	

of	the	same	age	in	size,	shape	and	characterization	of	bones.		Interestingly,	conditions	

associated	with	overgrowth	show	advanced	bone	age,	such	as	Sotos	syndrome,	and	

conditions	of	undergrowth	with	disproportional	macrocephaly	and	delayed	bone	age,	such	

as	Cantu	Syndrome.	“Limb	abnormalities”	are	the	most	common	abnormalities	within	the	

macrocephaly-associated	group	with	60%	of	the	conditions	associated	with	findings	such	

as	clinodactyly	(19%),	brachydactyly	(14%),	syndactyly	(11%),	and	hypermobility	(4%).	

Additionally	pathologies	of	the	spine	are	observed	with	scoliosis	(32%),	kyphosis	(12%),	

and	lordosis	(4%).		Finally	there	are	recognizable	defects	to	the	skull	itself	that	are	present	

in	12%	of	these	syndromes	and	include	synostosis	(7%).	A	summary	of	the	skeletal	

findings	is	presented	below	(Table	4;	the	full	table	is	available	in	the	supplement)		
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Table	1-4:	Most	common	skeletal	findings	associated	with	macrocephaly	

We	present	the	four	most	common	skeletal	systems	associated	with	the	macrocepahly	

phenotype.	Abnormalities	to	the	limbs,	spine,	skull,	and	those	affecting	overall	bone	health	

were	most	reproducible.	We	broke	down	each	system	into	specific	phenotypes	and	show	

their	corresponding	percentages	in	the	overall	macrocephaly	phenotype	

	

System		 Phenotype		 Percentage	of	Cases		

Limbs	 Limb	Abnormalities		 59.60%	

		 Clinodactyly	 19.19%	

		 Syndactyly		 11.11%	

		 Polydactyly		 9.09%	

		 Brachydactyly		 14.14%	

		 hypermobility	 4.04%	

Spine		 Scoliosis		 32.32%	

		 Kyphosis		 12.12%	

		 Lordosis		 4.04%	

Skull		 Skull		 12.12%	

		 Synostosis	 7.07%	

Bone	Health		 Osteosclerosis		 3.03%	

		 Osteoporosis		 5.05%	

		 Fractures		 5.05%	

		 Bone	Age		 15.15%	

		 dysplasia	 8.08%	
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Undergrowth		

Somatic	undergrowth	defined	as	having	short	stature,	growth	parameters	<3rd	percentile,	

intrauterine	growth	restriction,	or	failure	to	thrive	is	present	in	44	(29%)	of	macrocephaly-

associated	conditions.	All	of	these	syndromes	present	with	disproportionate	macrocephaly	

and	represent	an	interesting	group	of	conditions	where	skull/brain	growth	seems	to	be	

sheltered	from	the	overall	defects	of	somatic	growth.		All	associated	conditions	are	

presented	in	the	table	below.		Since	this	group	of	disorders	is	distinct	from	classically	

described	macrocephaly,	we	subjected	the	gene	list	of	these	conditions	to	functional	

enrichment	analysis.	We	found	that	there	are	two	novel	associations	with	this	gene	set	and	

these	conditions:		8/44	of	these	genes	are	involved	in	canonical	Wnt	signaling	(DVL3,	SOX9,	

FGFR3,	AMER1,	THRA,	MED12,	ROR2,	DVL1)	and	6/44	of	these	genes	are	involved	in	B-

catenin	binding	(DVL3,	SOX9,	AMER1,	HDAC6,	MED12,	DVL1).	Additionally,	we	found	that	

alterations	in	9/44	(XYLT1,	SOX9,	FGFR3,	AMER1,	NF1,	THRA,	SERPINH1,	H19,	ROR2)	of	

these	genes	cause	abnormal	endochondral	bone	ossification	in	the	murine	model	which	

confirms	the	presence	of	skeletal	dysplasias	and	dwarfism	in	this	subset	(Table	5).	
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MIM	Number	 Title	 Cytogenetic	Location	 Gene		

#300373	 Osteopathia	Striata	With	Cranial	Sclerosis;	Oscs	 Xq11.2	 AMER1	

#261540	 Peters-plus	Syndrome	 13q12.3	 B3GLCT	

#115150	 Cardiofaciocutaneous	Syndrome	1;	Cfc1	 7q34	 BRAF1	

#300354	 Mental	Retardation,	X-linked,	Syndromic,	Cabezas	Type;	Mrxsc	 Xq24	 CUL4B	

#616331	 Robinow	Syndrome,	Autosomal	Dominant	2;	Drs2	 1p36.33	 DVL1	

#616894	 Robinow	Syndrome,	Autosomal	Dominant	3;	Drs3	 3q27.1	 DVL3	

#127000	 Kenny-caffey	Syndrome,	Type	2;	Kcs2	 11q12.1	 FAM111A	

#146000	 Hypochondroplasia;	Hch	 4p16.3	 FGFR3	

#606812	 Fumarase	Deficiency;	Fmrd	 1q43	 FH	

#300699	 Mental	Retardation,	X-linked,	Syndromic,	Wu	Type;	Mrxsw	 Xq25	 GRAI3	

#253220	 Mucopolysaccharidosis,	Type	Vii;	Mps7	 7q11.21	 GUSB	

#180860	 Silver-russell	Syndrome;	Srs	 7p11.2	 H19/IGF2		

#300863	 Chondrodysplasia	With	Platyspondyly,	Distinctive	Brachydactyly,	Hydrocephaly,	And	Microphthalmia	 Xp11.23	 HDAC6	

#236680	 Hydrolethalus	Syndrome	1;	Hls1	 11q24.2	 HYLS1	

#614099	 Cranioectodermal	Dysplasia	3;	Ced3	 14q24.3	 IFT43	

#616489	 Growth	Restriction,	Severe,	With	Distinctive	Facies;	Grdf	 11p15.5	 IGF2	

#258480	 Opsismodysplasia;	Opsmd	 11q13.4	 INPPL1	

#613385	 Autoimmune	Disease,	Multisystem,	With	Facial	Dysmorphism;	Admfd	 20q11.22	 ITCH	

#220210	 Ritscher-schinzel	Syndrome	1;	Rtsc1	 8q24.13	 KIAA0196	

#603546	 Spondyloepimetaphyseal	Dysplasia	With	Joint	Laxity,	Type	2;	Semdjl2	 16p11.2	 KIF22	

#200990	 Acrocallosal	Syndrome;	Acls	 15q26.1	 KIF7	

#303350	 Masa	Syndrome	 Xq28	 L1CAM	

#248500	 Mannosidosis,	Alpha	B,	Lysosomal;	Mansa	 19p13.13	 MAN2B1	

#305450	 Opitz-kaveggia	Syndrome;	Oks	 Xq13.1	 MED12	

#252150	 Molybdenum	Cofactor	Deficiency,	Complementation	Group	A;	Mocoda	 6p21.2	 MOCS1	

#601321	 Neurofibromatosis-noonan	Syndrome;	Nfns	 17q11.2	 NF1	

#193520	 Watson	Syndrome;	Wtsn	 17q11.2	 NF1	

#602849	 Muenke	Syndrome;	Mnkes	 4p16.3	 NF1	

#252010	 Mitochondrial	Complex	I	Deficiency	 Numerous		 Numerous		

#614813	 Short	Stature,	Onychodysplasia,	Facial	Dysmorphism,	And	Hypotrichosis;	Soft	 3p21.2	 POC1A	

#615139	 Facial	Dysmorphism,	Immunodeficiency,	Livedo,	And	Short	Stature;	Fils	 12q24.33	 POLE1	

#613075	 Macs	Syndrome	 20p11.23	 RIN2	

#615355	 Noonan	Syndrome	8;	Ns8	 1q22	 RIT1	

#268310	 Robinow	Syndrome,	Autosomal	Recessive;	Rrs	 9q22.31	 ROR2	

#607812	 Craniolenticulosutural	Dysplasia;	Clsd	 14q21.1	 SEC23A	

#616294	 Cole-carpenter	Syndrome	2;	Clcrp2	 4q26	 SEC24D	

#613848	 Osteogenesis	Imperfecta,	Type	X;	Oi10	 11q13.5	 SERPINH1	

#607721	 Noonan	Syndrome-like	Disorder	With	Loose	Anagen	Hair;	Nslh	 10q25.2	 SHOC2	

#615085	 Osteopetrosis,	Autosomal	Recessive	8;	Optb8	 7p15.2	 SNX10	

#617140	 Zttk	Syndrome;	Zttks	 21q22.11	 SON	

#610733	 Noonan	Syndrome	4;	Ns4	 2p22.1	 SOS1	
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#114290	 Campomelic	Dysplasia	 17q24.3	 SOX9	

#614450	 Hypothyroidism,	Congenital,	Nongoitrous,	6;	Chng6	 17q21.1	 THRA	

#615503	 Short-rib	Thoracic	Dysplasia	8	With	Or	Without	Polydactyly;	Srtd8	 7q36.3	 WDR60	

#615777	 Desbuquois	Dysplasia	2;	Dbqd2	 16p12.3	 XYLT1	

#617302	 Optic	Atrophy	11;	Opa11	 10p12.1	 YMEIL1	

#259050	 Primrose	Syndrome;	Prims	 3q13.31	 ZBTB20	

Table	1-5:	Macrocephaly-associated	syndromes	which	present	with	somatic	undergrowth.		

We	present	the	MIM#,	name,	cytogenetic	location,	and	genes	associated	with	not	only	

macrocephaly,	but	also	somatic	undergrowth.			
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Somatic	Overgrowth		

The	somatic	overgrowth	associated	with	macrocephaly	subgroup	represents	some	of	the	

most	classically	described	“overgrowth	syndromes.”	We	used	the	criteria	of	reported	

growth	measurements	>95th		percentile,	reproducibly	reported	“tall	stature”	,	

“macrosomia”	or	“large	for	gestational	age”	to	be	included	within	this	group	(Table	6).	

Within	this	group	we	have	identified	some	of	the	most	classically	described	overgrowth	

syndromes	including	SOTOs	syndrome,	the	proteus	syndrome,	weaver	syndrome	and	

Perlman	syndrome.		Ubiquitous	human	overgrowth	conditions	are	a	fascinating	subset	of	

the	macrocephaly-associated	syndromes.	In	these	cases	it	is	thought	that	widespread	

distribution	of	mutations	inherited	in	a	germ	line	mechanism	caused	increased	growth	

trajectories	for	a	wide	breath	of	tissues,	bones	and	organs.	There	are	exceptions	to	this	

observed	distribution	as	some	of	these	overgrowth	syndromes	are	caused	by	mosaic	

patterning	of	mutations	and	the	resulting	overgrowth	of	only	those	tissues	which	carrying	

the	mutations.	Such	is	the	case	with	the	Proteus	syndrome	and	Megalencephaly-capillary	

Malformation-polymicrogyria	Syndrome	(MCAP).	Taken	together,	these	syndromes	offer	

insight	into	the	conserved	role	of	human	growth	across	tissue	types	and	additionally	have	

elucidated	the	roles	of	specific	members	of	growth	signaling	pathways	in	this	pathogenesis.						

	

	

	

	

	

	



	44	

Table	1-6:		Macrocephaly-associated	syndromes	which	present	with	somatic	overgrowth.		

We	present	the	MIM#,	name,	cytogenetic	location,	and	genes	associated	with	not	only	

macrocephaly,	but	also	somatic	overgrowth.			

	

MIM	Number	 Title	 Cytogenetic	Location	 Gene		

#613675	 Chromosome	17q11.2	Deletion	Syndrome,	1.4-mb	 17q11.2	 17q11.2	

#239850	 Cantu	Syndrome	 12p12.1	 ABCC9	

#176920	 Proteus	Syndrome	 14q32.33	 AKT1	

#615032	 Autism,	Susceptibility	to,	18;	Auts18	 14q11.2	 CHD8	

#267000	 Perlman	Syndrome;	Prlmns	 2q37.1	 DIS3L2	

#277590	 Weaver	Syndrome;	Wvs	 7q36.1	 EZH2	

#617107	 Thauvin-robinet-faivre	Syndrome;	Trofas	 11q13.1	 FIBP	

#613670	 Mental	Retardation	With	Language	Impairment	and	With	or	Without	Autistic	Features	 3p13	 FOXP1	

#312870	 Simpson-golabi-behmel	Syndrome,	Type	1;	Sgbs1	 Xq26.2	 GPC3	

#617011	 Macrocephaly,	Dysmorphic	Facies,	and	Psychomotor	Retardation;	Mdfpmr	 15q22.31	 HERC1	

#218040	 Costello	Syndrome;	Cstlo	 11p15.5	 HRAS	

#616728	 Cleft	Palate,	Psychomotor	Retardation,	and	Distinctive	Facial	Features;	Cprf	 1p36.12	 KDM1A	

#616638	 Smith-kingsmore	Syndrome;	Sks	 1p36.22	 MTOR	

#614753	 Sotos	Syndrome	2;	Sotos2	 19p13.13	 NFIX	

#117550	 Sotos	Syndrome	1;	Sotos1	 5q35.3	 NSD1	

#615398	 Multiple	Congenital	Anomalies-hypotonia-seizures	Syndrome	3;	Mcahs3	 20q13.12	 PIGT	

#602501	 Megalencephaly-capillary	Malformation-polymicrogyria	Syndrome;	Mcap	 3q26.32	 PIK3CA	

#616355	 Mental	Retardation,	Autosomal	Dominant	35;	Mrd35	 6p21.1	 PPP2R5D	

#158350	 Cowden	Syndrome	1;	Cws1	 10q23.31	 PTEN	

#153480	 Bannayan-riley-ruvalcaba	Syndrome;	Brrs	 10q23.31	 PTEN	

#605309	 Macrocephaly/autism	Syndrome	 10q23.31	 PTEN	

#616260	 Tenorio	Syndrome;	Tnors	 18q12.1	 RNF125	

#614192	 Macrocephaly,	Macrosomia,	and	Facial	Dysmorphism	Syndrome;	Mmfd	 17q11.2	 RNF135	

#616831	 Luscan-lumish	Syndrome;	Lls	 3p21.31	 SETD2	

#606232	 Phelan-mcdermid	Syndrome;	Phmds	 22q13.33	 SHANK3	

#229200	 Brittle	Cornea	Syndrome	1;	Bcs1	 16q24.2	 ZNF469	
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Neoplasms	

The	overlap	between	macrocephaly	and	neoplastic	conditions	is	reflective	of	the	over-

representation	of	mutations	in	growth	signaling	pathways	that	in	turn	regulate	cellular	

proliferation.			Tumors	within	this	subgroup	vary	in	involvement	of	the	kidney	(Wilms	

tumor),	brain	tissue	(meduloblastoma),	and	thyroid.		These	neoplasms	are,	in	many	cases,	

malignant	and	justify	surveillance	and	appropriate	management.	Early	identification	of	the	

underlying	genetic	syndrome	in	the	child	presenting	with	macrocephaly	allows	testing	to	

be	focused	and	pointed	towards	ruling	in/out	the	most	devastating	pathogenesis	and	

clinical	sequelae	(Table	7).	
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Table	1-7:	Macrocephaly-associated	syndromes	which	present	with	neoplasms.		

We	present	the	name,	genes,	and,	specific	tumor	types	associated	with	macrocephaly	

syndromes.		

	

Syndrome		 Gene		 Neoplasm		

Chromosome	17q11.2	Deletion	Syndrome,	1.4-mb	 17q11.2	 Optic	glioma,	Malignant	peripheral	nerve	sheath	tumors		

Proteus	Syndrome	 AKT1	 Ovarian	cystadenoma	Parotid	monomorphic	adenoma		

Perlman	Syndrome;	Prlmns	 DIS3L2	 Wilms	tumor		

Hypothalamic	Hamartomas	 GLI3	 Hypothalamic	hamartoma	,	Brain	stem	glioma		

Simpson-golabi-behmel	Syndrome,	Type	1;	Sgbs1	 GPC3	 Embryonal	tumors,	Wilms	tumor		

Silver-russell	Syndrome;	Srs	 H19/IGF2		

Craniopharyngioma,	Testicular	seminoma,	Wilms	tumor,	Hepatocellular	

carcinoma		

Costello	Syndrome;	Cstlo	 HRAS	 	Epithelioma	,	Bladder	carcinoma,	Rhabdomyosarcoma,	Vestibular	schwannoma	

Muenke	Syndrome;	Mnkes	 NF1	

Optic	glioma,			

Neurofibromas,			

Neurofibromatosis-noonan	Syndrome;	Nfns	 NF1	 Optic	glioma,		Neurofibromas		

Neurofibromatosis,	Type	I;	Nf1	 NF1	

Optic	glioma,		Meningioma,		Hypothalamic	tumor	,	Rhabdomyosarcoma,	

Duodenal	carcinoid		

Noonan	Syndrome	6;	Ns6	 NRAS	 juvenile	myelomonocytic	leukemia	(JML)	

Sotos	Syndrome	1;	Sotos1	 NSD1	 Wilms	tumor		

Megalencephaly-capillary	Malformation-polymicrogyria	Syndrome;	Mcap	 PIK3CA	

	meningioma,			

Wilms	tumor,		

leukemia		

Megalencephaly-polymicrogyria-polydactyly-hydrocephalus	Syndrome	1;	Mpph1	 PIk3R2	 medulloblastoma		

Basal	Cell	Nevus	Syndrome;	Bcns	 PTCH1,	PTCH2,	SUFU	 Medulloblastoma,	-	Basal	cell	carcinoma	

Bannayan-riley-ruvalcaba	Syndrome;	Brrs	 PTEN	 Meningioma,	Thyroid	follicular	cell	tumor	

Cowden	Syndrome	1;	Cws1	 PTEN	

Breast	cancer,	Ovarian	carcinoma,	Cervical	carcinoma,	Uterine	adenocarcinom,	

Thyroid	cancer	(follicular	cell),	Meningioma,	Mucosal	neuromas		

Noonan	Syndrome	4;	Ns4	 SOS1	 -Multiple	giant	cell	granulomas	(bones,	joints,	soft	tissues)		
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Epidermal	changes	

Numerous	epidermal	phenotypes	were	observed	within	the	macrocephaly-associated	

conditions.		Cafe	au	lait	spots	are	reported	in	22%	(11/50)	syndromes.		Also,	nevi	of	

various	descriptions,	including	nevous	flamous,	are	reported	in	16%	(8/50)	syndromes.	A	

complete	list	of	all	macrocephaly-associated	syndromes	with	epidermal	changes	is	

presented	in	the	table	below	(Table	8).		
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Syndrome		 Gene		 Epidermal	Changes		

Chromosome	17q11.2	Deletion	Syndrome,	1.4-mb	 17q11.2	
Neurofibromas,	subcutaneous,	Neurofibromas,	cutaneous,	Plexiform	neurofibroma,		Cafe		

au		lait	spots,	Axillary	freckling,	Inguinal	freckling	

Chromosome	1p32-p31	Deletion	Syndrome	 1p32	 Cutis	marmorata		

Cantu	Syndrome	 ABCC9	 Lymphedema		

Proteus	Syndrome	 AKT1	

			Cerebriform	connective	tissue	nevus,			Lymphangioma,			Lipoma,			Lipohypoplasia,			

Epidermal	nevi,			Hypertrophy	of	skin	of	soles,			Depigmentation/hyperpigmentation,				

Hemangiomata,	especially	thorax	and	upper	abdomen	,Skin	Histology,			Highly	collagenized	

connective	tissue,			Acanthosis,			Hyperkeratosis,			Dermal	hypoplasia,	

Megalencephaly-polymicrogyria-polydactyly-hydrocephalus	Syndrome	2;	

Mpph2	
AKT3	 Skin	hyperextensibility,	Connective	tissue	dysplasia,	Cutis	marmorata		

Shashi-pena	Syndrome;	Shapns	 ASXL2	 Nevus	flammeus,	glabellar,	Capillary	malformations		

Peters-plus	Syndrome	 B3GLCT	 Single	transverse	palmar	creases,	Deep	foot	creases		

Meester-loeys	Syndrome;	Mrls	 BGN	 Skin	striae		

Cardiofaciocutaneous	Syndrome	1;	Cfc1	 BRAF1	
	Severe	atopic	dermatitis,	Ichthyosis	,			Hyperkeratosis	(especially	extensor	surfaces),			

Cavernous	hemangioma,			Keratosis	pilaris,			Multiple	palmar	creases,			Multiple	lentigines,	

Mental	Retardation,	X-linked,	Syndromic,	Cabezas	Type;	Mrxsc	 CUL4B	 Striae		

Multiple	Acyl-coa	Dehydrogenase	Deficiency;	Madd	
ETFDH,	EFTA,	

EFTB	
			Jaundice		

Weaver	Syndrome;	Wvs	 EXH2	 Loose	skin,Increased	pigmented	nevi		

Hypochondroplasia;	Hch	 FGFR3	 Acanthosis	nigricans		

Fumarase	Deficiency;	Fmrd	 FH	 Cutaneous	leiomyomata	(heterozygote	carriers)		

Sturge-weber	Syndrome;	Sws	 GNAQ	
			Hemangiomata	in	at	least	first	branch	(ophthalmic)	of	trigeminal	nerve	distribution,	

unilateral,	occasionally	bilateral		

Simpson-golabi-behmel	Syndrome,	Type	1;	Sgbs1	 GPC3	 Coccygeal	skin	tags		

Silver-russell	Syndrome;	Srs	 H19/IGF2		 	Cafe		au		lait	spots		

Costello	Syndrome;	Cstlo	 HRAS	

			Cutis	laxa	(especially	hands	and	feet),				Loose,	redundant	skin	,			Dark	skin	pigmentation,				

Papillomas	(perioral,	nasal,	and	anal	regions)	,			Acanthosis	nigricans,			Palmar	nevi,			Deep	

palmar	creases	

Cranioectodermal	Dysplasia	3;	Ced3	 IFT43	 Skin	laxity,	Dry	skin		

Growth	Restriction,	Severe,	With	Distinctive	Facies;	Grdf	 IGF2	 Pigmented	nevi		

Spondyloepimetaphyseal	Dysplasia	With	Joint	Laxity,	Type	2;	Semdjl2	 KIF22	 Velvety	skin		

Al-gazali-bakalinova	Syndrome;	Agbk	 KIF7	 			Soft	and	lax	skin		

Opitz-kaveggia	Syndrome;	Oks	 MED12	
Facial	wrinkling	,	Sacral	dimple,	Perianal	skin	tags,	Single	transverse	palmar	crease,	Persistent	

fetal	fingertip	pads		

Coloboma,	Osteopetrosis,	Microphthalmia,	Macrocephaly,	Albinism,	And	

Deafness;	Commad	
MITF	 Lack	of	pigment	in	skin	

Waardenburg	Syndrome,	Type	2a;	Ws2a	 MITF	 Congenital	partial	albinism	(leukoderma)	on	face,	trunk,	or	limbs		

Smith-kingsmore	Syndrome;	Sks	 MTOR	 Cafe		au		lait	spots		

Neurofibromatosis,	Type	I;	Nf1	 NF1	
Neurofibromas,			Plexiform	neurofibroma,			Cafe		au		lait	spots,			Axillary	freckling,			Inguinal	

freckling,	
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Watson	Syndrome;	Wtsn	 NF1	 Multiple	cafe		au		lait	spots,	Neurofibromas,	Axillary	freckling,	

Muenke	Syndrome;	Mnkes	 NF1	 	Cafe		au		lait	spots,			Axillary	freckling,			Inguinal	freckling,			Neurofibromas,	

Neurofibromatosis-noonan	Syndrome;	Nfns	 NF1	 Cafe		au		lait	spots,			Axillary	freckling,			Inguinal	freckling,			Neurofibromas,	

Sotos	Syndrome	2;	Sotos2	 NFIX	 Livedo	reticularis,	generalized	

Noonan	Syndrome	6;	Ns6	 NRAS	 Hyperkeratosis,		2cafe		au		lait	spots	

Simpson-golabi-behmel	Syndrome,	Type	2;	Sgbs2	 OFD1	 Facial	capillary	hemangioma,	Transverse	palmar	creases		

Megalencephaly-capillary	Malformation-polymicrogyria	Syndrome;	Mcap	 PIK3CA	 Thick,	loose,	doughy	skin,	Patchy,	reticular	stains,	Cutis	marmorata		

Facial	Dysmorphism,	Immunodeficiency,	Livedo,	And	Short	Stature;	Fils	 POLE1	 Livedo,	Telangiectasia	on	the	cheeks		

Basal	Cell	Nevus	Syndrome;	Bcns	
PTCH1,	PTCH2,	

SUFU	
Basal	cell	nevi,	Pits	of	palms	and	soles		

Cowden	Syndrome	1;	Cws1	 PTEN	
Multiple	facial	papules,			Acral	keratoses,			Palmoplantar	keratoses,			Multiple	skin	tags,			

Facial	trichilemmomas,			Subcutaneous	lipomas,	

Bannayan-riley-ruvalcaba	Syndrome;	Brrs	 PTEN	
			Tan	macules	on	glans	penis	and	penile	shaft,			Acanthosis	nigricans,			Angiokeratoma,			Cafe	

au	lait	spots,			Lipoma,			Hemangiomas,	

Macs	Syndrome	 RIN2	
Soft,	redundant	skin,	Ichthyosis,	Hyperextensible	skin,	Multiple	pigmented	moles,	Easy	

bruising		

Robinow	Syndrome,	Autosomal	Recessive;	Rrs	 ROR2	 Nevus	flammeus		

Craniolenticulosutural	Dysplasia;	Clsd	 SEC23A	 Hyperpigmentation,	Capillary	hemangioma	(forehead)		

Phelan-mcdermid	Syndrome;	Phmds	 SHANK3	 Tendency	to	overheat,	Lack	of	perspiration		

Noonan	Syndrome-like	Disorder	With	Loose	Anagen	Hair;	Nslh	 SHOC2	

	Darkly	pigmented	skin,			Eczema	(in	some	patients),			Keratosis	pilaris	(in	some	patients),			

Ichthyosis	(in	some	patients),			Increased	fine	wrinkles	(in	some	patients),			Deep	palmar	

creases	(in	some	patients),	

Noonan	Syndrome	4;	Ns4	 SOS1	 Ectodermal	symptoms,	Keratosis	pilaris		

Campomelic	Dysplasia	 SOX9	 Cutaneous	dimpling	over	bowed	tibia		

Campomelic	Dysplasia	 SOX9	 			Cutaneous	dimpling	over	bowed	tibia		

Legius	Syndrome	 SPRED1	 	Cafe		au		lait	spots,				Axillary	freckling		

Hypothyroidism,	Congenital,	Nongoitrous,	6;	Chng6	 THRA	 Dry	skin,	Doughy	skin	(in	some	patients)		

Desbuquois	Dysplasia	2;	Dbqd2	 XYLT1	 Doughy	or	puffy	skin,	Simian	crease	(in	some	patients)		

Brittle	Cornea	Syndrome	1;	Bcs1	 ZNF469	 Scarring,	Molluscoid	pseudotumor,	Excessive	wrinkled	skin	(palms	and	soles)		

Table	1-8:	Macrocephaly-associated	syndromes	which	present	with	epidermal	

abnormalities.		

We	present	the	name,	genes,	and	specific	epidermal	phenotypes	associated	with	

macrocephaly	syndromes	
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Vascular	Abnormalities	

We	found	that	vascular	abnormalities	are	present	in	a	subset	of	macrocephaly-associated	

syndromes	with	the	most	common	observed	defects	being	patent	ductus	arteriosus,	and	

capillary	malformations	such	as	hemangiomatas.	Additional	phenotypes	include:	raynaud	

phenomenon,	renal	artery	stenosis,	hypertension,	and	tortuosity	of	arteries.		In	general	

vascular	malformations	are	complex	and	progressive	worsening	with	time.		There	are	two	

forms	of	cutaneous	vascular	abnormalities	(1)	fast	flow	and	(2)	slow	flow.	Fast	flow	

malformations	are	cutaneous	markings	which	are	normally	red,	comorbid	with	

lymphedema,	and	painful.	Conversely,	slow	flow	malformations	present	as	diffuse	“port-

wine	stain”	colorings,	functional	impairment	of	affected	area	localized	intravascular	

coagulopathy87.	Both	forms	are	observed	in	the	macrocephaly-associated	syndromes.	Non-

cutaneous	vascular	malformations	including	those	affecting	large,	central	vessels	are	

additionally	observed.		The	syndromes	and	their	associated	vascular	abnormalities	are	

presented	below	(Table	9)		
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Table	1-9:	Macrocephaly-associated	syndromes	which	present	with	vascular	

malformations.	We	present	the	name,	genes,	and	specific	vascular	phenotypes	associated	

with	macrocephaly	syndromes.		

Syndrome	 Gene		 Vascular		

Cantu	Syndrome	 ABCC9	 	Patent	ductus	arteriosus		

Hypermethioninemia	Due	To	Adenosine	Kinase	Deficiency	 ADK	 	Coarctation	of	the	aorta	(1	patient)		

Proteus	Syndrome	 AKT1	

	Capillary	malformations,		Venous	

malformations,		Lymphatic	malformations,		

Deep	vein	thrombosis,	

Megalencephaly-polymicrogyria-polydactyly-hydrocephalus	Syndrome	2;	Mpph2	 AKT3	 		Vascular	malformations	

Osteopathia	Striata	With	Cranial	Sclerosis;	Oscs	 AMER1	 	Patent	ductus	arteriosus		

Meester-loeys	Syndrome;	Mrls	 BGN	

	Aneurysm	of	aortic	root,		Aneurysm	of	

ascending	aorta,		Aortic	dissection,		Pulmonary	

artery	aneurysm,		Cerebral	aneurysm,	

Robinow	Syndrome,	Autosomal	Dominant	3;	Drs3	 DVL3	 Patent	ductus	arteriosus		

Thauvin-robinet-faivre	Syndrome;	Trofas	 FIBP	 Varicose	veins,	severe		

Sturge-weber	Syndrome;	Sws	 GNAQ	

Facial	hemangiomata,	Choroidal	

hemangiomata		

Simpson-golabi-behmel	Syndrome,	Type	1;	Sgbs1	 GPC3	

	Transposition	of	great	vessels,	Patent	ductus	

arteriosus		

Cranioectodermal	Dysplasia	3;	Ced3	 IFT43	 Peripheral	pulmonary	stenosis		

Neurofibromatosis,	Type	I;	Nf1	 NF1	 	Renal	artery	stenosis,	Hypertension		

Sotos	Syndrome	1;	Sotos1	 NSD1	 	Patent	ductus	arteriosus		

Simpson-golabi-behmel	Syndrome,	Type	2;	Sgbs2	 OFD1	 	Facial	capillary	hemangioma		

Multiple	Congenital	Anomalies-hypotonia-seizures	Syndrome	3;	Mcahs3	 PIGT	 	Patent	ductus	arteriosus		

Megalencephaly-capillary	Malformation-polymicrogyria	Syndrome;	Mcap	 PIK3CA	 Cutaneous		malformations	

Cowden	Syndrome	1;	Cws1	 PTEN	

	Vascular	anomalies	(50%	of	patients),	

Intracranial	developmental	venous	anomalies		

Tenorio	Syndrome;	Tnors	 RNF125	 	Raynaud	phenomenon		

Hypothyroidism,	Congenital,	Nongoitrous,	6;	Chng6	 THRA	

	Low	resting	blood	pressure,	Tortuosity	of	

arteries	of	dorsal	hands	and	feet	(in	some)	
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Heart	Defects		

Finally,	we	looked	at	the	occurrence	of	heart	defects	within	these	conditions	and	found	that	

they	are	somewhat	common	and	can	present	as	atrial	septal	defects,	cardiomegaly,	and	

ventricular	septal	defects.	As	these	conditions	require	management	in	the	first	few	years	of	

life,	we	believe	using	macrocephaly	as	an	early	warning	sign	to	these	conditions	may	

accelerate	the	identification	and	treatment	of	at	risk	cases	(Table	10).	
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Table	1-10:		Macrocephaly-associated	syndromes	which	present	with	cardiac	defects.		

We	present	the	name,	genes,	and	specific	cardiac	manifestation	associated	with	

macrocephaly	syndromes.		

	

Title	 Gene		 Heart		

D-2-hydroxyglutaric	Aciduria	1;	D2hga1	 	D2HGDH	 Cardiomyopathy,	Aortic	insufficiency		

Chromosome	17q11.2	Deletion	Syndrome,	1.4-mb	 17q11.2	 Heart,	Congenital	heart	defects	

Cantu	Syndrome	

ABCC9	

Cardiomegaly,	Pericardial	effusions,	Congenital	hypertrophy	

of	left	ventricle,	Bicuspid	aortic	valve		

Hypermethioninemia	Due	To	Adenosine	Kinase	Deficiency	

ADK	

Cardiac	defects	(in	some),	Atrial	septal	defect	(2	patients),	

Pulmonary	stenosis	(1	patient)		

Osteopathia	Striata	With	Cranial	Sclerosis;	Oscs	 AMER1	 Ventricular	septal	defect,	Atrial	septal	defect		

Shashi-pena	Syndrome;	Shapns	 ASXL2	 Atrial	septal	defect		

Peters-plus	Syndrome	

B3GLCT	

Atrial	septal	defect,	Ventricular	septal	defect,	Pulmonary	

stenosis		

Meester-loeys	Syndrome;	Mrls	 BGN	 Mitral	valve	insufficiency,	Aortic	valve	insufficiency	

Cardiofaciocutaneous	Syndrome	1;	Cfc1	

BRAF1	

Atrial	septal	defects,	Pulmonic	stenosis,	Hypertrophic	

cardiomyopathy		

Sifrim-hitz-weiss	Syndrome;	Sihiwes	

CHD4	

Congenital	heart	defects,	Coarctation	of	the	aorta,	Tetralogy	

of	Fallot,	Septal	defects		

D-2-hydroxyglutaric	Aciduria	1;	D2hga1	 D2HGDH	 Cardiomyopathy,	Aortic	insufficiency		

Desmosterolosis	 DHCR24	 	Total	anomalous	pulmonary	venous	drainage	

Perlman	Syndrome;	Prlmns	 DIS3L2	 	Interrupted	aortic	arch		

Robinow	Syndrome,	Autosomal	Dominant	3;	Drs3	

DVL3	

	Ventricular	septal	defect,		Patent	foramen	ovale,	Pulmonary	

atresia,	Hypoplastic	right	heart,	Tricuspid	regurgitation		

Seizures,	Scoliosis,	And	Macrocephaly	Syndrome;	Ssms	 EXT2	 Ventricular	septal	defect		

Thauvin-robinet-faivre	Syndrome;	Trofas	 FIBP	 Ventricular	septal	defect,	Mitral	valve	prolapse	(patient	A)		

Fragile	X	Mental	Retardation	Syndrome	 FMR1	 Mitral	valve	prolapse		

Hypothalamic	Hamartomas	 GLI3	 	Congenital	heart	defect		

Simpson-golabi-behmel	Syndrome,	Type	1;	Sgbs1	

GPC3	

Cardiac	conduction	defects,	Ventricular	septal	defect,	

Pulmonic	stenosis,	Cardiomyopathy		

Mucopolysaccharidosis,	Type	Vii;	Mps7	 GUSB	 Valvular	heart	disease		

Silver-russell	Syndrome;	Srs	 H19/IGF2		 Cardiac	defects		

Costello	Syndrome;	Cstlo	

HRAS	

Hypertrophic	cardiomyopathy,			Pulmonic	stenosis,			Mitral	

valve	prolapse,			Ventricular	septal	defect,			Atrial	septal	

defect,			Dysrhythmias,			Arrhythmias,	

Hydrolethalus	Syndrome	1;	Hls1	 HYLS1	 Atrioventricular	cana,		Ventricular	septal	defect		

Growth	Restriction,	Severe,	With	Distinctive	Facies;	Grdf	 IGF2	 Persistent	ductus	arteriosus,	Ventricular	septal	defect,	small		

Ritscher-schinzel	Syndrome	1;	Rtsc1	 KIAA0196	 Ventricular	septal	defect,			Atrial	septal	defect,			Tetralogy	of	
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Fallot,			Double	outlet	right	ventricle,			Hypoplastic	left	heart,			

Aortic	stenosis,			Pulmonic	stenosis,	

Acrocallosal	Syndrome;	Acls	 KIF7	 	Septal	defects,	Pulmonary	valve	defects		

Smith-kingsmore	Syndrome;	Sks	 MTOR	 Aortic	sinus	to	right	atrial	fistula	

Muenke	Syndrome;	Mnkes	 NF1	 Pulmonic	stenosis		

Neurofibromatosis-noonan	Syndrome;	Nfns	 NF1	 Pulmonic	stenosis		

Watson	Syndrome;	Wtsn	 NF1	 Pulmonary	valvular	stenosis		

Noonan	Syndrome	6;	Ns6	 NRAS	 hypertrophic	cardiomyopathy	and	pulmonic	stenosis.	

Sotos	Syndrome	1;	Sotos1	 NSD1	 Atrial	septal	defect,	Ventricular	septal	defect		

Mitochondrial	Complex	I	Deficiency	 Numerous		 	Hypertrophic	cardiomyopathy	

Multiple	Congenital	Anomalies-hypotonia-seizures	Syndrome	3;	Mcahs3	 PIGT	 Restrictive	cardiomyopathy		

Hyperphosphatasia	With	Mental	Retardation	Syndrome	1;	Hpmrs1	 PIGV	 	Ventral	septal	defect		

Megalencephaly-capillary	Malformation-polymicrogyria	Syndrome;	Mcap	 PIK3CA	 Heart,		Ventricular	septal	defect		

Megalencephaly-polymicrogyria-polydactyly-hydrocephalus	Syndrome	1;	Mpph1	

PIk3R2	

Atrial	septal	defect,			Ventricular	septal	defect,			Vascular	ring,		

Mitral	regurgitation	

Basal	Cell	Nevus	Syndrome;	Bcns	 PTCH1,	PTCH2,	SUFU	 Cardiac	fibroma		

Macs	Syndrome	 RIN2	 Mild	aortic	dilatation	(rare)		

Noonan	Syndrome	8;	Ns8	

RIT1	

Hypertrophic	cardiomyopathy,			Atrial	septal	defect,			

Ventricular	septal	defect,			Pulmonic	stenosis,			Valvular	

insufficiency,	

Robinow	Syndrome,	Autosomal	Recessive;	Rrs	 ROR2	 Right	ventricular	outlet	obstruction		

Noonan	Syndrome-like	Disorder	With	Loose	Anagen	Hair;	Nslh	

SHOC2	

Atrial	septal	defect,			Ventricular	septal	defect,			

Mitral/tricuspid	valve	dysplasia,			Pulmonic	stenosis,			

Hypertrophic	cardiomyopathy,	

Zttk	Syndrome;	Zttks	 SON	 Congenital	heart	defects		

Campomelic	Dysplasia	 SOX9	 Congenital	heart	defects		
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Overlapping	Phenotypes	and	Groupings		

We	next	looked	at	the	association	between	phenotypes	as	a	way	to	further	delineate	

functional	interactions	within	subgroups.	We	found	the	following	the	most	compelling:		

	

Somatic	Overgrowth,	Neoplasms,	and	Vascular	Abnormalities.		

A	common	overlap	was	seen	between	the	overgrowth	and	neoplasms	group	(Figure	8).		

This	overlap	is	unsurprising	as	these	disorders	often	result	from	mutations	to	tumor	

suppressors	in	growth	signaling	pathways	such	as	PTEN	or	activating	mutations	in	

oncogenes	such	as	PIK3CA	and	AKT1.		We	also	see	numerous	somatic	overgrowth	

conditions	that	present	with	vascular	and/or	epidermal	findings.	This	triad	of	

presentations	has	long	been	the	standard	for	suspicion	of	underlying	pathologic	

overgrowth	syndromes	(Figure	9	&	12).	
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Figure	1-8:	Overlap	of	overgrowth	and	neoplastic	macrocephaly-associated	phenotypes	

We	compared	the	gene	lists	for	somatic	overgrowth	and	neoplasms	associated	with	

macrocephaly	and	show	that	there	is	overlap	between	these	two	lists.			
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Figure	1-9:	Overlap	of	overgrowth,	epidermal,	and	neoplastic	macrocephaly-associated	

phenotypes	

We	compared	the	gene	lists	for	somatic	overgrowth,	neoplasms,	and	epidermal	

abnormalities	associated	with	macrocephaly	to	show	that	there	is	overlap	between	these	

three	lists.	This	triad	makes	up	the	core	of	the	classical	overgrowth	syndromes.			
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Somatic	Undergrowth,	Skeletal	abnormalities,	and	Heart	Defects	

We	see	significant	overlap	between	the	physical	findings	of	somatic	undergrowth	and	

skeletal	changes	with	40	conditions.		This	overlap	represents	the	skeletal	dysplasia	

disorders,	which	have	numerous	defects	of	skull	development	(Figure	10).	Additionally	

within	this	group	we	see	that	many	of	these	skeletal-undergrowth	conditions	are	

associated	with	heart	defects	(Figure	11-12).		
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Figure	1-10:	Overlap	of	undergrowth	and	skeletal	macrocephaly-associated	phenotypes	

We	compared	the	gene	lists	for	somatic	undergrowth	and	skeletal	abnormalities	associated	

with	macrocephaly	and	show	that	there	is	overlap	between	these	two	lists.	This	supports	

that	idea	that	disproportionate	macrocephaly	in	the	undergrowth	cases	are	associated	with	

skeletal	dysplasia.				
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Figure	1-11:	Overlap	of	undergrowth,	skeletal,	and	cardiac	macrocephaly-associated	

phenotypes	

We	compared	the	gene	lists	for	somatic	undergrowth,	skeletal	abnormalities,	and	cardiac	

defects	associated	with	macrocephaly	and	show	that	there	is	overlap	between	these	three	

lists.	This	triad	constitutes	a	novel	triad	of	somatic	undergrowth,	skeletal,	and	cardiac	

syndromes.			
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Figure	1-12:	Main	phenotypic	subgroupings.		

We	summarize	our	two	main	phenotypic	subgroup	triads	those	with	macrocephaly,	

somatic	overgrowth,	neoplastic	predisposition,	and	vascular	abnormalities	and	those	with	

macrocephaly,	somatic	undergrowth,	skeletal	abnormalities,	and	cardiac	defects.	
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Autism/Macrocephaly	

The	association	between	macrocephaly	and	autism	has	been	classically	and	

reproducibly	reported.1,2,88-90.		Most	recently,	it	has	been	show	that	abnormal	brain	growth	

is	not	only	associated	with	autism	but	can	be	predictive	of	future	development91.	This	study	

compared	neuroimaging	from	106	infants	in	high-risk	autism	families	to	42	low	risk	

infants.	They	identified	15	infants	who	were	diagnosed	with	autism	at	24	months	of	age	

and	these	cases	show	hyperexpansion	of	cortical	surface,	which	precedes	the	increase	in	

brain	volume	observed	between	12	and	24	months.	The	researchers	used	these	

measurements	to	train	a	deep	learning	algorithm	which	was	predictive	for	autism	with	a	

predictive	value	of	81%91.	We	hypothesized	that	many	of	the	genes	we	identified	in	the	

literature	and	public	database	search	may	overlap	with	known/emerging	autism	

associated	genes	because	they	may	display	similar	altered	growth	trajectories.	To	answer	

this,	we	compared	our	“comb-macro”	gene	list	to	the	gene	list	curated	by	SFARI,	which	

includes	many	new	autism-associated	genes.	We	found	that	84	of	the	macrocephaly	genes	

overlap	with	genes	curated	in	the	SFARI	Database.	We	call	this	gene	list	the	autism-

macrocephaly	or	“aut-macro”	gene	list	(Figure	13).		 	
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Figure	1-13:	Overlap	macrocephaly-	and	autism	associated	gene	lists		

We	compared	our	“comb-macro”	gene	list,	which	is	a	collection	of	all	publically	available	

genes,	as	well	as	those	curated	from	the	literature	to	the	“SFARI-ASD”	gene	list;	this	is	a	

curated	gene	list	from	the	SFARI	database.	We	show	that	84	genes	are	present	on	both	gene	

lists	and	deem	this	group	the	autism-macrocephaly	(Aut-Macro)	gene	list.	
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We	then	visualized	the	potential	for	there	to	be	a	novel	gene	network	within	this	aut-macro	

gene	list	utilizing	the	cytoscape	reactome	app.		We	were	able	to	generate	the	follow	autism-

macrocephaly	associated	gene	network	(Figure	14).	Additionally,	we	confirmed	

interactions	with	GeneNETs	software	on	the	same	84	genes	and	built	the	following	two	

communities	of	genes	(Figure	15	and	16).	
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Figure	1-14:	Novel	neural	autism-macrocephaly	associated	neural	network		

We	analyzed	the	aut-macro	gene	list	using	the	cytoscape	reactome	app	and	show	that	they	

assemble	into	a	potentially	novel	network.	We	see	the	presence	of	three	well	known	

signaling	pathways	including	Wnt,	RAS,	and	PI3K/AKT/mTOR	as	well	as	less	well	

understood	interactions	between	these	growth	signaling	pathways	and	the	identification	of	

novel	pathway	intermediates	including:IL6,	GRIN2B,	PFAH1B1,	YWAE	and	DAB1.			
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Figure	1-15:	Autism-macrocephaly	related	community	#1		

Using	GeneNets	software	we	were	able	to	generate	this	community	from	the	aut-macro	

gene	list.	These	highly	interconnected	genes	represent	a	potential	novel	neural	network	

that	is	implicated	in	the	development	of	the	autism-macrocephaly	phenotype.				
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Figure	1-16:	Autism-macrocephaly	related	community	#2		

Using	GeneNets	software	we	were	able	to	generate	this	community	from	the	aut-macro	

gene	list.	These	highly	interconnected	genes	represent	a	potential	novel	neural	network	

that	is	implicated	in	the	development	of	the	autism-macrocephaly	phenotype.				
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Overall,	these	communities	and	potential	novel	neural	networks	make	a	convincing	

argument	for	the	overlap	of	macrocephaly	and	autism.	They	potentially	explain	why	

mutations	in	these	genes	result	in	similar	brain	phenotypes.	Lastly,	the	appearance	of	

distinct	genetic	syndromes	with	unique	somatic	phenotypes	may	be	partially	due	to	the	

downstream	and	interpathway	effects	of	these	variants	outside	of	known	canonical	

signaling	cascades.		

	

Conclusions	

Macrocephaly	is	a	distinct	clinical	finding	resulting	from	numerous	etiologies.	In	the	

setting	of	the	abnormally	developing	child	it	can	be	an	early	indicator	of	insidious	

structural	deficits	as	well	as	underlying	genetic	mutations.	We	have	summarized	the	

available	literature	of	genetic	cases	of	macrocephaly	and	shown	that	functionally	these	

genes	are	involved	with	central	nervous	system	development,	neurogenesis,	generation	of	

neurons,	head	development,	neuron	differentiation,	and	brain	development.	More	

specifically,	many	of	these	genes	cluster	within	two	well-known	pathways:	the	

PI3K/AKT/mTOR	pathway	and	the	Hedgehog-signaling	pathway.		Furthermore,	we	have	

performed	a	comprehensive	review	of	the	associated	phenotypes	and	shown	that	many	

macrocephaly-associated	syndromes	are	associated	with	changes	to	the	skeletal,	

epidermal,	and	vascular	systems.	Additionally,	examining	the	neurologic	phenotypes,	we	

show	that	a	striking	number	of	syndromes	are	associated	with	developmental	delays,	

autism,	and	hypotonia.	By	demonstrating	the	overlap	of	macrocephaly-	and	autism-	

associated	genes,	we	have	identified	potential	novel	networks	and	gene	clusters	which	may	
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lead	to	a	better	understanding	of	this	phenotype.		This	work	also	highlights	the	intersection	

of	abnormal	brain	growth	and	associated	alterations	in	normal	neurologic	development.		
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Chapter	Two	

		

Not	all	Mutations	in	PTEN	are	created	equally.	

Associations	with	Autism	Macrocephaly,	

activation	of	mTORC2,	and	dominant	negatives.			
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Abstract	

The	PTEN	gene	on	chromosome	ten	contains	nine	exons	that	code	for	the	PTEN	protein,	a	

403	amino	acid,	47	kDA,	negative	regulator	of	PI3K/AKT/mTOR	signaling.		PTEN	is	a	true	

tumor	suppressor	gene	and	loss	of	function	mutations	are	associated	with	numerous	

sporadic	cancers	including,	but	not	limited	to	prostate,	breast,	endometrial,	and	those	in	

the	central	nervous	system.	In	addition	to	its	role	in	solid	tumors	PTEN	plays	a	role	in	

normal	human	development.	The	important	regulatory	function	in	somatic	growth,	brain	

development,	and	epidermal	maturity	is	deduced	from	a	spectrum	of	human	phenotypes,	

which	are	caused	by	germ	line,	and	in	many	cases	de	novo,	mutations	and	associated	

syndromes.	These	syndromes;	Cowden	Syndrome,	Bannayan-Riley-Ruvalcaba	syndrome,	

and	macrocephaly/autism	syndrome	are	collectively	referred	to	as	the	PTEN	hamartoma	

tumor	syndromes	(PHTSs).	PHTS	is	characterized	by	accelerated	growth	and	is	

distinguished	by	the	presence	of	specific	neoplasms,	epidermal	phenotypes,	increased	head	

circumference	(macrocephaly),	developmental	delays,	or	autism.	Although	there	is	

strikingly	phenotypic	overlap	between	the	syndromes	there	are	central	differences	which	

to	date	have	no	unifying	genotype-phenotype	correlation.	Complicating	this	effort	there	are	

emerging	roles	for	PTEN	dimerization,	localization,	and	cooperation	tha	may	contribute	in	

varying	degrees	to	distinct	phenotypic	expression.		We	aimed	to	study	the	role	of	PTEN	in	

the	macrocephaly/autism	via	the	generation	of	neural	progenitor	cells	(NPCs)	from	

induced	pluripotent	stem	cells	(iPSCs)	derived	from	affected	patients	with	confirmed	PTEN	

mutations	and	unaffected	parental	controls.	We	compare	the	signaling	changes	in	the	PI3K	

pathway	between	each	patient	line	derived,	additionally	we	have	compared	these	signaling	

changes	to	those	observed	from	CRISPR-Cas9	deletion	of	PTEN.		From	these	studies	we	
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have	made	numerous	observations	that	help	to	elucidate	the	exact	signaling	changes	that	

result	from	PTEN	point	mutations	and	deletions.	From	these	studies	we	show	that	nuclear	

sparing	distribution	is	a	unique	phenotype	observed	in	extreme	autism/macrocephaly	

cases;	additionally,	PTEN	deletion/knockdown	is	associated	with	strong	mTORC2	

activation	a	phenomenon	that	has	not	yet	been	fully	recognized	in	these	syndromes.	Lastly,	

we	show	that	different	PTEN	mutations	activate	mTORC1	and	mTORC2	differently.	We	

believe	that	this	is	the	central	difference	between	these	three	classically	described	

syndromes	and	furthermore	that	mTORC2	signaling	is	central	to	the	presentation	of	

macrocepahly/autism	in	the	absence	of	neoplasms.		We	have	tried	to	restore	baseline	

PI3K/AKT/mTOR	signaling	levels	via	pharmacological	interventions	and	show	that	they	

may	respond	better	to	a	combined	mTORC1/mTORC2	inhibitor	TORIN-1	than	the	strong	

mTORC1	inhibitor	Rapamycin.		This	finding	is	of	central	importance	to	the	management	

and	potential	treatment	of	these	cases,	which	based	upon	our	data	may	require	a	

personalized/precision	approach.	
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Introduction		

General	PTEN	Function	and	Structure		

The	phosphatase	and	tensin	homolog,	PTEN,	gene	is	located	on	chromosome	ten	(HG38;	

87863438-87971930)	adjacent	to	Killin,	KLLN,	and	contains	nine	exons	that	when	

translated,	transcribe	for	the	PTEN	protein.	PTEN	contains	403	amino	acids,	the	molecular	

weight	is	47	kDA,	and	it	has	five	domains.	The	domains	including	the	PB	(1-15),	

Phosphatase	(15-185),	C2	(185-351),	Tail-PEST-PDZ	(351-403)	domains1.	Functionally,	

PTEN	is	best	characterized	as	a	negative	regulator	of	PI3K/AKT/mTOR	signaling,	where	it’s	

focal	substrate	is	activated	phosphatidylinositol	(3,4,5)-trisphosphate	(PIP3).	PTEN	is	a	

phosphatase	and	hydrolyzes	PIP3	into	inactive	PIP2	(phosphatidylinositol	(4,5)-

bisphosphate).	The	PIP3	secondary	messenger	integrates	extracellular	signaling	into	

intracellular	cascades,	which	allow	the	cells	to	adapt	and	respond	appropriately.		This	

symphony	is	coordinated	by	numerous	inputs,	feedback	loops,	and	redundant	signaling	

motifs2.		The	role	of	cytoplasmic	PTEN	is	largely	to	maintain	base	levels	of	PI3K	signaling	

and	prevent	aberrant	activation.	PTEN	also	plays	a	role	in	the	nucleus	where	it	maintains	

genomic	stability,	inhibits	cell	cycle,	and	affects	gene	expression3-5.				

	

PTEN	in	Somatic	Cancer		

PTEN	is	a	classic	tumor	suppressor	gene,	as	somatic	loss	and	function	mutations	result	in	

activation	of	downstream	pathways	and	subsequent	solid	tumor	formation6.		This	function	

has	been	well	established	in	numerous	cancer	studies	that	have	identified	PTEN	mutations	

in	glioblastoma7,	thyroid8,	prostate9,	and	breast	cancers10.	In	fact,	if	large	cancer	studies	are	

queried	it	is	observed	that	PTEN	mutations	are	very	common	in	specific	tumor	types	such	
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as	uterine	corpus	endometrial	carcinoma	(67%)11,	prostate	adenocarcinomas	(49%)12,	

glioblastomas	(41%)13;	14,	and	stomach	adenocarcinomas	(27%)15	(Figure	1).	Also	there	are	

specific	residues	of	PTEN,	which	demonstrate	overrepresentation	and	enrichment	in	

sporadic	tumors	(Figure	2)1.			
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	Figure	2-1:	Domains	of	PTEN	and	specific	mutations	in	COSMIC		

Figure	recreated	from	Chalhoub,	20091	analysis	of	the	catalogue	of	somatic	tumors	in	

cancer	(COSMIC)	reveals	that	there	are	specific	residues	that	are	recurrently	mutated	in	

tumors.		
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Figure	2-2:		Prevalence	of	PTEN	mutations	in	specific	tumor	types		

We	queried	large	tumor	studies	that	collected	sequencing	data	from	cohorts	of	cases	with	

tumors.	We	combined	the	data	from	these	studies	to	show	the	prevalence	of	PTEN	

mutations	in	these	tumor	types.	We	have	found	that	PTEN	mutations	occur	in	67%	of	

uterine	corpus	endometrial	carcinomas	11,	49%	of	prostate	adenocarcinomas12,	41%	of	

glioblastomas13;	14,	and	27%	of	stomach	adenocarcinomas15				
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Perhaps	surprisingly,	tumor	formation	stratifies	to	tissues	where	expression	of	PTEN	is	the	

highest	and	potentially	play	a	critical	role	in	growth	suppression.		Using	a	monoclonal	

antibody,	Gimm	et.	al.	explored	PTEN	expression	in	the	developing	human	and	found	that	it	

is	most	highly	expressed	in	the	central	nervous	system,	skin,	and	thyroid16.	Most	

interestingly,	these	tissues	are	also	those	affected	in	cases	with	germ	line	inherited	or	de	

novo	mutations	in	PTEN	which	present	with	well	characterized	syndromic	phenotypes.		

	

PTEN	in	Syndromes		

It	has	been	well	established	that	somatic	mutations	in	PTEN	result	in	deregulated	growth	

and	resulting	tumors.	Also,	more	widespread	germ	line	mutations	in	PTEN	are	associated	

with	genetic	overgrowth	syndromes.	Collectively,	these	syndromes	are	referred	to	as	the	

PTEN	Hamartoma	Syndromes	and	are	clinically	unified	by	the	presentation	of	somatic	

and/or	brain	overgrowth	each;	however,	varying	degrees	of	cancer	predisposition,	

behavioral	phenotypes,	and	associated	epidermal	manifestations	that	makes	them	distinct.		

		

Cowden	Syndrome		

Cowden	syndrome	(CS1,	MIM: 158350)	was	first	described	and	recognized	as	a	clinical	

syndromic	entity	in	196317.	However,	the	link	to	PTEN	mutations	was	not	established	until	

14	years	later	in	199718.	This	syndrome	is	largely	characterized	by	cancer	predisposition	

which	manifests	as	increased	lifetime	risks	of	specific	tumor	types	including	breast	(25-

50%),	endometrial	(2-28%),	renal	(34%),	colon	(9-16%),	thyroid	(3-17%)	and	melanoma	

(6%)18.		Outside	of	neoplastic	findings	there	are	major	phenotypic	features	that	define	this	
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syndrome	including	increased	head	circumference	(macrocephaly),	macular	pigmentation	

on	the	glans	of	the	penis,	and	mucocutaneous	lesions	(including	trichilemmomas,	

palmoplantar	pits,	hyperkeratotic	papules,	neuromas,	and	papillomas).	Less	common	

minor	diagnostic	criteria	include	lipomas,	vascular	abnormalities,	esophageal	glycogenic	

acanthosis,	autism	spectrum	disorder,	and	intellectual	disability18.		

	

BRRS	Syndrome	

Bannayan-Riley-Ruvalcaba	syndrome	(BRRS,	MIM:	152480)	was	first	described	in	1971	as	

a	syndrome	of	overlapping	angiomatosis,	lipomatosis,	and	macrocephaly19.		The	genetic	

etiology	was	first	mapped	in	1997	to	the	region	of	10q2320	and	then	refined	to	the	location	

of	the	PTEN	gene	via	the	study	of	a	case	with	a	deletion	incorporating	the	gene21.		The	

association	of	PTEN	mutations	in	this	syndrome	was	subsequently	solidified	via	more	

sensitive	sequencing	methods22;	23.		The	phenotypic	presentation	has	been	expanded	from	

the	classic	triad	of	angiomatosis,	lipomatosis,	and	macrocephaly	to	include	intestinal	

hamartomatous	polyps	and	developmental	delay24.	There	is	significant	clinical	overlap	with	

CS1	which	have	led	some	to	suggest	that	they	are	“allelic21”	or	perhaps	even	a	single	

entity25.	Supporting	this	latter	claim	there	is	truly	no	unifying	genotype-phenotype	

correlation	between	the	two	disorders.	For	example	mutations	associated	with	CS1	do	not	

cluster	in	known	functional	domains	and	are	not	enriched	for	truncating	or	missense	

mutations.	One	PTEN	associated	phenotype	that	is	clinically	distinct	however	is	PTEN	

associated	macrocephaly/autism25.		

	

Macrocephaly/Autism			
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Macrocephaly/autism	syndrome	(MIM:	605309)	has	been	more	recently	described	with	

the	first	suspected	cases	identified	in	199126	and	200027.	However,	at	that	time	their	

behavioral	phenotypes	were	not	diagnosed	as	autism	but	instead	described	as	major	delays	

in	social	and	language	development	without	accompanying	delays	in	motor	function,	which	

was	deemed	“autistic.”	In	2005	the	genetic	etiology	was	confirmed	with	the	largest	cohort	

of	patients	to	date,	which	identified	mutations	in	PTEN	and	also	made	the	observation	that	

in	many	cases	there	was	extreme	macrocephaly	(>3SD,	overall	range	2.5-8SD	above	the	

mean)28.		We	have	also	described	a	cohort	of	patients	(33)	with	the	macrocepahly/autism	

phenotype.		Within	this	cohort	we	were	able	to	identify	mutations	in	PTEN.	Similar	to	the	

findings	of	Butler	et.	al	we	find	that	the	cases	with	PTEN	mutations	all	display	extreme	

macrocephaly,	and	furthermore	overwhelmingly	demonstrate	somatic	overgrowth	with	

height	and	weight	also	being	above	the	95th	percentile29.
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Table	2-1:		Genetic	and	Phenotypic	findings	in	patients	with	autism	macrocephaly	

This	previously	reported	cohort29	shows	the	recurrent	prevalence	of	PTEN	mutations	in	

autism	macrocephaly.	Additionally,	the	PTEN	patients	in	this	cohort	demonstrate	extreme	

macrocephaly.	We	have	derived	iPSCs	from	patients	2	and	3	in	this	cohort.	

	

	

	

	

Table 1. Phenotypic Features of Individuals With Autism and Macrocephaly

Number

Individuals with confirmed PTEN Mutations ADM (Autism with Disproportionate Macrocephaly)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Gender M M M M M M M M M F M M F M M
Age 15 years 3 years 4 years 2 years

6 months
4 years
4 months

18 years
11 months

17 years 5 years
4 months

3 years 3 years
2 months

6 years
11 months

17 years
6 months

7 years 2 years
8 months

2 years
9 months

Height cm (%ile) 169 (50) 102 (>95) 125.6 (>95) 99 (>95) 106.8 (75) 158 (<5) 168.3 (15) 106.5 (20) 92.5 (25) 91.8 (25) 117.5 (25) 174.5 (48) 123 (53) 92 (50) 95 (60)
Weight kg (%ile) 62.6 (74) 17.4 (95) 24.8 (>95) 13.2 (50) 18.7 (80) 91.8 (93) 73.6 (76) 17.3 (25) 14.3 (50) 14.2 (50) 35.8 (>95) 61.9 (30) 26.5 (80) 14.5 (73) 16.6 (95)
HC cm (%ile) 58.5 (>99.7) 56 (>99.7) 56 (>99.7) 55.5 (>99.7) 53 (92) 62.5 (>99.7) 57.3 (85) 53 (87) 53 (>97) 51 (92) 53.5 (85) 58 (91) 54 (>97) 51 (85) 53 (>97)
HC SD >3 >3 >3 >3 1–3 >3 1–3 1–3 1–3 1–3 1–3 1–3 1–3 1–3 1–3
HT/HC %ile .5 .98 .98 .96 .82 .05 .18 .23 .25 .27 .29 .53 .55 .59 .62
Hypotonia - + - - - + + + + + + - + - +
Flat Nasal Bridge - - - - - + + + - - + - + - -
Clinodactyly - - - - - - - - - + - + - - -
CMA ? ? ? ? - ? dup6

q23.2
- - - - - - - ?

PTEN P38H R130X Y68N R130L V255A - - - - - - - - - ?

Number

ARM (Autism with Relative Macrocephaly) AMSO (Autism Macrocephaly with Somatic Overgrowth)

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

Gender F F M F M F M M M M M M M F M M M M
Age 7 years

10 months
2 years
7 months

3 years
1 months

4 years
7 months

3 years
10 months

2 years
7 months

7 years 3 years
8 months

4 years
8 months

6 years 1 years
6 months

3 years
2 months

3 years 3 years
6 months

14 years
4 months

3 years
1 months

4 years
1 months

6 years
11 months

Height
cm (%ile)

129 (74) 94 (75) 98 (73) 107.5 (74) 104 (76) 94.6 (85) 126.7 (80) 104.5 (89) 112 (89) 120 (80) 87.5 (95) 102 (93) 113 (>95) 109.8 (>95) 181.3 (>95) 104.8 (>95) 116.7 (>95) 140.3 (>95)

Weight
kg (%ile)

32.3 (91) 17.6 (>95) 16.8 (91) 17.5 (50) 17.2 (80) 17.5 (>95) 24.9 (74) 18.4 (92) 21 (90) 23.3 (80) 13.1 (80) 17.1 (90) 35 (>95) 20.3 (>95) 70.3 (92) 19 (>95) 22.2 (>95) 56.7 (>95)

HC cm (%ile) 55.5 (>97) 53 (>97) 52 (93) 52.5 (95) 53 (96) 55.5 (>99.7) 54 (90) 54 (>97) 54 (>97) 53.5 (90) 52.5 (>99.7) 52.5 (96) 55 (>99.7) 52 (>97) 57.5 (96) 53 (>97) 54.5 (>97) 56 (>97)
HC SD + + + + + >3SD + + + + >3SD + >3SD + + + + +
HT/HC %ile .76 .77 .79 .79 .79 .85 .89 .91 .91 .89 .95 .97 .98 .98 .98 .98 .98 .98
Hypotonia - - + - - + - - - - - - - - - + - -
Flat Nasal

Bridge
+ - - + - - - - - - - - + - - - + -

Clinodactyly - - - - + - - + - + + + + - - - - -
CMA ? - ? - - ? - - - ? del10

q24.32
- ? - - - - -

PTEN - ? ? ? - ? - - ? ? ? ? ? - ? - - -

CMA, chromosomal microarray; HC, head circumference; HT, height; %ile: percentile; ?, unknown; +, feature present; -, normal or not present; SD, standard deviation.
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Similar	to	CS1	and	BRRS,	there	does	not	seem	to	be	a	genotype-phenotype	correlation	

within	autism	macrocepahly	cases	that	may	explain	the	divergence	of	this	syndromic	

entity.	There	is	a	single	report	which	claims	that	“autism-associated”	PTEN	mutations	are	

less	severe	than	those	associated	with	“severe	PHTS”	in	that	the	“autism-associated”	

mutations	are	less	likely	to	be	complete	loss	of	function	frame	shift	and	nonsense.	

Furthermore,	retain	some	ability	to	suppress	AKT	signaling30.	While	the	results	of	this	

study	are	suggestive,	they	do	not	take	into	account	the	recurrent	observation	of	complete	

loss	of	function	frameframe	shift	and	nonsense	mutations	in	macrocephaly	autism	cases,	

including	the	R130X	mutation	from	our	report30	and	in	others31.		It	is	possible	that	the	

newly	emerging	data	on	PTEN	homo-dimer	formation	and	localization	provides	additional	

insight	into	the	role	of	PTEN	mutations	and	the	spectrum	of	phenotypic	manifestations.		

	

PTEN	Forms	Catalytically	Active	Homo-Dimers		

It	has	been	recently	described	that	PTEN	forms	homo-dimers	both	in	solution32	and	in	the	

living	cell33.		Most	interestingly,	these	dimers	are	catalytically	active	and	formation	is	

controlled	partly	through	the	phosphorylation	of	the	C-terminal	tail.	It	has	been	shown	that	

dimers,	which	contain	a	mutated	partner,	are	catalytically	inactive.	Thus,	mutations	that	

cause	loss	of	phosphatase	activity	but	maintain	an	intact	C-terminal	tail	can	exert	a	

dominant	negative	effect33	(Figure	3).	In	addition	to	the	dominant	negative	effects,	

mutations	may	disrupt	residues	that	are	essential	for	trafficking	signals	where	PTEN	is	

shuttled	between	the	membrane,	cytoplasm	and	nucleus.	
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Figure	2-3:		PTEN	can	act	in	a	dominant	negative	or	true	heterozygous	mechanism	

Based	upon	the	emerging	data	that	PTEN	forms	catalytically	active	homo	dimers	in	vitro	

and	in	vivo,	we	present	three	states	of	PTEN	function.	In	the	wild-type	setting	all	copies	of	

PTEN	protein	are	functional	and	able	to	form	active	homodimers.	When	a	dominant	

negative	copy	of	PTEN	protein	is	made	it	randomly	can	form	homo	dimers	with	either	wild-

type	functional	copies	or	other	negative	copies.	This	dominant	negative	mechanism	results	

in	the	decreased	availably	of	functional	homo	dimers.	In	settings	of	true	loss	of	function	

frame	shift	and	nonsense	mutations,	homo	dimer	formation	with	mutant	PTEN	is	not	

possible.	Therefore	there,	are	no	catalytically	dead	homo	dimers;	Rather,	there	is	a	reduced	

frequency	of	functional	complexes	(LOF=Loss	of	Function).		
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PTEN	Localization		

PTEN	can	be	found	in	three	main	cellular	locations.	Cytoplasmic	PTEN	is	the	most	

conventionally	discussed	and	its	role	in	suppression	of	AKT	signaling	is	well	understood.	In	

addition,	it	can	transiently	associate	with	the	plasma	membrane,	which	is	stabilized	by	

interactions	between	acidic	motifs	in	phospholipids	with	basic	amino	acid	motifs	

throughout	the	PTEN	protein.		In	the	membrane,	PTEN	can	interact	with	PIP2	via	a	binding	

site	on	the	N-terminus34;	35.		Alternatively	PTEN	can	be	localized	in	the	nucleus,	which	is	

mediated	via	a	nuclear	localization	signal,	which	includes	ubiquitination	on	the	N-terminus	

in	the	C2	Domain	and	SUMOylation	in	the	C2	Domain	(Figure	4).		A	number	of	cellular	

stressors	including	radiation	causes	PTEN	to	exit	the	nucleus.	However,	posttranslational	

modifications	may	additionally	regulate	the	location	of	PTEN	in	a	biologically	relevant	

manner36	(Figure	5).	To	better	understand	the	role	of	PTEN	mutations	in	the	

autism/macrocepahly	phenotype	we	aimed	to	model	them	via	three	approaches	(1)	

Crispr/Cas9	deletion,	(2)	viral	knockdown,	and	(3)	generation	of	NPCs	from	iPSCs	of	

affected	patients.
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	Figure	2-4:	Nuclear	localization	signals	and	protein	modifications	of	PTEN		

Figure	recreated	from	Chalhoub,	20091	phosphorylation,	ubiquitination	on	the	N-terminus	

in	the	C2	Domain	and	SUMOylation	in	the	C2	Domain	coordinate	the	nuclear	localization	

signal	on	PTEN.				
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Figure	2-	5:	Cytoplasmic	and	nuclear	roles	of	PTEN	

In	the	cytoplasm,	PTEN	acts	a	negative	regulator	or	the	PI3K/AKT	pathway	via	its	

phosphatase	activity	on	PIP3.	When	translocated	to	the	nucleus	PTEN	plays	additional	

roles	in	chromatin	remodeling,	cell	cycle,	double	stranded	break	repair,	and	centromere	

stability	
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We	aimed	to	explore	the	exact	molecular	mechanism	of	PTEN	mutations	via	

Crispr/Cas9	deeletion	in	human	neural	stem	cells	and	generation	of	neural	

stem	cells	from	affected	patients.		

	

Materials	and	Methods:		

Crispr/Cas9	Cloning	

PTEN	and	GSK3B	were	deleted	from	HEK293T	cells	utilizing	the	Crispr/Cas9	plasmid	

(pSpCas9(BB)-2A-Puro	(PX459)	V2.0,	#6298837)	from	addgene.			Guide	RNAs	(gRNAs)	

were	designed	using	Benchling	software.	gRNAs	were	selected	based	on	which	showed	the	

highest	“on-target”	score38	and	“off-target”	score39.	The	20Bp	gRNAs	were	flanked	with	

CACC-on	the	5’end	of	their	forward	oligo	and	AAAC-	on	the	5’end	of	their	reverse	oligo.	

These	overhangs	facilitate	ligation	into	the	parental	plasmid	once	it	is	digested	with	BbsI.	

Briefly	the	oligos	were	annealed	and	phosphorylated	using	T4	PNK	enzyme	(NEB,	

M0201S),	annealed	oligos	were	then	diluted	an	added	to	a	digestion-ligation	reaction	

containing	parental	plasmid,	tango	buffer	(Life	Tech,	By5),	DTT,	ATP,	BbsI	(Thermo,	

FD1014)	and	T7	Ligase	(NEB,	M03185).	After	six	cycles	of	370C	for	five	minutes	and	230C	

for	5	min	the	reaction	was	treated	with	plasmid	safe	exonulease	(Epicentre,	E3101K).	

Finally	plasmids	were	transformed	in	Stbl3	E.Coli	and	grown	under	ampicillin	selection.	

Plasmid	mini-preps	were	performed	on	three	colonies	and	sanger	sequencing	confirmed	

the	cloning	event	using	the	human	U6	primer	sequence:	5’-CGATACAAGGCTGTTA-3’.		

	

gRNA	Sequences:		
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ID	 Sequence		

PTEN	Upstream	2	F		 5’-CACC-GGTGGGTTATGGTCTTCAAA-3’	

PTEN	Upstream	2	R	 5’-AAAC-TTTGAAGACCATAACCCACC-3’	

PTEN	Downstream	1	F		 5’-CACC-GAGAGGCCCTAGATTTCTATG-3’	

PTEN	Downstream	1	R	 5’-AAAC-CATAGAAATCTAGGGCCTCTC-3’	

PTEN	Downstream	2	F		 5’-CACC-GATTCACTGTAAAGCTGGAAA-3’	

PTEN	Downstream	2	R	 5’-AAAC-TTTCCAGCTTTACAGTGAATC-3’	

GSK3B	Upstream	1F	 5’-CACC-GAAAAGGAGTGAAAAGCCAAG-3’	

GSK3B	Upstream	1R	 5’-AAAC-CTTGGCTTTTCACTCCTTTTC-3’	

GSK3B	Downstream	1	F	 5’-CACC-GGTTTCTTATTTTAAGGGCG-3’	

GSK3B	Downstream	1	R	 5’-AAAC-CGCCCTTAAAATAAGAAACC-3’	

	

HEK293T	Cell	Culture	and	Transfections:		

Cells	were	maintained	with	basal	media	including	DMEM,	PSN	and	10%	fetal	bovine	serum	

(FBS).	Twenty-four	hours	before	transfection	cells	were	liberated	from	T25	flask	with	

TrypLE™	Express	Enzyme	(1X).	Cell	concentration	and	viability	was	determined	with	the	

Invitrogen	Countess	I.	After	plating	2x105	viable	cells	onto	a	12-well	culture	dish,	volume	

was	brought	to	1ml	of	basal	media.	On	the	day	of	transfection	media	was	aspirated,	and	

500ul	of	basal	media	was	added	to	each	well.	GeneIn	Transfection	reagent	was	combined	

with	2ug	of	plasmid,	brought	to	a	final	volume	of	200ul,	vortexed	and	then	incubated	at	

room	temperature	for	15	minutes	then	added	to	each	well.	Cells	were	incubated	for	24	

hours,	followed	by	a	12-hour	nutrient	starvation	in	DMEM	lacking	glutamine,	glucose	and	

FBS.		
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Crispr/Cas9	mRNA	approach	in	ipNPCs		

Due	to	a	lack	of	transfection	efficiency	of	plasmids	we	switched	methodologies	to	achieve	

genome	editing	in	ipNPCs.	Cas9	and	gRNA	mRNAs	are	transfected	in	combination	as	

follows:		Cells	were	maintained	in	basal	media	composed	of	NeuralX		NSC	Medium,	

GlutaGro,	MEM	nonessential	amino	acids,	GS22	Neural	Supplement,	FGF/EGF,	and	LIF.	24	

hours	before	transfection,	cells	were	liberated	from	T75	flask	with	5ml	of	TrypLE™	Express	

Enzyme	(1X)	and	replated	onto	a	LDEV-free,	Geltrex	coated	T75	flask.	On	the	day	of	

transfection,	cells	were	liberated	from	T75	flask	with	5ml	of		TrypLE™	Express	Enzyme	

(1X).Cell	concentration	and	viability	were	determined	with	the	Invitrogen	Countess	I.	After	

cells	were	counted,	500ul	of	basal	media	were	added	to	each	well	of	a	24-well	culture	dish	

and	7.0x104	viable	cells	were	added.	After	adding	the	cells,	2ul	of	EditPro	Stem	transfection	

reagent,	65ng	of	Cas9	mRNA,	and	50ul	of	OptiMem	were	added.	24	hours	after	the	cells	

were	transfected	with	Cas9	mRNA,	2ul	of	EditPro	Stem	transfection	reagent,	50ng	of	each	

guide	RNA,	and	50ul	of	OptiMem	were	added	to	each	well.	Cells	were	incubated	for	24	

hours	prior	to	analysis.		

	

gRNA	mRNA	Sequences:		

ID	 Sequence		

PTEN	Upstream	2	F		 5’-	GGTGGGTTATGGTCTTCAAA-3’	

PTEN	Downstream	1	F		 5’-	GAGAGGCCCTAGATTTCTATG-3’	

PTEN	Downstream	2	F		 5’-	GATTCACTGTAAAGCTGGAAA-3’	

	



	100	

To	model	PTEN	loss	we	chose	to	analyze	populations	of	cells	which	had	been	edited,	

instead	of	clonally	expanding	individual	cell	lines	(Figure	6).		
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Figure	2-6:	Experimental	design	for	generation	of	PTEN	deletion	populations	in	

HEKS293Ts		

Guide	RNAs	(gRNAs)	were	designed	using	benching	software,	which	maximizes	efficiency	

and	mina	mizes	off	target	effects.	These	gRNAs	are	then	cloned	into	parental	Crispr	

plasmids	that	additionally	carry	puromycin	selection.	Follow	transfection	and	selection	we	

analyzed	populations	of	cells,	which	are	advantageous	because	of	the	few	passages	

required	which	allow	the	cells	less	time	to	compensate,	and	biological	differences	to	be	

observed.		
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Patient	Enrollment	

Patients	were	referred	to	determine	the	genetic	etiology	of	their	pathology.	Key	factors,	

which	led	to	PTEN	testing	were	autism	with	head	circumference	greater	than	the	95th	

percentile,	history	of	pediatric	neoplasms,	or	freckling	of	the	glans	of	the	penis.	Genetic	

testing	was	ordered	to	sequence	all	exons	of	PTEN	in	either	a	gene-specific	or	whole	exome	

format.	For	this	study,	patients	and	parents	were	asked	to	sign	an	IRB	approved	consent	

form	covering	the	generation	of	iPSCs	and	analysis	for	research	purposes.	Unaffected	non-

carrier	parents	will	be	enrolled	to	serve	as	controls	for	each	case.	

	

Sample	Collection	

Venipuncture	was	performed	by	trained	personnel	at	UCLA.	Two	CPT	tubes	containing	8	ml	

of	blood	were	drawn	for	each	participant.	Specimens	were	centrifuged,	screened	for	blood-

borne	diseases	(HBV,	HCV,	HIV)	and	placed	on	ice.		

	

iPSC	Generation	

We	used	a	non-integrating	system	to	avoid	random	insertion	of	proviral	DNA	into	the	

genome	to	generate	the	patient	iPSC	lines.		Specifically,	a	combination	of	episomal	plasmids	

containing	the	reprogramming	factors	Oct-4,	Sox-2,	Klf-4,	L-Myc,	Lin-28,	SV40	Large	T	

Antigen	(“SV40LT”),	and	short	hairpin	RNAs	targeting	p53	(“shRNA-p53”)	were	utilized	in	

a	defined	reprogramming	media	(Figure	7).	

	

Generation	and	characterization	of	NSCs	from	iPSCs	
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Following	generation	of	iPSCs,	we	generated	forebrain,	cortex-like	neural	progenitor	cell	

cultures.	We	used	an	adaptation	of	a	protocol	for	the	differentiation	of	cortical	

progenitors31.		The	Pax6/Nestin	positive	neural	stem	cells	were	expanded	in	EGF	and	bFGF	

to	generate	neurospheres	prior	to	use.	We	verifed	that	each	culture	contained	multipotent	

neural	stem	cells,	clonal	neurospheres	will	be	differentiated	in	the	absence	of	mitogens	and	

cells	stained	for	neural	and	glial	markers,	including	markers	of	glutamatergic	and	

GABAergic	neurons	(Figure	8).	
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Figure	2-7:	Generation	of	ipNPCs	from	autism	macrocephaly	patients			

CPT	tubes	were	drawn	for	each	participant.	From	the	blood	samples,	mono-nucleated	cells	

were	isolated	and	reprogramed	using	episomal	plasmids	containing	the	reprogramming	

factors	Oct-4,	Sox-2,	Klf-4,	L-Myc,	Lin-28,	SV40	Large	T	Antigen	(“SV40LT”)	and	short	

hairpin	RNAs	targeting	p53	(“shRNA-p53”).		From	the	iPSCs,	we	generated	forebrain,	

cortex-like	neural	progenitor	cell	cultures	(ipNPCs)	

	

	

.		
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Figure	2-8:	Validation	of	ipNPC	cell	identity		

We	use	the	markers	Pax6	and	Nestin	to	confirm	that	the	cells	were	progenitors.	

Additionally,	we	confirmed	that	the	cultures	contained	multipotent	neural	stem	cells	by	

assaying	the	ability	of	clonal	neurospheres	to	differentiate	in	the	absence	of	mitogens.	
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Confirmation	of	Patient	Mutations	

All	exons	of	PTEN	were	amplified	via	PCR	and	then	Sanger	sequenced.	Traces	were	

manually	screened	for	the	presence	of	mutations,	which	were	then	mapped	to	the	human	

genome	to	predict	cDNA	and	Protein	changes.		

	

PTEN	Sequencing	Primers	

PTEN1FWD1:	 ACA	TTT	TGC	TGC	CGG	TCA	ATT	ATT	CGT	CTT	CTC	CCC	ATT	CCG	

PTEN1REV1:	 TCC	TTT	GTC	GAT	ACT	GGT	AAA	GAA	AGC	AAT	CGG	TGG	CTT	GA	

PTEN2FWD1:	 ACA	TTT	TGC	TGC	CGG	TCA	ACC	TGA	ATA	CTG	TCC	ATG	TGG	AAG	TTA	CC	

PTEN2REV1:	 TCC	TTT	GTC	GAT	ACT	GGT	ACA	AAT	GAA	CTG	TAT	CCC	CCT	GAA	GTC	

PTEN3FWD1:	 ACA	TTT	TGC	TGC	CGG	TCA	AAC	CCA	TAG	AAG	GGG	TAT	TTG	TTG	G	

PTEN3REV1:	 TCC	TTT	GTC	GAT	ACT	GGT	AGC	TCT	TGG	ACT	TCT	TGA	CTT	AAT	CGG	

PTEN4FWD2:	 ACA	TTT	TGC	TGC	CGG	TCA	GTG	GCA	TCA	CAA	GTT	TTT	AAG	CA	

PTEN4REV2:	 TCC	TTT	GTC	GAT	ACT	GGT	ATC	TCA	CTC	GAT	AAT	CTG	GAT	GAC	TCA	TT	

PTEN5FWD1:	 ACA	TTT	TGC	TGC	CGG	TCA	TCC	GTA	TAG	CGT	AAA	TTC	CCA	GA	

PTEN5REV1:	 TCC	TTT	GTC	GAT	ACT	GGT	ACA	GAT	CCA	GGA	AGA	GGA	AAG	GAA	AA	

PTEN6FWD1:	 ACA	TTT	TGC	TGC	CGG	TCA	GAG	CGC	TGT	TGT	GAC	CTT	TGA	ATA	A	

PTEN6REV1:	 TCC	TTT	GTC	GAT	ACT	GGT	AGA	ATT	GGG	CTG	TAT	TTG	GTG	GTT	

PTEN7FWD1:	 ACA	TTT	TGC	TGC	CGG	TCA	GGA	CCT	TAT	TTT	GAA	GGT	TCA	AAC	TGG	AG	

PTEN7REV1:	 TCC	TTT	GTC	GAT	ACT	GGT	AGT	TAC	AAT	GCC	ATA	AGG	CCT	TTT	CC	

PTEN8FWD2:	 ACA	TTT	TGC	TGC	CGG	TCA	TGC	AAC	AGA	TAA	CTC	AGA	TTG	CC	

PTEN8REV2:	 TCC	TTT	GTC	GAT	ACT	GGT	ACT	TTT	TTG	ACG	CTG	TGT	ACA	TTG	GG	

PTENEX9	FWD:	 ACA	TTT	TGC	TGC	CGG	TCA	AGA	GGG	TCA	TTT	AAA	AGG	CCT	C	

PTENEX9REV:	 TCC	TTT	GTC	GAT	ACT	GGT	AAG	TGT	CAA	AAC	CCT	GTG	GAT	GT	
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PCR	showing	amplification	of	all	exons	in	PTEN	for	sequencing	

		

Western	Blot	Analysis	

Cells	were	lysed	on	24	well	or	12	well	plates	in	200µl	or	400ul	of	passive	lysis	buffer,	

prepared	with	phosphatase	and	protease	inhibitors,	and	incubated	by	shaking	at	40C	for	

one	hour.	After	lysis	tubes	were	spun	at	7500	Rcf	for	5	minutes	to	collect	debris.	

Supernatant	was	transferred	to	a	new	tube	then	protein	concentration	determined	with	the	

Coomassie	Plus	Bradford	(Life	Technologies)	reagent	following	manufacture	instructions.	

Protein	samples	were	diluted	to	a	final	concentration	of	10µg/20	μl	into	Western	loading	

buffer	with	beta-mercaptoethanol	and	then	boiled	for	5	minutes.		Western	blots	were	run	

on	12%	acrylamide	gels	followed	by	transfer	onto	nitrocellulose	membranes	utilizing	the	

Transblot	Turbo®	apparatus	from	Biorad.	The	membrane	was	blocked	in	5%	bovine	

serum	albumin	in	Tris	buffered	saline	plus	Tween	(TBST)	for	30	minutes,	then	incubated	in	

primary	antibodies	(Listed	Below)	for	24	hours.	Blots	were	then	rinsed	with	Tris	buffered	

saline	(TBS)	and	washed	three	times	with	TBST.	Blots	were	then	incubated	in	rabbit	or	

mouse	secondary	antibodies	conjugated	to	horseradish	peroxidase	at	a	dilution	of	1/3750.	

Following	secondary	incubation	membranes	were	rinsed	with	TBS	then	washed	twice	with	

TBST.	Blots	were	exposed	using	Western	Clarity	reagents	from	BioRad	and	imaged	on	the	

Bio	Rad	ChemiDoc	and	viewed	in	ImageLab	Software.		

	

Antibodies		
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Statistical	Analysis		

Western	blots	were	run	in	biological	sextets,	which	gave	us	the	power	to	perform	Mann-

Whitney	U	tests	for	non-parametric	data.	The	p-values	for	these	tests	were	Bonferroni	

corrected	for	multiple	tests	in	the	event	of	numerous	comparisons.		

	

Immunofluorescence		

One	hundred	thousand	human	neural	stem	cells	were	plated	on	GelTrex	(Invitrogen)	

coated	coverslips.	After	24	hours	of	growth	cells	were	fixed	using	paraformaldehyde	for	20	

minutes	then	blocked	with	10%	normal	goat	serum	in	TBST	overnight.	The	following	day,	

Antibody	 Manufacturer	 Cat	#	 Dilution	

pmTOR	2448	 Cell	Signaling	 5536	 1:1000	

AKT	473	 Cell	Signaling	 4060	 1:2000	

B-actin	 Cell	Signaling	 4970	 1:4000	

p4EBP1	S65	 Cell	Signaling	 9451	 1:1000	

PTEN	 Cell-Signaling	 9188	 1:1000	

pTSC2	 Cell-Signaling	 3611	 1:2000	

pGSK3a/b	 Cell-Signaling	 9331	 1:1000	

pPTEN	 Cell-Signaling	 9551	 1:1000	

pAKT308	 Cell-Signaling	 13038	 1:1000	

pAKT450	 Cell-Signaling	 9267	 1:1000	

P4EBP1	 Cell-Signaling	 2855	 1:1000	

pmTOR2481	 Cell-Signaling	 2974	 1:500	

pS6Kinase		 Cell-Signaling	 9234	 1:1000	

pSGK(Ser422)	 Santa	Cruz	 Sc-16745	 1:200	

pRAPTOR	(Ser792)	 Cell-Signaling	 2083	 1:1000	
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coverslips	were	washed	three	times	in	TBST.	Coverslips	were	incubated	in	primary	

antibody	(listed	below)	in	3%	BSA	in	TBST	for	one	hour.	Coverslips	were	then	washed	

three	times	in	TBST	and	incubated	in	secondary	antibody	(Jackson	Laboratories,	AffiniPure	

Donkey	Anti-Rabbit,		711-165-152,	Dilution	1/1000	and	Invitrogen,	Alexa	Fluor®	647	

Phalloidin,	A22287,	dilution	1/100)	in	3%	BSA	in	TBST	for	one	hour.	Coverslips	were	then	

washed	three	times	in	TBST	and	then	three	times	in	water.	Coverslips	were	mounted	on	

glass	slides	using	ProLong®	Gold	Antifade	Mountant	with	DAPI	(Invitrogen,	P36931).	

Slides	were	imaged	using	a	Zeiss	LSM-800.		

	

	

	

Staining	

Antibody	 Manufacturer	 Cat	#	 Dilution	

PTEN	 Cell	Signaling	 9188	 1:500	

Phalloidin	647	 Thermo	 A22287	 1:250	

Rb-Cy3	 Jackson	 711-165-152	 1:1000	

Ms-DL469	 Jackson	 	 1:4000	
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Results	

Deletion	of	PTEN	from	HEK293Ts		

We	first	modeled	loss	of	PTEN	in	HEK293T	cells.	Following	transfection	of	PTEN	gRNA	

plasmids	and	48-hour	puromycin	selection,	we	confirmed	PTEN	deletion	via	PCR	analysis	

utilizing	a	primer	set,	which	flanks	the	cut	sites.	We	observed	the	presence	of	an	edited	

band	in	addition	to	the	wild	type	band.	This	band	is	of	the	expected	size,	which	confirms	

that	the	Crispr/Cas9	system	is	cutting	efficiently	and	correctly	(Figure	9a).	We	then	wanted	

to	assay	how	the	pathway	activation	of	PTEN+/-	cells	vs	wildtype	cells	which	have	only	

received	the	empty	Crispr/Cas9	plasmid	lacking	any	cloned	guide	RNA.		Protein	extracts	

from	these	cells	were	then	subjected	to	western	blot	analysis,	which	demonstrated	that	the	

PTEN+/-	cells	have	increased	phosphorylation	of	mTORC2-associated	targets	including	

pAKT473,	pAKT450	and	pSGK1-422	(Figure	9b-c).	There	was	no	increase	in	the	mTORC1	

targets	assessed	including	p4EBP1	37/46	and	pmTOR2448	(Figure	9b-c).		We	then	assayed	

the	activation	of	GSK3α/β	in	these	cells	and	show	that	there	is	strong	activation	of	both	

proteins	via	loss	of	their	inhibitory	phosphorylation	events	at	Ser21	and	Ser9	respectively	

(Figure	9d).	We	observed	an	increase	in	the	autophagy	component	LC3A	(Figure	9d)	To	

better	understand	the	interplay	between	GSK3B	and	mTORC2	we	engineered	GSK3B(+/-)		

interestingly	these	show	decreases	in	mTORC1	substrates	and	markers	including	

pmTOR2448	and	p4EBP1,	however	show	an	increase	in	the	mTORC2	target	pAKT473.	
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Figure	2-9:	Deletion	of	PTEN	and	GSK3B	from	HEK293T	Cells		

(a)	PCR	showing	deletion	of	critical	exon	5	in	PTEN	(b)	western	blot	analysis	of	PTEN(+/-)	

cells	which	demonstrate	increased	mTORC2	targets	including	pAKT473,	pAKT450,	and	

pSGK1(422)	(c)	Quantification	of	western	blots,	standard	deviations	are	shown	with	black	

vertical	bars,	*	denotes	significant	difference	<.05	(d)	Western	blot	analysis	showing	that	

PTEN(+/-)	cells	have	less	pGSK3a(Ser21)	and	pGSK3b	(Ser9)	(e)	proposed	model	for	

decreases	in	GSK3a/b	activity	(f)	PCR	showing	deletion	of	critical	exon	1	and	5’	UTR	in	

GSK3B	(g)	western	blot	showing	consequence	of	GSK3B	loss	including	increased	pAKT473,	

decreased	pmTOR2448,	and	p4EBP1(37/46).	
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Deletion	of	PTEN	from	ipNPCs		

To	explore	the	effect	of	PTEN	loss	on	brain	progenitor	cells	we	modified	our	approach	to	

genetically	engineer	PTEN	loss	in	induced	pluripotent	derived	neural	progenitors.	These	

cells	do	not	transfect	with	circular	DNA	plasmids	with	high	enough	efficiency	to	be	

conducive	for	Crispr/Cas9.	Therefore	we	used	an	mRNA	Crispr/Cas9	system	where	the	

Cas9	mRNA	is	transfected	along	side	gRNA	mRNAs.	To	establish	this	approach	we	first	

validated	that	ipNPCs	can	be	transfected	with	GFP	mRNA	(Figure	10a).		We	then	confirmed	

that	these	cells	express	Cas9	when	transfected	with	Cas9	mRNA	(Figure	10b).		Finally	we	

transfected	Cas9	with	both	gRNA	mRNAs		we	observed	the	presence	of	an	edited	band	in	

addition	to	the	wild	type	band.	This	band	is	of	the	expected	size,	which	confirms	that	the	

Crispr/Cas9	system	is	cutting	efficiently	and	correctly	(Figure	10c).	We	then	wanted	to	

assay	how	the	pathway	activation	of	PTEN+/-	ipNPCs	versus	wildtype	cells	which	have	

only	received	Cas9	or	gRNA	mRNA.		Protein	extracts	from	these	cells	were	then	subjected	

to	western	blot	analysis,	which	demonstrated	that	the	PTEN+/-	cells	have	increased	

phosphorylation	of	mTORC2-associated	targets	including	pAKT473,	pAKT450,	and	pmTOR	

2481	(Figure	10d).	There	was	no	increase	in	the	mTORC1	targets	assessed	including	

p4EBP1	Ser65,	pAKT308	and	pmTOR2448	and	in	fact	we	see	slight	decreases	in	these	

targets	(Figure	10d).	We	additionally	observed	an	increased	in	pRAPTOR,	which	is	an	

inhibitory	signaling	on	the	mTORC1	complex.		Lastly	we	observe	an	increase	in	the	

autophagy	component	LC3A	(Figure	10d)
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Figure	2-10:	Deletion	of	PTEN	from	ipNPCs	

(a)	transfection	efficiency	of	mRNA	is	superior	to	plasmid	delivery	as	evidenced	by	GFP	

mRNA	(b)	confirmation	of	Cas9	expression	following	Cas9	mRNA	transfection	(c)	PCR	

showing	deletion	of	critical	exon	5	in	PTEN	in	ipNPCc	(d)	western	blot	analysis	of	PTEN(+/-)	

ipNPCs	showing	activation	of	mTORC2	targets	pAKT473,	pAKT450,	pmTOR2481,	and	

decreased	mTORC1	targets	including	pmTOR2448,	p4EBP1(Ser65)	and	also	increased	

inhibition	of	mTORC1-realted	pRAPTOP	(e)	summary	of	mTORC1	and	mTORC2	Targets.					
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Patient	Derived	NPCs		

To	model	specific	mutations	in	PTEN	we	generated	ipNPCS	from	patients	with	Autism-

macrocephaly	and	different	PTEN	mutations.	We	first	validated	the	genotype	of	the	iPSC	

derived	NPCs	via	full	length	sequencing	of	the	exons	of	PTEN.	We	confirm	that	Case	#1	

carriers	a	single	base	pair	substitution	which	results	in	the	protein	change	p.Y68N.	Case	#2	

is	a	carrier	of	a	frame	shift	mutation	which	results	in	the	protein	change	(p.R130X,	Figure	

11a).		The	identity	of	these	cells	was	confirmed	via	staining	for	Pax6	and	Nestin,	two	well-

described	markers	for	neural	progenitor	cells	(Figure	11b).		We	next	determined	the	effect	

of	these	mutations	on	cell	signaling	via	Western	blot	analysis.	We	show	that	these	

mutations	have	different	effects	on	downstream	signaling.	Cells	derived	from	case	1	show	

elevated	phosphorylation	of	pAKT308,	and	moderately	decreased	p4EBP1S65	and	

unchanged	levels	of	pmTOR2448	and	2481	when	compared	to	control.	Patient	007’s	cells	

show	increased	pAKT473	and	pAKT308,	they	also	demonstrate	decreased	levels	of	

pmTOR2448	and	2481,	p4EBP1Ser65	and	Thr37/46	when	compared	to	control(Figure	

12a-b).		We	additionally	have	observed	that	components	of	autophagy	are	increased	in	the	

007	line	however	not	in	the	001	line	(Figure	12a-b).		We	finally	determined	the	effect	of	

these	mutations	on	PTEN	localization	and	expression	via	immunofluorescence.	We	have	

observed	that	the	001	cells	show	PTEN	staining	that	excludes	the	nucleus,	while	the	007	

and	wild	type	iPSC	control	cells	show	nuclear	and	cytoplasmic	staining	(Figure	12c).			
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Figure	2-11:	Confirmation	of	PTEN	mutations	and	neural	progenitor	identity		

(a)	Sanger	sequencing	plots	from	ipNPCs	derived	from	case	1	and	case	2	which	show	the	

presence	of	mutations	in	PTEN	(b)	ipNPCs	from	case	1	and	case	2	which	stain	positive	for	

Pax6/Nestin	confirming	that	they	are	neural	progenitors.			
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Figure	2-12:	Consequence	of	PTEN	mutation	on	patient	derived	ipNPCs		

(a)	Western	blot	analysis	of	ipNPCS	derived	from	autism-macrocephaly	patients	compared	

to	a	control	ipNPC	line	showing	differential	activation	of	the	PI3K/AKT/mTOR	signaling	

pathway.	(b,	c)	(c)	Quantification	of	western	blots,	standard	deviations	are	shown	with	

black	vertical	bars,	*	denotes	significant	difference	<.05	(d)	ipNPCs	stained	with	PTEN	

antibody	at	63x	showing	the	effect	of	PTEN	mtuations	on	PTEN	localization,	yellow	dotted	

lines	outline	the	nucleus.		
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Discussion	

PTEN	Deletion	results	in	mTORC2	Activation	

mTOR	exists	as	part	of	at	least	two	distinct	complexes,	mTORC1	and	mTORC2.		mTORC1	is	

composed	of	Raptor,	Deptor,	and	PRAS40	and	thought	to	be	the	complex	which	is	most	

responsive	to	environmental	nutrient	cues	and	in	relaying	these	signals	into	its	two	main	

targets	4EBP1	and	70S6Kinase.	Overall	the	mTORC1	targets	have	been	shown	to	affect	

protein	translation,	and	cell	proliferation/growth40.	Conversely	mTORC2	is	composed	of	

Rictor,	mSin1,	and	Deptor	and	is	responsive	to	ribosomal	inputs	as	well	as	feedback	via	

mTORC1	from	which	it	modulates	the	signaling	to	its	targets	AKT,	SGK1,	PKC	and	

additionally	on	mTOR.	The	unique	functional	role	of	mTORC2	activation	is	reported	to	be	

more	associated	with	cell	migration40.		It	should	be	noted	however	that	the	exact	

mechanisms	of	mTORC1	and	mTORC2	activation	are	hard	to	assay	independently	as	there	

are	multiple	cross	talk	points	in	both	signaling	cascades.	A	compelling	difference	has	been	

recently	described	in	the	CNS,	which	shows	that	mTORC1	is	necessary	for	axon-

regeneration,	however	mTORC2	and	GSK3B	signaling	are	inhibitory	for	this	same	

process41.		Our	data	shows	that	PTEN	deletion	in	the	HEK293T,	ipNPCS	and	the	Y68N	

patient	derived	iPSC	NPC	line	have	activation	of	mTORC2-associated	targets	including	

pAKT473,	pAKT450,	pSGK1-422,	and	pmTOR2481.	Most	interestingly,	these	cells	lines	

have	unchanged	or	decreased	phosphorylation	of	p4EBP1	demonstrating	either	isolated	

mTORC2	activation	or	mTORC2	activation	with	mTORC1	inhibition.			The	link	between	

PTEN	and	mTORC2	has	been	reported	in	Grade	IV	gliomas42,	murine	prostate	cancers	

models43,	bladder	cancer44,	breast	cancer45	and	leukemia46.	However,	to	our	knowledge,	

this	is	the	first	reporting	of	such	activation	in	non-cancerous	CNS	tissues.		In	addition	we	
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have	observed	activation	of	autophagy	in	these	cells	via	increases	in	the	autophagy	

components	LC3A/B.		This	observation	is	somewhat	paradoxical	as	classic	canonical	mTOR	

signaling	is	thought	to	inhibit	autophagy.	We	propose	for	the	first	time	that	activation	of	

mTORC2	is	associated	with	increases	in	autophagy,	which	may	be	playing	a	role	in	the	

balance	of	increased	growth,	and	autophagy.	Additional	studies	are	needed	to	see	if	this	

effect	is	due	to	feedback	or	are	a	direct	result	of	the	mTOR	activation.		To	support	the	link	

between	mTORC2	and	autophagy	further,	it	has	been	shown	that	autophagy	can	activate	

mTORC247			

	

Autism	Associated	Mutations	activate	Downstream	signaling	differently		

We	compared	the	signaling	of	two	PTEN	mutations	associated	with	Autism	and	

Macrocephaly,	Y68N	and	R130X	in	patient	derived	iPSC	NPCs.	We	observed	distinct	

pathway	activation	associated	with	each	mutation.	The	R130X	(Case	2)	mutation	activates	

only	pAKT308	and	shows	moderate	decreases	in	p4EBP1Ser65.	The	Y68N	(case	1)	

mutation	however	demonstrates	marked	increases	in	pAKT473,	pAKT308	decreases	in	

pmTOR2481,	pAKT2448,	p4EBP165	and	p4EBP137/46.	These	two	states	represent	two	

potentially	different	mechanisms	by	which	these	mutations	act.	Additionally	imaging	of	

these	cells	show	that	the	R130X	mutation	causes	PTEN	to	be	exported	from	the	nucleus	

and	results	in	a		“nuclear	sparing”	staining	pattern	not	observed	in	Y68N.		As	the	Y68N	

mutation	results	in	a	complete	protein	with	an	intact	C-terminal	tail	we	propose	that	it	can	

in	fact	form	catalytically	“dead”	heterodimers	with	wildtype	PTEN	and	acts	in	a	dominant	

negative	mechanism,	most	interestingly	this	causes	PTEN	to	translocate	to	the	nucleus	as	

we	have	shown	increased	nuclear	staining	in	these	cells.		The	result	of	this	dominant	
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negative	signaling	is	strongly	activated	AKT	as	evidenced	by	increased	phosphorylation	at	

residues	308	and	473.		Interestingly	the	downstream	targets	of	this	signaling	show	

decreases	including	mTOR	(2481	and	2448)	as	wells	as	4EBP1	(65,	37/46).	We	believe	that	

in	the	setting	of	dominant	negative	mutations	the	activation	of	AKT	is	so	profound	that	is	

causes	negative	feedback	to	the	downstream	components,	including	phosphorylation	of	

mTOR	itself	(Figure	15).	This	work,	for	the	first	time,	presents	evidence	that	the	ultimate	

culprit	in	the	autism	macrocephaly	phenotype	due	to	dominant	negative	mutations	may	be	

do	to	an	AKT	branch	point	and	not	ultimate	activation	of	mTOR.	This	is	confirmed	with	the	

R130X	mutation,	which	cannot	form	heterodimers	as	it	lack	the	c-terminal	tail	which	is	a	

requirement33,	as	there	was	no	increase	in	any	downstream	target	assayed.	Interestingly	

these	cells	show	loss	of	nuclear	PTEN,	which	itself	may	be	the	pathogenic	mechanism	for	

these	mutations.	Nuclear	PTEN	plays	a	role	in	signaling	apoptosis,	arresting	cell	cycle,	and	

coordinating	double	stranded	break	repair5	(Figure	17).		Ultimately	these	results	lead	us	to	

propose	that	that	in	the	setting	of	non-cancerous	CNS	tissue,	the	effect	of	dominant-

negative	versus	loss	of	function	is	mechanistically	different	but	perhaps	converge	on	the	

same	targets.	As	we	have	shown	loss	of	PTEN	activates	GSK3A/B	via	loss	of	the	inhibitory	

phosphorylation	events	at	Ser9	and	21	respectively.		Down	stream	of	GSK3B	lies	CyclinD2,	

which	is	an	essential	regulator	of	cell	cycle	progression.	Additionally	loss	of	the	PTEN	from	

the	nucleus	removes	inhibition	of	ERK	and	ultimate	inhibition	of	CyclinD1	and	the	cell	

cycle.	It	is	possible	that	the	common	node	in	these	mutations	is	deregulation	of	the	cyclin	

family	and	resulting	increased	proliferation,	which	manifests	as	macrocephaly	and	may	

additionally	be	responsible	for	the	behavioral	phenotype	of	autism	in	these	cases.	
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Figure	2-13:		Effect	of	dominant	negative	and	true	loss	of	function	mutations		

Out	proposed	model	that	explains	the	difference	in	dominant	negative	mutations	and	true	

loss	of	function	mutations.	The	dominant	negative	mutations	are	associated	with	PTEN	

translocation	into	the	nucleus	and	increased	pAKT308	and	473	while	true	loss	of	function	

mutations	are	associated	with	a	nuclear	sparing	staining	pattern.			
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Potential	role	for	mTORC1/mTORC2	Inhibitors	in	treatment	

Treatment	for	the	PI3K-relatied	overgrowth/neoplastic	disorders	has	been	largely	focused	

on	step-specific	inhibition	of	components	of	the	conical	mTOR	signaling	cascade48.		Specific	

inhibitors	of	PI3K,	AKT	and	mTOR	are	available,	as	well	as	drugs	that	demonstrate	a	

combined	effect	on	multiple	targets	within	the	pathway.	As	we	have	described,	specific	

mutations	in	PTEN	affect	cell	signaling	in	distinct	patterns	with	potentially	common	

targets.	The	data	demonstrates	that	the	activation	effects	of	the	PTEN	mutations	on	

mTORC1/mTORC2	are	distinct	which	we	believe	has	broad	implications	for	the	potentially	

unique	treatment	strategies,	and	make	a	compelling	case	for	individual	case	based	medical	

approaches.	Specifically	individuals	carrying	a	mutation	in	PTEN,	which	acts	as	dominate	

negative,	may	benefit	from	use	of	an	inhibitor	that	strongly	targets	mTORC2	focusing	on	

AKT	phosphorylation.		To	evaluate	the	relative	actions	of	mTORC1	vs	mTORC1/mTORC2	

inhibition	we	compared	the	most	widely	used	mTOR	inhibitor	Rapamycin	to	a	newer	

mTORC1/mTORC2	inhibitor	TORIN-1	(Figure	14).	
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Figure	2-14:		mTORC1	and	mTORC2	inhibitors	may	be	beneficial	in	the	treatment	of	PTEN	

associated	syndromes	

(a)	HEK293T	cells	treated	with	decreasing	doses	of	Rapamycin,	TORIN-1	and	a	

combination	approach.	(b)	ipNPCs	treated	with	Rapamycin	and	TORIN-1.	We	propose	that	

the	decreases	in	pAKT473	seen	with	TORIN-1,	but	not	Rapamycin	are	mTORC2	specific	

knockdowns	which	is	an	important	consideration	for	patient	with	a	PTEN	mutation.			
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We	show	that	even	at	low	doses	TORIN1	inhibits	or	ablates	AKT	phosphorylation	at	

Ser473,	which	may	be	a	signaling	event	central	to	the	pathogenic	phenotype	in	these	cases.		

Conversely	patients	with	mutations	that	do	not	act	as	dominate	negatives	may	benefit	from	

a	direct	cell-cycle	inhibitor,	or	a	different	agent,	which	facilitates	shuttling	PTEN	into	the	

nucleus	where	it	can	play	its	essential	role	in	cell	cycle	inhibition.		

	

Conclusions:		

We	have	used	a	combination	of	approaches	to	determine	the	role	that	loss	of/mutations	in	

PTEN	affect	cell	signaling.	From	these	studies	we	determine	that	true	heterozygous	PTEN	

loss	in	neural	progenitor	cells	results	in	isolated	activation	of	pAKT308	and	translocation	

of	PTEN	out	of	the	nucleus.	Mutations	in	PTEN	that	result	in	dominant	negative	

mechanisms	of	action	are	associated	with	not	only	increased	pAKT308	but	also	strong	

pAKT473	activation	and	decreases	in	mTORC1	targets	such	as	p4EBP1.	We	believe	that	

these	signaling	event	culminate	in	functional	effects	outside	of	canonical	mTOR	signaling	

mainly	deregulation	of	the	cell	cycle.	These	distinctions	help	to	explain	the	spectrum	of	

molecular	mechanisms	that	can	result	in	macrocephaly	associated	autism,	and	predict	

varying	response	to	treatment	modalities	based	upon	molecular	etiology.			
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A	spectrum	of	macrocephaly	phenotypes	are	

caused	by	allele	specific	gain	of	function	

mutations	in	mTOR		
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Abstract	

Human	overgrowth	is	characterized	by	enhanced	growth	parameters	that	exceed	those	for	

age.	A	broad	phenotypic	spectrum	is	observed	amongst	cases	with	syndromic	overgrowth.	

Specifically	macrocephaly,	or	overgrowth	of	the	head,	is	a	distinct	phenotypic	finding	and	

commonly	associated	with	behavioral	abnormalities	and/or	developmental	delay.	

Massively	parallel	sequencing	has	facilitated	the	discovery	of	numerous	genetic	etiologies	

of	human	overgrowth	with	and	without	macrocephaly,	revealing	common	alterations	in	

distinct	signaling	pathways.		One	prominent	example	is	the	PI3K/AKT	pathway,	a	key	

regulator	of	cellular	growth.		A	number	of	mutations	have	been	identified	in	upstream	

components	of	this	pathway	such	as	PIK3CA,	PTEN	and	AKT.	Although	it	is	commonly	

suggested	that	these	mutations	act	to	ultimately	activate	mTOR,	it	is	not	known	if	mTOR	

activation	is	sufficient	to	cause	human	overgrowth	or	if	in	fact	other	signaling	pathways	are	

involved	as	AKT	is	a	major	growth	signaling	node.		We	have	identified	pathogenic	gain	of	

function	variants	in	the	FAT	domain	of	MTOR	that	phenocopy	established	overgrowth	

syndromes,	confirming	that	mTOR	activation	is	sufficient	to	cause	human	overgrowth.	Most	

interestingly	these	mutations	are	associated	with	a	spectrum	of	phenotypes	that	range	

from	severe	hemi-megalencephaly	to	megalencephaly-capillary	malformation-

polymicrogyria	syndrome	(MCAP)	to	more	moderate	symmetric	brain	overgrowth.	

Functional	analysis	of	these	variants	revealed	that	they	all	activate	mTOR	by	different	

degrees.	We	demonstrate	in	situ	strong	mTOR	activation	in	fibroblasts	and	in	a	distinct	

population	of	cells	within	hemimegalencephalic	brain	regions	that	histologically	resemble	

focal	cortical	dysplasia	(FCD).	We	conclude	that	the	absolute	amount	of	mTOR	activation	

results	in	mutation	specific	phenotypes	that	range	from	hemi-megalencephaly	to	
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polymicrogyria	to	extreme	macrocephaly.	These	findings	provide	insight	into	the	distinct	

role	of	mTOR	in	regulating	growth	and	development,	and	furthermore	how	varying	degrees	

of	activation	in	the	same	pathway	can	cause	a	diverse	spectrum	of	phenotypes.			

	

Author	Summary		

Human	overgrowth	is	characterized	by	excessive	body	growth	that	usually	presents	with	

increased	height,	weight	or	head	size.	In	addition,	rare	genetic	overgrowth	syndromes	are	

associated	with	other	findings,	including	increased	risk	for	certain	cancers	and	skin	

manifestations.	Specifically	macrocephaly,	or	overgrowth	of	the	head,	is	a	distinct	

phenotypic	finding	and	commonly	associated	with	behavioral	abnormalities	and/or	

developmental	delay	in	these	syndromes.	Many	of	these	human	overgrowth	syndromes	

have	been	associated	with	mutations	in	components	of	the	PI3K/AKT	pathway.		Despite	the	

common	activation	of	this	pathway,	in	many	of	these	syndromes	their	phenotypic	findings	

are	distinct	for	each	entity.	The	mechanistic	basis	for	this	diversity	of	phenotypes	remains	

elusive	given	that	they	should	all	result	in	ultimate	activation	of	its	effector	mTOR.		We	

demonstrate	that	mutations	in	mTOR	that	increase	its	activity	result	in	a	spectrum	of	

overgrowth	phenotypes,	reflective	of	the	plethora	of	clinical	findings	associated	with	

mutations	in	upstream	components	of	the	PI3K/AKT	pathway.	The	level	of	absolute	

activation	of	mTOR	dictates	this	diversity	of	phenotypes.	For	the	first	time	we	have	

demonstrated	that	these	distinct	mutations	cause	varying	levels	of	mTOR	 	activation	

and	conclude	that	phenotypes	caused	by	mutations	upstream	in	the	pathway	may	follow	a	

similar	pattern	explaining	their	unique	constellation	of	phenotypic	findings.	
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Introduction	

Human	growth	is	a	tightly	controlled	and	highly	complex	trait,	with	numerous	

environmental	and	genetic	factors	that	determine	final	body	size.	Overgrowth	is	

characterized	by	deregulation	of	these	processes,	resulting	in	excessive	height,	weight,	

and/or	head	circumference	(HC)	when	compared	to	age-	and	sex-matched	controls	1.	Rare	

overgrowth	syndromes	can	occur	as	sporadic	genetic	entities	associated	with	de	novo,	in	

many	cases	mosaic	2-5,	gain-of-function	mutations	in	upstream	components	of	the	

PI3K/AKT	pathway	1,3,5-8.	This	pathway	is	essential	for	the	control	of	cellular	growth	and	is	

regulated	by	the	availability	of	nutrients	in	the	environment.	Mutations	at	distinct	levels	of	

this	pathway	result	in	characteristic	overgrowth	syndromes,	including	but	not	limited	to	

megalencephaly-polymicrogyria-polydactyly-hydrocephalus	syndrome	(MPPH,	[MIM:	

603387]),	megalencephaly-capillary	malformation-polymicrogyria	syndrome	(MCAP,	

[MIM:	602501])	8	and	macrocephaly	autism	(MIM:	605309)	9.		

	 Mutations	in	components	upstream	of	PI3K/AKT	signaling	can	occur	as	either	

germline,	where	every	cell	of	the	body	carries	the	variant,	or	mosaic,	where	the	distribution	

of	the	mutation	is	restricted	to	certain	tissues.		Sequence	changes	which	result	in	

heterozygous	loss	of	function	of	negative	regulators	of	the	pathway,	including	PTEN	

(MIM:601728),		TSC1(MIM:	605284)	and	TSC2	(MIM:	19109),	are	primarily	germline	in	

distribution.	Conversely,	activating	mutations	in	drivers	of	the	pathway,	including	PIK3CA	

(MIM:	171834),	AKT1	(MIM:	164730),	AKT3	(MIM:	611223),	and	PIK3R2	(MIM:	603157)	are	

primarily	mosaic.		The	difference	in	mutation	distribution	patterns	manifests	with	distinct	

phenotypic	consequences,	as	the	latter	present	with	hemi-megalencephaly	and/or	hemi-

hyperplasia,	and	the	former	present	with	symmetric	macrocephaly	and	somatic	
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overgrowth.	The	association	of	macrocephaly	across	these	syndromes	demonstrates	the	

importance	of	this	pathway	in	regulating	brain	growth.		However,	there	is	a	paucity	of	data	

supporting	why	these	subgroups	manifest	distinct	phenotypes	given	the	large	number	of	

potential	downstream	targets	of	AKT,	a	major	signaling	node.	One	well-documented	target	

of	AKT	is	mTOR,	a	multi	protein	complex	that	regulates	key	cellular	processes	including	

autophagy,	cell	cycle,	protein	biosynthesis,	survival,	and	cytoskeletal	organization	10,11.		It	

has	been	hypothesized	that	mTOR	activation	is	the	crucial	event	in	the	pathogenesis	of	

overgrowth;	however	until	now	it	is	not	know	is	this	event	is	in	fact	sufficient.		

In	this	study	we	demonstrate	that	rare	mutations	in	mTOR	are	sufficient	to	cause	a	

spectrum	of	overgrowth	phenotypes.	Next	generation	sequencing	identified	distinct	de	

novo	missense	gain	of	function	mutations	in	the	FAT	domain	of	mTOR.	These	variants	are	

overrepresented	in	specific	cancers	and	functional	analysis	revealed	varying	degrees	of	

mTOR	activation	that	correlate	with	mosaic	versus	germline	distribution	of	the	mutation.	

Our	findings	demonstrate	that	varying	levels	of	mTOR	activation	are	sufficient	to	cause	a	

spectrum	of	specific	overgrowth	phenotypes	that	mirror	those	observed	when	components	

PI3K/AKT	pathway	upstream	of	mTOR	are	mutated.		

	

Methods:		

Cases	

All	subjects	were	consented	under	a	UCLA	approved	IRB	protocol.	Samples	included	in	

DNA	analysis	included	peripheral	mononuclear	blood	cells,	cultured	skin	fibroblasts	from	a	

skin	biopsy,	and	surgically	resected	brain	tissue.		All	individuals	underwent	chromosomal	

microarray	analysis	and	PTEN	mutation	testing,	all	of	which	was	normal.		
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DNA	Isolation	

DNA	was	isolated	from	mononuclear	peripheral	blood	cells	using	QIAGEN	QIAamp	Blood	

Mini	Kit.	DNA	was	isolated	from	tumor	samples	embedded	in	paraffin	using	QIAGEN	

QIAamp	DSP	DNA	FFPE	Tissue	Kit.		

	

Exome	Sequencing	

Clinical	exome	sequencing	was	performed	on	all	three	cases	and	identified	variants	

confirmed	to	be	de	novo	via	analysis	of	their	parents	(complete	description	of	methods	in	

supplement).		

	

Pyro	Sequencing	

Pyrosequencing	was	performed	on	DNA	isolated	from	blood,	cultured	skin	fibroblasts	and	

resected	brain	tissue	isolated	from	paraffin	blocks	(case	one)	to	determine	allele	

abundance.	Pyrosequencing	reactions	were	performed	on	all	samples	in	triplicate	

according	to	the	standard	vacuum	prep	protocol	for	the	PSQ	96	MA	instrument	from	

QIAGEN.	This	method	has	been	validated	for	the	quantification	of	allele	distribution	within	

a	heterogeneous	population	of	alleles	12,13.	Complete	list	of	primers	presented	in	

supplemental	material.		

	

Generation	of	mTOR	site	directed	mutagenesis	plasmids	

Site	directed	mutagenesis	was	performed	with	the	Agilent	QuikChange	II	XL	Site-Directed	

Mutagenesis	Kit	on	the	pcDNA3-Flag-mTOR-wt	plasmids	obtained	from	Addgene.	Using	
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100	ng	plasmid	per	reaction	(primer	list	in	supplement),	plasmids	were	transformed	into	

MAX	Efficiency®	DH5α™	Competent	Cells.	Plasmids	were	isolated	using	ZymoPURE™	

Plasmid	Maxiprep	Kit	(D4202).	Full-length	cDNA	was	sequenced	to	confirm	the	presence	of	

a	single	mutation	(complete	list	of	primers	presented	in	supplement).		

	

HEK293T	Transfection	

Cells	were	maintained	with	basal	media	including	DMEM,	PSN	and	10%	fetal	bovine	serum	

(FBS).	Twenty-four	hours	before	transfection	cells	were	liberated	from	T25	flask	with	

TrypLE™	Express	Enzyme	(1X).	Cell	concentration	and	viability	was	determined	with	the	

Invitrogen	Countess	I.	After	plating	2x105	viable	cells	onto	a	12-well	culture	dish,	volume	

was	brought	to	1ml	of	basal	media.	On	the	day	of	transfection	media	was	aspirated,	and	

500ul	of	basal	media	was	added	to	each	well.	GeneIn	Transfection	reagent	was	combined	

with	2ug	of	plasmid,	brought	to	a	final	volume	of	200ul,	vortexed	and	then	incubated	at	

room	temperature	for	15	minutes	then	added	to	each	well.	Cells	were	incubated	for	24	

hours,	followed	by	a	12-hour	nutrient	starvation	in	DMEM	lacking	glutamine,	glucose	and	

FBS.		

Cell	Lysis	and	Western	Blot	Analysis		

Media	was	aspirated	from	each	well,	and	a	single	wash	of	1x	PBS	was	performed.	The	500ul	

of	Passive	Lysis	Buffer	was	supplemented	with	500ul	of	Halt	Phosphatase	inhibitor	

(Thermo)	and	500ul	of	protease	inhibitor	cocktail	(Sigma).	Lysis	buffer	was	protected	from	

light	and	stored	at	40C.	Once	the	lysis	buffer	was	added,	plates	were	incubated	for	1	hour	at	

40C	with	gentle	shaking.	Following	a	one-hour	incubation	the	lysate	was	transferred	to	

1.5ml	tubes	and	spun	7500	RCF	for	5	minutes	to	form	cell	debris	pellets.	The	supernatant	
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was	transferred	to	a	new	tube	and	the	concentration	determined	with	Coomassie	Plus	

(Bradford)	Assay	Kit	(Invitrogen).		Proteins	were	diluted	to	a	final	concentration	of	

5ug/20ul	with	western	loading	buffer	supplemented	with	beta	mercaptoethanol.	Samples	

were	boiled	for	5	minutes	and	then	either	run	immediately	or	frozen	at	-200C.		Western	

blot	analysis	was	performed	using	12%	BioRad	TGX™	FastCast™	acrylamide	gels.		Transfers	

were	performed	on	the	Trans-Blot®	Turbo™	Transfer	System	according	to	the	

manufacturer’s	specification.	Following	transfer,	blots	were	blocked	in	5%	bovine	serum	

albumin	in	TBST	(Tris	buffered	saline	with	0.2%	Tween)	for	30	minutes	and	incubated	in	

primary	antibody	overnight	at	40C	(Beta-Actin	(13E5	Cell	Signaling	#4970)	1/4000;	mTOR	

(7C10	Cell	Signaling	#2983)	1/1000;	p4EBP1	Ser65	(Cell	Signaling	#	9451)	1/1000;	p-p70-

S6kinaseThr389	(Cell	Signaling	#9234)	1/500;	DYKDDDDK	Tag	Flag	(Cell	Signaling	#2369)	

1/500).	After	primary	blots	were	rinsed	with	TBS	(Tris	buffered	saline),	three	10-minute	

washes	with	TBST	were	performed.	Blots	were	incubated	in	secondary	antibody	(Bio	Rad	

Immun-Star	Goat	Anti-Rabbit	(GAR)-HRP	Conjugate)	at	a	concentration	of	1/3750	diluted	

in	5%	milk	in	TBST.	Secondary	blots	were	rinsed	with	TBS	then	washed	with	TBST	two	

times	for	10	minutes,	followed	by	a	final	TBS	wash.	Blots	were	incubated	in	Clarity	Western	

ECL	Substrate	for	5	minutes	then	imaged	on	the	Biorad	ChemiDoc	XRS+.	Bands	were	

quantified	across	replicates	and	normalized	to	beta-actin	controls	using	the	Biorad	image	

lab	software.		

	

	

Immunohistochemical	analysis		
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Formalin	fixed	paraffin	embedded	blocks	were	sectioned	into	6	um	thick	slices	onto	

charged	glass	slides	for	immunofluorescence	labeling.	Slides	were	first	deparaffinized	at	

370C	overnight,	then	immersed	in	three	xylene	baths	and	then	rehydrated	in	graded	

ethanol	baths	(100%-	70%)	into	deionized	water.		Following	deparaffinization	and	

rehydration	of	tissue,	heat	induced	antigen	retrieval	was	then	performed	by	immersing	the	

tissue	sections	in	10	mmol	citrate	buffer	pH	6.0	and	heating	samples	to	1040C	for	20	min	

using	a	pressure	cooker.		Sections	were	then	cooled	to	room	temperature	and	blocked	with	

5%	normal	donkey	serum	and	TBST.	Tissue	was	then	immunolabeled	with	primary	

antibodies	against	NeuN		(1:100	Millipore	MAB	377)	and	p4EBP1	(1/200	Cell	Signaling	

#2855)	overnight	at	40C.		Following	primary	antibody	labeling,	sections	were	washed	with	

TBST	and	fluorescently	labeled	with	Alexaflour	488	anti-mouse	(Life	Technologies)	for	

NeuN	and	Alexaflour	568	anti-rabbit	(Life	Technologies)	for	p4EBP1	for	1	hour	at	room	

temperature.		Slides	were	finally	counterstained	with	DAPI	and	coverslipped	using	liquid	

mountant	(Life	Technologies).	Skin	fibroblasts	were	maintained	in	basal	media	DMEM,	PSN	

and	10%	FBS	then	liberated	from	T25	flask	with	TrypLE™	Express	Enzyme	(1X).	Cell	

concentration	and	viability	was	determined	with	the	Invitrogen	Countess	I.	5x104	viable	

cells	were	plated	on	uncoated	glass	coverslips	in	a	24	well	plate.	Twenty-four	hours	later	

media	was	aspirated	and	cells	were	fixed	with	3.5%	PFA	for	20	minutes.	Following	fixation	

cells	were	permeabilized	with	TBS	with	0.4%	Triton	X	for	20	minutes	then	blocked	with	

10%	NGS	in	TBS	with	0.4%	Triton	X	at	40C	overnight.	Cells	were	stained	with	primary	

antibodies	histone	(1/500,	Clone	H11-4	Millipore	MAB3422),	p4EBP1	(1/200	Cell	

Signaling	#2855),	and	phalloidin-648	(1/500	Invitrogen)	for	1	hour	at	room	temperature	

and	then	secondary	for	1	hour	at	room	temperature	(Alexa	Fluor	568	donkey	anti-rabbit	
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(Life	Technologies	A10042,	Alexa	Fluor	488	donkey	anti-	mouse	(Life	Technologies	

A21202)).	Fibroblasts	were	imaged	with	the	Carl	Zeiss	310	laser-scanning	microscope.		

	

Assessment	of	cancer	variants		

Data	was	pooled	for	comparison	to	previously	described	cancer	mutations	from	the	

following	publically	available	databases:	The	Cancer	Genome	Atlas	(TCGA),	Cancer	Cell	Line	

Encyclopedia	(CCLE),	International	Cancer	Genome	Consortium	(ICGC),	and	Catalogue	of	

Somatic	Mutations	in	Cancer	(COSMIC)	databases14-18.		TCGA	and	CCLE	data	was	accessed	

through	the	cBio	Portal	14,15	while	COSMIC	and	ICGC	data	was	accessed	directly	though	

their	respective	data	portals.		

	

Results		

De	novo	germline	and	mosaic	mutations	within	the	FAT	Domain	of	mTOR	

Amongst	a	cohort	of	individuals	with	macrocephaly	who	underwent	whole	exome	

sequencing	(WES)	we	identified	a	subset	that	carried	mutations	in	components	of	the	PI3K	

pathway.	Specifically	three	individuals	carried	de	novo	mutations	in	mTOR.	Case	one	is	a	

6.5-year-old	female	with	macrocephaly	(HC:	54cm,	>97th	percentile,	+2SD),	left	

hemimegalencephaly	(Fig	1A-B,	Fig	2A-B,	S1),	hypomelanosis	of	ITO	(Figure	1C-D),	and	

seizures.	Histochemical	staining	of	resected	brain	tissue	revealed	a	single	focus	in	the	

superficial	cortex	with	a	cluster	of	balloon-like	cells	of	the	type	seen	in	focal	cortical	

dysplasia	(FCD)	International	League	Against	Epilepsy	(ILAE)	Type	IIB		(Fig	2D-E).	NeuN	

staining	of	the	same	tissue	showed	prominent	disorganized	neurons	in	subcortical	white	

matter	(Fig	2F-G).	WES	identified	a	mutation	C1483Y	in	mTOR	(chr1:	g.11217230	C>T,	
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NM_004958.3:	c.4448G>A,	p.Cys1483Tyr).	Case	two	is	an	8-month-old	male	who	presented	

with	extreme	macrocephaly	(HC	51.5cm	>97th	percentile	+4SDs,	Fig	1E),	polymicrogyria	

(Fig	2C),	hemi-hypertrophy	(Fig	1G),	and	hyperpigmented	skin	lesions	(Fig	1H).	WES	

identified	a	mutation	T1977I	(chr1:	g.11188164C>T,	NM_004958:	c.5390C>T,	

p.Thr1977Ile).	Case	three	is	an	8-year-old	female	with	somatic	overgrowth	and	extreme	

macrocephaly	(HC:	59	cm,	>97th	percentile,	+3SDs,	Fig	1I-J).	WES	identified	a	mutation	

E1799K	(chr1:g.	11190804C>T,	NM_004958.3:c.5395G>A,	p.Glu1799Lys,	additional	

phenotypic	information	is	presented	in	S2).	
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Figure	3-1.	Phenotypic	features	associated	with	mutations	in	the	FAT	domain	of	mTOR	

Case	1	images	(A-D)	showing	(A)	down-slanting	palpebral	fissures,	(B)	macrocephaly,	(C)	

hypomelanosis	of	Ito	on	left	leg,	and	(D)	hypomelanosis	of	Ito	on	abdomen.	Case	2	images	

(E-H)	showing	(E)	extreme	macrocephaly	(HC	51.5cm,	>97th	percentile	+4SDs),	down-

slanting	palpebral	fissures,	short	upturned	nose,	flattened	nasal	bridge,	hypertelorism,	(F)	

low-set	ears,	micrognathia,	(G)	hemi-hyperplasia	(leg	length	discrepancy	0.5cm	right>left)	,	

and	(H)	hyperpigmented	lesions.	Case	3	(I-J)	images	showing	(I)	down-slanting	palpebral	

fissures,	hypertelorism,	short	upturned	nose,	(J)	extreme	macrocephaly	(OFC:	59	cm,	

>98thpercentile,	+3SDs),	flattened	nasal	bridge,	and	frontal	bossing.		
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Figure		3-2.	Anatomical	and	histological	brain	findings	associated	with	mTOR	activation	

(A)	MRI	(case	1)	showing	left	hemimegalencephaly;	red	arrow	points	to	overgrown	left	

occipito-temporal	lobe.	(B)	PET	scan	(case	1)	showing	asymmetric	glucose	uptake	in	region	

of	overgrowth.	(C)	Axial	T2	MRI	(case	2)	showing	polymicrogyria	in	the	bilateral	

perisylvian	and	bilateral	frontal	lobes.	(D)	H	&	E	staining	of	normal	brain	region	(case	1)	

shows	absence	of	balloon	cells	and	normal	cellular	architecture.	(E)	H	&	E	staining	of	

abnormal	brain	region	(case	1);	red	arrow	points	to	single	focus	of	a	cluster	of	balloon-like	

cells	of	the	type	seen	in	focal	cortical	dysplasia	ILAE	Type	IIB.		(F)	NeuN	staining	(case	1)	of	

normal	brain	region	showing	patterned	and	normally	sized	neurons.	(G)	NeuN	staining	

(case	1)	of	abnormal	brain	region	showing	prominent,	disorganized	neurons	in	subcortical	

white	matter	

	

.	
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While	the	E1799K	variant	was	equally	distributed	in	mononuclear	blood	cells	(S3),	the	

C1483Y	variant	in	Case	1	was	present	in	36%	of	the	reads	from	skin	fibroblasts	but	in	only	

2	of	192	(1%)	total	reads	from	mononuclear	blood	cells	(S4).	Mutation	abundance	was	

confirmed	with	pyrosequencing	and	was	undetectable	in	blood	and	the	parental	samples	

(S5).	The	mutation	abundance	in	skin	was	confirmed	to	be	39.2%,	as	well	as	unevenly	

distributed	within	three	distinct	areas	of	resected	brain	with	measured	abundances	

ranging	from	17.9%-55.9%	(Fig	3).		Similarly,	the	T1977I	variant	in	Case	2	was	unequally	

distributed	in	exome	sequencing	reads	and	in	Sanger	peak	distribution	confirmation	

studies.	The	unequal	distribution	of	reference/alternate	alleles	led	us	to	conclude	that	the	

C1483Y	and	T1977I	variants	represent	de	novo,	post-zygotic,	mosaic	mutations,	while	

E1799K	is	de	novo	germline.		
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Figure	3-3.		Mosaic	distribution	of	C1483Y	mutation	

Mutation	abundance	determined	by	pyro	sequencing	for	g.	1:11217230,	c.4448	G>A,	with	

reference	allele	(G)	in	red	and	alternate	allele	(A)	in	blue.	Varying	allele	frequencies	

demonstrate	somatic	mosaicism.	Black	bars	represent	standard	deviations.	Images	of	

resected	brain	tissue	displayed	above	each	bar.	
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		Identified	mutated	residues	overlap	with	“hot	spots”	in	the	FAT	domain	of	mTOR	in	

somatic	tumors		

We	next	ascertained	the	potential	pathogenicity	of	these	mutations	by	querying	publicly	

available	bioinformatics	databases	(cBio,	COSMIC,	ICGC,	CCLE)	for	cancer-associated	

mutations	in	mTOR,	which	might	support	a	gain-of-function	mechanism	2,3.		Interestingly,	

recurrent	“hot	spot”	mutations	in	the	C1483,	E1799	and	T1977	amino	acid	residues	have	

been	identified	in	a	number	of	neoplasms	with	an	overrepresentation	of	specific	tissue	

types.		These	specific	residues	demonstrate	relative	enrichment	compared	to	others	in	the	

FAT	domain	(Fig	4A).		The	glutamic	acid	at	1799	is	exclusively	mutated	to	a	lysine,	and	is	

the	most	common	mutation	in	the	FAT	domain,	while	the	C1483	and	T1977	residues	are	

more	varied	in	their	amino	acid	substitutions.	The	C1483	and	T1977	variants	show	a	

distinct	tissue	distribution,	with	renal	tumors	being	the	most	common	(58%	and	46%	

respectively),	while	the	E1799K	mutation	is	over-represented	in	uterine/cervical	tissues	

(57%)	(Fig	4B).		These	findings	support	a	model	in	which	specific	allelic	mutations	in	the	

FAT	domain	of	mTOR	contribute	to	tumor	growth	within	distinct	tissue	types	(full	list	of	

tumor	mutations	presented	in	supplemental	materials	S6).		
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Figure	3-4.		Distribution	of	neoplastic	and	syndromic	mutations	within	the	FAT	domain	of	

mTOR		

(A)	Location	and	frequency	of	reported	mutations	within	the	FAT	domain	of	mTOR.	Each	

point	represents	a	single	tumor,	cancer	cell	line,	case	of	FCD	or	syndromic	case.	(B)	

Distribution	of	tumor	tissue	types	by	residue	for	the	three	mutations	identified	in	

syndromic	cases.		cBio:	cBioPortal	for	Cancer	Genomic,	COSMIC:	Catalogue	of	somatic	

mutations	in	cancer,	ICGC:	International	Cancer	Genome	Consortium,	FCD:	Focal	cortical	

dysplasia	19.	Additional	syndromic	cases	C1483Y	20,	C1483F	21,	and	E1799K	22,23.	Dashed	

black	line	represents	frequency	greater	than	eight	district	tumors	or	cases	of	FCD.	
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Mutation	specific	increases	in	mTOR	activity	are	associated	with	distinct	

phenotypes			

We	validated	the	pathogenicity	of	identified	variants	by	introducing	flag-tagged	mTOR	

plasmids	carrying	the	mutations	into	human	embryonic	kidney	cells	(HEK293T)	and	

assayed	activation	of	downstream	mTOR	targets.	All	three	of	the	plasmids	activate	the	

downstream	components	of	mTOR	p4EBP1	(Ser	65	and	Thr37/46)	and	pS6kinase	(Thr389,	

Figure	5A).	Most	interestingly	the	three	variants	differ	in	the	amount	of	absolute	mTOR	

activation,	measured	by	these	three	independent	targets,	with	C14Y	having	the	most	

activation,	E17K	having	the	least	activation	and	T19I	being	intermediate	(Figure	5B-D).		We	

confirmed	mTOR	activation	in	situ	via	staining	for	p4EBP1,	which	is	increased	in	C1483Y	

patient-derived	fibroblasts	and	resected	brain	samples.	Patient-derived	fibroblasts	confirm	

increased	mTOR	activity	and	have	increased	p4EBP1	staining	when	compared	to	wild	type	

(Figure	6).	The	resected	brain	sections	showed	increased	p4EBP1	staining	and	its	

translocation	into	the	nucleus	in	NeuN-positive	cells	(S7).	These	cells	are	distinct	from	the	

balloon	cells	most	commonly	observed	in	focal	cortical	dysplasia,	and	their	identity	

remains	unknown.	These	findings	demonstrate	that	gain-of-function	mutations	in	mTOR	

activate	signaling	to	different	degrees	leading	to	specific	phenotypic	findings	that	range	in	

severity	proportionate	to	the	level	of	activation.	
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Figure		3-5:		Functional	analysis	of	mTOR	variants				

(A)	Western	blot	analysis	demonstrates	activation	of	mTOR	(p4EBP1(S65,	Thr37/46)	and	

pS6Kinase	(Thr389))	for	each	syndrome	associated	mutation.	(B-D)	Quantification	of	

relative	protein	levels	for	each	substrate	measured	confirms	gain	of	function.	“*”:	p-value	

<.05	(One	way	ANOVA	weighted)	Emp:	transfection	reagent	without	plasmid,	WT:	wild	

type	mTOR,	C1483Y:	g.	1:11217230,	c.4448	G>A,	p.Cys1483Tyr,	T1977I:	chr1:	

g.11188164C>T,	NM_004958:	c.5390C>T,	p.Thr1977Ile,	E1799K:		g.	1:11190804,		

c.5395G>A,	p.Glu1799Lys.	

	

	



	150	

Figure		3-6:	mTOR	activation	in	C1483Y	fibroblasts		

Immunofluorescence	staining	of	fibroblasts	demonstrates	an	increase	in	p4EBP1	staining	

(60x)	when	compared	to	wild	type	fibroblasts.		
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Discussion		

We	have	herein	reported	activating	mutations	in	mTOR	which	cause	overgrowth,	

establishing	its	central	role	and	sufficiency	in	the	pathogenesis	of	human	overgrowth	

phenotypes.	Additionally	these	findings	clarify	the	spectrum	of	macrocephaly	overgrowth	

phenotypes	associated	with	mutations	upstream	of	mTOR.	While	mosaic	mutations	in	

PIK3CA	(MIM:	171834),	AKT3	(MIM:	611223)	and	PIK3R2	(MIM:	603157)	cause	

hemimegalencephaly,	megalencephaly-polymicrogyria-polydactyly-hydrocephalus	

syndrome	(MPPH)	and	megalencephaly-capillary	malformation-polymicrogyria	syndrome	

(MCAP)8,	germline	mutations	in	PTEN	(MIM:	601728)	cause	macrocephaly	associated	with	

autism	(MIM:	605309),	Cowden	syndrome	(CS,	[MIM:	158350])	and	Bannayan-Riley-

Ruvalcaba	syndrome	(BRRS,	[MIM:	153480]),	collectively	known	as	the	PTEN	Hamartoma	

syndromes.	Generalized	symmetric	brain	overgrowth	associated	with	E1799K	germline	

mutations	is	most	reminiscent	of	PTEN	associated	brain	phenotypes,	where	brain	

asymmetry	and	malformations	are	rare	but	extreme	macrocephaly	is	one	of	its	main	

phenotypic	manifestations	9,24.		Conversely	focal,	asymmetric,	and	abnormal	brain	

patterning	phenotypes	due	to	C1483Y	and	T1977I	mosaic	mutations	resemble	PIK3CA,	

AKT3	and	PIK3R2	associated	hemimegalencephaly/megalencephaly/polymicrogyria	

phenotypes	7,8	(Fig	7).	Interestingly,	mutations	in	the	C1483	and	T1977	residues	have	been	

reported	in	sporadic	cases	of	FCD	19,25.	The	E1799K	mutation	however,	although	associated	

with	germline	and	wide	spread	phenotypes,	is	not	yet	associated	with	focal	cortical	

dysplasia	possibly	because	the	activation	of	mTOR	is	too	low	to	meet	the	threshold	for	this	

pathologic	entity.		
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Figure	3-7:	mTOR	activation	and	associated	overgrowth	phenotypes			

Summary	of	phenotypic	findings	associated	with	mutations	in	the	residues	C1483,	T1977	

and	E1799	and	corresponding	levels	of	mTOR	activation.		M/G:	Mosaic/Germline	

distribution,	M:	Mosaic	Distribution,	G:	Germline	Distribution,	G?:	single	case	reported	to	be	

germline	but	not	confirmed,	HMI:	Hypomelanosis	of	ITO,		GDD:	Global	developmental	

delay,	SD:	speech	delay,	ASD:	Autism	Spectrum	Disorder,	A:	Lee	et	al.20,	B:	Smith	et	al.21,	C:	

Mroske	et	al.23,	D:	Baynam	et	al.	22.	
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Our	findings	demonstrate	that	specific	macrocephaly-associated	phenotypes	arise	

from	distinct	degrees	of	mTOR	activation.	In	particular,	gain	of	function	mutations	with	

predilection	for	strong	mTOR	activation	may	behave	similar	to	gain-of-	function	mutations	

in	PIK3CA,	AKT3	and	PIK3R2,	while	gain-of-function	mutations	that	only	mildly	activate	

mTOR	resemble	inactivating	mutations	in	PTEN.	Supporting	this	comparison,	inactivating	

mutations	in	PTEN	are	repeatedly	observed	to	be	germline	similar	to	the	E1799K	MTOR	

variant,	while	activating	mutations	in	PIK3CA,	AKT3,	AKT1	and	PIK3R2	have	a	predilection	

towards	mosaic	distribution,	as	observed	for	the	C1483Y	and	the	T1977I	MTOR	variants.	

The	observation	that	most	activating	mutations	of	PI3K/AKT	signaling	are	observed	as	

mosaic	leads	us	to	hypothesize	that	strong	activation	of	mTOR	is	not	compatible	with	fetal	

development,	while	germline	mutations	that	only	mildly	increase	mTOR	(E1799K)	can	be	

tolerated.	As	growth	signaling	pathways	are	highly	complex	and	branch	extensively,	we	

cannot	rule	out	that	additional	pathway	intermediates	may	play	distinct	roles	upstream	of	

the	activation	of	mTOR	and	account	for	further	genotype-phenotype	variations	26.			

In	conclusion,	our	findings	establish	gain-of-function	mutations	in	mTOR	as	

causative	for	a	range	of	distinct	human	macrocephaly-associated	phenotypes	that	result	

from	allele	specific	effects	on	pathway	activation	and	mosaic	distribution.	These	findings	

provide	insight	into	the	etiology	of	human	overgrowth	and	establish	mTOR	activation	as	

sufficient	for	deregulation	of	this	process,	with	implications	for	therapeutic	approaches	and	

prognosis.		
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Supplemental	Material		

	

S1.	Supplemental	Figure	1:	Additional	anatomical	images	of	associated	with	mTOR	

C1483Y	mutation				

(A)	Axial	MRI	showing	overgrowth	of	the	left	occipito-temporal	lobe,	indicated	by	red	

circle.	(B)	Coronal	MRI		showing	asymmetry	to	the	ventricles,	red	arrow	pointing	to	the	

larger	left	ventricle.		
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S2.	Supplemental	Document	1:	Full	clinical	case	reports	

Case	One:		

Case	two	is	a	female	born	NSVD	at	37	weeks	gestation	to	a	29-year-old	G3P2	mother;	paternal	age	

was	29	years	at	birth.	Pregnancy	was	complicated	by	maternal	occupational	exposure	to	lead,	which	was	

confirmed	at	birth.	Fetal	movements	were	decreased,	but	ultrasounds	were	normal.		Birth	weight	was	7	

pounds,	2	ounces	(25th	%ile)	and	length	was	21.5cm	(95th	%ile).	Family	history	was	significant	for	maternal	

dextrocardia,	a	maternal	grandmother	with	uterine	cancer,	a	paternal	aunt	and	grandfather	with	kidney	

failure,	and	a	paternal	first	cousin	with	autism,	seizures,	and	learning	disabilities.	At	birth	severe	hypotonia	

and	small	areas	of	hypopigmentation	on	the	patient’s	abdomen,	legs,	and	hands	were	noted.		

At	6.5	years	of	age	she	presented	with	focal	epilepsy	and	hypomelanosis	of	Ito	(Figure	1e	and	1f),	left	

hemimegalencephaly,	and	global	developmental	delay.	She	was	also	found	to	have	decreased	visual	acuity	

and	tracking	with	salt	and	pepper	pigmentary	changes	in	her	retina.	Physical	examination	showed	a	height	of	

121.92	cm	(90th	%ile)	and	head	circumference	of	54cm	(>97th	%ile).		Hand	length	was	13.5	cm	and	foot	

length	was	17.4	cm,	however,	both	hands	and	feet	were	symmetric	in	size.		Dysmorphic	facial	features	were	

noted	including	down	slanting	palpebral	fissures,	long	eyelashes	and	a	short	upturned	nose	(Figure	1c	and	d).	

She	displayed	symmetric	motor	movements	on	both	sides	of	her	extremities	but	had	difficulty	swallowing	

food.	She	also	had	a	history	of	asthma.	Her	developmental	milestones	were	delayed:	pull	to	standing	at	3.5	

years	old	and	walking	at	4.5	years	old,	she	was	not	toilet	trained	and	did	not	use	any	words.		

Seizure	history	began	at	2.5	months	of	age	and	progressively	worsened.	Her	seizures	presented	as	

one	of	two	types:	type	1,	which	is	less	frequent,	was	clinically	characterized	by	relative	behavioral	arrest,	

slow	forceful	eye	blinking,	right	>	left	arm	stiffening,	rightward	gaze	deviation,	suggestion	of	fencer	posturing	

(right	arm	extended,	left	flexed),	followed	by	slow	left	head/eye	deviation	16	seconds	after	onset.	

Electroencephalogram	showed	a	build-up	of	sharply-contoured,	rhythmic	alpha-theta	maximal	T3/T5	waves,	

spreading	posteriorly	to	parietal/occipital	region	after	5	seconds,	thereafter	remaining	confined	to	the	left	

posterior	quadrant	with	evolution	in	frequency/amplitude	lasting	5	minutes,	the	last	four	of	which	were	

comprised	of	broad	~1Hz	T5	spike-wave	discharges.	The	second	type	manifested	clinically	as	subtle	
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behavioral	arrests.	These	events	were	associated	with	generalized	background	attenuation	with	

superimposed	symmetric	or	occasionally	left	>	right	fast	activity	lasting	30-45	seconds,	often	terminating	in	

and/or	momentarily	disrupted	by	a	high-amplitude	3-5	second	burst	of	monomorphic	notched	delta	wave	

with	shifting	hemispheric	predominance.	Trials	of	phenobarbital,	lamotrigine	with	levetiracetam,	topiramate,	

oxcarbazepine,	and	diazepam were	unsuccessful	in	controlling	the	seizures.	Additional	pharmacological	

regimen	included	clobazam,	clonazepam,	felbamate,	and	primidone	with	limited	success.		 

MRI	of	the	brain	revealed	asymmetry	of	the	temporal-occipito	lobes,	and	ventricles,	consistent	with	

left	hemimegalencephaly	(Figure	2a,	Supplemental	Figure	1A	and	B).		Additionally	a	PET	scan	was	performed	

which	showed	asymmetric	glucose	uptake	in	the	temporo-occipito	lobes	(Figure	2b).			A	limited	left	temporo-

occipito-parietal	lobe	resection	with	electrocorticography	was	performed	in	an	attempt	to	control	her	

seizures.	Histopathological	examination	of	the	left	lateral	temporal	neocortex	from	the	resection	showed	

multifocal,	slight	to	moderate	cortical	disorganization.	A	single	focus	in	the	superficial	cortex	showed	a	

cluster	of	balloon-like	cells	of	the	type	seen	in	focal	cortical	dysplasia	ILAE	Type	IIB		(Figure	2c	and	d).	

Prominent	neurons	were	observed	in	subcortical	white	matter	(Figure	2e	and	f).	Minimal	Chaslin's	gliosis	

was	also	noted.	There	was	no	evidence	of	neoplasm,	vascular	malformation	or	active	inflammation.	The	

surgery	greatly	improved	her	seizures,	as	they	have	decreased	in	prevalence	from	>10	per	day	to	less	than	1	

per	week.	Genetic	analysis	was	limited	to	trio	Clinical	Exome	Sequencing	(CES)	ordered	on	genomic	DNA	

isolated	from	blood	as	well	as	genomic	DNA	isolated	from	a	skin	punch	biopsy	at	the	border	between	the	

hypopigmented	and	normal	skin	areas.		

	

	

Case	Two:	

Case	two	is	an	8	month	old	male	born	to	a	37	year	old	G1P2	mother	and	35	year	old	father.	

Pregnancy	was	free	of	any	teratogenic	exposures.	Family	history	was	significant	for	a	paternal	uncle	born	

with	a	clubfoot,	but	otherwise	unremarkable.	Pregnancy	was	complicated	by	a	decrease	in	amniotic	fluid	first	

noticed	at	about	3	months.	At	this	time	ultrasound	revealed	an	increase	in	head	size.	Pregnancy	delivery	

occurred	at	35	weeks	due	to	breach	presentation.	At	birth	the	neonate	had	extreme	macrocephaly,	

macrosomia,	and	a	right	clubfoot.	Additional	findings	at	birth	included	an	umbilical	hernia,	right	kidney	cyst,	
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and	hydrocele.	A	brain	MRI	was	performed	and	showed	polymicrogyria.	The	neonate	was	discharged	on	day	

10	of	life.		Surveillance	of	the	kidney	demonstrated	persistent	cyst,	and	by	three	months	of	age	linear	

hyperpigmented	lesions	were	first	noticed	on	the	legs,	abdomen	and	back.	Overgrowth	of	the	head	continued	

postnatally	and	interfered	with	normal	motor	development,	causing	difficulty	in	sitting	unassisted,	rolling	

from	back	to	stomach,	and	holding	his	head	up.	Exome	sequencing	revealed	a	mosaic	variant	in	the	mTOR	

gene.	At	8	months	old	he	presented	with	overgrowth	with	length	of	78.4cm	(>>97th	%ile,	+3SD),	weight	

12.8Kg	(>>97th%ile	+	3.48	SD),	and	OFC	51.5cm	(>>97th	%ile,	+5.28SD).		Additionally,	he	presented	with	

right	sided	hemi-hyperplasia	with	a	leg	length	discrepancy	of	0.5cm,	calf	circumference	discrepancy	of	0.5cm,	

and	hand	length	discrepancy	of	0.5cm.	Linear	hyperpigmentation	was	present,	and	dysmorphic	facial	features	

included	low	set	ears,	down	slanting	palpebral	fissures,	and	hypertelorism.		

	

Case	Three:	

Case	three	is	a	female	born	via	normal	spontaneous	vaginal	delivery	(NSVD)	at	36	weeks	gestation	to	

a	primigravida	32-year-old	mother;	paternal	age	at	birth	was	36.	Pregnancy	was	complicated	by	

oligohydramnios.	At	birth	torticollis	was	noted.		Birth	length	was	19cm	(25%ile)	and	weight	was	7	pounds	

(25%ile).	There	were	no	neonatal	complications.	Family	history	was	negative	for	any	suspected	genetic	

conditions	on	either	side	of	the	family.	Physical	therapy	was	started	for	torticollis	and	hypotonia	at	3	months	

of	age,	when	motor	delay	was	also	noted.	Developmental	milestones	were	delayed	with	sitting	at	16	months	

of	age,	crawling	at	19	months	of	age,	and	first	words	at	13	months	of	age.	At	21	months	of	age	she	was	

evaluated	for	macrocephaly	and	global	developmental	delay.	At	that	age,	palpebral	fissures	were	noted	to	be	

3cm	on	the	left	and	2.5	cm	on	the	right	(>90th	%ile).	Hypertelorism	was	noticed	with	an	intercanthal	distance	

of	3cm	(75-97th	%ile),	interpupillary	distance	of	5cm	and	outer	canthal	distance	of	8.5cm	(97th	%ile).		

Additionally,	a	flattened	nasal	bridge	and	mild	pectus	excavatum	were	observed.	Plagiocepahly	was	also	

noted	and	MRI	of	the	brain	was	normal.	Developmental	delays	continued	with	walking	at	25	months	of	age,	

and	by	eight	years	of	age	her	speech	was	composed	of	moderately	complex	sentences	of	three	to	six	words,	

mostly	echolalia.	Fine	motor	skills	were	delayed	and	writing	was	impaired.		At	eight	years	old	she	presented	

with	global	developmental	delay,	and	learning	disabilities.		Physical	exam	showed	weight	33.2	kg		(90th	

%ile),	height	of	140.6	cm	(>95th	%ile),	and	head	circumference	of	159	cm	(>98th%ile).	Additionally	
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phenotypic	features	at	this	time	included	over	crowding	of	the	teeth,	flattened	nasal	bridge	(Figure	1a	and	b),	

pes	planus,	and	a	wide	based	gait.	Genetic	workup	included	SNP	chromosomal	microarray,	PTEN	mutation	

analysis,	and	fragile	X	testing,	all	of	which	were	normal.		



	164	

	

	

S3.	Supplemental	Figure	2:	Sequencing	reads	and	confirmation	of	mutation	in	Case	1		

Integrative	Genomics	Viewer	alignments	and	the	Sanger	chromatograms	showing	the	

presence	of	the	mutation	in	the	patient	(A)	and	its	absence	in	the	parental	samples	(B	and	

C).	Germline	distribution	of	the	mutation	was	deduced	from	Sanger	chromatograms	due	to	

low	depth	of	coverage	(14X,	11X	and	10X	in	the	patient,	father	and	mother,	respectively)	by	

exome	sequencing.	
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S4.	Supplemental	Figure	3:	Sequencing	reads	of	mutation	in	Case	1		

The	Integrative	Genomics	Viewer	of	the	alignment	file	demonstrates	the	presence	of	this	

mutation	in	(A)	2	of	192	total	reads	in	the	patient	blood;	(B)	83	of	231	reads	in	skin;	(C)	0	

of	198	reads	in	maternal	blood;	and	(D)	0	of	201	reads	in	the	paternal	blood	sample.
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S5.	Supplemental	Figure	4:	Pyrosequencing	confirmation	of	germline	E1799K	

mutation		

Mutation	abundance	determined	by	pyrosequencing	for	Case	1	(g.	1:11190804,		

c.5395G>A,	p.Glu1799Lys)	and	case	2	(g.	1:11217230,	c.4448	G>A),	with	reference	allele	

(G)	in	red	and	alternate	allele	(A)	in	blue.	(A)	Allele	frequencies	demonstrate	germline	
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distribution.	(B)	Mutations	not	detectable	in	blood	samples	from	Case	2,	or	the	parents.		

Black	bars	represent	standard	deviations.	Images	of	resected	brain	tissue	displayed	above	

each	bar.	
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Mutatio

n		 Source		 Type		 Source		

Replicate	Present	

(Y/N)		

Tissue	

Designation		

Total	

Number		

E1799K		 cBio		 Endometrium		 CCLE		 Y	

Cervical/Unterin

e		 		

E1799K		 cBio		 Kidney		 CCLE		 Y	 Renal		 		

E1799K		 cBio		 CNS		 CCLE		 Y	 CNS		 		

E1799K		 cBio		 Cervical		 TCGA		 N	

Cervical/Unterin

e		 		

E1799K		 cBio		 Colorectal	Adenocarcinoma		 TCGA		 N	 Intestine		 		

E1799K		 cBio		 Colorectal	Adenocarcinoma		 TCGA		 N	 Intestine		 		

E1799K		 cBio		 Colorectal	Adenocarcinoma		 MSKCC		 N	 Intestine		 		

E1799K		 cBio		 MM	 Broad		 N	 Blood	Lineage		 		

E1799K		 cBio		 Prostate	

Broad/Corne

ll		 N	 Prostate		 		

E1799K		 cBio		 Uterine		 TCGA		 N	

Cervical/Unterin

e		 		

E1799K		 cBio		 Uterine		 TCGA		 N	

Cervical/Unterin

e		 		

E1799K	 cBio	 Uterine		 TCGA		 N	

Cervical/Unterin

e		 		

E1799K		 ICGC	 Uterine corpus endometrial carcinoma UCEC-US		 N	

Cervical/Unterin

e		 		

E1799K		 ICGC	 Uterine corpus endometrial carcinoma UCEC-US		 N	

Cervical/Unterin

e		 		

E1799K		 ICGC	 Cervical squamous cell carcinoma CSC-US		 N	

Cervical/Unterin

e		 		

E1799K		 ICGC	 Glioblastoma multiforme GBM-US		 N	 CNS		 		

E1799K		

COSMI

C		 Glioma  COSMIC		 N	 CNS	 		

E1799K		

COSMI

C		 Cervix  COSMIC		 N	

Cervical/Unterin

e		 		
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E1799K		

COSMI

C		 Endometrium  COSMIC		 N	

Cervical/Unterin

e		 		

E1799K		

COSMI

C		 Endometrium  COSMIC		 N	

Cervical/Unterin

e		 		

E1799K		

COSMI

C		 Endometrium  COSMIC		 N	

Cervical/Unterin

e		 		

E1799K		

COSMI

C		 Endometrium  COSMIC		 N	

Cervical/Unterin

e		 		

E1799K		

COSMI

C		 Large Intestine  COSMIC		 N	 Intestine		 		

E1799K		

COSMI

C		 Prostate  COSMIC		 N	 Prostate		 		

E1799K		 CCLE	 Glioma		 CCLE		 Y	 CNS	 		

E1799K		 CCLE	 Clear Cell Renal Carcinoma  CCLE		 Y	 Renal		 		

E1799K		 CCLE	 endometrium adenocarcinoma CCLE		 Y		

Cervical/Unterin

e		 23	

C1483W		 cBio		 Breast		 Broad		 N	 Breast		 		

C1483Y	 cBio		

acute_lymphoblastic_T_cell_leukae

mia CCLE		 Y		 Blood	Lineage		 		

C1483R	 cBio		 Glioblastoma	multiforme	 TCGA		 N	 CNS		 		

C1483Y		 cBio		 Clear	Cell	Renal	Carcinoma		 TCGA		 N	 Renal		 		

C1483F	 cBio		 Clear	Cell	Renal	Carcinoma		 TCGA		 N	 Renal		 		

C1483F	 cBio		 Clear	Cell	Renal	Carcinoma		 TCGA		 N	 Renal		 		

C1483Y		 cBio		 Clear	Cell	Renal	Carcinoma		 TCGA		 N	 Renal		 		

C1483R	 ICGC	 Glioblastoma	multiforme	 GBM-US		 N	 CNS		 		

C1483Y	

COSMI

C	 Kidney		 COSMIC		 N	 Renal		 		

C1483F	

COSMI

C	 KIDNEY		 COSMIC		 N	 Renal		 		

C1483F	

COSMI

C	 KIDNEY		 COSMIC		 N	 Renal		 		

C1483R	 FCD	 CNS	 Lim	et	al.		 N	 CNS	 		

C1483Y	 CCLE	 acute_lymphoblastic_T_cell_leukae CCLE		 Y		 Blood	Lineage		 12	
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mia 

T1977K	 cBio	 Clear	Cell	Renal	Carcinoma		 TCGA		 N	 Renal		 		

T1977R	 cBio		 Prostate		 TCGA		 N	 Prostate		 		

T1977K	 ICGC		 Renal	Cell	Carcinoma		 RECA-EU		 N	 Renal		 		

T1977K	 ICGC	 Renal	Cancer		 KIRC-US		 N	 Renal		 		

T1977R		 Cosmic		 Kidney		 Cosmic		 N	 Renal		 		

T1977R		 Cosmic		 Large	Intestine		 Cosmic		 N	 Intestine		 		

T1977R		 Cosmic		 Prostate		 Cosmic		 N	 Prostate		 		

T1977K		 Cosmic		 Lymphoid		 Cosmic		 N	 Blood	Lineage		 		

T1977K		 Cosmic		 Kidney		 Cosmic		 N	 Renal		 		

T1977K		 Cosmic		 Kidney		 Cosmic		 N	 Renal		 		

T1977S	 Cosmic	 Lymphoid		 Cosmic	 N		 Blood	Lineage		 		

T1977K	 FCD	 CNS	 Lim	et	al.		 N	 CNS	 		

T1977K		 FCD	 CNS	 Lim	et	al.		 N	 CNS	 13	

	

S6.	Supplemental	Spreadsheet	1:	Merged	data	from	mTOR	mutations	in	cancer	

spreadsheet	
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S7.	Supplemental	Figure	7:	mTOR	activated	cells	in	brain	samples		

Immunofluorescence	staining	of	brain	tissue	showing	strong	activation	of	p4EBP1	in	NeuN	

positive	cells.		C1483Y:		g.	1:11217230	G>A,	c.4448	G>A,	p.Cys1483Tyr,	
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S8.	Supplemental	Document	2:	Detailed	materials	and	methods			

Exome	Sequencing	

Cases	1	and	2	were	sequenced	at	the	UCLA	Clinical	Genomics	Center	and	case	3	was	

sequenced	at	an	outside	clinical	laboratory.	Clinical	exome	sequencing	at	UCLA	was	

performed	following	the	validated	protocol	as	described	by	Lee	et	al.27	Briefly,	exome	

capture	was	performed	using	Agilent	SureSelect	Human	All	Exon	V2	50Mb	and	sequencing	

was	performed	on	an	Illumina	HiSeq	2500	as	100-bp	paired-end	runs.	Mean	coverage	

across	the	RefSeq	protein-coding	exons	and	flanking	intronic	sequence	(±2	bp)	was	>100-

fold	with	>	93%	of	these	base	positions	being	sequenced	at		>9×.	Sequence	reads	were	

aligned	to	the	human	reference	genome	(hg19/NCBI	Build	37)	using	Novoalign	V2.07.15b	

(Novocraft,	http://www.novocraft.com/main/index.php).	PCR	duplicates	were	marked	

using	Picard-tools-1.42	(http://picard.sourceforge.net/).	Indel	(insertions	and	deletions)	

realignment,	quality	score	recalibration,	variant	calling,	recalibration	and	variant	eval	were	

performed	using	the	Genome	Analysis	Toolkit	(GATK)	v1.1-33	28,29.	All	variants	were	

annotated	using	Variant	Annotator	eXtras	(VAX)30	and	deposited	into	MySQL	5.2	database	

for	filtering.	Amino	acid	altering	de	novo,	hemizygous,	homozygous,	compound	

heterozygous	and	inherited	heterozygous	variants	with	minor	allele	frequency	(MAF)	less	

than	1%	(based	on	data	from	the	1000	genomes	project	(1Kg),	NHLBI	exome	sequencing	

project	(ESP),	NIEHS	environmental	genome	project	(EGP)	and	HapMap,	without	the	

distinction	of	ethnic	background)	that	were	relevant	to	the	patient’s	phenotype	were	

considered	for	further	analysis.	The	pathogenicity	of	a	variant	was	determined	according	to	

current	ACMG	sequence	interpretation	guidelines.	31,32	Only	variants	with	a	QUAL	score	(a	
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scaled	probability	of	a	variant	being	present	at	a	certain	position	based	on	the	GATK	data)	

lower	than	500	(an	empirically	determined	cutoff),	and	all	small	indels	were	confirmed	by	

Sanger	sequencing.33	

	

	

	

Pyro	Primer	Sequences:		

c.4448	Pyro	F	5’	AGGACGACCCAGAGCTGATG	3’	

c.4448	Pyro	R	5’	CTCACCATTCCCCCAAGG	3’	(5’	Biotin)	

c.4448	Pyro	Seq	5’	TGGGCCGCATGCGCT	3’	

	

c.5395	Pyro	F	5’	ATGCGTGGGCAGTGATGA	3’	(5’	Biotin)	

c.	5395	Pyro	R	5’	ATCGCGGGCTTGGTTCTG	3’		

c.	5395	Pyro	Seq	5’	ATGTTTGTAGTGTAGCACAG	3’	

	

mTOR	site	directed	mutagenesis	primers		

	

E1799K:		

F	Primer	:	CATGCGTGGGCAGTGATGAACTTCAAAGCTGTGCTACACTAC	

R	Primer:	GTAGTGTAGCACAGCTTTGAAGTTCATCACTGCCCACGCATG	

	

C1483Y:		

F	Primer:	CTGGGCCGCATGCGCTACCTCGAGGCCTTGGGGGAATG	
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R	Primer:	CATTCCCCCAAGGCCTCGAGGTAGCGCATGCGGCCCAG	

	

T1977I:		

F	Primer:	GGCCCTCATCTACCCACTGATAGTGGCTTCTAAGTCTACC	

R	Primer:	GGTAGACTTAGAAGCCACTATCAGTGGGTAGATGAGGGCC	

	

Sequencing	Primers:		

mTOR_CMV_F	 CGC	AAA	TGG	GCG	GTA	GGC	GTG	

mTOR_F_1	 GGA	GTC	TAC	TCG	CTT	CTA	TGA	CC	

mTOR_F_2	 GAC	AAC	ATT	TTT	GTG	GCC	GT	

mTOR_F_3	 TAC	AGC	CCC	AGC	AGT	CAA	AT	

mTOR_F_4	 TGC	TGG	ACA	TCA	TCC	GAG	

mTOR_F_5	 AGC	TTT	GAA	TTT	GAA	GGC	CA	

mTOR_F_6	 CCT	TTG	TCA	TGC	CTT	TCC	TG	

mTOR_F_7	 GAG	CCC	TAC	AGG	AAG	TAC	CCT	

mTOR_F_8	 GTT	CCT	GCC	CCA	GGT	CAT	

mTOR_F_9	 CTG	AAG	CTC	CAC	TGC	CAT	CT	

mTOR_F_10	 GAA	GAA	ACT	GCA	CGT	CAG	CA	

mTOR_F_11	 CGA	GCA	TAT	GCC	AAA	GCA	CT	

mTOR_F_12	 AGT	GGG	ACA	GCA	TGG	AAG	AA	

mTOR_F_13	 AGT	ATG	CAA	GCC	TGT	GCG	G	

mTOR_F_14	 GCG	TGG	GCA	GTG	ATG	AAC	T	

mTOR_F_15	 TAG	TGG	AGG	GGG	TGA	AAG	C	



	175	

mTOR_F_16	 ATG	CTA	TGA	TGG	AAC	GGG	G	

mTOR_F_17	 AAG	ATC	TGC	GCC	AGG	ATG	

mTOR_F_18	 TTT	AGC	GGT	CAT	GTC	AAT	GG	

mTOR_F_19	 AAA	TTT	TGG	ACG	GTG	TGG	AA	

mTOR_R_1	 AGA	TGC	CAC	CTT	TCC	TCT	CA	
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Chapter	Four	

		

Mutations	in	the	Sonic	Hedgehog	Pathway	cause	

Macrocephaly-associated	conditions	due	to	cross	talk	

to	the	PI3K/AKT/mTOR	pathway	

	

	

	

	

	

	

	

	

	



	177	

Abstract				

The	hedgehog	(Hh)	pathway	is	a	highly	evolutionarily	conserved	signaling	cascade	that	

plays	an	essential	role	in	the	patterning	of	the	developing	embryo	of	many	species.		In	

many	organ	systems,	including	the	developing	limb	bud	and	neural	tube,	the	spatial	and	

temporal	patterning	of	Hh	ligands	is	well	studied.	Due	to	its	role	in	promoting	cellular	

proliferation,	mutations	in	the	Hh	pathway	are	often	observed	in	sporadic	solid	tumors	of	

numerous	tissues.		Additionally,	more	widespread	genetic	mutations	in	components	of	this	

pathway	are	associated	with	reproducible	human	phenotypes	and	syndromic	conditions.		

The	phenotypic	manifestations	of	individuals	presenting	with	Hh	pathway	mutations	

depends	on	which	component	of	the	pathway	is	mutated,	and	while	there	are	unique	

findings	associated	with	each	syndrome	there	is	strong	phenotypic	overlap.	Common	to	

these	syndromes	are	the	findings	of	polydactyly/syndactyly	and	brain	overgrowth	with	

macrocephaly.		The	latter	is	a	finding	most	commonly	observed	with	syndromic	

overgrowth	associated	with	mutations	in	the	PI3K/AKT/mTOR	pathway.	We	have	

identified	novel	Hh	pathway	mutations	and	structural	copy	number	variations	in	

individuals	with	somatic	overgrowth,	macrocephaly,	dysmorphic	facial	features	and	

developmental	delay.		We	hypothesize	that	the	brain	overgrowth	and	phenotypic	overlap	

with	syndromic	overgrowth	syndromes	in	these	cases	may	be	due	to	cross	talk	between	

the	Hh	and	PI3K/AKT/mTOR	pathways.	To	test	this	we	modeled	disease	associated	

variants	by	generating	PTCH1	and	SUFU	heterozygote	cell	lines?	using	the	Crispr/Cas9	

system.	These	cells	demonstrate	activation	of	PI3K	signaling	and	increased	

phosphorylation	of	its	downstream	target	p4EBP1	as	well	as	a	distinct	cellular	phenotype	

that	includes	cellular	hyperplasia.		To	investigate	the	mechanism	underlying	this	cross	talk	
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we	treated	primary	human	neural	stem	cells	with	sonic	hedgehog	ligand	and	performed	

transcriptional	analysis	of	multiple	components	of	the	mTOR	pathway.	These	studies	

identified	decreased	expression	of	a	set	of	mTOR	negative	regulators	that	appeared	to	

show	decreased	expression.	Transcription	factor	binding	analysis	revealed	that	these	down	

regulated	genes	all	share	transcription	factor	binding	sites	for	LyF	and	many	share	an	

Nkx2.2	binding	site.	These	transcription	factors	are	known	to	be	Hh	responsive	supporting	

our	hypothesis.		We	conclude	that	there	is	significant	cross	talk	between	the	SHH	and	

PI3K/AKT/mTOR	pathway	which	underlies	the	brain	overgrowth	observed	in	these	cases.		

We	also	present	behavioral	information	regarding	our	patient	cohort,	focusing	on	the	

occurrence	of	developmental	delay	in	this	cohort	and	propose	that	mutations	in	PTCH1	and	

SUFU	mimic	PTEN-associated	Hamartoma	Syndromes.		
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Introduction		

	 Sonic	HedgeHog	Signaling		

Hedgehog	(Hh)	signaling	was	first	described	in	Drosophila	melanogaster	as	a	central	

regulator	of	“Wingless”	(Wnt)	orthologue	signaling	and	patterning	of	the	wing	during	

development1;	2.		In	vertebrates,	a	parallel	role	for	limb	development	was	confirmed	as	well	

as	more	complex	involvement	in	neural	cell	type	differentiation3	and	organ	development4.	

Hh	Signaling	begins	with	the	binding	of	Hh	ligands	to	their	receptor.		In	humans	there	are	

three	main	Hh	ligands	sonic,	indian,	and	desert,	hedgehog	(SHH,	IHH,	and	DHH)	and	two	

receptors	Patched	1	(PTCH1)	and	Patched	2	(PTCH2).	The	effect	of	ligand	binding	is	

inhibition	of	PTCH,	which	then	inhibits	smoothened	(SMO).	Inhibition	of	SMO	leads	to	

inhibition	of	Suppressor	of	Fused	(SUFU)	and	Kinesin	family	member	7	(KIF7).		With	SUFU	

inhibited	the	main	effectors	of	Hh	signaling	Glioma-associated	oncogenes	1-3	(Gli1-3)	can	

translocate	to	the	nucleus	where	they	act	as	transcription	factors	and	modulate	the	

expression	of	numerous	target	genes5-7.	This	translocation	event	is	additionally	regulated	

by	via	the	Dual-Specificity	Tyrosine	Phosphorylation-Regulated	Kinase	(DYRK1A,	Figure	

1)5;	8.	The	transcriptional	targets	of	Gli1-3	coordinate	crosstalk	with	numerous	other	

signaling	cascades	including	Wnt,	TGFβ	and	Notch9;	10.	These	coordinated	pathways	play	

important	roles	in	not	only	embryogenesis	but	additionally	stemness11,	protein	synthesis12	

and	cell	migration13.	With	the	wide	spread	effects	and	roles	of	Hh	signaling	it	has	been	

shown	that	genetic	disruptions	to	Hh	components	result	in	multiple	developmental	

abnormalities	and	neoplasms.	
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Figure	4-1:	Hedgehog	Signaling	Pathway	

Initial	ligand	binding	activates	hedgehog	signaling;	Sonic	hedgehog	binds	to	the	receptor	

PTCH1,	which	inhibits	the	membrane-bound	Smoothened.	When	activated,	Smoothened	

activates	SUFU,	which	facilitates	the	translocation	of	Gli1-3	into	the	nucleus.	Once	in	the	

nucleus,	the	Gli1-3	transcription	factors	coordinate	the	expression	of	numerous	genes.						
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	 SHH	Mutations	In	Cancer		

Mutations	in	the	Hh	signaling	pathway	that	cause	constitutive	activation	have	been	most	

described	in	basal	cell	carcinomas14	and	medulloblastoma15.	Additionally,	altered	Hh	

signaling	has	also	been	reported	in	numerous	other	cancer	types	including	breast16,	

pancreas17	and	prostate18.		Due	to	its	wide	spread	effects	on	cell	proliferation,	migration	

and	differentiation	Hh	inhibitors	have	emerged	as	potential	anti-cancer	therapies	(Figure	

2).		The	goal	of	these	therapies	is	to	dampen	Hh	signaling	and	inhibit	some	of	its	

proliferative	and	anti-apoptotic	functions19-21.	In	addition	to	being	associated	with	

numerous	sporadic	solid	tumors,	wide	spread	disruption	of	the	Hh	pathway	leads	to	a	

plethora	of	human	phenotypes	and	syndromic	presentations.	
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Figure	4-2:	Chemical	and	Pharmacological	inhibition	of	the	hedgehog	pathway.		

Due	to	its	involvement	in	numerous	sporadic	tumor	types,	inhibitors	of	the	Hh	pathway	

activity	have	been	developed	and	discovered.	The	two	main	targets	of	inhibition	are	

Smoothened	and	Gli1.		
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SHH	Mutations	in	Genetic	Syndromes	

A	comprehensive	review	of	the	genetic	syndromes	associated	with	Hh	appears	in	Chapter	

1.	For	this	chapter	we	focused	on	the	phenotypic	overlap	between	these	conditions	as	a	

way	to	highlight	the	common	consequences	of	deregulated	Hh	signaling.		We	compared	the	

brain,	limb,	neoplasm	and	facial	dysmorphic	traits	of	each	of	the	Hh	associated	syndromes.	

From	this	we	have	observed	trends	in	each	tissue	type	that	help	to	unify	certain	roles	for	

Hh	signaling	in	the	developing	human	embryo.	As	initially	described,	Hh	signaling	plays	an	

essential	role	in	the	patterning	and	segmentation	of	the	limbs.	Nearly	every	condition	

demonstrates	limb	phenotypes	with	polydactyly	being	the	most	common.	Additionally,	

pharyngeal	arch	migration	is	implicated,	as	facial	dysmorphologies	are	common.			The	

neoplasms	observed	in	these	syndromic	conditions	mirror	those	observed	in	Hh	pathway	

associated	sporadic	tumors	including	basal	cell	carcinomas	and	medulloblastoma,	

confirming	the	important	role	of	Hh	signaling	the	in	skin	and	the	brain.	The	brain	

phenotypes	are	varied	and	present	in	a	range	from	widespread	holoprosencephaly	and	

megalencephaly	to	more	focal	and	specific	agenesis	of	the	corpus	callosum,	

hemimegalencephaly	and	anterior	pituitary	hypoplasia.		The	triad	of	brain-limb-

dysmorphic	phenotypes	helps	to	define	the	Hh-associated	syndromes,	albeit	with	varying	

degrees	and	specific	findings	unique	to	each	genetic	etiology.	Less	well	understood	or	

reported	are	the	behavioral	phenotypes	and	general	somatic	growth	trends	for	many	of	

these	conditions	(Table	1,	Figure	3).
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Table	4-1:	Syndromes	associated	with	mutations	in	the	Hh	signaling	pathway	and	

associated	phenotypes	

We	presented	a	list	of	the	congenital	genetic	syndromes	associated	with	mutations	to	the	

Hh	pathway.	We	stress	the	occurrence	of	brain,	limb	neoplastic	and	dysmorphic	

phenotypes	within	this	group.				

	

Hedgehog	Ligands		 	 	 	 	 	 	 	
Gene	
Symbol	

Gene	Name	 Associated	
Syndrome	(S)		

Type	of	
Mutation/
Effect	on	
pathway		

R
ef		

Brain	
Phenoty
pe	

Limb	
Phenot
ype	

Neopla
sms		

Dysmor
phic	

SHH	 Sonic	hedgehog	 Holoprosencephaly	3	

	
Inactivating/Do
wn	regulation		

22	 Holoprosenc
ephaly		
Single	brain	
ventricle		
	

n/a	 n/a	 Proboscis		
Midface	
hypoplasi	
	

IHH	 Indian	hedgehog	 Acrocallosal	Syndrome	 Inactivating/Do
wn	regulation	

23	 Disproportio
nate	
Macrocephal
y	

Short-
limbed	
dwarfism	
Brachydac
tyly	
	

n/a	 n/a	

Membrane	Bound	Receptors		 	 	 	 	 	 	
PTCH1	 Patched	1	 Basal	cell	nevus	syndrome	

	
Inactivating/Up	
regulation	

24	 Megalenceph
aly	

Brachydac
tyly		
Short	4th	
metacarpa
l		
Short	
thumb	
terminal	
phalanx		
	

Medullobla
stoma		
Basal	cell	
carcinoma		
	

Broad	
facies		
Frontal	and	
biparietal	
bossing		
Mild	
mandibular	
prognathis
m		
Odontogeni
c	
keratocysts	
of	jaws	

PTCH2	 Patched	2	 Basal	cell	nevus	syndrome	

	
Inactivating/Up	
regulation	

25	 Megalenceph
aly	

Brachydac
tyly		
Short	4th	
metacarpa
l		
Short	
thumb	
terminal	
phalanx		

Medullobla
stoma		
Basal	cell	
carcinoma		
	

Frontal	
bossing		
Mild	
mandibular	
prognathis
m		
Odontogeni
c	
keratocysts	
of	jaws	

SMO	 Smoothened		 Curry-Jones	Syndrome	
	

Activating/Up	
Regulation	

26	 	
Hemimegale
ncephaly	
Megalenceph
aly		
Polymicrogyr
ia		

Broad	
thumbs		
Duplicated	
thumbs		
Preaxial	
polydactyl
y		
	

Desmoplas
tic	
medullobla
stoma	of	
cerebellum	

Facial	
asymmetry		
	

	
	
	
Cytoplasmic/Nuclear	Signaling		

	 	 	 	 	 	

SUFU	 SUFU	negative	regulator	of	
hedgehog	signaling	

Basal	cell	nevus	syndrome	

	
Inactivating/Up	
regulation	

27	 Megalenceph
aly	

Brachydac
tyly		
Short	4th	
metacarpa
l		
Short	
thumb	
terminal	

Medullobla
stoma		
Basal	cell	
carcinoma		
	

Broad	
facies		
Frontal	
bossing		
Prognathis
m		
Odontogeni
c	
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phalanx		
	

keratocysts	
of	jaws	
	

GLI2	 GLI	family	zinc	finger	2	 Culler-Jones	syndrome,	
Holoprosencephaly	9	
	

	

Inactivating/Do
wn	regulation	

28	 Anterior	
pituitary	
hypoplasia		
Ectopic	
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Inactivating/Up	
regulation																																																																				

30	 Macrocephal
y	
Hypoplastic	
or	absent	
corpus	
callosum		
	

Tapered	
fingers		
Fifth	
finger	
clinodactyl
y		
Brachydac
tyly		
polydactyl
y		
	

n/a	 Prominent	
forehead		
Short	
philtrum		
Hypoplastic	
midface	
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Figure	4-3:	Summary	of	Hh	associated	phenotypes.		

As	presented	in	Table	1,	we	have	summarized	the	key	findings	of	Hh-related	syndromes.	

The	main	manifestations	are	those	affecting	the	development	of	the	brain,	limbs,	and	face.	

This	reproducible	triad	marks	specific	events	and	processes	in	development	that	are	

altered	by	abnormal	Hh	signaling.			
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In	a	cohort	of	macrocephaly	cases	we	have	identified	germ-line	mutations	with	activated	

Hh	signaling.	These	cases	have	mutations	in	PTCH1	and	SUFU,	both	structural	copy	number	

variants	(CNVs)	diagnosed	via	chromosomal	microarray	and	single	nucleotide	variants	

(SNVs)	diagnosed	via	clinical	exome	sequencing	(CES).	We	present	phenotypic	data	for	

each	of	the	cases	and	show	that	there	is	striking	somatic	overgrowth,	macrocephaly,	and	

behavioral	phenotypes.	This	constellation	of	phenotypes	was	most	similar	to	mutations	in	

PTEN	and	therefore	we	propose	that	there	might	be	cross-talk	between	the	activated	Hh	

pathway	and	the	PI3K/AKT/mTOR	signaling	cascade.	To	explore	this	hypothesis	we	

generated	PTCH1	and	SUFU	heterozygote	cell	populations	via	Crispr/Cas9	and	furthermore	

treated	primary	human	neural	stem	cells	with	SHH	ligand	and	assayed	the	transcriptional	

consequences	of	Hh	activity.	Our	findings	demonstrate	that	the	phenotypic	overlap	

between	Hh	and	PI3K	associated	syndromes	is	due	to	underlying	molecular	cross	talk.		

	

Materials	and	Methods	

Crispr/Cas9	Cloning	

PTCH1	and	SUFU	w	deleted	from	HEK293T	cells	utilizing	the	Crispr/Cas9	plasmid	

(pSpCas9(BB)-2A-Puro	(PX459)	V2.0,	#6298831)	from	addgene.			Guide	RNAs	(gRNAs)	

were	designed	using	benching	software.	gRNAs	were	selected	which	showed	the	highest	

“on-target”	score32	and	“off-target”	score33.	The	20Bp	gRNAs	were	flanked	with	CACC-on	

the	5’end	of	their	forward	oligo	and	AAAC-	on	the	5’end	of	their	reverse	oligo.	These	

overhangs	facilitate	ligation	into	the	parental	plasmid	once	it	is	digested	with	BBSI.	Briefly	

the	oligos	were	annealed	and	phosphorylated	using	T4	PNK	enzyme	(NEB,	M0201S),	
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annealed	oligos	were	then	diluted	an	added	to	a	digestion-ligation	reaction	containing	

parental	plasmid,	tango	buffer	(Life	Tech	By5),	DTT,	ATP,	BBSI	(Thermo,	FD1014)	and	T7	

Ligase	(NEB,	M03185).	After	six	cycles	of	370C	for	five	minutes	and	230C	for	5	min	the	

reaction	was	treated	with	plasmid	safe	exonulease	(Epicentre,	E3101K).	Finally	plasmids	

were	transformed	in	Stbl3	E.Coli	and	grown	under	ampicillin	selection.	Plasmid	mini-preps	

were	performed	on	three	colonies	and	sanger	sequencing	confirmed	the	cloning	event	

using	the	human	U6	primer	sequence:	5’-CGATACAAGGCTGTTA-3’.		

	

gRNA	Sequences:		

ID	 Sequence		

PTCH1	Upstream	1	F		 5’-CACC-GAAGCTTGCTGGGTCTCTACT-3’	

PTCH1	Upstream	1	R		 5’-AAAC-AGTAGAGACCCAGCAAGCTTC-3’	

PTCH1	Downstream	1	F		 5’-CACC-GTTAGGTTAAGGCACACTACT-3’	

PTCH1	Downstream	1	R		 5’-AAAC-AGTAGTGTGCCTTAACCTAAC-3’	

PTCH1	Downstream	2	F	 5’-CACC-GTGTGCCTTAACCTAACGCA-3’	

PTCH1	Downstream	2	R	 5’-AAAC-TGCGTTAGGTTAAGGCACAC-3’	

SUFU	Upstream	1F		 5’-CACC-GCCGCCGCCGAGTCTGCCAGA-3’	

SUFU	Upstream	1R		 5’-AAAC-TCTGGCAGACTCGGCGGCGGC-3’	

SUFU	Downstream	1F	 5’-CACC-GTAGATGGCGTGCAGTCCCG-3’	

SUFU	Downstream	1R	 5’-AAAC-CGGGACTGCACGCCATCTAC-3’	

	LAMTOR3	Upstream	1F	 5’-CACC-GGACAGGATCTAGAAAACAG-3’	

LAMTOR3	Upstream	1R	 5’-AAAC-CTGTTTTCTAGATCCTGTCC-3’	
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LAMTOR3	Downstream	1F	 5’-CACC-GTTGTGACGAAAATTTTCCAG-3’	

LAMTOR3	Downstream	1R	 5’-AAAC-CTGGAAAATTTTCGTCACAAC-3’	

	

Cell	Culture	and	Transfection:		

HEK293T:	Cells	were	maintained	with	basal	media	including	DMEM,	PSN	and	10%	fetal	

bovine	serum	(FBS).	Twenty-four	hours	before	transfection	cells	were	liberated	from	T25	

flask	with	TrypLE™	Express	Enzyme	(1X).	Cell	concentration	and	viability	was	determined	

with	the	Invitrogen	Countess	I.	After	plating	2x105	viable	cells	onto	a	12-well	culture	dish,	

volume	was	brought	to	1ml	of	basal	media.	On	the	day	of	transfection	media	was	aspirated,	

and	500ul	of	basal	media	was	added	to	each	well.	GeneIn	Transfection	reagent	was	

combined	with	2ug	of	plasmid,	brought	to	a	final	volume	of	200ul,	vortexed	and	then	

incubated	at	room	temperature	for	15	minutes	then	added	to	each	well.	Cells	were	

incubated	for	24	hours,	followed	by	a	12-hour	nutrient	starvation	in	DMEM	lacking	

glutamine,	glucose	and	FBS.	To	model	PTCH1,	SUFU	and	LAMTOR3	loss	we	chose	to	

analyze	populations	of	cells	which	had	been	edited,	instead	of	clonally	expanding	individual	

cell	lines	(Figure	4).		
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Figure	4-4:	Experimental	design	for	generation	of	PTCH1,	SUFU,	and	laMTOR3	deletion	

populations	in	HEKS293Ts		

Guide	RNAs	(gRNAs)	were	designed	using	Benchling	software,	which	maximizes	efficiency	

and	minimizes	off	target	effects.	These	gRNAs	are	then	cloned	into	parental	Crispr	plasmids	

that	also	carry	puromycin.	Following	transfection	and	puromycin	selection,	we	analyzed	

populations	of	cells.	This	is	advantageous	due	to	the	few	passages	required	which	gives	the	

cells	less	time	to	compensate,	and	allows	biological	differences	to	be	observed.		
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Western	Blot	Analysis	

Cells	were	lysed	on	24	well	or	12	well	plates	with	200µl	or	400ul	of	passive	lysis	buffer,	

prepared	with	phosphatase	and	protease	inhibitors,	and	incubated	by	shaking	at	40C	for	

one	hour.	After	lysis	tubes	were	spun	at	7500	Rcf	for	5	minutes	to	collect	debris.	

Supernatant	was	transferred	to	a	new	tube	then	protein	concentration	determined	with	the	

Coommasie	Plus	Bradford	(Life	Technologies)	reagent	following	manufacture	instructions.	

Protein	samples	were	diluted	to	a	final	concentration	of	10µg/20	μl	into	Western	loading	

buffer	with	beta-mercaptoethanol	and	then	boiled	for	5	minutes.		Western	blots	were	run	

on	12%	acrylamide	gels	followed	by	transfer	onto	nitrocellulose	membranes	utilizing	the	

Transblot	Turbo®	apparatus	from	Biorad.	The	membrane	was	blocked	in	5%	bovine	

serum	albumin	in	Tris	buffered	saline	plus	Tween	(TBST)	for	30	minutes,	then	incubated	in	

primary	antibodies	for	72	hours	against	STAG2	(Cell	Signaling	#5882,	Dilution	1/500)	and	

beta-actin	(Cell	Signaling	#4970,	Dilution	1/5000).	Blots	were	then	rinsed	with	Tris	

buffered	saline	(TBS)	and	washed	three	times	with	TBST.	Blots	were	then	incubated	in	

rabbit	secondary	antibodies	conjugated	to	horseradish	peroxidase	at	a	dilution	of	1/3750.	

Following	secondary	incubation	membranes	were	rinsed	with	TBS	then	washed	twice	with	

TBST.	Blots	were	exposed	using	Western	Clarity	reagents	from	BioRad	and	imaged	on	the	

Bio	Rad	ChemiDoc	and	viewed	in	ImageLab	Software.		

Antibodies		

Antibody	 Manufacturer	 Cat	#	 Dilution	

pmTOR	2448	 Cell	Signaling	 5536	 1:1000	

AKT	473	 Cell	Signaling	 4060	 1:2000	

B-actin	 Cell	Signaling	 4970	 1:4000	
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Immunofluorescence		

One	hundred	thousand	human	neural	stem	cells	were	plated	on	GelTrex	(Invitrogen)	

coated	coverslips.	After	24	hours	of	growth	cells	were	fixed	using	paraformaldehyde	for	20	

minutes	then	blocked	with	10%	normal	goat	serum	in	TBST	overnight.	The	following	day	

coverslips	were	washed	three	times	in	TBST.	Coverslips	were	incubated	in	Phalloidin	647	

(Thermo,	A22287)	in	3%	BSA	in	TBST	for	one	hour.	Coverslips	were	then	washed	three	

times	in	TBST	and	incubated	in	secondary	antibody	(Jackson	Laboratories,	AffiniPure	

Donkey	Anti-Rabbit,		711-165-152,	Dilution	1/1000	and	Invitrogen,	Alexa	Fluor®	647	

Phalloidin,	A22287,	dilution	1/100)	in	3%	BSA	in	TBST	for	one	hour.	Coverslips	were	then	

washed	three	times	in	TBST	and	then	three	times	in	water.	Coverslips	were	mounted	on	

glass	slides	using	ProLong®	Gold	Antifade	Mountant	with	DAPI	(Invitrogen,	P36931).	

Slides	were	imaged	using	a	Zeiss	LSM-800.		

p4EBP1	S65	 Cell	Signaling	 9451	 1:1000	

PTEN	 Cell-Signaling	 9188	 1:1000	

pTSC2	 Cell-Signaling	 3611	 1:2000	

pGSK3a/b	 Cell-Signaling	 9331	 1:1000	

pPTEN	 Cell-Signaling	 9551	 1:1000	

pAKT308	 Cell-Signaling	 13038	 1:1000	

pAKT450	 Cell-Signaling	 9267	 1:1000	

P4EBP1	 Cell-Signaling	 2855	 1:1000	

pmTOR2481	 Cell-Signaling	 2974	 1:500	

pS6Kinase		 Cell-Signaling	 9234	 1:1000	

pSGK(Ser422)	 Santa	Cruz	 Sc-16745	 1:200	

pRAPTOR	(Ser792)	 Cell-Signaling	 2083	 1:1000	
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Treatment	of	primary	human	neural	stem	cells	with	SHH	Ligand		

Primary	neural	progenitor	cells	pNPCs	were	taken	down	to	a	single	cell	suspension	using	

Accumax.	The	cells	concentration	was	determined	with	the	Countess	cells	and	I	were	

plated	at	a	density	of	750x105	cells	per	well	in	a	6	well	plate.		Cells	were	suspended	in	

3ug/ml	SHH	ligand	for	the	“treated”	wells	or	standard	growth	media	for	the	“untreated”	

wells.	Cells	were	allowed	to	grow	in	the	presence	of	SHH	for	24	hours	before	they	were	

harvested	for	RNA	extraction.		

					

	 Transcriptional	analysis	

The	cells	were	collected	following	a	24	hour	SHH	treatment	and	pelleted	by	brief	

centrifugation.	800ul	of	trizol	was	added	to	each	cell	pellet	and	the	tubes	were	vortexed	

and	frozen	at	-800C.	RNA	extraction	was	performed	using	the	Zymo	Direct-ZolTM	as	per	

manufactured	instructions	and	DNased	off	the	column.	RNA	was	quantified	and	checked	for	

quality	before	performing	the	RT-PCR	analysis.	For	RT-PCR	we	used	400ng	of	RNA	and	

creased	a	cDNA	library	using	the	Qiagen	RE3	mix.	Following	generation	of	cDNA	a	Sybr	

Green	master	mix	was	created	for	each	sample	and	aliquots	were	loaded	on	the	Qiagen	

Plate,	which	is	manufactured	with	RT-PCR	primers	in	every	well	that	are	validated	to	

quantitate	expression	of	components	of	the	mTOR	pathway.	The	96	well	plates	were	run	on	

the	7900	HT	at	a	program	of	950C	for	10	minutes	followed	by	40	cycles	of	950C	for	15	

second	and	600C	for	1	minute.	The	plate	setup	from	Qiagen	is	as	follows:		
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	 Transcription	Factor	Binding	Analysis		

After	mTOR	transcriptional	targets	were	identified	they	were	screened	for	common	

transcription	factor	binding	sites.	This	was	achieved	via	manually	entering	the	5kb	

upstream	region	for	each	identified	gene	into	the	transcription	factor	search	engine	

TFSearch.	The	results	from	this	analysis	were	manually	curated	and	entered	to	a	spread	

sheet	to	identify	common	shared	transcription	factors.		

	

Results	

Clinical	Presentation	of	Cases		

	

Case	1	(PTCH1,	SB,	CES):	Limited	clinical	information	is	available	on	this	case,	at	it	was	

referred	to	UCLA	from	an	outside	physician	and	subsequently	lost	to	follow	up.	Briefly	the	

patient	presented	with	somatic	overgrowth	height	95th	percentile	and	weight	>97th	

percentile,	as	well	as	macrocephaly	OFC	>	97th	percentile.	Additionally	the	patient	had	the	

diagnosis	of	autism.					

	

Array layout (96-well)

For 384-well 4 x 96 PCR arrays, genes are present in a staggered format. Refer to the RT²

Profiler PCR Array Handbook for layout.

 1 2 3 4 5 6 7 8 9 10 11 12

A AKT1 AKT1S1 AKT2 AKT3 CAB39 CAB39L CDC42 CHUK DDIT4 DDIT4L DEPTOR EIF4B

B EIF4E EIF4EBP1 EIF4EBP2 FKBP1A FKBP8 GSK3B HIF1A HRAS HSPA4 IGF1 IGFBP3 IKBKB

C ILK INS INSR IRS1 MAPK1 MAPK3 MAPKAP1 MLST8 MTOR MYO1C PDPK1 PIK3C3

D PIK3CA PIK3CB PIK3CD PIK3CG PLD1 PLD2 PPP2CA PPP2R2B PPP2R4 PRKAA1 PRKAA2 PRKAB1

E PRKAB2 PRKAG1 PRKAG2 PRKAG3 PRKCA PRKCB PRKCE PRKCG PTEN RHEB RHOA RICTOR

F RPS6 RPS6KA1 RPS6KA2 RPS6KA5 RPS6KB1 RPS6KB2 RPTOR RRAGA RRAGB RRAGC RRAGD SGK1

G STK11 STRADB TELO2 TP53 TSC1 TSC2 ULK1 ULK2 VEGFA VEGFB VEGFC YWHAQ

H ACTB B2M GAPDH HPRT1 RPLP0 HGDC RTC RTC RTC PPC PPC PPC

Gene table: RT² Profiler PCR Array

Position UniGene GenBank Symbol Description

A01 Hs.525622 NM_005163 AKT1 V-akt murine thymoma viral oncogene homolog 1
A02 Hs.515542 NM_032375 AKT1S1 AKT1 substrate 1 (proline-rich)
A03 Hs.631535 NM_001626 AKT2 V-akt murine thymoma viral oncogene homolog 2
A04 Hs.498292 NM_005465 AKT3 V-akt murine thymoma viral oncogene homolog 3 (protein kinase B, gamma)
A05 Hs.632536 NM_016289 CAB39 Calcium binding protein 39
A06 Hs.87159 NM_030925 CAB39L Calcium binding protein 39-like
A07 Hs.690198 NM_001791 CDC42 Cell division cycle 42 (GTP binding protein, 25kDa)
A08 Hs.198998 NM_001278 CHUK Conserved helix-loop-helix ubiquitous kinase
A09 Hs.523012 NM_019058 DDIT4 DNA-damage-inducible transcript 4
A10 Hs.480378 NM_145244 DDIT4L DNA-damage-inducible transcript 4-like
A11 Hs.112981 NM_022783 DEPTOR DEP domain containing MTOR-interacting protein
A12 Hs.648394 NM_001417 EIF4B Eukaryotic translation initiation factor 4B
B01 Hs.249718 NM_001968 EIF4E Eukaryotic translation initiation factor 4E
B02 Hs.411641 NM_004095 EIF4EBP1 Eukaryotic translation initiation factor 4E binding protein 1
B03 Hs.730236 NM_004096 EIF4EBP2 Eukaryotic translation initiation factor 4E binding protein 2
B04 Hs.471933 NM_000801 FKBP1A FK506 binding protein 1A, 12kDa
B05 Hs.173464 NM_012181 FKBP8 FK506 binding protein 8, 38kDa
B06 Hs.445733 NM_002093 GSK3B Glycogen synthase kinase 3 beta

B07 Hs.597216 NM_001530 HIF1A
Hypoxia inducible factor 1, alpha subunit (basic helix-loop-helix transcription

factor)
B08 Hs.37003 NM_005343 HRAS V-Ha-ras Harvey rat sarcoma viral oncogene homolog
B09 Hs.90093 NM_002154 HSPA4 Heat shock 70kDa protein 4
B10 Hs.160562 NM_000618 IGF1 Insulin-like growth factor 1 (somatomedin C)
B11 Hs.450230 NM_000598 IGFBP3 Insulin-like growth factor binding protein 3
B12 Hs.597664 NM_001556 IKBKB Inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase beta
C01 Hs.5158 NM_004517 ILK Integrin-linked kinase
C02 Hs.654579 NM_000207 INS Insulin
C03 Hs.465744 NM_000208 INSR Insulin receptor
C04 Hs.471508 NM_005544 IRS1 Insulin receptor substrate 1
C05 Hs.431850 NM_002745 MAPK1 Mitogen-activated protein kinase 1
C06 Hs.861 NM_002746 MAPK3 Mitogen-activated protein kinase 3
C07 Hs.495138 NM_024117 MAPKAP1 Mitogen-activated protein kinase associated protein 1
C08 Hs.29203 NM_022372 MLST8 MTOR associated protein, LST8 homolog (S. cerevisiae)
C09 Hs.338207 NM_004958 MTOR Mechanistic target of rapamycin (serine/threonine kinase)
C10 Hs.286226 NM_033375 MYO1C Myosin IC
C11 Hs.459691 NM_002613 PDPK1 3-phosphoinositide dependent protein kinase-1
C12 Hs.464971 NM_002647 PIK3C3 Phosphoinositide-3-kinase, class 3
D01 Hs.553498 NM_006218 PIK3CA Phosphoinositide-3-kinase, catalytic, alpha polypeptide
D02 Hs.239818 NM_006219 PIK3CB Phosphoinositide-3-kinase, catalytic, beta polypeptide
D03 Hs.518451 NM_005026 PIK3CD Phosphoinositide-3-kinase, catalytic, delta polypeptide
D04 Hs.32942 NM_002649 PIK3CG Phosphoinositide-3-kinase, catalytic, gamma polypeptide
D05 Hs.382865 NM_002662 PLD1 Phospholipase D1, phosphatidylcholine-specific
D06 Hs.104519 NM_002663 PLD2 Phospholipase D2
D07 Hs.483408 NM_002715 PPP2CA Protein phosphatase 2, catalytic subunit, alpha isozyme
D08 Hs.655213 NM_181678 PPP2R2B Protein phosphatase 2, regulatory subunit B, beta
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Case	2(PTCH1,	RB,	CNV)	was	born	at	37	weeks	gestation	to	a	35-year-old	mother	after	an	

uncomplicated	pregnancy.	He	required	a	two-week	hospital	stay	due	to	respiratory	distress	

syndrome.	He	had	difficulty	breathing	and	was	admitted	for	congestion,	trouble	breathing,	

and	hypoxia.	Birth	weight	was	3500	g	(50th	percentile)	and	length	54.5	cm	(95th-97th	

percentile).	He	also	had	bilateral	inguinal	hernias	with	repair	at	6	weeks	of	age.	At	3-years-

old	he	displayed	overgrowth	with	weight	(22.8	kg),	height	(104	cm),	and	head	

circumference	(58	cm)	all	above	the	97th	percentile.		Additionally,	dysmorphic	features	and	

developmental	delay	were	observed.		He	had	a	flat	face	with	down	slanting	palpebral	

fissures,	a	short	nose	with	anterior	nares,	frontal	bossing,	and	a	wide	forehead.	His	ears	

were	low	set,	and	he	had	very	small	ear	canals.	He	had	clinodactyly	of	the	5th	digits	

bilaterally	and	very	doughy	hands.	He	had	a	sacral	dimple	on	the	back,	with	hypermobility	

of	the	ankles.		History	of	narrow	ear	canals	and	chronic	serous	otitis	media	requiring	

tympanostomy	tube	placement	was	reported.	The	parents	also	reported	gastroesophageal	

reflux	disease,	constipation,	and	torticollis,	which	resolved.		The	patient	has	had	significant	

developmental	delay.	He	said	very	few	words	at	18	months.	He	walked	after	the	age	of	2	

years.	He	was	currently	receiving	speech	therapy	twice	per	week	and	physical	therapy	

once	per	week.	Brain	MRI	showed	dilated	ventricles,	with	no	other	abnormalities.		

	

Case	3	(KSS,	SUFU	WES)	was	born	as	a	34-week	monamniotic	twin	via	C-Section	to	a	

previously	26	year	old	G2P3	mother	and	a	36	year	old	father.	She	did	well	postpartum,	and	

met	normal	developmental	milestones	in	infancy,	but	afterwards	language	and	learning	

delays	were	observed.		She	had	growth	curves	which	were	below	her	healthy	twin	sister	

with	a	noticed	increasing	head	circumference.	She	also	had	congenital	right	microtia.		By	
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age	2	years	old	headaches	without	neurologic	deficits	and	clumsiness	were	reported	which	

prompted	imaging	studies	and	found	a	large	cerebellar	mass	with	resultant	obstructive	

hydrocephalus.	The	diagnosis	of	a	desmoplastic	medulloblastoma	led	to	surgical	resection	

via	craniotomy,	with	ventriculo	peritoneal	shunt	placement,	high	dose	chemotherapy,	and	

an	autologous	hematopoietic	stem	cell	transplant,	with	complications.	At	3	years	and	8	

months	old	her	height	was	94	cm	(placing	at	the	15.71	percentile)	weight	was	16.8	kg	

(placing	at	the	79.54	percentile),	and	head	circumference	of	53	cm.	Her	BMI	is	10.01	kg/m2	

(placing	at	the	97.96	percentile).	Dysmorphic	features	included	Right	sided	microtia,	

hypertelorism,	mild	downslanting	palpebral	fissures,	and	fifth	finger	clinodactyly.		

	

Case	4	(TB,	SUFU	CNV)	was	born	full-term	to	a	39-year-old	mother	by	cesarean	due	to	

breech	position.	The	perinatal	period	was	uncomplicated.	At	time	of	evaluation	he	was	18	

months	old	with	overgrowth	as	demonstrated	by	weight	(13.1	kg)	was	in	the	75-90th	

percentile,	height	(87.5cm)	in	the	75-90th	percentile,	and	head	circumference	(52.5	cm)	

above	the	98th	percentile.	Additionally,	dysmorphic	facial	features	included	frontal	

bossing,	bilateral	posterior	and	superior	plagiocephaly,	depressed	nasal	bridge.	He	had	

clinodactyly	of	the	4th	and	5th	finger	and	5th	toe	bilaterally.	He	had	several	Mongolian	

spots	on	the	back	and	upper	buttocks.		At	the	time	of	evaluation	his	mother	noted	that	he	

did	not	look	at	her	when	she	called	his	name	until	about	12	months.	His	milestones	were	

delayed,	especially	in	speech.	Still	little	speech	use	(10	words)	though	he	does	respond	to	

his	name.	He	was	reported	to	be	“clumsy”	and	experiences	falls.		Brain	MRI	showed	

multiple	areas	of	ectopic	gray	matter	in	the	ventricular	lining,	but	they	do	not	appear	to	be	

subependymal	nodules	suggestive	of	Tuberous	sclerosis.		
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Identification	of	Mutations	

Case	1:	Clinical	Exome	sequencing	identified	a	heterozygous	c.4014_403del21,	

p.Trp1339_Arg1345del	frameshift	variant	in	the	PTCH1	gene.	The	heterozygous	deletion	

variant	was	of	unknown	inheritance	as	no	paternal	sample	was	obtained.		

	

Case	2:	Comparative	genomic	hybridization	testing	identified	a	3.9	Mb	heterozygous	copy	

number	loss	of	chromosomal	material	at	region	9q22.31q22.33.		

	

Case	3:	Clinical	Exome	sequencing	identified	A	heterozygous	c.111delC	frameshift	variant	

in	the	SUFU	gene.	The	heterozygous	c.111delC	frameshift	variant	was	confirmed	in	this	

patient	using	Sanger	sequencing	as	an	alternate	methodology.	It	was	also	confirmed	to	be	

absent	(wildtype)	in	the	mother	(R13-36453).		

	

Case	4:	Array	CGH	was	performed	and	showed	a	325	Kb	deletion	at	chromosome	10q24.32.		

	

Deletion	of	Ptch	and	SUFU	in	HEK293Ts		

Following	transfection	of	PTCH1	and	SUFU	gRNA	plasmids	and	48-hour	puromycin	

selection	we	confirmed	PTCH1/SUFU	deletions	via	PCR	analysis	utilizing	a	primer	set,	

which	flanks	the	cut	sites.	We	observed	the	presence	of	an	edited	band.	This	band	is	of	the	

expected	size,	which	confirms	that	the	crispr/cas9	system	is	cutting	efficiently	and	

correctly	(Figure	5a,c).		By	lessening	the	Puromycin	selection	to	24	hours	we	were	

additionally	able	to	generate	heterozygous	Ptch/SUFU	populations	(Figure	5a).	This	was	
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confirmed	via	RT-PCR	analysis	of	RNA	extracted	from	these	cells	and	additionally	western	

blot	analysis	which	shows	no	PTCH1	protein	in	the	homozygotes,	intermediated	PTCH1	

levels	in	the	heterozygotes,	and	normal	PTCH1	levels	in	the	wildtype	controls	(Figure	5a).	

	

Effects	of	PTCH1	and	SUFU	Deletion	

We	then	assayed	whether	PTCH1	or	SUFU	deletion	alters	activation	of	the	

PI3K/AKT/mTOR	pathway.		Cells	with	PTCH1	deletions	show	strongly	increased	mTORC1	

target	p4EBP1,	an	activated	translation	initiation	factor	that	increases	cell	proliferation,	we	

also	observed	increases	in	pmTOR2448	a	marker	of	mTORC1	activity.	There	were	no	

changes	in	pAKT473	or	pAKT308	leading	us	to	conclude	that	this	mTORC1	activation	was	

AKT	independent	(Figure	5b).	Cells	with	SUFU	deletions	show	stronger	increases	in	

mTORC1	activation	marked	by	pmTOR	2448	and	p4EBP1	levels.	Additionally	there	are	

increases	in	pAKT473	and	pAKT308	levels	which	shows	that	there	is	activation	of	mTORC1	

and	AKT	(Figure	5d).		

	

PTCH1	deletion	causes	cellular	hyperplasia			

We	imaged	the	PTCH1	cells	and	show	that	they	form	large	multinucleated,	circular,	

irregular	clsuters	in	cell	culture.		These	abnormal	cells	are	not	only	larger,	but	more	

prevalent	in	homozygous	PTCH1	deletions	than	in	heterozygous	PTCH1	cells	(Figure	5e)
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Figure	4-5:		Modeling	PTCH1	and	SUFU	Loss	in	HEK293T	with	Crispr/Cas9		

(a)	PCR	and	RT-PCR	showing	deletion	of	critical	exon	2	in	PTCH1	which	can	form	

heterozygous	and	homozygous	populations		(b)	western	blot	analysis	of	PTCH1(+/-)	cells	

which	demonstrates	increased	mTORC1	targets	including	p4EBP1	(Ser65)	and	

pmTOR2448;	however,	there	were	no	increases	in	AKT473	and	AKT308.	(c)	PCR	showing	

deletion	of	critical	Exon	1	in	SUFU	which	can	form	heterozygous	and	homozygous	

populations		(d)	western	blot	analysis	of	SUFU(+/-)	cells	which	demonstrate	increased	

mTORC1	targets	including	p4EBP1	(Ser65)	and	pmTOR2448	and		increases	in	AKT473	and	

AKT308.	(e)	Morphological	changes	observed	in	PTCH1(+/-)	and	PTCH1(-/-)		cells	which	

demonstrate	increased	cell	size,	and	multi	nucleated	cells	(shown	by	yellow	arrows)	

Ph=Phallodin.	
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Treating	primary	human	neural	stem	cells	with	SHH	Ligand	

We	treated	primary	human	neural	stem	cells	with	SHH	Ligand	and	looked	for	SHH-

mediated	expression	changes,	which	may	explain	the	changes	in	PI3K/AKT/mTOR	

signaling.		We	identified	a	group	of	genes	with	significantly	decreased	expression	following	

treatment	(Figure	7a,b).	The	strongest	candidates	due	to	significance	and	magnitude	are	

PIK3C3,	PRKAG2,	RHOA,	STRADB,	and	RRAGB.	Interestingly	all	these	genes	with	the	

exception	of	PIK3C3	are	negative	regulators	of	mTOR.			

	

Transcription	factor	binding	analysis		

We	then	performed	transcription	factor	binding	analysis	on	the	5Kb	upstream	region	for	

each	of	the	5	genes,	which	were	identified.	We	found	an	over-representation	of	binding	

sites	for	two	transcription	factors	Lyf1-1	and	Nxk2.2.	Lyf1-1	binding	sites	were	found	in	all	

five	candidate	genes	while	the	Nkx2.2	binding	sites	were	found	in	three	out	of	five	

candidate	genes	PRKAG2,	RHOA	and	RRAGB.		The	presence	of	these	common	binding	sites	

suggests	that	these	genes	are	controlled	in	a	coordinated	fashion	(Figure	7c).		
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Figure	4-6:	Expression	changes	in	primary	neural	progenitors	following	SHH	treatment	

(a)	Scatter	plot	showing	differentially	regulated	gene	expression	in	SHH	treated	vs.	

untreated	primary	neural	progenitor	cells.	(b)	Volcano	plot	identifying	the	most	significant	

and	greatly	affected	expression	of	mTOR	related	genes	in	response	to	SHH	treatment.	(c)	

Transcription	factor	binding	analysis	that	demonstrates	that	the	five	strongest	candidates	

identified	share	a	Lyf1	binding	site	and	2	share	a	Nxk2.2	binding	site.	These	transcription	

factors	are	known	to	be	SHH	responsive.	
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Discussion	

Mutations/Deletions	in	PTCH1	and	SUFU	are	associated	with	Overgrowth,	

Macrocephaly,	Developmental	delays	and	dysmorphia.		

We	have	presented	a	series	of	four	cases,	which	help	to	establish	somatic	overgrowth,	

macrocephaly,	developmental	delays	and	dysmorphia	as	part	of	the	phenotypic	

consequences	of	PTCH1	and	SUFU	mutations/deletion.		Interestingly,	this	phenotype	is	

distinct	from	that	of	the	basal	cell	carcinoma	syndrome	(BCNS,	MIM#:	109400)	mainly	due	

to	the	fact	that	the	reported	cases,	with	the	exception	of	case	3,	do	not	have	neoplastic	

disease	(Table	2)	which	may	be	a	delayed	phenotype	as	most	of	our	cases	are	pediactric	

and	may	develop	these	growths	later	in	life.	Most	recently,	the	brain	morphology	of	BCNS	

cases	was	studied	and	reported	to	display	overgrowth	of	the	cerebrum,	thinning	of	the	

corpus	callosum	and	ventricular	enlargement34.	These	studied	suggested	that	the	brain	

phenotypes	were	similar	to	those	observed	in	the	PI3K/AKT-related	overgrowth	

syndromes	and	proposed	that	they	pathways	are	interacting	however	they	offered	no	

experimental	evidence	to	support	this	claim.		Additionally,	gain	of	function	mutations	in	

Smoothened,	and	activation	of	Hh,	cause	the	Curry-Jones	syndromes	which	presents	with	

Hemimegalencepahly26.	In	aggregate,	these	syndromes	are	very	similar	to	those	in	the	

PI3K/AKT	pathway	and	we	have	provided	the	molecular	basis	for	this	cross	talk.	Lastly	the	

dysmorphic	facial	features	of	our	cohort	also	show	similarities	to	those	observed	in	

PI3K/AKT	overgrowth.	With	down	slanting	palpebral	fissures,	ear	phenotypes,	and	5th	

finger	clinodactyly	being	present	in	at	least	2	cases	(50%,	Table	3).	
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Table	4-2:	Cases	with	Mutations	in	the	PTCH1	and	SUFU	with	macrocephaly	

Summary	of	each	of	the	four	cases	presented	with	their	growth	parameters,	genetic	

changes,	and	presence	or	absence	of	specific	phenotypes.	WES:	Whole	exome	sequencing,	

CMA:	Chromosomal	Microarray,	“+”:	Present,	“-“:	absent.	

	

Cas

e		

Meth

od		

Growth	

Parameters		

Genetic	

Change		

Genes	of	

Interest		

Macrocep

haly	

Dysmorp

hic	

Neopla

sm	

Developme

ntal	Delay		

1	 WES		 Wt	>97%	Ht	

95%	OFC	

>97%	

Het	del	

c.4014-

4034	

PTCH1	 +	 +	 -	 +	

2	 CMA	 Wt	>97%	Ht	

95%	OFC	

>97%	

Del	

9q22.31-33	

(96,109,69

9-973,826)	

PTCH1	 +	 +	 -	 +	

3	 WES		 Wt	>97%	Ht	

95%	OFC	

>97%	

Het	c.111	

delC	

SUFU		 +	 +	 +	 +	

4	 CMA		 Wt	75-90%	Ht	

90-95%	OFC	

>95%	

Del	

10q24.32	

(104,345,4

60-

104,670,58

1)	

SUFU	 +	 +	 -	 +	
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Table	4-3:	Specific	clinical	findings	in	cases		

We	focused	on	the	most	common	phenotypes	in	this	cohort	and	report	on	the	occurrence	of	

down	slanting	palpebral	fissures,	ear	phenotypes,	and	5th	finger/toe	clinodactyly.	“+”:	

present,	“-“:	absent,	“?”:	unknown.				

	

Case		 Flat	Face		 Down	Slanting	Palpebral	Fissures		 Ear	Phenotype		 Clinodactyly	

1	 ?	 ?	 ?	 ?	

2	 +	 +	 +	 +	

3	 -	 +	 +	 +	

4	 -	 -	 -	 +	
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We	also	expand	upon	our	cohort	by	searching	the	Decipher	database	for	cases	with	

mutations	and	copy	number	variations	in	PTCH1	and	SUFU.	We	have	identified	16	cases	

with	mutations/deletions	(2	SNVs	and	14	CNVs)	in	PTCH1	(Table	4)	and	one	case	with	a	

deletion	of	SUFU	(Table	5).	From	the	cases	with	PTCH1	Deletions	we	searched	the	available	

phenotypic	data	from	14	cases	to	see	if	there	was	phenotypic	overlap,	which	would	support	

our	claim	that	these	mutations	are	associated	with	a	novel	core	triad	phenotype	of	

overgrowth,	dysmorphia,	and	developmental	delays.		Ten	of	the	fourteen	cases	reported	

overgrowth	(71%),	eleven	of	the	14	had	developmental	delays	(79%),	and	ten	of	the	

fourteen	cases	reported	dysmorphic	facial	features	(71%).	Five	of	the	fourteen	cases	(36%)	

reported	neoplasms.		We	were	able	to	find	one	additional	SUFU	deletion,	this	case	

presented	with	developmental	delays	and	dysmorphia	however	overgrowth	was	not	a	

reported	phenotype.		We	also	were	able	to	identify	duplications	involving	PTCH1	(n=5)	and	

SUFU	(n=4).		From	these	duplications	we	see	that	many	cases	display	undergrowth:	three	

of	the	five	PTCH1	cases	(60%)	and	two	of	the	four	SUFU	cases	(50%).	Additionally	

developmental	delays	were	observed	in	60%	of	PTCH1	cases	and	25%	of	SUFU	cases	and	

lastly	dysmorphia	was	observed	in	60%	of	PTCH1	cases	and	100%	of	SUFU	cases.	To	

strengthen	this	reciprocal	relationship	there	are	additional	reports	of	familial	microcephaly	

which	stratifies	with	PTCH1	duplications35.		Collectively	these	phenotypes	help	to	establish	

the	role	of	PTCH1	and	SUFU	in	the	overgrowth,	developmental	delay,	dysmorphic	

phenotype	and	additionally	show	biological	reciprocal	relationship	to	PTCH1	and	SUFU	

duplications,	which	in	many	cases	are	associated	with	undergrowth,	potentially	via	the	

same	mechanism	in	reverse.		To	directly	test	this	hypothesis	we	sought	to	confirm	the	

involvement	of	the	PI3K/AKT/mTOR	pathway	in	these	cases.
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Decipher	ID	 Genomic	Change		 		 		 		 		

Single	Nucleotide	Variations		 Overgrowth	 Developmental	Delay		 Dysmorphic		 Neoplasm	

276843 
9:98231437-98231437 

+ + + NR  
T>C 

258983 
9:98241382-98241382 

+ + + NR 
A>C 

Deletions	 		 Overgrowth	 Developmental	Delay		 Dysmorphic		 Neoplasm	

321763 
9:94358815-99785745 

+ + + + 
deletion 

268610 
9:91877380-99121811 

+ + + + 
deletion 

248719 
9:94599654-98659874 

+ + + + 
deletion 

268609 
9:95461101-104307286 

+ + + NR 
deletion 

282572 
9:95441416-104307086 

+ + + NR 
deletion 

290013 
9:98267081-98272376 

+ + NR NR 
deletion 

761 
9:97336045-102370397 

+ + NR NR 
deletion 

249750 
9:96208745-104600969 

+ NR + NR 
deletion 

1002 
9:97336045-102019119 

NR + + + 
deletion 

251468 
9:96742321-104692852 

NR + + NR 
deletion 

322740 
9:98181648-98333827 

NR	 NR	 NR	 +	
deletion 

270439 
9:98218538-110294149 

NR  NR  NR  NR  
deletion 

Duplications    Undergrowth  Developmental Delay  Dysmorphic Neoplasm  

256837 
9:71950016-99525487 

+ + + NR  
duplication 
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Table	4-4:	PTCH1	Cases	from	Decipher	

We	collected	all	cases	from	the	decipher	database	which	had	genetic	mutations	in	the	

PTCH1	gene.	We	were	able	to	find	numerous	PTCH1	deletions	that	were	associated	with	

overgrowth,	developmental	delays,	dysmorphia,	and	some	with	neoplasms.	Most	

interestingly	from	this	collection,	we	also	identified	cases	with	duplications	some	that	

present	with	undergrowth,	developmental	delay	and	dysmorphia.	“+	

“:	present,	“NR”:	not	reported.					

	

	

		

	

295745 
9:220253-141102518 

+ + + NR  
duplication 

288238 
9:204090-141087916 

+ NR + NR 
duplication 

285789 
9:220253-141102518 

NR + NR  NR  
duplication 

286236 
9:220253-141102518 

NR NR NR NR 
duplication 
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Table	4-5:	SUFU	Cases	from	Decipher	

We	collected	a	case	from	the	decipher	database	which	had	a	genetic	mutation	in	the	SUFU	

gene.	We	were	able	to	find	numerous	SUFU	deletions,	which	was	associated	with	

developmental	delays	and	dysmorphia.	Most	interestingly	from	this	collection,	we	also	

identified	cases	with	duplications	some	that	present	with	undergrowth,	developmental	

delay	and	dysmorphia.	“+“:	present,	“NR”:	not	reported	

Decipher	ID	 Genomic	Change		 Phenotypes	

	 	 	Deletions	 		 Overgrowth	 Developmental	Delay		 Dysmorphic		 Neoplasm	

264272 

10:103852285-104696098 

NR + + NR deletion 

            

Duplications    Undergrowth  Developmental Delay  Dysmorphic Neoplasm  

2578 

10:94214092-111401818 

+ + + NR  duplication 

249450 

10:101711724-104823513 

+ NR + NR duplication 

249514 

10:101711724-104823513 

NR NR + NR duplication 

328230 

10:104021180-105357898 

NR NR + NR  duplication 

	

.					
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Deletion	of	PTCH1	and	SUFU	cause	activation	of	PI3K/AKT/mTOR	signaling	

We	have	shown	that	deletion	of	PTCH1	and	SUFU	using	Crispr/Cas9	cause	activation	of	

PI3K/AKT/mTOR	signaling.	However,	each	gene	has	specific	effects	on	downstream	

signaling.	Heterozygous	PTCH1	loss	results	in	moderate	activation	of	MTOR,	demonstrated	

by	pmTOR2448	levels	and	subsequently	increased	phosphorylation	of	a	major	mTORC1	

target	p4EBP1	(Thr37/46).	This	signaling	is	AKT	independent	as	we	observed	no	activation	

of	AKT	at	the	mTORC1-associated	residue	308,	or	the	mTORC2	associated	residues	450	or	

473.	This	led	us	to	suspect	that	the	cross	talk	of	the	two	pathways	may	be	downstream	of	

AKT	(Figure).	In	contrast,	loss	of	SUFU	is	distinct	and	demonstrates	stronger	activation	of	

pmTOR,	similar	increases	in	its	target	p4EBP1	(Thr37/46),	but	also	shows	increases	in	

pAKT	levels	at	both	residues	308	and	473	but	not	450.	We	propose	that	the	increased	

pmTOR	levels	are	due	to	a	combinatorial	effect	of	not	only	the	same	mechanism	

demonstrated	by	PTCH1	mutated	cells,	but	also	suggests	that	cytoplasmic	SUFU	is	cross	

talking	with	a	negative	regulator	of	AKT,	or	perhaps	even	negatively	regulating	AKT	itself.		

While	activation	of	the	PI3K/AKT/mTOR	pathway	can	crosstalk	with	the	SHH	pathway	in	

esophagealesophageal	adenocarcinoma36	and	pancreatic	tumors37	we	are	the	first	to	

demonstrate	the	constitutive,	ligand	independent	SHH	activation	can	directly	modulate	

PI3K/AKT/mTOR	signaling	in	both	AKT	independent	and	dependent	mechanisms.	We	

believe	it	is	this	activation	of	mTOR	and	subsequent	increased	phosphorylation	of	its	

targets	(state	specifics)	which	causes	the	phenotypic	overlap	between	SHH-	and	PI3K-	

related	overgrowth	disorders.		
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Activation	of	PI3K/AKT/mTOR	signaling	resulting	from	PTCH1	Loss	is	mediated	

through	transcriptional	regulation	of	Negative	regulators	of	mTOR		

We	hypothesized	that	activation	of	PI3K/AKT/mTOR	signaling	upon	loss	of	Hh	pathway	

negative	regulators	was	due	to	Gli-mediated	expression	changes	resulting	from	activation	

of	SHH	signaling.	We	confirmed	this	via	transcriptional	analysis	of	primary	human	neural	

cells	treated	with	SHH	Ligand.	We	were	able	to	identify	negative	regulators	of	mTOR,	which	

show	decreased	expression	including	RHOA38,	PRKAG239,	and	STRADB.	Most	interestingly	

the	5Kb	upstream	region	to	these	negative	regulators	were	all	shown	to	contain	

transcription	factor	binding	sites	for	Lyf1-1	and	all	except	STRADB	were	shown	to	have	a	

binding	site	for	Nkx2.2.		The	Nkx2.2	homeobox	gene	was	shown	to	not	only	be	SHH	

responsive	but	is	additionally	integral	to	determining	neuronal	identity40.	We	believe	that	

this	supports	a	model	by	which	Gli-mediated	alterations	in	Nkx2.2	decrease	the	expression	

and	therefore	translation	of	negative	regulators	of	mTOR	and	lead	to	it’s	AKT-independent	

activation	as	seen	in	the	PTCH1	mutants	(Figure	9).	



	211	

			

Figure	4-7:	Loss	of	PTCH1	causes	Transcriptional,	AKT	independent	activation	of	mTOR	

Loss	of	PTCH1	lessens	the	inhibition	of	Smoothened,	which	allows	it	to	activate	SUFU	and	

remove	the	negative	inhibition	of	SUFU	on	Gli	translocation.	When	Gli	translocates	to	the	

nucleus	it	activates	the	expression	of	Lyf	and	Nkx2.2,	which	inhibits	the	expression	of	

PRKAG2,	RHOA,	and	STRADB;	these	are	all	negative	regulators	of	mTOR.	The	loss	of	

negative	inhibition	leads	to	activation	of	mTOR,	which	we	have	demonstrated	via	increased	

phosphorylation	of	p4EBP1	and	mTOR	itself	

	

	

.			 	
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Activation	of	PI3K/AKT/mTOR	signaling	resulting	from	SUFU	Loss	is	mediated	

through	transcriptional	and	protein-protein	interactions	with	regulators	of	mTOR		

When	we	observed	the	increases	in	AKT	phosphorylation	associated	with	SUFU	deletion	

we	queried	if	SUFU	is	playing	an	additional	role,	which	mediates	cross	talk	between	the	

two	pathways.		We	used	GeneMania	to	visualize	proteins	that	have	a	direct	proven	physical	

interaction	with	PTCH1	and	SUFU.	From	this	analysis	we	pulled	out	a	potential	candidate,	

which	explains	the	difference	between	the	PTCH1	and	SUFU	deletion	models	outside	of	the	

shared	GLI-mediated	transcription	changes,	Late	Endosomal/Lysosomal	Adaptor,	MAPK	

And	MTOR	Activator	(LAMTOR3,	Figure	10	and	11).		As	it’s	name	suggests	LAMTOR3	is	a	

direct	activator	of	mTOR,	and	we	propose	that	SUFU	exerts	an	inhibitory	effect	on	this	

protein	via	direct	protein-protein	interactions.		To	briefly	test	the	hypothesis	that	

LAMTOR3	is	modulating	mTOR	signaling	in	this	cellular	background	we	engineered	cells	

with	LAMTOR3	heterozygous	deletions	and	show	that	they	have	decreased	pmTOR,	

pAKT308	and	p4EBP1	which	we	believe	is	the	direct	mechanism	via	which	SUFU	has	added	

pathway	activation	when	compared	to	PTCH1	deletions	which	do	not	demonstrate	this	

additive	effect	(Figure	10).		
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Figure	4-8:	LAMTOR3	physically	interact	with	SUFU	and	activates	mTOR	

To	explain	the	differences	in	mTOR	activation,	we	searched	for	proteins	that	physically	

interact	with	(a)	PTCH1	and	(b)	SUFU.	We	identified	an	activator	of	mTOR,	LAMTOR3.	To	

see	if	LAMTOR3	directly	interacts	with	mTOR	we	(c)	engineered	LAMTOR	knockout	cell	

lines	and	show	that	(d)	loss	of	LAMTOR3	decreases	the	activity	of	mTORC1	and	

additionally	pAKT308,	which	supports	the	model	by	which	increased	LAMTOR3	would	

have	the	opposite	effect.				
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Figure	4-9:	Loss	of	SUFU	causes	transcription	as	well	as	LAMTOR3	mediated	AKT	

activation	of	mTOR	

Loss	of	SUFU	lessens	the	inhibition	on	Gli	translocation.	When	Gli	translocates	to	the	

nucleus,	it	activates	the	expression	of	Lyf	and	Nkx2.2,	which	inhibits	the	expression	of	

PRKAG2,	RHOA,	and	STRADB;	these	are	all	negative	regulators	of	mTOR.	The	loss	of	

negative	inhibition	leads	to	activation	of	mTOR,	which	we	have	demonstrated	via	increased	

phosphorylation	of	p4EBP1	and	mTOR	itself.	Additionally	loss	of	SUFU	liberates	LAMTOR3	

from	inhibition	and	allows	it	to	activate	AKT,	which	we	have	demonstrated	via	increased	

phosphorylation	of	pAKT473	and	pAKT308.				
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Patients	with	mutations	in	SHH	components	may	benefit	from	combination	therapies	

of	PI3K/mTOR	inhibitors.		

Our	data	shows	that	individuals	with	mutations	that	cause	constitutive	activation	of	the	

SHH	pathway	have	phenotypic	similarities	to	those	with	over-active	PI3K/AKT/mTOR	

signaling.	We	therefore	propose	that	these	patients	may	be	candidates	for	combination	

therapies	that	are	composed	of	not	only	SHH	but	also	PI3K/AKT/mTOR	inhibitors.	These	

therapies	have	already	been	empirically	shown	to	combat	certain	tumors	types	including	

rhabdomyosarcoma41	and	pancreaticpancreatic	cancer42.	Interestingly,	in	PTEN	mutant	

glioblastoma	cells	lines,	Hh	inhibition	has	shown	additive	effects43.			We	provide	the	

potential	link	between	these	two	pathways	which	explains	the	benefit	on	the	combined	

PI3K/SHH	inhibition	approach	and	furthermore	make	a	case	for	the	precision	therapeutic	

approach	to	these	cases	as	patients	harboring	mutations	in	SUFU	may	require	higher	dose	

of	mTOR	inhibition	and	additionally	may	require	an	AKT-inhibitor	while	patients	with	

PTCH1	mutations	will	potentially	not	benefit	from	these	treatments.		

	

Conclusions		

We	expand	the	phenotypic	spectrum	of	patients	carrying	mutations	in	PTCH1	and	SUFU	to	

include	overgrowth,	macrocepahly,	developmental	delays	and	dysmorphia.	We	

demonstrate	that	the	strong	phenotypic	overlap	between	these	conditions	and	those	

associated	with	PI3K/AKT/mTOR	related	overgrowth	syndromes	is	due	to	cross	talk	

between	the	two	pathways,	which	is	mediated	by	Gli-associated	transcriptional	changes.			

Surprisingly	mutations	in	SUFU	not	only	overlap	with	the	transcriptional	changes	

associated	with	active	Hh	signaling	but	also	demonstrate	additional	PI3K	activation,	which	
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may	be	due	to	a	loss	of	suspected	inhibition	of	LAMTOR3.		We	propose	that	these	cases	as	

well	as	those	affected	by	the	more	classical	basal	cell	carcinoma	nevoid	syndrome	would	

benefit	from	dual	inhibition	of	PI3K/AKT/mTOR	and	SHH	signaling	for	these	reasons.		
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Chapter	Five	

		

“Hotspot”	mutations	in	DICER1	cause	Glow	

Syndrome-associated	macrocephaly	via	

modulation	of	specific	microRNA	populations	and	

resulting	activation	of	PI3K/ATK/mTOR	signaling	
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Abstract		

The	DICER1	gene	is	located	on	chromosome	14	and	codes	for	the	large	multi-domain	

DICER1	protein.	DICER1	resides	mostly	in	the	cytoplasm	where	its	best-characterized	role	

is	in	the	processing	of	precursor	micro	RNAs	(pri-miRNAs)	into	mature	micro	RNAs	

(miRNAs).	These	RNA	species	are	then	associated	with	the	RNA-induced	silencing	complex	

(RISC)	and	cause	translational	interruption	and	silencing	of	target	genes.		miRNA	

regulation	has	been	shown	to	be	a	key	mechanism	for	the	modulation,	balance	and	

responses	of	numerous	biological	pathways,	developmental	processes	and	disease	

pathogeneses.		The	understanding	of	DICER1	function	has	largely	been	based	on	somatic	

mutations	that	lead	to	overrepresentation	in	specific	solid	tumors	and	of	the	association	of	

germ	line,	sometimes	mosaic,	mutations	which	correspond	to	an	increased	lifetime	risk	of	

developing	specific	cancers	which	have	been	named	the	DICER1-syndrome.		Additionally,	

we	have	previously	described	mosaic	mutations	in	the	RNAse	IIIb	domain	of	DICER1	that	

display	global	developmental	delays,	lung	cysts,	somatic	overgrowth,	macrocephaly	and	

Wilms	tumor.	This	constellation	of	phenotypes	was	classified	as	GLOW	syndrome,	an	

acronym	for	the	core	clinical	presentations.		Due	to	the	phenotypic	overlap	of	syndromic	

overgrowth	cases	with	mutations	in	the	PI3K/AKT/mTOR	pathway	we	hypothesized	that	

specific	mutations	in	DICER1	can	lead	to	alterations	in	miRNA	regulation	of	this	pathway	

and	cause	the	phenotype	of	somatic	overgrowth	and	macrocephaly.		To	test	this	hypothesis	

we	engineered	HEK293T	cells	with	loss	of	exon	25	of	DICER1,	a	genetic	modification	that	

was	shown	to	be	synonymous	with	the	“hot	spot”	RNAse	IIIb	mutations	that	cause	GLOW	

syndrome.	In	HEK293T	edited	cells	we	observe	activation	of	the	PI3K/AKT/mTOR	pathway	

as	demonstrated	by	increased	pS6Kinase	and	pTSC2	levels.	Additionally	these	cells	
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demonstrate	a	striking	cellular	phenotype	and	the	ability	to	form	spheres	when	serum	is	

removed	from	their	growth	medium.	The	cells	in	these	spheres	are	Oct4	and	Sox2	positive	

and	exhibit	the	property	of	reversion	to	Oct4	and	Sox2	adherent	cells	with	the	addition	of	

serum.	We	queried	miRNA	expression	data	and	identified	a	population	of	miRNAs	that	

increase	as	a	result	of	these	mutations.	We	have	identified	the	targets	of	these	miRNAs	as	

members	of	the	PI3K/AKT/mTOR	pathway	and	their	increase	may	be	the	molecular	basis	

for	the	activation	of	this	important	signaling	pathway.	This	work	identifies	the	delicate	and	

essential	role	for	miRNA	control	of	the	PI3K/AKT/mTOR	pathway.	We	conclude	that	the	

overgrowth	and	behavioral	phenotypes	observed	in	the	GLOW	syndrome	are	the	result	of	

PI3K/AKT/mTOR	activation.	Furthermore,	we	propose	that	these	patients,	as	well	those	

with	the	DICER1	syndrome-associated	tumors,	may	be	candidates	for	treatment	with	

mTOR	and	AKT	inhibitors	to	specifically	target	these	pathologically	overactive	pathway.		
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Introduction		

General	DICER1		

The	DICER1	gene	is	located	on	chromosome	14	and	contains	27	exons,	which	when	

faithfully	spliced	code,	for	the	DICER1	protein.	This	protein	is	1,922	amino	acids	in	length	

and	220kDa	in	weight.	DICER1	contains	multiple	functional	domains	which	include	but	are	

not	limited	to	the	two	helicase	domains,	a	double-stranded	RNA	(dsRNA)	binding	domain,	

the	RNAse	IIIa	and	the	RNAse	IIIb	domains1;	2.			DICER1	is	essential	for	the	generation	of	

mature	microRNAs.	These	small	15-20bp	single	stranded	RNA	molecules	ultimately	

combine	with	the	RNA	induced	silencing	complex	(RISC)	where	in	a	sequence-specific	

manner	they	target	and	regulate	the	translation	of	complimentary-sequence-specific	

mRNAs.	miRNAs	have	far	reaching	implications	and	associations	with	numerous	biological	

and	developmental	processes3;	4.		Specifically,	DICER1	resides	in	the	cytoplasm	where	it	

processes	premature	microRNAs	(pri-miRNAs).	During	this	process	two	populations	of	

microRNAs	are	produced,	the	3p	and	5p	miRNAs.			

	

3p/5p	microRNAs		

pri-mRNAs	are	transcribed	by	RNA	polymerase	II	(RNA	Pol	II)	and	form	dsRNA-hairpin	

looped	structures	which	are	actively	exported	from	the	nucleus.	Once	in	the	cytoplasm	they	

dock	to	the	DICER1	protein,	which	recognizes	their	dsRNA	hairpin	motif.		Once	bound,	

DICER1	magnesium-dependent	exonuclease	domains	make	two	distinct	cuts	liberating	the	

hairpin	and	producing	two	populations	of	miRNAs.	These	populations	of	miRNAs	are	

named	based	upon	which	end	of	the	pri-miRNA	they	originated.	The	“5p”	miRNA	

population	arises	from	the	5	prime	ends	of	the	hairpin	and	the	“3p”	miRNA	population	
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from	the	3	prime	ends	(Figure	1).	These	two	mature	miRNAs	are	complementary	to	one	

another,	however	most	commonly	have	unrelated	targets,	as	the	mRNAs	they	silence	are	

single	stranded	and	complementation	is	not	a	concern.	These	miRNAs	regulate	numerous	

cell	processes	including	proliferation,	which	was	first	recognized	via	the	increased	

prevalence	of	specific	tumors	associated	with	the	DICER1-syndrome.		
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	Figure	5-1:	Normal	function	of	DICER1		

DICER1	resides	in	the	cytoplasm	where	it	receives	pri-miRNAs	that	are	actively	

transported	from	the	nucleus.	Upon	recognition	of	their	dsRNA	hairpin	motif,	DICER1	

makes	two	single	stranded	nicks	that	liberates	two	distinct	populations	of	miRNAs:	the	3p	

and	5p	microRNAs.	These	then	associate	with	Agornot	and	inhibit	the	translation	of	

specific	miRNAs.			
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DICER	1	Syndrome	

The	DICER1	syndrome	is	a	cancer	predisposition	syndrome	which	was	first	described	due	

to	its	association	with	pleuropulmonaryblastoma	tumors	(PPB)5;	6.		These	rare	pulmonary,	

pediatric	tumors	occur	during	development	and	are	often	present	at	birth.		The	tumors	

begin	as	histologically	benign	pulmonary	cysts,	which	are	prone	to	malignant	

transformation	and	in	certain	cases	sarcoma	formation6.		In	addition	to	PPB	there	are	

numerous	neoplastic	phenotypes	which	are	associated	with	this	syndrome	including	

Sertoli-Leydig	cell	tumor,	cystic	nephroma,	Wilms	tumor,	seminoma,	embryonal	

rhabdomyosarcoma,	and	ovarian	sex	cord–stromal	tumors7-9	(Figure	2).	Most	interestingly,	

macrocephaly	has	been	recently	added	to	the	phenotypic	spectrum	of	the	DICER1	

syndrome;	this	observation	that	was	first	reported	in	association	with	the	GLOW	

syndrome1;	10.		 	
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Figure	5-2:	Pediatric	and	Adult	manifestation	of	the	DICER1	syndrome	

DICER1	syndrome	is	a	cancer	predisposition	syndrome,	which	has	an	overrepresentation	

of	numerous	tumors	including	pinoblastomas,	pleuropulmonary	blastomas	(PPB),	pituitary	

blastomas	(PitB),	cystic	nephroma,	ovarian	sex	cord-stromal	tumors	(OSCST),	Sertoli-

Leydig	cell	tumors	(SLCT),	nasal	chondromesenchymal	hamartoma	(NCMH),	cervix	

embryonal	rhabdomyosarcoma	(cERMs),	and	ciliary	body	medulloepithelioma	(CBME).		

	

	

	
	

	

	



	231	

GLOW	Syndrome			

GLOW	Syndrome	is	an	overgrowth	syndrome	which	is	named	as	an	acronym	for	its	core	

clinical	manifestations	including	Global	developmental	delays,	Lung	Cysts,	Overgrowth	and	

Wilms	tumor6.	These	patients	also	demonstrate	macrocepahly	and	dysmorphic	facial	

features	including	hypertelorism,	flattened	nasal	bridges,	and	frontal	bossing.	Additionally,	

it	has	been	shown	that	autism	is	part	of	the	clinical	spectrum1.		The	mutations	that	cause	

GLOW	syndrome	are	distinct	from	those	that	cause	the	classic	DICER-1	syndrome1.	While	

the	DICER1	syndrome	is	classically	caused	by	frame	shift,	nonsense,	or	other	mutations	

that	ablate	DICER1	function	in	a	true	heterozygous	state,	GLOW-syndrome	mutations	are	at	

specific	residues	within	the	RNase	IIIb	domain	that	only	affect	the	function	of	this	domain.	

The	RNase	IIIb	domain	is	one	of	two	RNase	domains	that	cleave	the	pri-mRNAs.		

Specifically,	the	IIIb	domain	makes	the	cut	that	is	necessary	for	the	generation	of	5p	

microRNAs.	The	result	of	these	mutations	is	a	loss	of	all	5p	miRNAs	and	an	increase	in	

specific	3p	miRNAs11.	Analysis	of	the	miRNA	expression	data	showed	that	the	increased	3p	

microRNAs	target	central	growth	signaling	pathways	including	TGF�	and	

PI3K/AKT/mTOR1;	10;	11.	We	have	hypothesized	that	it	is	this	specific	deregulation	of	the	

PI3K/AKT/mTOR	signaling	pathway	that	results	in	the	syndromic	phenotypes	associated	

with	RNase	IIIb	mutations.	To	test	this	hypothesis	we	have	generated	HEK293T	cells	with	a	

specific	deletion	of	exon	25,	a	genetic	mutation	which	has	been	shown	to	be	functionally	

synonymous	with	the	“hot	spot”	mutations	which	cause	the	GLOW	syndrome1;	11;	12.	We	

then	queried	if	these	cells	have	enhanced	activation	of	PI3K/AKT/mTOR	signaling	and	

furthermore	if	they	display	abnormal	cellular	phenotypes.		
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Methods		

Crispr/Cas9	Cloning	

DICER1	Exon25	was	deleted	from	HEK293T	cells	utilizing	the	Crispr/Cas9	plasmid	

(pSpCas9(BB)-2A-Puro	(PX459)	V2.0,	#6298813)	from	addgene.			Guide	RNAs	(gRNAs)	

were	designed	using	benching	software.	gRNAs	were	selected	which	showed	the	highest	

“on-target”	score14	and	“off-target”	score15.	The	20Bp	gRNAs	were	flanked	with	CACC-on	

the	5’end	of	their	forward	oligo	and	AAAC-	on	the	5’end	of	their	reverse	oligo.	These	

overhangs	facilitate	ligation	into	the	parental	plasmid	once	it	is	digested	with	BBSI.	Briefly	

the	oligos	were	annealed	and	phosphorylated	using	T4	PNK	enzyme	(NEB,	M0201S),	

annealed	oligos	were	then	diluted	an	added	to	a	digestion-ligation	reaction	containing	

parental	plasmid,	tango	buffer	(Life	Tech	By5),	DTT,	ATP,	BBSI	(Thermo,	FD1014)	and	T7	

Ligase	(NEB,	M03185).	After	six	cycles	of	370C	for	five	minutes	and	230C	for	5	min	the	

reaction	was	treated	with	plasmid	safe	exonulease	(Epicentre,	E3101K).	Finally	plasmids	

were	transformed	in	Stbl3	E.Coli	and	grown	under	ampicillin	selection.	Plasmid	mini-preps	

were	performed	on	three	colonies	and	sanger	sequencing	confirmed	the	cloning	event	

using	the	human	U6	primer	sequence:	5’-CGATACAAGGCTGTTA-3’.		

	

gRNA	Sequences:		

ID	 Sequence		

PTEN	Upstream	2	F		 5’-CACC-GGTGGGTTATGGTCTTCAAA-3’	

PTEN	Upstream	2	R	 5’-AAAC-TTTGAAGACCATAACCCACC-3’	

PTEN	Downstream	1	F		 5’-CACC-GAGAGGCCCTAGATTTCTATG-3’	
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PTEN	Downstream	1	R	 5’-AAAC-CATAGAAATCTAGGGCCTCTC-3’	

PTEN	Downstream	2	F		 5’-CACC-GATTCACTGTAAAGCTGGAAA-3’	

PTEN	Downstream	2	R	 5’-AAAC-TTTCCAGCTTTACAGTGAATC-3’	

DICER1-Del25	Upstream	1	F	 5’-CACC-GTGTTACTTCTTTAGTAAGGG-3’	

DICER1-Del25	Upstream	1	R	 5’-AAAC-CCCTTACTAAAGAAGTAACAC-3’	

DICER1-Del25	Downstream	1	F	 5’-CACC-GTGGGTTTTTTTCTTTCTAAA-3’	

DICER1-Del25	Downstream	1	R	 5’-AAAC-TTTAGAAAGAAAAAAACCAC-3’	

	

gRNAs	were	designed	flanking	exon	25	(Figure	3).	
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Figure	5-3:		Crispr	Targeting	Exon	25		

We	designed	gRNAs	that	would	target	specific	sequences	in	the	introns	flanking	exon	25.	

This	deletion	has	been	shown	to	be	functionally	equivalent	to	RNase	IIIb	hot	spot	

mutations	that	cause	GLOW	syndrome12.		
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Cell	Culture	and	Transfection:		

HEK293T:	Cells	were	maintained	with	basal	media	including	DMEM,	PSN	and	10%	fetal	

bovine	serum	(FBS).	Twenty-four	hours	before	transfection	cells	were	liberated	from	T25	

flask	with	TrypLE™	Express	Enzyme	(1X).	Cell	concentration	and	viability	was	determined	

with	the	Invitrogen	Countess	I.	After	plating	2x105	viable	cells	onto	a	12-well	culture	dish,	

volume	was	brought	to	1ml	of	basal	media.	On	the	day	of	transfection	media	was	aspirated,	

and	500ul	of	basal	media	was	added	to	each	well.	GeneIn	Transfection	reagent	was	

combined	with	2ug	of	plasmid,	brought	to	a	final	volume	of	200ul,	vortexed	and	then	

incubated	at	room	temperature	for	15	minutes	then	added	to	each	well.	Cells	were	

incubated	for	24	hours,	followed	by	a	12-hour	nutrient	starvation	in	DMEM	lacking	

glutamine,	glucose	and	FBS.	

	

Western	Blot	Analysis	

Cells	were	lysed	on	24	well	or	12	well	plates	with	200µl	or	400ul	of	passive	lysis	buffer,	

prepared	with	phosphatase	and	protease	inhibitors,	and	incubated	by	shaking	at	40C	for	

one	hour.	After	lysis	tubes	were	spun	at	7500	Rcf	for	5	minutes	to	collect	debris.	

Supernatant	was	transferred	to	a	new	tube	then	protein	concentration	determined	with	the	

Coommasie	(Check	spelling)	Plus	Bradford	(Life	Technologies)	reagent	following	

manufacture	instructions.	Protein	samples	were	diluted	to	a	final	concentration	of	10µg/20	

μl	into	Western	loading	buffer	with	beta-mercaptoethanol	and	then	boiled	for	5	minutes.		

Western	blots	were	run	on	12%	acrylamide	gels	followed	by	transfer	onto	nitrocellulose	

membranes	utilizing	the	Transblot	Turbo®	apparatus	from	Biorad.	The	membrane	was	

blocked	in	5%	bovine	serum	albumin	in	Tris	buffered	saline	plus	Tween	(TBST)	for	30	
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minutes,	then	incubated	in	primary	antibodies	(listed	below)	overnight.	Blots	were	then	

rinsed	with	Tris	buffered	saline	(TBS)	and	washed	three	times	with	TBST.	Blots	were	then	

incubated	in	rabbit	secondary	antibodies	conjugated	to	horseradish	peroxidase	at	a	

dilution	of	1/3750.	Following	secondary	incubation	membranes	were	rinsed	with	TBS	then	

washed	twice	with	TBST.	Blots	were	exposed	using	Western	Clarity	reagents	from	BioRad	

and	imaged	on	the	Bio	Rad	ChemiDoc	and	viewed	in	ImageLab	Software.		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Antibodies		
Antibody	 Manufacturer	 Cat	#	 Dilution	

pmTOR	2448	 Cell	Signaling	 5536	 1:1000	
AKT	473	 Cell	Signaling	 4060	 1:2000	
B-actin	 Cell	Signaling	 4970	 1:4000	

p4EBP1	S65	 Cell	Signaling	 9451	 1:1000	
PTEN	 Cell-Signaling	 9188	 1:1000	

pTSC2	 Cell-Signaling	 3611	 1:2000	

pGSK3a/b	 Cell-Signaling	 9331	 1:1000	

pPTEN	 Cell-Signaling	 9551	 1:1000	

pAKT308	 Cell-Signaling	 13038	 1:1000	

pAKT450	 Cell-Signaling	 9267	 1:1000	

P4EBP1	 Cell-Signaling	 2855	 1:1000	

pmTOR2481	 Cell-Signaling	 2974	 1:500	

pS6Kinase		 Cell-Signaling	 9234	 1:1000	

pSGK(Ser422)	 Santa	Cruz	 Sc-16745	 1:200	

pRAPTOR	(Ser792)	 Cell-Signaling	 2083	 1:1000	
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Statistical	Analysis		

Western	blots	were	run	in	biological	sextets,	which	gave	us	the	power	to	perform	Mann-

Whitney	U	tests	for	non-parametric	data.	The	p-values	for	these	tests	were	Bonferroni	

corrected	for	multiple	tests	in	the	event	of	numerous	comparisons.		

	

Immunofluorescence		

One	hundred	thousand	human	neural	stem	cells	were	plated	on	GelTrex	(Invitrogen)	

coated	coverslips.	After	24	hours	of	growth	cells	were	fixed	using	paraformaldehyde	for	20	

minutes	then	blocked	with	10%	normal	goat	serum	in	TBST	overnight.	The	following	day	

coverslips	were	washed	three	times	in	TBST.	Coverslips	were	incubated	in	primary	

antibody	against	STAG2	(Cell	Signaling	#5882	Dilution	1/250)	in	3%	BSA	in	TBST	for	one	

hour.	Coverslips	were	then	washed	three	times	in	TBST	and	incubated	in	secondary	

antibody	(Jackson	Laboratories,	AffiniPure	Donkey	Anti-Rabbit,		711-165-152,	Dilution	

1/1000	and	Invitrogen,	Alexa	Fluor®	647	Phalloidin,	A22287,	dilution	1/100)	in	3%	BSA	

in	TBST	for	one	hour.	Coverslips	were	then	washed	three	times	in	TBST	and	then	three	

times	in	water.	Coverslips	were	mounted	on	glass	slides	using	ProLong®	Gold	Antifade	

Mountant	with	DAPI	(Invitrogen,	P36931).	Slides	were	imaged	using	a	Zeiss	LSM-800.		
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Results		

	 Generation	of	DICER1	Exon	25	deleted	HEK293Ts	

We	aimed	to	model	the	hot	spot	mutations	observed	in	the	GLOW	syndrome	by	deletion	of	

exon	25	of	DICER1.	Exon	skipping	is	a	documented	phenomena	which	is	associated	with	

functionally	identical	DICER1	mutations	including	c.5429A>G	and	c.5438A>G	which	cause	

Wilms’	tumor12.	This	was	achieved	with	Crispr/Cas9	guide	RNAs	(gRNAs)	that	target	

intronic	regions	flanking	Exon	25	(DICER1delExon25	(+/-)).	We	confirmed	the	deletion	utilizing	

RT-PCR	primers	with	homology	to	exon	24	and	exon	26.	We	then	confirmed	the	presence	

of	the	smaller	RNA	band	via	RT-PCR,	which	is	not	present	in	wildtype	cells,	transfected	

with	only	Cas9	plasmids.	The	identified	band	is	of	the	correct	size,	which	confirms	that	the	

gRNAs	are	targeting	efficiently	and	correctly	(Figure	4a).	As	has	been	previously	shown	

this	smaller	mRNA	lacking	exon	25	can	be	translated	in	vivo	into	a	functional	DICER1	

protein,	which	lacks	RNase	IIIb	function12.	

	

DICER1
delExon25	(+/-)	

Cells	have	activation	mTOR	signaling		

Once	the	cellular	model	of	loss	of	RNase	IIIB	function	was	created	we	hypothesized	that	

these	cells	would	demonstrate	increased	or	altered	PI3K/AKT/mTOR	signaling.	We	

confirmed	this	hypothesis	via	western	blot	analysis	of	these	cells.	As	a	positive	control	we	

utilized	PTEN(-/-)	cells	which	have	confirmed	increased	PI3K/AKT/mTOR	signaling	(Figure	

4b-d)	.	First	we	confirmed	that	the	cells	express	less	full	length	DICER1	when	compared	to	

WT	and	PTEN(-/-)	cells.	We	next	confirmed	our	hypothesis	and	demonstrate	that	

DICER1delExon25	(+/-)	cells	have	increased	mTORC1	signaling	evidenced	by	increased	

phosphorylation	of	its	two	main	substrates	p4EBP1(Ser65)	and	pS6Kinase(Thr389).	This	
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activation	is	significantly	greater	than	WT	cells	however	less	than	that	present	in	PTEN(-/-)		

cells.		These	cells	show	decreased	activation	of	mTORC2	targets	pAKT(Ser473),	and	

pAKT(Thr450).	In	contrast,	the	PTEN(-/-)		cells	demonstrate	increased	phosphorylation	of	

these	same	targets,	suggesting	a	potential	mTORC1/mTORC2	negative	feedback	loop	which	

is	disrupted	in	PTEN(-/-)	cells,	however	intact	in	the	DICER1delExon25	(+/-)		model.		Additionally,	

DICER1delExon25	(+/-)	cells	do	not	have	changes	in	autophagy	as	evidenced	by	the	lack	of	

changes	LC3A,	in	contrast	to	what	is	observed	in	PTEN(-/-)	cells.			Most	interestingly,	these	

cells	show	a	possible	decrease	in	hedgehog	signaling	as	the	demonstrated	by	the	decreased	

Gli1	expression.		
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Figure	5-4:	Deletion	of	Exon	25	in	DICER1	results	in	activation	of	mTORC1		

(a)	RT-PCR	confirming	deletion	of	exon	25	from	DICER1	mRNA,	the	band	in	the	

Crispr/Cas9	cells	is	the	correct	size	for	transcripts	lacking	exon	25	(b)	Western	blot	

analysis	comparing	DICER1Delex25(+/-)	to	PTEN(-/-)	cells.	(c)	Quantification	of	the	western	

blots	which	show	significant	increases	in	p4EBP1,	pS6Kinase	and	decreases	in	pAKT450,	

pAKT473	and	DICER1.	Black	vertical	bars	show	standard	deviations.		

	

	
	



	241	

DICER1
delExon25	(+/-)	

cells	demonstrate	the	ability	to	form	spheres	when	serum	starved	

We	attempted	to	correct	the	increased	mTOR	activation	in	DICER1delExon25	(+/-)	cells	by	

removing	fetal	bovine	serum	(FBS)	from	their	growth	media;	FBS	includes	growth	factors	

and	insulin	that	stimulate	this	pathway.	Surprisingly,	these	cells	do	not	only	maintain	the	

ability	to	grow	and	divide	in	the	absence	of	previously	documented	essential	growth	

factors	and	hormones,	but	also	begin	to	form	spheres	after	72	hours;	this	is	the	time	point	

when	wildtype	cells	enter	apoptosis	due	to	the	lack	of	nutrients	in	the	environment	(Figure	

5a).	Theses	spheres	can	be	maintained	in	serum	free	media	and	proliferate	well	in	stem	cell	

media,	which	includes	F12,	B27,	EGF,	and	bFGF.		Upon	reintroduction	of	serum,	the	spheres	

become	adherent,	send	out	projections,	and	“spread.”	This	pattern	is	most	analogous	to	the	

behavior	of	primary	human	neural	spheres	that,	upon	the	withdrawal	of	FGF	and	EGF,	will	

first	send	out	radial	glial	projections	before	differentiated	cells	types	migrate	away	from	

the	sphere	center.	This	led	us	to	hypothesize	that	these	cells	were	“progenitors”	of	some	

type	and	we	investigated	this	with	staining	for	defined	progenitor	markers	(Figure	5b).	

	

DICER1delExon25	(+/-)	spheres	display	early	progenitor	markers	including	Oct4	and	SOX2			

To	assess	the	identity	of	the	cells	within	the	sphere	we	undertook	immunofluorescence	

staining	for	the	well	characterized	Oct4	and	SOX2	markers	of	pluripotency.	The	cells	were	

positive	for	Oct4,	which	displays	a	nuclear	staining	pattern.		Additionally,	these	cells	

demonstrate	increased	DICER1	staining.	Upon	reintroduction	of	Serum	for	24	hours	these	

cells	revert	the	Oct4	and	increased	DICER1	staining	(Figure	5c)	.	Additionally,	the	spheres	

are	positive	for	SOX2.	While	this	staining	pattern	is	predominately	nuclear,	it	also	

demonstrates	some	cytoplasmic	staining	which	may	be	due	to	the	fact	that	the	antibody	is	
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trapped	in	the	sphere	micro	environment	or	that	the	cells	in	the	sphere	are	so	close	

together	it	obstructs	antibody	penetration.	We	also	show	the	presence	of	phosphorylated	

4EBP1	(Ser65)	in	the	starved	spheres,	which	is	reflective	of	the	presence	of	activated	

mTOR	signaling	in	these	cells	even	in	the	absence	of	serum.	In	fact,	the	p4EBP1	staining	is	

maintained	and	is	similar	to	that	of	WT	HEK	cells	in	monolayer	grown	in	the	presence	of	

serum	(Figure	5d).		
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Figure	5-5:	DICER1Del25(+/-)	Cells	demonstrate	the	ability	to	form	Oct4+	and	SOX2+	spheres	in	

culture	

(a)	After	72	hours	of	growth	without	serum	DICER1Del25(+/-)	continue	to	divide	and	form	

spheres	which	detach	(b)	upon	reintroduction	of	serum	the	spheres	attach	and	spread.	(c)	

spheres	are	Oct4	positive	(d)	spheres	are	Sox2	positive.		
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DICER1
delExon25	(+/-)	

cells	demonstrate	extremely	abnormal	cells	phenotypes		

Despite	the	presence	of	loss	of	function	biallelic	mutations	in	DICER1	associated	with	PPB,	

all	cases	of	Wilms	tumor	associated	with	syndromic	or	somatic	distribution	of	RNAse	IIIb	

domain	mutations	in	DICER1	are	always	observed	in	the	heterozygous	state.	This	suggests	

that	these	mutations	are	likely	associated	with	the	hyperproliferative	phenotype	of	Wilms	

tumor.	We	attempted	to	generate	DICER1delExon25	(-/-)	cells	which	we	hypothesized	would	

demonstrate	even	more	activation	of	mTOR	signaling	due	to	the	true	lack	of	all	5p	miRNAs.	

Interestingly,	clonal	DICER1delExon25	(-/-)	cells	do	not	proliferate	well	in	culture	making	the	

assessment	of	their	signaling	impossible.	We	were	able	to	generate	a	few	of	these	cells,	

which	demonstrate	extremely	abnormal	cell	morphology.	Not	only	are	these	cells	lager	

than	their	WT	predecessors	but	also	branch	extensively	(Figure	7).	It	should	be	noted	that	

the	WT	cells	that	were	used	for	comparison	in	these	figures	were	cells	which	underwent	all	

steps	of	the	transfection,	genomic	editing,	and	clonal	passaging;	however,	they	were	not	

edited	during	the	transfection.	Therefore	the	likelihood	that	this	cell	phenotype	was	due	to	

manipulation	outside	of	the	homozygous	loss	of	exon25	is	unlikely	.	
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Figure	5-6:	Homozygous	DICER1delExon25	(-/-)	Cells	display	abnormal	phenotypes		

We	were	able	to	grow	a	few	DICER1	homozygous	deleted	cells;	they	do	not	grow	well	in	

culture,	but	the	few	that	do	survive	display	severely	abnormal	cell	phenotypes	including	

increased	cell	size,	abnormal	branching	patterns	and	non-HEK	morphology.	
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Discussion		

	 Deletion	of	Exon25	of	DICER1	activates	mTOR	signaling		

We	have	shown	that	in	vitro	deletion	of	Exon25	from	HEK293T	cells	activated	mTORC1	

signaling.	Compared	to	PTEN(-/-)	cells	this	increase	is	less	but	still	significantly	greater	than	

wild	type	cells.	This	confirms	our	hypothesis	that	the	overgrowth	phenotypes	associated	

with	the	GLOW	syndrome	display	phenotypic	overlap	with	PI3K/AKT-related	overgrowth	

syndromes	due	to	a	deregulation	of	this	key	growth-signaling	pathway.	Specifically,	the	

presence	of	macrocephaly	with	development	delay	and	autism	is	most	similar	to	PTEN	

associated	autism/macrocephaly	syndrome.		A	signaling	event,	which	seems	to	be	PTEN-

specific	is	the	strong	activation	of	mTORC2	which	was	not	seen	in	the	DICER1delExon25	(+/-)	

cells.	This	observation	supports	the	presence	of	an	mTORC1/mTORC2	negative	feedback	

loop,	which	is	disrupted	in	PTEN(-/-)	cells	however	not	in	DICER1delExon25	(+/-).	This	difference	

may	account	for	some	of	the	phenotypic	differences	between	PTEN	versus	GLOW	

syndrome	patients.	Namely,	the	macrocephaly	is	reproducibly	reported	to	be	extreme	(OFC	

>	3SD)	in	PTEN	cases,	but	more	mild	in	GLOW	syndrome	cases.	Additionally,	the	

stratification	of	neoplasms	to	specific	tissues	within	the	GLOW	syndrome	is	unique	and	

distinct	from	those	in	the	PTEN-related	neoplastic	syndromes,	possibly	due	to	this	

molecular	difference.	Lastly,	we	propose	that	the	lung,	kidney,	and	brain	are	most	

susceptible	to	miRNAs	imbalance	of	3p/5p	populations.		This	results	in	alterations	to	the	

PI3K/AKT	signaling	and	development	of	these	tissues5;	7;	16.	To	further	expand	upon	the	

mechanism	of	cross	talk	between	miRNAs	and	the	mTOR-signaling	cascade	we	dissected	

specific	3p	miRNAs,	which	are	increased,	and	their	potential	targets.		
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	 Specific	miRNA	analysis	

The	most	comprehensive	transcriptional	understanding	of	DICER1	“hot	spot”	mutations	

was	reported	by	Anglesio	et	al.	from	engineered	DICER1(-/-)	ES	cells	which	were	then	

infected	with	donor	lenti-viruses	carrying	one	of	four	DICER1	“hot	spot”	mutations	

(D1709N,	D1810Y	,	E1813Q,	and	D1709A).	This	generated	a	comprehensive	expression	

signature	when	compared	to	WT	DICER1(+/+)	ES	cells.	They	convincingly	show	that	the	5p	

miRNA	population	is	ablated	from	these	cells	and	additionally	that	specific	3p	miRNAs	

demonstrate	marked	increased	expression11	(Figure	8).			We	mined	this	data	and	screened	

to	identify	the	3p	miRNAs	that	show	the	greatest	difference	in	expression1;	11.		We	have	

mapped	the	targets	of	these	miRNAs	and	show	that	they	target	numerous	levels	and	

effectors	of	mTOR	signaling.	Most	upstream	they	target	TSC1	a	negative	regulator	of	mTOR	

signaling	that	in	its	absence	Rheb	is	able	to	activate	mTOR.	Downstream	to	this	activation	

event	we	have	furthermore	identified	target	substrates,	which	seem	to	focus	the	activated	

mTOR	signaling	into	pS6Kinase	and	ultimately	S6,	a	potent	pro-proliferative	driver	(Figure	

9).	Our	data	is	confirmatory	of	this	as	increases	in	pS6Kinase(Thr389)	were	observed.		In	

addition	to	the	pro-proliferative	signal	we	have	observed	a	cellular	phenotype	that	is	

affecting	cell	identity	and	stemness.		
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Figure	5-7:	DICER1	hotspot	mutations	and	loss	of	Exon	25	result	in	loss	of	5p	miRNAs	and	

increased	3p	miRNAs			

Mutations	in	DICER1	that	ablate	the	RNaseIIIb	function	result	in	loss	of	5p	miRNAs	

and	increased	3p	miRNAs.	Although	these	mutations	are	enriched	in	tumors	and	present	in	

the	glow	syndrome,	the	mechanistic	link	to	overgrowth	and	proliferation	was	not	known.	

We	have	provided	evidence	that	these	mutations	result	in	direct	activation	of	mTOR	

signaling	which	explains	their	phenotypic	overlap	with	PI3K-related	overgrowth	

syndromes.		
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Figure	5-8:	Specific	increased	3p	miRNAs	target	mTOR	signaling		

We	show	that	certain	miRNAs	affected	by	these	pathogenic	mutations	target	negative	

regulators	of	mTOR:	namely	TSC2.	Additionally,	downstream	targets	are	effected	which	

streamlines	mTOR	signaling	into	S6kinase	activation	of	cell	proliferation/growth.	We	have	

provided	evidence	for	this	via	the	increased	pS6Kinase	levels	on	our	DICER1delExon25	(+/-)	cell	

model.		
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Deletion	of	Exon	25	of	DICER1	allows	cells	to	form	spheres	and	divide	in	the	absence	of	

serum		

As	we	have	presented,	DICER1delExon25	(+/-)	cells	have	the	ability	to	grow	in	the	absence	of	

serum,	and	additionally	form	SOX2+	and	Oct4+	spheres.	Upon	the	reintroduction	of	serum	to	

these	cells	they	attach	to	the	culture	vessel	and	begin	to	phenotypically	resemble	their	

kidney	predecessors.	The	role	for	miRNAs	in	pluripotency	has	been	proven	and	classically	

described	in	the	epidermis17;	however,	the	role	of	DICER1	mutations	and	their	resulting	

tumors	is	debated2.		Our	data	supports	that	miRNAs	are	essential	in	maintaining	a	

terminally	differentiated	state	and	furthermore	that	loss	of	specific	microRNA	populations,	

namely	the	5p	miRNAs,	can	result	in	cell	identity	reversion.	In	the	clinical	context	this	

paradigm	is	fitting	as	Wilms	tumor	blastemal	stem	cells	have	been	shown	to	

dedifferentiate,	propagate,	and	add	to	tumor	volume	and	mass18.		In	fact,	Wilms	tumor	can	

also	be	referred	to	as	nephroblastoma,	which	are	preceded	by	nephrogenic	rests	defined	by	

their	embryonal	or	undifferentiated	histology19.	Similarly	the	lung	cysts,	or	

pleuropulmonary	blastoma	tumors	(PPB)	are	reported	to	arise	from	primitive,	likely	stem,	

mesenchymal	cells20.	Through	this	lens	the	gain	in	ability	to	dedifferentiate	observed	in	our	

cell	model	may	be	reflective	of	DICER1’s	essential	role	in	the	differentiation	process,	and	

may	be	furthermore	pathogenic	in	specific	tissue	types	and	result	in	pediatric	blastoma–

like	tumors.	Temporal	differentiation	is	an	essential	aspect	of	development	and	it	is	not	

surprising	that	disruption	of	this	eloquent	coordination	results	in	devastatingly	altered	

phenotypes.				
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	 Therapeutic	approaches	to	GLOW	Syndrome		

From	our	findings	we	propose	that	GLOW	syndrome,	and	possibly	DICER1	syndrome	cases	

at	large,	may	benefit	from	the	use	of	PI3K/AKT/mTOR	inhibitors	such	as	rapamycin	and	

TORIN-1.	Additionally,	blastoma-type	tumors	in	these	cases,	and	others,	may	respond	to	

drugs	which	promote	differentiation.	Such	chemotherapies	have	been	shown	to	be	effective	

in	acute	myeloid	leukemia	cells21.	In	AML	cell	treatment	facilitates	the	identification	of	

cancerous	cells	by	natural	killer	NK	cells	and	ultimate	cell	lysis	and	clearance21.		We	

propose	that	a	similar	response	may	be	seen	in	pediatric	tumors	composed	of	

undifferentiated	cells,	or	where	cellular	dedifferentiation	plays	an	important	role	including	

Wilms18	and	pleuropulmonaryblastoma	(PPB)	tumors20.		Additionally	the	mutations	

associated	with	the	GLOW	syndrome	present	in	a	mosaic	pattern	of	distribution,	most	

likely	due	to	them	not	being	tolerated	when	inherited	in	a	more	wide	spread	distribution	in	

keeping	with	Happle’s	hypothesis22.	The	tumors	in	these	cases	have	devastating	sequalae	

as	they	often	metastasize;	we	proposed	that	cases	identified	in	the	future	may	benefit	from	

early	identification,	management	and	similar	interventions.					

	

Conclusions		

We	provide	functional	interaction	data	between	the	loss	of	5p	miRNA	populations	resulting	

from	DICER1	“hot	spot”	or	loss	of	exon	25	mutations	and	activation	of	the	

PI3K/AKT/mTOR	pathway.	This	cross	talk	accounts	for	the	phenotypic	overlap	observed	

between	these	cases	and	those	with	PTEN	mutations,	namely	the	macrocephaly	and	

behavioral	abnormalities	including	autism.	Additionally,	we	show	that	DICER1delExon25	(+/-)	

cells	develop	the	ability	to	dedifferentiate	and	from	spheres	in	the	absence	of	serum.	We	
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propose	that	the	non-PI3K/AKT	congruent	phenotypes	in	the	GLOW	syndrome	are	due	to	a	

disruption	of	differentiation	and	the	persistence	of	undifferentiated	cells	in	the	newborn.	

This	is	exemplified	in	the	tumors	types	of	GLOW	syndrome	cases:	Wilms	and	

pleuropulmonary	blastoma	(PPB)	tumors.	We	propose	the	novel	of	use	of	pro-

differentiation	chemotherapies	in	combination	with	PI3K/AKT/mTOR	inhibition	would	

benefit	these	cases	and	may	have	far	reaching	implications	for	the	management	of	the	

blastoma-like	class	of	pediatric	tumors.		
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Chapter	Six	

		

Toxoplasmosis	Gondi	causes	activation	of	mTOR	

signaling	in	human	neural	progenitors	and	may	

explain	the	macrocephaly	phenotype	
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Abstract	

In-utero,	fetal	infections	are	caused	by	numerous	microbial	agents	and	have	potentially	

devastating	effects	on	the	developing	embryo.		The	spectrum	of	causative	agents	are	known	

as	TORCH	infections,	an	acronym	which	lists	some	of	the	most	common	microbes	

(Toxoplasmosis,	Other	(syphilis,	varicella-zoster,	parvovirus	B19,	ZIKA),	Rubella,	

Cytomegalovirus	(CMV),	and	Herpes	simplex	virus).		The	presentation	of	symptoms	and	the	

subsequent	culturing	and	testing	of	maternal	and	newborn	blood,	tissues,	or	secretions	can	

narrow	the	precise	infectious	etiology	at	birth.	For	example,	congenital	rubella	infection	is	

associated	with	deafness	and	cataracts	while	congenital	syphilis	presents	with	

hepatomegaly,	jaundice,	and	rash.	These	clinical	manifestations	vary	based	upon	stage	in	

development	when	the	infections	are	contracted	as	well	as	specific	microbe	tropism.	Most	

recently	the	ZIKA	endemic	has	gained	international	attention	due	to	its	causative	

association	with	microcephaly	(head	circumference	<2nd	percentile)	and	developmental	

delay.	The	far-reaching	accelerated	spread	of	the	ZIKA	virus	has	caused	an	eruption	of	

research	into	its	life	cycle,	control,	epidemiology	and	pathophysiology.		It	has	been	shown	

that	(1)	ZIKA	can	infect	human	fetal	neural	progenitor	cells	(hfNPCs)	and	(2)	ZIKA	inhibits	

the	essential	growth	signaling	pathway	PI3K/AKT/mTOR.		We	hypothesized	that	infections	

with	Toxoplasmosis	Gondi	would	have	a	reciprocal	effect	on	this	growth-signaling	cascade	

due	to	the	association	of	macrocephaly	(head	circumference	>	98th	percentile)	with	cases	of	

congenital	infections.		We	have	infected	both	primary	human	neural	progenitor	cells	

(phNPCs)	and	induced-pluripotent	derived	neural	progenitor	cells	(ipNPCS)	with	

toxoplasmosis.	We	show	that	(1)	these	cells	can	be	infected	with	the	parasite	and	(2)	that	

the	infected	cells	demonstrate	activation	of	the	PI3K/AKT/mTOR	pathway.	These	findings	



	259	

establish	the	molecular	underpinnings	for	a	well-recognized	congenital	syndrome.	Taken	in	

combination	with	the	more	recent	advances	in	ZIKA	pathophysiology	our	findings	support	

the	importance	of	infection	on	deregulation	of	the	PI3K/AKT/mTOR	pathway	and	its	

ultimate	effect	on	determining	head	size	and	brain	growth	in	the	developing	human	

embryo.	We	propose	that	early	identification	of	these	cases	and	emergent	treatment	with	

PI3K/AKT/mTOR	agonists	or	antagonist	may	help	to	reverse	the	pathogenic	alterations	in	

brain	growth.		
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Introduction	

	 In-utero	Infections		

Infection	during	pregnancy	with	specific	infectious	agents	can	lead	to	vertical	transmission	

and	associated	congenital	abnormalities.	These	infections	are	not	uncommon	and	in	

aggregate	are	reported	to	account	for	2-3%	of	all	congenital	birth	defects1.	Collectively	

vertical	transmission	is	restricted	to	a	subset	of	pathogens	that	are	commonly	referred	to	

as	TORCH	an	acronym	for	each	of	the	ones	most	commonly	observed:	Toxoplasmosis,	

Other	(syphilis,	varicella-zoster,	parvovirus	B19),	Rubella,	Cytomegalovirus	(CMV),	and	

Herpes	simplex	virus	infections1.		Each	agent	is	associated	with	a	specific	constellation	of	

congenital	abnormalities	which	aide	in	perinatal	diagnosis	and	dictate	management	(Table	

1).
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Table	6-1:	Phenotypes	associated	with	congenital	TORCH	infections		

The	major	causes	of	congenital	TORCH	infections	are	presented	with	their	clinical	

manifestations.	Any	presentation	having	to	do	with	somatic	overgrowth,	undergrowth,	or	

head	circumference	was	bolded	as	those	are	the	major	focus	of	this	report.	“IUGR”:	

interuterine	growth	retardation		

	

Pathogen	 Toxoplasmos

is	

Syphilis	 Varicella-

zoster	

Parvovirus	

B19	

Rubella	 Cytomegalovirus	

(CMV)		

Herpes	simplex	

virus	

Type		 Parasite		 Bacteria	 Viral		 Viral		 Viral		 Viral		 Viral		

Findings		 Chorioretinitis		

Abnormal	

cerebrospinal	

fluid		

Anemia		

Seizures		

Intracranial	

calcification		

Jaundice		

Fever		

Splenomegaly		

Lymphadenop

athy		

Hepatomegaly		

Pneumonitis		

Hepatomegaly	

Jaundice	

Nasal	

discharge	

("snuffles")	

Rash	

Generalized	

lymphadenop

athy	

Skeletal	

abnormalities	

		

Ocular	defects,	

such	as	

cataracts,	

chorioretinitis,	

Horner	

syndrome,	

microphthalmos,	

and	nystagmus,	

hypoplasia	of	

bone	and	

muscle,	aricella	

pneumonia,	

hepatitis,	and	

meningoenceph

alitis	

	

Hydrops	and	

fetal	death	

	

Fetal	growth	

restriction	

Meningoencepha

litis	

Hearing	loss	

Cloudy	cornea,	

cataract	infantile	

glaucoma,	

retinopathy		

Interstitial	

pneumonia		

Cardiac	defects	

Hepatosplenome

galy,	jaundice,	

diarrhea	

Radiolucent	bone	

lesions	Petechiae	

and	purpura		

Adenopathy	

Hemolytic	

anemia,	

thrombocytopeni

a	

		

Petechiae		

Jaundice	at	birth		

Hepatosplenomegaly		

Small	size	for	

gestational	age		

Sensorineural	hearing	

loss		

Lethargy	and/or	hypot

onia		

Poor	suck		

Chorioretinitis		

Seizures		

Hemolytic	anemia		

Pneumonia		

	

hepatitis	with	

elevated	liver	

transaminases,	

ascites,	and	direct	

hyperbilirubinemia,	

pneumonia	and	

hemorrhagic	

pneumonitis,	,	

meningoencephalit

is,	myocarditis	and	

myocardial	

dysfunction,	

disseminated	

intravascular	

coagulation	(DIC),	

necrotizing	

enterocolitis,	Skin	

and	mucous	

membranes	lesions	
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Growth	

Findings		

Macrocephaly	 Microcephaly		

IUGR	

Microcephaly		

IUGR	

IUGR	 Microcephaly	

IUGR	

Macrocephaly		

	

Microcephaly		
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Exact	presentation	at	birth	is	dictated	by	what	stage	in	development	infection	occurs	and	

furthermore	the	pathogen’s	tropism	for	specific	tissue	types2-10.	Most	recently	global	media	

and	medical	attention	has	been	given	to	the	ZIKA	virus	which	fits	into	the	TORCH	acronym	

under	the	heading	of	“Other”	and	is	associated	with	it’s	own	clinical	manifestations11.		

		

	 ZIKA	Virus		

The	ZIKA	virus	epidemic	is	a	global	public	health	crisis12.	With	initial	reports	originating	in	

Brazil	the	spread	the	virus	was	swift	and	new	cases	are	currently	being	documented	

throughout	the	western	hemisphere	and	within	the	Continental	United	States12-15.	Maternal	

infection	with	ZIKA	and	subsequent	vertical	transmission	is	associated	with	a	reproducible	

phenotype	including	microcephaly	and	developmental	delays16;	17.		Adult	infection	with	

ZIKA	also	displays	central	nervous	system	tropism	and	results	in	a	transient	manifestation	

similar	to	that	of	Guillain-Barre	syndrome	with	acute	progressive	weakness	and	

paralysis18.		While	the	adult	manifestations	are	thought	to	be	immune	mediated,	it	has	been	

shown	that	the	perinatal	findings	of	microcephaly	and	developmental	delay	are	a	direct	

result	of	down	regulation	of	the	AKT/mTOR	signaling	axis	and	induction	of	autophagy19.		

More	specifically	the	viral	proteins	NS4A	and	NS4B	directly	inhibit	AKT,	which	has	broad	

implications	for	neural	cell	differentiation	and	proliferation19.		We	hypothesized	that	the	

opposite	observation	of	macrocephaly	associated	with	T.gondi	infection	was	due	to	the	

activation	of	the	same	pathway.		
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	 Toxoplasmosis	Gondi	

T.gondi,	a	protozoa	(Figure	1),	is	one	of	the	worlds	most	common	parasites	and	infects	a	

number	of	host	species	including	household	cats	which	is	thought	to	be	a	common	mode	of	

transmission	to	pregnant	women20-22.	Infection	in	the	immune	competent	patient	results	in	

flu-like	symptoms	or	more	commonly	is	asymptomatic.	In	pregnancy	however	vertical	

infection	is	associated	with	a	multi-faceted	perinatal	presentation	including	premature	

birth,	anemia,	hepatomegaly,	motor	and	developmental	delays,	intracranial	calcifications	

and	macrocephaly23.	We	hypothesized	that	the	macrocephaly	associated	with	these	

infections	is	due	to	up	regulation	of	the	AKT/mTOR	pathway	in	a	reciprocal	manner	to	that	

of	ZIKA	virus.	
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Figure	6-1:	The	Protozoan	Toxoplasmosis	Gondi		

The	internal	structure	of	the	parasite	T.gondi	is	presented.	It	should	be	noted	that	unlike	

viruses,	these	microbes	contain	their	own	structures	and	ability	to	synthesize	proteins;	this	

may	have	potential	implications	for	interpreting	results	of	infection	on	host	cell	signaling.			
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Methods	

	 Growing	and	infection	with	Toxoplasmosis	Gondi		

T.	Gondi	was	grown	in	Vero	cells	with	minimum	medium	(MEM	8.0%	FBS	and	1.0%	

Penicillin	strep).	Host	cells	were	inoculated	with	T.Gondi	on	day	zero	and	then	harvested	

on	day	four.		The	tachyzoites	are	harvested	using	a	27-gauge	needle.	The	supernatant	was	

then	filtered	a	5um	syringe	filter.	Following	filtration	the	parasites	were	centrifuged	a	five	

thousand	RPM	for	ten	minutes	at	4	degrees	Celsius.		The	pellet	was	washed	once	with	PBS	

and	suspended	in	one	ml	of	base	media.	T.Gondi	concentration	was	determined	using	a	

hemocytometer.	Cells	were	infected	with	a	high	MOI	and	allowed	to	infect	for	18	hours	

before	cell	lysis	from	infection	took	place.			

	

Cell	Culture		

Cells	were	maintained	in	basal	media	composed	of	NeuralX		NSC	Medium,	GlutaGro,	

MEM	nonessential	amino	acids,	GS22	Neural	Supplement,	FGF/EGF,	and	LIF.	24	hours	

before	infection,	cells	were	liberated	from	T75	flask	with	5ml	of	TrypLE™	Express	Enzyme	

(1X)	and	replated	onto	a	LDEV-free,	Geltrex	coated	12-well	plate.	Media	was	changed	and	

then	either	100	or	200ul	of	based	media	+/-	T.gondi	was	added.			

	

	 Western	Blot	Analysis	

Cells	were	lysed	on	12	well	plates	with	400ul	of	passive	lysis	buffer,	prepared	with	

phosphatase	and	protease	inhibitors,	and	incubated	by	shaking	at	40C	for	one	hour.	After	

lysis	tubes	were	spun	at	7500	Rcf	for	5	minutes	to	collect	debris.	Supernatant	was	
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transferred	to	a	new	tube	then	protein	concentration	determined	with	the	Coomassie	Plus	

Bradford	(Life	Technologies)	reagent	following	manufacture	instructions.	Protein	samples	

were	diluted	to	a	final	concentration	of	10µg/20	μl	into	Western	loading	buffer	with	beta-

mercaptoethanol	and	then	boiled	for	5	minutes.		Western	blots	were	run	on	12%	

acrylamide	gels	followed	by	transfer	onto	nitrocellulose	membranes	utilizing	the	Transblot	

Turbo®	apparatus	from	Biorad.	The	membrane	was	blocked	in	5%	bovine	serum	albumin	

in	Tris	buffered	saline	plus	Tween	(TBST)	for	30	minutes,	then	incubated	in	primary	

antibodies	(Listed	Below)	for	24	hours.	Blots	were	then	rinsed	with	Tris	buffered	saline	

(TBS)	and	washed	three	times	with	TBST.	Blots	were	then	incubated	in	rabbit	secondary	

antibodies	conjugated	to	horseradish	peroxidase	at	a	dilution	of	1/3750.	Following	

secondary	incubation	membranes	were	rinsed	with	TBS	then	washed	twice	with	TBST.	

Blots	were	exposed	using	Western	Clarity	reagents	from	BioRad	and	imaged	on	the	Bio	Rad	

ChemiDoc	and	viewed	in	ImageLab	Software.		

		

	

Antibodies		

Antibody	 Manufacturer	 Cat	#	 Dilution	

pmTOR	2448	 Cell	Signaling	 5536	 1:1000	

AKT	473	 Cell	Signaling	 4060	 1:2000	

B-actin	 Cell	Signaling	 4970	 1:4000	

p4EBP1	S65	 Cell	Signaling	 9451	 1:1000	

PTEN	 Cell-Signaling	 9188	 1:1000	

pTSC2	 Cell-Signaling	 3611	 1:2000	

pGSK3a/b	 Cell-Signaling	 9331	 1:1000	
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pPTEN	 Cell-Signaling	 9551	 1:1000	

pAKT308	 Cell-Signaling	 13038	 1:1000	

pAKT450	 Cell-Signaling	 9267	 1:1000	

P4EBP1	 Cell-Signaling	 2855	 1:1000	

pmTOR2481	 Cell-Signaling	 2974	 1:500	

pS6Kinase		 Cell-Signaling	 9234	 1:1000	

pSGK(Ser422)	 Santa	Cruz	 Sc-16745	 1:200	

pRAPTOR	(Ser792)	 Cell-Signaling	 2083	 1:1000	
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Statistical	Analysis		

Western	blots	were	run	in	biological	sextets,	which	gave	us	the	power	to	perform	Mann-

Whitney	U	tests	for	non-parametric	data.	The	p-values	for	these	tests	were	Bonferroni	

corrected	for	multiple	tests	in	the	event	of	numerous	comparisons.		

	 	

Immunofluorescence			

One	hundred	thousand	human	neural	stem	cells	were	plated	on	GelTrex	(Invitrogen)	

coated	coverslips.	After	24	hours	of	growth	cells	were	fixed	using	paraformaldehyde	for	20	

minutes	then	blocked	with	10%	normal	goat	serum	in	TBST	overnight.	The	following	day	

coverslips	were	washed	three	times	in	TBST.	Coverslips	were	incubated	in	primary	

antibody	(Listed	Below)	in	3%	BSA	in	TBST	for	one	hour.	Coverslips	were	then	washed	

three	times	in	TBST	and	incubated	in	secondary	antibody	(Jackson	Laboratories,	AffiniPure	

Donkey	Anti-Rabbit,		711-165-152,	Dilution	1/1000	and	Invitrogen,	Alexa	Fluor®	647	

Phalloidin,	A22287,	dilution	1/100)	in	3%	BSA	in	TBST	for	one	hour.	Coverslips	were	then	

washed	three	times	in	TBST	and	then	three	times	in	water.	Coverslips	were	mounted	on	

glass	slides	using	ProLong®	Gold	Antifade	Mountant	with	DAPI	(Invitrogen,	P36931).	

Slides	were	imaged	using	a	Zeiss	LSM-800.		

Staining	

Antibody	 Manufacturer	 Cat	#	 Dilution	

PTEN	 Cell	Signaling	 9188	 1:500	

Phalloidin	647	 Thermo	 A22287	 1:250	

Rb-Cy3	 Jackson	 711-165-152	 1:1000	

Ms-DL469	 Jackson	 	 1:4000	
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Results		

Primary	Human	Neural	Progenitor	Cells	(pNSCs)	and	Induced	Pluripotent	Derived	

Human	Neural	Progenitor	Cells	(ipNSCs)	can	be	infected	with	Toxoplasmosis	Gondi.		

	We	first	confirmed	that	both	cells	types,	Primary	Human	Neural	Progenitor	Cells	(pNSCs)	

and	Induced	Pluripotent	Derived	Human	Neural	Progenitor	Cells	(ipNSCs)	could	be	

infected	with	the	intracellular	parasite	T.gondi.	This	was	achieved	via	infection	of	adherent	

cells	followed	by	immunofluorescence	staining	for	SAG1,	a	pathogen	specific	surface	

marker.	We	demonstrate	dose-dependent	infection,	which	increases	with	increased	

pathogen	concentration.		Infections	show	the	presence	of	numerous	intracellular	SAG1+	

pathogen	particles.	While	T.Gondi	infection	has	been	shown	in	murine	neural	stem	cells24	

and	established	human	neuroblasts	and	microglia	cell	lines25	we	are	the	first	to	

demonstrate	this	tropism	for	primary	human	neural	progenitors	which	was	additionally	

confirmed	in	an	induced	pluripotent	derived	neural	progenitor	cell	type.			

	

Infection	with	Toxoplasmosis	Gondi	causes	activation	of	PI3K/AKT	Signaling		

We	then	queried	if	PI3K/AKT/mTOR	signaling	was	increased	in	these	cells.	Western	blot	

analysis	was	performed	24	hours	after	infection.	These	cells	show	increased	AKT	signaling	

as	evidenced	by	the	increased	levels	of	pAKT308	and	pAKT450.		Most	interestingly	viral	

infected	cells	show	an	additional	band,	which	stains	with	the	primary	antibodies	for	pAKT.			

They	also	show	increased	levels	of	pmTOR2448,	pmTOR2481,	and	p4EBP1	(Ser65).	Lastly	

these	cells	show	increased	levels	of	the	autophagy	makers	LC3A/B.	This	increase	in	

pAKT308	was	confirmed	with	immunofluorescence	staining	at	high	magnification,	which	

demonstrated	that	infected	cells	have	higher	levels	of	this	substrate	in	the	phosphorylated	
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form.	Additionally,	it	appears	that	this	antibody	recognizes	an	antigen	present	in	the	

parasite.		
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Figure	6-2:		T.	Gondi	infected	neural	progenitors	and	activated	PI3K/AKT/mTOR	signaling		

(a)	Infection	of	both	human	primary	and	induced	pluripotent	derived	neural	progenitors	

show	the	ability	to	be	infected	with	T.	Gondi,	infections	increases	with	increased	parasite	

concentration.	(b)	Western	blot	analysis	assaying	PI3K/AKT	activation	following	infection	

showing	increases	in	pmTOR2448,	pAKT308,	LC3A/B,	pAKT450	and	pmTOR2481,	extra	

band	observed	in	pAKT308	stainin	denoted	with	red	arrow.	(c)	Quantification	of	western	

blot	analysis	(d)	confirmation	of	increased	pAKT308	staining	via	Immunofluorescence.				
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Discussion	

	 Neural	Progenitors	infected	with	Toxoplasmosis	Gondi	have	activated	

PI3K/AKT/mTOR	signaling	

	We	have	shown	that	T.	gondi	has	the	ability	to	infect	neural	progenitor	cells,	which	

confirms	the	pathologies	and	pathogen	tropism	associated	with	the	central	nervous	

system23,25.	Furthermore	we	demonstrate	that	Toxoplasmosis	infection	activates	the	

PI3K/AKT/mTOR	signaling	pathway.	The	association	between	toxoplasmosis	and	mTOR	

activation	has	been	previously	reported	in	the	murine	fibroblast	cell	line	3T3.	However,	

that	report	shows	that	the	activation	of	mTOR	is	AKT	independent	and	activated	S6kinase	

but	did	not	activate	p4EBP126.	We	report	a	cell	type	specific	and	biologically	relevant	

response	in	human	primary	and	induced	pluripotent	derived	neural	progenitor	cells,	which	

demonstrate	strong	activation	of	AKT,	increased	levels	phosphorylated	AKT.	We	have	also	

shown	increases	in	activated	components	of	the	pathway	downstream	of	AKT	including	

pmTOR2448	and	p4EBP1Ser65.	In	combination	these	events	demonstrate	coordinated	

mTORC1	activation	in	response	to	Toxoplasmosis	infection.	Paradoxically	we	show	

increases	in	markers	of	autophagy	including	LC3A	and	LC3B.	This	was	not	expected	as	

classical	mTOR	signaling	is	thought	to	inhibit	autophagy.	We	propose	that	intracellular	

infection	may	be	triggeran	overriding	pro-autophagy	signal,	which	accounts	for	this	

discrepancy.	Specifically	autophagy	activation	could	occur	concurrent	but	independent	

from	AKT/mTOR	activation27.		
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	 Toxoplasmosis	Gondi	and	ZIKA	exert	opposite	effects	on	PI3K/AKT	signaling	in	these	

cell	types	

We	compare	our	findings	to	those	most	recently	reported	with	ZIKA	virus	infection,	which	

have	demonstrated,	in	similar	cell	lines,	that	infection	causes	decreased	AKT	signaling.	This	

deregulation	is	caused	by	a	direct	interaction	of	the	viral	proteins	NS4A	and	NS4B	with	

AKT,	which	is	inhibitory	and	lessens	downstream	mTOR	signaling(ref).	ZIKA	infection	

causes	decreased	neurogenesis	and	increased	autophagy,	which	may	be	responsible	for	the	

microcephaly	phenotypes	in	congenital	cases.	Similarly	Toxoplasmosis	infection	activates	

this	same	pathway	by	a	mechanism	not	yet	fully	understood.		The	opposite	effects	on	brain	

size	despite	the	shared	decreases	in	autophagy	leads	us	to	believe	that	the	macrocephaly	

associated	with	these	T.gondi	congenital	cases	may	be	due	to	increased	progenitor	

proliferation	independent	of	autophagy.	Interestingly,	both	infections	are	associated	with	

development	delays	and	intellectual	disability	supporting	the	importance	of	the	temporal,	

faithful	maintenance	of	brain	growth	during	development	and	the	ability	of	alterations	to	

this	trajectory	to	disrupt	normal	brain	functions	(Figure	3).	
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	Figure	6-3:	Toxoplasmosis	Gondi	and	Zika	Virus	exert	opposite	effects	on	the	neural	

progenitor	cell		

As	has	been	previously	shown,	ZIKA	virus	can	infect	neural	progenitors	and	directly	

inhibits	AKT	via	two	viral	proteins	and	causes	microcephaly.	We	have	shown	that	

toxoplasmosis	gondi	infection	activates	AKT.	Therefore,	we	believe	the	same	mechanism	

cause	congenital	T.	gondi	macrocephaly.			
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	 The	precision	approach	to	the	patient	with	congenital	Toxoplasmosis	or	ZIKA	infection	

Abnormal	head	circumference	can	be	the	first	indication	of	congenital	infections	with	

either	ZIKA	virus	or	Toxoplasmosis	Gondi.	In	these	cases,	emergent	testing	should	be	

performed	to	identify	the	causative	pathogen,	which	may	also	have	important	

consequences	for	potential	treatments.	Multiple	biological	cues	and	reactive	signaling	

pathways	tightly	regulate	brain	growth.	Central	to	this	orchestrated	coordination	is	the	

PI3K/AKT/mTOR	signaling	cascade28.	As	we	have	shown	in	previous	chapters	mutations	

within	this	pathway	and	with	cross	talking	intermediates	results	in	abnormal	brain	growth.	

In	addition	to	genetic	mutation	it	is	becoming	evident,	through	our	work	and	others,	that	

infections	can	also	modulate	mTOR	signaling.		We	believe	that	there	is	a	potential	role	for	

PI3K/AKT/mTOR	antagonist	and	agonist	in	the	management	of	congenital	TORCH	

infections	presenting	with	abnormal	head	circumference.	In	utero	control	of	the	AKT	

signaling	may	represent	a	focal	rheostat,	which	allows	brain	growth	trajectories	to	return	

to	normal	and	possibly	result	in	better	outcomes	for	these	cases.			

	

Conclusions		

We	demonstrate	for	the	first	time	T.gondi	tropism	for	human	neural	progenitors.	In	

response	to	infection	this	specific	cell	type	shows	increased	PI3K/AKT/mTOR	signaling,	

which	may	be	responsible	for	the	occurrence	of	macrocephaly	in	cases	of	congenital	

toxoplasmosis.	We	propose	that	this	pathophysiology	is	reciprocal	to	that	seen	in	

congenital	ZIKA	virus	infection	which	results	in	decreased	AKT	signaling	and	microcephaly.	

This	report	in	combination	with	the	emerging	understanding	of	ZIKA	infection	
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demonstrates	the	interplay	between	intracellular	infection	and	regulation	of	growth	

signaling	pathways.	We	believe	that	there	is	a	potential	role	for	pharmacological	

intervention	in	these	cases	as	the	PI3K/AKT	antagonist	and	agonist	are	numerous	and	vary	

in	mechanism	of	action	and	effectiveness.	Restoring	PI3K/AKT	signaling	to	baseline	

regulated	levels	may	be	an	essential	step	in	treating	these	cases	and	improving	outcomes.	
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Chapter	Seven	

		

	

	

	Genetic	etiologies	of	macrocephaly,	many	roads	

lead	to	mTOR	some	roads	lead	to	Autism.			
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We	have	presented	data	and	cases	that	demonstrate	the	genetic	heterogeneity	of	

macrocephaly.	We	briefly	summarize	each	chapter	of	this	thesis	below:		

	

Summaries	by	Chapter		

Our	data	demonstrates	that	macrocephaly	is	a	distinct	clinical	finding	resulting	from	

numerous	genetic	etiologies.	Biological	functional	enrichment	analysis	revealed	that	these	

genes	are	involved	in	common	biological	processes	including	central	nervous	system	

development,	neurogenesis,	generation	of	neurons,	head	development,	neuron	

differentiation,	and	brain	development.	Interestingly,	pathway	enrichment	analysis	

demonstrates	that	these	genes	cluster	within	two	growth	signaling	pathways	(1)	

PI3K/AKT/mTOR	pathway	and	(2)	the	Hedgehog-signaling	pathway.	The	associated	

phenotypes	within	macrocephaly-associated	syndromes	include	skeletal,	epidermal,	and	

vascular	system	phenotypes.		Closer	examination	of	the	neurologic	phenotypes	revealed	

that	numerous	macrocephaly-syndromes	are	associated	with	developmental	delays,	

autism,	and	hypotonia.	By	demonstrating	the	overlap	of	macrocephaly-	and	autism-	

associated	genes,	we	have	identified	a	potential	novel	neural	network,	which	may	help	to	

elucidate	the	causative	genetic	etiologies	of	the	macrocephaly-autism	phenotype.		We	

highlight	the	overlap	between	autism	and	macrocepahly	associated	genes	which	confirms	

the	role	of	pathogenic	brain	growth	in	this	behavioral	phenotype.		We	focused	on	

understanding	the	genetic	contribution	of	macrocephaly-associated	genes	to	brain	growth	

by	modeling	mutations	in	PTEN,	MTOR,	Ptch1,	Sufu,	DICER1	associated	with	macrocepahly	

and	developmental	delays	including	autism.		



	284	

Figure	7-1:	Autism-macrocephaly	related	community		

Using	GeneNets	software	we	were	able	to	generate	this	community	from	the	aut-macro	

gene	list.	These	highly	interconnected	genes	represent	a	potential	novel	neural	network	

that	is	implicated	in	the	development	of	the	autism-macrocephaly	phenotype.	

	

		 	



	285	

	

Chapter	2:		

We	use	numerous	approaches	to	determine	the	role	that	PTEN	loss	and	mutations	affect	

downstream	cell	signaling.	Namely	we	use	a	Crispr/Cas9,	viral	and	patient	derived	induced	

pluripotent	stem	cell	(iPSC)	based	approach.		Utilizing	Crispr/Cas9	we	show	the	

importance	of	the	PTEN/mTORC2	axis,	which	is	evidenced	by	increased	phosphorylation	of	

its	substrates.	From	the	patient	derived	iPSCs	we	demonstrated	heterozygous	loss	of	

function	PTEN	variants	in	neural	progenitor	cells	result	in	isolated	activation	of	pAKT308	

and	translocation	of	PTEN	out	of	the	nucleus.	Mutations	in	PTEN	predicted	to	act	through	a	

dominant	negative	mechanism	of	action	are	associated	with	not	only	increased	pAKT308	

but	also	strong	pAKT473	activation	and	decreases	in	mTORC1	targets	such	as	p4EBP1,	

increased	localization	of	PTEN	into	the	nucleus,	and	increased	autophagy.	These	

differential	effects	stress	the	role	of	nuclear	PTEN	in	the	development	of	these	phenotypes.	

We	propose	that	these	signaling	events	culminate	in	functional	effects	outside	of	canonical	

mTOR	signaling,	mainly	deregulation	of	the	cell	cycle	via	alterations	to	the	cyclin	proteins.	

These	distinctions	help	to	explain	the	spectrum	of	molecular	mechanisms	that	can	result	in	

macrocephaly	associated	autism,	and	predict	varying	response	to	treatment	modalities	

based	upon	genetic	etiology.		In	addition	to	PTEN	we	have	modeled	mutations	in	mTOR,	

which	confirm	the	role	of	this	downstream	target	of	PI3K/AKT	signaling	in	the	

pathogenesis	of	macrocephaly.	



	286	

Figure	7-2:	Effect	of	dominant	negative	and	true	loss	of	function	mutations		

Out	proposed	model	that	explains	the	difference	in	dominant	negative	mutations	and	true	

loss	of	function	mutations.	The	dominant	negative	mutations	are	associated	with	PTEN	

translocation	into	the	nucleus	and	increased	pAKT308	and	473	while	true	loss	of	function	

mutations	are	associated	with	a	nuclear	sparing	staining	pattern.			
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Chapter	3:		

We have shown that specific macrocephaly-associated phenotypes arise from recurrent gain of 

function mutations in mTOR and also that these mutations are associated with distinct degrees of 

mTOR activation. In particular, strong mTOR activating mutations behave similar to gain-of- 

function mutations in PIK3CA, AKT3 and PIK3R2, while mTOR mutations that only mildly 

activate its function resemble inactivating mutations in PTEN. Supporting this paradigm, 

inactivating mutations in PTEN are repeatedly observed to be germline similar to the E1799K 

MTOR variant, while activating mutations in PIK3CA, AKT3, AKT1 and PIK3R2 have a 

predilection towards mosaic distribution, as observed for the C1483Y and the T1977I mTOR 

variants. Growth signaling pathways are highly complex and branch extensively; additional 

pathway intermediates may be playing distinct roles upstream of the activation of AKT, which 

may cause additional genotype-phenotype variations. Our findings establish gain-of-function 

mutations in mTOR as causative for a range of distinct human macrocephaly-associated 

phenotypes that result from allele specific effects on pathway activation and mosaic distribution. 

These findings provide insight into the etiology of human overgrowth and establish mTOR 

activation as sufficient for deregulation of this process, with implications for therapeutic 

approaches and prognosis. Mutations in the hedgehog pathway are associated with phenotypes 

overlapping those in components of the PI3K/AKT signaling cascade, prompting us to 

hypothesize that these pathways interact. 
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Figure 7-3: mTOR	activation	and	associated	overgrowth	phenotypes			

Summary	of	phenotypic	findings	associated	with	mutations	in	the	residues	C1483,	T1977	

and	E1799	and	corresponding	levels	of	mTOR	activation.		M/G:	Mosaic/Germline	

distribution,	M:	Mosaic	Distribution,	G:	Germline	Distribution,	G?:	single	case	reported	to	be	

germline	but	not	confirmed,	HMI:	Hypomelanosis	of	ITO,		GDD:	Global	developmental	

delay,	SD:	speech	delay,	ASD:	Autism	Spectrum	Disorder,	A:	Lee	et	al.1,	B:	Smith	et	al.2,	C:	

Mroske	et	al.3,	D:	Baynam	et	al.	4. 
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Chapter 4:  

We	demonstrate	that	the	strong	phenotypic	overlap	with	PI3K/AKT/mTOR	related	

overgrowth	syndromes	is	due	to	cross	talk	between	the	two	pathways,	which	is	mediated	

by	Gli-associated	transcriptional	changes.		We	have	expanded	the	phenotypic	spectrum	of	

PTCH1	and	Sufu	mutations	to	include	overgrowth,	macrocepahly,	developmental	delays	

and	dysmorphia.	Additionally,	mutations	in	SUFU	not	only	overlap	with	the	transcriptional	

changes	associated	with	active	Hh	signaling	but	also	demonstrate	additional	PI3K	

activation,	which	may	be	due	to	a	loss	of	suspected	inhibition	of	LAMTOR3.		We	propose	

that	these	cases	as	well	as	those	affected	by	the	more	classical	basal	cell	carcinoma	nevoid	

syndrome	would	benefit	from	dual	inhibition	of	PI3K/AKT/mTOR	and	SHH	signaling	for	

these	reasons.		
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	Figure	7-4:	Loss	of	PTCH1	causes	Transcriptional,	AKT	independent	activation	of	mTOR	

Loss	of	PTCH1	lessens	the	inhibition	of	Smoothened,	which	allows	it	to	activate	SUFU	and	

remove	the	negative	inhibition	of	SUFU	on	Gli	translocation.	When	Gli	translocates	to	the	

nucleus	it	activates	the	expression	of	Lyf	and	Nkx2.2,	which	inhibits	the	expression	of	

PRKAG2,	RHOA,	and	STRADB;	these	are	all	negative	regulators	of	mTOR.	The	loss	of	

negative	inhibition	leads	to	activation	of	mTOR,	which	we	have	demonstrated	via	increased	

phosphorylation	of	p4EBP1	and	mTOR	itself.				
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Figure	7-5:	Loss	of	SUFU	causes	transcription	as	well	as	LAMTOR3	mediated	AKT	

activation	of	mTOR	

Loss	of	SUFU	lessens	the	inhibition	on	Gli	translocation.	When	Gli	translocates	to	the	

nucleus,	it	activates	the	expression	of	Lyf	and	Nkx2.2,	which	inhibits	the	expression	of	

PRKAG2,	RHOA,	and	STRADB;	these	are	all	negative	regulators	of	mTOR.	The	loss	of	

negative	inhibition	leads	to	activation	of	mTOR,	which	we	have	demonstrated	via	increased	

phosphorylation	of	p4EBP1	and	mTOR	itself.	Additionally,	loss	of	SUFU	liberates	LAMTOR3	

from	inhibition	and	allows	it	to	activate	AKT,	which	we	have	demonstrated	via	increased	

phosphorylation	of	pAKT473	and	pAKT308.				
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Chapter	5:		

We	have	established	that	macrocephaly	and	overgrowth	associated	DICER1	“hot	spot”	or	

loss	of	exon	25	mutations	activate	the	PI3K/AKT/mTOR	pathway	through	loss	of	5p	

miRNAs	and	increased	expression	of	specific	3p	miRNAs.	Additionally,	we	show	that	

DICER1delExon25	(+/-)	cells	develop	the	ability	to	dedifferentiate	and	from	spheres	in	the	

absence	of	serum.	We	propose	that	the	non-PI3K/AKT	congruent	phenotypes	in	the	GLOW	

syndrome	are	due	to	a	disruption	of	differentiation	and	the	persistence	of	undifferentiated	

cells	in	the	newborn.	This	is	exemplified	in	the	tumors	types	of	GLOW	syndrome	cases:	

Wilms	and	pleuropulmonary	blastoma	(PPB)	tumors.	We	propose	that	the	novel	use	of	pro-

differentiation	chemotherapies	in	combination	with	PI3K/AKT/mTOR	inhibition	would	

benefit	these	cases	and	may	have	far	reaching	implications	for	the	management	of	the	

blastoma-like	class	of	pediatric	tumors.	
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Figure	7-6:	Specific	increased	3p	miRNAs	target	mTOR	signaling		

We	show	that	certain	miRNAs	affected	by	these	pathogenic	mutations	target	negative	

regulators	of	mTOR:	namely	TSC2.	Additionally,	downstream	targets	are	effected	which	

streamlines	mTOR	signaling	into	S6kinase	activation	of	cell	proliferation/growth.	We	have	

provided	evidence	for	this	via	the	increased	pS6Kinase	levels	on	our	DICER1delExon25	(+/-)	cell	

model.			
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Chapter	6:			

Finally	we	demonstrate	for	the	first	time	Toxoplasmosis	gondi	tropism	for	human	neural	

progenitors.	In	response	to	infection	this	specific	cell	type	shows	increased	

PI3K/AKT/mTOR	signaling,	which	may	be	responsible	for	the	occurrence	of	macrocephaly	

in	cases	of	congenital	toxoplasmosis.	We	propose	that	this	pathophysiology	is	reciprocal	to	

that	seen	in	congenital	ZIKA	virus	infection	which	results	in	decreased	AKT	signaling	and	

microcephaly.	This	report	in	combination	with	the	emerging	understanding	of	ZIKA	

infection	demonstrates	the	interplay	between	intracellular	infection	and	regulation	of	

growth	signaling	pathways.	We	believe	that	there	is	a	potential	role	for	pharmacological	

intervention	in	these	cases	as	the	PI3K/AKT	antagonist	and	agonist	are	numerous	and	vary	

in	mechanism	of	action	and	effectiveness.	Restoring	PI3K/AKT	signaling	to	baseline	

regulated	levels	may	be	an	essential	step	in	treating	these	cases	and	improving	outcomes.
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Figure	7-7:	Toxoplasmosis	Gondi	and	Zika	Virus	exert	opposite	effects	on	the	neural	

progenitor	cell		

As	has	been	previously	shown,	ZIKA	virus	can	infect	neural	progenitors	and	directly	

inhibits	AKT	via	two	viral	proteins	and	causes	microcephaly.	We	have	shown	that	

toxoplasmosis	gondi	infection	activates	AKT.	Therefore,	we	believe	the	same	mechanism	

cause	congenital	T.	gondi	macrocephaly.			
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Summary	

	We	have	presented	some	of	the	diverse	and	heterogeneous	genetic	etiologies	of	

macrocephaly.	We	hope	it	has	become	evident	through	this	work	that	the	PI3K/AKT/mTOR	

pathway	is	an	essential	regulator	of	neural	progenitor	proliferation	and	determines	

ultimate	head	size	in	the	developing	embryo	and	child.	The	convergence	of	multiple	

genetic,	infectious,	and	environmental	inputs	onto	this	pathway	represents	a	possible	

pharmacological	node	where	diverse	etiologies	may	benefit	from	similar	therapies.	Namely	

inhibition	of	aberrant	AKT/mTOR	activation	is	the	candidate	of	highest	importance	in	

curtailing	these	phenotypes.	
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Figure	7-8:		

	

	



	298	

Figure	7-9:		
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