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Summary
Recent	 studies	have	 indicated	 that	 long	noncoding	RNAs	 (lncRNAs)	play	 important	
roles	in	multiple	processes,	such	as	epigenetic	regulation,	gene	expression	regulation,	
development,	nutrition-	related	and	other	diseases,	 toxic	 response,	 and	 response	 to	
drugs.	Although	the	functional	roles	and	mechanisms	of	several	lncRNAs	have	been	
discovered,	a	better	understanding	of	the	vast	majority	of	lncRNAs	remains	elusive.	To	
understand	the	functional	roles	and	mechanisms	of	lncRNAs	is	critical	because	these	
transcripts	represent	the	majority	of	the	transcriptional	output	of	the	mammalian	ge-
nome.	Recent	 studies	have	also	 suggested	 that	 lncRNAs	are	more	abundant	 in	 the	
human	brain	and	are	involved	in	neurodevelopment	and	neurodevelopmental	disor-
ders,	 including	 autism	 spectrum	 disorders	 (ASDs).	 In	 this	 study,	we	 review	 several	
known	functions	of	lncRNAs	and	the	potential	contribution	of	lncRNAs	to	ASDs	and	
to	other	genetic	syndromes	that	have	a	similar	clinical	presentation	to	ASDs,	such	as	
fragile	X	syndrome	and	Rett	syndrome.

K E Y W O R D S

Angelman	syndrome,	autism	spectrum	disorders,	down	syndrome,	long	noncoding	RNA,	
neurodevelopment,	Prader-Willi	syndrome,	Rett	syndrome

1  | INTRODUCTION

Autism	spectrum	disorders	(ASDs)	are	a	group	of	common	neurode-
velopmental	disorders	characterized	by	impaired	reciprocal	social	 in-
teraction	and	communication	and	 restricted	and	 repetitive	behavior	
or	interests.	The	classification	of	ASDs	has	been	deemphasized	in	the	
Diagnostic	 and	 Statistical	 Manual	 of	 Mental	 Disorders,	 5th	 Edition	
(DSM-	5)	 because	 of	 the	 heterogeneity	 of	 both	 clinical	 features	 and	

pathogenesis.1	 Over	 the	 past	 40	years,	 the	 reported	 prevalence	 of	
ASDs	has	showed	regional	differences	but	has	been	steadily	increasing	
worldwide.2	ASDs	have	a	reported	prevalence	of	1.47%	in	the	United	
States	and	2.64%	in	Korea,	and	an	estimated	prevalence	of	0.25%	in	
China.3-5	However,	therapeutic	strategies	for	most	patients	with	ASDs	
are	insufficient.

The	 etiologies	 of	 ASDs	 are	 complex	 and	 not	 well	 understand	
to	 date.	 Genetic	 and	 environmental	 factors,	 both	 alone	 and	 in	
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combination,	have	been	 implicated	 in	 the	pathogenesis	of	ASDs.6-10 
Mutations	 in	 many	 genes,	 including	 neuroligin-	3	 (NLGN3),	 neuroli-
gin-	4	(NLGN4),	neurexin-	1	(NRXN1),	SH3	and	multiple	ankyrin	repeat	
domains	 protein	 2	 (SHANK2),	 SH3	 and	multiple	 ankyrin	 repeat	 do-
mains	protein	3	(SHANK3),	Parkinson	protein	2	(PARK2),	MACRO	do-
main	containing	2	(MACROD2),	and	semaphorin-	5A	(SEMA5A),	have	
been	 associated	with	ASDs.6,7,10	 Several	 human	 syndromes	 derived	
from	a	single	gene	mutation,	including	fragile	X	syndrome	(FXS),	Rett	
syndrome	(RTT),	and	Prader-	Willi	syndrome	(PWS),	 increase	the	risk	
of	ASDs	(a	phenomenon	discussed	further	 in	“LncRNAs	and	the	risk	
of	ASDs”	below).	The	autism	database	AutDB	 is	 a	publicly	 available	
genetic	database	for	ASDs	and	includes	all	genes	that	have	been	im-
plicated	in	ASDs	(http://www.mindspec.org/autdb.html).	As	of	the	end	
of	June,	2015,	this	database	had	collected	740	genes	associated	with	
ASDs.	Notably,	most	of	 those	 genes	 are	 candidate	 genes,	 and	 their	
association	with	ASDs	has	not	been	demonstrated	by	replication	or	by	
functional	studies.	The	environment	may	also	play	a	role,	as	infection,	
inflammation	and	metabolic	factors	are	also	reported	to	have	associ-
ations	with	ASDs.8,9

Epigenetic	modifications	also	contribute	to	the	etiology	of	ASDs.	
For	 example,	Wang	 et	al.11	 reported	 that	 hypermethylation	 of	 the	
enolase	2	 (ENO2)	gene	 is	present	 in	15%	of	patients	with	ASDs.	 It	
is	noteworthy	 that	microRNAs	 (miRNAs)	and	 long	noncoding	RNAs	
(lncRNAs),	which	play	important	roles	as	transcriptional	and/or	post-
transcriptional	regulators,12-20	have	also	been	implicated	in	ASDs	and	
other	neurological	disorders.	Some	prominent	functional	studies	have	
shown	 that	 lncRNAs	perform	a	wide	variety	of	 functions,	 including	
participating	 in	 the	 recruitment	of	 chromatin	modifying	complexes,	
providing	a	scaffold	for	the	assembly	of	protein	complexes,	modulat-
ing	alternative	splicing,	and	employing	enhancer-	like	functions.12,21,22 
These	diverse	functions	are	essential	components	of	both	the	normal	
physiological	 and	 developmental	 processes,	 as	well	 as	 the	 etiology	
of	many	disorders	and	complex	diseases.23-25	Currently,	full	and	sys-
tematic	discussions	of	the	relationship	between	lncRNAs	and	ASDs	
are	 highly	 limited.	 Therefore,	 this	 review	 summarizes	 the	 available	
information	from	previous	outstanding	publications	with	a	focus	on	
the	contribution	of	lncRNAs	to	ASDs	and	to	other	genetic	syndromes,	
such	 as	 FXS	 and	RTT,	which	 have	 a	 similar	 clinical	 presentation	 to	
ASDs.

2  | LNCRNAS AND THEIR MECHANISMS 
OF ACTION

LncRNAs,	which	are	defined	as	untranslated	RNA	molecules	greater	
than	200	nucleotides	 in	 length,	 can	 be	 derived	 from	 sense	 or	 anti-
sense	 strands	 within	 protein-	coding	 genes,	 intergenic	 regions,	 or	
pseudogenes.	 LncRNAs	 are	 spliced	 and	 processed	 so	 that	 they	 in-
clude	a	5′-	methyl-	guanosine	cap	and	3′-	poly	(A)	tail	once	transcribed.	
LncRNAs	can	be	localized	to	the	nucleus	or	the	cytoplasm,	but	many	
lncRNAs	 are	 expressed	with	 temporal	 and	 tissue	 and/or	 cell	 speci-
ficity.24	 LncRNAs	 have	 a	 poorly	 conserved	 primary	 structure	 but	
relatively	 well-	conserved	 secondary	 structure	 and	 splicing.26,27 The 

mechanisms	of	action	of	lncRNAs	are	diverse	and	not	yet	fully	under-
stand,	 but	mainly	 include	 genetic	 imprinting,	 chromatin	 remodeling,	
cell	cycle	regulation,	splicing	regulation,	mRNA	degradation	and	trans-
lation	 regulation.28,29	 LncRNAs	 have	 been	 shown	 to	 control	 every	
level	of	the	regulation	of	the	gene	expression	pathway.24	An	overview	
of	the	cellular	functions	of	lncRNAs	is	shown	in	Figure	1.	This	diverse	
set	of	functions	and	complex	mechanisms	further	emphasizes	the	idea	
that	 lncRNAs	 are	 key	 components	 of	 numerous	 cellular	 processes.	
Generally,	 lncRNAs	 regulate	 gene	 expression	 at	 three	 levels:	 tran-
scriptional	 regulation,	 posttranscriptional	 regulation	 and	 epigenetic	
regulation.30

2.1 | LncRNAs regulate the transcription of 
other genes

Transcriptional	regulation	is	the	most	vital	regulation	of	gene	expres-
sion	 in	both	eukaryotes	and	prokaryotes.	LncRNAs	can	regulate	the	
transcription	of	other	genes	 in	several	ways:	by	regulating	 the	com-
bination	and	assembly	of	transcription	factors,31	by	forming	a	three-	
stranded	 complex	with	 a	 regulatory	 sequence,32	 by	 regulating	 RNA	
polymerase	 II,	 and	 by	 transcriptional	 interference.33,34	 For	 example,	
transcriptional	 interference	which	refers	to	transcription	of	 lncRNAs	
from	alternative	transcription	start	sites	in	the	vicinity	of	another	gene,	
which	may	interfere	with	the	transcription	of	that	gene	regulates	key	
developmental	pathways.35,36

2.2 | LncRNAs regulate RNA processing and 
translation

LncRNAs	play	a	role	not	only	in	transcriptional	regulation	but	also	
in	 posttranscriptional	 regulation.	 They	 can	 regulate	 pre-	mRNA	
splicing	 through	 the	 isolation	 of	 splicing	 factors	 or	 by	 regulating	
the	distribution	and	phosphorylation	of	splicing	factors	in	splicing	
speckles.37,38	 Bernard	 et	al.39	 showed	 that	 metastasis	 associated	
lung	adenocarcinoma	transcript	1	(MALAT1)	is	highly	expressed	in	
neurons	and	impacts	the	expression	of	genes	related	to	synaptogen-
esis	by	regulating	the	serine/arginine	splicing	factor.	LncRNAs	can	
also	regulate	RNA	transfer,	translation	and	degradation.	In	a	typical	
example,	 the	 BACE1-	antisense	 transcript	 (BACE-	AS)	 is	 the	 natu-
ral	antisense	transcript	of	the	β-	site	APP	cleaving	enzyme	1	gene	
(β-	secretase	1,	BACE1).	BACE1	protein	expression	will	 increase	 if	
BACE1-	AS	binds	to	the	BACE1	mRNA.	The	BACE1	protein	can	later	
cleave	the	β-	amyloid	peptide	precursor	to	produce	more	β-	amyloid	
peptide.40	 High	 levels	 of	 β-	amyloid	 peptide	 plaques	 in	 the	 brain	
are	a	 prominent	 feature	 of	Alzheimer’s	 disease.41	Thus,	 BACE-	AS	
participates	in	the	pathological	process	of	Alzheimer’s	disease.40

2.3 | LncRNAs participate in epigenetic regulation

Epigenetic	regulation	results	 in	a	change	in	gene	expression	without	
changing	 the	nucleotide	 sequence	of	 the	gene.	Common	epigenetic	
phenomena	include	DNA	methylation,	gene	silencing,	histone	modifi-
cation,	genomic	imprinting	and	RNA	editing.	LncRNAs	have	received	
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extensive	attention	as	a	new	type	of	epigenetic	regulatory	molecule,	
and	evidence	indicates	that	lncRNAs	play	an	important	role	in	epige-
netic	regulation.42	For	example,	the	lncRNA	TARID	(TCF21	antisense	
RNA,	 including	 demethylation)	 activates	 TCF21	 expression	 by	 in-
ducing	demethylation	of	the	TCF21	promoter.	 In	addition	to	TCF21,	
TARID	 can	 also	 interact	 with	 GADD45A	 (growth	 arrest	 and	 DNA-	
damage-	inducible,	 alpha).	 GADD45A	 regulates	 DNA	 demethylation	
by	 recruiting	 thymine-	DNA-	glycosylase,	 which	 activates	 transcrip-
tional	 activity.43,44	The	 lncRNAXist	 (X	 chromosome	 inactive	 specific	
transcript)	 inhibits	 gene	 expression	 on	 the	 inactive	 X	 chromosome	
by	regulating	methylation	of	target	genes.45	 In	another	example,	the	
lncRNAs	AIR	 and	Kcnqlotl	 induce	 histone	modification	 through	 the	
recruitment	of	histone-	modifying	enzymes	that	can	affect	target	gene	
expression.46,47

3  | LNCRNAS IN THE CENTRAL NERVOUS 
SYSTEM (CNS) AND BRAIN

The	vertebrate	CNS	contains	an	enormous	diversity	of	neuronal	and	
glial	cell	types	that	differentiate	and	form	networks	through	an	in-
tricate	 developmental	 program	 that	must	 coordinate	 intrinsic	 and	
extrinsic	 stimuli	 to	 achieve	 proper	 form	 and	 function.48	 LncRNAs	
have	been	 shown	 to	 be	highly	 expressed	within	 the	 central	 nerv-
ous	system,	particularly	in	the	brain,	where	they	sometimes	exhibit	
specific	 spatiotemporal	 expression	 patterns.49	 Cells	 in	 the	 CNS	
show	 strong	 expression	 of	 lncRNAs,	 with	 5458	 of	 a	 total	 9747	
lncRNA	 transcripts	 detected	 in	 the	 human	 brain,	 including	 ~40%	
of	the	most	highly	and	differentially	expressed	lncRNAs.48,50 These 
lncRNAs	 have	 been	 shown	 to	 be	 involved	 in	 several	 key	 aspects	

F IGURE  1  	The	main	regulatory	mechanism	of	lncRNAs.	This	figure	is	referred	to	the	figure	in	reference	[133],	transcription	form	the	
upstream	promoter	of	protein	encoding	gene,	impact	the	gene	expression	through	transcriptional	interference	medicated	by	inhibition	of	
recruiting	RNA	polymerase	II	(A),	or	through	B	inducing	chromatin	remodeling	and/or	histone	modification;	(B),	an	antisense	transcript	can	
further	hybridize	to	sense	transcript	modulate	alternative	splicing	patterns;	(C)	generate	various	endogenous	small	noncoding	RNAs	under	the	
action	of	Dicer	enzyme;	(D),	binding	to	specific	protein,	lncRNAs	can	modulate	the	activity	of	protein;	(E),	sever	as	structural	component	that	
forms	nucleic	acid-	protein	complex;	(F),	alter	the	cellular	localization	of	the	protein;	(G),	sever	as	the	precursor	molecules	of	small	molecules	of	
RNA	(eg,	miRNA,	piRNA)
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of	 brain	 development	 and	 function,	 such	 as	 synaptogenesis,	 neu-
rogenesis,	 and	 GABAergic	 interneuron	 function.	 Abnormalities	 in	
these	processes	have	been	implicated	in	several	neurodevelopmen-
tal	and	neurodegenerative	disorders,	 including	ASDs,	epilepsy	and	
Alzheimer’s	disease	(Table	1).

LncRNAs	 are	 emerging	 as	 key	 regulators	 of	 neurogenesis.	 Loss-	
of-	function	studies	performed	in	embryonic	stem	cells	(ESCs)	and	in-
duced	pluripotent	 stem	cells	 (iPSCs)	 have	 found	 that	 differentiation	
pathways	 are	 defective	 upon	 lncRNA	 knockdown,51-53 and several 
lncRNAs	have	been	identified	as	integral	components	in	neurogene-
sis.51,54	Among	these	lncRNAs,	Sox2	overlapping	transcript	(Sox2OT)	
is	a	highly	conserved	lncRNA	that	overlaps	the	Sox2	gene.55	Sox2	is	
a	transcription	factor	critical	 in	maintaining	the	self-	renewal	proper-
ties	of	neural	stem	cells	and	regulating	the	selection	of	germ	layers	in	
embryonic	neurogenesis.56,57	Sox2	also	plays	key	roles	 in	adult	neu-
rogenesis.58	Sox2DOT,	an	alternatively	spliced	isoform	of	Sox2OT,	is	
also	expressed	in	mouse	brain	and	is	enriched	in	areas	associated	with	
neurogenesis.59	A	recent	study	has	revealed	that	the	lncRNA	rhabdo-
myosarcoma	2-	associated	transcript	(RMST)	physically	interacts	with	
Sox2	 to	 coregulate	 a	 large	pool	 of	 downstream	genes	 implicated	 in	
neurogenesis.60

Formation	of	functional	synapses	 is	the	fundamental	process	re-
quired	 for	 establishing	 neural	 circuits	 and	 ultimately	 for	 expressing	
complex	behavior.	This	process	is	characterized	by	increased	prolifera-
tion	of	neuronal	cells	and	overproduction	of	synaptic	connections.61,62 
Aberrant	 regulation	of	 synaptogenesis	 is	more	commonly	 seen	 than	
aberrant	 regulation	 of	 neurogenesis	 in	many	 neurological	 disorders,	
such	 as	 ASDs	 and	 schizophrenia.63	 The	 lncRNA	 MALAT1,	 which	
has	 been	 reported	 to	 be	 enriched	 in	 neurons	 and	 nuclear	 speckles,	
regulates	 synaptic	 density	 and	 the	 expression	 levels	 of	 neuroligin	 1	
(NLGN1)	and	synaptic	cell-	adhesion	molecule	 (SynCAM1)	by	regula-
tion	of	serine/arginine-	rich	splicing	factor.38

The	 critical	 balance	 between	 excitation	 and	 inhibition	 in	 the	
brain	 is	 maintained	 by	 two	 major	 classes	 of	 neurons:	 excitatory	
projection	 neurons	 and	 inhibitory	 local	 circuit	 interneurons.64 
GABA	primarily	mediates	 inhibition;	 thus,	GABAergic	 interneuron	
function	has	been	associated	with	many	neurodevelopmental	and	
neurodegenerative	 disorders	 such	 as	 ASDs,	 schizophrenia,	 and	
epilepsy.65-67	Many	 lncRNAs,	 including	Gtl2,	Rian,	Evf2,	Copg2as,	
Dlx6-	AS1	and	others,	have	been	reported	to	participate	in	the	reg-
ulation	of	GABAergic	interneuron	functions.68,69	Evf2	is	transcribed	
from	the	Dlx-	5/6	ultraconserved	region	that	recruits	the	transcrip-
tion	 factors	DLX	and	MECP2,	which	affect	Dlx-	5/6	enhancer	 ac-
tivities	via	both	cis-		and	trans-	mechanisms.	In	an	Evf2	mutant,	the	
number	of	GABAergic	interneurons	in	the	dentate	gyrus	and	hippo-
campus	were	reduced,	resulting	in	synaptic	inhibition.70	DLX6-	AS1	
is	 a	 key	 regulator	 of	members	 of	 the	DLX	 family	 of	 transcription	
factors	 that	 are	 involved	 in	 GABAergic	 neuronal	 differentiation.	
Mariani	and	colleagues	reported	that	DLX6-	AS1	were	upregulated	
in	cerebral	organoids	derived	from	iPSCs	made	from	patents	with	
ASDs.71	A	 recent	 study	 has	 also	 revealed	 that	 DLX6-	AS1	 upreg-
ulated	 in	cerebral	organoids	derived	 from	the	autism	gene	CHD8	
knockout	iPSCs.72

4  | LNCRNAS AND THE RISK OF ASDS

Precise	regulation	of	lncRNAs	is	essential	to	the	development,	main-
tenance,	and	function	of	the	CNS;	thus,	deregulation	of	lncRNAs	may	
play	a	critical	 role	 in	neurodevelopmental	disorders.	Many	different	
kinds	of	lncRNAs	have	been	reported	to	be	differentially	expressed	in	
or	associated	with	ASDs.	Other	types	of	lncRNAs	have	been	reported	
to	be	 involved	 in	other	genetic	 syndromes	 that	are	associated	with	
or	cause	a	predisposition	toward	ASDs,	such	as	fragile	X	syndrome,	
Rett	 syndrome,	Down	 syndrome,	Angelman	 syndrome,	 and	Prader-	
Willi	syndrome.

4.1 | LncRNAs and ASDs

ASD	 is	 a	 clinically	 and	 etiologically	 heterogeneous	 disorder	 with	
a	 complex	 genetic	 architecture.	 In	 the	 last	 decade,	 several	 studies	
have	observed	aberrant	expression	of	 lncRNAs	 in	both	postmortem	
brain	 tissue	 and	 lymphoblastoid	 cell	 lines,	 indicating	 that	 the	 func-
tion	of	lncRNAs	may	be	important	in	the	etiology	of	these	disorders.	
Recently,	a	genomewide	differential	expression	study	of	lncRNAs	was	
performed	on	blood	specimens	from	25	paired	ASD	controls.	A	total	
of	3929	lncRNAs	were	found	to	be	differentially	expressed	in	the	pe-
ripheral	leukocytes,	including	2407	upregulated	and	1522	downregu-
lated.	 Functional	 pathway	 analysis	 of	 those	 lncRNAs	 revealed	 that	
synaptic	 vesicle	 cycling	 and	 transport	 were	 primarily	 involved,	 and	
13	 synaptic	 lncRNAs	were	 identified	as	being	differently	 expressed	
in	ASDs.	Nineteen	lncRNAs	were	transcribed	from	the	Hox	gene,	in-
dicating	that	this	gene	may	play	a	very	important	role	in	the	develop-
mental	of	ASDs.	The	lncRNAs	SHANK2-	AS	and	BDNF-	AS,	which	are	
transcribed	 from	 the	ASD	 susceptibility	 genes	 SHANKs	 and	BDNF,	
were	also	differentially	expressed.73

To	date,	 there	have	been	two	studies	 in	which	brain	tissue	from	
ASD	 subjects	was	 assessed	 for	 changes	 in	 regulatory	 lncRNAs.74,75 
Ziats	 and	 colleagues	 performed	microarray	 profiling	 of	 over	 33	000	
annotated	lncRNAs	and	30	000	mRNA	transcripts	from	postmortem	
prefrontal	cortex	and	cerebellum	tissue	from	autistic	and	control	sub-
jects.	 The	 data	 illustrated	 that	 222	 lncRNAs	were	 differentially	 ex-
pressed	between	ASD	cases	and	controls.	Of	those	222	lncRNAs,	82	
and	143	were	unique	to	the	prefrontal	cortex	and	the	cerebellum,	re-
spectively.	They	also	found	that	the	number	of	lncRNAs	differentially	
expressed	within	control	brains	was	much	greater	than	the	number	of	
lncRNAs	differentially	expressed	within	autistic	brains	(1375	lncRNAs	
vs	236	lncRNAs,	respectively).74	This	finding	is	interesting	in	the	con-
text	of	 imaging	 studies	of	 autistic	 brains,	which	have	 indicated	 that	
there	are	fewer	specialized	regions	in	autistic	brains	than	in	the	brains	
of	healthy	subjects.76	The	sample	size	in	this	study	was	small,	giving	
it	 limited	 statistical	 power,	 but	 the	 exciting	 conclusion	 invites	 repli-
cation	and	expansion	of	these	findings	with	a	larger	sample	size.	The	
other	study,	 through	postmortem	genomewide	transcriptome	analy-
sis	to	interrogate	the	lncRNA,	splicing,	and	regional	gene	expression	
pattern	in	autism	was	conducted	by	Parikshak	and	colleagues.75 They 
performed	 rRNA-	depleted	RNA	sequencing	 (RNA-	seq)	of	251	post-
mortem	samples	of	frontal	and	temporal	cortex	and	cerebellum	from	
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48	individual	with	ASD	and	49	controls,	which	was	known	as	having	
the	largest	samples.	The	data	suggested	that	60	lncRNAs	were	differ-
entially	 expressed	 between	ASD	 cases	 and	 controls,	most	 of	which	

have	little	functional	annotation.	Of	those	60	lncRNAs,	20	have	shown	
to	interact	with	microRNA	(miRNA)-	protein	complexes,	and	nine	with	
FMRP	(the	fragile	X	mental	retardation	protein),	whose	mRNA	targets	

TABLE  1 An	overview	of	lncRNAs	implicated	in	neurodegenerative	disorders

Disorders LncRNA Function Species References

ASDs C210orf121 Downregulated	in	ASDs	brain	tissue,	most	of	their	function	
were	unknown,	future	studies	using	knockdown	or	
overexpression	techniques	in	a	relevant	model	system	are	
needed

Homo	sapiens [73]

AK128400

FTHL3

LST1

Total	of	121	
lncRNAs

SEC1 Upregulated	in	ASDs	brain	tissue,	most	of	their	function	were	
unknown,	future	studies	using	knockdown	or	overexpression	
techniques	in	a	relevant	model	system	are	needed

Homo	sapiens [73]

COAS3

SDHA

PMS2L4

Total	of	100	
lncRNAs

SYP-	AS1 Thirteen	synaptic	lncRNAs	differentially	expressed	in	ASD	
peripheral	leukocytes,	associated	with	11	encoding	genes

Homo	sapiens [72]

STXBP5-	AS1

STX8

Total	of	13	lnRNAs

SHANK2-	AS Regulation	of	SHANK2 Homo	sapiens [72]

BDNF-	AS Regulation	of	BDNF Homo	sapiens [72]

MSNP1AS Bound	to	MSN,	decrease	in	MSN	transcript,	moesin	level,	
neurite	number,	and	neurite	length

Homo	sapiens [76]

DISC2 Antisense	to	DISC1,	deletion	of	DISC2	was	found	to	associate	
with	a	patient	with	ASDs

Homo	sapiens [77]

HAR1 Antisense	to	RELN,	mutation	of	RELE	implicated	in	ASDs Homo	sapiens [78]

FXS FMR4 Antisense	to	FMR1,	coexpressed	with	FMR1,	regulate	in	cell	
cycle,	proliferation,	and	apoptosis

Homo	sapiens [86]

FMR5 Unknown,	sense	to	FMR1 Homo	sapiens [87]

FMR6 Unknown,	antisense	to	FMR1 Homo	sapiens [87]

RTT Gtl2 Function	as	a	host	gene	for	small	RNA	in	mice Mus musculus [103]

AK087060 Upregulated	in	MECP2	KO	mice;	AK087060	is	associate	with	
an	increase	in	the	expression	levels	of	its	host	gene	Arhgef26

Mus musculus [104]

AK081227 Upregulated	in	MECP2	KO	mice,	upregulation	of	AK081227	is	
associated	with	downregulation	of	its	host	gene	gamma-	
aminobutyric	acid	receptor	subunit	rho	2	(Gabbr2)

Mus musculus

RNCR3 Interacts	with	MeCP2	mediate	chromatin	remodeling,	
influence	gene	expression	in	male	mice	brain

Mus musculus [105]

PWs 116HG Forms	a	subnuclear	RNA	could	copurifies	with	the	transcrip-
tional	activator	RBBP5	and	active	metabolic	gene,	remains	
tethered	to	the	site	of	its	transcription	and	increases	in	size	in	
postnatal	neurons	and	during	sleep

Mus musculus [120]

IPW Transcribed	from	PWs,	is	a	regulator	of	the	DLK1-	DIO3	
region,	with	overexpression	in	PWs	and	parthenogenetic	
iPSCs	resulted	in	downregulation	of	MEGs	in	this	locus

Homo	sapiens,	Mus	
musculus

[121-123]

H19 Unknown Homo	sapiens [124]

C15orf2 Show	monoallelic	expression	in	fetal	brain,	the	role	is	
unknown

Homo	sapiens [125]

MKRN3-	AS1 Antisense	to	and	genomic	imprinting	of	ZNF127 Homo	sapiens [126]

(Continues)
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are	enriched	in	ASD	risk	gene.	The	results	have	shown	that	dysregu-
lation	of	lncRNAs	is	an	integral	component	of	the	transcriptomic	sig-
nature	of	ASD.

Using	 a	 genomewide	 association	 study	 (GWAS)	 and	 bioinfor-
matics	analysis,	Kerin	et al	found	that	thelncRNA	MSNP1AS	(moesin	
pseudogene	1,	antisense)	contributes	to	ASD	risk.	MSNP1AS	is	tran-
scribed	from	the	antisense	strand	of	MSNP1	(moesin	pseudogene	1),	
which	 is	 from	the	5p14.1	chromosomal	 region.	This	 region	contains	
the	 single-	nucleotide	 polymorphism	 (SNP)	 rs4307059,	 which	 was	
identified	by	the	GWAS	as	having	a	strong	association	with	ASDs.77 
MSNP1AS	is	94%	identical	and	antisense	to	the	X	chromosome	tran-
script	MSN.	MSN	encodes	 a	 protein	 (moesin)	 that	 regulates	 neuro-
nal	 architecture	 and	 immune	 response.	 Individuals	 who	 carry	 the	
ASD-	associated	 rs4307059	 T	 allele	 have	 increased	 expression	 of	
MSNP1AS.	 MSNP1AS,	 which	 binds	 to	 MSN,	 was	 highly	 expressed	

in	 postmortem	cerebral	 cortex	 samples	 from	 individuals	with	ASDs.	
This	high	level	of	expression	could	decrease	the	production	of	MSN	
transcripts,	the	moesin	level,	and	the	number	and	length	of	the	neuri-
tis.78	The	genes	DISC1	and	ST7,	along	with	their	antisense	transcripts	
DISC2	 and	 ST7OT1-	2,	 have	 also	 been	 linked	with	ASDs.79,80 These 
studies	provide	a	new	perspective	on	the	identity	and	function	of	ln-
cRNAs	that	are	associated	with	ASDs.

4.2 | LncRNAs and Fragile X syndrome

Fragile	X	syndrome,	a	common	cause	of	inherited	intellectual	disabil-
ity	 and	ASD,	 is	 inherited	 via	 an	 X-	linked	 dominant	mechanism	 and	
is	 characterized	 by	moderate	 to	 severe	mental	 retardation,	 macro-	
orchidism	(the	normal	testicular	volume	is	20	mL,	while	50%	of	fragile	
X	 patients	 had	 testicular	 volumes	 of	 30-	50	mL),	 and	 large	 ears	 and	

Disorders LncRNA Function Species References

DS XIST Induces	heterochromatin	modification	and	architectural	
changes	and	then	recruits	polycomb-	group	protein	
transcriptionally	silence	the	X	chromosome	inactive

Homo	sapiens [92-94]

XACT Active	X	chromosome	specifically	in	human	pluripotent	cells Homo	sapiens [96]

NRON Mediates	the	cytoplasmic	to	nuclear	shuttling	of	the	NFAT	
transcription	factor

Homo	sapiens,	Mus	
musculus

[97,98]

AS UBE3A-	ATS Antisense	to	and	genomic	imprinting	of	UBE3A Homo	sapiens,	Mus	
musculus

[108-112]

2p15-	p16.1	
microdele-
tion

FLJ16341 In	critical	region	with	three	protein-	coding	genes	BCL11A Homo	sapiens [133]

SZ BDNF-	AS Coexpressed	with	BDNF	in	the	brain;	forms	dsRNA	duplexes	
to	repress	BDNF	expression

Homo	sapiens [141]

DAOA-	AS1 Markers	of	the	G72/G30	genes	are	associated	with	schizo-
phrenia	in	a	non-	Caucasian	population.

Homo	sapiens [142]

DISC2 Regulation	of	DISC1	that	represent	an	excellent	candidate	for	
susceptibility	to	SZ

Homo	sapiens [143]

HAR1A Antisense	to	RELN,	the	role	is	unknown	in	SZ Homo	sapiens [143]

HAR1B Antisense	to	RELN,	the	role	is	unknown	in	SZ Homo	sapiens [143]

C6orf217 Mutation	of	C6orf217	is	associated	with	SZ Homo	sapiens [144]

GOMAFU Binds	directly	to	the	splicing	factors	QKI	and	SRSF1	and	
dysregulation	of	Gomafu	leads	to	alternative	splicing	patterns	
that	resemble	those	observed	in	SZ	for	the	archetypal	
SZ-	associated	genes	DISC1	and	ERBB4

Homo	sapiens,	Mus	
musculus

[145,69]

C6UAS Play	a	regulatory	role	on	the	expression	of	C6orf4	that	
involved	in	SZ

Homo	sapiens [146]

AD BACE-	AS1 Upregulated	in	Alzheimer’s	brains;	promotes	BACE1	stability	
by	blocking	a	miRNA	binding	site

Homo	sapiens [41,141]

BC200 Brain-	specific	transcript	that	represses	translation	in	dendrites	
to	allow	spatial	translation	regulation	in	postsynaptic	
microdomains;	the	role	in	AD	is	unknown

Homo	sapiens,	Mus	
musculus

[147,148]

GDNFOS Antisense	to	GDNF,	the	role	is	unknown Homo	sapiens, [149]

SOX2-	OT May	regulate	Sox2	in	neurogenesis	to	promote	neural	
differentiation,	also	has	independent	roles

Homo	sapiens,	Mus	
musculus

[60]

FXS,	fragile	X	syndrome;	RTT,	Rett	syndrome;	PWs,	Prader-	Willi	syndrome;	DS,	Down	syndrome;	AS,	Angleman	syndrome;	SZ,	schizophrenia;	
AD,	Alzheimer	disease.

TABLE  1  (Continued)



     |  651TANG eT Al.

other	facial	features.	This	syndrome	is	a	result	of	the	inactivation	or	
dysfunction	of	FMR1	(fragile	X	mental	retardation	gene	1).81	In	most	
patients,	the	FMR1	gene	is	silenced	by	the	expansion	of	an	unstable	
triplet	CGG	repeat	motif	in	the	5′UTR	(untranslated	region)	that	oc-
curs	in	the	maternal	germ	line.	The	number	of	CGG	repeats	is	5-	45	in	
the	general	population.	Genes	with	45-	200	repeats	are	referred	to	as	
premutation,	and	often	experience	a	CGG	repeat	expansion	mutation	
that	gives	rise	to	a	full	mutation	(>200	repeats)	 in	the	offspring.82,83 
An	FMR1	gene	containing	more	than	200	repeats	is	transcriptionally	
silenced	by	hypermethylation	of	the	entire	promoter	region	and	flank-
ing	areas,	resulting	in	decreased	FMRP	levels	in	the	brain.84,85 There 
is	much	evidence	indicating	that	the	etiology	of	fragile	X	syndrome	is	
affected	by	lncRNAs.	FMR4	and	FMR1-	AS1,	an	antisense	lncRNA	that	
originates	at	the	FMR1	gene	locus	and	overlaps	the	CGG	repeats	re-
gion,	are	also	silenced	in	fragile	X	syndrome	patients	but	upregulated	
in	premutation	carriers.86,87	Loss-	of-	function	and	gain-	of-	function	ex-
periments	have	 shown	 that	FMR4	 regulates	 cell	 cycle,	 proliferation	
and	apoptosis.	In	addition,	when	FMR4	is	knocked	down	or	overex-
pressed	 in	HEK293T	cells,	genomewide	changes	 in	gene	expression	
occur.	In	differentiating	human	neural	precursor	cells,	FMR4	expres-
sion	is	developmentally	regulated	in	opposition	to	expression	of	both	
FMR1	and	MBD4.88	These	data	indicate	that	FMR4	is	a	regulator	of	
gene	expression	through	trans-	activity,	independent	of	FMR1.88

Two	new	lncRNAs,	FMR5	and	FMR6,	have	recently	been	linked	to	
fragile	X	syndrome.12	FMR5	is	a	sense	lncRNA	transcribed	upstream	
of	 the	FMR1	promoter,	while	FMR6	 is	an	antisense	 transcript	over-
lapping	 the	3′UTR	of	FMR1.	FMR5	 is	 expressed	 similarly	 in	 several	
human	 brain	 regions	 from	 unaffected	 individuals	 and	 from	 full	 and	
premutation	patients.	However,	FMR6	is	silenced	in	 individuals	with	
a	 full	mutation	 or	 a	 premutation,	 suggesting	 abnormal	 transcription	
and/or	chromatin	remodeling	prior	to	transition	to	the	full	mutation.	
Furthermore,	the	expression	of	FMR4,	FMR5,	and	FMR6	was	found	
to	be	detectable	 in	 the	majority	 of	 patient	 leukocyte	RNA	 samples,	
suggesting	that	it	may	be	feasible	to	use	these	lncRNAs	as	biomarkers	
for	fragile	X	syndrome.

4.3 | LncRNAs and Down syndrome

Down	 syndrome	 (DS),	 the	 leading	 genetic	 cause	 of	 intellectual	 dis-
abilities,	is	a	common	disorder	caused	by	trisomy	21.	Most	DS	patients	
also	face	multiple	other	health	issues,	such	as	congenital	heart	defects	
and	hematopoietic	disorders.89,90	X	chromosome	inactivation	(XCI)	is	
essential	 in	 female	mammals,	 and	 nature	 has	 evolved	 a	mechanism	
to	compensate	for	the	difference	in	number	of	X-	linked	gene	copies	
between	 females	 and	males.91	XIST(X-	inactive	 specific	 transcript)	 is	
a	 conserved	 lncRNA	 that	 is	 produced	 exclusively	 from	 the	 inactive	
X	chromosome	and	“paints”	the	interphase	chromosome	structure.92 
XIST	 induces	 numerous	 heterochromatin	 modifications	 and	 archi-
tectural	 changes	and	 then	 recruits	polycomb-	group	protein	 to	 tran-
scriptionally	silence	the	inactive	X	chromosome.93-95	A	notable	recent	
report	from	Jiang	and	coworkers	described	the	use	of	genome	editing	
to	 control	 the	 expression	 of	 XIST.	 These	 researchers’	 method	 suc-
cessfully	silenced	one	copy	of	chromosome	21	in	iPSCs	derived	from	

patients	with	DS,96	resulting	in	improved	deficiencies	in	proliferation	
and	neural	rosette	formation.	Importantly,	this	successful	trisomy	si-
lencing	in	vitro	overcomes	a	key	step	toward	potential	development	
of	 “chromosome	 therapy.”96	 A	 study	 conducted	 by	 Celine	 and	 col-
leagues	showed	that	the	lncRNA	XACT	is	expressed	from	and	“coats”	
the	 active	 X	 chromosome	 in	 human	 pluripotent	 cells.97	 XIST	 and	
XACT	display	 a	 common	 function	 of	 lncRNAs	 by	 inducing	 chroma-
tin	remodeling	and	histone	modification	to	regulate	the	transcription	
of	multiple	genes.	 In	addition,	nonprotein-	coding	RNA,	 repressor	of	
NFAT	(NRON),	which	is	a	lncRNA	that	mediates	shuttling	of	the	NFAT	
transcription	factor	between	the	cytoplasm	and	the	nucleus,	may	also	
be	 involved	 in	 DS.98	 In	 animal	 models,	 deregulation	 of	 the	 DSCR1	
and	DYRK1A	genes,	which	act	synergistically	to	prevent	nuclear	oc-
cupancy	of	NFATc	transcription	factors,	leads	to	reduced	NFATc	ac-
tivity	and	contributes	to	many	features	of	DS.	These	data	suggest	a	
potential	link	between	NRON	activity	and	DS	pathophysiology.99,100

4.4 | LncRNAs and Rett syndrome

Rett	syndrome	(RTT)	is	an	X-	linked	postnatal	neurological	disorder	of	
the	gray	matter	of	the	brain,	which	almost	exclusively	affects	females	
but	has	also	been	found	 in	male	patients.	Typical	 features	 include	a	
slowed	rate	of	head	growth,	repetitive	stereotypical	hand	movements,	
seizures,	and	a	lack	of	verbal	skills.101,102	Mutations	in	the	gene	encod-
ing	methyl-	CpG	binding	protein	2	(MeCP2)	were	initially	reported	to	
cause	this	disorder.	MeCP2,	which	can	bind	to	methylated-	CpG	dinu-
cleotides	and	affect	gene	expression,	 is	abundant	 in	 the	neurons	of	
the	mature	nervous	system.2	 In	a	mouse	model	of	RTT,	the	expres-
sion	of	the	lncRNA	Gtl2,	which	is	homologous	to	MEG3	(maternally	
expressed	gene	3)	in	humans,	was	increased.103	Paolo	and	coauthors	
reported	that	the	lncRNAs	AK081227	and	AK087060	were	both	up-
regulated	 in	MeCP2-	null	mice	 brains.	 Additionally,	 this	 overexpres-
sion	of	AK081227	was	associated	with	downregulation	of	the	Gabrr2	
(gamma-	aminobutyric	acid	receptor	subunit	Rho	2)	gene,	which	is	the	
host	protein-	coding	gene	of	AK081227.104	 Scott	et al	 revealed	 that	
the	lncRNA	RNCR3	interacts	with	MeCP2	to	mediate	chromatin	re-
modeling,	influencing	gene	expression	in	the	male	mouse	brain.105	All	
of	these	findings	supply	either	indirect	or	direct	evidence	that	lncRNA	
dysfunction	has	the	potential	to	contribute	to	the	etiology	of	RTT.

4.5 | LncRNAs, Angelman syndrome, and Prader- 
Willi syndrome

Angelman	 syndrome	 (AS)	 is	 a	 neurodevelopmental	 disorder	 charac-
terized	by	 severe	 intellectual	 or	 developmental	 disability,	 sleep	dis-
turbance,	seizures,	 jerky	movements	and	an	abnormal	demeanor.106 
The	loss	of	maternal	genetic	material	at	the	15q11.2-	13	locus	results	
in	AS.107	The	dosage	of	an	imprinted	gene	or	genes	within	the	dupli-
cated	region	underlies	the	autism	risk	 in	these	 individuals.	Ubiquitin	
protein	ligase	E3A	(UBE3A)	is	the	only	gene	within	the	15q11-	13	du-
plicated	segment,	and	a	disruption	in	the	UBE3A	gene	is	thought	to	be	
causative	for	AS.108	The	lncRNA	UBE3A-	ATS,	which	can	regulate	the	
expression	of	UBE3A,	 is	 transcribed	antisense	 to	UBE3A,109,110 and 
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high	expression	of	UBE3A-	ATS	is	detected	in	AS	patients	and	mouse	
models.111,112	Additionally,	many	studies	have	demonstrated	that	re-
duction	of	UBE3A-	ATS	 levels	 and	 sustained	unsilencing	of	paternal	
UBE3A	may	be	a	feasible	therapy	for	AS.113,114	However,	some	con-
trary	results	showed	that	unsilencing	of	UB3EA	may	also	occur	when	
UB3E-	ATS	is	not	present,	suggesting	that	the	regulation	of	UB3EA	is	
more	complex	and	is	not	limited	to	silencing	by	UB3E-	ATS.115,116

Prader-	Willi	syndrome	(PWS)	is	characterized	by	hypotonia,	short	
stature,	 developmental	 delays,	 intellectual	 disability	 and	 behavioral	
issues,	 including	ASDs.117	 PWS	 is	 caused	by	 the	deletion	or	 lack	of	
expression	of	genes	in	the15q11.2-	q13	region	of	the	paternally	inher-
ited	chromosome.	In	most	PWS	patients,	approximately	20	paternally	
inherited	genes	are	missing.118,119	The	lncRNA	116HG	has	also	been	
reported	to	participate	in	the	development	of	PWS.	116HG	is	a	sub-
nuclear	RNA	that	copurifies	with	the	transcriptional	activator	RBBP5	
and	an	active	metabolic	gene,	remains	tethered	to	the	site	of	its	tran-
scription	and	increases	in	size	in	postnatal	neurons	and	during	sleep.	
A	mouse	model	lacking	116HG	exhibits	increased	energy	expenditure	
corresponding	to	the	dysregulation	of	diurnally	expressed	mammalian	
target	 of	 rapamycin	 (mTOR)	 and	 the	 circadian	 genes	 Clock,	 crypto-
chrome	circadian	clock1	(Cry1)	and	period	circadian	clock	2	(Per2).120 
Another	 lncRNA,	 IPW,	which	 is	 transcribed	 from	 the	 15.q11.2-	q13	
region	of	the	chromosome	is	a	regulator	of	the	delta-	like	1	homolog-	
deiodinase	3	(DLK1-	DIO3)	regions.	Overexpression	of	IPW	in	subjects	
with	PWS	and	 in	parthenogenetic	 iPSCs	 resulted	 in	downregulation	
of	MEGs	 in	 this	 locus.	Of	 note,	 the	 gene	 changes	 are	 due	 to	 chro-
matin	modifications,	 rather	 than	DNA	methylation.121-123	Moreover,	
a	 series	 of	 investigations	 have	 also	demonstrated	 that	 the	 lncRNAs	
H19,	C15orf2,	MKRN3-	AS1,	 and	UBE3A-	AS1	may	be	 implicated	 in	
the	development	of	PWS.124-127

4.6 | LncRNAs and other neurodevelopmental 
disorders that is associated with autistic traits

In	 the	 last	 decade,	 some	 rare	 neurodevelopmental	 disorders	 have	
been	 reported.	 Phelan-	McDermid	 syndrome	 (PMS)	 is	 characterized	
by	global	developmental	delays,	 intellectual	disability,	absent	or	de-
layed	speech,	hypotonia,	and	ASD	or	ASD	features.128	The	deletion	of	
the	human	SHANK3	gene	near	the	terminus	of	chromosome	22q13	
has	been	confirmed	to	result	in	this	syndrome.	Phosphatase	and	ten-
sin	homolog	on	chromosome	10	(PTEN)	hamartoma	tumor	syndrome	
(PHTS)	is	the	term	used	to	encompass	the	range	of	symptoms	iden-
tified	as	being	caused	by	PTEN	mutations.	These	symptoms	 include	
mental	retardation,	developmental	delay	and	ASD.129,130	2p15-	p16.1	
microdeletion	syndrome	is	characterized	by	mental	retardation,	autis-
tic	features,	short	stature	and	various	dysmorphic	facial	 features.131 
The	genetic	cause	of	this	disorder	is	not	entirely	clear,	but	candidate	
genes	include	PTEN,	SHANK3,	calcium	voltage-	gated	channel	subu-
nit	 alpha1	 C	 (CACNA1C),132	 B-	cell	 CLL/lymphoma	 11A	 (BCL11A),	
poly(A)	 polymerase	 gamma	 (PAPOLG)	 and	 REL	 proto-	oncogene	
(REL).	One	lncRNA	gene,	FLJ16341,	may	also	be	implicated	in	2p15-	
p16.1	microdeletion	syndrome,	but	the	function	of	this	lncRNA	is	still	
unclear.133,134

5  | CONCLUSIONS

With	the	completion	of	the	human	genome	project,	the	primary	chal-
lenge	 facing	 the	 life	 sciences	 is	 to	determine	 the	 function	of	genes	
and	 their	 regulatory	 networks.	 The	 discovery	 of	 functional	 roles	 of	
lncRNAs	not	only	provides	a	new	pathway	for	researching	the	growth	
and	development	of	organisms	but	also	provides	a	prospect	 for	 the	
development	 of	 tissue	 engineering	 technology	 and	 novel	 targeted	
gene	therapy	technology.	LncRNAs	are	important	to	the	CNS	because	
they	play	 roles	 in	maintenance	of	pluripotency,	 cell	 fate,	neurogen-
esis	 and	 migration,	 synaptogenesis,	 neuron-	specific	 relaxation	 of	
epigenetic	 imprinting,	 repression	of	neural	genes	 in	nonneural	 cells,	
and	brain	tissue	patterning.135	Because	long-	term	memory	formation	
is	based	on	the	alteration	of	chromatin	structure,	 lncRNAs	are	even	
involved in memory.136,137	The	involvement	of	 lncRNAs	in	neurode-
velopmental	and	neurodegenerative	disorders	and	other	neurological	
diseases	further	 illustrates	their	 important	role	 in	CNS	development	
and	function.	However,	 research	on	 lncRNAs,	especially	 in	CNS	de-
velopment	and	neurological	disorders,	is	still	in	its	initial	stages.138	We	
suggest	that	productive	directions	for	future	studies	may	include:	(i)	
determining	the	novel	and	higher	order	functions	that	are	modulated	
by	 lncRNA-	mediated	mechanisms;	 (ii)	elucidating	the	specific	spatial	
and	 temporal	 expression	 patterns	 of	 lncRNAs	 and	 fully	 illustrating	
the	dynamics	of	lncRNAs	in	the	development	of	the	CNS	system	and	
in	 neurological	 disorders;	 and	 (iii)	 studying	 how	 lncRNAs	modulate	
pathogenetic	 events	 in	 neurodevelopmental	 disorders.	 Additionally,	
lncRNA	research	should	not	be	limited	to	animal	or	cellular	models.139 
More	 insight	 into	 their	 roles	 in	ASD	and	other	neurodevelopmental	
disorders	might	require	the	 incorporation	of	epidemiological	studies	
carried	out	on	patients,	as	well	as	improvements	in	bioinformatics,140 
which	will	help	in	understanding	the	function	of	those	lncRNAs	that	
have	not	been	well	characterized.
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