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Abstract
We	studied	the	distribution	of	germline	and	somatic	variants	in	epilepsy	surgery	
patients	with	(suspected)	malformations	of	cortical	development	(MCD)	who	un-
derwent	 surgery	between	2015	and	2020	at	University	Medical	Center	Utrecht	
(the	 Netherlands)	 and	 pooled	 our	 data	 with	 four	 previously	 published	 cohort	
studies.	 Tissue	 analysis	 yielded	 a	 pathogenic	 variant	 in	 203	 of	 663	 (31%)	 com-
bined	cases.	In	126	of	379	(33%)	focal	cortical	dysplasia	(FCD)	type	II	cases	and	
23	of	37	(62%)	hemimegalencephaly	cases,	a	pathogenic	variant	was	identified,	
mostly	involving	the	mTOR	signaling	pathway.	Pathogenic	variants	in	10	focal	
epilepsy	genes	were	found	in	48	of	178	(27%)	FCDI/mild	MCD/mMCD	with	oli-
godendroglial	hyperplasia	and	epilepsy	cases;	36	of	 these	(75%)	were	SLC35A2	
variants.	Six	of	69	(9%)	patients	without	a	histopathological	lesion	had	a	patho-
genic	variant	in	SLC35A2	(n	=	5)	or	DEPDC5	(n	=	1).	A	germline	variant	in	blood	
DNA	was	confirmed	in	all	cases	with	a	pathogenic	variant	in	tissue,	with	a	vari-
ant	allele	frequency	(VAF)	of	~50%.	In	seven	of	114	patients	(6%)	with	a	somatic	

www.wileyonlinelibrary.com/journal/epi
mailto:m.w.c.b.sanders-5@umcutrecht.nl
https://orcid.org/0000-0003-0592-1098
https://orcid.org/0000-0001-7749-182X
https://orcid.org/0000-0001-5793-9623
https://orcid.org/0000-0003-0745-5668
https://orcid.org/0000-0003-4851-2796
https://orcid.org/0000-0002-8454-7374
https://orcid.org/0000-0002-5567-8076
https://orcid.org/0000-0002-3008-8432
https://orcid.org/0000-0002-3659-8847
https://orcid.org/0000-0001-8676-0788
https://orcid.org/0000-0002-5173-9636
https://orcid.org/0000-0001-6430-4693
https://orcid.org/0000-0002-3542-3770
https://orcid.org/0000-0003-3631-0003
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:m.w.c.b.sanders-5@umcutrecht.nl
mailto:m.w.c.b.sanders-5@umcutrecht.nl


e210 |   SANDERS et al.

1 	 | 	 INTRODUCTION

Epilepsy	surgery	is	the	most	effective	treatment	in	epi-
lepsy	patients	who	develop	refractory	seizures,	provided	
that	 the	 epileptogenic	 zone	 is	 focal,	 well	 delineated,	
preferably	 of	 presumed	 structural	 origin,	 and	 out-
side	 eloquent	 areas.1	 Genetic	 malformations	 of	 corti-
cal	 development	 (MCD),	 such	 as	 mild	 MCD	 (mMCD),	
mMCD	with	oligodendroglial	hyperplasia	and	epilepsy	
(MOGHE),	 focal	 cortical	 dysplasia	 (FCD;	 especially	
FCDIIa	and	FCDIIb	subtypes),	and	hemimegalenceph-
aly	(HMEG)	account	for	more	than	one	third	of	children	
who	undergo	surgery.2,3

Most	MCD	are	found	to	arise	from	variants	in	genes	
that	 encode	 proteins	 essential	 for	 neurodevelopment.	
These	variants	can	be	detected—de	novo	or	inherited—
in	the	patient's	germline	or	arise	during	embryogenesis	
(postzygotic),	and	lead	to	somatic	mosaicism	with	vari-
ant	 allelic	 frequencies	 (VAFs)	 <	50%.	 In	 recent	 years,	
genetic	testing	has	been	increasingly	applied	in	focal	ep-
ilepsy	patients	who	are	considered	for	epilepsy	surgery,	
and	the	outcome	may	guide	the	selection	of	eligible	pa-
tients	for	invasive	intracranial	monitoring	and	resective	
surgery.3–5	Possibilities	to	comprehensively	test	epilepsy	
patients	 for	a	genetic	etiology	with	next	generation	se-
quencing	 (NGS)	 techniques	 have	 expanded6	 and	 have	
showed	 that	 somatic	variants	 in	mTOR	pathway	genes	
(AKT3,	DEPDC5,	MTOR,	PIK3CA,	RHEB, PTEN, TSC1,	
and	 TSC2)	 or	 in	 the	 UDP-	galactose	 transporter	 gene	
SLC35A2	are	the	major	genetic	causes	of	HMEG,	FCD,	
and	 pathology-	negative	 epilepsy	 surgery	 patients.7,8	
Approximately	 70%	 of	 reported	 pathogenic	 somatic	
variants	have	a	very	low-	allelic	fraction	(i.e.,	VAF	<	5%),	
which	 is	 unlikely	 to	 be	 detected	 by	 conventional	 NGS	
(whole	exome	sequencing	 [WES]	or	whole	genome	se-
quencing	 [WGS])	 with	 low	 read	 depth	 and	 Sanger	 se-
quencing	of	tissue.	Nevertheless,	somatic	variants	with	
a	low	VAF	of	merely	1%	in	the	affected	brain	have	been	
shown	to	be	sufficient	to	cause	refractory	epilepsy.	This	
suggests	 that	 high	 read	 depth	 (deep)	 sequencing	 (e.g.,	
~1000	×	read	depth),	which	is	mostly	cost-	effective	when	
performed	using	a	gene	panel,	is	required	to	determine	
how	variants	in	MCD	genes	affect	epilepsy.9

In	the	current	study,	we	performed	genetic	analysis	of	
the	 resected	 tissue	 from	 patients	 with	 (suspected)	 MCD	
to	 identify	 somatic	 or	 germline	 variants	 in	 known	 focal	
epilepsy-	related	 genes,	 with	 the	 use	 of	 deep	 sequencing	
techniques,	and	pooled	 the	results	 from	our	center	with	
the	data	from	three	recent	cohort	studies.10–12

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Cohort

Patients	who	underwent	epilepsy	surgery	between	2015	
and	 2020	 at	 University	 Medical	 Center	 Utrecht	 (the	
Netherlands	[NL])	were	enrolled	in	this	study.	Patients	
were	eligible	if	they	had	an	established	histopathologi-
cal	diagnosis	consistent	with	mMCD,	MOGHE,	FCDI	or	
FCDII,	or	HMEG,	or	if	they	were	suspected	to	have	an	
MCD	but	histopathological	examination	of	resected	tis-
sue	 demonstrated	 no	 abnormalities	 or	 merely	 nonspe-
cific	reactive	gliosis.	Neuropathological	diagnoses	were	
classified	according	to	the	International	League	Against	
Epilepsy	 guidelines.3	 FCDI	 referred	 to	 isolated	 lesions	
with	 cortical	 dyslamination,	 which	 were	 classified	 as	
FCDIa	when	an	excess	of	microcolumns	was	observed;	
FCDII	 referred	 to	cortical	dyslamination	and	 the	pres-
ence	of	dysmorphic	neurons,	with	(FCDIIb)	or	without	
(FCDIIa)	balloon	cells.	mMCD	referred	to	surgical	cases	
with	blurred	gray–white	matter	boundaries	and	excess	
of	heterotopic	neurons	in	cortical	 layer	1	(mMCD	type	
I)	or	in	the	deep	white	matter	(mMCD	type	II).	MOGHE	
referred	to	surgical	cases	with	an	increase	in	oligoden-
droglia	 and	 heterotopic	 neurons	 in	 the	 white	 matter.	
DNA	 for	 genetic	 analysis	 was	 derived	 from	 specimens	
that	were	formalin-	fixed	and	paraffin-	embedded	(FFPE)	
by	the	neuropathology	department,	or	immediately	after	
surgery	 frozen	 in	 liquid	 nitrogen	 (fresh	 frozen	 [FFZ]).	
Matched	 blood	 DNA	 samples	 from	 the	 included	 pa-
tients,	 when	 available	 from	 regular	 clinical	 care,	 were	
used	 to	 investigate	 the	 presence	 of	 postzygotic	 mosai-
cism	and	germline	variants	in	both	brain	and	peripheral	
sequencing	data.	For	unmatched	samples,	variant	call-
ers	were	employed	to	mitigate	the	risk	of	overestimating	

variant	in	tissue,	mosaicism	in	blood	was	detected.	More	than	half	of	pathogenic	
somatic	 variants	 had	 a	 VAF	 <	5%.	 Further	 analysis	 of	 the	 correlation	 between	
genetic	variants	and	surgical	outcomes	will	improve	patient	counseling	and	may	
guide	postoperative	treatment	decisions.
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pathogenicity.	 All	 patients	 consented	 to	 participate	 in	
this	 study,	 as	 approved	 by	 the	 medical	 ethics	 review	
committee.	 For	 the	 pooled	 data	 analysis,	 we	 included	
published	data	from	the	other	four	cohorts	according	to	
the	methods	previously	described.10–13

2.2	 |	 DNA extraction from samples and 
sequencing

Genomic	 DNA	 was	 extracted	 from	 FFPE	 brain	 sam-
ples	 using	 QIAamp	 DNA	 FFPE	 kits	 (Qiagen).	 From	
FFZ	 brain	 samples,	 genomic	 DNA	 was	 extracted	 using	
QIAamp	 DNA	 Mini	 Kits	 (Qiagen).	 For	 peripheral	 blood	
DNA	 samples,	 QIAamp	 DNA	 Blood	 Mini	 Kits	 (Qiagen)	
were	 used.	 Patients	 were	 analyzed	 with	 use	 of	 two	 dif-
ferent	panels.	Panel	1	concerned	a	hybrid	capture-	based	
NGS	with	a	coverage	of	~1000	×	read	depth	that	required	
a	minimum	input	of	>200	ng	DNA,	and	consisted	of	the	
following	genes:	BRAF, FGFR1, DEPDC5, NPRL2, NPRL3, 
AKT1, AKT3, MTOR, PIK3CA, PIK3R2, SLC35A2, TSC1, 
TSC2, PTEN, RYR3,	 and	 TBC1D7.	 Panel	 2	 involved	 am-
plicon	 sequencing	 with	 a	 mean	 coverage	 of	 ~1500	×	per	
amplicon,	 and	 consisted	 of	 the	 following	 genes:	 BRAF, 
FGFR1, DEPDC5, NPRL2, NPRL3, AKT1, AKT3, MTOR, 
PIK3CA, PIK3R2, SLC35A2, TSC1, TSC2, PTEN, TBC1D7,	
RHEB, PIK3R1,	and	RPS6.	Panel	2	was	utilized	for	cases	
where	only	FFPE	tissue	or	tissue	with	limited	DNA	con-
tent	(2–10	ng)	was	available	and	for	FCDII	patients	with	
negative	results	from	panel	1	(after	isolating	pS6-	positive	
cells	with	laser	capture).	For	all	candidate	variants,	valida-
tion	sequencing	with	use	of	targeted	amplicon	sequencing	
(Miseq	Dx	sequencer;	Illumina)	was	performed.	Variants	
were	 reported	 as	 (likely)	 pathogenic	 according	 to	 the	
American	 College	 of	 Medical	 Genetics	 and	 Genomics	
(ACMG)	guide	adapted	for	classification	of	somatic	mis-
sense	 variants.14,15	 Based	 on	 these	 criteria,	 we	 excluded	
germline	variants	with	uncertain	pathogenicity.	We	clas-
sified	 variants	 as	 pathogenic	 only	 if	 they	 were	 somatic	
missense	variants	in	mTOR	pathway	activators	previously	
reported,	 shown	 to	 cause	 hyperactivation	 of	 the	 mTOR	
pathway	 in  vitro,	 or	 germline/somatic	 loss-	of-	function	
variants	 in	 mTOR	 pathway	 repressors	 or	 in	 SLC35A2.	
Missense	variants	in	TSC1/2	or	SLC35A2	were	classified	
as	 pathogenic	 only	 if	 already	 reported.	Unreported	 vari-
ants	 were	 considered	 likely	 pathogenic	 if	 confirmed	 as	
somatic	and	absent	in	gnomAD.	For	PTEN	and	DEPDC5,	
single-	nucleotide	 variants	 resulting	 in	 protein	 trunca-
tion	or	loss	of	function	were	considered	to	be	pathogenic	
because	 their	pathogenic	mechanism	is	 loss	of	 function.	
Germline	 mutations	 in	 TSC1/2	 reported	 as	 benign	 or	
with	 conflicting	 interpretation	 according	 to	 the	 ACMG	
guidelines	were	excluded.	A	full	list	of	genes	included	in	

each	panel	version	is	available	 in	the	supplemental	data	
(Table S2).

2.3	 |	 Analysis

Differences	 in	 proportion	 of	 patients	 with	 a	 pathogenic	
variant	between	the	centers	(NL	vs.	pooled	cohort)	were	
examined	 by	 use	 of	 χ2	 tests	 for	 categorical	 variables.	
Categorical	data	are	presented	as	percentages.	Data	analy-
sis	was	performed	with	IBM	SPSS	23.

3 	 | 	 RESULTS

3.1	 |	 Patient characteristics

We	included	123	epilepsy	surgery	patients	at	our	center.	
In	the	pooled	data	analysis	(n	=	663),	we	further	included	
80	patients	 from	France,10	107	patients	 from	 the	USA,11	
170	patients	 from	the	Korean	study	(which	reported	the	
results	 of	 177	 patients,	 of	 whom	 seven	 were	 already	 in-
cluded	 in	 our	 cohort),12	 and	 180	 patients	 from	 the	 USA	
(Cleveland)	 and	 European	 Epilepsy	 Brain	 Bank	 (EEBB)	
consortium	 study.13	 Matched	 peripheral	 DNA	 samples	
were	available	for	sequencing	in	44	(36%)	NL	patients,	and	
342	of	the	663	patients	(51%)	from	all	centers	combined.	
Genetic	findings	of	the	Dutch	cohort	and	the	pooled	pa-
tient	population	are	listed	in	Table 1.

3.2	 |	 Tissue analysis

Outcomes	(pooled)	of	genetic	analysis	of	brain	tissue	sam-
ples	 according	 to	 histopathological	 diagnosis	 are	 illus-
trated	in	Figure 1.

There	 was	 a	 similar	 rate	 of	 pathogenic	 variants	 (so-
matic	and/or	germline)	in	the	NL	cohort	(42	of	123	cases,	
34%)	 and	 the	 pooled	 cohorts	 (203	 of	 663	 cases,	 31%;	 p-	
value	of	difference	=	.51),	comprising	of	pathogenic	vari-
ants	in	10	of	69	FCDI	cases	(14%),	20	of	77	mMCD	cases	
(26%),	 18	 of	 32	 MOGHE	 cases	 (56%),	 126	 of	 379	 FCDII	
cases	 (33%),	 23	 of	 37	 HMEG	 cases	 (62%),	 and	 six	 of	 69	
patients	without	a	 lesion	(9%).	In	146	of	the	149	FCDII/
HMEG	 cases	 with	 an	 identified	 variant	 (98%),	 a	 patho-
genic	variant	in	mTOR	pathway	genes	was	identified;	36	
of	 48	 FCDI/mMCD/MOGHE	 cases	 with	 a	 variant	 (75%)	
had	an	SLC35A2	variant.	Six	of	69	patients	(9%)	without	
a	histopathological	 lesion	also	had	a	pathogenic	variant,	
in	either	SLC35A2	(n	=	5)	or	DEPDC5	(n	=	1).	The	"other"	
variants	 category	 contained	 five	 FCDI	 patients	 with	 de-
tected	CASK,	KRAS,	NF1,	or	NIBPL	variants,	or	a	1q	am-
plification.	Two	FCDII	patients	had	an	SCN1A	variant	or	
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F I G U R E  1  Distribution	(proportional)	of	outcome	of	genetic	testing	(somatic	and	germline	variants)	in	brain	tissue	according	to	
histopathology	(A)	and	of	histopathology	according	to	outcome	of	genetic	testing	in	brain	tissue	(B)	in	all	four	cohorts	combined	(n	=	663).	
FCDI,	focal	cortical	dysplasia	type	I;	FCDII,	focal	cortical	dysplasia	type	II;	HMEG,	hemimegalencephaly;	mMCD,	mild	malformations	of	
cortical	development;	MOGHE,	mMCD	with	oligodendroglial	hyperplasia	and	epilepsy.
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a	 1q	 amplification/PTEN	 variant,	 and	 one	 HMEG	 case	
had	a	somatic	uniparental	disomy	of	 the	p-	arm	of	chro-
mosome	16.	Genetic	findings	of	individual	patients	with	a	
(likely)	pathogenic	variant	are	listed	in	Table S1.	In	20	of	
34	NL	cases	(59%)	and	89	of	170	patients	from	the	pooled	
cohorts	(52%;	p-	value	of	difference	=	.64)	with	a	somatic	
pathogenic	 variant,	 a	 low-	level	 variant	 with	 a	VAF	<	5%	
was	identified.	Somatic	variants	and	germline	variants	ac-
counted	for	29	(24%)	and	eight	(7%)	patients	in	our	cohort,	
and	162	(24%)	and	33	(5%)	among	all	patients	combined,	
respectively.	In	five	patients	(4%)	of	our	cohort	and	eight	
patients	(2%)	of	all	cohorts	combined,	a	germline	and	(sec-
ond	hit)	somatic	variant	in	the	same	gene	was	identified	in	
the	resected	tissue.

3.3	 |	 Blood DNA sample analysis

In	all	10	patients	with	a	tissue	VAF	of	~50%	whose	blood	
DNA	samples	were	available	for	analysis	(eight	DEPDC5	
cases,	one	TSC2	case,	and	one	SCN1A	case),	the	germline	
variant	was	confirmed.	In	addition,	in	seven	of	114	patients	
(6%)	with	a	somatic	variant	in	tissue	and	available	blood	
DNA,	mosaicism	for	the	variant	was	shown	in	blood,	with	
VAFs	(tissue/blood	%)	of	24.0/2.0%	and	15.2/2.0%	in	two	
MTOR	cases,	4.6/2.0%,	3.7/2.2%,	7.0/1.0%,	and	4.4/1.0%	in	
four	TSC1	cases,	and	9/1.4%	in	one	PTEN	case.

4 	 | 	 DISCUSSION

Similar	to	what	was	previously	reported,8	this	study	shows	
that	a	high	rate	of	pathogenic	or	likely	pathogenic	genetic	
findings	in	HMEG	(62%)	as	well	as	FCDII	(33%)	could	be	
identified.	 Almost	 all	 variants	 in	 HMEG	 and	 FCDII	 in-
volved	 genes	 comprising	 the	 mTOR	 signaling	 pathway,	
which	is	not	surprising	given	the	shared	pathological	fea-
tures	 between	 these	 malformations.	 As	 reported	 before,	
genes	 mutated	 in	 FCDI/mMCD/MOGHE	 patients	 were	
related	to	glycosylation,	the	mTOR	signaling	pathway,	or	
synapse	or	gene	expression	pathways,	pointing	toward	a	
higher	 genetic	 heterogeneity	 in	 FCDI/mMCD/MOGHE	
as	compared	to	FCDII.13	The	majority	of	all	somatic	path-
ogenic	variants	were	low-	level	(VAF	<	5%)	variants.	Three	
quarters	 of	 mMCD/FCDI/MOGHE	 cases	 with	 a	 patho-
genic	 variant	 had	 SLC35A2	 somatic	 variants.	 In	 nonle-
sional	patients,	 the	 resected	 tissue	 infrequently	 revealed	
somatic,	 mainly	 SLC35A2	 variants.	 Blood-	derived	 DNA	
analysis	infrequently	showed	postzygotic	mosaicism.

It	is	likely	that	some	of	the	patients	without	an	estab-
lished	 genetic	 pathogenic	 variant	 are	 falsely	 negative,	
because	a	recent	study	reported	evidence	that	in	a	substan-
tial	 part	 of	 variant-	negative	 FCDII	 cases,	 ultra-	low-	level	

somatic	variant	in	mTOR	pathway	genes	can	only	be	de-
tected	in	pS6-	enriched	cells	by	deep	WGS,16	and	because	
two	of	the	pooled	cohorts	(USA,	USA-	EEBB)	used	WES,	
which	is	a	less	sensitive	approach	to	identify	low-	level	so-
matic	variants.11,13	Also,	the	gene	panels	that	were	used	in	
the	other	cohorts	(NL,	Korea,	France)	did	not	include	all	75	
currently	known	MCD-	related	genes,	and	unknown	genes	
might	also	play	a	role,	although	the	MCD	genes	with	the	
highest	prevalence	were	analyzed.10,12,17	Lastly,	it	is	proba-
ble	that	there	is	an	underestimation	of	the	histopatholog-
ical	entity	MOGHE	in	this	study,	because	for	most	of	the	
included	previously	published	cohorts,	MOGHE	was	not	
yet	well	recognized	as	a	distinct	pathological	entity	during	
the	study	period.	As	a	result,	because	somatic	brain	mo-
saic	variants	in	SCL35A2	are	a	major	etiological	factor	in	
MOGHE,	it	is	possible	that	part	of	the	previously	reported	
SLC35A2	cases	with	a	histopathological	diagnosis	of	FCDI	
or	normal/aspecific	histopathological	 findings	should	be	
classified	as	MOGHE	under	the	current	guidelines.3,18

Recent	 studies	 emphasize	 that	 genetic	 testing	 of	 tis-
sue	adherent	to	stereoelectroencephalographic	electrodes	
and	 cell-	free	 DNA	 derived	 from	 cerebrospinal	 fluid	 col-
lected	 during	 epilepsy	 surgery	 show	 future	 opportuni-
ties	for	detecting	pathogenic	variants	in	epilepsy	surgery	
patients.19,20	Further	analysis	of	 the	correlation	between	
genetic	variants	and	surgical	outcomes	in	cohorts	such	as	
these	will	improve	patient	counseling	and	may	guide	post-
operative	treatment	decisions.
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