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Mechanistic target of rapamycin (mTOR) pathway, focal cortical dysplasia and epilepsy

Over the last decade, there has been increasing

evidence that hyperactivation of the mechanistic tar-

get of rapamycin (mTOR) pathway is a hallmark of

malformations of cortical development such as focal

cortical dysplasia (FCD) or hemimegalencephaly. The

mTOR pathway governs protein and lipid synthesis,

cell growth and proliferation as well as metabolism

and autophagy. The molecular genetic aetiology of

mTOR hyperactivation has only been recently clari-

fied. This article will review the current and still

evolving genetic advances in the elucidation of the

molecular basis of FCD. Activating somatic mutations

in the MTOR gene are to date the most frequent

mutations found in FCD brain specimens.
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Introduction

Focal cortical dysplasias (FCD) are localized malforma-

tions of cortical development (MCDs) that are com-

monly associated with drug-resistant epilepsy in both

children and adults, often requiring resective surgery to

control seizures. The International League Against Epi-

lepsy (ILAE) diagnostic methods commission has pro-

posed a classification system to categorize FCD entities

based on their neuropathological features [1]: FCD I

refers to isolated lesions, which present radial and/or

tangential dyslamination of the cortex, FCD II is an iso-

lated lesion characterized by cortical dyslamination and

dysmorphic neurons without (FCD IIa) or with balloon

cells (FCD IIb), and FCD III is associated to other

brain lesions. The histopathological features of

hemimegalencephaly (HME) resemble FCD II but the

lesion extents to unilateral hemispheric enlargement.

When the ILAE classification was reported in 2011, the

genetic aetiology of FCD was unknown. FCD are often

sporadic conditions (not inherited from an affected par-

ent), and only a few subsets of studies reported a family

history with multiple FCD individuals within the same

family. So far, six families have been reported with the

co-occurrence of FCD, ganglioglioma, HME and dysem-

bryoplastic neuroepithelial tumours suggesting the exis-

tence of genetic determinants contributing to these

related brain cortical lesions [2]. Two other pedigrees,

with two first-degree relatives with an FCD in a context

of familial focal epilepsy, were also reported [3]. Never-

theless, the majority of FCD are sporadic, and the

molecular genetic aetiology of FCD has remained enig-

matic until recent years.

Over the last decade, there has been increasing evi-

dence that FCD II is linked to hyperactivation of the

mechanistic target of rapamycin (mTOR) pathway.

mTOR is a kinase ubiquitously expressed which is part
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of two complexes: mTOR complex 1 (mTORC1) when

associated to the protein raptor or mTOR complex 2

(mTORC2) when bound to the protein Rictor. These

two complexes regulate fundamental cell physiology

processes in response to distinct cellular inputs includ-

ing growth factors and nutrients. While mTORC2

mainly controls cell proliferation and survival,

mTORC1 governs protein and lipid synthesis, cell

growth and proliferation as well as metabolism and

autophagy [4,5]. One commonly used readout of

mTOR pathway activity is the phosphorylation by

mTORC1 of its downstream S6 kinase (phospho-S6K,

Thr389) and ribosomal protein S6 (phospho-S6,

Ser235/6 or Ser240/4) substrates. In 2004, two stud-

ies linked FCD to mTORC1 hyperactivation [6,7].

These observations were subsequently confirmed by

numerous studies demonstrating hyperphosphorylation

of S6 in FCD IIa cytomegalic dysmorphic neurons and

FCD IIb balloon cells [8]. Similar findings were

reported in a variety of epilepsy-associated pathologies,

and in multiple cell types including dysmorphic neu-

rons, microglia and immature cells [9]. Constitutive

activation of mTORC1 is also observed in tuberous

sclerosis complex (TSC) and HME [10], indicating that

dysregulation of the mTOR signalling pathway is a

common hallmark to a spectrum of MCDs. Although

an upregulation of the mTOR pathway has been asso-

ciated to the pathogenesis of FCD II for more than a

decade, the genetic events sustaining mTOR hyperacti-

vation have only been recently clarified. This article

will review the current and still evolving genetic

advances in the elucidation of the molecular basis of

FCD.

Brain somatic mutations in the PI3K–
PTEN–AKT3–TSC pathway

Phenotype and mutational spectrum

Germline mutations in TSC1/2 (TSC), PTEN (phos-

phatase and tensin homolog) or AKT3 (AKT serine/

threonine kinase 3) and PIK3CA (phosphatidylinositol

3-kinase) are known to cause, respectively, TSC, Cow-

den or megalencephaly syndromes [11]. Brain somatic

mutations occurring in a fraction of neurons during

brain development have been suspected to underlie

both the cellular mosaicism and the focal nature of

FCD [12]. Remarkably, accumulating evidence supports

the role of brain somatic mutations in TSC1/2, PTEN,

AKT3 and PIK3CA genes in focal MCDs such as FCD

type IIa and IIb or in HME (Table 1). Here we reviewed

seven studies reporting 21 subjects with mosaic brain

somatic mutations in genes belonging to the PI3K–

PTEN–AKT3–TSC1 pathway. In 2006, Schick et al.

[13] detected a PTEN brain mosaic missense variant by

Sanger sequencing of laser capture microdissected dys-

morphic and balloon cells from a patient with FCD IIb.

In 2012, Poduri et al. [14] reported brain somatic

mutation and mosaic trisomy in AKT3 in 2/20 (10%)

patients with HME, and Lee et al. [15] described acti-

vating somatic mutations in PIK3CA and AKT3 in 5/

20 (25%) HME subjects. Conti et al. [16] identified a

mosaic duplication in AKT3 in 1/16 (6%) patients with

focal or multilobar MCD. Jansen et al. [17] reported

three activating variants in AKT3 and PIK3CA in 3/33

(10%) of FCD II and HME cases. D’Gama et al. [18]

detected activating mutations in PIK3CA in 4/53 (8%)

individuals with FCD or HME. Overall, pathogenic vari-

ants in AKT3 and PIK3CA account for 6–25% of these

MCDs with allele frequency of mosaic mutations

between 1.1% and 4.7% in FCD II and from 10% to

31% in HME (Table 1).

Recently, brain somatic missense variants were dis-

covered using deep sequencing of targeted gene panels

in TSC1 and TSC2 in 5/40 (12.5%) FCD II individuals

who were negative for MTOR mutations.

Functional studies and animal models

In vitro assays in heterologous mammalian cell lines

(HEK293T) overexpressing TSC1 and TSC2 variants

found in FCD subjects demonstrated S6K increased

phosphorylation due to the disruption of the forma-

tion of the TSC1–TSC2 complex [19]. Increased S6

phosphorylation was also found in cytomegalic cells

from brain specimens of patients with FCD IIa, FCD

IIb or HME with mutations in PIK3CA, AKT3,

TSC1 or TSC2 [14–16,19]. These data indicate

mTORC1 hyperactivity observed in resected human

brain tissue is likely due to mutations in genes of

the pathway.

To model somatic mutations and brain focal malfor-

mations in vivo, multiple mouse models have been gen-

erated using in utero electroporation in embryonic

mouse brains. A first study used a double-hit strategy

to eliminate Tsc1 in discrete neuronal populations by in



utero electroporation of pCAG-Cre in E15-16 Tsc1fl/mut

mouse embryos. Mice presented TSC syndrome-like cor-

tical lesions as well as a lower seizure threshold com-

pared to wild-type animals [20]. A second study

achieved a knockdown of Tsc2 by in utero electropora-

tion of shRNA targeting Tsc2 in E14 mouse embryos.

The resulting phenotype consisted in a disorganization

of the cortical lamination, the presence of mTORC1

hyperactivated cytomegalic cells, but apparently no

spontaneous seizures [21]. Recently, Lim et al. achieved

in utero CRISPR-Cas9-mediated genome editing of Tsc1

and Tsc2 in E14 mouse embryos. The mouse phenotype

is reminiscent of FCD II with spontaneous seizures and

cortical malformations, consisting of cortical dyslamina-

tion and mTORC1 hyperactivated cytomegalic neurons

[19]. In addition, a mouse model in which the recur-

rent AKT3 p.Glu17Lys mutation was introduced at

E14.5 using in utero electroporation resulted in unpro-

voked excessive electrical activity and impaired focal

architecture consisting of neuronal heterotopias, non-

cell autonomous migration defect and mTORC1 hyper-

activated dysmorphic neurons, reminiscent of FCD and

HME. Brain malformations were prevented by rapamy-

cin injection [22].

Moreover, numerous constitutive and conditional

murine knockout (KO) models have been generated in

the past to study the effect of loss-of-function of Tsc1 or

Tsc2 as well as the effect of PIK3CA activating muta-

tions. Among these models, the Tsc1 Synapsin1-cre con-

ditional KO generated on a heterozygote background

(Tsc1c/�KO) exhibits brain lesions and spontaneous sei-

zures reminiscent of patients with TSC syndrome [23].

Another study achieved a brain-specific mosaic neu-

ronal inactivation of Tsc1 in neuronal progenitor cells

in Tsc1c/c Nestin-rtTA+ TetOp-cre+ mouse embryos at

E13.5. The phenotype encompassed spontaneous epilep-

tic seizures accompanied by premature death, as well as

brain malformations consisting of enlarged dysmorphic

neurons and astrocytes presenting increased mTORC1

activity, reminiscent of giant cells present in TSC tubers.

Postnatal rapamycin treatment reversed these pheno-

types [24]. Furthermore, a mouse model expressing the

recurrent activating PIK3CA p.Glu545Lys variant in

developing neural progenitors, under the control of the

Nestin-cre promotor, led to megalencephaly, cortical

and white matter dysplasia, as well as cytomegalic cells

and epilepsy. This phenotype is reminiscent of malfor-

mations of the cortical development [25].

Table 1. Brain mosaic mutations in AKT3, PIK3CA, TSC1, TSC2 and PTEN reported in the literature

MCD type Gene

Mutation

Brain mosaic rate (%) ReferencesDNA (nucleotide change) Protein (amino acid change)

FCD Ib with subcortical

heterotopia

AKT3 Mosaic duplication

chr1q21.1–q44
p.(?) N/A [16]

FCD IIa TSC1 c.610C>T p.Arg204Cys 1.1 [19]

TSC2 c.4639G>A p.Val1547Ile 1.55 [19]

TSC1 c.64C>T p.Arg22Trp 1.98 [19]

TSC1 c.64C>T p.Arg22Trp 2.1 [19]

PIK3CA c.3140A>G p.His1047Arg 4.7 [17]

FCD IIb PTEN c.834C>G p.Phe278Leu N/A [13]

TSC1 c.64C>T p.Arg22Trp 1.37 [19]

HME AKT3 Mosaic trisomy chr1q p.(?) N/A [14]

PIK3CA c.1633G>A p.Glu545Lys N/A 3 patients [15]

AKT3 c.49C>T p.Glu17Lys 10–18 [17]

PIK3CA c.3140A>G p.His1047Arg 13 [18]

PIK3CA c.1624G>A p.Glu542Lys 16 [15]

PIK3CA c.1633G>A p.Glu545Lys 17 [18]

AKT3 c.49C>T p.Glu17Lys 17.4 [14]

PIK3CA c.1633G>A p.Glu545Lys 18 [18]

PIK3CA c.1624G>A p.Glu542Lys 28 [18]

AKT3 c.49C>T p.Glu17Lys 28 [15]

PIK3CA c.[1624G>A; 1631C>A] p.[Glu542Lys, Thr544Asn] 31 [17]

MCD, malformations of cortical development; FCD, focal cortical dysplasia; HME, hemimegalencephaly; chr, chromosome; N/A, not available.



Brain somatic mutations in MTOR

Phenotype and mutational spectrum

Based on the discovery that neurodevelopmental disorders

were caused by somatic mutations in genes of the PI3K–

AKT3 pathway, it was hypothesized that FCD might also

be due to somatic mutations in genes belonging to the

mTOR signalling cascade. Recent genetic studies have

used high throughput sequencing with high coverage

(>1009) to investigate the underlying molecular genetic

basis of FCD sporadic cases. Three reports performed deep

whole-exome sequencing in blood-brain paired FCD

samples and discovered mosaic missense variants in the

MTOR gene in 12/77 (15.6%) individuals with FCD II

[26], 6/13 (46%) individuals with FCD IIb [27] and in

one individual with FCD IIa [28]. Subsequently, Mirzaa

et al. [29] identified MTOR somatic mosaic mutations in

4/42 (10%) patients with FCD/HME and D’Gama et al.

[18] reported mutations in 2/53 subjects with FCD/HME.

Møller et al. [30] performed targeted ultra-deep sequenc-

ing (mean read depth of 26009), allowing the identifica-

tion of low allele frequency (0.9% to 6.8%) MTOR

missense variants in 6/16 (37%) subjects with FCD II. All

brain somatic FCD- or HME-related MTOR variants

published so far are listed in Table 2.

Table 2. Brain mosaic mutations in MTOR reported in the literature

MCD type

Mutations

Brain mosaic rate (%) References

DNA

(nucleotide change)

Protein

(amino acid change)

FCD IIa c.6644C>T p.Ser2215Phe 0.93 [30]

c.6644C>A p.Ser2215Tyr 1.06 [30]

c.6644C>T p.Ser2215Phe 1.2–8.6 [29]

c.6577C>T p.Arg2193Cys 1.26 [26]

c.5126G>A p.Arg1709His 1.52 [26]

c.7280T>C p.Leu2427Pro 3.48–7.28 [26]

c.6644C>A p.Ser2215Tyr 3.5 [29]

c.1871G>A p.Arg624His 4.41 [26]

c.6644C>T p.Ser2215Phe 5.5 [29]

c.4379T>C p.Leu1460Pro 6 [29]

c.7280T>C p.Leu2427Pro 6.57–12.63 [26]

c.4487T>G p.Trp1456Gly 8 [28]

FCD IIb c.5930C>A p.Thr1977Lys 1.51 [26]

c.6644C>A p.Ser2215Tyr 1.54 [27]

c.4379T>C p.Leu1460Pro 1.59 [27]

c.4376C>A p.Ala1459Asp 1.65 [27]

c.6644C>T p.Ser2215Phe 2.11 [26]

c.6644C>T p.Ser2215Phe 2.33 [26]

c.4375G>T + c.4379T>C p.Ala1459Ser + p.Leu1460Pro 2.41 and 2.46 [30]

c.6644C>T p.Ser2215Phe 2.62 [30]

c.7280T>A p.Leu2427Gln 2.86–5.11 [26]

c.5930C>A p.Thr1977Lys 2.93 [26]

c.6644C>T p.Ser2215Phe 3.11 [27]

c.6644C>A p.Ser2215Tyr 3.67 [30]

c.4348T>G p.Tyr1450Asp 3.76 [26]

c.4379T>C p.Leu1460Pro 4.87 [27]

c.4447T>C p.Cys1483Arg 6.61–9.77 [26]

c.6644C>T p.Ser2215Phe 6.80 [30]

c.6644C>A p.Ser2215Tyr 9.31 [27]

HME c.4448C>T p.Cys1483Tyr 9.7 [15]

c.4448C>T p.Cys1483Tyr 14 [18]

c.5005G>T p.Ala1669Ser 44 [18]

MCD, malformations of cortical development; FCD, focal cortical dysplasia; HME, hemimegalencephaly.



Overall, MTOR somatic variants were present at low

rate mosaicism in brain DNA, with allele frequencies

ranging from 0.93% to 12.63% in FCD II and from

9.7% to 44% in HME, and were not detected in the

matched blood DNA (Table 2). The level of mosaicism

of mutations was correlated with the extent of the

brain malformation with a gradient ranging from low

mosaic rates in FCD to higher rates in HME (Table 2).

In addition, molecular analysis in two individuals with

FCD IIa revealed a gradient of alternate allele fractions

with an epicentre in the most epileptogenic area [29].

Interestingly, most MTOR variants were recurrent

and reported across different studies: p.Ser2215Phe

(eight times), p.Ser2215Tyr (five times), p.Leu1460Pro

(four times), p.Cys1483Tyr (three times), p.Thr1977Lys

(two times) and p.Leu2427Pro (two times). Most MTOR

variants were located in the FAT and kinase domains

of the protein (Figure 1).

In summary, brain mosaic MTOR mutations encom-

pass a spectrum of MCD, from FCD IIa and IIb to HME.

Somatic MTOR mutations account for 15.6–46% of

FCD individuals across different cohorts and represent

the most common genetic cause of FCD so far.

Functional studies of MTOR mutations

All MTOR brain mutations reported in individuals with

FCD were missense, leading to a substitution of an

amino acid in the protein. Since increased mTORC1

activity is thought to be the pathogenic mechanism

underlying FCD, a gain-of-function was therefore

hypothesized. Independent functional assays validated

this hypothesis. Lim et al. (2015) achieved in vitro

assessment of MTOR mutations in transfected

HEK293T cells, and showed a subsequent increase of

S6 and S6K phosphorylation levels. In vitro mTOR

kinase assays further confirmed constitutive kinase

activity for three mutants: p.Cys1483Arg,

p.Leu2427Gln and p.Leu2427Pro [26]. In another

study, Mirzaa et al. [29] performed functional studies

on primary cultured neurons to demonstrate that

MTOR mutations drive constitutive activation of the

mTORC1 activity, leading to enlarged neuronal size. To

test in vivo the pathogenicity of the recurrent

p.Leu2427Pro MTOR variant, Lim et al. (2015)

achieved a focal cortical expression of the mutant con-

struct by in utero electroporation in the developing

mouse brain at E14. The mouse model recapitulated

most neuropathological features of FCD II patients,

including migration effect, presence of cytomegalic neu-

rons with mTORC1 hyperactivation, and emergence of

spontaneous seizures [26]. Epilepsy and cytomegalic

neurons were prevented by rapamycin treatment.

Studies in human brain specimens were also per-

formed to assess mTORC1 activity. Immunostaining of

postoperative tissue from individuals with somatic

MTOR mutations showed histological evidence of

mTORC1 signalling cascade activation with the presence

of phospho-S6 positive cytomegalic neurons in FCD II or

HME subjects [26–30]. Lim et al. showed by Sanger

Figure 1. Schematic representation of the mechanistic target of rapamycin protein with the location of brain somatic variants reported

in patients with focal cortical dysplasia (in black) and hemimegalencephaly (in blue). The location of the HEAT (huntingtin, elongation

factor 3, protein phosphatase 2A) repeats, FAT (RAP, ATM, TRRAP) domain, rapamycin-biding domain (FRB), kinase domain, and FATC

(FAT C-terminal) domain are indicated. Recurrent mutations are indicated in bold.



sequencing an enrichment of the mutant allele in

microdissected cytomegalic phospho-S6 positive neu-

rons from two FCD IIa subjects, confirming that MTOR

variants act as activating variants leading to constitu-

tive activation of the pathway [26]. Interestingly, most

MTOR pathogenic variants are located in the FAT

domain that structurally gives access to the mTOR

kinase or in the kinase domain itself (Figure 1), sug-

gesting that mutations affect important mTOR func-

tional domains. Future studies should help resolve

whether the type of mutation confers a given level of

mTOR activation and therefore supports variable sever-

ity of the epileptogenic lesion.

Germline mutations in GATOR1 genes

Phenotype and mutational spectrum

A novel class of genes belonging to the amino acid

sensing branch of the mTOR pathway has been

Table 3. Germline and somatic GATOR1 mutations reported in the literature

MCD type Gene

Mutation

ReferencesDNA (nucleotide change) Protein (amino acid change)

FCD (suspicion) DEPDC5 c.2390delA p.Gln797Argfs*18 [39]

DEPDC5 c.3994C>T p.Arg1332* [40]

DEPDC5 c.4260delG p.Glu1421Argfs*153 [41]

FCD I DEPDC5 c.1264C>T p.Arg422* [3]

DEPDC5 c.715C>T (germline) p.Arg239* [3]

c.1264C>T (2-hit somatic) p.Arg422*

FCD Ia NPRL2 c.68_69delCT p.Ile23Asnfs*6 [41]

FCD II (suspicion) DEPDC5 c.715C>T p.Arg239* 2 family-related patients [3]

DEPDC5 c.1759C>T p.Arg587* [3]

FCD II (BOSD) DEPDC5 c.21C>G p.Tyr7* [37]

DEPDC5 c.418C>T p.Gln140* 2 family-related patients [37]

FCD IIa DEPDC5 c.1759C>T p.Arg587* [3]

DEPDC5 c.1663C>T p.Arg555* 2 family-related patients [38]

DEPDC5 c.484-1G>A p.(?) [3]

DEPDC5 c.842A>T p.Tyr281Phe [39]

NPRL3 c.1375_1376dupAC p.Ser460Profs*20 2 family-related patients [43]

NPRL3 c.275G>A p.Arg92Gln [43]

NPRL3 c.1270C>T p.Arg424* [41]

NPRL3 c.1352-4delACAGInsTGACCCATCC p.(?) [43]

FCD IIb DEPDC5 c.624 + 1G>A p.(?) [18]

DEPDC5 c.1218-18_1218-15delTGTT p.(?) [18]

DEPDC5 c.783_786delTGAG p.Asn261Lysfs*11 [18]

NPRL3 c.1070delC p.Pro357Hisfs*56 [41]

HME DEPDC5 c.128_129insC p.Asn45Glnfs*3 [18]

DEPDC5 c.1265G>A p.Arg422Gln [18]

HME (histology FCD IIa) DEPDC5 c.4187delC (saliva (28%)

and brain (35%) mosaic)

p.Ala1396Valfs*78 [29]

Band heterotopia DEPDC5 c.279 + 1G>A p.(?) [37]

PMG NPRL2 c.329C>G p.Thr110Ser [40]

Bilateral PMG DEPDC5 c.3696 + 5G>A p.(?) [40]

Unilateral pachygyria DEPDC5 c.4689_4690delAG p.Asp1565* [42]

MCD, malformations of cortical development; FCD, focal cortical dysplasia; HME, hemimegalencephaly; BOSD, bottom of sulcus dysplasia; 

PMG, polymicrogyria; suspicion, malformation diagnosis established on MRI features in the absence of histology data.

 



involved in inherited focal epilepsies: DEPDC5 (Dishev-

elled, Egl-10 and pleckstrin domain containing protein

5), NPRL2 (nitrogene permease regulator-like 2) and

NPRL3 (nitrogene permease regulator-like 3) [31,32].

All three proteins form the GATOR1 complex (GAP

Activity Toward Rags complex 1), which functions as

an inhibitor of mTORC1 both in mammalian cells [33]

and in yeast [34,35]. Loss-of-function mutations in

GATOR1 genes are the most frequent genetic cause of

inherited focal epilepsies, including monogenic entities

such as familial focal epilepsy with variable foci, auto-

somal dominant nocturnal frontal lobe epilepsy also

called sleep-related hypermotor epilepsy or familial tem-

poral lobe epilepsy [36]. An important clinical feature

of the GATOR1-related epilepsies is the prevalence of

individuals with MCDs such as FCD IIa and IIb or HME

[3,37].

In this section, we review the MCD subtypes of pub-

lished cases with germline mutations in GATOR1 genes

(DEPDC5, NPRL2 or NPRL3). In total, we listed 32

subjects with a focal epilepsy associated to an MCD

detected by MRI or histopathological analysis, including

FCD Ia, FCD IIa, FCD IIb to HME, band heterotopia,

polymicrogyria or unilateral pachygyria [3,18,29,37–

42] (Table 3). Among the 28 distinct variants reported,

24 were null variants, leading to a premature Stop

codon and four were missense variants of unknown

pathogenicity due to the lack of functional assays. Evi-

dence of nonsense mediated decay degradation of the

DEPDC5, NPRL2 or NPRL3 transcripts with premature

Stop codons was provided either in cultured lym-

phoblasts from patients [32,41] or in FCD IIa postoper-

ative cerebral tissue [43]. Since the majority of

mutations lead to haploinsufficiency, the molecular

mechanism is likely to be a loss-of-function [36].

The role of inherited germline variants in the aetiol-

ogy of FCD is nevertheless enigmatic, since only a por-

tion of epilepsy affected DEPDC5 variant carriers

develops FCD, whereas others have nonlesional focal

epilepsy. The observation that only a subset of cells, i.e.

balloon cells and dysmorphic neurons, display

increased S6 phosphorylation suggests a mosaic inacti-

vation of GATOR1 gene(s). It is therefore difficult to

conceptualize how a germline mutation can sustain a

focal and mosaic pattern as observed in FCD. Because

DEPDC5 is a repressor of mTORC1, we speculate that a

double-hit inactivation in brain cells is necessary to

generate FCD. An exciting hypothesis is therefore that

a DEPDC5 germline loss-of-function mutation together

with a second somatic hit in DEPDC5, leading to bialle-

lic inactivation, might be responsible for the develop-

ment of the FCD, a mechanism known as Knudson’s

two-hit mechanism initially described in cancer [44].

In 2015, Baulac et al. [3] detected by Sanger sequenc-

ing a somatic nonsense variant in the lesional resected

brain tissue from an individual with FCD IIa and a

familial history of focal epilepsy due to a germline

mutation in DEPDC5, suggesting a biallelic inactiva-

tion. Further studies are needed to definitively validate

the presence of a second-hit somatic loss-of-function

mutation in negative regulators of the mTOR pathway

such as DEPDC5, NPRL2 or NPRL3. Two-hit mecha-

nism has been suspected in tubers from TSC syndrome

patients with multiple hamartomas and renal angiomy-

olipoma, neoplastic tissues in which somatic mutations

accumulate [45].

Functional studies and animal models of GATOR1

Since GATOR1 inhibits mTORC1 activity in amino acid

deprivation conditions, loss-of-function mutations in

GATOR1 genes are predicted to result in excessive

mTORC1 kinase activity. Several studies investigated

by immunohistochemistry the phosphorylation levels of

mTORC1 substrate S6 on postoperative brain tissue

from individuals mutated in GATOR1 genes. Increased

levels of S6 phosphorylation were observed in individu-

als with FCD Ia, FCD IIa, and HME with a histopathol-

ogy of FCD IIa [29,38,41,43] confirming that

pathogenic variants in GATOR1 genes are the cause of

the mTORC1 hyperactivity observed in these FCD and

HME cases.

Constitutive KO rodent models of the three GATOR1

genes (Depdc5, Nprl2, Nprl3) have been generated in

mice and rats. All homozygous animals, Nprl2�/� mice

[46], Nprl3�/� mice [47], Depdc5�/� rats [48] and

Depdc5�/� mice [49] are embryonic lethal, demonstrat-

ing that GATOR1 has a crucial role in embryonic devel-

opment. Marsan et al. [48] showed that mTORC1 is

hyperactivated in Depdc5�/� rats and that a single pre-

natal injection of rapamycin could rescue their global

growth delay, demonstrating that embryonic lethality is

caused by mTORC1 hyperactivation. Hughes et al. [49]

confirmed mTORC1 hyperactivity in Depdc5�/� mice and

reported blood and lymphatic vascular defects underly-

ing embryonic lethality. Heterozygous KO animals of



GATOR1 genes were also investigated. Epileptic activity

was not assessed in Nprl2+/� [46] and Nprl3+/� [47]

mice, suggesting that spontaneous seizures did not

occur. Similarly, heterozygous Depdc5+/� rats and

Depdc5+/� mice did not have spontaneous epileptic sei-

zures [48,49]. However, Depdc5+/� rats presented subtle

and diffuse cortical malformations reminiscent of FCD

type IIb: (i) cortical boundaries between layers I/II and

V/VI were less recognizable, (ii) few balloon-like cells

characterized by a round shape translucent cytoplasm

and peripheral nucleus and (iii) dysmorphic neurons

with increased phosphorylation of S6 protein indicating

hyperactivation of mTORC1. Marsan et al. [48] study

further reported that prenatal administration of rapamy-

cin can improve the cortical malformations.

In a recent study, Yuskaitis et al. reported a neuron-

specific Depdc5 conditional KO mouse model by Cre

recombination under the Synapsin1 promotor. Depd-

c5flox/flox-Syn1Cre mice survived to adulthood and pre-

sented larger brains with dysplastic neurons

throughout the cortex with mTORC1 hyperactivation.

A fraction of mice exhibited spontaneous clinical

seizures and lowered seizure thresholds to pentylenete-

trazol-induced seizures [50].

Conclusions

Recent genetic studies have established a major role of

brain somatic mutations in genes of the mTOR pathway

in the aetiology of focal MCD. These findings have

revealed the existence of a genetic continuum between

FCD subtypes (I, IIa and IIb) and HME, showing shared

molecular biomarkers belonging to the mTOR pathway.

These observations suggested that FCD and HME repre-

sent a spectrum of neurodevelopmental disorders result-

ing from distinct timing and cell type progenitors in

which the mutation occurred during brain development

(Figure 2). One can expect that a mutation occurring

early during the development would affect a large num-

ber of cells and result in a larger malformation such as

an HME, whereas the same mutation occurring later in

neurodevelopment would cause a smaller focal malfor-

mation such as an FCD II; a mutation occurring during

the postmigration stage would cause a FCD I [51]. We

Figure 2. Mutations in genes of the mechanistic target of rapamycin (mTOR) pathway responsible for focal cortical dysplasia (FCD) and

hemimegalencephaly (HME). Germline and somatic mutation in the mTOR complex 1 (mTORC1) pathway cause FCD and HME. Germline

mutations in GATOR1 genes have been reported in FCD and HME, as well as a two-hit in DEPDC5 in an FCD patient. Moreover, brain

somatic mutations have also been reported in PIK3CA, AKT3, PTEN and MTOR. TSC, tuberous sclerosis complex.



reviewed the literature and illustrate in Figure 3 the

correlation between the mutational mosaic rate and the

extent of the brain lesion, considering collectively all

mutated genes. A higher percentage of cells with a

mutation is observed in HME (alternative allelic fraction

range: 9.7–44%, mean: 20.8%) than in FCD IIa (alter-

native allelic fraction range: 0.93–9.6%, mean: 3.7%)

or FCD IIb (alternative allelic fraction range: 1.37–

9.31%, mean: 3.5%). The degree of mosaicism was sim-

ilar between FCD IIa and IIb. Hence, the origin of bal-

loon cells found exclusively in FCD IIb remains

enigmatic. Since conventional sequencing techniques

such as Sanger do not allow the detection of low allele

frequency variants (<10%), technologies with higher

sensitivity achieving deep sequencing coverage com-

bined to specific bioinformatics tools are needed to

detect such variants. In the future, numerous somatic

mutations in known or novel genes will undoubtedly be

unveiled in resected brain specimens from apparently

negative FCD cases. Possible genotype–phenotype corre-

lations might emerge, allowing genetic clinical diagnosis

to help predict patient outcome.

Activating somatic mutations in the MTOR gene

account for 15.6–46% of FCD cases and represent the

most common known cause of this disorder so far.

Moreover, activating somatic mutations in AKT3 and

PIK3CA genes are mostly encountered in HME

accounting for 17–33% of patients [14,15,17,18]. In

contrast, only few somatic variants in mTORC1 inhibi-

tor genes (TSC1, TSC2, DEPDC5) have been reported so

far in FCD (Tables 1 and 3). While gain-of-function

mutations in mTOR activator genes (AKT3 or PIK3CA)

or MTOR gene itself are single mutational events, loss-

of-function mutations in mTORC1 inhibitors such as

DEPDC5 are likely to necessitate a biallelic inactivation

to cause dysplasia. Improvement in sequencing tech-

nologies allowing single-cell sequencing and ultradeep

sequencing will likely unveil more examples of double-

hit – germline and somatic – mutations in the future.

Like TSC syndrome, FCD belongs to the mTORopathy

group of neurodevelopmental disorders, a term intro-

duced to describe neurological disorders characterized

by altered cortical architecture, abnormal neuronal

morphology and intractable epilepsy. How loss-of-func-

tion mutations in mTORC1 inhibitor genes or gain-of-

function mutations in mTORC1 activator genes or

MTOR gene itself lead to mTORC1 hyperactivation is

still unknown. mTOR is a kinase that phosphorylates

numerous substrates among which the protein S6 that

controls cell growth. In pathological conditions, when

S6 is hyperphosphorylated, protein synthesis is

increased leading to enlarged cells. Cepeda and

Figure 3. Brain mosaic rate of mutations in mTOR pathway genes are correlated with the malformations of cortical development

subtype. All variants listed in Tables 1–3 are represented in the graph. When the mosaic rate was provided as a range, we considered

the mean values in the graph; when the allele frequency was not provided, the variant is not shown. Focal cortical dysplasia (FCD) IIa

and FCD IIb present a brain mosaic rate ranging from 0.93% to 9.31% (average of 3.6%), whereas hemimegalencephaly (HME) brain

mosaic rate varies from 9.7% to 44% (average of 20.8%.).



colleagues have studied the role of these abnormal cells

in epileptogenesis. They demonstrated in organotypic

slices from FCD resected tissue that balloon cells are

hypoexcitable and thus might not initiate any epileptic

activity, whereas dysmorphic pyramidal neurons and

cytomegalic interneurons are hyperexcitable. Therefore,

cytomegalic neurons may have a major role in the gen-

eration and propagation of epileptic discharges [52].

Hence, mTOR signalling cascade hyperactivation is

likely to provide necessary grounds for epileptogenesis,

but the different molecular actors involved in the trans-

duction of signal linking mTOR hyperactivation to neu-

ronal hyperexcitability still remains to be elucidated.

Importantly, mTORC1 can be pharmacologically tar-

geted by derivatives of rapamycin and has been proven

to be partially efficient for controlling seizures in TSC

syndrome [53]. Rapamycin treatment prevent brain

malformations and epilepsy in animal models, suggest-

ing that inhibition of the mTORC1 pathway could be of

interest as a new therapeutic target in patients with

FCD or HME related to mTOR pathway genes.
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