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SUMMARY

Focal cortical dysplasia (FCD) and hemimegalence-
phaly (HME) are epileptogenic neurodevelopmen-
tal malformations caused by mutations in mTOR
pathway genes. Deep sequencing of these genes in
FCD/HME brain tissue identified an etiology in 27 of
66 cases (41%). Radiographically indistinguishable
lesions are caused by somatic activating mutations
in AKT3, MTOR, and PIK3CA and germline loss-of-
function mutations in DEPDC5, NPRL2, and TSC1/2,
including TSC2 mutations in isolated HME demon-
strating a ‘‘two-hit’’ model. Mutations in the same
gene cause a disease continuum from FCD to
HME to bilateral brain overgrowth, reflecting the pro-
genitor cell and developmental time when the muta-
tion occurred. Single-cell sequencing demonstrated
mTOR activation in neurons in all lesions. Conditional
Pik3ca activation in the mouse cortex showed that
mTOR activation in excitatory neurons and glia, but
not interneurons, is sufficient for abnormal cortical
overgrowth. These data suggest that mTOR acti-
vation in dorsal telencephalic progenitors, in some
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causes cortical dysplasia.
INTRODUCTION

Focal malformations of cortical development (MCDs), including

focal cortical dysplasia (FCD) and hemimegalencephaly (HME),

are caused by somatic activation of the mammalian target of

rapamycin (mTOR) pathway and represent the most important

causes of surgically treated intractable childhood epilepsy

(Bl€umcke et al., 2017; Harvey et al., 2008). FCDs, classified

into several subtypes by the International League Against

Epilepsy (Bl€umcke et al., 2011), involve small regions of radio-

graphically and histopathologically abnormal cortex, whereas

HME shows abnormal enlargement of much or all of a cerebral

hemisphere (Bl€umcke et al., 2011; Poduri et al., 2012). Patients

present with seizures that can be refractory to medical manage-

ment (Kwan et al., 2010) and often require surgical resection of

the abnormal brain tissue for seizure control (Aronica and Crino,

2014), allowing direct study of that tissue.

Although it has long been recognized that tuberous sclerosis

complex (TSC), a multisystem disorder caused by loss-of-func-

tion mutations in TSC1 or TSC2, is associated with abnormal

activation of the mTOR pathway (Lipton and Sahin, 2014), recent
uthors.
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work has identified somatic activating mutations in MTOR itself,

and genes encoding positive regulators of MTOR, in both FCD

and HME (Jansen et al., 2015; Lee et al., 2012; Lim et al.,

2015; Poduri et al., 2012). Several genes have also been

described that act analogously to TSC1 and TSC2 as negative

regulators of MTOR, causing FCD and HME via germline loss-

of-function mutation coupled to demonstrated or inferred so-

matic loss of the second allele (Baulac et al., 2015; D’Gama

et al., 2015; Lim et al., 2017; Scheffer et al., 2014; Sim et al.,

2016; Weckhuysen et al., 2016). Surprisingly, TSC mutations

can cause isolated FCD or HME in the absence of widespread

hamartomas (D’Gama et al., 2015; Hoelz et al., 2017; Lim

et al., 2017).

Several crucial questions remain about cortical dysplasia

pathogenesis, including the cell type in which mTOR pathway

activation leads to dysplasia and epilepsy and whether the

distinct topographic distributions of FCD and HME correspond

to somatic mutations in different neuronal or glial subtypes. For

example, the focal distribution of FCD mirrors the relative clus-

tering of excitatory neuronal clones (Gao et al., 2014), whereas

the hemispheric dispersion of mutant cells in HME mirrors the

clonal distribution of interneurons, suggesting that these two le-

sions might reflect mutations in excitatory or inhibitory neuronal

lineages, respectively.

Here we identify causative mutations in AKT1, AKT3,

DEPDC5, MTOR, NPRL2, PIK3CA, PIK3R2, TSC1, and TSC2

in 18 FCD, HME, and polymicrogyria (PMG) cases, including iso-

lated HME cases with ‘‘two-hit’’ germline and somatic TSC2mu-

tations. Single-cell analyses of mutation-positive cases demon-

strate that abnormal activation of the mTOR pathway in neurons

is necessary and sufficient to cause epileptogenic MCDs.Mouse

models show that abnormal activation of the mTOR pathway in

the Emx-1-expressing lineage, which gives rise to excitatory

neurons and some glia, is sufficient to cause abnormal cortical

lamination and overgrowth, whereas such activation in inhibitory

interneurons causes only subtle defects in cortical interneuron

number. Overall, we show that FCD and HME are part of a spec-

trum of diseases caused by mutations that activate the mTOR

pathway in dorsal telencephalic progenitors that give rise to

excitatory neurons and, in some cases, glia.

RESULTS

Targeted Ultra-Deep Sequencing IdentifiesMutations in
Focal MCDs
We performed targeted ultra-deep sequencing on DNA ex-

tracted from surgically resected brain, blood, and/or buccal

samples from 52 FCD, 38 HME, and 5 polymicrogyria cases (Fig-

ure S1). They included patients studied previously (D’Gama

et al., 2015; Poduri et al., 2012) in whom no pathogenic variant

was identified and new samples. DNA was sequenced using

two custom panels targeting 12 mTOR pathway genes: AKT1,

AKT3, CCND2, DEPDC5, MTOR, PIK3CA, PIK3R2, PTEN,

TSC1, and TSC2 in both panels and NPRL2 and NPRL3 only

in panel 2, which achieved coverage >5,0003. We performed

several analyses to identify high-quality, rare, and protein-

altering variants and validated all variants using Sanger

sequencing, digital droplet PCR (ddPCR), and/or subcloning
(Experimental Procedures; Supplemental Experimental Proced-

ures). Variants were considered pathogenic when they were

loss-of-function variants, predicted deleterious missense vari-

ants proven pathogenic by functional studies, and/or variants

previously identified in FCD, HME, or related syndromes. In

total, we identified and validated 19 pathogenic variants

in AKT1, AKT3, DEPDC5, MTOR, NPRL2, PIK3CA, PIK3R2,

TSC1, and TSC2 in 18 patients (Table 1; Figure 1; Tables S1,

S2, S3, and S4).

Pathogenic Variants Identified in FCD
In four patients with FCD, we identified loss-of-function muta-

tions in negative regulators of the mTOR pathway: DEPDC5,

NPRL2, TSC1, and TSC2. Patient FCD-11, with a right fronto-

temporal FCD IIa, harbors DEPDC5 variant p.R874*, previously

identified in focal epilepsy (Lal et al., 2014). Patient FCD-13,

with a left superior frontal gyrus FCD IIa, has NPRL2 variant

p.Q188*. Patient FCD-10, with a left frontal FCD, has the somatic

nonsense TSC2 variant p.R751*, previously identified in TSC

(Jones et al., 1999) and detected in brain but not blood.

We were unable to obtain additional medical records to

ascertain whether this patient has additional TSC features.

Patient FCD-12, with a left frontal FCD IIb (Figure 1G) and no

other TSC features, harbors the somatic nonsense TSC1 variant

p.Q55*, previously identified in TSC (Leiden Open Variation

Database [LOVD]). We did not identify germline mutations in

TSC1 or TSC2 in either of these cases, further suggesting that

both patients had isolated FCD and not syndromic TSC. Somatic

TSCmutation without detectable germline mutation has recently

been reported in FCD (Lim et al., 2017).

In an additional four patients with FCD, we identified somatic

missense mutations in MTOR that were recently reported in

FCD (Lim et al., 2015; Nakashima et al., 2015) and/or shown

to activate mTOR (Grabiner et al., 2014): patient FCD-6, with

a left frontoparietal FCD IIb (Figure 1B), has MTOR variant

p.L1460P; patient FCD-7, with a left temporal FCD (Figure 1C),

has MTOR variant p.S2215Y; patient FCD-8, with a left hemi-

sphere FCD IIb, has MTOR variant p.C1483R; and patient

FCD-14, with a left hemisphere FCD (Figure 1E), has MTOR

variant p.T1977R detected in brain but not blood. Overall, the

percentage of cells carrying the pathogenic mutations ranged

from 2%–20.6% for the six patients with FCD and identified

somatic mutations (Figure 1A).

Pathogenic Variants Identified in HME
In eight patients with HME, we identified mutations in AKT1,

AKT3, MTOR, PIK3CA, and TSC2. Patient HME-19, with left

HME and systemic physical findings consistent with Proteus

syndrome, has the somatic AKT1 variant p.E17K, previously

identified in Proteus syndrome (Lindhurst et al., 2011). Patient

HME-12, with left HME (Figure 1F), has the paralogous somatic

AKT3 variant p.E17K, detected in brain but not blood, which

was initially identified in another HME patient by our lab (Poduri

et al., 2012).

Three patients harbor somatic missense mutations in MTOR

that were recently reported in FCD (Lim et al., 2015; Nakashima

et al., 2015) but, to our knowledge, have not been reported in

HME: patient HME-13, with right HME (Figure 1H), has MTOR
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Table 1. PathogenicMutations and Likely Pathogenic VariantDetected in themTORPathway in Patientswith FCD, HME, andPMGwith

Megalencephaly

Subject Diagnosis Gene Mutation HGVS Type AAF Comments

HME-19 HME, Proteus AKT1 ms p.E17K somatic 8.1%–9.3% brain previously identified in Proteus syndrome

(Lindhurst et al., 2011)

HME-12 HME AKT3 ms p.E17K somatic (not

in blood)

3.4%–4.4% brain,

0% blood

previously identified in HME (Jansen et al.,

2015; Lee et al., 2012; Poduri et al., 2012)

FCD-11 FCD IIa DEPDC5 ns p.R874* germline 47.7% brain,

52.4% blood

loss of function, previously identified in

focal epilepsy (Lal et al., 2014)

FCD-6 FCD IIb MTOR ms p.L1460P somatic 2.3%–2.6% brain previously identified in FCD (Mirzaa et al.,

2016; Møller et al., 2016; Nakashima

et al., 2015); functional studies suggest

pathogenic (Grabiner et al., 2014)

FCD-7 FCD MTOR ms p.S2215Y somatic 2.5%–2.8% brain previously identified in FCD (Møller et al.,

2016; Nakashima et al., 2015); functional

studies suggest pathogenic (Grabiner

et al., 2014)

FCD-14 FCD MTOR ms p.T1977R somatic (not

in blood)

2.8%–4.7% brain,

0% blood

functional studies suggest pathogenic

(Grabiner et al., 2014)

HME-13 HME MTOR ms p.S2215Y somatic 7.1%–8.3% brain previously identified in FCD (Møller et al.,

2016; Nakashima et al., 2015); functional

studies suggest pathogenic (Grabiner

et al., 2014)

HME-9 HME MTOR ms p.T1977K somatic (not

in blood)

9.0%–10.4% brain,

0% blood

previously identified in FCD (Lim et al.,

2015); functional studies suggest

pathogenic (Grabiner et al., 2014)

FCD-8 FCD IIb MTOR ms p.C1483R somatic 10.0%–10.6% brain previously identified in FCD (Lim et al.,

2015); functional studies suggest

pathogenic (Grabiner et al., 2014)

HME-14 HME MTOR ms p.S2215F somatic (not

in blood)

18.3%–20.6% brain,

0% blood

previously identified in FCD (Lim et al.,

2015; Mirzaa et al., 2016; Møller et al.,

2016; Nakashima et al., 2015); functional

studies suggest pathogenic (Grabiner

et al., 2014)

PMG-1 PMG,

macrocephaly

MTOR ms p.C1483Y de novo

germline

49.5% blood previously identified in HME (Lee et al.,

2012); functional studies suggest

pathogenic (Grabiner et al., 2014)

FCD-13 FCD IIa NPRL2 ns p.Q188* germline 31.7%–50.9% brain,

32.1%–51.1% blood

loss of function

HME-22 HME PIK3CA ms p.E542K somatic (not

in blood)

15.9%–17.4% brain,

0% blood

previously identified in CLOVES (Kurek

et al., 2012) and HME (D’Gama et al.,

2015; Jansen et al., 2015)

PMG-2 PMG,

macrocephaly

PIK3R2 ms p.K376E germline 50% blood previously identified in BPP (Mirzaa

et al., 2015)

FCD-12 FCD IIb TSC1 ns p.Q55* somatic 5.1%–6.7% brain previously identified in TSC (LOVD)

FCD-10 FCD TSC2 ns p.R751* somatic (not

in blood)

1.0% brain, 0% blood loss of function, previously identified in

TSC (Jones et al., 1999)

HME-11 HME TSC2 fs p.Y587* somatic (not

in blood)

3.1%–3.8% brain,

0% blood

loss of function, AA change previously

identified in TSC (LOVD)

HME-15 HME TSC2 ms p.E1558K somatic 7.5%–11.6% brain previously identified in TSC (Dabora

et al., 2001)

HME-15 HME TSC2 ms p.L631P germline 47.4% brain likely pathogenic, predicted deleterious

AAF, alternate allele frequency; BPP, bilateral perisylvian polymicrogyria; CLOVES, congenital lipomatous overgrowth, vascular malformations,

epidermal nevis, spinal/skeletal anomalies/scoliosis; FCD, focal cortical dysplasia; Fs, frameshift; HGVS, Human Genome Variation Society; ms,

missense; ns, nonsense; PMG, polymicrogyria; TSC, tuberous sclerosis complex. See also Figure S1 and Tables S1 and S2.

3756 Cell Reports 21, 3754–3766, December 26, 2017



Figure 1. Somatic Mutations Leading to Abnormal Activation of the mTOR Pathway Are Identified Across a Spectrum of Somatic Cortical

Dysplasias and a Continuum of AAFs

(A) Somatic mutations identified in FCD and HME cases in this study and our previous studies (D’Gama et al., 2015; Poduri et al., 2012) are graphed according to

the percentage of cells carrying the somatic mutation.

(B–M) MRI of mutation-positive cases: FCD-6 (B), FCD-7 (C), HME-11 (D), FCD-14 (E), HME-12 (F), FCD-12 (G), HME-13 (H), HME-15 (I), HME-9 (J), HME-22 (K),

HME-16 (L), and HME-14 (M). Although lesions with the lowest mosaicism are all FCD, and those with the highest are all HME, there is substantial overlap,

suggesting that they form a continuum in terms of mosaicism. FCD, focal cortical dysplasia; HME, hemimegalencephaly.

Patient identifying information, words, numbers, and bars have been removed.
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variant p.S2215Y; patient HME-9, with left HME (Figure 1J), has

MTOR variant p.T1977K, detected in brain but not blood; and pa-

tient HME-14, with right HME (Figure 1M), has MTOR variant

p.S2215F, also detected in brain but not blood. In addition,

patient HME-22, with right HME (Figure 1K), has the somatic

PIK3CA variant p.E542K, detected in brain but not blood, which

was initially identified in HME in another HME patient by our lab

(D’Gama et al., 2015).

Two-Hit TSC2 Variants Identified in Isolated HME
In two patients with isolated HME, we detected two-hit germline

plus somatic mutations in TSC2. Patient HME-15, who pre-

sented with infantile spasms and left HME (Figure 1I), has a pre-

dicted deleterious germline missense variant in TSC2, p.L631P,

and a somatic missense variant in TSC2, p.E1558K, which was

previously identified in TSC (Dabora et al., 2001). Patient HME-

11, who presented with hypomotor, tonic, and clonic seizures

and left HME (Figure 1D), has a germline missense variant in

TSC2, p.R1713H, which we identified in our previous study

(D’Gama et al., 2015) and which was also previously identified

in TSC (Hirfanoglu and Gupta, 2010; Hoogeveen-Westerveld

et al., 2011), as well as a somatic frameshift variant in TSC2,

p.Y587*, detected in brain but not blood; the same mutation

has been previously identified in TSC (LOVD). Although we

acknowledge the age dependence of syndromic TSCmanifesta-

tions, based on available records and specialized pediatric

neurology examinations, both patients lacked any signs of syn-

dromic TSC, and brain MRIs did not show other TSC hallmarks.

These findings are remarkable because TSC mutations have not

previously been associated with isolated HME and because

capturing both germline and somatic mutations in TSC-associ-

ated cortical dysplasia is uncommon (Lim et al., 2017). The

percentage of cells carrying the pathogenic mutations ranged

from 6.2%–41.2% for the eight patients with HME and identified

somatic mutations (Figure 1A).

Overall Yield
Our current and previous studies (D’Gama et al., 2015; Poduri

et al., 2012) have identified pathogenic mutations in 41% (27 of

66) of the focal MCD cases for whom brain tissue was available

(10 of 38 FCD, 26%; 17 of 28 HME, 61%) and none (0 of 33) of the

cases for whom brain tissue was not available (Figure 2; Table

S4). In all cases for which both brain and non-brain samples

were available (2 FCD and 7 HME cases), pathogenic somatic

mutations were identified only in brain. This suggests that most

pathogenicmutations in FCD andHMEarise relatively late during

embryonic development and are likely ‘‘brain-only,’’ and that

testing of blood DNA is generally not useful diagnostically.

Pathogenic Variants Identified in PMG with
Megalencephaly
We identified a de novo germline missense variant in MTOR,

p.C1483Y, in patient PMG-1, with bilateral perisylvian PMG,

megalencephaly, multiple congenital anomalies, and death at

the age of 2 years because of respiratory failure; this variant

was previously reported in the somatic state in an HME case

(Lee et al., 2012). A germline mutation of the same amino acid,

p.C1483F, has previously been reported in a patient with mega-
3758 Cell Reports 21, 3754–3766, December 26, 2017
lencephaly and intractable epilepsy who died at 19 months

because of respiratory failure (Kingsmore et al., 2013). We also

identified a germline missense variant in PIK3R2, p.K376E,

in patient PMG-2, with bilateral perisylvian PMG with megalen-

cephaly; this variant was recently identified in a case with bilat-

eral perisylvian PMG (Mirzaa et al., 2015).

Pathogenic Somatic Mutations Are Present in the
Neuronal Lineage
To define the minimal cell types in cortical dysplasias, we sorted

single nuclei fromseven genetically characterized cases using an

antibody against NeuN, performed whole-genome amplification

using multiple displacement amplification, and genotyped the

mutations as described previously (Evrony et al., 2012; Experi-

mental Procedures; Figure 3; Table S5). In two FCD and two

HME cases, the identified somatic mutations were strongly en-

riched in neuronal compared with non-neuronal cells, including

both cases with the smallest lesion and smallest proportion

of cells carrying the mutation. Patient FCD-6 carries MTOR

variant p.L1460P in 4.6%–5.2% of cells based on next-genera-

tion sequencing (NGS), with 7.1% ± 1.8% of NeuN+ cells and

0.53% ± 0.53% of NeuN� cells carrying the mutation

(p < 0.001, two-tailed Fisher’s exact test). Patient FCD-14 carries

MTOR variant p.T1977R in 5.6%–9.4% of cells based on NGS,

with 24% ± 4.2%of NeuN+ cells and 0%of NeuN� cells carrying

the mutation (p < 0.0001). Patient HME-16 (HMG-3 from Poduri

et al., 2012) carries AKT3 mutation p.E17K in z35% of cells

based on subcloning, with 60% ± 5.2% of NeuN+ cells

and 26.8% ± 4.9% of NeuN� cells carrying the mutation

(p < 0.0001). Patient HME 23 carries PIK3CA variant p.E545K

(independently identified) in 47% of cells based on ddPCR, with

77% ± 4.5% of NeuN+ cells and 24.4% ± 6.4% of NeuN� cells

carrying the mutation (p < 0.00000001). These results suggest

that somatic mutations involving the smallest numbers of cells

are strongly enriched in neuronal compared with glial cells during

development. Larger FCD lesions showed mutations in neuronal

and non-neuronal cells (p > 0.05), and one HME case showed

modest enrichment in NeuN� compared with NeuN+ cells

(p < 0.0001). These data suggest that somatic mutations associ-

ated with FCD and HME can occur in progenitors that generate

both neuronal and non-neuronal cells, but in some cases occur

in neuron-specific progenitors. In all cases, the mutation is pre-

sent in >5% of neuronal cells, suggesting that activation of the

mTOR pathway in the neuronal lineage is obligatory for the

abnormal cortical development underlying FCD and HME. How-

ever, these data do not identify whether mTOR activity in excit-

atory or inhibitory neurons is essential for dysplasia formation.

mTOR Pathway Activation in Dorsal Telencephalic
Progenitors Is Sufficient to Cause Abnormal Cortical
Lamination and Overgrowth
We explored the importance of abnormal mTOR activation

in excitatory versus inhibitory cortical neurons using mouse

models with cell-type-specific mTOR pathway activation

via conditional expression of constitutively active Pik3ca

p.H1047R, a mutation associated with both FCD and HME

(D’Gama et al., 2015; Jansen et al., 2015), in either the dorsal

telencephalic lineage (Emx1-Cre;Pik3ca H1047R/wt, referred to



Figure 2. The mTOR Pathway and Identified Pathogenic Mutations

Schematic of the mammalian target of rapamycin (mTOR) pathway, annotated with pathogenic mutations identified by our lab (this study and our previous

studies; D’Gama et al., 2015; Poduri et al., 2012). Somatic mutations are shown in boldface. FCD, focal cortical dysplasia; HME, hemimegalencephaly; PMG,

polymicrogyria. See also Tables S3 and S4.
as ‘‘Emx1-Cre,’’ which uses an Emx1-Cre and expresses in

excitatory neurons and some glia) (Gorski et al., 2002) or in the

interneuron lineage (Nkx2.1-Cre;(ROSA)26-tdTomato fl/Pik3ca_

H1047Rfl mice, referred to as ‘‘Nkx2.1-Cre,’’ which uses an

Nkx2.1-Cre and also expresses tdTomato in the interneuron

lineage). Conditional mTOR pathway activation in the Emx-1

expressing lineage leads to dramatic megalencephaly (Figures

4A–4M). The Emx1-Cre P7 cortex is significantly larger than the

wild-type P7 cortex, with markedly abnormal gyrification in the

cingulate cortex, neocortex, piriform cortex, and dentate gyrus

(Figures 4A–4D and 4M), confirming recent results that abnormal

activation of the mTOR pathway in excitatory neurons and glia

causes cortical enlargement (Roy et al., 2015).

Markers of deep cortical layers, such as CTIP2, are expressed

in the Emx1-Cre cortex at comparable levels and in generally

similar numbers of cells as in the wild-type cortex (Figures 4E

and 4F). Most CTIP2-positive deep-layer neurons in the Emx1-

Cre cortex have migrated to an appropriate laminar position in

layers V and VI, although some heterotopic cells expressing

deep-layer markers breach the deep layers and reach the pial
surface (arrow, Figure 4F). In contrast, superficial-layer gene

expression and migration are significantly abnormal in the

Emx1-Cre cortex (Figures 4G–4J). More neurons in the Emx1-

Cre cortex express markers of superficial-layer neurons, such

as CUX1 and SATB2, compared with the wild-type cortex.

In addition, the laminar structure is markedly abnormal in super-

ficial layers, with significant heterotopias and loss of normal sub-

laminar structure. Our results suggest that the generation and

migration of excitatory cortical neurons are profoundly disrupted

in the Emx1-Cre cortex.

Although mTOR activation in the dorsal telencephalic lineage

creates dramatic megalencephaly, similar activation in the

interneuron lineage does not cause detectable dysplasia, meg-

alencephaly, or overgrowth (Figures 4N–4EE). We found no

significant difference in total length of the neocortical surface

between Nkx2.1-Cre and wild-type P7 mice (Figure 4N), consis-

tent with the grossly normal brain seen in conditional knockout

mice with Tsc1 depletion in Dlx5/6-positive interneuron precur-

sors (Fu et al., 2012). The genotypically wild-type excitatory

neurons show normal cortical lamination and layer thickness
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Figure 3. Pathogenic Somatic Mutations in FCD and HME Are

Always Present in the Neuronal Lineage

Single neuronal and non-neuronal nuclei from patients FCD-6, FCD-8, FCD-

12, FCD-14, HME-16, HME-22, and HME-23 were isolated using an antibody

against NeuN. DNA was amplified, and genotyping was performed for the

respective pathogenic mutations. The sequencing traces were analyzed to

calculate the number of cells with the mutation, taking into account allelic

dropout, as described previously (Evrony et al., 2012). The p values were

calculated from cell counts using a two-tailed Fisher’s exact test; asterisks

indicate a significant difference in the percentage of cells carrying themutation

between the NeuN+ and NeuN� cell populations for that case. FCD, focal

cortical dysplasia; HME, hemimegalencephaly. See also Table S5.
in the Nkx2.1-Cre brain, with both CTIP2- and SATB2-positive

neurons migrating to appropriate positions, and no visible het-

erotopic cells (Figures 4O–4V). In contrast, the cortical inter-

neuron number is abnormal in the Nkx2.1-Cre P7 brain, with

significantly fewer interneurons compared with the wild-type

brain (Figures 4W–4AA). These results show that expression

of mutant PIK3CA in the interneuron lineage does not repro-

duce the severe phenotype found in the Emx1-Cre mutant.

Overall, the mouse models show that abnormal activation of

the mTOR pathway in the dorsal telencephalic, but not the

interneuron, lineage is sufficient to cause abnormal cortical

lamination and overgrowth. Taken together with our single-

cell results demonstrating that pathogenic somatic mutations

occur in neuron-specific progenitors in some cases, these

data further suggest that abnormal activation of the mTOR

pathway in the excitatory neuron lineage may be sufficient to

cause focal MCDs in some cases.

DISCUSSION

In this study, we further elucidate the genetic etiology of FCD and

HME and investigate the cell type specificity of abnormal mTOR

activation in dysplasia pathogenesis. Our data confirm the

association of mutations in AKT1, AKT3, DEPDC5, MTOR,

NPRL2, PIK3CA, TSC1, and TSC2 with FCD or HME and show

that two-hit germline and somatic TSC2 mutations can cause

isolated HME. Single-cell analyses show that abnormal activa-

tion of the mTOR pathway is always present in the neuronal line-

age but variably present in glia. Mousemodel analyses show that
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mTOR pathway activation in the dorsal telencephalic lineage,

but not the interneuron lineage, is sufficient to model cortical

dysplasia. Overall, our results suggest that FCD and HME are

not discrete diseases but rather represent a disease continuum

caused by somatic mutations occurring throughout neurogene-

sis in progenitor cells that give rise to excitatory neurons and, in

some cases, glia.

Our study highlights the relationship between depth of

coverage in next-generation sequencing experiments and sensi-

tivity to detect pathogenic somatic mutations. In our previous

study, we identified a germline TSC2 mutation in HME-11, and,

in this study, the higher depth of coverage achieved allowed us

to identify a previously undetectable second somatic TSC2 mu-

tation present in z7% of brain cells. We were only able to iden-

tify somatic mutations when brain tissue was available, and such

mutations were present in as few as 2%of brain cells. The lack of

mutation outside of the brain emphasizes that sequencing of

brain tissue-derived DNA is required for genetic diagnosis in

virtually all FCD and HME cases. The dependence of sensitivity

on depth of coverage suggests that still more ‘‘unsolved’’ FCD

cases may reflect somatic mutations present at even lower allele

frequencies.

We implicate TSC2mutations in HME, supporting the applica-

tion of Knudson’s two-hit model of tumor pathogenesis (Knud-

son, 1971) to MCDs. This mechanism is well supported for

non-nervous system tumors associated with TSC, such as renal

cell carcinoma, but has only rarely been demonstrated for cere-

bral lesions (Crino et al., 2010; Qin et al., 2010; Tyburczy et al.,

2015b). Similarly, a second hit has only once been identified in

an FCD patient who carried germline and somatic mutations

in DEPDC5 (Baulac et al., 2015). Curiously, a recent report of

somatic mutations in TSC1 and TSC2 in FCD cases failed to

identify associated germline mutations (Lim et al., 2017), which

would seem, in principle, easier to detect. We demonstrate

germline and somatic mutations in TSC2 from non-TSC patients

and associated with HME. Our remaining cases with germline

loss-of-function mutations may also contain ‘‘second-hit’’ muta-

tions that could represent large-scale copy number variants

(CNVs) undetectable by targeted sequencing, mutations in

genes not included in our panel or in introns (Tyburczy et al.,

2015a) or mutations below our detection limit.

Our single-cell analyses of mutation-positive cases show that

the mutations are always present in the neuronal lineage and, in

some cases, present in neuron-specific progenitors, suggesting

that abnormal activation of the mTOR pathway in neurons

is necessary and sufficient for the development of focal epilep-

togenic MCDs. Our Emx1-Cre mouse model demonstrates

abnormal cortical overgrowth and cortical lamination defects.

Although previous work has described the effect of Pik3ca

p.H1047R expression beginning at late embryonic or neonatal

ages (Roy et al., 2015), we generate mice with Pik3ca

p.H1047R expression beginning at early embryonic age and

examine cortical lamination and subtype identity postnatally,

when this identity is typically fully acquired in the wild-type brain.

Although Emx1-Cre is expressed in progenitors that produce

all cortical excitatory neurons, expression of constitutively

active Pik3ca p.H1047R specifically causes over-production of

superficial-layer neurons, which are generated after deep-layer



(legend on next page)
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neurons. This has significant implications for human cortical

dysplasia because the human cortex contains a relatively greater

share of superficial-layer neurons, which are uniquely vulnerable

to constitutively active PIK3CA expression, compared with the

mouse cortex.

On the other hand, in our Nkx2.1-Cre mouse model, we do

not see cortical overgrowth or cortical lamination defects and

only find a subtle defect in cortical interneuron number. Previ-

ous mouse models have shown that conditional activation of

mTOR in either neuronal or glial subsets can lead to abnormal

cortical enlargement and seizures, generally using inactivation

of Tsc1, Tsc2, or Pten; however, only mouse models with con-

ditional activation of mTOR in neuron-containing lineages have

shown cortical lamination defects (Magri et al., 2013; Meikle

et al., 2007; Roy et al., 2015; Uhlmann et al., 2002; Zeng

et al., 2011; Zhou et al., 2009). Thus, our data suggest that

the cortical lamination defects seen in cortical dysplasia

may be due to mutant excitatory neurons. However, mutant

glia and neuron-glia interactions may also be contributing

to cortical dysplasia pathogenesis, especially to abnormal

cortical overgrowth and seizures, in cases where the somatic

mutation occurs in a progenitor giving rise to both cell types.

Together, our single-cell and mouse model analyses suggest

that somatic mutations activating the mTOR pathway in dorsal

telencephalic progenitors cause a continuum of cortical dys-

plasias, that activation in the excitatory neuron lineage is

essential for dysplasia formation, and that activation in the

excitatory neuron lineage is sufficient for dysplasia formation

in some cases.

Given that somatic mutations are frequent, it is reasonable to

assume that somatic mutations that activate the mTOR pathway

sometimes occur in progenitor cells of the ganglionic eminences

that give rise only to interneurons, but such a condition has yet to

be described. The relatively normal appearance of the cerebral

cortex in Nkx2.1-Cre mice suggests that such a mutation may

not lead to a radiographically or histologically abnormal brain,

as with FCD or HME, but may nonetheless disrupt the neuronal

circuitry and contribute to the development of seizures (Fu

et al., 2012), especially given the demonstrated decrease in
Figure 4. Conditional Expression of the Activating Pik3ca Mutation

Enlargement, Especially in Superficial Layers

(A–D) Compared with the wild-type P7 cortex (A and C), the Emx1-Cre;Pik3caH1

cortex, neocortex, and piriform cortex (arrows in B and D).

(E–L) Deep-layer gene expression (CTIP2) is normal (E and F), with some heterotop

is increased in Emx1-Cre P7 cortex compared to wild-type P7 cortex, as shown

(arrow in H).

(M) The total length of the neocortical surface is significantly increased in Emx1-

(N) There is no significant difference in total length of the neocortical surface inNk

wild-type.

(O–V) Compared with the wild-type P7 cortex (O and Q), there is no gyrification inN

with the wild-type, as shown by staining with markers of layers V and VI (CTIP2;

(W–Z) Interneuron distribution in the mutant cortex layers is comparable with the

(SST) staining (Y and Z).

(AA) Interneuron number (tdTomato-positive cells) is significantly reduced in the

(BB–EE) Compared with the wild-type (BB and CC), most tdTomato-positive rec

positive for phospho-S6 ribosomal protein (green), an indicator of mTOR pathwa

n = 3. Unpaired t test. *p < 0.05, **p < 0.01. Data are represented as mean ±

magnifications).
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cortical interneuron number. Families with germline mutations

in DEPDC5 have epilepsy, but only a few have radiographically

detectable dysplasia (Scheffer et al., 2014). One possibility is

that a somatic second-hitDEPDC5mutation in the inhibitory line-

age may contribute to epilepsy in such patients without obvious

dysplasia.

The widespread nature of HME initially suggested that it might

reflect mutations in the clonally widespread interneuron lineage,

whereas the focal nature of FCD suggested a defect of the excit-

atory lineage. In contrast, our data suggest that both lesions

likely reflect mutations in dorsal telencephalic progenitors that

normally give rise to excitatory neurons. Both the degree of

mosaicism (Figure 1) and the radiographic extent of these two le-

sions appear to represent a continuum rather than separable dis-

tributions, further suggesting their related origin. In this scenario,

the differing extent of smaller and larger lesions would instead

reflect the time and place of origin of the somatic mutation in

the dorsal cortical progenitor zone (Figure 5), as recently hypoth-

esized (Bl€umcke and Sarnat, 2016; Cepeda et al., 2006). Our

data and previous study have suggested that somatic mutations

present at lower alternate allele frequencies (AAFs) in the human

brain—that is, mutations present in a smaller number of cells—

appear to arise later in development than mutations present at

higher AAFs—that is, mutations present in a larger number of

cells (Lodato et al., 2015).

Analyzing our results in combination with recent studies

strongly supports a relationship between the allele frequency

of a mutation and the resulting phenotype (Figure 6). For

example, for patients carrying the p.S2215Y/F mutation in

MTOR, fourteen patients with FCD,mostly FCD IIb, carry themu-

tation in 2.1%–18.6% of cells, and two patients with HME carry

the mutation in 14.2%–41.2% of cells (Lim et al., 2015; Mirzaa

et al., 2016; Møller et al., 2016; Nakashima et al., 2015). In fact,

analyzing all of the somatic mutations reported in the literature

associated with FCD and HME reveals that the average AAF

for somatic mutations associated with FCD, 3.76% ± 2.89%, is

significantly lower than the average AAF for somatic mutations

associated with HME, 16.35% ± 9.26% (p < 0.0001, two-tailed

t test) (Table S6). Thus, a larger fraction of cells carrying a
H1047R in Dorsal Telencephalic Progenitor Cells Causes Cortical

047R/wt P7 cortex (B and D) is larger, with marked gyrification in the cingulate

ic cells reaching the pial surface (arrow in F). Superficial-layer gene expression

by CUX1 (G and H) and SATB2 (I and J) staining, with significant heterotopias

Cre mice compared with the wild-type.

x2.1-Cre;(ROSA)26-tdTomato fl/Pik3ca_H1047Rfl P7 cortex compared with the

kx2.1-Cre P7 cortex (P and R). Cortical lamination in the mutant is comparable

S and T) and layers II/III and IV (SATB2; U and V).

wild-type, as shown by tdTomato-positive cells (W and X) and Somatostatin

Nkx2.1-Cre P7 cortex compared with the wild-type.

ombinant interneurons (red) in the Nkx2.1-Cre P7 cortex (DD and EE) are also

y activation.

SEM. Scale bars, 500 mm (whole hemispheres) and 100 mm (cortex higher



Figure 5. FCD and HME Represent a Con-

tinuum, with Lesion Differences Reflecting

the Time and Place of Origin of the Mutation

(A) Germline mutations occur before fertilization

and are detectable in the brain and a clinically

accessible blood sample. Germline activating

mutations in the mTOR pathway can lead to

megalencephaly, as seen in case PMG-1 with a de

novo germline MTOR mutation.

(B) Two-hit germline and somatic mutations in

negative regulators of themTORpathway can lead

to focal MCDs. In some cases, such as HME-11

with two TSC2 mutations, we have identified both

a germline and a somatic mutation leading to

HME. The germline mutation was detectable in

brain and blood, whereas the somatic mutation

occurred later during embryonic development and

was detectable only in brain.

(C) Activating somatic mutations in positive regu-

lators of the mTOR pathway can also lead to

focal MCDs. Mutations present at a higher AAF,

suggesting that they arose earlier during cortical

neurogenesis, appear more likely to lead to HME;

for example, we identify a somatic activating point

mutation in PIK3CA present in z32% of cells in

the abnormal hemisphere of case HME-22.

(D) Mutations present at a lower AAF, suggesting

that they arose later during cortical neurogenesis,

appear more likely to lead to FCD; for example,

we identify a somatic activating point mutation

in MTOR present in z4.9% of the cells in the

abnormal cortical tissue of case FCD-6. AAF,

alternate allele frequency; FCD, focal cortical

dysplasia; HME, hemimegalencephaly; PMG,

polymicrogyria.
mutation, which suggests that the mutation arose earlier in

development, appears to correlate with a ‘‘larger’’ MCD and a

more severe phenotype. The two FCD cases in whom the path-

ogenic mutations were limited to neurons also showed the

lowest AAFs, consistent with the suggestion that these limited

mutations arose later during development, potentially after

segregation of neuronal and glial lineages, compared with muta-

tions present more broadly.

Comparison of our results with recent studies of functionally

silent clonal somatic mutation in normal human brain (Lodato

et al., 2015) suggests that mTOR gain-of-function produces a

proliferative advantage, resulting in an approximately 10-fold

enrichment of mutant cells compared with normal cells. Func-

tionally silent somatic mutations that occupy focal shapes and

volumes similar to FCD or hemispheric patterns similar to HME

are present at much smaller alternative allele fractions than

mTOR pathway mutations: 0.1%–1% versus 1%–10% for

FCD-sized lesions; 1%–5% versus 5%–30% for HME-sized le-

sions (Evrony et al., 2015; Lodato et al., 2015). Mutations not

affecting proliferation are also usually detected both in brain

and non-brain tissues at AAFs >z5% (Jamuar et al., 2014; Lo-

dato et al., 2015), but mTOR mutations are limited to the brain,
Cell Reports
further supporting a proliferative advan-

tage in the brain for mTOR mutations.

This suggests that most FCD and HME
mutations arise in dorsal cerebral cortical progenitors after the

neural plate stage but show a relative growth advantage, allow-

ing them to achieve higher clonal fractions than cells carrying

functionally silent mutations.

Currently, patients with FCD andHMEand intractable epilepsy

rely on surgical resection for attempted seizure control. With our

identification of mutations in TSC1/2 in patients with FCD and

HME, we provide further evidence linking FCD, HME, and TSC

with the hope that mTOR inhibitors currently being studied in

patients with TSC may be effective for patients with FCD and

HME (Poduri, 2014). Recently, several mouse models of focal

MCDs have shown alleviation of seizures upon treatment with

mTOR pathway inhibitors (Baek et al., 2015; Lim et al., 2015;

Roy et al., 2015). Clinical testing for somatic mutations is limited

and currently requires submission of multiple tissue types, but

our data suggest that analysis of brain tissue alone with deep

sequencing strategies is sufficient to detect the relevant muta-

tions. If emerging clinical trials require a tissue diagnosis, as is

the case in the molecular treatment of somatic cancers (Xue

and Wilcox, 2016), then clinical studies may need to adopt

deep sequencing strategies of brain tissue from FCD and HME

cases.
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Figure 6. The Relationship between AAF and Disease Phenotype Is

Evident for Both Individual Mutant Alleles and Overall Identified

Mutations

After performing a literature review to identify all reported mutations associ-

ated with FCD and HME and their average AAFs, we identified individual

mutant alleles associated with both FCD and HME. Because of the small

number of cases associated with each mutant allele, p values were

not calculated for individual alleles. Overall, the average AAF for somatic

mutations associated with FCD is significantly lower than the average AAF for

somatic mutations associated with HME (p < 0.0001, two-tailed t test). See

also Table S6.
EXPERIMENTAL PROCEDURES

Patient Cohort

This study was approved by the institutional review boards of Boston Chil-

dren’s Hospital, University of California, Los Angeles, and the Cleveland Clinic.

Subjects were identified and evaluated in a clinical setting, and biological sam-

ples were collected for research after obtaining written informed consent.

95 patients were included; 52 had FCD, 38 had HME, and 5 had PMG (4 of 5

withmegalencephaly) based onMRI and neuropathology. Clinical information,

including gender, for cases with identified variants is reported in Table S2.

DNA Sequencing and Analysis

Genomic DNA was extracted from patient samples using standard methods.

We prepared libraries using two customHaloplex panels (Agilent) according to

the manufacturer’s protocol and performed sequencing on HiSeq sequencers

(Illumina). Further details regarding panel design, DNA library preparation,

sequencing, and analysis are available in the Supplemental Experimental

Procedures.

Validation of mTOR Pathway Variants

Rare and protein-altering (missense, nonsense, splice site, frameshift, and

insertion-deletion) variants in the target genes were validated using Sanger

sequencing. For potential somatic variants, validation was performed using

ddPCRorsubcloning. In addition, for potential somatic variants, ddPCRwasper-

formed on any additional samples that were not sequenced, and for all variants,

segregation analysis was performed when parental DNA was available. Further

validation details are available in the Supplemental Experimental Procedures.

Single-Nucleus Analysis

Isolation of single nuclei using fluorescence-activated nuclear sorting (FANS)

with antisera to NeuN (Millipore, MAB377X) and whole-genome amplification

usingmultiple displacement amplification (MDA) were performed as described

previously (Evrony et al., 2012). Single nuclei from FCD-6, FCD-8, FCD-12,

FCD-14, HME-16, HME-22, and HME-23 were isolated, amplified, and

sequenced for their respective pathogenic mutations using PCR (GoTaq Hot

Start DNA Polymerase, Promega). Analysis to calculate the number of cells
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with the mutation, taking into account allelic dropout, was performed as

described previously (Evrony et al., 2012). For HME-16, we combined our cur-

rent with our previous analysis (Evrony et al., 2012). Cell counts of NeuN+ and

NeuN� populations with pathogenic mutations identified using single-nucleus

analysis were compared using a two-tailed Fisher’s exact test and corrected

for multiple testing.

Mouse Models and Immunohistochemistry

All mouse studies were approved by the Boston Children’s Hospital

Institutional Animal Care and Use Committee (IACUC) and were performed

in accordance with institutional and federal guidelines. Emx1-Cre (RRID,

MGI_4440744; stock number 005628),Nkx2.1-Cre (RRID, MGI 3773076; stock

number 008661), Rosa26R-tdTomato-Ai9 (RRID, MGI_3809523; stock num-

ber 007909), and Rosa26-Pik3ca_H1047R (RRID, MGI_5000472; stock num-

ber 016977) mice were purchased from The Jackson Laboratory. Mice were

housed with a standard 12-hr light/dark schedule (lights on at 07:00 a.m.),

and mixed genders were used for all experiments.

Littermate pairs of experimental and control mice were collected on post-

natal day 7 and transcardially perfused with 4% paraformaldehyde, and brains

were dissected and post-fixed at 4�C overnight. Tissue was sectioned at

50-mm coronal sections on a vibrating microtome (Leica). Anatomically

matched sections were selected from each mouse, and the somatosensory

cortex was imaged by fluorescent microscopy (formontages) and confocal mi-

croscopy (for individual immunostains). Non-specific epitopes were blocked

through 1 hr incubation at room temperature (RT) in 8% goat serum/0.3%

bovine serum albumin or 10% normal donkey serum in PBS 13) prior to incu-

bation with primary antibody diluted in blocking solution at 4�C overnight. Sec-

ondary antibody incubation was performed for 1.5 hr at RT. For DAPI staining,

tissue was either mounted in DAPI-Fluoromount-G (Southern Biotech) or

incubated for 10 min with Hoechst 33342 (Thermo Fisher Scientific) diluted

1:5,000 in PBS 13 prior to mounting in Fluoromount G without DAPI (Southern

Biotech). Primary antibodies were as follows: rabbit anti-Satb2 (1:300, Abcam,

ab92446), rabbit anti-Ctip2 (1:300, Abcam, ab28448), rabbit anti-CDP1 (1:200,

Santa Cruz Biotechnology, M-222), rabbit anti-phospho-S6 ribosomal protein

(Ser235/236, 1:400, Cell Signaling Technology, 4858), mouse anti-NeuN (Milli-

pore, MAB377), and rat anti-Somatostatin (1:50, Abcam, ab30788). Secondary

antibodies were as follows: donkey anti-rabbit, donkey anti-rat, and goat anti-

mouse Alexa Fluor 488 (1:800, Thermo Fisher Scientific). Fluorescently stained

sections were imaged with a Zeiss LSM 700 confocal microscope driven by

ZEN imaging software and equipped with a 103 Plan-Apochromat/NA 0.45

and a 203 Plan-Apochromat/NA 0.8 objective. Fluorophore excitation and

scanning were performed with diode lasers at 405 nm, 488 nm, and 561 nm

for Hoechst, Alexa 488, and tdTomato respectively. For cortical length mea-

surements, whole hemispheres were imaged using the Tile-scan mode and

a 103 objective, and the superficial surface of layer II/III was measured from

the motor cortex to the piriform cortex using ImageJ. For cortical layer

markers, the entire cortical thickness corresponding to the region of the so-

matosensory cortex was imaged using the Tile-scan mode and a 203 objec-

tive. Images were analyzed using ImageJ to obtain the whole z stack dataset

and measure cortical length.

Statistical Analysis

Mean AAFs of pathogenic somatic mutations identified in FCD and HME cases

reported by our study and the published literature were compared using a

two-tailed unpaired t test.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

one figure, and six tables and can be found with this article online at https://

doi.org/10.1016/j.celrep.2017.11.106.
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