RESEARCH ARTICLE

mTOR Pathway Somatic Pathogenic Variants in Focal
Malformations of Cortical Development
Novel Variants, Topographic Mapping, and Clinical Outcomes

Eric Krochmalnek, MSc,* Andrea Accogli, MD,* Judith St-Onge, DEC, Nassima Addour-Boudrahem, PhD, Correspondence
Gyan Prakash, MSc, Sung-Hoon Kim, PhD, Tristan Brunette-Clement, MD, Ghadd Alhajaj, MD, r[:y'r?;:;mur@mcgi” -
Lina Mougharbel, PhD, Elena Bruneau, BSc, Kenneth A. Myers, MD, PhD, Francois Dubeau, MD,

Jason Karamchandani, MD, Jean-Pierre Farmer, MDCM, Jeffrey Atkinson, MD, Jeffrey Hall, MD,

Chantal Chantal Poulin, MD, Bernard Rosenblatt, MDCM, Joel Lafond-Lapalme, MSc, Alexander Weil, MD,

Catherine Fallet-Bianco, MD, Steffen Albrecht, MD,t Nahum Sonenberg, PhD, Jean-Baptiste Riviere, PhD,

Roy W. Dudley, MD, MSc, PhD, and Myriam Srour, MDCM, PhD

Neurol Genet 2023;9:¢200103. doi:10.1212/NXG.0000000000200103

Abstract

Background and Objectives

Somatic and germline pathogenic variants in genes of the mammalian target of rapamycin
(mTOR) signaling pathway are a common mechanism underlying a subset of focal malfor-
mations of cortical development (FMCDs) referred to as mTORopathies, which include focal
cortical dysplasia (FCD) type 11, subtypes of polymicrogyria, and hemimegalencephaly. Our
objective is to screen resected FMCD specimens with mTORopathy features on histology for
causal somatic variants in mTOR pathway genes, describe novel pathogenic variants, and
examine the variant distribution in relation to neuroimaging, histopathologic classification, and
clinical outcomes.

Methods

We performed ultra-deep sequencing using a custom HaloPlex'"® Target Enrichment kit in
DNA from 21 resected fresh-frozen histologically confirmed FCD type II, tuberous sclerosis
complex, or hemimegalencephaly specimens. We mapped the variant alternative allele fre-
quency (AAF) across the resected brain using targeted ultra-deep sequencing in multiple
formalin-fixed paraffin-embedded tissue blocks. We also functionally validated 2 candidate
somatic MTOR variants and performed targeted RNA sequencing to validate a splicing defect
associated with a novel DEPDCS variant.

Results

We identified causal mTOR pathway gene variants in 66.7% (14/21) of patients, of which 13
were somatic with AAF ranging between 0.6% and 12.0%. Moreover, the AAF did not predict
balloon cell presence. Favorable seizure outcomes were associated with genetically clear re-
section borders. Individuals in whom a causal somatic variant was undetected had excellent
postsurgical outcomes. In addition, we demonstrate pathogenicity of the novel c.4373_
4375dupATG and candidate ¢.7499T>A MTOR variants in vitro. We also identified a novel
germline aberrant splice site variant in DEPDCS (c.2802-1G>C).
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Glossary

AAF = alternate allele frequency; CNV = copy number variant; EC = Engel classification; FCD = focal cortical dysplasia;
FMCDs = focal malformations of cortical dysplasia; FFPE = formalin-fixed paraffin-embedded; HMEG = hemimegalencephaly;
mTOR = mammalian target of rapamycin; PMG = polymicrogyria; TSC = tuberous sclerosis complex.

Discussion

The AAF of somatic pathogenic variants correlated with the topographic distribution, histopathology, and postsurgical out-
comes. Moreover, cortical regions with absent histologic FCD features had negligible or undetectable pathogenic variant loads.
By contrast, specimens with frank histologic abnormalities had detectable pathogenic variant loads, which raises important
questions as to whether there is a tolerable variant threshold and whether surgical margins should be clean, as performed in
tumor resections. In addition, we describe 2 novel pathogenic variants, expanding the mTORopathy genetic spectrum. Although
most pathogenic somatic variants are located at mutation hotspots, screening the full-coding gene sequence remains necessary in

a subset of patients.

Introduction

Focal malformations of cortical development (FMCDs)
comprise a spectrum of developmental disorders ranging
from focal cortical dysplasia (FCD) to hemimegalencephaly.
The common denominator of these conditions is a disruption
of the normal cytoarchitecture of the cerebral cortex, fre-
quently resulting in medication-resistant epilepsy that usually
requires surgical treatment. FCDs are classified into different
neuropathologic subtypes (type Ia, Ib, Ic, IIa, IIb, IIIa, IIIb,
IIlc, and I11d) based on the severity of cytoarchitectural dis-
ruption." FCD type II is by far the most common in patients
who undergo epilepsy surgery and is characterized on his-
tology by loss of cortical lamination and large dysmorphic
neurons without (type Ila) or with (type IIb) balloon cells.”

Recent studies have highlighted the role of hyperactivation of
the mechanistic target of rapamycin (mTOR) pathway in a
subset of FMCDs, which includes FCD type 11, subtypes of
polymicrogyria, and hemimegalencephaly.”” These disorders
are now considered part of the same disease spectrum, termed
“mTORopathies”, and share indistinguishable histopatho-
logic features, namely disrupted cytoarchitecture and dys-
morphic neurons with or without balloon cells. The mTOR
pathway has an important role in cell growth, maturation,
proliferation, and energy metabolism.® Both somatic gain-of-
function variants in activator genes (such as MTOR,*"?
AKT3"3, RHEB", and PIK3CA') and loss-of-function
germline variants in negative regulator genes (such as TSCI,
TSC2,'* DEPDCS,'>'"° PTEN,*** NPRL2*, and
NPRL3***) lead to upregulation of mTOR signaling,
resulting in cellular overgrowth and abnormal migration.*®
Although pathogenic variants in a single allele of activator
genes are sufficient to hyperactivate mTOR signaling, a two-
hit allelic variant mechanism has been suggested for at least
some negative regulator genes, such as TSCI/2'®*® and
DEPDC5."”***” More recent studies also suggest that there
may be a synergistic second hit in another mTOR pathway
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gene.””! To date, the underlying cause of FMCDs is found in
15.6-63% of surgical samples, at alternate allele frequencies
(AAFs) ranging from 0.14 to 339%.3132

This study aims to examine the sequence variant load of
mTOR pathway pathogenic variants and their topographic
distribution in relation to neuroimaging, histopathologic
classification, and clinical outcomes; assess the diagnostic
yield of screening mTOR pathway genes in FMCD specimens
showing histologic features of mMTORopathy; and characterize
previously unreported mTOR pathway variants.

Methods

Patient Cohort and Specimens

As part of an ongoing epilepsy surgery biobanking program,
we collect fresh-frozen and formalin-fixed and parafhin-
embedded (FFPE) brain specimens and blood and/or saliva
from patients undergoing epilepsy surgery at the Montreal
Children’s Hospital, Montreal Neurologic Institute, and CHU
Sainte-Justine Hospital. We collect between 1 to 7 fresh brain
specimens per patient undergoing epilepsy surgery, which are
snap-frozen on dry ice. For each of these specimens, the ad-
jacent tissue is FFPE and analyzed by the neuropathology
department. Additional FFPE blocks are also available for
each patient. Neuropathologic diagnoses are performed
according to the ILAE guidelines.*

All patients who underwent epilepsy surgery between January
2016 and June 2019 in whom histopathology of the resected
lesion confirmed an mTORopathy based on cortical dyslami-
nation with dysmorphic neurons with or without balloon cells
were included in this study. Presurgical evaluation and surgical
procedures were performed as previously reported.>* All pa-
tients underwent a 3T MRI. Clinical information, including age
at seizure onset, seizure localization, developmental milestones,
and postsurgical outcomes, was collected from medical records.
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Standard Protocol Approvals, Registrations,
and Patient Consents

This multicentric study had ethical approval from the research
ethics committee of the McGill University Health Center (13-
244-PED). All participants or their parents gave written in-
formed consent.

Data Availability

All generated data are included in this article and associated
Supplementary material. The raw data generated and/or an-
alyzed during the study are available from the corresponding
author on request.

Screening of mTOR Pathway Genes

For each patient, genomic DNA was extracted from fresh-
frozen (Qiagen, QlAamp Fast DNA Tissue Kit), FFPE brain
sections (Qiagen QIAamp DNA FFPE Tissue Kit) and pe-
ripheral blood or saliva (Qiagen, Puregene and DNA Geno-
tek, Preplt) using standard methods. We designed a custom
panel of 13 genes (AKT1, AKT2, AKT3, CCND2, DEPDCS,
MTOR, NPRL2, NPRL3, PIK3CA, PIK3R2, PTEN, TSCI, and
TSC2) belonging to the mTOR pathway using a HaloPlex™
Target Enrichment kit (Agilent Technologies). This capture
method allows the identification of low allele frequency var-
iants through the attachment of a unique barcode that permits
the tracking of individual DNA molecules, thus avoiding en-
richment bias and minimizing sequencing errors to allow a
more accurate estimation of the level of mosaicism. Libraries
were prepared according to the manufacturer’s protocol from
50 ng of DNA extracted from the most histologically abnor-
mal fresh-frozen brain specimen of each patient, except in-
dividual 12. Because brain tissue was unavailable in this
individual, DNA was extracted from saliva and scraping of his
hypertrophic tongue. Deep sequencing (approximately 1,500
reads) was performed on a MiSeq platform using paired end
150-bp reads. Sequenced reads were aligned to the human
genome reference sequence (hg19) using BWA. A coverage of
99.2% of targeted bases was obtained by at least 100 reads in
all samples. Variant calling was performed using a publicly
available analytic pipeline (DnaSeq high Coverage Pipe-
line).*® Candidate variants were retained if supported by at
least 3 nonreference reads with a base quality threshold of 30
and an AAF of >0.5%. Heterozygous coding and splice site
variants were retained if absent in gnomAD36 and in-house
controls. Variants were prioritized if previously reported in
the literature or reported in COSMIC.*” The pathogenicity of
variants was determined based on the American College of
Medical Genetics and Genomics (ACMG) Classification
Guidelines.*®

Validation and Topographic Mapping of
Pathogenic Variants

Candidate variants were confirmed by targeted ultra-deep
sequencing (approximately 100,000-fold) in DNA extracted
from fresh-frozen brain, blood, and/or saliva. In addition, we
investigated the distribution of pathogenic variant loads
across the resected brain by performing targeted sequencing
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of DNA extracted from multiple FFPE brain tissue blocks
(including those from previous surgeries). The region span-
ning the variant was amplified using custom intronic primers.
Libraries were prepared using Nextera XT DNA Sample
Preparation kit (Illumina) and sequenced on a MiSeq plat-
form using paired end 150-bp reads. The variant was present
in a specimen if it was found in >0.5% of reads.

Functional Validation of Candidate mTOR
Pathway Variants

To assess whether variants p.Asp1458dup and p.I1e2500Asn
resulted in upregulation of the mTOR pathway, an in vitro
transfection assay was used to probe for downstream
hyperphosphorylation of P70-S6K1, a well-described marker
for mTOR pathway hyperactivation.® Candidate MTOR
variants were cloned separately into a pcDNA3-Flag MTOR
wild-type plasmids obtained from Addgene (Plasmid #26603),
using QuikChange Lightning site-directed mutagenesis kit
(Agilent). Mutant constructs were transiently cotransfected
with P70-S6K1 in HEK293T cells to probe for hyper-
phosphorylation of P70-S6K1 at threonine 389. Four in-
dependent western blot repeats were performed. Image]
analysis (Version 1.53j) was conducted for quantification of
the signal intensity of the bands. Statistical tests applied were
one-way analysis of variance (ANOVA), followed by the
Dunnett post hoc test.

Investigation of Aberrant Splicing and Search
for a Potential Second Hit in DEPDC5

Total RNA was extracted from the fresh-frozen brain of pa-
tient 14 and blood from the patient and her mother, and
cDNA was synthesized according to standard protocols. To
verify the aberrant splicing of DEPDCS, cDNA was amplified
using a set of primers between exons 28 and exon 32 of
DEPDCS (eFigure 1, links.lww.com/NXG/A637). We also
amplified full-length DEPDCS mRNA by long-range PCR
to look for a second pathogenic variant. The statistical
framework mixture-of-isoforms (MISO) software was used
to estimate the expression and effect of alternatively spliced
exons and isoforms.*® Finally, we searched for the presence
of a somatic copy number variant (CNV) involving
DEPDCS in the brain. DNA derived from patient 14 (fresh
brain and blood) and her mother (blood) was genotyped
using high-resolution SNP array CytoScan HD (Affyme-
trix, Santa Clara, CA) at the McGill Genome Innovation
Center querying a total of 750,000 SNPs and 2.67 million
CNV markers.

Genetic, Radiologic, and Clinical Correlations
We further delineated whether there was a relationship
between pathogenic variant burden (AAF) and its topo-
graphic distribution, neuroimaging, histopathologic classi-
fication, clinical features, and postsurgical epilepsy
outcomes. Chi-square, Fischer exact test, or ¢ test was used
to compare outcomes and clinical features between patient
groups. Two-sided tests with p-values below 0.05 were
considered statistically significant.
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Results

Patients’ Characteristics

A total of 47 individuals undergoing epilepsy were recruited
between January 2016 and June 2019, and of them, 21 indi-
viduals had histologic mTORopathy features on resected
brain (i.e., cortical dyslamination, dysmorphic neurons with
or without balloon cells) and were included in this study. A
summary of the clinical, radiologic, and histologic features and
postsurgical seizure outcomes are described in Tables 1 and 2
and eTable 2 (links.lww.com/NXG/A640). Our cohort
comprises 11 male and 10 female patients. The average age
was 19.5 years (range: 2-60 years, median: 14 years), at sei-
zure onset was 4.8 years (range: 1 day-20 years, median: 3
years) and at surgery was 15.5 years (range: 9 months-58
years, median: 11 years). All patients had drug-resistant focal
epilepsy; 16 had FCD, 3 had HMEG (including one patient
with congenital lipomatous overgrowth, vascular malforma-
tions, epidermal nevi, and scoliosis/skeletal/spinal
(CLOVES) syndrome and 1 with hypomelanosis of Ito),
one had polymicrogyria, and one had tuberous sclerosis
complex (TSC). Fourteen individuals underwent a single
surgery, and 7 had multiple surgeries. Histology was consis-
tent with FCD type ITa in 14 individuals and FCD type IIb in 7
individuals. FMCD was located in a single lobe in 14 of the 21
(67%) individuals and involved the frontal lobe in 9 of 14
(64%), temporal lobe in 4 of 14 (29%), and cingulate cortex in
1 of 14 (7%). 3T brain MRI was considered normal in 7
individuals.

Diagnostic Yield of mTOR Gene Panel Screen

A total of 131 samples, including 37 fresh-frozen, 73 FFPE
brain specimens, and 21 blood/saliva specimens, were col-
lected from the 21 patients with histologic features of
mTORopathy.

We identified disease-causing variants in 14 patients, repre-
senting a diagnostic yield of 66.7% (Table 1, Figure 1).
Pathogenic variants were somatic in 13 patients and germline
in one patient (Patient 14). Patient 14 carried a heterozygous
germline splice site variant in DEPDCS (NM_001242896.1:
¢.2802-1G>C). Nine patients had somatic variants in MTOR,
2 in PIK3CA, one in TSC2, and one in AKT3. We detected
variants with an AAF as low as 0.6%. Notably, 43% (9/21) of
specimens screened with the Haloplex panel had an AAF of
<5%. All variants were validated with targeted ultra-deep se-
quencing. In 11 patients, the somatic variants were previously
reported and shown to result in hyperactivation of the mTOR
pathway and thus deemed pathogenic. We were only able to
detect the somatic pathogenic variant in blood or saliva/
buccal swabs in 2 individuals, both of whom had evidence of
extracerebral involvement: an individual with hemi-
megalencephaly as a manifestation of his CLOVES syndrome
(individual 12) and one individual with a clinical diagnosis of
TSC (individual 10 has hypomelanotic macules, facial
angiofibromas, bilateral angiomyolipomas, subependymal

nodules, and cortical/subcortical tubers; his previous clinical
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testing on blood was negative, and we did not identify a
second TSC2 variant). Diagnostic yield was similar whether
the FMCD was apparent on brain imaging (abnormal imaging
in 10/14 with positive genetic yield vs 4/7 with negative
genetic yield, p = 0.64).

Two Candidate MTOR Variants Result in mTOR
Pathway Upregulation

We identified a novel somatic variant in MTOR (NM_
004958.4), not previously associated with FCD: c.4373
4375dupATG  (p.Aspl458dup). In addition, variant
c.7499T>A (p.1le2500Asn) was recently associated with FCD
type Il in a single patient and had not undergone functional
studies.”*' Both variants are absent in gnomAD and affect
highly conserved residues. The ¢.4373_4375dupATG results
in an in-frame single amino acid duplication of 55 amino acids
upstream from the FAT domain, in close proximity to several
other pathogenic variants (Figure 2). The p.Ile25S00Asn
substitution is located 31 amino acids before the FATC do-
main (Figure 2). A different amino acid substitution at the
same position, p.Ile2500Phe, has been reported in 2 patients
with FCD type II*' and 2 patients with hernimegalencephaly.7’41’45
Both p.Jle2500Asn and p.Jle2500Phe are linked in COSMIC to
several samples of different carcinoma types (COSV63869065,
COSM1730782, eTable 1, linkslww.com/NXG/A639) and as-
sociated with low-grade oncocytic renal tumors.*® The c4373
4375dupATG and ¢.7499T>A variants result in a 7-fold and 8-fold
increase in P70-S6K1 phosphorylation (p < 0.0001 and p < 0.001),
respectively, in vitro, demonstrating that they cause mTOR path-

way upregulation (Figure 3)]

The ¢.7499T>A (p.Ile2500Asn) variant was detected at an
AAF ranging between 1.2% and 7.6% (Figure 4A.c) in the
brain specimen from patient 2, who developed focal seizures
at age 16 months. Her initial 3T brain MRI was normal.
Seizures were initially controlled with levetiracetam; however,
the patient presented at 23 months of age in super-refractory
status epilepticus, unresponsive to standard antiseizure
medications and anesthetics.”* An occipital brain biopsy
revealed FCD type Ila. She subsequently underwent a right
hemispherectomy, and histology revealed FCD type Ila fea-
tures in all specimens examined. Similarly, the ¢.7499T>A
variant was identified in all tested brain specimens (eTable 1,
links.lww.com/NXG/A639). She died at age 24 months after
41 days of status epilepticus.

The c.4373 4375dupATG (p.Aspl458dup) variant was
found at an AAF between 1.3% and 3.1% (Figure 4B.b) in
brain specimens from patient 3, a 31-year-old woman with
childhood-onset drug-resistant right frontal seizures. Her
brain MRI was normal, and histology revealed FCD type Ila.
She continues to have seizures despite 2 epilepsy surgeries.

Detection of Novel Germline Splice Site Variant
in DEPDC5

We identified a novel germline variant affecting a canonical
splice site (NM_001242896.1, ¢.2802-1G>C) of DEPDCS in
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Table 1 Clinical Characteristics and Genetic Findings in Individuals With Identified Pathogenic mTOR Pathway Variants

Variant allele frequency

Current age Age at sz onset, Total # Sz outcome® Nucleotide, protein Novel vs prev.
Patient# (age Dcd), sex last surgery Clinical diagnosis Development 3T brain MRI Histology surgeries (f/u yrs) Gene change reported Brain® Blood Saliva
1 43y, M 9y/aly R hemisphere DRE, R Learning R HMEG HMEG/ 3 ECIV(2y) MTOR  c.4448G>A Prev. rep.'>%°  8.5% NA Not
HMEG and OVG disability FCD IIb p.Cys1483Tyr [3.0-11.6%] detected
2 (2 y-Dcd), F 16m/i2y R hemisphere DRE Normal Normal* FCD lla 2 ECIV (Dcd) MTOR  c.7499T>A, Prev rep™! 3.5% Not NA
p.lle2500Asn [1.2-7.6%] detected
3 32y, F 12y/29y R posterior cingulate  Learning Normal FCD lla 2 ECIV(2y) MTOR  ¢.4373_4375dupATG, Novel 3.1% Not Not
DRE disability p.Asp1458dup [1.3-3.1%] detected detected
4 21y, M 3y/15y R frontal lobe DRE Normal Rfrontoparietal FCD, R subcortical FCD Ilb 3 ECIl(6Y) MTOR  c.4447T>C Prev. rep.'? 2.6% Not Not
parieto-occipital cysts p.Cys1483Arg [0.6-8.8%*] detected detected
5 8y, M 18m/5y R lobe focal DRE Normal R frontal FCD FCD Ilb 1 ECII(1.25y) MTOR  c.6644C>A, Prev. rep.*? 0.9% Not NA
p.Ser2215Tyr [0.9-1.9%*]  detected
6 8y, F 2m/5y Focal left temporal Normal Normal FCD lla 3 ECIV(1.8y) MTOR  c.6644C>T, Prev. rep.*? 0.9% NA NA
DRE p.Ser2215Phe [2.1-5.4%%*]
7 9y, M 3y,3y Left frontal DRE Normal L frontal FCD FCD IIb 1 ECI(6Y) MTOR  ¢.5930C>A Prev. rep.'? 0.8% Not NA
p.Thr1977Lys [0.8-3.5%*] detected
8 45y, F 9y, 42y R frontal DRE Normal Normal FCD lla 1 ECI(1y) MTOR  c.6644C>T, Prev. rep.*? 0.7% [0.7%%] Not NA
p.Ser2215Phe detected
9 14y, F 7y,10y L parietotemporal Normal L supramarginal gyrus FCD FCD IIb 1 ECI(1.5y) MTOR  c.5930C>A, Prev. rep.'? 0.6% [0.6*%] Not NA
DRE p.Thr1977Lys detected
10 5y,M 3m, 4y TSC, left hemispheric ~ GDD, ID Multiple R>L tubers and FCD IIb 2 ECII(3.75y) TsC2 €.2356-1G>A, p.? Novel 9.4% 6.3% 3.6%
DRE subependymal nodules [6.3-9.4%]
1 8y,M 1d,9m L hemispheric DRE, L GDD, ID L HMEG HMEG/ 1 ECIV(3.92y) AKT3 C.49G>A, p.Glu17Lys  Prev. rep.”’ 4.9% NA Not
HMEG FCD lla [1.3-11.0%] detected
12 19y, M 1d,1y CLOVES syndrome, R Severe ID, ASD R HMEG HMEG/ 1 ECI (na) PIK3CA  c.1624G>A, Prev. rep.*? NA Not 4.85-10.32%¢
HMEG FCD lla p.Glu542Lys detected
13 14y, M 6y, 7y Right frontal DRE GDD R frontal PMG PMG/FCD  x EClI(6y) PIK3CA  c.1624G>A, Prev. rep.3? 12.0% NA NA
lla p.Glu542Lys [5.1-22.7%]
14 19y, F 1d, 13y Right frontal lobe Severe ID R frontal FCD FCD lla 3 ECII (3y) DEPDC5 ¢.2802-1G>C Novel 33.0% 50.8% NA
DRE? [33.0-59.8%]

Abbreviations: ASD = autism spectrum disorder; CLOVES = congenital lipomatous overgrowth, vascular malformations, epidermal nevi, and scoliosis/skeletal/spinal syndrome; d = day; Dcd = deceased; DRE = drug-resistant
epilepsy; f/u = follow-up; F = female; FCD = focal cortical dysplasia; GDD = global developmental delay; HMEG = hemimegalencephaly; ID = intellectual disability; L = left; M = male; m = months; NA = not available; OVG =
overgrowth; PMG = polymicrogyria; Prev. rep. = previously reported; R = right; sz = seizure; TSC = tuberous sclerosis complex; y = years.

@ Seizure outcome according to Engel classification (Engel 1993).

®Variant allele frequency obtained from DNA extracted from fresh-frozen resected brain tissue. The range of allele frequencies across all samples tested are provided in brackets. * indicates that the pathogenic variant is
undetectable in some specimens.

“Buccal swab of hemihypertrophic tongue.

4 This patient also harbors a likely pathogenic heterozygous variant in EBF3 (c.431A>G, p.GIn144Arg) that likely underlies her severe ID and facial dysmorphism. The Engel Epilepsy Surgery Outcome Scale was used to classify
postsurgical outcomes (Engel Class I: freedom from disabling seizures; Class II: rare disabling seizures (almost seizure free); Class Ill: worthwhile seizure reduction; Class IV: no worthwhile improvement).*>44
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Table 2 Clinical Characteristics of FCD Individuals With Negative mTOR Pathway Genetic Screening

Sz
Patient Current Ageatszonset,at Clinical diagnosis Total number outcome
# age, sex last surgery (duration of epilepsy) Development 3T brain MRI Histology of surgeries (f/u)
15 20y, F 8y, 14 Right frontal DRE (6 y) Normal R frontal FCD FCD type 1 ECI(6y)
Ila
16 1My, M 3y, 7y Left Fronto-central- Normal Normal FCD type 1 ECI (2 mo)
parietal DRE epilepsy (4 y) lla
17 14y, F 2y, 11y Left SMA DRE (9y) Normal Normal FCDtype 2 ECI (4y)
lla
18 14y, F 10y, 11y Right SMA DRE (1y) Normal Normal FCD type 1 ECI(3y)
language lla
disorder
19 11y, F 4y4dy Left temporal DRE (4 m)  Normal Left parieto-temporal FCD type 1 ECI (7 y)
FCD Ilb
20 60y, M 20y, 58y Left temporal DRE (38y)  Normal Left hippocampal FCD type 1 ECI(2y)
sclerosis lla
21 32y, M 10m Left temporal DRE (28y)  Normal Left hippocampal FLAIR ~ FCD type 1 ECI(3y)

signal abnormality lla

Abbreviations: DRE = drug-resistant epilepsy; FCD =focal cortical dysplasia; ECl =
Sz = seizure; y = year.

Engel class I; f/u = follow-up; m = months; SMA = supplementary motor area;

patient 14, inherited from her asymptomatic mother. This
variant has not been previously reported, is absent in control
databases (gnomAD), and is classified as pathogenic based on
ACMG Guidelines. Targeted sequencing of DEPDCS cDNA
derived from the patient’s blood and brain revealed that the

¢.2802-1G>C variant results in aberrant splicing and retention
of intron 29 (eFigure 1A, linkslww.com/NXG/A637) pre-
dicted to shift the reading frame. Moreover, the probabilistic
model of RNA-seq obtained with MISO and displayed with
Sashimi revealed the presence of extra read densities between

Figure 1 Pathogenic Variants in mTOR Pathway Genes Identified in Our FMCD Cohort
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Representation of 14 variants detected with their corresponding patient number and location. Variants in MTOR, PIK3CA, and AKT3 are somatic gain-of-
function variants in positive regulators of the mTOR pathway. DEPDC5 and TSC2 are loss-of-function variants in negative regulators of the mTOR pathway.
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Figure 2 Distribution of MTOR Pathogenic Variants Associated With FMCDs
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Previously reported (in black) and novel (in red) pathogenic variants associated with FMCDs are indicated. Bolded substitutions were also found in our cohort.
The MTOR protein contains 20 tandem HEAT repeats that provide protein-protein interactions with the mTOR regulatory proteins Raptor and Rictor, the FAT
modulatory domain, the FKBP12-rapamycin binding domain (FRB), the Ser/Thr kinase domain, and the FATC modulatory domain. There is a clustering of
variants between the HEAT repeats and FAT domain, as well as within and close to the kinase domain. FMCDs = focal malformations of cortical development;

mTOR = mammalian target of rapamycin.

exon 29 and 30, demonstrating intron 29 retention (eFigure 1B).
We searched for a somatic variant or CNV involving DEPDCS;
however, a second hit was not identified after sequencing of full-
length DEPDCS ¢DNA and whole-genome SNP array.

Variant Load, Topographic Distribution,
Histology, and Clinical Outcomes

For the 14 individuals in whom we identified a causal somatic
mTOR pathway variant, we further studied a total of 103 brain
specimens, including 73 FFPE specimens, to assess the AAF
and distribution of the variants across multiple brain regions
(average of 7.3S brain specimens per patient). A summary of
the topographic distribution of the variants for each patient is
depicted in eFigure 2 (links.lww.com/NXG/A638).

All solved FCDs in our cohort had somatic pathogenic
MTOR variants. Pathogenic somatic variants were found in
AKT3 and PIK3CA in larger cerebral lesions, namely hem-
imegalencephaly and polymicrogyria.

In general, the load and topographic distribution of the somatic
pathogenic variants correlated with the size of the FMCD on
MRI and based on the distribution of histopathologic abnor-
malities: more extensive lesions were associated with higher
maximal AAFs (eFigu.re 2, links.Iww.com/NXG/A638 and
eTable 2, links.lww.com/NXG/A640). For example, patients
with hemimegalencephaly (individuals 1, 11, and 12) and ex-
tensive polymicrogyria (individual 13) had the highest maximal
AAF (maximum AAF ranges 10.3%-22.7%). By contrast,

Figure 3 Functional Validation of Candidate MTOR Variants
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(A) Western blots of flag-tagged mutant
MTOR plasmid constructs cotransfected
with HA-p70-S6K1 in HEK293T cells
to probe for hyperphosphorylation of
p70-S6K. Blotting for p-p70-S6 kinase at
threonine 389 reveals upregulation
of the mTOR pathway in both patient
variants Asp1458dup and lle2500Asn.
Leu1460Pro and Ile2500Phe were used
as positive controls. HA and Flag tags in-
dicate equal cotransfection of p70-S6K1
and MTOR plasmids, respectively.
B-actin is a cell lysate loading control. (B)
Quantification of western blot signal in-
tensity and one way ANOVA followed
by the Dunnett post hoc test reveals a
statistically significant increase in levels
of p70-S6K1 phosphorylation relative to
WT was observed for patient variants,
p.Asp1458dup and p.lle2500Asn, as
well as a known upregulating mTOR
variants Leu1460Pro and Ile2500Phe.
Statistical values: * = p < 0.05, *** =
p < 0.001, **** = p < 0.0001. mTOR =
mammalian target of rapamycin.
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Figure 4 Examples of Mapping Somatic Variants and Their AAF Across Resected Brain
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Preoperative (boxed) and postoperative brain MRIs of patients 2 (A), 3 (B), 4 (C), and 4 (D). Yellow lines indicate the outline of the resected brain. The AAF
frequency of the somatic pathogenic variants was obtained from targeted sequencing of DNA extracted from FFPE specimens corresponding to the indicated
regions. Preoperative MRIs were reported as normal in patients 2 (A) and 3 (B). Patient 4 had right parieto-occipital cystic lesions and an extensive FCD in the
right orbitofrontal lobe (dotted white circles, C), and patient 7 (D) had a right frontal bottom of sulcus FCD (dotted white circles, D). AAF = alternative allele
frequency; FCD = focal cortical dysplasia; FFPE = formalin-fixed paraffin-embedded.

patients with FCD had a lower maximum pathogenic variant
load (maximum AAF range for FCD 0.6-8.88% and average
maximum AAF 3.74% in FCD vs 15.1% in PMG/HMG, p =
0.0053); even within the FCD subgroup, those with histopatho-
logic extensive lesions (patients 2 and 4) had higher maximal AAF.

In general, somatic pathogenic variants were detected in tissue
specimens displaying histologic abnormalities (eTable 2,
links.Iww.com/NXG/A640). We always identified the so-
matic pathogenic variants in specimens that were frankly
histologically abnormal and consistent with FCD type IL
Moreover, almost all histologically normal specimens showed
the absence of a causal variant. However, it is important to
note that there were rare specimens considered histologically
normal in which we identified the presence of the somatic
pathogenic variant at low levels. For example, in patient 4, we
detected the somatic pathogenic variant at an AAF of 0.6 and
1.2% in DNA extracted from FFPE blocks from the right
occipital lobe that were considered normal; in this patient, the
epicenter of the FCD and the epileptogenic zone was much
more anterior in the right frontal lobe where the histology was
frankly abnormal, and the AAF was up to 8.8%.

We did not find a significant correlation between maximum
variant load and histologic diagnosis of FCD type Ila vs IIb in
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our samples (average maximum AAF 8.4% in FCD2a vs 6.0%
in 2b, p = 0.5227). Patients with somatic MTOR pathogenic
variants with similar AAF ranges could have either FCD type
ITa or IIb on histology. Furthermore, when comparing the
AAF and histologic findings across multiple brain speci-
mens from the same patient, there was no relationship
between AAF and the presence of balloon cells. For ex-
ample, in patient 1 with the hemimegalencephaly/MTOR
variant, balloon cells were identified in only one of the 13
FFPE specimens with a variant load of 3.9%; all other
specimens showed the presence of dysmorphic neurons
without balloon cells, with variant loads ranging between
3.3 and 11.6%. Similarly, in patient 4 with the MTOR
variant, FFPE specimens with balloon cells had an AAF at
1.1%-3.3%, and the specimen with the highest AAF at
8.8% displayed no balloon cells.

Individuals with PIK3CA and AKT3 variants were more likely
to have neonatal-onset seizures than the remainder of the
cohort (2/3 vs 0/18, p = 0.0143). There was also a correlation
between neurodevelopmental outcome and causal gene: All
individuals with somatic MTOR variants had normal de-
velopment and intelligence, whereas those with AKT3 or
PIK3CA variants had global developmental delay and in-
tellectual disability (GDD/IDD in 0/9 vs 4/4, p= 0.0014).
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Patients with good surgical outcomes tended to have lower
pathogenic variant loads and surgical margins with normal
histology without the causal variant (Table 1). It is interesting
to note that all 7 individuals from our cohort in whom we were
unable to identify the underlying genetic etiology were
seizure-free postresection, with Engel classification I
(Table 2) (ECI-II in 7/13 with somatic variants identified vs
7/7 with no somatic variant identified, p = 0.0515). These
patients also had histologically normal surgical margins.

Discussion

In this study, we genetically characterized a total of 131
specimens (including fresh-frozen and FFPE brain specimens,
blood, and saliva) from 21 patients with FMCD with histo-
logic features of mTORopathy.

We demonstrate that systematic screening of abnormal ce-
rebral specimens using an mTOR pathway gene panel has a
high diagnostic yield of 66.7%. This yield is high compared
with the range previously reported in the literature
(15.6%-63%).>"** A further breakdown of the diagnostic
yield shows that mTOR pathway variants underlie 86% (6/7)
of FCD type IIb patients but only 53% (8/15) of FCD type Ila
patients. Several factors may account for this high yield: We
had access to fresh affected specimens of small size, which
gave us a high resolution of the variations within the patho-
logic tissue and allowed for the enhanced detection of somatic
variants at lower AAF; we chose the most abnormal speci-
mens based on the histology of the adjacent tissue sections,
and finally, we screened the full coding regions of the genes.

We confirmed many of the previously published observations,
although our cohort included a modest number of patients. As
noted by Baldassari et al. (2019)*° and Pirozzi et al.
(2022),>"*” we found that the highest AAFs were usually,
although not strictly, associated with more extensive cortical
lesions and that PIK3CA and AKT3 were associated with large
lesions such as hemimegalencephaly or polymicrogyria.
Similarly, AAF appeared to correlate with histologic findings:
cortical regions with absent histologic FCD features had
negligible or undetectable pathogenic variant loads, whereas
specimens with frank histologic abnormalities had detectable
pathogenic variants. Our findings support the conclusions by
Lee et al. (2023) and Baldassari et al.that the density of the
dysmorphic cells correlated with the AAF.>"** Of note, we did
not observe any clear correlation between the histologic
subtype of FCD type II (i.e., Ila or IIb) and AAF because
regions of similar variant load may demonstrate the presence
or absence of balloon cells; studies including a larger number
of specimens will be required to confirm this observation.

The findings from our cohort support the previously noted
correlation between PIK3CA or AKT3 variants and poor
neurodevelopmental outcome®" because all our patients with
PIK3CA or AKT3 variants have global developmental

Neurology.org/NG

delay/intellectual disability, whereas development was nor-
mal in all patients with MTOR variants. Note that poor
neurodevelopmental outcome does not seem to be related
only to the lesion size because patient 1 with the hemi-
megalencephaly and MTOR variant had normal development
and intelligence, suggesting that poor cognitive outcome
is not only associated with the topographic extent of the
cortical malformation. Our cohort also supports neonatal
onset of seizures with PIK3CA or AKT3 compared with
MTOR.

Of interest all patients with no identified pathogenic variant
had good postsurgical epilepsy outcomes (Engel Class I, see
Table 2). A possible explanation for this is that the AAF of the
pathogenic variant was below our method’s detection threshold
and that the DNA was extracted from sections that were not
pathologic and did not contain mutant cells, implying that a smaller
FCD or one with a low pathogenic variant AAF is associated with
better postsurgical outcome. Other potential reasons for not
identifying the causal pathogenic variant include the presence of a
pathogenic variant outside of the coding regions, deletions, struc-
tural rearrangements, and genes absent from our panel.”’

As illustrated in our study, the variable levels of pathogenic
variants across FCDs raise important questions as to whether
there is a tolerable variant level and whether the surgical
margins of the resected FCD should be clean, as performed in
tumor resections. The relationship between variant load, ep-
ileptogenic zone, and focus are still unknown, and larger-scale
studies with combined intracranial recording, genetic, and
histopathologic analysis and long-term seizure outcome are
needed to address this matter.

We describe 2 novel somatic pathogenic variants responsible
for FMCDs and illustrate that, although most pathogenic
variants are recurrent, they may be present outside of muta-
tion hotspots. Therefore, screening only for recurrent muta-
tions is insufficient to identify causal pathogenic variants in
patients with mTORopathies.

We performed functional validation of 2 variants in MTOR,
p-1le2500Asn and p.Asp1458dup, in patients with FCD type
ITa and demonstrated using an in vitro assay that these vari-
ants result in hyperphosphorylation of P70-S6K1, indicating
they are pathogenic and cause mTOR pathway upregulation.
We also report a novel germline canonical splice site variant in
DEPDCS (c.2802-1G > C) and show that it results in aberrant
splicing leading to a frameshift. DEPDCS encodes for DEP
domain containing 5, a member of the GATORI complex
(GAP activity toward Rags complex 1) and, along with
NPRL2 and NPRL3, acts as a negative regulator of
mTORC1.>® Variants in DEPDCS are typically loss of func-
tion, with only a few recurrent variants reported. It has been
hypothesized that a second-hit mechanism may be required to
generate FCDs, as previously observed in cancer*® and
TSC.">? To date, this phenomenon has been demonstrated
6 times in GATORI genes for ECD."7*****7?%31 we did not
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identify an additional pathogenic somatic variant in our
patient.

Many of the somatic variants identified in our cohort were
recurrent and involved substitution of the same amino acid. In
MTOR, 2 patients had substitutions at p.Cys1483, 2 at
p-Thr1977, and 3 at p.Ser221S. The p.Cys1483 amino acid is
located 30 amino acids upstream of the FAT catalytic domain,
where the N-terminal portion of the domain is required for
binding of the regulator proteins RAPTOR and RICTOR.*
The p.Thr1977 variant is located 38 amino acids upstream of
the rapamycin binding FRB domain and is thought to act as a
gatekeeper at mTOR’s catalytic cleft.*’ The p.Ser2215 variant
is located just outside the ka3 helix domain at the active site of
the mTOR kinase, and its substation has been previously
demonstrated to upregulate mTOR through a gain-of-function
sequence variant mechanism'"'>'**"* (Figure 2). Similarly, 2
patients had the identical p.GluS42Lys substitution in PIK3CA,
which has previously been observed in hemimegalencephaly*®
and is frequently observed in tumors (COSV55873227 in
COSMIC). This substitution disrupts an inhibitory charge-
charge interaction with the p8Sa regulatory subunit by affecting
the catalytic region of the PI3K helical domain.*’

A few limitations of our study need to be mentioned. First, our
study included a relatively small number of patients, which
limits our ability to find statistically significant differences
between groups and may also increase our margin of error.
Nevertheless, our findings were in keeping with previous
studies. Second, potential disease-causing variants may be
present below the minimal AAF detection threshold
(ie., <0.005) for HaloplexHS or lie in promotor regions or
introns not covered by our panel. Third, RHEB (MIM*
601293)'* and RPS6 (MIM* 180460),>® which have recently
been shown to be implicated in FCD pathogenesis, were not
included in our gene panel. Fourth, we have investigated so-
matic CNV only in the individual harboring the DEPDCS
variant but not in other patients.*' Finally, determination of
the mosaic gradient of the somatic variants was performed on
DNA extracted from FFPE and not fresh-frozen tissue as we
did not have access to many fresh-frozen specimens per pa-
tient; although there is concern that fixing introduces DNA
artifacts and may affect variant calling, it has been shown that
sequencing of somatic variants in FFPE tissue is highly con-

cordant with results from fresh tissue.>>

In summary, through the study of 103 specimens, we provide a
compelling demonstration of the mosaic pattern of the somatic
pathogenic variants in mTORopathies and show an association
between the level of mosaicism, histopathologic findings, and
clinical outcomes, concordant with previous studies. Cortical
regions without histologic FCD features had negligible or un-
detectable pathogenic variant loads, whereas specimens with
frank histologic abnormalities had detectable pathogenic vari-
ants. Seizure outcomes were favorable when resection borders
were genetically clear, and individuals without an identified
causal somatic variant had excellent postsurgical outcomes after
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surgery. In addition, our study demonstrates that screening
fresh-frozen specimens using a custom HaloPlexHs mTOR
pathway gene panel results in a high diagnostic yield. We
identify a novel somatic MTOR variant and provide in vitro
evidence of pathogenicity, highlighting the importance of
screening the full coding regions in mTORopathy lesions. We
also describe a novel germline DEPDCS splice site mutation
and show its impact on mRNA splicing. Routine molecular
testing and integration of genetic results into the classification
and diagnosis of FMCDs will be key to enhancing the char-
acterization of FMCD cohorts, improving our understanding of
underlying pathophysiology and allowing development of
novel targeted treatment options and personalized medicine.*®
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