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Significance

 Focal cortical dysplasia (FCD) type 
2 is a malformation of the 
cerebral cortex causing drug-
resistant epilepsy that can be due 
to somatic variants in PI3K-mTOR 
pathway genes giving rise to a 
mosaic lesion. It remains unclear 
when pathogenic variants 
causing FCD type 2 occur during 
development, and how they 
affect mutant compared to 
nonmutant cells. In this study, 
single-cell transcriptomics 
combined with cell-type-resolved 
genotyping of somatic variants 
reveal that FCD type 2 affects 
mainly neurectoderm-derived 
cortical cells. Mutant neurons in 
the mosaic cortical lesions show 
upregulation of pathways related 
to metabolism and cell growth, 
which are downregulated in 
nonmutant neurons. We further 
identified changes in microglial 
activation, synaptic homeostasis, 
and neuronal connectivity 
potentially contributing to 
epileptogenesis.
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While it is widely accepted that somatic variants that activate the PI3K-mTOR pathway 
are a major cause of drug-resistant focal epilepsy, typically associated with focal cortical 
dysplasia (FCD) type 2, understanding the mechanism of epileptogenesis requires identi-
fying genotype-associated changes at the single-cell level, which is technically challenging 
with existing methods. Here, we performed single-nucleus RNA-sequencing (snRNA-seq) 
of 18 FCD type 2 samples removed surgically for treatment of drug-resistant epilepsy, 
and 17 non-FCD control samples, and analyzed additional published data comprising 
>400,000 single nuclei. We also performed simultaneous single-nucleus genotyping 
and gene expression analysis using two independent approaches: 1) a method that we 
called genotyping of transcriptomes enhanced with nanopore sequencing (GO-TEN) 
that combines targeted cDNA long-read sequencing with snRNA-seq, 2) ResolveOME 
snRNA-seq and DNA genotyping. snRNA-seq showed similar cell identities and pro-
portions between cases and controls, suggesting that mosaic pathogenic variants in 
PI3K-mTOR pathway genes in FCD exert their effect by disrupting transcription in 
conserved cell types. GO-TEN and ResolveOME analyses confirmed that pathogenic 
variant-carrying cells have well-differentiated neuronal or glial identities, with enrich-
ment of variants in cells of the neuroectodermal lineage, pointing to cortical neural 
progenitors as possible loci of somatic mutation. Within FCD type 2 lesions, we iden-
tified upregulation of PI3K-mTOR signaling and related pathways in variant-carrying 
neurons, downregulation of these pathways in non-variant-carrying neurons, as well 
as associated changes in microglial activation, cellular metabolism, synaptic homeo-
stasis, and neuronal connectivity, all potentially contributing to epileptogenesis. These 
genotype-specific changes in mosaic lesions highlight potential disease mechanisms 
and therapeutic targets.

epilepsy | cerebral cortex | MTOR | somatic mutation | development

 Focal cortical dysplasia (FCD) spectrum disorders represent cortical malformations that 
occur in the absence of other organ system involvement and are the most common cause 
of drug-resistant epilepsy requiring neurosurgical treatment in children ( 1 ). FCDs are 
developmental brain lesions that result from pathogenic somatic variants, and are unilateral 
or more commonly restricted to a small cortical region ( 2 ,  3 ). The most common FCD 
subtypes—FCD type 2A (FCD2A), FCD type 2B (FCD2B), and hemimegalencephaly 
(HME)—are characterized by localized regions of abnormal cortex appearing at the his-
topathological level as dyslamination of the six-layer structure and the presence of rare, 
maloriented, dysmorphic neurons (DNs). In FCD2B and HME, another hallmark finding 
are balloon cells (BCs), which are rare, enlarged, oval-shaped, eosinophilic cells with one 
or more nuclei ( 4 ). A related condition, tuberous sclerosis complex (TSC), is characterized 
by multiple dysplastic cortical lesions with similar histopathology, commonly referred to 
as cortical tubers ( 5 ).

 Pathogenic somatic variants in FCD2 often result in hyperactivation of phosphatidylinositol-3 
Kinase (PI3K)-mechanistic target of rapamycin (mTOR) pathway, which regulates cell growth, 
metabolism, proliferation, and survival ( 6 ). FCD2-associated lesions often harbor gain- 
of-function (GoF) somatic heterozygous variants in the activators of this pathway, such as 
﻿AKT3 , PIK3CA , RHEB,  and MTOR  ( 3 ,  7 ). Additionally, somatic loss-of-function (LoF) var-
iants have been reported in PI3K-mTOR pathway repressor genes such as TSC1/2 , DEPDC5 , 
﻿NPRL2/3,  and PTEN.  Somatic LoF variants are usually found in patients with a germline LoF 
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variant in the second allele, thus causing mosaic biallelic LoF remi-
niscent of Knudson’s second hit model for tumor suppressors ( 2 ,  3 , 
 8 ). FCD2 and HME are genetically and histopathologically very 
similar lesions, with the hemispheric extent and the larger fraction of 
variant-carrying cells in HME potentially indicating an earlier devel-
opmental stage at which the variants occur.

 While up to 80% of dysplasias with FCD2 pathology show 
activating PI3K-mTOR variants ( 9 ), how the genetic variants 
affect cell identities and states in the brain, and how these effects 
might lead to drug-resistant epilepsy, is unclear. Furthermore, it 
is unknown when and how during development these variants 
occur. To address these key unanswered questions, we performed 
single-nucleus RNA sequencing (snRNA-seq) on surgical speci-
mens obtained from a cohort of 17 patients clinically diagnosed 
with FCD2 spectrum pathology, 15 of which carried a variety of 
previously reported PI3K-mTOR pathway-associated variants ( 3 , 
 9 ). We show that FCD2 lesions do not contain any novel cell types 
other than those found in control brains at detectable frequency, 
nor do they display consistent shifts in cell type composition. 
Second, we performed cell-type-resolved single-nucleus genotyping 
and genotype-informed transcriptional analysis of FCD2 tissue by 
applying two orthogonal methods: 1) well-based ResolveOME ( 10 ) 
parallel RNA sequencing and DNA analysis, and 2) droplet-based 
genotyping of transcriptome enhanced with nanopore sequencing 
(GO-TEN), a method we developed that allows genotyping of tar-
geted loci in single nuclei cDNA, while also obtaining their full 
transcriptional profiles. Both methods showed that pathogenic 
variant-carrying cells map to well-differentiated cell types of the 
cortical neural lineage, consistent with variants occurring after 
neuroectodermal specification. Finally, transcriptomic comparison 
of variant-carrying and non-variant-carrying nuclei revealed alter-
ations to cell-autonomous as well as global non-cell-autonomous 
gene expression and cell–cell connectivity, potentially contributing 
to epileptogenesis and FCD2 pathophysiology. 

Results

Cell Type Analysis of FCD2 Brains. Histopathological hallmarks 
of FCD2 include the presence of DNs expressing NeuN and 
GFAP, perikaryal expression of neurofilaments (SMI31), excess 
phosphorylated ribosomal protein S6 (pS6), and in certain 
subtypes eosinophilic BCs (4). In order to determine the cell types 
and identities present in FCD2 lesions and whether DNs and 
BCs are transcriptionally distinguishable, we performed snRNA-
seq (11) on 18 fresh-frozen surgically resected brain samples 
from 17 individuals with FCD2 spectrum lesions, including ten 
FCD2 and seven HME (two samples were obtained from the 
same individual), and compared them with control snRNA-seq 
data from nonlesional brains (Fig. 1A, Methods, SI Appendix, 
Table S1 and Fig. S1 A and B, and Dataset S1). Diagnosis of 
FCD2 for all the samples analyzed was made in multiple expert 
epilepsy surgical centers (Boston Children’s Hospital, Cleveland 
Clinic, Austin Health, and European Epilepsy Brain Bank) based 
on magnetic resonance imaging (MRI) and histopathological 
assessment of the tissue removed during surgery, confirming the 
presence of dysplastic cells (examples are reported in SI Appendix, 
Fig.  S1A). The non-FCD controls consisted of 1) anterior 
temporal cortex (Brodmann area BA38) surgical resections from  
four patients with mesial temporal lobe epilepsy (mTLE) as 
nonlesional epilepsy controls, 2) two prefrontal cortex (BA9) 
samples previously published by our lab (12), and 3) nine 
occipital cortex samples (primary and secondary visual cortices, 
BA17 and BA18) (13) and two temporal neocortex samples from 
a total of four neurotypical postmortem brains. Additionally, we 

analyzed snRNA-seq data obtained from the BRAIN Initiative 
Cell Census Network Human Brain Cell Atlas v1.0 (14) 
corresponding to seven areas matching those sampled in our 
data (SI Appendix, Table S1) and obtained from four different 
individuals. Finally, we analyzed cortical tissue previously 
published by Chung et al. (15) consisting of one neurotypical 
control and four FCD2 cases. Thus, we analyzed in total 22 
FCD2 samples from 21 individuals, four epilepsy control 
samples from four different individuals, and 21 neurotypical 
samples from nine individuals (SI  Appendix, Table  S1 and 
Fig. 1A), for a total of 406,699 single nuclei that passed quality 
control filters: 186,166 nuclei from cases and 220,533 nuclei 
from controls (SI Appendix, Fig. S1C and Methods).

 Pathogenic variants were previously identified ( 3 ,  9 ) in 15 
FCD2 samples in our cohort, including one TSC1 , four PIK3CA,  
and eight MTOR  somatic variants, one somatic copy number gain 
in the long (q) arm of chromosome 1 including AKT3 , and one 
﻿DEPDC5  germline variant. Somatic variants showed bulk variant 
allele frequencies (VAFs) spanning 2.3 to 25.8% (SI Appendix, 
Table S1 ). Since all the MTOR  ( 17 ) and PIK3CA  ( 18 ) variants in 
our cohort have been previously shown through functional studies 
to increase PI3K-mTOR activity, we combined the FCD2 cases 
for downstream analyses to maximize statistical power.

 All case and control samples were processed and integrated after 
filtering out putative doublets ( 19 ) and low-quality nuclei, and 
controlling for ambient RNA contamination ( 20 ). Cell-type 
annotation was then performed using a semisupervised approach 
consisting in a first label-transfer analysis using the reference Allen 
Institute motor cortex snRNA-seq atlas ( 21 ), and a subsequent 
annotation refinement by examining expression patterns of canon-
ical brain cell type marker genes ( 14 ,  22 ) ( Fig. 1 B  and C  , Methods , 
﻿SI Appendix , and SI Appendix, Fig. S2 ). Data from different 
sources contained all cell clusters, indicative of efficient integra-
tion (SI Appendix, Fig. S3A﻿ ). We identified all major cortical cell 
types including nine excitatory neuron subtypes, five inhibitory 
neuron subtypes, oligodendrocyte precursor cells (OPCs), mature 
oligodendrocytes, astrocytes and microglia-perivascular mac-
rophages (PVM), vascular and leptomeningeal cells (VLMC), and 
endothelial cells. Excitatory neuron subtypes included layer (L) 
2/3 intratelencephalic (IT), L4 IT, L5 IT, L6 IT, L6 IT Car3, L5 
extratelencephalic (ET), L5/6 near-projecting (NP), L6 cortico- 
thalamic (CT), and L6b neurons. Inhibitory neuron subtypes 
included Sst, Lamp5, Sncg, Pvalb, and Vip ( Fig. 1 B  and C  ). All 
clusters in this integrated snRNA-seq atlas contained nuclei from 
both cases and controls, and we could not identify distinguishable 
new clusters specific to FCD2 cases representing nuclei of an 
abnormal or novel identity like DNs and/or BCs ( Fig. 1D  ). It is 
important to note that DNs and BCs, while cytologically impres-
sive, represent rare cell types in histological sections (SI Appendix, 
Fig. S1A﻿ ).

 No statistically significant difference was found in global cell 
type composition in FCD2 brains compared to controls 
(chi-squared proportion test; P  = 0.2358;  Fig. 1E   and Methods ). 
Reasoning that such global composition analyses may obscure 
more subtle shifts in proportions of a small number of cell types, 
we compared case and control group contributions to each cell 
type using propeller ( 23 ) and found a significant enrichment in 
the case group of microglia-PVM (adj. P  = 0.0003), OPCs (adj. 
﻿P  = 0.0006), endothelial cells (adj. P  = 0.0024), and astrocytes 
(adj. P  = 0.0128, SI Appendix, Fig. S3B﻿ , Dataset S2 , and Methods ). 
This may be suggestive of microglial activation and gliosis ( 24 ) 
and/or reflect lower neuronal density ( 25 ) in FCD2 tissue. 
However, our analysis does not account for potential sampling 
biases that may impact these results.D
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 The absence of clusters containing dysplastic cells may be 
due to reasons such as integration, rarity of dysplastic cells or 
doublet removal. We evaluated these possibilities by 1) inte-
gration of FCD2 samples using different methods ( 16 ,  26 ) 
(SI Appendix  and SI Appendix, Figs. S4–S6 ); 2) analysis restricted  
to four cases carrying a pathogenic variant with high VAF 
(SI Appendix, Fig. S7  and SI Appendix ); 3) data analysis without 
doublet filtering (SI Appendix, Fig. S8  and SI Appendix ). 
Together these analyses (described in detail in SI Appendix ) 
suggest that the morphological alterations that characterize 
DNs and BCs in FCD2 tissue do not necessarily represent new 
cell identities as determined by gene expression. Dysplastic cells 
may also be lost during nuclei preparation due to fragility or 
other unique physical properties, although this hypothesis can-
not be directly tested.  

Altered Energy Metabolism and Microglial Immune Activation 
in FCD2. Differential gene expression (DGE) and gene set 
enrichment analyses (GSEA) characterized cell-type-associated 
changes in transcriptional programs between cases and controls 
(SI Appendix, Fig. S9, Datasets S3 and S4; Methods). We found 
down-regulation of pathways associated with energy metabolism, 
cellular growth and proliferation, and biosynthesis, such as 
oxidative phosphorylation, MYC targets V1, PI3K-AKT-MTOR 
signaling, MTORC1 signaling, reactive oxygen species pathway, 
hypoxia, KRAS signaling, fatty acid metabolism, adipogenesis, and 
glycolysis, across most neuronal subtypes (Fig. 2A, SI Appendix, 
Fig.  S10A and Datasets S3 and S4). Alterations in energy 
metabolism and biosynthesis may significantly alter key neuronal 
properties such as axonal transport and synaptic function (27). 
The seemingly paradoxical downregulation of these pathways is 

Fig. 1.   Conserved cortical cell types between control and FCD2 brains. (A) Schematic of the experimental and analytical workflow. Representative coronal T2 
MRI images for HME (E174) and FCD2B (E364) demarcate the abnormality with dashed red lines. (B) Uniform manifold approximation and projection (UMAP) 
showing cell type clusters identified in the integrated [Harmony (16)] case and control snRNA-seq atlas. (C) Expression of canonical brain cell type marker genes. 
(D) Conserved cell type clusters between cases and controls. (E) Cell type composition of case and control groups compared to the baseline (all case and control 
nuclei). Chi-squared proportion test (P = 0.2358).
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consistent with the frequent hypometabolism observed in FCD 
lesions by functional MRI (28–30) and may reflect a compensatory 
reaction to overactivation of this pathway in variant-carrying 
cells (see below). Pseudobulk DGE and GSEA for all nuclei, 
neuronal nuclei only, and glial nuclei only revealed that KRAS 
and MYC pathways were downregulated in all nuclei, while 
most other pathways related to PI3K-mTOR signaling such as 
MTORC1 signaling were not differentially regulated overall, even 
though specifically and significantly downregulated in neurons 
(SI Appendix, Fig. S10B and Dataset S5). Our pseudobulk analysis 
provides a possible explanation for why prior bulk RNA-seq 
studies (31, 32) did not observe some of the cell-type-specific 
transcriptional changes reported here, and highlights a potential 
benefit of utilizing snRNA-seq to study cellularly heterogeneous 
human FCD2 tissue.

 GSEA also revealed FCD2-associated immune activation in 
microglia, where we found upregulation of terms such as IL2-STAT5 
signaling, TGF-beta signaling, TNFA signaling via NFKB and 
IL6-JAK-STAT3 signaling ( Fig. 2A   and SI Appendix, Fig. S10A﻿ ). 
Furthermore, we identified a significant overlap between differen-
tially expressed genes (DEGs) that were upregulated in FCD2 
microglia, and microglial states associated with LPS-induced 
immune activation and neurodegeneration ( 36 ) ( Fig. 2B  ). Among 
the most significantly upregulated neurodegeneration-related genes 
we found SPP1 , CD83 , CH25H , XYLT1 , MFSD12 , MITF , SOCS6,  
and SIGLEC8 , while for LPS-induced immune activation we found 
﻿OLR1 , C3,  and LILRB4  ( Fig. 2C  ). Taken together, our data high-
light a role for microglial activation in FCD2 pathology that may 
be a cause or a consequence of epileptic seizures, and that mirrors 
microglial activation seen in other neurological disorders ( 37 ).

 Finally, to assess whether the observed transcriptional changes 
were specific to PI3K-mTOR overactivation vs. changes generally 
caused by chronic epilepsy, we compared FCD2 cases specifically 
to nonlesional temporal neocortical resection samples from individ-
uals with mTLE, and thus exposed to recurrent seizures, without 
any overt genetic or histopathologic abnormalities. Consistent with 
our prior analyses, we found evidence of microglial activation such 
as upregulation of TNFA signaling in FCD2 cases vs mTLE con-
trols, suggesting that this may be an FCD2-specific effect (Datasets 
S6  and S7  and SI Appendix, Fig. S10C﻿ ). This is in line with a mosaic 
mouse model of epilepsy showing that FCD-associated microglial 
density is higher in regions containing mutant cells compared to the 
contralateral hemisphere ( 38 ). We also detected significant differ-
ences in key pathways involved in transcriptional regulation such as 
MYC and E2F signaling in several neuronal subtypes and astrocytes 
(SI Appendix, Fig. S10C﻿ ). The direction of these changes, however, 
differed when comparing against neurotypical vs mTLE controls, 
implying that these pathways have broader roles in seizures beyond 
their direct interaction with PI3K-mTOR signaling ( 39 ,  40 ).  

Changes in Neuronal Signaling in FCD2. In order to identify 
mechanisms potentially contributing to epileptic seizures, we 
performed GSEA by interrogating specific gene ontologies such 
as the synaptic gene ontology (SynGO) database (41), as well 
as gene ontologies associated with epilepsy based on Macnee 
et al. (42), DisGeNET (https://www.disgenet.com) (43), and 
the Simons Foundation Autism Research Initiative (SFARI) 
database (https://gene.sfari.org) (44) (Methods), epilepsy being a 
known comorbidity for autism spectrum disorder (ASD) (45). In 
neurons in the disease group, we found downregulation of terms 

Fig. 2.   Alteration of energy metabolism and microglial immune activation in FCD2. (A) Heatmap of Molecular Signatures Database Hallmark pathways (33, 
34) enriched in cases compared to controls per cell type, obtained with fgsea (35) (Dataset S3). (B) Enrichment of DEGs in case vs. control microglia for various 
microglial state marker genes (36). P-values, hypergeometric test with a Benjamini–Hochberg correction for multiple hypothesis testing. Significance denoted for 
adj. P < 0.05. (C) Volcano plots of DEGs driving enrichment of neurodegeneration and lipopolysaccharide-activation-associated states depicted in (B). Wilcoxon rank 
sum test with a Benjamini–Hochberg correction for multiple hypothesis testing. DEGs with an average log-2 fold-change > 0.5 and adj. P < 0.05 are highlighted.
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related to synaptic translation. SFARI genes were upregulated in 
several excitatory neuron subtypes such as L5/6 NP, L6 CT, L6 
IT Car3, and L2/3 IT. Upregulation of terms related to synapse 
assembly and modulation of synaptic transmission was also 
found in neurons. Finally, epilepsy DisGeNET was specifically 
upregulated in microglia, again suggesting an involvement in 
FCD2 pathology (Fig.  3A and SI  Appendix, Fig.  S11A). We 
found very little differences in pathway enrichment between 
FCD2 and mTLE, which is expected, since this analysis is biased 
toward epilepsy-related pathways (SI Appendix, Fig. S11B).

 Analysis with CellChat, a tool that quantitatively infers inter-
cellular communication networks from scRNA-seq data based on 
the expression of known receptor/ligand pairs ( 46 ) (Methods  and 
﻿SI Appendix ), revealed changes in intercellular signaling that could 
explain FCD2-related seizure susceptibility. ChellChat analysis 
performed on nine major cellular categories—1) deeper-layer excit-
atory neurons (DL-ExN, including L4 IT, L5 IT, L5 ET, L5/6 NP, 
L6 CT, L6 IT, L6 IT Car3, and L6b), 2) upper-layer excitatory 
neurons (UL-ExN, including only L2/3 IT), 3) caudal ganglionic 
eminence (CGE)-derived interneurons (IN-CGE, made of Vip, 
Sncg, and Lamp5), 4) medial ganglionic eminence (MGE)-derived 
interneurons (IN-MGE, including Sst and Pvalb) ( 47 ), 5) endothe-
lial cells, 6) astrocytes, 7) VLMC, 8) oligodendrocytes/OPC, and 
9) microglia—revealed a very slight increase in the number of 

inferred interactions (interpretable as the number of connections) 
in cases compared to controls, but with a marked decrease in overall 
interaction strengths (interpretable as connection stability,  Fig. 3B  ). 
In particular, in cases the interaction strength was decreased in 
both excitatory–excitatory neurons and excitatory-inhibitory neu-
ron connections ( Fig. 3C  ), while at the same time, the number of 
interactions between DL-ExN and interneurons increased in cases 
( Fig. 3D   and SI Appendix, Fig. S12A﻿ ). These changes in connec-
tivity between neuronal subtypes in FCD2 may contribute to the 
circuit disruption and hyperexcitability that are observed in epi-
lepsy. Some of the major signaling pathways that might account 
for differential connectivity in neurons between cases and controls 
include those involved in synaptic development and signaling, such 
as neurexins (NRXN), adhesion G protein–coupled receptor L 
(ADGRL), protein tyrosine phosphatases receptor (PTPR), neu-
ronal growth regulator (NEGR), neuregulin (SRG), and glutamate 
(SI Appendix, Fig. S12 B  and C  and Dataset S8 ).  

Cell Type–Informed Genotyping of Pathogenic Somatic variants. 
Identifying cell states associated with the pathogenic genotype 
in mosaic neurological conditions represents a technological 
hurdle as it requires sequencing both DNA and RNA from 
single cells (48), although newly developed technologies (49–51) 
have shown some success. Here, we developed GO-TEN, which 

Fig. 3.   Altered signaling between neuronal subtypes in FCD2. (A) Heatmap showing pathways enriched in cases compared to controls per cell type, obtained 
with fgsea (35) and epilepsy-related ontologies (41–44). (B) Bar plots displaying overall number of interactions and interaction strength predicted by CellChat 
(46) in cases vs. controls. (C) Circos plot where edge thickness represents the case vs. control differential interaction strength predicted by CellChat. (D) Heatmap 
displaying differential number of interactions per cell type in cases vs. controls obtained with CellChat. Sender cell types are reported on the y-axis.D
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modifies genotyping of transcriptome (GoT) (49) to combine 
10X snRNA-seq with an orthogonal genotyping strategy based 
on Oxford Nanopore Technology (ONT) long-read sequencing, 
allowing the genotyping of variant loci located multiple kilobases 
away from the 3′-UTRs within a transcript. Similar to GoT, 
GO-TEN can be applied to the full-length cDNA that did not 
undergo fragmentation and library preparation, obtained from 
an intermediate step in the 10X Genomics snRNA-seq protocol, 
and entails generation of on-target amplicons that capture the cell 
barcodes (CBCs) and unique molecular identifiers (UMIs) for 
the transcripts, as well as the genomic locus corresponding to the 
variant of interest. The CBCs are used to map genotyped cells to 
the Illumina short-read snRNA-seq data obtained from the same 
cDNA pool (Fig. 4A and Methods). While GO-TEN has technical 
similarities to GOT-Splice (52), it was specifically optimized to 
study variants in the long and relatively lowly expressed PIK3CA 
and MTOR genes frequently implicated in FCD2 pathology. 
Moreover, compared to prior studies that attempted long-read 
sequencing of full-length cDNA directly (53, 54), GO-TEN 
has the benefit of a significantly higher number of on-target 
reads, making it possible to establish a statistical framework for 
consensus genotyping based on base quality as well as read and 
UMI-level support (Methods and SI Appendix) to achieve improved 
genotyping accuracy and efficiency.

 GO-TEN generated single-cell genotyping data for three sur-
gical samples in our cohort, carrying known recurrent activating 
missense PI3K-mTOR pathway variants with a range of VAFs. 
The first case (E174) was clinically diagnosed with HME with a 
﻿PIK3CA  p.E542K variant at ~30% mosaicism (bulk VAF = 13.9 
to 17.4%) ( 3 ). The second case (FC5801) was diagnosed with 
FCD2B, and carried an MTOR  p.C1483R variant with ~20% 
mosaicism (bulk VAF = 10.0 to 10.6%) ( 3 ). The third case 
(FC5501) was also diagnosed with FCD2B, and carried an MTOR  
p.L1460P variant with ~5% mosaicism (bulk VAF = 2.3 to 2.6%) 
( 3 ). We performed genotyping using two methods: 1) a more 
stringent approach to maximize specificity by filtering ONT reads 
that do not contain an UMI found in the 10X Illumina snRNA-seq 
data for the genes of interest, and 2) a less stringent approach that 
does not require UMI match, and that maximizes sensitivity 
(Methods  and SI Appendix ). Known variant loci were genotyped 
using a custom adaptation of the Bayesian genotyper from 
MosaicHunter optimized for snRNA-seq data, scMosaicHunter 
( 55 ,  56 ) (Methods , SI Appendix, Fig. S13 A  and B , and SI Appendix ).

 The high-sensitivity approach genotyped 5,434 nuclei across all 
three cases (Datasets S9 –S13 ) of which 3,636 showed only the ref-
erence allele (ref), while 1,798 carried the mutant allele (mut). 1,731 
cells were genotyped for the PIK3CA  locus, of which 1600 were ref, 
and 131 (7.6%) were mut. MTOR  loci were genotyped in a total of 
3,703 cells (626 for FC5801 and 3,077 for FC5501), of which 2,036 
were ref (299 for FC5801 and 1,737 for FC5501), and 1,667 were 
mut (327 for FC5801 and 1,340 for FC5501). The fractions of mut 
cells in each MTOR  case were 52.2% and 43.5% for FC5801 and 
FC5501, respectively. Analysis of covariates that may affect genotyp-
ing efficiency (SI Appendix ) showed that gene expression level posi-
tively correlated with the probability of genotyping, as expected since 
GO-TEN genotypes cDNA. However, we also found some cell types 
with increased or decreased probability of being genotyped for spe-
cific gene variants (SI Appendix, Fig. S13C﻿ ), potentially as a conse-
quence of specific transcript isoforms that may be more or less 
efficiently captured by GO-TEN. Variant-carrying cell types, iden-
tified with extremely high confidence using the conservative 
high-specificity approach, included L2/3 IT, L5 IT, L4 IT, L6 CT, 
and L6b excitatory neuron subtypes, Sst, Vip, and Sncg interneuron 
subtypes, and glial cells such as oligodendrocyte and astrocyte ( Fig. 4 

﻿B –E   and Datasets S9 –S13 ). This finding is consistent with the muta-
tion arising in the neuroectodermal lineage and perhaps in a cortical 
neural progenitor cell. Although a few variant-carrying microglia and 
endothelial cells were identified with the high-sensitivity approach 
(SI Appendix, Fig. S14  and Datasets S9 –S13 ), the low rate is consist-
ent with false-positive calls. The shared presence of variants in both 
excitatory and inhibitory neurons could be interpreted as suggesting 
an origin of the mutation in an early forebrain founder progenitor, 
but more recent studies ( 13 ,  57   – 59 ) have suggested a shared origin 
of these neuronal types even relatively late in human cortical neuro-
genesis. Thus, we interpret variant-carrying cells as most likely con-
sistent with the normal neural lineages, rather than being the product 
of selective bottlenecks ( 60 ) or lineages that are altered by the variants. 
Furthermore, GO-TEN shows that variant-carrying cells map with 
well-differentiated cell types, consistent with the absence of a dys-
plastic cell cluster in snRNA-seq data.

 Normalizing the number of mut cells against the genotyped 
cells (ref plus mut) to control for differential genotyping among 
various cell types, showed significant enrichment of variants in L5 
IT neurons compared to other variant-carrying cell types (hyper-
geometric test with Benjamini–Hochberg correction for multiple 
hypothesis testing, P  = 0.0303, Dataset S14 ). The second cell type 
most enriched for variant-carrying cells was L6 CT, followed by 
L2/3 IT, L6b, astrocytes, L4 IT, Sncg, Vip, oligodendrocytes, and 
Sst ( Fig. 4F  ). Although the two genotyping approaches give 
slightly different results in terms of cell types enriched for the 
pathogenic variants ( Fig. 4F   and SI Appendix, Fig. S14D﻿ )—per-
haps attributable to the lower number of cells in the high-specificity 
approach and/or higher false positive rate from the high-sensitivity 
calls—the cell-type-informed genotyping overall suggests enrich-
ment of pathogenic variants in excitatory neurons compared to 
other cortical cell types.

 We performed parallel single-nucleus DNA and RNA analysis 
using ResolveOME ( 10 ), which combines whole-genome ampli-
fication (WGA) through primary template-directed amplifica-
tion (PTA) with full-transcript reverse transcription, on DAPI 
sorted nuclei ( Fig. 5A  , Methods , and SI Appendix ) from five cases 
in total, three of which were also included in our snRNA-seq 
cohort: two with PIK3CA  variants (E174, E274) and one with 
an MTOR  variant (E286; see SI Appendix, Table S1 ). Two addi-
tional cases had PIK3CA  variants (EP39801 and EP41101; see 
﻿SI Appendix, Table S1 , Dataset S1 , and Methods ). We genotyped 
somatic variants in PTA-amplified single-cell DNA using droplet 
digital PCR (ddPCR) with probes specifically designed to iden-
tify the variants of interest (SI Appendix ). This method gives very 
sensitive and high-fidelity genotyping of both alleles ( Fig. 5A  ). 
In parallel, on the same nuclei used for genotyping, we per-
formed whole-transcriptome sequencing. Out of 659 sequenced 
nuclei, we obtained data of sufficient RNA quality for 498 total 
nuclei, of which 372 nuclei were confidently genotyped: 50 from 
E174, 98 from E274, 126 from E286, 65 from EP39801, and 
33 from EP41101. Of these, 81 total nuclei were heterozygous 
for the variant of interest (Datasets S15 ).        

 We used whole-transcriptome data obtained with ResolveOME 
to map each single-nucleus to the FCD2-only snRNA-seq dataset 
using label transfer ( 26 ), and subsequently validated the annotation 
by checking for expression of canonical cell type marker genes 
( Fig. 5 B  and C   and SI Appendix, Fig. S15 ). By combining this 
with ddPCR DNA genotyping, we could map reference homozy-
gous (ref-hom) and heterozygous mutant (het-mut) nuclei across 
cell type clusters ( Fig. 5D  ). As with GO-TEN, we found het-mut 
nuclei among L2/3 IT and L6 IT excitatory neurons, as well as 
OPCs, oligodendrocytes, and astrocytes ( Fig. 5E   and Dataset S15 ). 
We attribute the overrepresentation of glial cells in the ResolveOME D
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Fig. 4.   GO-TEN cell type–informed genotyping of pathogenic somatic variants in FCD2. (A) Schematic of the GO-TEN experimental workflow. (B) UMAP 
representation of cell types in integrated snRNA-seq atlas. (C) UMAP representation of PIK3CA and MTOR gene expression in integrated snRNA-seq atlas. (D) UMAP 
representation of PIK3CA and MTOR GO-TEN nuclei genotyped by the high-specificity approach. Data from three cases (one PIK3CA and two MTOR) were pooled 
together. (E) Number of nuclei genotyped with GO-TEN high-specificity approach as ref or mut. The pie chart shows the contribution of broad cell categories to 
variant-carrying nuclei. (F) Number of mut nuclei, normalized for the total number of genotyped nuclei for each variant-carrying cell type. Cell types enriched 
for mut nuclei are indicated with a * (hypergeometric test, P < 0.05; Dataset S14).D
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experiment to oversampling of the white matter caused by varia-
bility in the available surgical tissue. We obtained genotyping 
information for a total of 74 microglia-PVM, 9 VLMC, and 8 
endothelial cells but found no het-mut cells among them. Thus, 
our combined GO-TEN and ResolveOME data suggest that 
﻿PIK3CA  and MTOR  somatic variants in FCD2, even when found 
at high VAF in the brain such as the one studied here, seem 
restricted to the neuroectodermal lineage, and are carried by cells 
that transcriptionally map with well-differentiated cell types.  

Genotype-Associated Transcriptional Alterations. Genotype-
informed analysis of transcription revealed dramatic differences 
between variant-carrying and non-variant-carrying cells within the 
lesion. DGE and GSEA (35) using the fifty Hallmark Pathways 
(33, 34) on GO-TEN genotyped ref and mut nuclei in our dataset 
(SI Appendix, Fig. S16 and Datasets S16 and S17), using data from 
nuclei genotyped with the high-sensitivity approach—but restricted 
to cell types carrying the variant in the high-specificity dataset—
showed upregulation of PI3K-mTOR and related pathways, such 

as MTORC1, KRAS, PI3K-AKT-MTOR, and MYC targets 
V1 pathways, in mut cells despite the global downregulation of 
these pathways in the genotype-uninformed sn-RNAseq (Fig. 6A, 
SI  Appendix, Fig.  S17A, Datasets S16 and S17). These results 
suggest that mut cells in mosaic FCD2 display cell-autonomous 
pathological hyperactivation of PI3K-mTOR and related pathways, 
while surrounding and more abundant non-variant-carrying cells 
may compensate by non-cell-autonomously downregulating such 
pathways, resulting in global downregulation when compared 
to control brains. We also detected upregulation of pathways 
indicative of inflammation and immune activation such as TNFA 
signaling via NFKB and IL2-STAT5 signaling (Fig. 6A). Similar 
results were obtained when performing GSEA on ResolveOME 
data (SI Appendix, Fig. S17B and Dataset S18). Finally, mut cells 
showed upregulation of several terms associated with synapses and 
epilepsy (SI Appendix, Fig. S17 C and D).

 GO-TEN genotyped mut nuclei showed no clear differences in 
the global numbers of interactions compared to ref, but a marked 
decrease in interaction strength between mut cells ( Fig. 6B  ) using 

Fig. 5.   Combined single-nucleus DNA and RNA analysis in FCD2. (A) Schematic of the parallel DNA and RNA analysis using ResolveOME (10) combined with 
ddPCR. (B) UMAP displaying ResolveOME cell type clusters overlapping the integrated FCD2 reference snRNA-seq data. (C) Dot plot showing the expression of 
known cell type marker genes confirming label transfer from 10X snRNA-seq data. (D) UMAP showing PIK3CA and MTOR genotyped nuclei, colored as ref-hom 
and het-mut. Cells labeled as “unknown” did not meet ddPCR quality requirements (Methods). Data from five cases (four PIK3CA and one MTOR) were pooled 
together. (E) Barplot summarizing the number and cell type of confidently genotyped nuclei.
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CellChat ( 46 ). This was particularly true for interactions between 
mut neuronal subtypes, both excitatory and inhibitory ( Fig. 6C  ). 
When looking at numbers of interactions, CellChat revealed 
reduced number of interactions between mut excitatory neurons 
(DL-ExN) and interneurons (IN-CGE and IN-MGE) and increased 
number of interactions among mut excitatory neurons (DL-ExN 
and UL-ExN) compared to ref ( Fig. 6D   and SI Appendix, Fig. S18A﻿ ). 
Signaling pathways potentially underlying such changes included 
affecting pathways such as NRXN, ADGRL, PTPR, NEGR, NRG, 
and glutamate in neurons (SI Appendix, Fig. S18 B  and C  and 
﻿Dataset S19 ). To conclude, this analysis suggests that while changes 
in connectivity may be more severe between variant-carrying cells 
compared to non-variant-carrying cells in the mosaic FCD2 brains, 
disrupted connectivity likely involves all cells irrespective of their 
genotype, overall contributing to circuit hyperexcitability.   

Discussion

 Using high-throughput single-cell transcriptomics of mosaic 
FCD2 spectrum brain lesions harboring somatic activating PI3K-
mTOR variants, we showed that the vast majority of mutant cells 
have preserved cell identities comparable to controls. While this 
finding may appear contradictory to the findings of a previously 
published study ( 15 ), joint analysis of our data and the raw data 

from Chung et al. was consistent in that it did not identify any 
transcriptionally distinct abnormal cell clusters in FCD2. This 
finding was replicated even when separately analyzing high VAF 
samples, where one might expect abundant mutant dysplastic cells. 
Furthermore, disease and control groups had similar global cell 
type compositions. Thus, somatic variants in FCD2 do not appear 
to create new, disease-associated cell identities, suggesting that 
DNs and BCs, in spite of their distinctive histopathological 
appearance, are either exceedingly rare as a proportion of the cell 
population, and thus not well captured by our workflow, lost 
during sample prep due to their unique properties, filtered out 
during data processing, or have similar transcriptional identities 
to their nondysplastic counterparts. This is also consistent with 
other reports of normal-appearing neurons in FCD2 carrying 
pathogenic somatic variants ( 2 ). In future studies, more targeted 
technologies such as laser capture or DEPArray ( 61 ) may be used 
to isolate dysplastic cells from FCD2 tissue and study the specific 
transcriptional and posttranscriptional alterations that may under-
lie functional differences among dysplastic and nondysplastic cells.

 Astrocytes, microglia-PVM, OPCs, and endothelial cells in 
FCD2 appeared enriched in lesions compared to controls. While 
this analysis is subject to differential sampling, they may indicate 
gliosis and microglial activation in the FCD2-associated dysplastic 
cortex, which is supported by DGE and GSEA. These results 

Fig. 6.   Genotype-associated transcriptional alterations. (A) Heatmap showing Molecular Signatures Database Hallmark pathways (33, 34) enriched in mut 
compared to ref per cell type, obtained with fgsea (35). High-sensitivity calls were used for this analysis. (B) Bar plots displaying overall number of interactions 
and interaction strength predicted by CellChat (46) in mut vs. ref nuclei. (C) Circos plot where edge thickness represents the GO-TEN mut vs. ref differential 
interaction strength calculated with CellChat. (D) Heatmap displaying differential number of interactions between cell types in mut vs. ref nuclei obtained with 
CellChat. Sender cell types are reported on the y-axis.
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support prior reports of inflammation in FCD2 tissue ( 24 ,  62 ), but 
do not clearly establish whether such changes are a contributor to 
or a consequence of epileptic seizures. Future studies may investigate 
roles of microglia in FCD2 pathophysiology in greater depth, since 
these could represent a promising therapeutic target. For example, 
inhibition of one of the significantly upregulated signaling pathways 
in FCD, JAK-STAT3, was recently shown to have profound seizure 
suppressive properties in a mouse model of focal epilepsy ( 63 ).

 Genotype-informed DGE and GSEA identified variant-specific 
alterations in cellular metabolism, biosynthesis, and growth-related 
pathways common to multiple cell types in FCD2. While 
PI3K-mTOR and related pathways were globally downregulated 
in neurons in FCD2 compared to controls overall, variant-carrying 
neurons in FCD2 tissue showed the expected upregulation of these 
pathways compared to non-variant-carrying counterparts. This is 
indicative of a complex dynamic where cells in the affected mosaic 
tissue all exhibit dysregulated signaling and dysfunction irrespec-
tive of their genotype, and helps resolve the paradox of why FCD2 
lesions show hypometabolism on clinical PET imaging ( 28   – 30 ), 
despite overactivation of PI3K-mTOR signaling caused by the 
somatic variants. It also illustrates the critical importance of 
genotype-informed RNAseq analysis as prior bulk RNA-seq stud-
ies ( 31 ,  32 ) were unable to identify these complementary changes 
due to lower statistical power and also lack of cell type–resolved 
analyses. Indeed, pseudobulk analysis of our RNA-seq data did 
not identify significant differential regulation of PI3K-mTOR 
pathway, despite a very significant signal when comparing neurons 
alone, showing the power of snRNA-seq when looking at the 
mechanisms of mosaic neurologic diseases in tissue.

 Interrogation of epilepsy-associated pathways and gene lists, 
together with CellChat analysis, strongly suggested global altera-
tions in synapse formation and function and cell–cell connectivity 
in FCD2, with a global decrease in the stability of neuronal con-
nectivity in FCD2 compared to control brains, which is even more 
evident in variant-carrying compared to non-variant-carrying 
cells. We found this dysfunction to be particularly significant 
between excitatory neurons and interneurons, potentially contrib-
uting to hyperexcitability. Although functional studies are needed 
to definitively test these hypotheses, our data suggest that mosaic 
variants lead to epilepsy via broad changes in neuronal circuits 
rather than cell-autonomous hyperexcitability alone.

 GO-TEN and ResolveOME cell-type-informed genotyping of 
﻿PIK3CA  and MTOR  somatic variants in seven patients found that 
variant-carrying cells map to well-differentiated cell types, further 
suggesting that the major impact of FCD2-related variants is not 
creating new cell identities, but instead altering the transcriptomic 
states and signaling of well-differentiated cells. FCD2 somatic vari-
ants are rarely found outside the brain and most studies to date 
support restriction of pathogenic somatic variants in FCD2 to the 
cerebral cortex ( 2 ,  3 ), although exceptions to this have been reported 
for chromosome 1q gains ( 60 ). Our GO-TEN and ResolveOME 
data consistently support restriction of FCD2-associated variants to 
cells derived from a neuroectodermal progenitor, supporting the 
commonly held belief that most such variants arise in cortical neural 
progenitor cells. This finding is inconsistent with a recent study 
reporting variant-carrying mesoderm-derived microglia and endothe-
lial cells in FCD2 ( 54 ). Although this apparent discrepancy deserves 
further exploration, one possible explanation may be the differences 
among the genotyping approaches. Due to a much higher number 
of on-target reads, GO-TEN has the benefit of a strict statistical 
framework based on base quality, UMI count, and nucleus-level 
filtering to achieve high genotyping accuracy. Furthermore, 
ResolveOME allows direct profiling of genomic DNA, which is even 
more accurate than cDNA-based methods.

 The focal nature of cortical findings in FCD2 suggests a simple 
model that the FCD2-associated variants first arise in dorsal fore-
brain progenitors that produce radially migrating neurons and 
glial cells. Co-occurrence of somatic variants in excitatory and 
inhibitory neurons confirms prior reports of variant-carrying 
interneurons in FCD2 ( 64 ), and is consistent with the claim of a 
shared dorsal progenitor for these two neuronal types ( 13 ,  57   – 59 ), 
though we cannot definitively exclude that some FCD2 mutations 
occur at earlier stages.

 Our study is limited by the low sensitivity of GO-TEN, which 
in its current form can genotype ~21% of the sequenced cells in the 
high-sensitivity mode, with sensitivity that may be even lower 
depending on gene expression levels. This drawback leads to reduced 
sensitivity of analyses that aim at detecting genotype-associated gene 
expression changes. A second limitation is the technically demanding 
nature of the GO-TEN technology that results in incomplete gen-
otyping of all the available alleles. Finally, our regression analysis 
reveals that certain cell types are preferentially genotyped for a given 
gene, perhaps due to differential isoform usage although future stud-
ies are needed to investigate this hypothesis. Although ResolveOME 
addresses some of these limitations by performing genotyping on 
the amplified DNA and by genotyping both alleles, it is significantly 
more expensive and has lower throughput.

 Despite these limitations, our study highlights the importance of 
investigating both cell-autonomous and non-cell-autonomous mech-
anisms of somatic variants in mosaic FCD2, showing that both 
aspects are likely involved in disease pathophysiology. Furthermore, 
we illustrate the disruption of intercellular communication in neurons 
that likely plays a key role in epileptogenesis and chronic epilepsy. 
Our single-cell genotyping strategy focused on GoF variants in two 
well-established FCD2 genes, PIK3CA  and MTOR , could be applied 
at a larger scale in future studies to address the potentially different 
impact of specific genes and variants in FCD, and help generate more 
effective, targeted pharmacological treatments.  

Methods

Patient Cohort and Human Tissue. This study was approved by the Institutional 
Review Board (IRB) of Boston Children’s Hospital (05-05-76R and 09-02-0043). 
Subjects were identified and evaluated in a clinical setting, and surgical brain 
specimens were collected for research after obtaining written informed consent. 
Deidentified patient samples were also obtained from surgical resections fol-
lowing written informed consent from Thomas Jefferson University Hospital (IRB 
approval 98.0550), Cleveland Clinic Epilepsy Biospecimen Bank (IRB approval 
12-1000), Melbourne Brain Centre (Austin Health IRB approval 02961) and 
European Epilepsy Brain Bank (University Hospital Erlangen approval 193_18B).

Neurotypical control postmortem prefrontal cortex and occipital cortex tissue was 
obtained from a 15-y-old female (UMB4638) and a 42-y-old female (UMB4643), 
respectively. Neurotypical control postmortem temporal neocortical tissue was 
obtained from a 48-y-old male (UMB1570) and a 48-y-old female (UMB1739). 
None of the individuals had a history of neurologic disease. Tissue was obtained 
from the NIH NeuroBioBank at the University of Maryland Brain and Tissue Bank 
(UMBTB). As approved by the University of Maryland IRB, research on these deiden-
tified specimens and data was performed at Boston Children’s Hospital.

Single-Nuclei RNA-Sequencing. Fresh-frozen postoperative and postmortem 
brain tissues stored at −80 °C were dissected in a cryostat chamber kept at con-
stant −20 °C to obtain samples of ~20 to 30 mg. When possible, a homogeneous 
mix of gray and white matter was dissected. Nuclei preparations were performed 
as previously described (65). For some preparations, an intermediate step con-
sisting of DAPI staining and fluorescence-activated nuclear sorting (FANS) was 
performed (SI Appendix, Fig. S1B). Nuclei sorting was performed on a FACS Aria 
II cell sorter equipped with BD FACSDiva software, selecting all DAPI-positive 
nuclei (SSC-A and FSC-A gate boundaries were set at 103 and 30, respectively). 
snRNA-seq was performed using the 10X Genomics Chromium Next GEM Single D
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Cell 3′ Reagent Kit v3.0 and v3.1. Around 30,000 nuclei were used to load the 
10X Chromium, and were processed the same day for gel-bead in emulsion (GEM) 
generation, barcoding, and cDNA amplification, following manufacturer instruc-
tions. Libraries were sequenced (paired-end single indexing) on an Illumina 
NovaSeq6000 targeting ~50,000 read-pairs per single-nucleus.

Single-Nucleus RNA-Sequencing analysis. Alignment and gene expression 
quantification of snRNA-seq data generated for this manuscript and from Chung 
et al. (15), was performed with the 10X CellRanger pipeline (v8.0.1) based on the 
GRCh38 reference genome using all default parameters and with introns included 
(--include-introns flag). CellBender (v0.3.0) (66) with all default parameters was 
used to adjust raw counts based on automatic detection of likely contaminant 
reads (20). Likely doublets were detected and removed with scrublet (v0.2.3) (19).

Seurat (v5.1.0) (26) and Harmony (v1.2.0) (16) were used for data normali-
zation, integration, clustering, and annotation (SI Appendix).

Differential Cell Type Composition Analysis. Differences in cell type compo-
sition between cases and controls were assessed using a chi-squared proportion 
test (base R chisq.test) and using propeller (v1.2.0) (23) (P-values are reported 
in Dataset S2).

Differential Gene Expression and Pathway Enrichment Analysis. Differential 
gene expression analysis was performed using Seurat’s default FindMarkers function 
and two different tests for differential expression run independently: 1) Wilcoxon 
rank sum test, and 2) MAST (67). Only genes expressed in at least 10% of nuclei 
within a particular comparison were considered (min.pct = 0.10) and no log2 fold-
change threshold was imposed (logfc.threshold = 0). Default parameters were used 
otherwise. Gene set enrichment analysis was performed with fgsea (v1.28.0) (35), 
with genes ranked in descending order by average log2 fold-change. A Benjamini–
Hochberg correction was used to control for multiple hypothesis testing. Relevant 
ontologies were obtained from MSigDB (34) (https://www.gsea-msigdb.org/gsea/
msigdb), DisGenNet (43) (https://www.disgenet.com/), Macnee et al. (42), SynGO 
(41) (https://www.syngoportal.org/) and SFARI Gene (44) (https://gene.sfari.org/).

Microglial State Analysis. A one-sided hypergeometric test was applied 
between DEGs (average log-2 fold-change > 0.5 and adj. P < 0.05) upregu-
lated in microglia and microglial state genes (36). Multiple hypothesis testing 
correction was performed using Benjamini–Hochberg.

CellChat Analysis. CellChat (v2.1.2) (46) was used to identify changes in cell–cell 
communication networks following standard practices (SI Appendix).

GO-TEN and ResolveOME Single Nucleus Genotyping. GO-TEN and 
ResolveOME genotyping protocols and bioinformatic analyses are described in 
details in SI Appendix.

Data, Materials, and Software Availability. Code for creating and analyz-
ing data utilized in this manuscript are available on Github at https://github.
com/MayaTalukdar/single-cell-analysis-of-fcd (68). Newly generated dei-
dentified human single-nucleus RNA-seq data are available at dbGaP under 
the accession number phs004124.v1.p1 and are available upon request if 
access is granted at https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.
cgi?study_id=phs004124.v1.p1 (11).

ACKNOWLEDGMENTS. We thank the patients and their families for their invaluable 
donations to the advancement of science. We thank J.E. Neil, the Boston Children’s 
Hospital Core Repository for Neurological Disorders, and the NIH Neurobiobank at 
the University of Maryland Brain and Tissue Bank for facilitating tissue access. We 

thank Prof. Brenda E. Porter (Department of Neurology, Stanford University School 
of Medicine), Prof. Dr. Imad Najm, Prof. Dr. Zhong Ying, Dr. Robyn Busch and the 
Cleveland Clinic Epilepsy Biospecimen Bank, Thomas Jefferson University, and the 
Melbourne Brain Centre at Austin Health for providing epilepsy surgical resections 
included in the study cohort. We thank the Boston Children’s Hospital Intellectual 
and Developmental Disabilities Research Center Molecular Genetics Core Facility, 
supported by NIH Award U54HD090255 from the National Institute of Child Health 
and Human Development. This work was supported by the National Institute of 
Neurological Disorders and Stroke (NINDS) grants R37NS035129 and R01NS032457 
and the National Institute on Aging (NIA) grant R01AG070921 to C.A.W. C.A.W. is an 
Investigator of the HHMI. S.B. was supported by the Manton Center for Orphan Disease 
Research at Boston Children’s Hospital, was supported by the Horizon2020 Research 
and Innovation Program Marie Skłodowska-Curie Actions Individual Fellowship 
(Grant Agreement No. 101026484—CODICES), and is now supported by a European 
Research Council starting grant (Grant Agreement Project No. 101115984—LINMOS). 
S.K. was supported by NINDS Award K08NS128272, Physician Scientist Fellowship 
from the Doris Duke Charitable Foundation, and Career Award for Medical Scientists 
from the Burroughs Wellcome Fund. M.T. and E.A.S. were supported by NIH Grants 
T32GM007753 and T32GM144273. Z.Z. was supported by Peer Reviewed Medical 
Research Program Discovery Award W81XWH2010028, the Edward R. and Anne 
G. Lefler Center postdoctoral fellowship and the American Heart Association Career 
Development Award 23CDA1046074. A.Y.H. was supported by R56AG079857 from 
the NIA and Alzheimer’s Association Research Fellowship. This study was funded by 
the National Health and Medical Research Council Australia. M.S.H. was supported 
by a National Health and Medical Research Council (NHMRC) Ideas Grant (2012287) 
and NHMRC Project Grants (1129054 and 1079058). We thank Dr. Michael R Sperling 
and Dr. Thomas N. Ferraro for their assistance in acquiring the mesial temporal lobe 
epilepsy (mTLE) patient samples from Thomas Jefferson University Hospital and 
acknowledge NINDS funding R01NS49306 to R.J.B. supporting this effort.

Author affiliations: aDivision of Genetics and Genomics, Manton Center for Orphan 
Disease Research, Boston, MA 02115; bDepartment of Pediatrics, Boston Children’s 
Hospital, Harvard Medical School, Boston, MA 02115; cBroad Institute of Massachusetts 
Institute of Technology and Harvard, Cambridge, MA 02142; dImagine Institute, Team 
Somatic Mosaicism in Neurodevelopment and Disease, Université Paris Cité, Paris 75015, 
France; eHarvard/Massachusetts Institute of Technology MD-PhD Program, Harvard 
Medical School, Boston, MA 02115; fDepartment of Neurology, Brigham and Women’s 
Hospital, Harvard Medical School, Boston, MA 02115; gDepartment of Biomedical 
Informatics, Harvard Medical School, Boston, MA 02115; hEpilepsy Genetics Program, 
Division of Epilepsy and Neurophysiology, Department of Neurology, Boston Children’s 
Hospital, Harvard Medical School, Boston, MA 02115; iDivision of Newborn Medicine, 
Department of Pediatrics, Boston Children’s Hospital, Harvard Medical School, Boston, 
MA 02115; jDepartment of Radiology, Boston Children’s Hospital, Boston, MA 02115; 
kDepartment of Medicine (Austin Health), University of Melbourne, Heidelberg, VIC 3084, 
Australia; lCentre for Advanced Imaging, The University of Queensland and Royal Brisbane 
and Women’s Hospital, Herston, QLD 4067, Australia; mNeuroscience Group, Murdoch 
Children’s Research Institute, Parkville, VIC 3052, Australia; nDepartment of Biomedical 
Sciences, Cooper Medical School of Rowan University, Camden, NJ 08103; oDepartment 
of Neuropathology, University Hospitals Erlangen, Erlangen 91054, Germany; pEpilepsy 
Center, Cleveland Clinic, Cleveland, OH 44106; qAllen Discovery Center for Human Brain 
Evolution, Boston Children’s Hospital, Harvard Medical School, Boston, MA 02115; and 
rHHMI, Boston Children's Hospital, Boston, MA 02115

Author contributions: S.B., M.T., E.A.S., S.K., and C.A.W. designed research; S.B., S.K., M.T., 
E.A.S., R.B.R., Y.Y., Y.H., N.K.H., B.F., A.T., Z.Z. and B.H.C. performed research; A.M.D., 
E.Y., T.E.G., D.C.R., S.A.M., I.E.S., M.S.H., R.J.B., I.B., and A.H.P. contributed new reagents/
analytic tools; S.B., M.T., E.A.S., Y.Y., A.Y.H., Q.H., B.F., and S.K. analyzed data; and S.B., 
M.T., S.K., and C.A.W. wrote the paper.

Reviewers: L.N., University of Texas Southwestern, Dallas; and C.P., UCL Queen Square 
Institute of Neurology.

The authors declare no competing interest.

1.	 I. Blumcke et al., The clinicopathologic spectrum of focal cortical dysplasias: A consensus 
classification proposed by an ad hoc Task Force of the ILAE Diagnostic Methods Commission. 
Epilepsia 52, 158–174 (2011).

2.	 S. Baldassari et al., Dissecting the genetic basis of focal cortical dysplasia: A large cohort study.  
Acta Neuropathol. 138, 885–900 (2019).

3.	 A. M. D’Gama et al., Somatic mutations activating the mTOR pathway in dorsal telencephalic 
progenitors cause a continuum of cortical dysplasias. Cell Rep. 21, 3754–3766  
(2017).

4.	 G. K. Sousa et al., Identification and immunophenotype of abnormal cells present in focal cortical 
dysplasia type IIb. Surg. Exp. Pathol. 1, 9 (2018).

5.	 O. L. Eichmuller et al., Amplification of human interneuron progenitors promotes brain tumors and 
neurological defects. Science 375, eabf5546 (2022).

6.	 G. Y. Liu, D. M. Sabatini, mTOR at the nexus of nutrition, growth, ageing and disease. Nat. Rev. Mol. 
Cell Biol. 21, 183–203 (2020).

7.	 L. A. Jansen et al., PI3K/AKT pathway mutations cause a spectrum of brain malformations from 
megalencephaly to focal cortical dysplasia. Brain 138, 1613–1628 (2015).

8.	 T. Ribierre et al., Second-hit mosaic mutation in mTORC1 repressor DEPDC5 causes focal cortical 
dysplasia-associated epilepsy. J. Clin. Invest. 128, 2452–2458 (2018).

9.	 D. Lai et al., Somatic variants in diverse genes leads to a spectrum of focal cortical malformations. 
Brain 145, 2704–2720 (2022).

10.	 J. R. Marks et al., Unifying comprehensive genomics and transcriptomics in individual cells to 
illuminate oncogenic and drug resistance mechanisms. bioRxiv [Preprint] (2022). https://doi.
org/10.1101/2022.04.29.489440 (Accessed 20 July 2023).

11.	 S. Bizzotto et al., Data from “Human Epilepsy Genetics: Mosaic Mutations in Focal Epilepsy.” dbGaP. 
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs004124.v1.p1. 
Deposited 2 July 2025.

12.	 J. Ganz et al., Contrasting somatic mutation patterns in aging human neurons and 
oligodendrocytes. Cell 187, 1955–1970.e1923 (2024).D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 1

34
.1

74
.2

1.
20

 o
n 

Fe
br

ua
ry

 2
4,

 2
02

6 
fr

om
 I

P 
ad

dr
es

s 
13

4.
17

4.
21

.2
0.

http://www.pnas.org/lookup/doi/10.1073/pnas.2509622122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2509622122#supplementary-materials
https://www.gsea-msigdb.org/gsea/msigdb
https://www.gsea-msigdb.org/gsea/msigdb
https://www.disgenet.com/
https://www.syngoportal.org/
https://gene.sfari.org/
http://www.pnas.org/lookup/doi/10.1073/pnas.2509622122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2509622122#supplementary-materials
https://github.com/MayaTalukdar/single-cell-analysis-of-fcd
https://github.com/MayaTalukdar/single-cell-analysis-of-fcd
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs004124.v1.p1
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs004124.v1.p1
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs004124.v1.p1
https://doi.org/10.1101/2022.04.29.489440
https://doi.org/10.1101/2022.04.29.489440
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs004124.v1.p1


12 of 12   https://doi.org/10.1073/pnas.2509622122� pnas.org

13.	 S. N. Kim et al., Cell lineage analysis with somatic mutations reveals late divergence of neuronal 
cell types and cortical areas in human cerebral cortex. bioRxiv [Preprint] (2023). https://doi.
org/10.1101/2023.11.06.565899 (Accessed 7 November 2023).

14.	 K. Siletti et al., Transcriptomic diversity of cell types across the adult human brain. Science 382, 
eadd7046 (2023).

15.	 C. Chung et al., Comprehensive multi-omic profiling of somatic mutations in malformations of 
cortical development. Nat. Genet. 55, 209–222 (2023), 10.1038/s41588-022-01276-9.

16.	 I. Korsunsky et al., Fast, sensitive and accurate integration of single-cell data with harmony.  
Nat. Methods 16, 1289–1296 (2019).

17.	 B. C. Grabiner et al., A diverse array of cancer-associated MTOR mutations are hyperactivating and 
can predict rapamycin sensitivity. Cancer Discov. 4, 554–563 (2014).

18.	 S. Kang, A. G. Bader, P. K. Vogt, Phosphatidylinositol 3-kinase mutations identified in human cancer 
are oncogenic. Proc. Natl. Acad. Sci. U.S.A. 102, 802–807 (2005).

19.	 S. L. Wolock, R. Lopez, A. M. Klein, Scrublet: Computational identification of cell doublets in  
single-cell transcriptomic data. Cell Syst. 8, 281–291.e289 (2019).

20.	 E. Caglayan, Y. Liu, G. Konopka, Neuronal ambient RNA contamination causes misinterpreted and 
masked cell types in brain single-nuclei datasets. Neuron 110, 4043–4056.e4045 (2022).

21.	 T. E. Bakken et al., Comparative cellular analysis of motor cortex in human, marmoset and mouse. 
Nature 598, 111–119 (2021).

22.	 R. D. Hodge et al., Conserved cell types with divergent features in human versus mouse cortex. 
Nature 573, 61–68 (2019).

23.	 B. Phipson et al., Propeller: Testing for differences in cell type proportions in single cell data. 
Bioinformatics 38, 4720–4726 (2022).

24.	 K. Boer et al., Evidence of activated microglia in focal cortical dysplasia. J. Neuroimmunol. 173, 
188–195 (2006).

25.	 M. Thom et al., Cortical neuronal densities and lamination in focal cortical dysplasia.  
Acta Neuropathol. 110, 383–392 (2005).

26.	 Y. Hao et al., Dictionary learning for integrative, multimodal and scalable single-cell analysis.  
Nat. Biotechnol. 42, 293–304 (2024).

27.	 S. Rumpf, N. Sanal, M. Marzano, Energy metabolic pathways in neuronal development and function. 
Oxf. Open Neurosci. 2, kvad004 (2023).

28.	 S. K. Lee et al., Neuroimaging findings of cortical dyslamination with cytomegaly. Epilepsia 42, 
850–856 (2001).

29.	 S. Desarnaud et al., (18)F-FDG PET in drug-resistant epilepsy due to focal cortical dysplasia type 2: 
Additional value of electroclinical data and coregistration with MRI. Eur. J. Nucl. Med. Mol. Imaging 
45, 1449–1460 (2018).

30.	 F. Chassoux et al., Type II focal cortical dysplasia: Electroclinical phenotype and surgical outcome 
related to imaging. Epilepsia 53, 349–358 (2012).

31.	 I. Vermeulen et al., Spatial omics reveals molecular changes in focal cortical dysplasia type II. 
Neurobiol. Dis. 195, 106491 (2024).

32.	 A. B. Dixit et al., Genome-wide DNA methylation and RNAseq analyses identify aberrant 
signalling pathways in focal cortical dysplasia (FCD) type II. Sci. Rep. 8, 17976 (2018).

33.	 A. Subramanian et al., Gene set enrichment analysis: A knowledge-based approach for interpreting 
genome-wide expression profiles. Proc. Natl. Acad. Sci. U.S.A. 102, 15545–15550 (2005).

34.	 A. Liberzon et al., The molecular signatures database (MSigDB) hallmark gene set collection. Cell 
Syst. 1, 417–425 (2015).

35.	 G. Korotkevich et al., Fast gene set enrichment analysis. bioRxiv [Preprint] (2021). https://doi.
org/10.1101/060012 (Accessed 1 February 2021).

36.	 B. A. Friedman et al., Diverse brain myeloid expression profiles reveal distinct microglial activation 
states and aspects of Alzheimer’s disease not evident in mouse models. Cell Rep. 22, 832–847 (2018).

37.	 C. Yu, X. J. Deng, D. Xu, Microglia in epilepsy. Neurobiol. Dis. 185, 106249 (2023).
38.	 L. H. Nguyen, T. Mahadeo, A. Bordey, mTOR hyperactivity levels influence the severity of epilepsy 

and associated neuropathology in an experimental model of tuberous sclerosis complex and focal 
cortical dysplasia. J. Neurosci. 39, 2762–2773 (2019).

39.	 M. J. Ravitz, L. Chen, M. Lynch, E. V. Schmidt, C-myc repression of TSC2 contributes to control of 
translation initiation and Myc-induced transformation. Cancer Res. 67, 11209–11217 (2007).

40.	 S. Real, N. Meo-Evoli, L. Espada, A. Tauler, E2F1 regulates cellular growth by mTORC1 signaling. 
PLoS ONE 6, e16163 (2011).

41.	 F. Koopmans et al., SynGO: An evidence-based, expert-curated knowledge base for the synapse. 
Neuron 103, 217–234.e214 (2019).

42.	 M. Macnee et al., Data-driven historical characterization of epilepsy-associated genes.  
Eur. J. Paediatr. Neurol. 42, 82–87 (2023).

43.	 J. Pinero et al., The DisGeNET knowledge platform for disease genomics: 2019 update. Nucleic Acids 
Res. 48, D845–D855 (2020).

44.	 B. S. Abrahams et al., SFARI gene 2.0: A community-driven knowledgebase for the autism spectrum 
disorders (ASDs). Autism 4, 36 (2013).

45.	 B. H. Lee, T. Smith, A. R. Paciorkowski, Autism spectrum disorder and epilepsy: Disorders with a 
shared biology. Epilepsy Behav. 47, 191–201 (2015).

46.	 S. Jin et al., Inference and analysis of cell–cell communication using Cell Chat. Nat. Commun. 12, 
1088 (2021).

47.	 S. Bugeon et al., A transcriptomic axis predicts state modulation of cortical interneurons. Nature 
607, 330–338 (2022).

48.	 S. Bizzotto, C. A. Walsh, Genetic mosaicism in the human brain: From lineage tracing to 
neuropsychiatric disorders. Nat. Rev. Neurosci. 23, 275–286 (2022), 10.1038/s41583-022-
00572-x.

49.	 A. S. Nam et al., Somatic mutations and cell identity linked by genotyping of transcriptomes. Nature 
571, 355–360 (2019).

50.	 I. C. Macaulay et al., G&T-seq: Parallel sequencing of single-cell genomes and transcriptomes.  
Nat. Methods 12, 519–522 (2015).

51.	 R. M. Myers et al., Integrated single-cell genotyping and chromatin accessibility charts 
JAK2V617F human hematopoietic differentiation. bioRxiv [Prepint] (2022). https://doi.
org/10.1101/2022.05.11.491515 (Accessed 11 May 2022).

52.	 M. Cortes-Lopez et al., Single-cell multi-omics defines the cell-type-specific impact of splicing 
aberrations in human hematopoietic clonal outgrowths. Cell Stem Cell 30, 1262–1281.e1268 
(2023).

53.	 D. C. Koboldt et al., PTEN somatic mutations contribute to spectrum of cerebral overgrowth. Brain 
144, 2971–2978 (2021).

54.	 S. Baldassari et al., Single-cell genotyping and transcriptomic profiling of mosaic focal cortical 
dysplasia. Nat. Neurosci. 28, 964–972 (2025).

55.	 A. Y. Huang et al., Mosaichunter: Accurate detection of postzygotic single-nucleotide mosaicism 
through next-generation sequencing of unpaired, trio, and paired samples. Nucleic Acids Res. 45, 
e76 (2017).

56.	 A. Y. Huang et al., Parallel RNA and DNA analysis after deep sequencing (PRDD-seq) reveals cell 
type-specific lineage patterns in human brain. Proc. Natl. Acad. Sci. U.S.A. 117, 13886–13895 
(2020), 10.1073/pnas.2006163117.

57.	 R. N. Delgado et al., Individual human cortical progenitors can produce excitatory and inhibitory 
neurons. Nature 601, 397–403 (2022).

58.	 C. Chung et al., Cell-type-resolved mosaicism reveals clonal dynamics of the human forebrain. 
Nature 629, 384–392 (2024).

59.	 M. G. Andrews et al., LIF signaling regulates outer radial glial to interneuron fate during human 
cortical development. Cell Stem Cell 30, 1382–1391.e1385 (2023).

60.	 K. E. Miller et al., Post-zygotic rescue of meiotic errors causes brain mosaicism and focal epilepsy. 
Nat. Genet. 55, 1920–1928 (2023).

61.	 M. Di Trapani, N. Manaresi, G. Medoro, DEPArray system: An automatic image-based sorter for 
isolation of pure circulating tumor cells. Cytometry A 93, 1260–1266 (2018).

62.	 E. Aronica, P. B. Crino, Inflammation in epilepsy: Clinical observations. Epilepsia 52, 26–32  
(2011).

63.	 O. R. Hoffman et al., Brief targeting of resurgent STAT3 activation in chronic epilepsy 
for potent and enduring disease modification. bioRxiv [Preprint] (2024). https://doi.
org/10.1101/2023.08.07.552299 (Accessed 21 November 2024).

64.	 P. Lamparello et al., Developmental lineage of cell types in cortical dysplasia with balloon cells. 
Brain 130, 2267–2276 (2007).

65.	 S. Bizzotto et al., Landmarks of human embryonic development inscribed in somatic mutations. 
Science 371, 1249–1253 (2021).

66.	 S. J. Fleming et al., Unsupervised removal of systematic background noise from droplet-based 
single-cell experiments using Cell Bender. Nat. Methods 20, 1323–1335 (2023).

67.	 G. Finak et al., MAST: A flexible statistical framework for assessing transcriptional changes and 
characterizing heterogeneity in single-cell RNA sequencing data. Genome Biol. 16, 278 (2015).

68.	 S. Bizzotto et al., PNAS. Github. https://github.com/MayaTalukdar/single-cell-analysis-of-fcd. 
Deposited 26 May 2025.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 1
34

.1
74

.2
1.

20
 o

n 
Fe

br
ua

ry
 2

4,
 2

02
6 

fr
om

 I
P 

ad
dr

es
s 

13
4.

17
4.

21
.2

0.

https://doi.org/10.1101/2023.11.06.565899
https://doi.org/10.1101/2023.11.06.565899
https://doi.org/10.1038/s41588-022-01276-9
https://doi.org/10.1101/060012
https://doi.org/10.1101/060012
https://doi.org/10.1038/s41583-022-00572-x
https://doi.org/10.1038/s41583-022-00572-x
https://doi.org/10.1101/2022.05.11.491515
https://doi.org/10.1101/2022.05.11.491515
https://doi.org/10.1073/pnas.2006163117
https://doi.org/10.1101/2023.08.07.552299
https://doi.org/10.1101/2023.08.07.552299
https://github.com/MayaTalukdar/single-cell-analysis-of-fcd

	Cell-type-informed genotyping of mosaic focal epilepsies reveals cell-autonomous and non-cell-autonomous disease-associated transcriptional programs
	Significance
	Results
	Cell Type Analysis of FCD2 Brains.
	Altered Energy Metabolism and Microglial Immune Activation in FCD2.
	Changes in Neuronal Signaling in FCD2.
	Cell Type–Informed Genotyping of Pathogenic Somatic variants.
	Genotype-Associated Transcriptional Alterations.

	Discussion
	Methods
	Patient Cohort and Human Tissue.
	Single-Nuclei RNA-Sequencing.
	Single-Nucleus RNA-Sequencing analysis.
	Differential Cell Type Composition Analysis.
	Differential Gene Expression and Pathway Enrichment Analysis.
	Microglial State Analysis.
	CellChat Analysis.
	GO-TEN and ResolveOME Single Nucleus Genotyping.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 29



