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Junctional instability in neuroepithelium
and network hyperexcitability in a focal
cortical dysplasia human model

Simoni H. Avansini,> Francesca Puppo,® Jason W. Adams,* Andre S. Vieira,>*

Ana C. Coan,>* Fabio Rogerio,*° Fabio R. Torres,>> Patricia A. O. R. Aradjo,*?

Mariana Martin,>* Maria A. Montenegro,>* Clarissa L. Yasuda,*” Helder Tedeschi,*>

Enrico Ghizoni,>® Andréa F. E. C. Franca,” Marina K. M. Alvim,>° Maria C. Athié,>3
Cristiane S. Rocha,?? Vanessa S. Almeida,>? Elayne V. Dias,® Lauriane Delay,?

Elsa Molina,’ Tony L. Yaksh,® Fernando Cendes,>" Iscia Lopes Cendes®?>

and ®Alysson R. Muotri®*°

Focal cortical dysplasia is a highly epileptogenic cortical malformation with few treatment options.

Here, we generated human cortical organoids from patients with focal cortical dysplasia type II. Using this human
model, we mimicked some focal cortical dysplasia hallmarks, such as impaired cell proliferation, the presence of dys-
morphic neurons and balloon cells, and neuronal network hyperexcitability. Furthermore, we observed alterations in
the adherens junctions zonula occludens-1 and partitioning defective 3, reduced polarization of the actin cytoskel-
eton, and fewer synaptic puncta. Focal cortical dysplasia cortical organoids showed downregulation of the small
GTPase RHOA, a finding that was confirmed in brain tissue resected from these patients. Functionally, both spontan-
eous and optogenetically-evoked electrical activity revealed hyperexcitability and enhanced network connectivity in
focal cortical dysplasia organoids.

Taken together, our findings suggest a ventricular zone instability in tissue cohesion of neuroepithelial cells, leading
to a maturational arrest of progenitors or newborn neurons, which may predispose to cellular and functional imma-
turity and compromise the formation of neural networks in focal cortical dysplasia.
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Introduction

Focal cortical dysplasia (FCD) is one of the most frequent causes
of pharmacoresistant focal epilepsy in children and adults.!
Treatment of these patients remains a challenge due to surgical
inaccessibility in eloquent cortical areas and the absence of
aetiology-specific antiepileptic drugs.? FCD type II is characterized
by focal lesions (Fig. 1A), cortical dyslamination [Fig. 1B(i)] asso-
ciated with cellular abnormalities such as dysmorphic neurons
[Fig. 1B(ii), white arrow], and balloon cells [Fig. 1B(ii), black arrow].
These two abnormal cells seem to derive from radial glial progeni-
tor cells at the ventricular zone.*

Brain postzygotic mammalian target of rapamycin (mTOR)
variants have been associated with FCD, but such genetic mosai-
cism cannot explain all cases.”” Moreover, the lack of a reliable hu-
man FCD model that recapitulates the emergence of the condition
during human neurodevelopment is one of the major limitations to
developing effective treatments. To better understand the mechan-
ism leading to FCD, we generated patient-derived cortical orga-
noids from induced pluripotent stem cells (iPSCs) of four patients
with pathologically confirmed FCD type II.

Materials and methods

The four patients with FCD type II included in this study were
characterized at the time of recruitment at the outpatient epilepsy
clinic of the University of Campinas (UNICAMP) hospital. All pa-
tients had been diagnosed with pharmacoresistant epilepsy after
extensive clinical assessment, routine EEG, prolonged video-EEG
monitoring, and structural and functional neuroimaging. Because
of the lack of response to clinical treatment, the patients under-
went surgical resection of the epileptogenic zone. According to
the Engel classification, three of these patients did not present a
good postoperative seizure outcome, Engel class III, due to proxim-
ity of the epileptogenic zone to eloquent cortical areas. The adult
patients signed a written informed consent approved by the
Research Ethics Committee UNICAMP; the patients younger than
age 18 years gave their assent, and their parents signed the consent
on their behalf. All clinical information obtained from the patients’
records for this research was accessed only after informed consent
from the patients and/or their legal guardians. Neuropathological

diagnoses of FCD type II were confirmed according to the
International League Against Epilepsy (ILAE) classification.’
Clinical, pathological and mTOR mutation findings from these pa-
tients are summarized in Table 1.

For the molecular characterization, we also used fresh-frozen
brain tissues from additional patients with FCD type II controls in-
dividuals. The clinical characteristics of these subjects used in the
molecular characterization are summarized in Table 2.

Genomic DNA was extracted from surgically resected brain tissue
and blood leucocytes by using a phenol-chloroform protocol.
First, in order to detect mTOR germline and mosaic variants, we
used deep whole-exome sequencing. Capture and enrichment
were performed by using the Agilent SureSelect V6-Post, following
the manufacturer’s instructions. Samples were sequenced with
HiSeq 2500 and NovaSeq Illumina sequencer, using a 150bp
paired-end run to achieve 1000x coverage (~90 Gb/sample).
Alignment, BAM processing, and variant detection were performed
by using the Genome Analysis Toolkit Best Practices Workflows
(https://gatk broadinstitute.org/hc/en-us/sections/360007226651-
Best-Practices-Workflows, version 4.1.4.1) and the human reference
genome based on GRCh37. Germline and mosaic variants were fil-
tered, prioritizing: (i) stop codon, frameshift, missense, nonsense
and splicing site mutations; (ii) variants whose minor allele fre-
quency is <0.01; (ii) variants absent in gnomAD (Exome
Aggregation Consortium) and in a publicly available genomic data-
base of Brazilian samples (BipMed, Brazilian Initiative on Precision
Medicine, http://bipmed.igm.unicamp.br/genes); and (iv) variants
were classified as mosaic mutations when <10% of reads were not
aligned to the human genome reference. The deleterious effect on
the protein functions of the variants was evaluated by using SIFT,
PolyPhen-2 and the Franklin database.

To validate our results, the same brain tissue samples and cor-
tical organoids (patients and controls) were submitted to deep se-
quencing using a customized enrichment panel comprising genes
from the mTOR and GATOR pathways. Capturing and enrichment
were performed with the Agilent SureSelectXT, following the man-
ufacturer’s instructions. The list of the 68 genes included in the pa-
nelis available in Supplementary Table 1. Samples were sequenced
in a Miseq (Illumina) to achieve 600-2000x of coverage. Mosaic
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Figure1 Cellular characterization of FCD cortical organoids. (A) Coronal T;-weighted MRI from four patients with FCD type II. The square in each image
indicates the abnormality suggestive of FCD. Patient F1, 5 years of age, the square shows increased cortical thickness and blurring of the cortical-
subcortical transition in the anterior part of the left middle and inferior frontal gyrus and orbital gyri; Patient F2, 37 years of age, the square shows
an abnormal deep sulcus in the transition of the right superior and middle frontal gyrus; Patient F3, 15 years of age, the square shows an increased
cortical thickness of the right inferior frontal gyrus; and Patient F4, 19 years of age, the square shows increased cortical thickness and blurring of
the cortical-subcortical transition in the parietal operculum and posterior insula. (B) Haematoxylin and eosin staining of a specimen from Patient
F1 shown in: (i) with cortical dyslamination; and (ii) the presence of balloon cells (black arrow) and dysmorphic neurons (white arrow).
(C) Schematic representation of the timeline of the cortical organoid generation and the experimental design using four patients with FCD and four
healthy controls, with two clones of iPSCs per subject for posterior cortical organoid generation in four time points: 19, 30, 90 and 150 days. Cellular
and molecular characterization was performed in 19-, 30- and 90-day-old organoids (represented by beige rectangle), and functional analyses

(Continued)



Modelling focal cortical dysplasia

variants were called according to the Genome Analysis Toolkit Best
Practices Workflows and were evaluated using the following
somatic variant caller tools: Mutect2, VarScan and Strelka. Mosaic
variants were filtered considering: (i) only variants that were found
in at least two somatic variant caller algorithms; (ii) when <10%
of reads were not aligned to the reference human genome;
(iii) present only in brain tissue resected from patients with FCD;
(iv) absent in GenomAD and BipMed; and (v) variants whose minor
allele frequency is <0.01. Variants were also filtered by prioritizing
stop codon, frameshift, missense, nonsense, and splicing site
mutations.

Validation of mTOR mosaic variants was performed by using
droplet digital PCR (QX200TM Droplet Digital™ PCR System;
Bio-Rad). Briefly, the droplet digital PCR reaction consisted of drop-
let digital PCR Supermix for Probes (no dUTP; Bio-Rad), mutant and
reference probes (0.25 pmol/l each; acquired from Bio-Rad and IDT),
forward and reverse primers (0.9 pmol/l each), and 60 ng of the DNA
sample, which was previously digested by restriction enzyme (10 U/
pg DNA). The reaction was emulsified into at least 10000 droplets
by using a QX200 Droplet Generator (Bio-Rad). PCR amplification
was performed with the following parameters: 10 min at 95°C, 40
cycles of 30 s at 94°C and 70 s at 58°C, and 10 min at 98°C, using a
ramp rate of 2°C/s between the steps. The analysis was performed
using the QuantaSoft software, version 1.7.4.0917.

The skin biopsies from FCD patients were performed under sterile
conditions by a dermatologist at the UNICAMP hospital.
Fibroblasts derived from mechanical dissection of skin were cul-
tured in Dulbecco’s modified Eagle medium (DMEM/F12) containing
10% foetal bovine serum and penicillin/streptomycin. The cellular
reprogramming of fibroblasts into iPSCs was performed with a
Cytotune iPS 2.0 Sendai reprogramming kit (Thermo Fisher
Scientific), following manufacturer instructions (Supplementary
Fig. 1F and G). Briefly, fibroblast cultures were transduced with tran-
scription factors OCT4, SOX2, KLF4 and MYC. Seven days after
transduction, cells were replated onto a feeder layer composed of
murine embryonic fibroblasts in DMEM/F12 containing 20%

Figure 1 Continued

BRAIN 2022: 145; 1962-1977 | 1965

Knockout Serum Replacement (Thermo Fisher Scientific), 1% non-
essential amino acids (NEAA; Thermo Fisher Scientific) and
100 uM 2-mercaptoethanol. IPSC colonies were identified after 2
weeks and transferred to 6-cm plates coated with Matrigel (BD
Biosciences). The iPSCs were cultured in StemFlex medium
(Thermo Fisher Scientific) and passaged manually. Ten iPSC clones
were selected from each subject from this study and three of these
were chosen for further validation of stem cell phenotypes using a
combination of immunostaining, expression analysis and single
nucleotide polymorphism mapping to rule out the presence of un-
wanted chromosomal abnormalities and mutations. Four iPSC con-
trols were included in this study, which are part of a bank of iPSCs
from the Muotri lab.

Validation of iPSCs was performed by immunostaining for
SOX2, OCT4 and LIN28 (Supplementary Fig. 1A-C). Briefly, iPSCs
were grown inside the wells of LabTek II 8-well chambered slides
(Thermo Fisher Scientific). Colonies were then fixed with 4% paraf-
ormaldehyde (PFA) solution for 10 min, washed once with 1x PBS,
permeabilized with 1% Triton X-100 for 5 min, washed in 1x PBS
containing 10% bovine serum albumin (BSA) and 1% Triton X-100.
Incubation of primary antibodies was performed in the same block-
ing solution overnight at 4°C. The primary antibodies used were
anti-SOX2 (Abcam; ab97959; 1:1000), anti-OCT4 (Abcam; ab19857;
1:300) and anti-LIN28 (Cell Signaling; 3978; 1:1000). After three
washes in 1x PBS, colonies were incubated with fluorescently la-
belled secondary antibodies for 3 h, and nuclei were counterstained
with 1 pug/ml 4'6-diamidino-2-phenylindole (DAPI; Thermo Fisher
Scientific) for 30 min. Slides were mounted with ProLong Gold anti-
fading mountant (Thermo Fisher Scientific).

Quantitative reverse transcription PCR (RT-qPCR) using TagMan
assays (Thermo Fisher Scientific) NANOG (Hs02387400_g1), LIN28
(Hs00702808_s1), SOX2 (Hs04234836_s1), MYC (Hs00153408_m1)
and KLF4 (Hs00358836_m1) were used to quantify the expression
of stem cell markers (Supplementary Fig. 1D). Single nucleotide
polymorphism mapping-based karyotyping using genome-wide
profiling for amplifications, deletions, copy number variations
and rearrangements was performed on genomic DNA extracted
from the iPSC clones using the iScan system (Illumina) and the
Infinium HumanCytoSNP-12 BeadChip (Illumina; Supplementary

were performed in 90- and 150-day-old organoids (represented by green rectangle). (D and E) Representative micrographs showing proliferating neural
progenitor cells (NPC) at the neural rosette stained with SOX2* (green) and mature MAP2* neurons (red) from a 30-day-old cortical organoid from (D)
WTB83 control and (F) Patient F3. (F) Quantification of SOX2* cells per DAPI* cells in 30-day-old organoids (n=4 organoids per experiment per each sub-
ject, P<0.0001). (G and H) Representative micrographs Ki67* cells (red) at neural rosette staining from 30-day-old cortical organoid from (G) WT83 con-
trol and (H) Patient F1. (I) Quantification of Ki67" cells per DAPI* cells in 30-day-old organoids (n=4 organoids per experiment per each subject, P=
0.0044). (J-L) Nineteen-day-old cortical organoid stained with N-cadherin (red) and acetyl-a-tubulin (green), showing that stable microtubules were
well organized from the apical to basal surface at neural rosettes in the 4C control (J). (K) In Patient F2 cortical organoids, we noticed fragmented micro-
tubules surrounding the forme fruste neural rosette. (L) Organoids from Patient F4 presented enlarged rosettes with an increased lumen diameter. These
two phenotypes were observed in the two different clones of the iPSCs from these two patients (Patients F2 and F4) and in consecutive batches of or-
ganoid generation. (M and N) Representative micrographs of ZO-1 (red) and acetyl-a-tubulin (green) immunostaining of 19-day-old cortical organoids,
showing a continuous ring of ZO-1in WT83 control (M; white dashed line; bottom figure represents an enlarged view of M), and a disrupted belt (N; white
dashed line; bottom figure represents an enlarged view of N) with a concentration of ZO-1 protein in the middle of the lumen (white arrow) in the
F4-derived organoids. (O) Quantification of ZO-1 apical-basal thickness, showing an irregular distribution of ZO-1 reflected in increased thickness in
FCD organoids (n=12 controls organoids, n=12 patients organoids). (P and Q) Representative micrographs of RHOA (red) and phalloidin (green) immu-
nostaining of 90-day-old cortical organoids. (P) In F2 organoids, the inset shows a neuron compatible with a dysmorphic neuron. (Q) Organoid derived
from Patient F4, the inset indicates a round cell with four nuclei, features that indicates a balloon cell. (R) Representative micrographs of NeuN (red)
immunostaining of a 90-day-old Patient F2-derived cortical organoid. The arrows and inset indicate neurons with enlarged NeuN" soma staining
that is more intense in the nucleus than the cytoplasm, features compatible with dysmorphic neurons. (S) Representative micrograph of MAP2
(red), and nestin (green) immunostaining of 90-day-old F4 derived cortical organoid. The arrows and inset indicate a nestin® cell with abnormal
soma morphology and a laterally displaced nucleus, features characteristic of a balloon cell. (T) Area of the soma in NeuN" evidencing that neurons
in FCD organoids were twice as large as controls (n=145 controls, n=316 neurons patients; mean: 264.2 um? controls and mean: 454.6 pm? patients.
Nuclei were stained with DAPI (blue). The results are presented as the mean + SEM. A one-sample t-test was used to assess statistical significance,
*P<0.05, *P<0.001, ***P <0.0001. Scale bar = 100 um [B(i) and J-L], 10 pm (M and N) or 20 um (all others). Controls: WT83 clone 1@, clone 2@; 4C clone
101, clone 2 [[J; 969 clone 1A, clone 2 4\, 121 clone 1 4 clone 2 {>; patients: F1 clone 1@, clone 2 O; F2 clone 1M, clone 2 [], F3 clone 14, clone 2 A,
F4 clone 1V, clone 2V/.
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Modelling focal cortical dysplasia

Table 2 Clinical findings of fresh-frozen brain tissue from
additional FCD patients and controls used in molecular
characterization

ID Sex Age Site of Subject; cause of death: surgery
surgery
P1  Male 40 TPO/R Patient; FCD type IIb
P2 Male 26 T/L Patient; FCD type Ila
P3  Male 6 TO/R Patient; FCD type IIb
P13 Male 29 Fr/R Patient; FCD type Ila
P16 Male 18 Fr/L Patient; FCD type IIb
P20 Male 32 Fr/L Patient; FCD type IIb

P21 Female 21 Fr/L
C2 Female 33 Fr/R

Patient; FCD type IIb
Control; autopsy: respiratory
failure, diffuse lymphoma

C20 Male 55 Fr/L Control; autopsy: septic shock

C21 Female 37 Fr/R Control; autopsy: septic shock/
bronchopneumonia

C24 Male 62 Fr/R Control; autopsy: hepatic
impairment

C23 Male 48  Fr/R Control; autopsy: pulmonary
embolism

C25 Male 47  Fr/R Control; autopsy: septic shock

C26 Male 50 T Control; biopsy: anterior
temporal lobectomy

C27 Male 383 T Control; biopsy: anterior

temporal lobectomy
Control; biopsy: anterior
temporal lobectomy
Control; biopsy: anterior
temporal lobectomy
Control; biopsy: anterior
temporal lobectomy
Control; biopsy: anterior
temporal lobectomy
Control; biopsy: anterior
temporal lobectomy
Control; biopsy: anterior
temporal lobectomy
Control; biopsy: anterior
temporal lobectomy

C28 Female 44 T

C29 Male 40 T

C30 Female 49 T

C31 Female 45 T

C32 Male 51 T

C33 Female 28 T

C34 Female 54 T

Control samples were obtained from autopsies of individuals whose cause of death
was non-neurological, and from the biopsy of normal temporal cortex obtained
during anterior temporal lobectomy performed in patients with mesial temporal
sclerosis. All control samples used in this work were evaluated and considered
normal cytoarchitecture of the cerebral cortex by histopathological examination.
Fr = frontal; L = left; O = occipital; P = parietal; R = right; T = temporal.

Fig. 1E). After confirmation of the pluripotent state of these cells, we
chose two different iPSC clones from each subject for cortical orga-
noid generation. All cellular cultures were routinely tested for
mycoplasma.

To generate cortical organoids, we used our previously published
protocol.? Briefly, iPSC colonies were dissociated using Accutase
(Thermo Fisher Scientific; diluted with an equal volume of 1x PBS)
for 12 min at 37°C. After centrifugation for 3 min at 150g, the indivi-
dualized cells were resuspended in StemFlex Medium (Thermo
Fisher Scientific) supplemented with 10 pM SB431542 (Stemgent),
1 pM dorsomorphin (R&D Systems) and 5 pM Rho kinase inhibitor
(Y-27632; Calbiochem, Sigma-Aldrich). Approximately 4 x 10 iPSCs
were seeded into each well of a low-binding six-well plate and
placed on a shaker inside a CO, incubator at 95 rpm and 37°C.

BRAIN 2022: 145; 1962-1977 | 1967

Formed spheres were fed at 24 and 48 h with StemFlex supplemen-
ted with 10 pM SB431542 and 1 pM dorsomorphin. After 3 days, the
medium was replaced to neural induction medium consisting of
Neurobasal Medium (Thermo Fisher Scientific) containing
GlutaMAX (Thermo Fisher Scientific), 1% Gem21 NeuroPlex supple-
ment (Gemini Bio-Products), 1% N2 NeuroPlex supplement (Gemini
Bio-Products), 1% of NEAA (Thermo Fisher Scientific), 1% penicillin/
streptomycin (Thermo Fisher Scientific), 10 pM SB431542 and 1 pM
dorsomorphin, for 7 days. Next, the medium was replaced to prolif-
eration medium, consisting of Neurobasal medium containing
GlutaMAX, 1% Gem21, 1% NEAA and 20 ng/ml basic fibroblast
growth factor (FGF-2; Thermo Fisher Scientific) for 10 days, followed
by an additional 7 days in the same medium further supplemented
with 20 ng/ml epidermal growth factor (PeproTech). Neuronal dif-
ferentiation and organoid maturation were achieved by switching
to Neurobasal medium containing 1% GlutaMAX, 1% Gem?21, 1%
NEAA, 10 ng/ml of brain-derived neurotrophic factor, 10 ng/ml of
glial cell-derived neurotrophic factor, 10 ng/ml of neurotrophin-3
(all from PeproTech), 200 mM r-ascorbic acid, and 1mM
dibutyryl-cAMP (Sigma-Aldrich) for 15 days. After this period, cor-
tical organoids were maintained in Neurobasal medium containing
GlutaMAX, 1% Gem21, and 1% NEAA for as long as needed, with
media changes every 34 days and kept in culture until 150 days
(Supplementary Fig. 1H). For every subject and their respective
clones, we conducted two independent batches at four
time points: 19, 30, 90, and 150 days of culture.

Cortical organoids were fixed with 4% PFA overnight at 4°C and cryo-
protected in 30% sucrose for at least 2 days. They were then embed-
ded in TissueTek (Leica Microsystems) and sectioned on a Leica
VT1000S cryostat to produce 20 pm sections. For staining, slides
were air dried for 10 min, permeabilized in 1x PBS containing 1%
Triton X-100 for 2 min and blocked with 1x PBS containing 0.1%
Triton X-100 and 3% BSA for 1h at 25°C, followed by incubation
with primary antibodies in the same solutions. Primary antibodies
used were: rat anti-CTIP2 (Abcam; abl18465; 1:500); rabbit
anti-SATB2 (Abcam; ab34735; 1:200); chicken anti-MAP2 (Abcam;
ab5392; 1:1000); rabbit anti-SOX2 (Abcam; ab97959; 1:1000); rabbit
anti-CUX1 (CUTL1 or CASP, Abcam; ab54583; 1:200); rabbit anti-
vesicular glutamate transporter 1 (VGLUT1; Synaptic Systems;
135311; 1:500); rabbit anti-cleaved caspase 3 (CC3 Cell Signaling;
9664S; 1:500); mouse anti-RHOA (Abcam; ab54835;1:100); mouse anti-
postsynaptic density protein 95 (PSD-95; NeuroMab, UC Davis, 1:1000);
rabbit anti-synapsin I (Sigma-Aldrich; AB1543P, 1:1000); mouse anti-
zona occludens 1 (ZO-1;Thermo Fisher Scientific; ZO1-1A12; 1:500);
rabbit anti-partitioning defective 3 (PARD3; Thermo Fisher
Scientific; 11085-1-AP; 1:300); mouse anti-N-Cadherin (BD; Clone 32;
1:150); rabbit anti-NeuN (Abcam; ab128886; 1:1000); mouse
anti-NESTIN (Abcam; ab22035; 1:200); and rabbit anti-Ki67 (Abcam;
ab15580; 1:100). The primary antibodies were incubated overnight at
4°C. After, slides were washed three times in 1x PBS, for 5 min each,
and incubated with fluorescent secondary antibodies (Thermo
Fisher Scientific; conjugated to Alexa Fluor 488 or 555; 1:500 dilution)
and Alexa Fluor 488 Phalloidin (Thermo Fisher Scientific; A12379; 1:40)
for 3 h at 25°C. After further washes in 1x PBS, slides were counter-
stained with DAPI solution (1 pg/ml) for 5 min and mounted with
ProLong Gold. All images were taken using a Zeiss fluorescence
microscope equipped with Apotome (Axio Observer Apotome,
Zeiss). For cell quantification in cortical organoids, we used the
Analyze Particles plugin on the Image] software (National Institutes


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awab479#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awab479#supplementary-data

1968 | BRAIN 2022: 145; 1962-1977

of Health, Bethesda, MD, USA) and three random 70 x 70 pm regions of
interest for each selected organoid slice analysed. For quantification
of the ZO-1 apical-basal thickness, four measurements (at 90°, 180°,
270° and 360°) for each ventricular structure were performed in cor-
tical organoids, according to lefremova et al.” For quantification of
neuronal soma area, we also used ImageJ software after staining
with NeuN antibody. Five to ten neurons were quantified per organoid
slice (500 pm x 500 pm). For quantification of percentage of dysmorph-
ic versus normal neurons, neurons with area of soma >500 pm? were
considered dysmorphic. This value was standardized based on the
average of area of soma from neurons analysed in controls organoids,
which was approximately 300 pm?

Three-dimensional imaging of solvent cleared cortical organoids
was performed using an adapted method of 3DISCO/FDISCO™*"!
with the aim to quantify synaptic puncta. This process was divided
into four phases: staining, clearing, imaging, and quantification.

Organoids were fixed in 4% PFA and stored at 4°C in 1x PBS contain-
ing 0.02% NaNj. After washingin 1x PBS, organoids were permeabi-
lized in PTx.2 solution (1% 1x PBS, 0.2% Triton X-100, ddH,0) with
2.3% glycine and 2% dimethyl sulphoxide (DMSO) at room tempera-
ture overnight, incubated in PTx.2 with 3% serum and 2% DMSO to
block non-specific protein binding, and incubated for 72-96 h with
primary antibody at 25°C under agitation. Cortical organoids were
labelled with chicken anti-MAP2 (Abcam; ab53921; 1:1000), mouse
anti-VGLUT1 (Synaptic systems; 135311; 1:250), and rabbit
anti-Homer1, a postsynaptic density scaffold protein (Synaptic sys-
tems; 160003; 1:500). They were then washed five times for 15 min
each in PTwH solution (1% 1x PBS, 0.2% Tween-20, 1 mg/100 ml hep-
arin, ddH,0). Next, they incubated in fluorescent secondary anti-
bodies (1:1000; goat anti-chicken conjugated to Alexa Fluor 555;
goat anti-mouse conjugated to Alexa Fluor 488, and goat anti-rabbit
conjugated to Alexa Fluor 647; Thermo Fisher Scientific) diluted in
PTwH with 3% serum for 72-96 h at 25°C on a shaker plate.

Organoids were dehydrated in a methanol/H,0 series as follows:
20%, 50%, 70%, 80%, 100% and100%, 15 min each. They were then
transferred to sealed glass vials: the first containing 33% dichloro-
methane (Sigma; 34856) and 66% methanol, and the second con-
taining 100% dichloromethane. Finally, they were cleared in 100%
dibenzyl ether (ACROS Organic; 148400010) directly in the chamber.

Because of the small size of the organoids, each sample was directly
imaged after clearing using an inverted SP5 confocal microscope
with a 63x water objectives lens. For imaging 35-65 pm z-stack
images were captured with an interval of 0.3 pm.

Co-localized synaptic puncta were quantified by using Imaris
(Bitplane), the microscopy image analysis software (Oxford
Instruments). In the Imaris analysis, pre- and postsynaptic markers
in the 3D images were identified as ‘spots’ with dimensions estab-
lished considering the x/y and z axes. It was set to detect identically
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sized objects presenting a proximity based on the minimal distance
of their centers of mass. A semi-automatic threshold was deter-
mined to avoid ‘false spots’; the same parameters were used for
all images. The Imaris co-localization function was used to identify
the co-localized spots, and the number of co-localized spots
was normalized by the total number of spots found in the whole
3D image.

Total RNA from cortical organoids and human fresh-frozen brain
tissue was extracted by using TRIzol (Thermo Fisher Scientific) fol-
lowing the manufacturer’s recommendations. Subsequently, 1.8 pg
of total RNA was reverse transcribed into cDNA using the
SuperScript® IV Reverse Transcriptase with DNase treatment in-
cluded in the reaction (Thermo Fisher Scientific). RT-qPCR was per-
formed using TagMan probes (Thermo Fisher Scientific) and the
TagMan universal master mix II without UNG (Thermo Fisher
Scientific) on a CFX Connect Real Time PCR detection system
(Bio-Rad), with the following cycling parameters: 94°C for 3 min, fol-
lowed by 40 cycles of 94°C for 30 s and 68°C for 1 min. To quantify
mRNA expression, we used TagMan gene expression assays. The
following TagMan probes were used: endogenous controls,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Hs02758991_gl1) and p-actin (ACTB) (Hs01060665_gl); target
mRNAs, RHOA (Hs00357608_m1), PARD3 (Hs00969077_m1), ZO-1
(TJP1,  Hs01551871_m1), RAC1  (Hs01902432_s1),  RND2
(Hs00183269_m1),  RND3 (Hs01003594_m1), and  CDC42
(Hs00918044_g1). PCR reactions were performed in triplicate.
Relative expression was calculated using the 2724t method.

Cell lysates from cortical organoids and human fresh-frozen brain
tissue were collected by lysing cells with radioimmunoprecipita-
tion assay buffer [SOmM Tris-HCl, pH 8.0, 150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sul-
phate (SDS)] and mixed with protease inhibitor cocktail
(Sigma-Aldrich) and phosphatase inhibitor cocktail (Roche). After
removing the cell debris by centrifuging at 15000 rpm for 30 min
at 4°C, the protein quantification was determined with a bicincho-
ninic acid protein assay (Pierce). Total protein extracts (15-20 pg)
were separated on Bolt 4-12% Bis-Tris Plus Gels (Life
Technologies) and transferred onto a nitrocellulose membrane
using iBlot2 dry blotting system (Thermo Fisher). After blocking
non-specific protein binding (Rockland Immunochemicals, VWR
International), membranes were incubated with primary anti-
bodies overnight at 4°C. The primary antibodies used were mouse
anti-RHOA  (Abcam; ab54835; 1:100), mouse anti-PSD-95
(NeuroMab, 1:1000), rabbit anti-synapsin I (Sigma-Aldrich;
AB1543P, 1:1000), and rabbit anti-MMP2 (Abcam, ab97779 1:500).
Then, the membrane was incubated with secondary antibodies
for 3h at room temperature. Proteins were detected by using the
Odyssey CLx infrared imaging system (LI-COR Biosciences).

Quantification of the F-actin versus G-actin content in the cortical
organoids was realized using a G-Actin/F-Actin In Vivo Assay
Biochem Kit (Cytoskeleton Inc., BK037) according to the manufac-
turer’s instructions. Briefly, we homogenized cortical organoids in
F-actin stabilization buffer, followed by ultracentrifugation at 100
000g to separate F-actin from G-actin. The fractions are then
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separated by SDS-PAGE and actin was quantitated by western blot-
ting. The actin antibody was provided by the company. 8-Tubulin III
was used as a housekeeping protein.

The expression of 770 neuropathology-related genes in 90-day-old
cortical organoids from four patients with FCD and four controls
was analysed by using the nCounter Human Neuropathology
Panel (NanoString Technologies) according to the manufacturer’s
protocol. The list of genes included in the panel is available in
Supplementary Table 1. Total RNA from cortical organoids was ex-
tracted by using the RNeasy Micro Kit (Qiagen) following the man-
ufacturer’s recommendations. One hundred nanograms of RNA
per sample were prepared for analysis. The assay was performed
on the nCounter MAX Analysis System (Sanford Consortium for
Regenerative Medicine Stem Cell Genomics Core) according to the
manufacturer’s instructions. The nSolver software (v4.0) by
NanoString was used to normalize gene expression data.
ROSALIND software (OnRamp Bioinformatics, https://rosalind.
onramp.bio/) was then used to interpret targeted gene expression
data and to create heat maps. The data were then analysed by
ROSALIND® (https://rosalind.onramp.bio/), with a HyperScale
architecture developed by OnRamp Biolnformatics, Inc. (San
Diego, CA, USA) to interpret targeted gene expression data and to
create heat maps. The read distribution percentages, violin plots,
identity heat maps, and sample MDS plots were generated as part
of the QC step. The Limma R library’? was used to calculate fold
changes and P-values and to perform optional covariate correction.
Clustering of genes for the final heat map of differentially ex-
pressed genes was done using the Partitioning around medoids
method. This process employed the fpc R library that takes into
consideration the direction and type of all signals on a pathway,
the position, role, and type of every gene, etc. A hypergeometric dis-
tribution was used to analyse the enrichment of pathways, gene
ontology, domain structure, and other ontologies. The topGO R li-
brary,"® was used to determine local similarities and dependencies
between GO terms in order to perform Elim pruning correction.
Several database sources were referenced for enrichment analysis,
including Interpro,** NCBIL™ MSigDB,'®" REACTOME,*® and
WikiPathways."® Enrichment was calculated relative to a set of
background genes relevant for the experiment. Functional enrich-
ment analysis of pathways, gene ontology, domain structure and
other ontologies was performed by using HOMER.?°

We measured the electrical activity in cortical organoids by using
extracellular electrophysiology. We recorded spontaneous neural ac-
tivity in organoids plated on multi electrode arrays, and we recorded
light-evoked response in organoids expressing the channelrhodopsin
(CheRiff) by means of high-density silicon microelectrodes.

Multi-electrode array (MEA) electrophysiological recordings were per-
formed once per week by using the Maestro MEA system. Briefly,
45-day-old cortical organoids were plated on 12-well MEA plates
(Axion Biosystems). Each well contains 64 low-impedance (0.04 MQ)
platinum microelectrodes of 30 pm in diameter, with a 200 pm space
between the electrodes. The plates were previously coated with
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100 pg/ml poly-L-ornithine and 10 pg/ml laminin. The seeded orga-
noids were fed once a week with BrainPhys medium (STEMCELL
Technologies). The recordings were performed with the AxIS
Software Spontaneous Neural Configuration (Axion Biosystems) with
aband-pass filter of 10 Hz and 2.5 kHz cut-off frequencies. Spike detec-
tion was computed with an adaptive threshold of 5.5 times the stand-
ard deviation of the estimated noise for each electrode. Three minutes
of data were recorded. Two independent experiments were conducted
for each subject, with three independent replicates per subject in each
experiment. The data were analysed by using the Axion Biosystems’
Neural Metrics Tool. Wells with fewer than five active electrodes
were eliminated from the analysis. Bursts were identified using an
inter-spike interval threshold of five spikes with a maximum inter-
spike interval of 100 ms. Network bursts were detected when a min-
imum of 15 spikes were found under the same interspike interval
with a minimum of 25% active electrodes. The synchrony index was
calculated using a cross-correlogram synchrony window of 20 ms.
Custom software was used for inference of effectivity connectivity
from MEA recordings. Briefly, spike file recordings were converted to
.mat files using Axion Biosystem provided functions and analysed off-
line with custom MATLAB functions and scripts developed by Puppo
et al.>* We used spike sorting based on principal component analysis
and a k-means clustering to group spikes with similar shape into dif-
ferent clusters, each corresponding to a different unit (neuron). The
number of cluster k was inferred via the gap statistic.? This approach
allowed us to isolate the activity of a few units per electrode, which re-
sulted in the reconstruction of the activity of multiple detected neu-
rons in the MEA well. Then, we used custom MATLAB routines
(described by Puppo et al?! and available online at https://github.
com/fpuppo/ECRtools.git) for the following steps: (i) to detect function-
al interactions (statistical dependencies) between neurons via compu-
tations of pairwise correlations; (ii) to detect correlation peaks
associated with indirect and apparent connections; and (iii) to recon-
struct the directed causal connectivity between recorded neurons in
the well. Connectivity maps were generated from the reconstructed
networks to evaluate visually differences in connectivity between con-
trol and FCD organoids plated on MEAs.

The optogenetic probe CheRiff was delivered to organoids via lenti-
viral transduction. Lentivirus was produced by VectorBuilder
(Cyagen) from the CamkKlla-CheRiff plasmid.®® DRH313:
FCK-CheRiff-eGFP was a gift from Adam Cohen (Addgene plasmid
#51693;  http:/n2t.net/addgene:51693; RRID: Addgene_51693).
Transduction of CheRiff was carried out following the procedures al-
ready described®* with some modifications. Briefly, 2 days before the
viral transfection, we eliminated penicillin/streptomycin from the
cortical organoid maturation medium. The organoids were then
transferred to an ultra-low-attachment 96-well plate. Thirty-five
microlitres of 1.4x10” transducing units (TU/ml) of DRH313-FCK-
CheRiff-eGFP lentivirus in 1x PBS were added to each well. After 4 h
of incubation at 37°C and 5%CO,, the organoids were transferred to
a well containing 3 ml of organoid maturation medium in a six-well
plate and incubated at 37°C and 5% CO, under agitation for at least
10 days. The medium was changed every 4 days.

Extracellular neuronal activity of mature cortical organoids (90 and
150 days old) was recorded by using a high-density penetrating
silicon probe with 128 channels distributed onto four shanks
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each including a 2-column, 16-row configuration of 177 um? irid-
ium recording sites of 46 upm pitch (Neuronexus; a 4x
32-poly2-5mm-23s-200-177; Supplementary Fig. S5F). Signals were
processed and digitized on a headstage proximal to the silicon
probe (Intan; RHD2164), then acquired by an OpenEphys
Acquisition Board.?® Recordings of CheRiff-expressing cortical or-
ganoids were performed in glass bottom MatTek dishes containing
artificial CSF (ACSF; Ecocyte Bioscience) bubbled with carbogen
(95% 0O,, 5% CO,) at room temperature. The dish was loaded onto
an inverted epi-fluorescence microscope with a custom illumin-
ation scheme. During electrophysiological recordings, the orga-
noids were maintained in the dark. The illumination was
provided by a diode laser at 473-nm (100 mW, Cobolt 06-MLD) for
CheRiff actuation. The laser beam was directed towards a lens
(AC508-400-A-ML, f =400 mm), focusing the light onto the rear focal
plane of a high numerical aperture objective lens [Olympus
UPlanFL N 20x, numerical aperture=0.5 (air)]. The lens was trans-
lated in the plane perpendicular to the optical axis to illuminate a
wider area of the organoid surface (~300 pm beam diameter). The
light hit the surface of the organoid in contact with the bottom of
the dish. The extracellular probe was inserted into the organoid
from the top by means of a micromanipulator (MP285; Sutter). In
this configuration, we probed the internal activity of the organoid
resulting from the electrical response elicited in
CheRiff-expressing cells at the organoid surface and propagating
towards the more internal layers where the probe was positioned
(Supplementary Fig. 5G).

Multi-unit activity recordings were made for 60 s to measure the
response to optogenetic stimulation, in at least three different re-
cording sites per organoid. Optogenetic actuation was provided
by delivering sequences of 50-ms long laser pulses at different fre-
quency (0.01 Hz and 2 Hz; Supplementary Fig. 5H). The intensity of
the 473-nm beam at the sample was 10 mW/cm?2. Light stimulation
was controlled by in-house MATLAB scripts through a National
Instruments Data Acquisition board used to deliver TTL pulses to
the laser control box.

Raw data were stored for analysis. Then, post-processing, multi-
unit spike detection and all descriptive analysis were carried out via
custom MATLAB routines. Spike detection was performed follow-
ing a previously published protocol.? Each channel was first refer-
enced to the well mean for every time point, like a common
average reference (128 channels). Next, the re-referenced signal
was bandpass filtered for 300-3000 Hz with a third-order
Butterworth filter. The adaptative spike threshold was set to be
5.5 times the standard deviations, where the standard deviation
was estimated from the mean as previously described by Quiroga
et al.?® Spike timestamps were taken as the peak time after the ab-
solute value of the signal crossed the threshold, but at least 1 ms
from another spike. The response rate was calculated as the total
number of successful recordings (recordings with at least two re-
sponding channels) out of the total number of recordings per-
formed. Spike events in response to optogenetic stimulation were
searched in the post-processed signal by considering the 50-ms
window following the optogenetic stimulus.

The data are presented as the mean +standard error of the mean
(SEM). No statistical method was used for a power analysis to pre-
determine the sample size and adjustments were made for mul-
tiple comparisons (Bonferroni test). The statistical analyses were
performed by using Prism software (GraphPad). Student’s t-test or
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ANOVA with post hoc tests were used as indicated. Significance
was defined as *P <0.05, *P<0.01 or *P<0.001.

Data from whole exome sequencing and mTOR/GATOR panel that
support the findings of this study have been deposited at NCBI
BioProject ID PRJNA730529. For gene expression using NanoString
Human Neuropathology Panel, GEO accession number is GSE174605.

Results

All patients had been diagnosed with pharmacoresistant epilepsy,
secondary to FCD type II, and underwent epilepsy surgery. The clin-
ical and pathological characterization of the selected patients and
their respective genetic mTOR analyses are summarized in
Table 1. Four iPSCs, derived from healthy individuals, were in-
cluded as controls. We generated forebrain cortical organoids using
an optimized functional protocol® and subsequently characterized
the cortical organoids at three levels: morphological, molecular and
functional (Fig. 1C).

The most notorious histopathological hallmarks of FCD are dis-
ruption of cell proliferation, characterized by localized cortical le-
sions associated with the presence of disorganized lamination
and misshapen cells, such as dysmorphic neurons and balloon
cells.® These guided us to first investigate cell proliferation in FCD
cortical organoids in the early stages of development, specifically
in the neural rosette, the structure in the organoid that most closely
resembles the embryonic neural tube.

We used immunofluorescence to quantify the proliferation
markers NESTIN, SOX2 and Ki67, and to investigate eventual cellu-
lar alterations. The neural rosettes displayed radially organized col-
umnar neuroepithelium cells surrounding an apical lumen whose
continuous radial glial basal processes were stained by NESTIN
(Supplementary Fig. 2F1-J1). We observed that FCD organoids har-
bored a substantially decreased number of SOX2* progenitor cells
compared with controls (Fig. 1D-F and Supplementary Figs 2A1-
E4 and 6I), and those few cells localized mainly to the edges of the
organoids (Supplementary Fig. 2A1-E1). Compared with controls
organoids, Ki67* proliferative cells in FCD organoids were also re-
duced (Fig. 1G-I and Supplementary Figs 2F1-J5 and 6]). We ob-
served no differences in cell apoptosis between FCD and control
organoids, as measured by cleaved caspase-3 (Supplementary
Fig. 3A and B).

We next examined the essential components involved in neural
rosette formation, namely adherens junctions and cytoskeletal ele-
ments (actin and tubulin). Some adherens junctions, such as
N-cadherin, p-catenin, PARD3, CDC42, and the tight junction,
Z0-1, are located preferentially at the ventricular zone of neuroepi-
thelium cells. They function to anchor the radial glia to the ven-
tricular surface and maintain apical radial glia polarity while
regulating the division of neural progenitors.?’:?8

Using acetylated a-tubulin antibody, which labels stable microtu-
bules (Fig 1J and Supplementary Fig. 3C1-4), we identified two distinct
phenotypes in 19-day-old organoids. We detected forme fruste ro-
settes, characterized by the absence of an organized column of
neuroepithelium cells (Fig. 1K and Supplementary Fig. 3D1-4), in
20% of all FCD organoids generated (Supplementary Fig. 3F), and we
also observed enlargement of rosettes with an increased lumen
diameter (Fig. 1L and Supplementary Fig 3E). Abnormal F-actin fila-
ments (stained by phalloidin) appeared sparsely as thick dense actin
cables at the apical side of the rosette (Supplementary Fig. 3H1-4).
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Upon examining adherens junctions in control organoids, we noticed
a well-delimited and continuous belt of ZO-1 at the apical surface of
the rosette (Fig. 1M and Supplementary Fig. 3J1-4). By contrast, the
FCD organoids portrayed a fragmented ring with an accumulation
of ZO-1 as bright droplets in the middle of the lumen (Fig. 1IN and
Supplementary Fig. 3K1-L4). Furthermore, the ZO-1 apical-basal
thickness in FCD organoids was two times higher than the controls
(Figs 10 and 6K). We also noticed that the integrity of the neuroepithe-
lial barrier between tight junctions and cytoskeletal tubulin seemed
disrupted in FCD organoids (Supplementary Fig. 3K5-L5).

Based on these initial findings, we further extended our mor-
phological evaluation to later-stage organoids. Considering that
the key regulator of adherens junctions and actin is the small Rho
GTPase family,”® we decided to investigate the role of the small
GTPase Rho A (RHOA). We observed some abnormalities in cell
morphology in FCD compared with control organoids. We noticed
that FCD organoids exhibited morphologies absent in control orga-
noids, including cells with enlarged cell bodies (Fig. 1P), and sparse
emergence of round multi-nucleated cells (Fig. 1Q). To confirm
these cell abnormalities as evidence of FCD hallmarks, we used
markers of mature neurons and noticed that NeuN+ cells had so-
mas two times enlarged compared with cells found in controls
(Fig. 1R and T and Supplementary Figs 4B1-C3 and 6R). The abnor-
mal soma size was found in 25% of all neurons analysed in FCD or-
ganoids (Supplementary Fig. 6S). Large MAP2+ pyramidal-shaped
cells were also observed (Supplementary Videos 1 and 2).
Together, these cellular abnormalities are morphologically com-
patible with those observed in dysmorphic neurons. Using nestin
and MAP2, we discerned several cells with aberrant soma morph-
ology, including lateral displacement of the nucleus and phenotyp-
ic features suggestive of a mixed progenitor cell and neural lineage,
histologically similar to balloon cells (Fig. 1S and Supplementary
Fig. 4E1-F4). None of these abnormal cells were present in the con-
trol organoids (Supplementary Figs 4A1-3 and D1-3). Both FCD and
control organoids expressed the cortical laminar markers CUX1,
SATB2 and TBR1, recapitulating some characteristics of human cor-
tical development (Supplementary Fig. 4G1-J3).

Using RT-qPCR, we observed the downregulation of ZO-1 (en-
coded by TJP1) in FCD compared with controls organoids (Fig. 2A
and Supplementary Fig. 6A). Similarly, we noticed the downregula-
tion of another adherens junction gene, PARD3, in FCD organoids
(Fig. 2B and Supplementary Figs 4K and 6B). Moreover, the balance
between actin polymerization and depolymerization (F-actin/
G-actin ratio) is essential during corticogenesis,* and its instability
has been associated with the disassembly of the radial glial scaf-
fold.*! Using ultrafractionated actin samples, FCD organoids were
found to have a 38% decreased F-actin/G-actin ratio compared
with controls organoids (Fig. 2C and Supplementary Fig. 6C).

We also noticed that FCD organoids exhibited decreased RHOA
transcript (Fig. 2D and Supplementary Fig. 6D), and protein
(Fig. 2E and Supplementary Fig. 6E) expression compared with con-
trols organoids. This observation was also orthogonally validated in
fresh-frozen brain tissue resected from these same patients (Fig. 2F,
G and Table 2). Other members of the small Rho GTPase family
were evaluated, but no statistical significance was found
(Supplementary Fig. 6T). We similarly observed PARD3 downregula-
tion in FCD brain tissue compared to controls (Fig. 2H). Collectively,
these results suggest that FCD organoids have cell proliferation de-
fects that are likely caused by abnormal regulation of RHOA, indi-
cating that at certain points on the ventricular surface,
compromised actin-anchored adhesion might affect the integrity
of the neuroepithelium.
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Because of the known role of F-actin and cell adhesion in the early
stages of synaptogenesis assembly,*? we hypothesized that reduced
F-actin in FCD organoids could affect synapse formation. Using im-
munoblotting, we found a 52% decrease in the presynaptic protein sy-
napsin 1 in FCD compared with controls organoids (Fig. 2I and
Supplementary Fig. 6F). Differences in PSD-95 were not detected
(Supplementary Fig. 5A). We next evaluated the complexity of synap-
tic connections by using high-resolution 3D imaging of cleared cor-
tical organoids with the whole mount immunofluorescence for
presynaptic (VGLUT1) and postsynaptic (HOMER1) proteins. Both 90-
and 150-day-old FCD organoids showed a reduction of co-localized
synaptic puncta (Fig. 3A and Supplementary Figs 5B, C and 6L).

Next, to gain further insights into FCD mechanism, we
performed targeted RNA-sequencing. Differential expression ana-
lysis comparing FCD and control organoids revealed 82 dysregu-
lated genes (Fig. 2J), some of which were enriched for matrix
remodelling, chromatin modification and neuronal cytoskeleton
(Supplementary Table 2). Among those with higher fold-changes,
we identified MMP2, which encodes a matrix metalloproteinase
with several cellular functions and is also known to mediate synap-
tic remodelling.® This gene was decreased 4.4-fold compared with
control organoids (Fig. 2K and Supplementary Fig. 6G), and this
downregulation was further confirmed in the protein assay
(Fig. 2L and Supplementary Fig. 6H). Taken together, these data in-
dicate that FCD organoids have compromised and late synapse
formation.

Finally, we interrogated whether FCD organoids showed any al-
teration at the functional level. We performed extracellular record-
ings of spontaneous electrical activity in organoids plated on top of
MEAs (Supplementary Fig. 5E), as optimized previously.® We no-
ticed that over time, the cortical organoids exhibited an increase
in electrical activity demonstrating the development of the neuron-
al network. FCD cortical organoids 80-110 days old displayed en-
hanced neuronal excitability, evidenced by increases in the
number of spikes, the mean firing rate, and the number of bursts
(Fig. 3B, D and Supplementary Fig. 6M-O, respectively), when com-
pared with control organoids. None of these alterations were pre-
sent in 50-80-day-old organoids. FCD organoids also displayed an
increased number of neuronal network bursts over time (Fig. 3E
and Supplementary Fig. 6P), with evidence of more structured net-
work activity already at the earlier development stages (Fig. 3F).
Although we did not detect differences in synchrony between
FCD and control organoids (Supplementary Fig. 5D), inferred effect-
ive (direct and causal) connectivity from MEA recordings demon-
strated increased network connectivity in FCD (Fig. 3G),
corroborating the hyperactive and coordinated electrical behaviour
of neuronal networks found in FCD organoids.

The abnormal neuronal excitability and enhanced network con-
nectivity prompted us to investigate network functionality by
means of 3D extracellular recordings and optogenetic stimulation.
Measurements using high-density silicon microelectrodes (Fig. 3H
and Supplementary Fig. 5F-H) in 150-day-old organoids expressing
CheRiff (Fig. 3I) demonstrated a successful response in both control
and FCD organoids upon stimulation with 473 nm laser pulses
(Fig. 3J). Compared with control organoids, we found that FCD orga-
noids presented a higher global response rate to the stimulus and
approximately a four-times more optogenetic-elicited responses
per channel (Fig. 3K and Supplementary Fig. 6Q). We further ob-
served that these optogenetic stimulations triggered a first spike
followed by a second event of different polarity at a latency of
~40-50 ms (Fig. 3] and Supplementary Fig. 5I and J). Collectively,
these observations support the presence of increased neuronal
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Figure 2 Molecular characterization of FCD cortical organoids. (A) Relative expression (RT-qPCR) of ZO-1 in 19-day-old-organoid from four independent
batches of organoids per subject (n =16 control and n=16 patients). Each subject comprised two different clones of iPSCs, with three technical replicates
per sample, expression levels were normalized to GAPDH; P=0.0387. (B) RT-qPCR of PARD3 in 90-day-old-organoids from four independent batches of
organoids per subject (n=16 controls and n=16 patients). Each subject comprised two different clones of iPSCs, with three technical replicates per
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hyperexcitability, detected both spontaneously and via
optogenetic-evoked activity, associated with heightened connect-
ivity in FCD organoids.

Discussion

Using four patient-derived cortical organoids, none harboring mo-
saic mTOR variants (Table 1 and Supplementary Fig. 10-R), we reca-
pitulated several aspects of FCD type II, including impaired cell
proliferation, the presence of dysmorphic neurons, and balloon
cells, and neuronal network hyperexcitability. We suggest that dis-
ruption of RHOA expression likely contributes to the perturbation
of cell-cell contacts (ZO-1 and PARD3) as well as, impaired polariza-
tion of the actin cytoskeleton and it might cause disruption in the
ventricular zone. Furthermore, this subtle instability in the cohe-
sion of the neuroepithelium apical anchoring could lead to delayed
detachment of radial glia cells, affecting cell fate commitment and
promoting maturational arrest of both progenitor cells and new-
born neurons.

Indeed, knockout®® and knockdown®' of RhoaA, respectively, dur-
ing mouse brain development has been shown to generate massive
dysplasia of neural progenitor cells and loss of the apical scaffold of
radial glia with disruption of adherens junctions at the ventricular
surface but with different effects in cell proliferation. Specifically,
knockdown of ZO-1 has been observed to inhibit the apical polariza-
tion of p-catenin, Pard3, and tubulin,®* as well as to induce multi-
lumen formation®® Likewise, downregulation of Pard3 during
mouse brain development was associated with abnormal symmetric
division and overproduction of progenitors that were ectopically lo-
calized in the cortical plate.® These findings indicate that dysregula-
tion in adherens junctions’ coupling could potentially lead to the
formation of dysmorphic neurons, detected in all patient-derived
FCD organoids studied here, and balloon cells, seen in the organoids
derived from Patient F4 (Supplementary Table 3).

The combined effects of ZO-1 and depolarized F-actin generat-
ing a punctual destabilization of the ventricular junctional barrier
could also mimic a transmantle sign,?” as observed in the thick ac-
tin cables in cortical organoids and confirmed using magnetic res-
onance imaging obtained from the same patient (Supplementary
Fig. 3I). The cytoskeletal disassembly also results in impaired neur-
onal polarity®® and dendritic spine formation,> as observed in

Figure 2 Continued
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disoriented, heterotopic neurons and the intrinsic hypertrophy dis-
played in dysmorphic neurons,® respectively. Dysmorphic neu-
rons were also identified by other investigators using Tuberous
Sclerosis Complex derived organoids,*>*! with four times larger
neuronal soma size than found in control neurons.*

Interestingly, in contrast to the reduced synaptic puncta, we ob-
served an increase in excitability in the FCD organoids. These
seemingly conflicting results indicate a dysmaturity of the neuron-
al networks®® in FCD. The immature synaptic circuit is not only gen-
erated by delayed synaptogenesis but also by the presence of cells
that exhibited signs of immature development. Balloon cells do
not have voltage-gated currents,”” and some neurons displayed
electrophysiological membrane properties*? and markers*® of de-
veloping neurons. Furthermore, in addition to the fact the develop-
ing networks are naturally more excitable,** dysmorphic neurons
also display inherent hyperexcitability.*?

During the formation of early neuronal networks, neurons de-
velop primary forms of excitability regulated by synaptic connec-
tions orchestrated by many genetic determinants.*> Our results
suggest that this emerging excitability exceeds the normal threshold
in FCD organoids, where neurons also appear hyperconnected and
signal propagation is enhanced, as reflected by the higher response
rate and the type of activity elicited by optogenetic stimulation found
in the FCD organoids. These findings not only corroborate the pres-
ence of hyperexcitability in the FCD organoid, but also reflect a faster
and increased spreading of spikes as typically observed in patients
with epilepsy.*® This abnormal connectivity in FCD can be affected
by neuronal morphological abnormalities,*” revealed by our model,
and a still unknown genetic context, producing circuits that are
more susceptible to becoming an epileptic network.

Also, the relationship between fewer synapses and hypercon-
nectivity in neuronal network could be explained by synaptic re-
organization®®*® via a compensatory mechanism. In this way, the
few synaptic sites with better locations along the dendrites could
be compensated by redistributed synaptic strength resulting in a
more connected network.*® This structural reconfiguration of the
neuronal circuity seems to be reasonable given the reduction of
dendritic spine density,?® passive membrane properties,*® and
atypical dendritic processes®**°° noticed in dysmorphic neurons,
all of which will impact the excitability of FCD circuitries.
Therefore, it is plausible that the formation of neuronal networks
in FCD appears to show aberrant wiring from the early stages of

sample, expression levels were normalized to GAPDH; P =0.0008. (C) Quantification and western blot of ultrafractionated actin samples (F-actin and G-
actin) from 90-day-old organoids; four independent batches of organoids per subject (n=12 controls and n=12 patients). Each subject comprised two
different clones of iPSCs. The expression levels were normalized to -tubulin III; P=0.0312. (D) RT-qPCR of RHOA in 90-day-old-organoids from four in-
dependent batches of organoids per subject (n =16 controls and n= 16 patients). Each subject was composed of two different clones of iPSCs, with three
technical replicates per sample, expression levels were normalized to GAPDH; P=0.0110. (E) Quantification and western blot of RHOA protein from 90
day-old-organoids; four independent batches of organoids per subject (n=11 controls and n=10 patients; without F1 organoids). Each subject com-
prised two different clones of iPSCs. The expression levels were normalized to B-tubulin III; P=0.0241. (F) RT-qPCR of RHOA from fresh-frozen brain
tissue of patients with FCD type II (n= 15 controls and n=15; Table 2), with three technical replicates per sample. The expression levels were normalized
to ACTB; P=0.0214. (G) Quantification and western blot of RHOA protein from fresh-frozen brain tissue of patients with FCD type II (n=7) and controls (n
=9). The expression levels were normalized to p-tubulin II; P=0.0167. (H) RT-qPCR of PARD3 from fresh-frozen brain tissue of patients with FCD type II
(n=15) and controls (n=15), with three technical replicates per sample. The expression levels were normalized to ACTB; P=0.0199. (I) Quantification
and western blot of SYNAPSIN I protein from 90-day-old-organoids; four independent batches of organoids per subject (n=13 controls and n=16 pa-
tients). Each subject comprised two different clones of iPSCs. The expression levels were normalized to p-tubulin III; P=0.0098. (J-L) Gene expression
analysis based on Nanostring neuropathology panel from 90-day-old organoids, FCD versus control, (n=4 controls and n =4 patients; Patients F1, F2, F3
and F4). (J) Volcano plot evidencing the differentially expressed genes (purple dots) found when FCD organoids and controls organoids were compared.
(K) Box plot evidencing the differential expression of MMP2 when comparing patients and controls; P=0.00476 and a fold change of —4.45. ] and K were
obtained from the ROSALIND™ platform. (L) Quantification and western blotting of MMP2 from 90-day-old organoids; four independent batches of or-
ganoids per subject (n=12 control and n=11 patients). Each subject comprised two different clones of iPSCs. The expression levels were normalized to
B-tubulin III; P=0.0489. The results are presented as the mean + SEM. A one-sample t-test was used to assess statistical significance; *P <0.05, **P <0.001,
****P <0.0001. Controls: WT83 clone 10, clone 20; 4C clone 1[1, clone 2 I[J; 969 clone 1A, clone 2 4\, 121 clone 1 4 clone 2 {; patients: F1 clone 1@, clone 2
O; F2 clone 1M, clone 2 [, F3 clone 1A, clone 2 A\, F4 clone 1V, clone 2V/.
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Figure 3 Functional characterization of FCD cortical organoids. [A(i)] Reduction of co-localized synaptic puncta, using VGLUT1 (presynaptic antibody)
and HOMER1 (postsynaptic), in 90- and 150-day-old organoids (n=13 controls and n=15 patients); 70 x 70 pm regions of interest per organoid;
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cortical development, which may be attributable to maturation,
morphological and functional abnormalities.

The correlation between the genetic and clinical presentation of
patients and organoid phenotypes is also noteworthy. At the genet-
ic level, in brain tissue from these four patients with FCD, we iden-
tified a mosaic variant in the MTOR gene in Patient F1 and germline
variants in TSC1 and TSC2 genes in Patient F2. Both variants are rare
and considered to be of uncertain significance. In patient-derived
organoids, we confirmed both germline mutations in Patient F2
and, we were not able to detect mTOR mosaic mutations in FCD or-
ganoids, include in F1-derived organoids (Table 1). At the clinical le-
vel, since carrying TSC1/TSC2 variants, presenting epilepsy and,
mild intellectual disability, patient F2 does not present the clinical
manifestation to be considered tuberous sclerosis complex, due to
absence of multiple cortical tubers, and any alterations in the skin,
heart, lung, and kidney. In cortical organoids from this patient, we
noticed the absence of an organized column of neuroepithelium
cells and an undefined apical lumen (Fig. 1K and Supplementary
Fig. 3D1-4). Similarly, Costa et al.>" observed that biallelic deletion
of TSC2 affected the structural organization of neural rosettes
with aberrant proliferation and differentiation in a human 2D mod-
el. Therefore, our organoid model demonstrated that it is partially
possible to mirror patient genetic status with faithful recapitulation
of the germline mutations, a finding that provides some insights
into faulty proliferation.

Itis recognized that cell abnormalities® and seizure generation®
in FCD type II are often associated with presence of brain de novo
somatic variants in the mTOR pathway. From our data, we observed
that regardless of the mosaic genetic background, we are able to re-
capitulate both the histological and functional hallmarks of FCD.
The present data provide an understanding about the mechanisms
leading to FCD, showing that mTOR mosaic variants might contrib-
ute to the clinical phenotypes, but they are not essential to trigger
the process.

There are experimental caveats on our work. First, our organoid
system is limited to the early phases of human corticogenesis.
However, this limitation could be an opportunity to access the la-
tent period to investigate the underlying epileptogenic mechan-
isms in FCD tissue. From this point of development, our

Figure 3 Continued
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interpretation is that increased excitability could be consequence
of recurrent glutamatergic connectivity, when GABAergic synaptic
transmission may not be present or functional enough to contrib-
ute to it. Second, our results should be considered preliminary
due to the small number of patients. Moreover, despite the un-
avoidable differences in the genetic background among the se-
lected patients with FCD and the variation among the iPSC clones
(Supplementary Table 3), our model was able to capture key FCD
hallmarks with robustness and reproducibility across subjects
and clones. Future work should validate our initial observations
in a larger cohort.

Overall, the molecular, cellular, and functional analyses of FCD
cortical organoids presented here offer new insights into elucidat-
ing the mechanism underlying FCD. Successful establishment of
this human FCD model opens new opportunities to investigate
how abnormal early cortical development can contribute to epilep-
togenesis and may expand the search for novel forms of epilepsy
treatment for this devastating disorder.

Acknowledgements

We kindly thank all patients and their families for their helpful co-
operation. We are grateful to Dr F. Papes, Dr M. Shtrahman,
Dr O. Platoshyn, Dr C. Trujillo, Dr P. Negraes, Dr I. Fernandes,
C. Snethlage, Dr R. Herai, Dr F. Cugola, Dr R. Gao, Dr S. Benassi,
Dr J. Sena, Dr W. de Souza, M. Lima Santos, L. Luz, L. Henry, and
M. Patne for technical support and helpful discussions, and to
Wirla Pontes, Johnnie Parks, and Sonia Neves Romeu for adminis-
trative help. We acknowledge the expertise and collaboration of
the UNICAMP university hospital. We also greatly appreciate the
help of the Neurology and Dermatology staff. We also thank the
staffs at the Human Embryonic Stem Cell Core Facility, University
of California San Diego (UCSD) School of Medicine Microscopy
Core (NINDS P30 NS047101), the Institute for Genomic Medicine fa-
cility, Stem Cell Genomics Core (CIRM Major Facilities grant
FA1-00607), the UCSD Stem Cell Program, and the Viral Vector
Core at the Salk Institute for Biological Studies.

P=0.0014. [A(ii)] Representative image of spot co-localization (blue sphere) using VGLUT1 (green sphere), HOMER1 (magenta sphere), and MAP2* neur-
ite (grey) from a 90-day-old control organoid. The image was obtained by using 3D imaging of cleared organoids for whole-mount immunofluorescence
staining and Imaris software. (B-E) Extracellular recordings using MEAs of 3-min intervals of spontaneous activity at different developmental stages
(50-80 and 80-110 days) in control and FCD organoids. MEA analyses of FCD organoids with 80-110-day-old organoids revealed an increase in: (B) the
number of spikes (P=0.0002); (C) the mean firing rate (P <0.0001); (D) the number of bursts (P=0.0017); and (E) the number of spontaneous network
bursts (P=0.024). Each dot represents the result of a weekly measurement of a single well of an MEA plate (two to three organoids plated per well).
Two independent experiments were conducted for each subject, with three technical replicates per subject in each experiment. (F) Raster plots of net-
work spiking activity relative to 50-day-old (left) and 110-day-old (right) in WT83 control and F1 cortical organoids. (G) Effective connectivity inferred
from MEA recordings of 110-old-day control (top) and F1 (bottom) cortical organoids reflect higher connectivity in the FCD organoids. Each visual
map consists of a 1.2 x 1.2 mm MEA plate (grey area), an 8-by-8 array of micro-electrodes (yellow circles), and the estimated causal and direct connec-
tions (black arrows) between spike sorted neurons. The active neurons are represented by black dots; they are randomly distributed around their cor-
responding sensing electrode within a radius of 50 pm. The MEA results are reported as the mean + SEM; statistical significance is based on two-way
ANOVA and Bonferroni’s multiple comparisons test. (H-K) Extracellular recordings using silicon high-density penetrating probes and stimulation via
optogenetic actuation of CheRiff-expressing organoids. (H) Schematics and photograph of our setup for optogenetic stimulation with a 473-nm laser
light and 3D extracellular recordings in organoids using penetrating high-density silicon microelectrodes. (I) Representative image of an FCD organoid
transduced with DRH313-FCK-CheRiff-eGFP (top) and immunostaining (bottom) of 150-day-old organoid with GFP (green; indicating expression of the
EGFP-CheRiff; scale bar = 100 pm) and DAPI (blue). (J) Representative recordings of optogenetic-evoked activity in control (top) and FCD (bottom)
150-day-old-organoids showing response in most of the considered channels. The cyan markers indicate pulses of 473-nm light (frequency of stimu-
lation of 2 Hz). The red markers indicate detected spikes in the recorded activity (threshold of spike detection 5.5 x standard deviation). The insets show
an enlarged view of neuronal spiking in response to optogenetic stimulation. Predominantly in FCD organoids, we observed double-spike event behav-
iour: the first spike followed by a second event of different polarity at a latency of ~40-50 ms. FCD organoids presented (K) more optogenetic-elicited
responses per channel than the controls (n=365 controls and n="758 patients) channels; all responding channels from all successful experiments were
considered to be as independent variables. Extracellular recordings using silicon high-density probes results are presented as the mean+SEM.
Statistical significance based on one-sample t-test; *P<0.05, **P <0.001 and ****P <0.0001. Controls: WT83 clone 10, clone 2@; 4C clone 1[H, clone 2 I[J;
969 clone 1A, clone 2 4\, 121 clone 1 4 clone 2 ; patients: F1 clone 1@, clone 2 O; F2 clone 1, clone 2], F3 clone 1A, clone 2 /\, F4 clone 1V, clone
2V.
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