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Abstract

Autism spectrum disorder (ASD) is a complex neurodevelopmental condition characterized
by changesn social communication, repetitive behaviors, and cognitiThe genetic basis of

ASD has been extensively studied, with mutations in Contastinciated proteidike 2
(CNTNAP2) emerging as a significant risk factor. CNTNAP2 plays a crucial role in neuronal
development, particularly in neuronal migration, synaptic function, and interneuron
differentiation. However, the precise mechanisms underlying CNTNAR2d
neurodevelopmentaphenotypesremain poorly understood.

In this study, we investigated the role GNTNAP early cortical interneuron development

using human induced pluripotent stem cell (hiRr8€&)ved brain organoids. By generating
cerebral and ventral forebrain organoids from both control and CNTNAP2 knockout (KO) iPSC
lines, we examined holCNTNAPBssof-function impacts neuronal differentiation and the
balance of excitatory and inhibitory neuronal populations. Immunofluorescence, confocal
imaging, Western blotting, and RNA sequencing were employed to analyze the molecular
and cellular consequences GNTNAPZdeletion.

Our findings revealed significant alterations in organoid morphology and ventricular zone
organization in CNTNAP2 KO cerebral organoids. Notably, KO organoids exhibited an
accelerated cell cycle and increased proliferation, coupled with a reduction in-TBR1
expressing excitatory neurons. RNA sequencing identified a transcriptional shift favoring
interneuronassociated genes, suggesting an imbalance in excitatory/inhibitory neuronal
differentiation. In contrast, ventral forebrain organoids did not display significant changes in
overall size at the examined time point, highlighting potential temporal and regional
differences in CNTNAP2 function.

Given the involvement of the PISBK/AKT/mMTOR signaling pathway in neurodevelopment and
ASD pathophysiology, we further assessed its activation status in CNTNAP2 KO organoids. No
significant differences in mTOR pathway effectors were detected at day 30, suggesting that
CNTNAP2elated deficits may arise independently of this signaling cascade or may manifest

at later developmental stages.

Together, these findings underscore the critical rol€dfTNAP cortical development and
interneuron specification. Our results contribute to the growing body of evidence linking
CNTNAP2 dysfunction to A8Bsociated neuropathology and emphasize the utility of brain
organoids as a model system for studying neurodevelopmental disorders. Further studies
incorporating longer differentiation timepoints and additional molecular analyses are
necessary to fully elucidate the mechanisms underlyif@NTNAPEnediated
neurodevelopmental deficits and their implications for ASD.
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Introduction

1. Stemcells

Stem cells (SCs) are undifferentiated cells that possess unique biological profdgriidsey

are primarily characterized by two key abilities: seliewal, which allows them to divide
while maintaining their undifferentiated state, and differentiation, enabling them to develop
into specialized cell types in response to specific sigahls

Through seffenewal a stem cell divides to generate one or two daughter cells, whieh
referred to as asymmetric division and symmetric division, respectivBiglfrenewal is a
specialized form of cell division in which at least one daughter cell retains the ability to
remain in an undifferentiated state, thereby sustaining the stem cell fgjoWhile all stem
cells are capable of proliferatiosgltrenewalrefers to a situationn whichat least one of

the daughter cellgetains developmental potentialas the mother cells thusmaintaining
pluripotency and multipotacy|[4].

The regulatory microenvironment in which stem cells exist, termed the stem cell niche, is
critical for preserving their undifferentiated state and controlling their functi@h This
niche comprises supporting cells, extracellular matrix components, and soluble factors that
collectively influence stem cell fate. The extracellular mat&&<M) in particular, serves as
both a structural scaffold and a dynamic reservoir for molecular signals that modulate stem
cell behavior[2,4]. As long as SCs remaattachedto the supporting cellsselfrenewal
occurs and stemness is maintain€xlringcell division, one daughter cefmainsin contact

with the supporting cellswhile the other adheres to the ECM, migrates from the niche, and
generates a lineage of committed cqlg.

1.1. Potency

As stem cellsindergoselfrenew and differentiate, their potencythe ability to generate an
entire organism from a single celyjraduallydecreasesDuring specialization,ayelopmental
potencybecomes more restrictedneaningthat with eachstep, stem celldose the ability to
differentiate irto a wide range of cell type&or example, pluripotent stem cells can give rise
to nearly all cell types, whereas unipotent stem cells are limited to producing only a single
cell type(Fig. 1)1].

1.1.1. Totipotent stem cells

Totipotent stem cellof an embryo commit to two different cell fates, the embryonic cell
lineage (the inner cell mass, ICM) and theéraembryoniccell lineage (the trophectoderm)
Thesecells derived from fertilized egg (zygotedrly blastomeres) have the potentiab igive
rise to the whole organisij6,7].

1.1.2. Pluripotent stem cells

Pluripotent stem cells (PSCs) form cells oftlaiée germ layers(ectoderm, mesoderm,
endoderm) (Fig. 1),but not extraembryonic structures, such as the placemaring the
process of embryogenesis, cells form aggregations germ lagets eventually giving rise to
differentiated cells and tissues of the foetus and, later on, the adult orgari&snbryonic
stem cells (ESCs) are an examplePSCsESGCsincluding human embryonic stem cells
(hESCs), amerived from the inner cell mass of preimplantation embryos. Another example

13



is induced pluripotent stem cells (iPSCs) derived from the epiblast layer pdéénited
embryos.The pluripotency of stem cells allows them to form any cell of the orgajiitm

1.1.3. Multipotent stem cells

Multipotent stem cells have a narrower spectrum of differentiatppotential than PSCs, but
they canstill generate specialized cell types within specific lineages. In the ca#eSEs,
once they differentiate into the three germ layers, they transition into multipotent stem
cells, which are then limited to producing cell types specific to their respective germ layer.
This transition occurs ovea brief periodduring human developmentOne example is a
neural stem cell, which can develop intmerve cells and their supporting cells
oligodendrocytes and astrocyté,8].

1.1.4. Oligopotent orUnipotent stem cells

Oligopotent or Unipotent stem cells are characterized by the narrowelkfferentiation
capabilities and a specialqperty of dividing repeatedlyTheycan differentiate into several
cell typesof giventissues wherthe tissue contains only one lineage of celdence, hese
cells are only able to form one cell tyfld.

1.2. Typesof stem cells

There are several categories of stem gellased on their source and the tissue they are
typically generated from, as well as the stage during which they appear in the lifetime of the
organism.Two main categories include thguripotent stem cells, which are divided into
ESCsPSCsand the nonembryonic or somatic stem cells, known as adult stem cells (ASCs).

I. ESCs arelerived from embryonic sourcesand from the inner cell mass of
preimplantation blastocysts. Theyossess the ability fandefinite selfrenewal,
and can eventually differentiate and generate all cell types within the body, a
characteristidknown aspluripotency|[2,4].

II. iPSCs arise from genetic reprogramming of somatic differentiated cells into a
dedifferentiated state, which resembles embryonic stem cellg].
Reprogrammingnvolves the activatiorof oncogenes such aglYCand KLF4
processes that will be described bellgLy.

lll.  ASCs arandifferentiatedcellsand found among differentiated cells in the whole
body after development.They are multipotent progenitor cells that can be
isolated from a variety of adult tissue including bone marrow, blood vessels, skin
and muscle$2]. They possess extensive, but limited,-setfewal potential.

) . ICM
X a4 P

Trophoblast

Pluripotent stem

Fertilized egg Zygote 8-cell stage Blastocyst cells

L J
TOTIPOTENCY
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1.3. Molecular mechanisms that regulate se¢hewal

The traditional developmental dogma follows the differentiation of totipotent stem detis
PSCswhich then progressto multipotent, unipotent and finally mature cellfuring the
transition both selfrenewal capacity and differential potentidiecrease[6]. However,the
discovery of nuclear reprogramming methods such as somatic cell nuclear transfer method
and use of transcriptional factors to induce pluripotency in any cell,tgpareverse this
hierarchy[10].

Pluripotency of cells is mainlsegulatedby number of molecular mechanisntisat control
the expression of genes responsible for ntaimng the primitive stde and preventing
differentiation [11]. Somatic celé can be reprogrammed to achieve a totipotent or
pluripotent state and iPSG@ generated from patientshave proven potentialfor disease
modeling and regenerative medicifg].

Several transcription factsy includingOCB/4, SO, NANOGand others,play key roles in
the maintenance ofpluripotency in both early embryos and ES c§lig]. Additionally
several genes frequently upregulated in tumadrgludingSTAS, ERAS cMYG KLF andi -
CATENINcontribute to the longterm ES cell phenotype maintenance and the rapid
proliferation of ES cells in cultufé].

Cellular reprogramming into an induced pluripotent state is achieved through the ectopic
expression of key transcription factors, collectively referred to as the Yamanaka factors
(OCT4, SOX2, KLF4, aAdYC). These factors orchestrate the activation of pluripotency
associated genes while repressing differentiation pathways, thereby converting somatic cells
into a pluripotent state with characteristics similar to embryonic stem ¢g)lis3].

OCT4(Octamerbinding protein 4, atranscription factor of POU transcription factor famity,
essential for establishing andhaintaining pluripotency Its expression is restricted to
pluripotent lineagesand represses differentiation to the trophoblast, while it works with
other factors to maintain the undifferentiated stafé4].
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SOX4ASR¥elated HMGbox transcription factor Sox2) important for various development
processesand itskey roleis the regulation of pluripotency, and the determination of cell
fate. It works alongside OCT4 to activate genes required for maintaining the undifferentiated
state[6,15].

KLF4Y NN Likag3attor 4 supports theregulation of NANOGexpressiorby interacting with
OC® and ®X further reinforcing the pluripotent stat§g].

c-MYCfacilitatesan active chromatin environmentonducive tocell proliferation enhandng
transcriptioninitiation andelongation[6].

2. Threedimensional 8D) Models

2.1.Biological model systems

Throughout evolution, biological mechanisms have remained largely conserved, allowing

researchers to use model organisms to study fundamental processes in biomedical research.
Ideal model species are those that exhibit rapid growth, high reproductive rates, and can be
maintained coseffectively in laboratory settings. Commonly used models include S.
cerevisiae, C. elegans, D. melanogaster, zebrafish, mice, and human cell lines, all of which
have been instrumental in advancing our understanding of cellular signaling, drug discovery,
and disease mechanisrfis].

The development of human induced pluripotent stem cell (hiPSC) technology, along with
advancements in ASC culture methods, has enabled the creation of personalized in vitro
models. By reprogramming somatic cells into iPSCs and directing their differentiation into
specialized cell types such as neurons or cardiomyocytes, researchers have established two
dimensional (2D) monolayer cultures as a standard approach in experimental stlitljes
Despite their broad applications and numerous advantages, these models still face
limitations that may impact their utilitf11,16] Additionally, 2D culture models, though
useful, are much simpler in terms of their physiological and developmental complexity. They
cannot capture the intricate process that occurs between different cell types in an organ or
organism, limiting their ability to provide a comprehensive understanding of complex
processes such as embryonic development, cellular differentiation, tissue regeneration, and
disease progression (Fig.[2Y].

In the case of animal models, studies have identified biological processes unique to humans
that cannot be accurately replicated in other animals. These include processes like brain
development, metabolism and drug efficacy testing. For example, plenty of biological
phenomena that are specific to humans are difficult to reproduce in animal models. The
human brain is notably more complex than that of a mouse counterpart, in part due to
unique development events and mechanisms. Also, the inaccessibilitysaigbue and the

lack of human in vitro models also impede research on the bfa®). Looking closer,
neurons in the human cortex arise from a cell type, outer radial glia, which is either absent or
present in negligible amounts in rodenis9]. Furthermore, generating animal models for
specific diseases often requires prior knowledge of the conditions or genes implicated in a
disease examined. Animal models are usually developed by subjecting animals to harmful
conditions or by manipulating the genes associated with the disorder, something that gives
rise to ethical concerns, which subsequently lead to limited use of animal models in disease
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modeling and drug screeninfll6]. Moreover, differences in microbiota and pathogen
composition between animal models and humans, as well as the failure of some phenomena
observed in mice to translate directly to humans, limit the applicability of animal models in
human disease resear¢kig. 2J17].

To improve model precision, researchers have developed in vitro -threensional (3D)
culture techniques that utilize stem cells derived from various human tissues. Differentiating
hiPSCs into multiple specialized cell types allows these cultures to form structuredliiesue
assemblies, overcoming several limitations of conventional 2D models. This innovation has
positioned 3D culture systems as a promising tool for biomedical res¢ar¢hSo, 3D cell
models can be generated directly from patients without prior knowledge of the genes
responsible for the disease. In this context, human organoids, which emerged in the early
2010s, represent a novel experimental model that bridges the gap between animal models
and human biology (Fig.P)9].

G & 38

2D cell culture  C.el D. mel D. rerio M. musculus PDX organoids

Ease of establishing system X v v

Ease of maintenance v

Recapitulation of X v X
developmental biclogy

Duration of experiments v v v v v v
Genetic manipulation v X v
Genome-wide screening v X X

Physiological complexity X v v v

Relative cost v v v

Recapitulation of human v e
physiology

| v Best Good Partly suitable X Not suitable |

Figure 2 | Comparison of organoids with other model syst§18$

Despite their advantages, 3D models also present certain challenges. One significant
limitation is cost, whildn most cases argenerally less expensive than vertebrate models
such as mice or fish, organoids remain more costly compared to traditional models like cell
lines, yeast, or invertebrate organisms. Scalability is another concern, as modeling whole
organ functions remains difficult. Additionally, heterogeneity, resulting from individual
biological variability and differences in protocols across laboratories, can lead to
inconsistencies in organoid formation and experimental reproducibility. Developing
standardized methodologies for organoid generation and quality control is essential to
enhance the reliability of these mod€k9,20]

Still, organoid models are at the forefront of research, offering more and greater advantages
than drawbacks. As a result, research efforts are increasingly focused on overcoming the
constraints of this model to fully harness its potential and make it more effective for
scientific and medical applications.

2.2.0rganoids principles

Organoids are setirganizing, 3D culture systems that mimic the structure and function of
human organs. In some cases, they exhibit histological features that are nearly identical to
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their in vivo counterpart§21]. A key characteristic of all organoids is that they are derived
from either PSCs or ASCs (also known as tissue stem cells) by replicating human
development or organ processesvitro (Fig. 3)[22]. Studying organoid formation offers
valuable insights into the mechanisms governing human development and organ
regeneration, underscoring their significance for basic biological research, as well as their
potential applications in pharmaceutical testing and molecular medidiag3]

3D organoids are capable of mditieage differentiation, giving rise to a diverse population
of cells that selbrganize into complex, tisstie structures. Processes such as cell
migration, segregation, and spatially restricted lineage determination are key to tissue self
organization during organogene$is].

In conclusion, organoids represent a significant advancement in model system generation,
featuring cell types and environmental conditions that more accurately reflect those found in
the human body.

Brain organoid
Tissue cells (e.g.,

dermal fibroblast) iPSCs

/—P —_—
@

O

Embryoid body

m—gCm—

Reprogramming factors

Donor/ (Oct3/4, Sox2, c-Myc, KIfd)

Patient

Fgure 3 | Organoid formation from hiPSCs.

2.2.1. Organoids applications

Organoidbased methods are highly effective for exploring regulatory and pathological
mechanisms at the molecular level due to their wide range of applications. 3D organoids
have numerous uses in therapeutic and pharmaceutical testing, including studying host
microbe interactions, conducting transcriptome profiling to identify biomarkers of interest,
modeling cancer and metastasis, screening drugs, and modeling diseases through mutational
reversion, which can be targeted in ekdsed therapie$17,24,25] Overall, organoids have
paved the way to model disease conditions more accurately in comparison to prior models.
Thus, organoids could be an excellent experimental mpd#|

2.2.2. Types of organoids

Various differentiation protocols have been developed to generate a wide range of organoid
types in vitro, such as intestinal, kidney, brain, retinal, pancreatic, and liver orgairaicds)

[19]. By directing hPSCs to differentiate into the three germ laywgenitors from these
different lineages can be aggregated and further differentiated into the specific cell types
and tissues of interes{26]. This approach allows the modeling of complex diseases
associated with various organs using these different forms of organoids. For instance, brain
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organoids can be used to model congenital brain malformations, primary microencephaly,
I dzi A aYKYlF ONRPOSLKIfes 'f1 KSAYSNRa RA&SIasS:
utilized to study cystic fibrosis ammncreatic ductal adenocarcinoma, while lung organoids
can model fibrotic lung disease. Retinal organoids are valuable for studying conditions such
as retinitis pigmentosa, agelated macular degeneration and Leber congenital amaurosis
(LCAJ1T7].

Reprogrammingcells to a pluripotent state istypically achieved through the forced
expression of @efinedset of transcription factorsallowing the resultingluripotent cellsto
subsequentlydifferentiated into specific cell types. iP$@s revolutionized research by
enabling the generation of patierspecific stem cells, providing an unlimited supply of
human stem cells and stem celerived tissueg22]. Additionally, iPSC technology has
facilitated the establishment of patiefterived stem cell banks. Litte-line variability,
arising from human genetic heterogeneity, has been addressed through the use of isogenic
controls generated via genetic engineering tools such as C&I&PR [27]. These
advancements have allowed researchers to employ 4RSi@ed specialized cell types
including neurons, cardiomyocytes, hematopoietic progenitor cells, and pancreatls

for disease modeling and drug screening. Notably, just over a decade after their introduction,
3D organ culture methods have significantly expanded the applications of humai1PECs

Human PS@erived organoids are generatedlsing guided differentiation protocols that
emulate developmental processes identified through in vitro and in vivo studies. While it
remains nearly impossible to precisely replicate all biochemical cues that drive cell
differentiation and 3D tissue assemblyncluding their timing, spatial distribution, and
molecular concentratiorns cells in vitro tend to follow a serasiutonomous differentiation
trajectory similar to their in vivo counterparf$9].

Organoid formation follows three essential stefdrst, key signaling pathwaysvolved in
developmental patterning aresither activated or inhibited using commercially available
morphogens and signaling inhibitors to establible correct regional identity during stem

cell differentiation.This istypically guided bignaling eventédentified in murine models

that regulate cell fate in vivoSecond,optimized media formulations are developed to
support the terminal differentiation of specific cell types within the orgar(&iig.18) Finally,
cultures are growrunder conditions that promote threeimensional expansion, either by
aggregating cells into 3D structures or embedding them in a supportive extracellular matrix
[19].
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In the case of brain organoids, human PSCs are initially guided to differentiate into embryoid
bodies before further differentiation towards the neuroectodermal lineage. Once the cell
aggregates contain the developmental precursors for brain tissue patterning, the rest of the
developmental steps occur spontaneously

2.3.Brainorganoids

Until the last decade, available models to study human brain development included post
mortem tissuesat different stages of developmentlerivationsfrom animal models, and in
vitro mono- or co-culture models of cell types present in the brain , each presenting their
own advantages and limitations. In the past decade, the quest for more complex and
physiologically relevant human in vitro models for disease modelling and drug discovery
culminated in the development of brain organoif8]. These mvitro models that are
derived from human pluripotent stem cells cultured in 3D have emerged as a new model
system that could bridge the gap between patient studiesll culturesand animal models

[29]. Ever since and after the first report of generation of 3D-sadfinized human cortical
tissue, various methods are used to generate brain organoids, many of which aim to model
the development of the human brain and to recapitulate human dis¢a8e81] Organoids

have been generated to model various parts of the brain, including the forebrain, midbrain,
cerebellum, cortex and hippocamp\iEig. 5) Thus, brain organoids, which simulate brain
development, function as an excellent model system for studying neurodevelopmi@2pl
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Figure5 | Schematic overview of the currently available brain organoid models representing different
regions of the human developing central nervous sysf2aj.

Human brain organoidsare selforganizing3D tissue models derived from PSC tlean
reflect early brain organizatioand replicate specifi@spects of human brain development
and physiologyincludingvariouscell types and brain region$his structureallowscells to
interact withone arother and with the extracellular matrjtherebycreating a physiological
microenvironment The ® shapeaccurately emulatethe natural, in vivo environment. As a
result, the gene expressioand morphologyf these organoids closely resemble thosetud
human foetal brain,extending up to the last trimesteof gestation[32]. Human brain
organoids provide a uniquepportunity to modelwith precisiondifferent cellularfacets of
human brain development and disease, such as cellular proliferatiifferentiation, and
survival Additionally, they caroffer insights into the migratory trajectories @&lpecificcell
types in vivosuch as themigration of interneurons from the ventral forebrain into the dorsal

forebrain[28].

Brain organoids can bgeneratedusingeither guided or norguided approaches. In both
cases hPSCer hiPSCareinitially cultured in 3D spheres called embryoid bodies (EB) which
have thecapability to differentiate into the three embryonic germ layej33]. During the
development of brain organoids, they differentiate into diverse specific regional identities
following an endogenous trajectoriB are then directed towards an ectodermal fate and
further differentiated into neural ectoderm givg rise to neural precursor cells (NPC, neural
stem cells and neural progenitors). NHQrther differentiate into the diverse neuronal and
glial cell typesd.g.,neurons, astrocytes, and oligodendrocyted)ile organizing into region
specific structureshat mimicdifferent regionsof the human brain(Fig. 6)32]. Due totheir
ectodermal origin, organoidsypicallylack nonectodermal cell types such as microglia and

vasculaturg28].
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2.3.1. Cerebral organoids

It originates from the dorsal telencephalon of the anterior forebrain and represents the
largest brain structure, playing a key role in complex behaviors sugtem@eption and
episodic memory. During development, the cerebral cortex exhibits a layered organization,
consisting of the ventricular zone, subventricular zone, outer subventricular zone,
intermediate zone, subplate, cortical plate, marginal zone, and outer cortical [B/&B85]

The ventricular zone contains neural stem céfiat expressthe paired-box transcription
factor 6 (PX6) and SOX2which are essential for neurogenesiie induction of the cerebral
cortex from dorsal telencephalic regions is highly dependent on extrinsic signaling cues,
includingBone Morphogenic ProtesnMP3, WNT, Fibroblast Growth FacterGBE), and
Sonic HedgehogSHH) Additionally, dorsal telencephalic neural progenitors exhibit high
expression of praneural transcription factors such as NeurogN2urogenin 12, EMX1/2
empty spiracles homeobdk2, LHXZA.IM/homeodomain and PAX§34,35]

In contrast, neural progenitors in the ventrélencephalon rely on distinct molecular
pathways. Unlike their dorsal counterparts, they do not depend on BMP and WNT signaling
and instead express a unique set of jmreural transcription factors, including ASEL1
achaetescute family bHLH transcription factor GSX1/25S homeobox/2, DLX1/2/5/6
DistalLess Homeobox familyHX6/8, and NKX2.lK2 Homeobox ,lwhich are critical for
ventral identity and interneuron specificatiqB4,35]

Thereare several approaches for generating human cortical organGiolticalorganoids are
first induced to neural fate with inhibitors of WNBMPand/or Transforming growth factor
beta(TGHF ) signaling After differentiation, insulin andBrainderived neurotrophic factor
(BDNFpromote maturation(Fig. 7)34].
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Cerebral organoids recapitulate many aspects of embryonic cortical development including
the generation of diverse cell types corresponding to different brain regional identiars
instance, cerebral organoids can produce dorsal and veffitnabrain progenitors that
generate excitatory neurons and inhibitory interneurons, respectiviglgreover, cerebral
organoids can be generated from hiPSCs and used for functional genomic studies of
neurological disorders such as microcephaly and AutiSherefore, cerebral organoids
represent an exemplary experimental system to study the role of neurological disease
associated genes in brain developm§si).

Unguided Guided
differentiation hESC or hiPSC differentiation
A (SMADi; TGF-Bi)
] Insulin
FGF2
WNTi I |WNT I FGF19
SHH SDF1

N
N
-4
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Whole cerebral Forebrain Midbrain Cerebellum
organoid organoid organoid organoid

Figure7 | Methods of generating brain organoid$6].

3. Braindevelopment

Human brain development follows a highly organizstjuence of cellular and molecular
events, orchestrated by genetic instructions, to form an organ responsible for complex
cognitive and behavioral functions, including memory, language, and emotion. While many
of these developmental mechanisms are conserved across mammalian species, research
using traditional animal models has been crucial in uncovering their genetic basis. Howevet,
evolutionary adaptations have introduced speeggecific traits that may underlie the
advanced cognitive capabilities unique to hum§se; 37]

The brain isarguablythe most complex organ in the human body. The exquisite process of
human brain formation, in the duration of which a microscopic tube of neuroepithelial cells
forms a complex structure of billions of cells of diverse types and numerous synaptic
connections, is a result @bordinated cellular and moleculateps.The development of the
mammalian brainfollows conserved spatiotemporal patterrnthat regulate its cellular
organization, progressing from pluripotent stem cells to a differentiated and intricately
complex mature nervous systeja8].

The formation of the human brain begins in the third week after conception and extends into
early adulthood.Initially, the process involves a sequence of developmental milestones,
including neurulation, during which the neural tube forms, followed by ventral induction,
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where the primary brain vesicles emerge. These steps ultimately lead to the regional
patterning and structural organization of the brain (Figi23).

A huge number of steps complete the development of nervous system and subsequently the
development of the brain, starting with the individualization of the neural plate (at the
begging of the B week post conception until adolescence), continuing with late
neurogenesis and ending with some persisting neuronal productiolifédB9].
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Figure8 | The principal stages of brain development before bi4R].

The initial event of nervous system development is the formation of the three germ layers
during a procedure called gastrulation, where epiblast cells migrate. Prirsttielli leadto
gastrulation, such as the secretion of fibroblast growth factor 8 (FGF8). Now epiblast cells
migrate to take their place and form endodermgesoderm,and ectoderm. A group of cells
called notochord and have endoderm origin induces the neuroectoderm to become the
neural plate through various signals (e.gcreasinghe FGFand inhibitingthe bone
morphogenic proteilBMP4 [41].

As neural development progresses, the edges of the neural plate rise to form neural folds,
while the centrakegioncreatesthe neural groove. These folds eventually converge and fuse,
giving rise to the neural tube, a structure essential for the formation of the central nervous
system. Concurrently, a subset of cells at the boundary between the neural plate and the
ectoderm differentiates into neural crest cells, which subsequently migrate to various
embryonic regions and contribute to multiple cell lineages. Initially, the neural tube remains
open at both ends, with the anterior neuropore closing by day 25Z08&omite stage) and

the posterior neuropore sealing by day 28 (25 somite stage) (H4LP)
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Figure9 | Formation of neural tubd42].

Theupper part of theneural tube which becomes the adult braigives rise to three primary
areas of it. The drebran (Prosencephalon)the midbrain (Mesencephalon), andhe
hindbrain (Rhombencephalonpare about to constitute the adult brain. The forebrain is
divided further into Telencephalon and Diencephalon, while hindbdiindes into the
Metencephalon andMyelencephalon The lower part of the neural tube is going to be the
adult spinal cordFig. 10J41,43]
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Some essential events can be considered as principal stages of brain development. The
induction of the ectoderm, the formation of the neural tube followed by the formation of
the telencephalon along with the neurogenesis, which is referred to the production of
neuronal progenitors and then of mature neurons, and neural migration can be considered
as some of those. Also, the programmed neural death, the generation of neurites, the
synaptogenesis, the angiogenesis, gliogenesis and myelination are some more. Intrinsic
factors, determined genetically, control thesarious stagesf brain development and
maturation. Extrinsic environmental factors modulate the intrinsic signals and involve the
epigenetic factors. All these synchronized stimuli ensure the normal progression of the
development. Any derangement of those events could lead to deficit in brain growth and/or
brain malformation. The functional consequencestildrendepend on the developmental
stage in questioi39].

3.1. Corticaldevelopment

The cerebral cortex is critical for memory formation, language, perception, attention, and
other intellectual activities. Thesdunctions are supported by six layered neuronal
structures, which are composed of excitatory and inhibitory neuijdag

As is already mentionedh¢ telencephalon, at the rostral end of tldeveloping neural tube,

is the embryonic precursor to the cerebral hispheres. Through the telencephalic
development process, thdifferent areas of it provide the necessary cues for neurons so
they generate their complex networks of connections and finally form the mature cerebral
cortex. Even at this earliest stage, the telencephalon shows evidence of patterning, such as
the restricted expression domains of certain gerfear example, the homeobox gen&SH2

PAX6 and EMX2are each expressed in specific regions of the telencephalon and are
essential for its normal patterningn addition to being defined by specific patterns of gene
expression, the various telencephalic regions also exhiffgrdint rates of cell proliferation,
differentiation, and programmed death, leading to distinct morpholodyes.

The telencephalon is divided into dorsal and ventegfions contributing to the generation

of specific neuronal populationsThe dorsal telencephalon (pallium) is responsible for
producing glutamatergic excitatory neurons, which integrate into structures such as the
neocortex and hippocampus. In contrast, the ventral telencephalon (subpallium) gives rise to
GABAergic inhibitory neurons, originating from the medial, lateral, and caudal ganglionic
eminences (MGE, LGE, CGE, respectively), which later form the striatum and globus pallidus
[45,46]

4. Cortical Neurogenesis

The mature cerebral corteis the result of a developmental process that ends with the
maturation of neural connections and the refinement of functional circuit assemblies. It all
begins duringembryogenesis, when a relatively limited number of neural stem cells (NSCs)
generates the vast numbers and diversity of cortical neurons, a process called neurogenesis,
followed by the generation of a rich diversity of glial cpllg].

Neuroepithelial cells (NECsgrve as the earliest cortical progenitors during embryonic
development They form a monolayered neuroepithelium and exhibit a highly polarized
morphology, extending two thin processes away from the soma. The radial processes
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connect both the apical neuroepithelial surface (apical process) and the lbasiak (basal
process)[47]. In the early stages, NECs undergo symmetric divisions to expand their
population before shifting to asymmetric divisions, giving rise to radial glial cells (RGCs),
which reside in the ventricular zone (VZ) and act as key neural progefi8rs<Smilarly to

NECs, RGCs mainthipolar morphology with apical and basal proces$®&Cs form apical
adherent junctions and become apical Radial Glial Cells (aRGCs). The transition of NECs to
apical RGCs binds their neural fate. aR@€ghe primary type of cortical progenitor cell,

divide at the apical surface, express thaX® and their lineage gives rise to all cortical
excitatory neuronsaRGCs anchor to the apical domain and this defines the primary germinal
layer of cortical primordium, the Ventricular Zone (VE)e VZ contains the cell body of
aRGCs and Short Neural Precursors (SNPs), a second and less frequent type of apical
progenitor cell with either no basal process or a short one restricted to tHd ¥ Z

Throughout embryonic cortical developme®GPs undergo extensive divisianthin the VZ

to sustainselfrenew and later toproduce neuronsNeuronal generation can occur directly

via apical radial glial cells (aRGCs) or indirectly through transient amplifying progenitors
These second progenitors migrate from the apical surfawsetd the basal border of the VZ,
where they divide, hence they are called Basal Progenitors (BP) or Intermediate Progenitors
(IPs) BPs typically establish a secondary germinal zone, the Subventricular Zone (SVZ), which
consists of an inner (iISVZ) and outer (oSWBYyentricular zonescontaining basal radial glial

cells (bRGCs) or outer radial glial cells (0R[@Tg)9]

As coticogenesis proceedsmmature neurons emerge from the lower layers of the
developing cortex by using the radial glial processes from RGCs as scaffolds that extend to
the basal surface. Thus, attaching through cell adhesion mechanisms migrate radially to the
intermediate zone (I1Z) and finally to the developing cortical plate (CP). There they will
mature and establish synaptic connections to start developing cortical ci{&iits11]50].
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Figurell| Schematic representation of the cytoarchitecture of the developing neocortex in mouse
and human51].
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In the mature neocortex théoresaidlayers contain two major populations of neurgrike
cortical projection neurons, which are generated locally and interneurons, which migrate
into the neocortex from the ganglionic eminendé4].

4.1.Neurons of neocortex

The neocortex is a key brain region responsible for -oigler cognitive functions such as
learning, memory, and sensory processilpe cerebral cortex is composed of two primary
neuronal populations: excitatory pyramidal neurons and inhibitory interneurons. Cortical
function relies on a delicate excitatory/inhibitory (E/I) balance to regulate neural circuitry.
Pyramidal neurons, which constitute the majority of excitatory cells, release glutamate to
stimulate intracortical and subcortical targets. In contrast, GABAergic interneurons release
aminobutyric acid (GABA), exerting inhibitory control either locally within the same cortical
column or via longange projections to distant brain regiof&2].

4.1.1. Excitatory cortical neurons

Excitatory projection neuroneepresent the major output neurons of the neocortekhey

are generatedfrom neural progenitors in the dorsal telencephaland originate from the
ventricular zone of the dorsal telencephalon and migrate radially to the cortical [38&fe
Pyramidal neurons are characterized by their distinct apical and basal dendritic trees and the
pyramidal shape of their som{p4]. These neuronsare usually classifiedhto various
subtypesaccordingto their location within different cortical layers anekgions to their
axonal projections to distinct intracortical, subcortical, and subcerebral tartgetdendritic
morphologiesandto the distinctexpression oflifferent neuron typespecific genefs5,56]

Thar firing activity is locallyregulated by GABAergic inhibitory interneuromlthough
projection neurons and interneurorgriginate fromdifferent germinal zones, they ultimately
integrate andcoexist in the cortexforming local microcircuitry. Thiprocess relies on the
coordinaed migration and development of these two broad neuronal populatif&t.

4.1.1.1. Origin of excitatory neurons

The development of cortical excitatory neurons from their progenitors is well
documented Excitatory neurons are generated by progenitors located
dorsallyin the developing cortex and migrate radially to occupy their terminal positions in
the cortical platgf57]. They are derived from neural progenitor cells in the cortical VZ, they
divide symmetrically to amplify setenewing stem celland then in the neurogenic period
asymmetricallyto give one RG cell and one neuron orBBth neurons and IPs migrate
toward the subVZ (SVZ), retracting their apical and basal procegsesultipolar neurons,
they initiate axon formationand start radial migration along RG fibeggtending a leading
process in front and a long trailing process, a nascent axon, at theTteayr initially migrate

in locomotion modevidelicetrepeated saltatory movements, but finally change to terminal
translocation modea move quickly along the shortening leading procdssanchoring the
leading process to the marginal zone (MZ). Underneath the MZ, postmigratory neurons are
densely packed, forming the primitive cortical zone (PTHE¢ mode changallows newly
arrived neurons to integrate into the PQEig. 12) NeurorgRG cell adhesion disappears
during the terminal phase of migratiqa4].
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Figurel2| Neurogenesis, migration, and migration termination of excitatory cortical neufipBirect
neuron production from RG cells (ii) indirect neuron production from RG cells via intermediate
neuronal progenitor$44].

4.1.2. Inhibitory cortical neurons

The ventral telencephalon is a developmental site' faminobutyric acidnhibitory neurons
which constitute 2680% of all cortical neuronfs9]. The GABATrgic interneurons of the
cerebral cortex are a diverse population of cells. Their variety appears in their different
morphological, moleculaneurochemical and electrophysiological featufg8]. Examples of

the morphological features are the shape, the size, the orientation of the soma, the structure
of the dendrites and the axons and the form of the connections. The molecular features
include the transcription factors, neurotransmitters, neuropeptides, calcium binding
proteins, celsurface markers, ionotropic or metabotropic receptors, connexins and others.
Lastly, the action potential, the firring patterns, the response to hyperpolarization,
postsynaptic response etc. belong to physiological featfég.13)[50]. This diversity of
subtypes of interneurons accentuates the highly specialized role the interneurons play in
cortical circuits [52].

29



Morphology Connectivity Markers Intrinsic
properties

Parvalbumin

Somatostatin

NGF

i

sT
Vasoactive

intestinal
peptide

e
o

1 Calretinin
4w
;

Neuropeptide Y

Cholecystokinin

Nitric oxide
synthase

Che
| O~
J’ R Reelin

A
i
5
-
I,

Figurel3| The dversityof interneurons[59,60]

4.1.2.1. Origin of interneurons

Most cortical interneurons originate outside the cortex, specifically within the ganglionic
eminences (GEs) of the venttalencephalon. These transient subpallial progenitor zones
include the medial, lateral, and caudal ganglionic eminences. In mammals, interneurons
destined for the cerebral cortex and hippocampus arise from three primary regions within
the basal telencephalon: the MGE, CGE, and the preoptic area (BOA)nterneuron
progenitors of the telencephalon undergo incredibly complex patterns of dispe{S@jn
Cortical interneurons travel long and complex tangential migratory routes to their final
settling positions throughout the forebraito the cerebral cortex, and finally integrate into
local neural networkgFig. 14]53,62]

Similar to the dorsal telencephalon, each of the GEs contains three primary regio®8/2/Z,

and MZ. VZ is the most apical portion of the GE that lines the ventricle and contains neural
progenitors called Apical Progenitors (APs). APs have bipolar morphology with basal and
apical processess it is described abovand divide at the VZ surface both symmetrically to
expand the AP population, as well as asymmetrically, to produce another AP and a
neurogenic BPThe SVZ is located between the VZ and MZ, and contains BPs, which can
further divide symmetrically to produce two neuronal precursor cellee MZ largely
contains migratory postmitotic cells that are thought to be committed to particular cell fates
(e.g. to PVor SSExpressing interneuron$3].

The medial ganglionic eminence (MGE) serves as the primary source of cortical interneurons,
generating approximately 60% of the total interneuron population. These interneurons are
broadly categorized into two major classes. The first group consists of parvalbumin (PV)
expressing interneurons, which display fapiking activity and include basket cells,
chandelier cells, and translaminar interneurons. The second group comprises somatostatin
(SSTFexpressing interneurons, which predominantly form dendiitigeting synapses. SST
positive interneurons can be further classified into Martinotti cells, Martinotti cells, and
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longrange GABAergic projection neurofid]. The CGE produces relatively rarer subtypes,
including neurogliaform, bipolar, vasointestinal peptide (\diressing multipolar
interneurons and Reeliaxpressing corticahterneurons The LGE gives rise to olfactory bulb
interneurons and the medium spiny projection neurons of the striaf@g].
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Figurel14 | A. Trajectories cortical interneurons follow during embryonic development. The medial
ganglionic eminence (MGEd), the caudal ganglionic eminence (Gfbke), the lateral ganglionic
eminence (LGHBrey) and the preoptic regieROA(yellow). B. In the adult cortex, their distribution
varies, with MGHlerived interneurons predominantly in deeper layers and @&tved interneurons

more common in superficial layers. These interneurons exhibit diverse structural forms and establish
connections with specific compartments of excitatory pyramidal neurons and other interneuron
subclasses, highlighting their functional specializal&8].

Throughout embryoit and postnatal stages, GABA signaling is required for cell migration,
axonal and dendritic remodeling andynapse formation thus, interneurons are key
modulators of cortical development and plasticity, in additidre fplay a crucial role in
shaping the spatiotemporal pattern of neuronal actiji2].

It is not surprising that idruption in interneuron activity has been associated with various
neurological diseases. Realizing the critical role of interneurons in shaping brain
development and in the etiology afultiple neurological disorders have been developed
methods to generate interneureenriched neural culture from hPS[E&].

4.2.Genes expressed in cortical neurons used as markers to identify regions and
developmental timepoints

The telencephalon is characterized by distinct molecular markers that define the dorsal and
ventral regions, reflecting their developmental rolés.the dorsal telencephalon, markers
such asPAX6and EMX1lare prominently expressed. PAX6, a homeobox transcription factor,
plays a crucial role in neural progenitor proliferation and cortical neurogenesis, while EMX1
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delineates dorsal progenitorg5]. Additionally, TBR1 T-domain transcription factor, and
downregulation of RX6, serves as a marker for excitatory neur¢é4).

In contrast, the ventral telencephalon expresses markersNiK2.1 a critical regulator ©
MGE development and interneuron specificati@®®,45] Loss oNKX2.Jhas been shown to
redirect MGEderived interneurons toward CGE and LGE f§$ Other ventral markers
include DLX2a homeobox transcription factorsvidely expressed throughout subpalliuis,
broadly required for GE progenitors to migrate and differentiate into GABAergic interreuron
and GSH2(also known as Gsx2), another homeobox transcription factor gene, which is
essential for ventral progenitor identity45,56] Furthermore, LHX6 LIM/homeodomain
gene, is expressed in a subregion of the MGE and is key to the differentiation of ventral
derived interneurons, including somatostatiand parvalbumirexpressing subtypdé1,65]
Broadly spanning the embryonic telencephalétDXGla Forkhead Box Gfranscription
factor gene also plays an essential role in delineating regional identity and ensuring proper
forebrain development[45]. Expression ofGAD1 glutamic acid decarboxylasadicates
GABA ‘(-aminobutyric acidergic identity [66]. Together, these markers underscore the
molecular and functional distinctions that shape the development of dorsal and ventral
telencephalic regionéFig. 15)
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Figurel5| Schematic overview of the two forebrain regions of the mammalian cortex presenting the
characteristianarkers/populations for dorsal and ventral regiof36,65]

4.3. Dysfunctional neurons and neurodevelopmental disorders

Impaired neurogenesis and disruptions in fundamental neural mechanisms are strongly
associated with the development of neurodevelopmental and neurological disorders.

Dysfunction or reduced interneuron populations have been implicated in various conditions,

AyOf dzZRAYy3 SLIAfSLIAeY FdziAay &aLJS end sdtophiediai 2 NRS NJ ¢
[55]. Deficitsin the GABAergic system, which is critical for maintaining excitatory/inhibitory

balance in the brain, are frequently observed in neurodevelopmental disorders.
Dysregulation of GABAergic cortical interneurons has been implicated in the pathophysiology
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of schizophrenia, epilepsy, and ASD, suggesting a shared vulnerability across these disorders.
These findings underscore the central role of interneuron function in cortical development
and highlight the potential of targeting GABAergic pathways for therapeutic interventions
[52].

5. Autism spectrum disorders (ASD)

Autism spectrum disorder (ASD) is one of the most-reglbgnized and frequently occurring
neurodevelopmental conditions. It isdescribed as a complex and pervasive
neurodevelopmental disorder, characterized by core symptoms including difficulties in social
cognition and communication (such as impaired language development), repetitive
behaviors and hypersensitivities to external stim|@i,68] ASD is the most prevalent
neurodevelopmental disorder in childrewhichhas been steadily increasing in the past two
decades[69]. In 2000, the Center for Disease Control's Autism and Developmental
Disabilities Monitoring (ADDM) Network estimatede prevalenceof ASDat 1 in 150
children. By 2016, the National Health Center for Health Statistieported a significant
increase, indicating thaASDwas diagnosed iras many as 1 in 36 childrg@0]. ASD
encompasses a range of heterogeneous clinical syndromes, defined by these hallmark
features.According to the Centers for Disease Control and Prevention, ASD currently affects
approximately 1 in 44 children, with boys being 4.2 times more likely to be diagnosed than
girls [71]. Diagnosis of ASD is challenging not only because the symptoms are variable, but
also because children present with varying degrees of symptom seyeé2ityFurthermore

over 70% of individuals with ASD experience comorbid conditrahsdingattention-deficit
hyperactivity disorder (ADHD), epilepsy, anxiety, depressimpolar disorder, Tourette
syndrome and tic disorders, gastrointestinal problems, and intellectual disatslégp
disturbance, gastrointestinal and immune proble[#g,73]

The significant heterogeneity in the clinical and genetic aspects of ASD poses a major
challenge to understanding its genetic and pathological mechar{isBlsEmerging evidence
suggests that ASD manifestations may stem from disruptions occurring during the second
trimester of fetal development a critical period for the specification of inhibitory cortical
interneurons. This makes studying GABAergic interneuron development particularly relevant
to ASD[74]. Furthermore, an imbalance between excitatory and inhibitory signaling, often
attributed to interneuron dysfunction, has long been regarded as a key underlying factor in
ASD pathophysiology. Human posbrtem studies strongly support the involvement of both
GABAergic and glutamatergic dysfunction in the etiology of[BED

5.1.Introduction to ASD Etiology

The exact etiology of ASD remains elusive despite extensive research efforts. Both genetic
and environmental factors are believed to contribute to the development of F3[¥5]
Experiments in animal models have confirmed the below. For exampbperienental ASD
mouse modelshave been divided into environmental and genetic models. Environmental
models were developed based on studies that link prenatal environmental exposure to
future ASD[72]. Additionally,novel technologies and large populatibased studies have
provided new insight into the risk architecture of ASD and the possible role of environmental
factors in etiologyTwin studies provide a unique platform to study the relative contribution

of genetic and (shared and neahared) environmental factors to the variability of a certain
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trait or disorder. According to recent evidence, up to ¢&0% of variance in ASD liability
might bedetermined by environmental factofg6]. On the other hand,enetic models were
alsoRS @St 21LISR o6& TFTANRG ARSYGATeEA ygene$ndrdnesNA a |
with ASD phenotypelg2]. From mouse and other animal model studies, it is found &kab

is highly heritable, with hundreds of genes linked to an increasedTiskmost studied ASD
related single gene mutations ai®hank3 Mecp2 Fmrl Nign Cntnap2 Ts¢ Ube3Aand

Pten The role of these genes can be grouped into several categories, including synaptic
stability Shank3, NIgn3, Cntnap2neural circuitry balanceF(nrl), and cell homeostasis
(Mecp2, Tscl, Ube3A, P)enegardless, all play a role in the development and regulation of
synaptic function[71,72] Abnormalities in synaptic proteins involved in cell adhesion,
scaffolding, or signaling such as neureXMBXNand neuroligin§NLGN)are considered key
contributors to ASD. Variants in genes encoding these proteins have been associated with
the disorder[73].

Currently, ASDs are classified according to their etiology into syndromic ABBB<% which

are associated with described clinical syndromes and are caused by the known genetic
abnormalities (genetic diseasesipon-syndromic ASDs (NESDs), which are not associated
with these syndromes, but have identified genetic causes, and idiopathic ABBBg), for
which no genetic or other causes have been establigiiéd

Findings from genetics, neuropathology, and therapeutic studies highlight several common
molecular and cellular pathways implicated in ASD. These include dysregulation of the
PI3K/mTOR signaling pathway, alterations in oxytocinergic signaling, and defective synaptic
functioning[73]. The PIBK/mMTOR pathway regulates synaptic protein synthesis and is closely
associated with the activation of neuron surface receptors, such-@etlylD-aspartic acid
(NMDA) receptors, metabotropic glutamate (mGIuR) receptors, and AjffeAglutamate
receptors.Dysregulation of this pathway has been linked to ASD, with evidence that mTOR
inhibitors, such as rapamycin and everolimus, can ameliorate behavioral deficits in certain
animal modelq73]. Mutations in genes associated with tuberous sclerosis (TSC1, TSC2) or
the PTEN tumor suppressor gene, which are involved in the PI3K/mTOR pathway, also
contribute to ASD. Although these mutations result in broader symptoms, including benign
malformations and tumors, autistic traits are a prominent feat[68].

5.2.ASD and Cortical Organization

Clinical, neuropathological and neuroimaging studies suggest that ASD involves
abnormalities in neuronatortical organization, ranging from defects in neuronal migration

to synaptic dysfunctiorj74,78] The cerebral cortex plays a central role in cognitive and
emotional processes, including attention, social behavior, and landu&jeNeurons in each
cortical layer form distinct connections within the cortex and with subcortical structures,
such as the basal ganglia and amygdala, which are also implicated in ASD. Disruptions in
these processes, such as synaptic connectivity or codardical and corticasubcortical
circuits, may result in the behavioral deficits observed in ASD. ldentifying the specific circuits
involved and targeting molecular mechanisms could inform the development of
pharmacological treatmentg9].

34

ISy



5.3.CNTNAP2nd Brain Connectivity in ASD

The clinically and genetically heterogeneous nature of ASDniade it challenging to
identify causative genes. No single gene has been found to be solely responsible for the
disorder. Instead, numerous genes with either common variants of small effect or rare
variants with larger effects have been implicated. This heterogeneity underscores the need
to understand the biological pathways influenced by these genes, as this could provide a
unifying framework for understanding ASD pathophysiology and guiding targeted treatment
strategieq79].

TheCNTNAPRntactin-associated proteitike 2 also known a€ASPRZene has emerged

as a significant risk factor for ASD and related neurodevelopmental disg&fgr<sStructural
magnetic resonance imaging (MRI) studies, though limited by small sample sizes and control
matching difficulties, provide evidence of brain structural and functional alterations
associated with psychiatric disorders, including ASD. Brain connectivity has been proposed as
a unifying abnormality in ASD, with disruptions in processes such as neuronal migration,
dendritic maturation, axon pathfinding, and synapse formation leading to disconnection of
brain areas critical for higharder cognitive functions. Disconnection linked to the CNTNAP2
genotype is considered a risk factor for ASD, although it may not be sufficient on its own to
cause the disord€f79].

In summary, ASD arises from a complex interplay between genetic factors and brain
development, with multiple molecular pathways contributing to its etiology. This complexity
highlights the need for further research to uncover potential therapeutic targets and develop
strategies to mitigate the effects of this disorder.

6. Contactin associated protein like ENTNAP2

Contactin associated protein like (NTNAP2 is one of the largest genes in the human
genome spanning approximately 2.3 Mimcated on chromosome 7q386.1(Fig. 16]81]. It

was first identified in rodentsin 1999 as a member of the neurexin superfamily and
specifically as the mammalian homolog of the fruit fly (Drosophila melanogaster) neurexin
IV,which plays a rolén neuror;glia interactions in myelinated axofis9]. CNTNAP2ncodes
1331 amino acigrotein, also known a£CASPR2yhich functions as presynaptic type 1
transmembrane protein Its large extracellulardomain and smaller intracellulasegment
facilitate cellccell adhesion and synaptic interactioj@z2].

CNTNAP2s widely expressed throughouboth the developing and adult central nervous
system (CNB3], with high expression levels the frontal and temporal lobes, striatum,
dorsal thalamus, and speciftortical layers[82]. As part of the neurexin family, CNTNAP2
participates in synapse formation and function ibteracting withits postsynaptic partners,
neuroligins, although not all neurexins share the same [ii9é
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Figure 16 | Schematic representation of ttitd\TNAPgene spaning2.3 Mb on chromosome [79].

Beyond synapse formatiolCNTNAPZegulates multiple neurodevelopmental processes
including synaptic spinesgrowth, synaptic communicatigmeural circuitsformation, and
neuronal network activity82,84] Studies iICNTNAPRO mice and human cell lines suggest
that CNTNAP involved in neuronal migration, myelination, and neurotransmission, with a
notable reduction in both GABAergic inhibitory interneurons and excitatory
neurotransmissior85,86]

In myelinated axons, CNTNAP?2 localizes tqukiparanoal regionswhere it forms part of

I LINRGSAY O2YLX SE (KFd &aS0dNB&a GKS It ALt YesSta
FYR Ya OKFyyStaz FIOAfAGIl GABA The EcodlodairSof i  y SNIBS
CNTNAP2 binds contactn(CNTN2) at axglial contact points, forming a molecular bridge,

GKAETS AGa Oeidz2Li | avYaO [8d,88hAdditikndlly, IONTNABR GasisA G Ya O
emerging role at synapses, particularly at inhibitory synapses, where it localizes to the
presynaptic membrane, interacting with CNTN2 at the postsynaptic membrane to form a
trans-synaptic bridge spanning the synaptic clgfig. 17]89].
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Figure 17 | Schematiepresentation of CNTNAPDcalization akynapses

36



The human genome containsdiCNTNABenes CNTNARICNTNAPSwith CNTNAPbeing

crucial for axonglial junction formation through its interaction with CNTN2Zwever the

other CNTNAP proteindo not interact withCNTNand instead exhibit diverse functions at

neurocdtf Al AYGSNFIF OS&d /beb!tu Aa aLSOAFAOLIEE& )
juxtaparanodal region of the nodes of Ranvier, a critical process for axon condi&jon

6.1. The role ofCNTNAPIh neurodevelopmental disorders

Extensive research has link&@NTNAP2nutations to a range of neurodevelopmental and
neurological disorderfathogenicmutationsin CNTNAP2re associated witla spectrum of
clinical phenotypes including autism spectrum disorder (ASD), intellectual disability (ID),
epilepsy, language disorders, behavior disorders, schizophrenia spectrum and other
psychotic disorders, obsessqemmpulsive disorder (OCD), Gilles de la Tourette syndrome
and attention deficit hyperactivity disorder (ADHB)c92].

CNV{del)

rs2710102, rs851715, rs759178,
CNV(del) 151922892, 152538091, rs2538976,
rs10246256, rs17236239 14431523 3709delG

CNV(del) 157794745 2710117 R1119H [11253T

erats| 897, {EFH 112m|

1 2 3 4 5678 910111213 1415 16 16 20 22 24

™ D2

SP FASBGC LamG LamG FB LamG LamG

TRENDS in Molecular Medicing

Figure 18 | Schematic representation of the location GNTNAP2mutations associated with
neurodevelopmental disorders. Exons atepicted as numbered dark blue boxes, introns as a light
blue line. Variants are indicateatbove andprotein structural domains encoded by the specific exons
are presentedbelow SP, signal peptide; FA58C, coagulation factor 5/8 C terminal domain; LamG,
laminin G; EGF, epidermal growth factor; FBG, fibrinddggendomain; TM, transmembrane domain;
4.1, protein 4.1B binding domain; PDZ, PSD95/DIgA/Zt@mology proteigprotein interaction
domain[79].

RNA interference (RNAWNediated knockdown oCNTNAP2n neuronal cultures has been
shown to impair dendritic arborization and spine development, leading to decreased neural
network activity. Lossf-function (LoF) irCNTNAPB also associated with reduced rapid and
saltatory conduction in hippocampal myelinated axons, likely due to decreased gtk
potassium channel activif1].

Studies usingCntnap2<® mice further reveal neuronal migration defects, including
mislocated cortical neurons and a decreased number of GABAergic interneurons in the
cortex, hippocampus, and striatuf®3¢95]. Loss ofCNTNAPZunction further leads to
abnormal cortical layer patterning and impaired synaptic transmission, resulting in an
imbalance between excitatory and inhibitory (E/I) synapgeklitionally, educedONTNAR
expression in the prefrontal cortex has been linked to fewer functional excitétdifpitory
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synapses and altered neuronal connectivity. However, the precise cellular mechanisms
underlying these deficits remain unclgaB,91}]

6.2. CNTNAPand ASD

Toelucidatethe role of CNTNAPI ASD, researchers develop€dtnap2KOhomozygous KO
(Cntnap2* ¥ mousemodels, which exhibit key ASiRe behaviors, including deficits in social
interaction, repetitive behaviors, and impaired communicat[®6]. These mice also exhibit
neuronal migration abnormalities, reduced numbers of GABAergic interneurons, and
hyperactivity, supporting the hypothesis that Efimbalance contributes to ASD
pathophysiology83].

The embryonic expression of CNTNAP2 and its role in postnatal myelination, combined with
increasing evidence linkingNTNAP2nutations to ASDsuggestsits involvement in early
brain development. In human§&NTNAPB predominantly expressed in the brain and spinal
cord. In situ hybridization studies of the human fetal brain show @GBITNAP2s highly
expressed in a cortiestriato-thalamic circuit, which regulates higherder cognitive
functions. Within the cortexCNTNAP2xpression is enriched in the frontal and prefrontal
regions during development, a pattern that persists into adulth¢o@]. The critical role of
CNTNAP# regulating key processes during brain development makes it a major candidate
in ASD pathogenesis. Since atypical brain function arises long before neurons and their
connections fully mature preceding experiencdependent circuit modifications during
critical  plasticity periods CNTNAP2 dysfunction may contribute to early
neurodevelopmental abnormalities associated with A%4).

Knocking out theCNTNAPZQyene in mice results in a range of phenotypic alterations,
including deficits in social behavior, communication, learning, and memory. Complete KO
leads to epileptic seizures, a reduction in interneuron numbers, impaired neuronal migration,
and abnormal neural network activity79]. Additionally, a study using rats a models has
demonstrated the crucial role of the autisrisk geneCNTNAP® behaviors associated with
ASD including substantial alteratiom social behaviorsaanincreased repetitive actions, and
disruptions insensory processg[97]. In cultured iPSCENTNAP2oFhas been sown to
reduceneurite branching and simplified complex neuronal networks, further highlighting its
importance in neurodevelopmerj®8].

7. PIBKAKT/mTOR Signaling Pathway

The phosphoinositide-Binase (PI3Kprotein kinase B (AKT)/mammaliamechanistic target

of rapamycin (MTOR) pathway is a highly consesigdalingcascade that plays a central

role in regulating cell proliferation, survival and metaboli$®9,100] It functions as a
complex, nodinear phosphorylation network interéiog with multiple pathways through
crosstalk and feedbackops [101]. Due toits regulatorysignificance dysfunctionof this
pathway has been implicated in various human diseases, including cancers,
neurodegenerative and neurodevelopmental disorders, diabetes, cardiovascular diseases
and others making it a focal point of extensive reseat€d].
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7.1. Main regulators of the pathway

7.1.1. PI3K: Structure and Function

PI3K is a member of lipid kinase family classified into three main classes (I, Il, and Ill) based
on structural and functional differences and respective phosphoinositide substrates. The
most studied class, Class | PI3K, consists of a regulatory subunit (p84, p85, or p101) and a
catalytic subunit (p110, p110, p110, or p110). PI3K activation occurs through G protein
coupled receptors (GPCRs) and receptor tyrosine kinases (RTKs) upon stimulation by ligands
such as hormones, cytokines, and growth factors. Activated RTKs interact with regulatory
subunits of Class IA PI3Ks, whereas Class IB PI3Ks are activated through GPCR signaling. This
cascade leads to the phosphorylation of phosphatidylinositol{dig)hosphate (PIP2),
generating phosphatidylinositol(3,4;/&jsphosphate (PIP3), a crucial second messenger in
AKT activation (Fig. 19). Unlike class | PI3Ks expressed as heterodimers, class Il PI3Ksare
monomers having only a catalytic subunit without a regulatory subunit. Only one class llI
PI3K exists, named Vps34. Vps34 is the only PI3K found in yeast and is conserved across
species from yeast to humafis00].

The pathway is negatively regulated by PTEN (phosphatase and tensin homolog), a lipid
phosphatase which dephosphorylates PIP3 back to PIP2, thereby inhibiting AKT/mTOR
signaling99]. PTEN plays a critical role in brain development, and it is a key regulator of cell

growth and proliferation. In humans, mutations in PTEN have been associated with

macrocephaly, epilepsy, intellectual disabilities, ASD, and mental retardation and seizures
[99,102] Studies in PTEN knockout (KO) mice reveal phenotypes resembling human autism,
including social deficits, seizures, anxitg behaviors, and cognitive impairmeft92].

7.1.2. AKT: Key Mediator of Cellular Function

AKT, also known as protein kinase B (PKB), is a serine/threonine kinase that regulates cell
survival, metabolism, apoptosis, and neuronal integrity.eXists in three homologous
isoforms: AKT1 (PKB AKT2 (PKB, and AKT3 (PKB While AKT1 governs cell survival and
growth, AKT2 regulates glucose metabolism, and AKT3 is predominantly expressed in the
brain, playing a crucial role in neunaflammation and neuronal maintenan¢£00].

AKT3 is expressed at higher levels than AKT1 and AKT2 in the human fetal brain and the adult
mouse brain. As the predominant isoform, AKT3 is present throughout all regions of the
adult mouse brain, accounting for approximately half of the total AKT protein in adult brain
tissue[103].

AKT comprises three distinct functional domains: a pleckstrin homology (PH) domain in the
N-terminus, a central catalytic kinase domain (KD), anetexr@inal regulatory domain (RD).

The activation of AKT involves two major phosphorylation events: (1) Thr308
phosphorylation by phosphoinositiddependent kinase 1 (PDK1), another PH domain
containing kinase and (2) Ser473 phosphorylation by mammalian target of rapamycin
complex 2 (MTORCZ2). These maodifications facilitate downstream signaling, promoting
neurond differentiation, migration, and synaptic function. AKT1 &iK1lare both recruited

by PIP3 and ctocalize on the membrane surfacg-ig. 19) PDK1 further causes the
phosphorylation of KD at Thr308 in AKT1, which is crucial for the activation of AKT1. Then, a
secondary phosphorylation of AKT1 at thée€ninal hydrephobic motif Ser473 is mediated
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by mTORC2. AKT2 (Thr309/Ser474) and AKT3 (Thr305/Ser472) are also regulated by the
corresponding residugd.00].

7.1.3. mTOR: Central Regulator of Cellular Homeostasis

MTOR is a serine/threonine kinase that integrates extracellular signals to regulate cell
homeostasis through key molecular processes including autophagy, metabolism, lipid
biogenesis, cytoskeleton organization, mRNA translation and synaptic plasi€®R is an
essential kinase found in all forms of eukaryotic cells, including neurons. mTOR is highly
expressed in brain regions such as the hippocampus, striatum, amygdala, and prefrontal
cortex, and forebrain where it contributes to neuronal growth, proliferation, and synapse
formation [101,102] It also exerts a significant impact on axonal regeneration, the
expression of ion channels and receptors, dendritic arborization, and the growth of spinal
dendrites[102].

MTOR functions in two distinct complexes known as mTOR complex 1 (mTORC1) and
complex 2 (MTORC2), two physically and functionally different fditid]. mTORC1
regulates cell growth and metabolism protein synthesis via downstream targets such as
ribosomal protein S6 kinase 1 (S6K1) and eukaryotic translation initiation factindiBg

protein 1 (4EBP1101,105] It is positively regulated by nutrients, growth factors, energy,

and stress of the cell, in contrast, tuberous sclerosis complex (TSC) 1 (hamartin) and TSC2
(tuberin) are negative regulators of mMTORC1 [1]. mMTORC2 corytotkeletal dynamics and

AKT activatiorFig. 19J101].
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Figure 19 |Molecular mechanisms of PIJ&TmTOR signaling cascadad its role in translational
control.
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7.2.Roles of the PIZKKT/mTOR Signaling PathwaNegurodevelopmental and
Neurodegenerative Disorders

Jhe occurrence and development of various neurodegenerative disorders are strongly
associated with the PISK/AKT/mMTOR signaling pathway due to its important functions in

cellular proliferation, suppression of oxidative stress, apoptosis, autophagy, and control of

different downstream component$100]. Dysregulation of the PI3KKT/mTOR signaling

pathway is implicated in both neurodevelopmental and neurodegenerative disorders, with
RAAGAYOU Of AYyAOlIf LIKSy2(GelLlSaz AyOftdzZRAYy3A t I NJAY
syndrome, tuberous sclerosis complex (THagile XSyndrome (FXS)mental retardation,

wSiid d2yRNRYSST RSLINBaaAz2ys>s oNI}YAYy AyadaNES &aOKAI
of brain malformationg102,103]

By regulating protein synthesis, the PISBK/PTEN/AKT/mTOR pathway modulates key processes
such as neuronal proliferation, axon and dendrite growth, synapse formation, and cortical
development[102]. It is also crucial for establishing and maintaining neuronal polarity.
Genetic mutations leading to pathway dysregulation have been implicated in cortical
malformations and impaired neuronal connectiviy05].

Research indicatethat hyperactivation of mTORGdontributes to neuronal hypertrophy,
altered cortical organization and impairments insynaptic plasticity. Mouse models with
ectopic MTORC1 activation exhibit changes in neuronal morphology, size, and laminar
positioning, resembling features of cortical malformations. Additionally, alterations in mTOR
signaling have been linked to glial scaffold disruption in primary cortical cultures and brain
organoidg106].

Lossof-function mutations in PTEN, TSC1, and TSC2 result in overactivation ef PI3K
AKTmTOR signaling, leading to axonal dysregulation, megalocephaly, neuronal overgrowth,
and increased synaptic excitation. The overexpression of PI3K/AKT in neurons has several
harmful consequences, including depolarization of the membrane, mitochondrial, neuronal
apoptosis and reduced oxidative phosphorylation and ATP produldt@j.

Increasedactivity in the PIBKAKT/mTOR signaling pathwityneuronshas been associated

with autistic behaviorsdeficits inmemory and learningdisruption inserotorin signaling
epilepsy, and synaptic abnormalities. Studies have identified mutations in the AKT/mTOR
pathway (PTEN, TSC1, TSC2, andrBI&i€d genes) as significant risk factors for ABIR2].

Studies have established associations between various brain disorders and specific genetic
and molecular pathways, as well as corresponding structural brain changes and patient
phenotypes all related with PIKKT/mTOR signaling. In ASD, mutations in NLGN3, NLGN4,
TSC1, and TSC2, along with dysregulation of therRTE¥RC1 and ERK pathways, have been
linked to macrocephaly, reduced postcentral gyrus volume, and aberrant Purkinje cell
morphology in the cerebellum. These alterations contribute to core ASD phenotypes,
including persistent social interaction deficits and restricted repetitive behaviors. Moreover,
epilepsy is associated with dysregulation of the eEF2K/eEF2 and mTOR/MAPK pathways,
leading to increased neuronal proliferation and manifesting as seizures, abnormal sensory
experiences, and episodes of impaired awareness. Similarly, schizophrenia has been linked to
dysfunction in the AKIMTOR pathway, resulting in decreased neuronal proliferation and
reduced gray matter volume, which underlie clinical symptoms such as psychosis,
hallucinations, delusions, and severely disordered thinking and beHa@a}.
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Conventional and conditional ablation of key components of the RIBftTOR pathway in
mouse, such as Pten, Pdkl, Tsc1/2, mTOR, and Raptor contributes to mechanistic research
and development of therapies for these devastating disord&es).

7.3.PIBK/AKT/mTOR and ASD

Accumulating evidence implicates the PISBK/AKT/mTOR pathway in ASD pathogenesis. Whole
genome studies, copy number variation screening and SNP analyses, have led to identified
AKT/mTORelated genes (PTEN, TSC1, TSC2, and FMR1) as ASD rigk@agtors

AktmTOR signalingarticipates inthe pathogenesis of ASD. Dysfunctional mTOR signaling
has been observed in ASD mouse mod&st", Tsc2", Pten’- and FmrY"). Additionally,
pharmacological inhibition of mTORas shown to increase the PI3K/Akt/mT@iediated
autophagic pathway and to improve social interactions in -Al&Danimal models. The
inhibitor of MTOR signaling, rapamycin, has been demonstrated to be an effective
therapeutic for impaired social interaction irfsct®® Tsc2X® Ptert*® mice and
pharmacological induced ASD animal mddéi8]. Notably,Pten KO mice exhibit behavioral
abnormalities reminiscent of human autism, including learning deficits, seizures, and social
impairments [107]. FmrlKO mice a model of FX$ exhibit the development of autism
spectrum disorder (ASEssociated symptoms upon stimulation of the PI3K/Akt/mTOR
signaling cascade. This is likely due to upregulated protein translation at the synapses and an
elevated excitatory/inhibitory (E/I) ratio in critical neuronal pathw§/@9]. Mice deficient in
synaptic genes implicated in ASD, includ@rmgnap2 Neuroliginsand Shanks demonstrate

core autismrelated deficits. Research has shown ti@itnap2* "mice display hyperactive
AktmTOR signaling in the hippocampues].

Alterations in GABAergic and glutamatergic circuitsre observed in ASPatients [110].
Autophagy has been identified as a key factor linking mTOR hyperactivity, the dysregulation
of the neuronal excitation/inhibition balance, and A& behaviors, while it is proven that

the levels of glutamate and GABA vary in autistic chil{té].
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Motivation, Hypothesis andims

1. Motivation

Evidence from diverse model systems highlights CNTNAP2 as a critical regulator of cortical
interneuron development, which is notably implicated in the pathophysiology of ASD
[74,111] Loss o€NTNAPRads to abnormal neuronal migration and an altered distribution

of GABAergic interneurons in both mouse and zebrd88t111] while also reducing neurite
branching and overall complexity in developing human excitatory neyitd. Moreover,
Cntnap2 deletion in mice has been shown to activate the Akt/mTOR pathway, and
pharmacological inhibition of this signaling cascade can rescue core dikssymptoms

[113]. Together, these findings underscore the potential link betw€&TNAP#ysfunction,
disrupted interneuron and excitatory neuron development, and aberrant PIBK/AKT/mTOR
pathway activity in ASD.

2. Hypothesis

Lossof-function mutations inCNTNAPQisrupt early human forebrain development by
altering excitatory and inhibitory neuronal balance across dorsal and ventral regions. This
disruption may involve aberrant PISK/AKT/mTOR dligga Human iPS@erived brain
organoids offer a powerful model to investigate these regipecific effects and the
underlying molecular mechanisms during critical early developmental stages.

3. Aims

a. To model early human cerebal development using iPSf&rived brain organoid
models

b. To utilize cerebral organoids to examine the effectsCOFTNAP2blation on early
human brain development

c. To assess the activity of the PISBK/AKT/mTOR signaling pathway
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Materials and Methods

1. iPSCs generation and cell culture

For the current experiments two lines of iPSCs (46, XY cell line, reprogrammed from skin
fibroblasts, collected from healthy donors, using defined factors) were used.tWhe
commercially availableell lines wereXCL1 control cell line, and XGINTNAP2cell line.
Thebi-allelicCNTNAPRO line was generated with the Zinc Finger Nuclease (ZFN) method. In
allele 1 and 2 oENTNAPgene an insertion of 4bp and a deletion of 2bp were introduced in
exon 17, respectivelfRxCell Science, Canada)

Confirmation of CNTANP2mutations was performed by Sanger sequendiaged
genotyping. Riripotency tests were frequently performed, by measuring the expression of
pluripotency markers @CB/4 and NANOG with qPCR and fluorescent ICC. Karyotype
analysis was conducted every ~10 passages using thea&Hmethod. All the above aim

to confirm the pluripotency of both cell lines to move on to cerebral organoid induction.

2. Cerebral and Ventral forebrain organoids induction

2.1.iPSCs thawing and culturing in Matrigel coated platd3@o

C2NJ YFAYGSylFIyOS FyR Odzf GdzNBE 2F At{/ & O2IiAy13
(Thermo Fisher Scientific, cat #354277) was required to ensure cell adhesion. Matrigel (light
sensitive) and diluted in DMEM12antimycotic/antibiotic. The Matrigel/medium mixture

was then added to each well and incubated at room temperature for 1h prior to thawing the

cells.

iPSCs vials were thawed from liquid nitrogen. Tubes were centrifuged at 10,000 rpm for 5
min. The supernatant was then removed, and cells were reconstituted in MRAGR(Stem

Cell Technologies, cat #05825ROCK inhibitor (ROCKi;2%632, 10 >m, Stem Cell
Technologies) before plating. Matrigel was removed and cells were washed with EHUEM
prior to cell plating. At thigoint, cells were considered to be at DO.

2.2. Maintenance and passaging of cultured iPSCs

At D1 culture medium was aspired and replaced with mikgBR without ROCKi. Media
changes were performed every 2 days. Plates were incubated®at, 2o CO At 66G70%
confluency, cells were considered ready for splitting.

To split and reseed cells old medium was aspirated, and cells were washed once with
DMEMF12. Norenzymatic cell dissociation medium (0.05mM EDTA in PBS) was then added
to cells, aspirated, and washed twice with DMHEIR. Cells were then scrapped, centrifuged
(800rpm for 5min) and resuspended in mTapkis with ROCKIi. Plates were then incubated

at 37C, 5% CO The next day, culture medium was replaced with m7g®is without
ROCKi.
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2.3. Telencephalic organoids generation

When hiPSCseached80-90%confluency,ventral and dorsal neural induction wastiated.
The neural induction and organoid formation protocol was based on the protocol by Gomes
etal

Beforeinduction hiPSCs were incubated with RQGkeén treated withAccutasd & 2 f dzi A 2 Y
(SigmaAldrich, cat #A6964)which is an enzymatimethod for celldetachment of the cells,

for 5 min at 37C. Cells werethen scrappedand collected via mild centrifugation (5min at

200-300 x g)The pelletwasresuspendedn mTeSR PlusROCKICell viabilitywas checkedby
usingCountess 3 Automated Cell Countand the amount of theneeded cells, floating in

the suspensionwascalculatel, we only used cells if viability was >Q1lIs were seeded at

9,000 cells/welin 96 well Ubottom plates Corning #7007vith mTeSR plus supplemented

gAGK wmn Enabryosidtbodies (BBajere formed within 24 hours, considered as day 1

(D1), and fullexpansion medium wa®placedto mTeSR pluswithout ROCK.

For the dorsal forebrain pattead organoidsEBs were kept in the 9%ell plate for 6 days.

Medium changes were performed on day 2 (D2) and day 4 (D4). On D6, EBs were transferred

to ultra-low attachment 24well plates (Corning, #3473h neural induction medium,
supplementedwith 10>M SB431542 (Selleck Chemicals, #51067) and 100nM 93189
6{SttSO1 /KSYAOIt&aYX I {HcMyO®d 5mMn 9.a&8 BSNB SY0 S
droplets and cultured in cerebral organoid differentiation medium. Embedded EBs were kept

on stationary culture for 24hrs, followed by transfer to an orbital shaker (Heathrow Scientific,

#5003396).

For the ventral patterned organoidEBs weréept in the 96well plate for5 days. On day 5

(D5) EBs were collecteaihd transferred to ultra-low attachment 24well plates (Corning,

#3473)in neural induction mediunsupplemented withL0>M SB431542 (Selleck Chemicals,

#S1067rand 100 nM LDN 93189 (LDN)Selleck Chemicals, #S2pHalf mediumexchanges

were madeat days 0, 3 and 5Mediad dzLJLJX SYSy (G4 SR ¢ ASigia Mddcp, #xa L2t H
10536, 100 nM SAGBfogems, #9128694and 10x 3 k Y f{ | S LIANdClY, #HBT4R 3 Y |

was used for halinedium exchanges on D7 and DIBe ventral organoids were kept on an

orbital shaker (Heathrow Scientific, #5003396).

At day 30 the dorsal and ventral organoids were colledtedexperimentation

2.4. Fixation and Cryopreservation of organoids

D30, telencephalic brain organoids wepeeserved for future experiments througtwo
different procedures 1) D30 organoidswere transferred from culture platesFor each
biological replicate, % organoids wer@ooledin microtubes. fiey were brieflyinsedin ice
cold DPBS (PABlotech, #P086500), flashfrozen inliquid nitrogen and stored in-80°C
until further processing2) Alternatively for immunofluorescence studiesrganoidswere
cryopreserved as follows. D30 organowdere fixed in 4% (w/v) paraformaldehydelution

in PBSor 1 hourat room temperature (RT)hen cryoprotected in 30% (w/v) sucrose in PBS,
overnight (O/N), or until they sank, at@ The organoidsvere embedded inoptimal cutting
temperature (O.C.T.) compound (Shakura Finetek USA Inc, #4B83jozen with a dry
ice/ethanol bath and stored ay n ¢ /  dhériugef  F dzNJi
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3. Immunofluorescence

Immunofluorescence was performed to stain and detect specific markers/proteins in ventral
and dorsal organoid sections from different batches. The protocol which was used included
the following. The sections were thawed fro80°C freezer and treated with PBS. The slides
were incubated in blocking solution (10% NGS IN 0.3% Trif®0»BS), for-2 hours at

room temperature and then incubated in primary antibody solution overnight°( drable

1).

Tablel| List of the primary antibodies used in Immunofluorescence experiments. Host and target
species, dilution used, supplier and catalogue number.

Primary antibody Biological source Dilution Supplier Cat. Number
Anti- Microtubule Associated . ) Cell Signaling
Protein 2 (MAP2) Rabbit 1:200 Technology #4542
Anti- Microtubule Associated : .
Protein 2 (MAP2) Mouse 1:50 SigmaAldrich #M4403
Anti-T box, brain 1 (TBRY) Rabbit 1050  CellSignaing 5661
Technology
Antici drubulin (TUJL) Mouse 1:200 SantaCruz -, 60005
Biotechnology
Anti -TTF1/Thyroid Santa Cruz
Transcription Factor 1/ NK2 Mouse 1:200 Biotechnolo #s5¢53136
Homeobox 1 (NKX2.1) 9y
SRY¥elated HMGbox ) Santa Cruz
transcription factor 2 (SOX2 Mouse 1:200 Biotechnology #5e365823
Anti-Gutamic acid ) : .
decarboxylase 67kDa (GADE Mouse 1:2000 SigmaAldrich #MAB5406
Anti ¢ GS Homeobox 2 (GSH Rabbit 1:500 Abcam #ab229239

Prior to and after incubatingvith the secondary antibody solution (Tal#g the slides were
washedwith 1X PB{3 times; 8 minutes/wash) The slides were incubated witla nuclear
marker, DAPI(in 1X PB&t 1:2000 (Abcam, #b228549)The slides werériefly rinsed with

1X PBScovered with coverslipsand allowedto dry for at least 24 hrgrior to imaging.
Imaging was carried using Nikon A1R HD confocal microscope, using a 20X air objective
(whole slices). Five organoids per batch were imaged, for which a minimum of 3 sections per
organoid were imaged and analyzed.

Table2| List of the secondary antibodies used in Immunofluorescence experiments. Host and target
species, dilution used, supplier and catalogue number.

Secondary Host Target

antibody/Conjugate species Dilution Supplier Cat. Number
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IgG (H+L) Secondary Thermo

Antibody, Alexa Flud¥ 488, Goat Mouse 1:1000 Fisher #A11017
Invitrogen Scientific
IgG (H+L) Secondary Thermo
Antibody, Alexa FluéY 568, Goat Mouse 1:1000 Fisher #A-11004
Invitrogen Scientific
IgG (H+L) Secondary Thermo
Antibody, Alexa FluéY 488, Goat Rabbit 1:1000 Fisher #A-21244
Invitrogen Scientific
IgG (H+L) Secondary Thermo
Antibody, Alexa FludY 568, Goat Rabbit 1:1000 Fisher #A11011
Invitrogen Scientific

3.1.EdU clickt assay

D30 organoids were incubated in in>\ 5-ethynyl H -@eoxyuridine (EdU) (Invitrogen, #C
10337, Component A) diluted in cerebral organdifferentiation medium, for 2hrs. Four
organoids per genotype were collecteahd processed as described previously (1.2.4.
Fixation and Cryopreservation of organoids), for immunofluorescence experiments. EdU

cickhA G aale gFa LISNF2NX¥SR Ay 2NHFY2AR ONEB2aSO/

kit Invitrogen, #€10337) followed by immungtaining for Ki67. The Edu+ /Ki67+ ratio was
measured, and cell cycle length was calculated using the formula Tc=Ts/(EdU+ /Ki67+)
(Tc=cell cycle length, Ts= S phase lendtminimum of 3 slicegorganoidwere imagedand
analyzed

4. Immunoblotting

Immunoblotting was performed to identify specific proteins of interd3te identification is
based on the separation of the proteins according to their molecular weight.
Immunoblotting isconsidered asa semiquantitative method, as it mediates a relative
comparison of proteievels but it does not provide thexactprotein abundance.

4.1.Preparationof the samples and the protein extraction

Tissue was homogenized in the suitable volume of RIPA buffer with protease and
phosphatase inhibitorqdiluted 1:100)in an ultrasonic homogenizer. The samplesre
centrifuged for 20min at 1600k g at #Cto obtain soluble protein fractions.Pierce BCA
Protein Assay Ki{Thermo Fisher Scientific#23225)was used to determine protein
concentration. The loading samples conwdnd5ug of protein, 4x SDS loading buffer and
ddHO. The sampleswere heated(5min at 98C), vortexed, spundown and kept in ice or
frozeat -80°C for future use.

4.2. Preparation of polyacrylamide gels

For the studies presented, the following stacking aedolving gels were prepared
stacking gel (30% Acrylamide/bis, 0.5M -HGI pH=6.8, ddid, 10% SDS, TEMED, 10% APS,
0.01% Bromophenol Blue) and 10% resolving gel (30% Acrylamide/bis, 1.5MCITpkl=8.8,
ddH0, 10% SDS, TEMED, 10% APS, 0.01% Bromophenol Blue). Thewasasstembled,
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the resolving gel 10%vas poured, after its polymerization, the stacking gel @is poured
and immediately the combwere inserted and after its polymerization, the gelere placed

in the tank, whichwasfilled with 1x Running Buffer. For running the gel, the ladder and the
sampleswere loaded on the gel and the right settingere placed (20mA for 45 min and
then 140V until the desired bandsere resolved).Nitrocellulose membranevas used for
protein transfer The transfer sandwichvasassembled and placed in the tank filled with 1x
Transfer BufferThe electrophoresis devicevas set at100V for 90min.Following protein
transfer themembranewasbriefly washed with dkD andincubated for 5 min in a Ponceau
stain The nitrocellulose membraneas destained with diRO and incubated with Blocking
Buffer (5% BSA in TBSLX) on a rocker for 1h at.AFbllowing an overnight incubatiat 4°C
with primary antibody (in 1% BSA in TB9.02% Azide Na) (Taldethe membrane was
used with 1 X TBB

Table3 | List of the primary antibodies used in western blot experiments. Host and target species,
dilution used, supplier and catalogue number.

Primary antibody Biological source  Dilution Supplier Cat. Number
PhospheS6 Ribosomal . ) Cell Signaling
Protein (Ser240/244) Rabbit 1:1000 Technology #2215
PhospheAkt (Thr473) Rabbit 11000  CelI Signaling #9271
Technology
Ribosomal Protei$6 Mouse 11000 ~_SanacCruz 74450
Biotechnology
Akt Rabbit 11000  CelISignaling #9272
Technology

The membranavasincubated with the secondary antibody (in 1% BSA inTTB®2% Azide
Na) (Tabled) at RT for 1h on a rocker. The membramas scanned and developedsing
Azue equipment(Azure Biosystem$)r protein visualization anduantification.

Table4 | List of the secondary antibodies used in Immunofluorescence experiments. Host and target
species, dilution used, supplier and catalogue number.

Target

Secondary antibody Host .
species

Dilution Supplier Cat. Number

IgG (H+LUpolyclonal LECOR

Antibody conjugated Goat Mouse 1:5000 L #926:68070
p s A Biosciences
uz Lw5esSt

IgG (H+L) Polyclonal LLCOR

Antibody conjugated Donkey Rabbit 1:5000 L #926:68070
P X A Biosciences
uz2z Lw5esSt

When required NaOH(0.1M-1M) was used tcstrip the membrane, allowing the incubation
with other antibodies.
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5. RNA sequencing and Bioinformatics Analysis

Onday 30,0organoids were transferred from culture plates to 1.5ml tubes and briefly washed
with ice-cold DPBS. For each biological replicate, 3 to 4 organoids were pooled in a single
tube. Afterremoving DPBS, organoids were homogenized using QIA shredder homogenizers
(Qiagen,#79656) Total RNA was extracted using the RNeasy Micro kit (Qiatjé4009
followingY' I y dzF I O (i dzNB NIh& extkayted RNAIz@ssol2edriRNasdree water,

and its concentration and purity were assessed using a Nanodsppctrophotometer
(ThermoFisher, Nanodrop One C). Library preparation and RNA sequencing were performed
as a service by GENEWIZ/AZEMA sequencing performed on a Novaseq 6000 platform
(Numina).

Sequence reads were trimmed to remove possible adapter sequences and nucleotides with
poor quality using Trimmomatic v.0.36. The trimmeedswere then aligned to the Homo
sapiens GRCh38 reference genome from ENSEMBL using the STAR aligner v.2.5.2b,
generating BAM files. Gene hit counts were calculated using featureCounts from the Subread
package v.1.5.2, only including unigue reads mapped to exon regions. These counts were
summarized and reported according to gene IDs in the annotation file.

Differential gene expression analysis was performed using DESeq2. Gene expression
differences between KO and control samples were evaluated, with the Wald test used to
calculate pvalues and log2 fold changes. Genes with an adjustsdiye < 0.05 were
considered differentially expressed. To gain insight into the biological processes associated
with these genes, gene ontology (GO) analysis was performed using GeneS@E. ihd
goa_human GO list was used to group genes based on their biological functions and assess
statistical significance

6. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) images were obtained using a JEGR10INM SEM
Microscope (JEOL Ltd., Tokyo, Japan) equipped with cact XEDSletector by Oxford
Instruments, Abingdon, Oxfordshire, UK (an acceleration voltage of 20 kV was applied). Prior
to 6 SEM analysis, the samples (control andckf@bral organoids) were coated with an
Au/Pd thin film (48 nm) in a sputtering equipment (SC7620, Quorum Technologies, Lewes,
UK).SEM imaging was performed in collaboratiavith Prof. Apostolos Avgeropouldeom

the Department of Materials Science Engineering, University of loannina, loannina, Greece

7. Image Analysis

Brightfield images wereobtained using an EVOS TM XL Core microscépwitrogen)
Organoid surfacarea was quantifiedh ImageJoftware, by outlining the perimeter of each
organoid. For fluorescent images, cell counting was conducted using the cell counter tool in
ImageJ, with the cell fraction for each marker calculated as a percentage of the total nuclei
measured. Immunoblot images were processed in Image Studio, where protein expression
bands were selected and quantified following background definition. All measurements
obtained were retained for the statistical analysior the VZ analysis, SOX2 and MAP2
staining was used to manually define the VZ boundaries. Area and perimeter of each VZ was
measured using Image AnalyzéMeasure tool). Disorganisation of the VZ was calculated
using MAP2 staining as an indicator; a VZ containing MAP2+ cells was scored as disorganised,
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while absence of MAP2+ cells (clear boundaries) assigned a VZ as organised. For each
organoid,a minimum of 5 VZ from at least 3 separate slices were measuredratgzed

8. Statistical Analysis

Statistical analyses were conducted us@gaphPad Prism.@ (GraphPad Software, San

Diego, CA,US#®) 5 GF FNB LINBaSyiSR Fa YSIy 5 {9a ¢6{9a’
normality of sample distributionsvas assessed using the Shapivdk test {1 =0.05) with

statistical significance established a prioripat0.05. No randomization was applied in this

study and eperimenters were blinded to genotype durintpe analysis.N number

corresponds to biologicateplicates (single organoid, or pooled organoidSgata were

derived from 4 to 7 biological replicates per batch, across a total of 3 batches, with each

biological replicate further comprising more than 3 technical replicatSatistical

significance was a priori set pk0.05.

For digributions that met the normality criteria, as assessed by th8hapireWilk test (p
>0.05) an unpairedt-test wasemployedfor sample analysiander theassumption ofequal
standard deviationslf the ShapireWilk test indicated a deviation from normalitgp <0.05),
where variances were considered significantly different, and the assumption of equal
standard deviation was disregarded, nonparametric alternative, such as the Mann
Whitney U test, was usedstead In these instances, the Unpairetest was conducted with
2S5f OKQa O2NNBOlAz2y D

Detalils for statistical tests used are provided within figure legends
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Results

1. AhiPSC moddb studyCNTNAPgenelossof-functionusing zinc finger
nucleass

In this studywe aimed to investigate the role oCNTNAPIn early brain development. To
achieve thiswe obtained CNTNAPZnockout induced pluripotent stem cells (iPS€sin

XCell Science (Canada), whichwere generated through zirfinger nucleasamediated
genome editingFig.20), targeting both alleles in the XCL1 male human pluripotent stem cell
line. These knockout iPSCs, alongside the unedited XCL1 control iPSCs, were employed to
examine the potential alterations caused BNTNAPBssof-function mutations

Zinc Finger Nuclease Binding/Cutting Site
GTCACCAACCCCTCTCAACGATGACCAGTGGCACCGGGT

Allele 1 GAGGICACCAACCCCTCTCARCGATGAATGACCAGTIGGCACCGGGTICACT
WT sequence GAGGTCACCAACCCCICICAACGATGA CCAGTGGCACCGGGTICACT
Allele 2 GAGGICACCAARCCCCICICAAC: :TGACCAGIGGCACCGGGICACT
WT sequence g AGGTCACCAACCCCTICICAACGATGACCAGTIGGCACCGGGICACT

CNTNAP2-KO-HOMOZYGOTE
Mutations:

Allele 1: insertion of 4bp
Allele 2: deletion of Zbp

Figure 20 Bi-allelicCNTNAPERO iPSCs generation with the insertion of 4bp (allelel) and the deletion
of 2bp (allele 2), in exon 17, using Zinc FindecleaseBlack lines depict binding sites of nucleases
and red lines the cutting site.

Both the CNTNAPZXnockout (KO) iPSCs and the isogenic XCL1 control iPSCs exhibited a
normal karyotype, as confirmed by comparative genomic hybridization (CGH) array analysis
(Fig. 21 D)Pluripotency of these lines was validated through the expression o3(3Gihd
NANOG, assessed using immunofluorescence amgPRIRFig. 21A, B)Cerebral organoids

were subsequently derived from both control and KO iPSCs using a modified organoid
differentiation protocol[114].
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Pluripotency markers
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Figure21| A. Representative fluorescent images (left) from control and KO iPSC and quantitative RT

gPCR analysis (right) of the pluripotency markers NAN@€en) and OCB/4 (red) expression,

confirming the pluripotency of both cell line®RAQS5 (blue) was used fomuclear staining B.

Quantitative RPPCR analysis @NTNAP2xpression in control and KO iPSCs, showing significantly

decreased CNTNAP2 mRNA&xpression (n=2 biological replicates/genotype ane} Zechnical
replicates/genotype.C. Western blot analysis that shows CNTNAP2 expression in doBtol

organoids, and absence in D30 KO organoids. Each lane corresponds to one biological rBplicate.

CGHarray karyotype analysis of control and KO iPSCs that confirms the normal karyotype of both cell
lines.For(A)Oneg | @ ! bh+! gAGK SuoaysgSAiyiONR (L anT KEPrn dy T YhY |

LIrndocdmm F2N) NBfFGADBS b!'bhD Ywb! SELINBEG®R DY | YR /[ 2V
relative OCT3/4 mRNA expressi@){ ( dzZREYIIDE | yI ft @aia [/ 2 ynidNeM pYn dwdomnmMTd b 1 ¢
***kn < 0.000land (C) { (0 dzR $t¢sh analysisy 2y G NBEY ndnntppndre&eT YhY nos

0.001

52



2. CNTNAPKOIleads todecreased cerebral organoid size, VZ disorganization
and accelerated cell cycie cerebral organoids enriched for dorsal brain
cells

Cerebralorganoids were derived from both control and CNTNAP2 knockout (KO) hiPSCs using
a modified protocol(detailed in the Materials and Methods sectio(Big. 22 A). These
organoids are enriched in dorsal forebrain cell types (mainly excitatory) but also contain a
small number of ventral brain cells (inhibitory) (Lancaster, 2(18}]. Confocal imaging of
immunofluorescencédabeled organoigectionsat day 30 revealed thprominentexpression

of key markers characteristic of early brain developm&ié detecteda substantial number

of cells positive for the neural progenitor markers ®RY 2 (SOX2) and PAMXécalized
within ventricular zone (VAke structures inorganod sections fromboth genotypes. In
contrast, more mature neurons expressinglubulin 1l (TUJ1) and MAP2 were observed
outside these Vdike structures (Fig22 C). Brighfield microscopy further demonstrated

that D30 KO organoids were noticeably smaller compared to their control counterftgrts
F8%)(Mann Whitneytest, P=0.024)Fig.22 B).
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Figure22 | A cerebral organoid modédtarboringCNTNAP?2 targeted deletioA. Schematic overview

of the cerebral organoid protocol development until day 30 of differentiatBrRepresentative bright

field images from control and KO organoidkeft) and rormalized projected surface area
measurements showing a decrease in size in KO organoids on dagt2p C Representative images

from control and KO organoids with SOX2 (greBdj1(red) and PAX6 (greeIAP2 (red) DRAQ5

(blue) was used fonuclear staining For(B) Mann Whitneytest, / 2 Y (G N2 XYY hwp mnddhqomrT 5 1 P A H &
z2p<0.05.

Given the difference in size at D30, we assespadliferation during early organoid
development by measuring cell cycle length througHatmeling with EdUto measure de

novo DNA synthesis during thepBase of thecell cycle)and the proliferative marker Ki67,
followed by confocal imaging. On day 30 (D30), CNTNAP2 knockout organoids exhibited a
higher EJU/KIi67 rati@F20%) indicating increased proliferative potential in neural progenitor
cells(NPCs) and shorter cell cycle durations (Z38). To furtler investigate size and surface
folding abnormalities, D30 organoids were sectioned, and the size and organizatiotile VZ
structures were examinedwith immunofluorescence and confocal imaginghe VZ
boundaries were delineated by SOp@sitive NPCs and MARBDsitive neurons. KO
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organoids demonstrated a significantly increased VZ #F&&% and perimeter (F20%)
compared to control organoids. Additionally, tegtensivepresence of MARPositive cells
within the VZlike zonessuggested a disruption in cellular organization (R8A). Such
disorganization in ke structures could impair corticogenesis, consistent \iitkdings on
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other ASBrelated mutations modeled using brain organoids.

Figure23 | . Representative images from control and KO organoids with SOX2 (green) and MAP2

(red) immunostaining, demonstrating increased size and disorganisation of thiee\&fructures in KO

organoids. Yellow line delineates the VZ region and yellow arrows emphasize the presence of MAP2

positive neurons inside the VZ. Quantification of the area and perimeter of VZ and the occurrence of

organised versus disorganised VZ regions in control and KO organoids, based on SOX2 and MAP2

staining patterns (n=9 for control and n=8 for KO organoids, 4 separate organoid batches per
genotype){ (i dzR Stgstiafalysis (% DisorganisedVZ2 Y i NPt Y HpdPndpp ®wEMT YhY cn
0.01,VZArea/ 2y i NRBfY HANnonpp MEHMDS, YhPérimeterc s NRHIMO Tpny PHEOT ®
YhY ¢ c o op<g®F) P Représentative images from Edgreen) Ki67(red)and DRAQS5(blue)

immunostaining of D30 organoidBar graph showing increased EdU/Ki67 immunofluorescence signal

ratio in KO organoidsnE 7/group, 3 separate organoid batches per genotype, KO values are

normalized to the control mean). Quantification of cell cycle length was performed using the formula

Tc= Ts/(EJUKIi677). KO organoids showed shorter cell cycle length than control organoids.

{ ( dzR Stgsllafdysi® / 2y GNRE Y mMpn dIped0§YhyY mMoOMbdrndnp pT

Indeed, whenwe examined organoid surface folding usiBganning electron microscopy
(SEN), we observedhat D30 cerebral organoidsvhich had previously been coated with
gold/palladium exhibited an 82% increase in surface fold{gg. 24). The folding of the
surface of brain organoids reflects the emergence of structural complamdyis reminiscent
of human cortical folding, whickenabks complex neural connectivity anthcrea® the
surface of the braifl15].

54



vy

PC2 (11%)

Lo N &

A | CONTROL I KO | B s

D30
OMQO 10dINOD O

Folds Density (% Area)
o
(4]
1

0.0

Figure24 | A. Representative scanning electron microscopy images from control and KO organoids at
D30 B. Quantification of surface fold density showing increased surface folding hdeli@ed
organoids at D30 (n=7 for control, n=5 for KO D30, 2 separate organoids batches per genotype,
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3. Prointerneuroral transcriptional networks in CNTNAR®cerebral
organoids

To gain a better understandingf the potential mechanisms underlying the phenotypes
observed in CNTNAPRO organoids, bulk RNA sequencing was performed on mRNA
extracted from day 30 organoids (control and KO).
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Figure25| RNAseq data from cerebral organoids.lllustration of cerebral organoid poly(A) mRNA
isolation and RNAse@®. Principal Component Analysis (PCA) for RNAseq biological (n=3) replicates of
CNTNAP2 control (+/+) or K@-X organoids (1 organoid batch per genotype). Scatter plot visualising
the proportion of explained variance, with Principal Component 1 (PC1) accounting for the majority
(74%) of the variance. PC2 explains a smaller portion of the variance @1¥6Jjcano plot of D30
RNAseq experiment highlighting upregulated (orange) and downregulated (cyan) DEG in KO samples.
X-axis demonstrates the ledransformed fold change in abundance (KO/control) and thexi¥
indicates the negative leggansformedPadj (adjustedP) values associated with individual mMRNAs. A
cut-off of -log Padj>1.3, 1.5<log2 fold changds5was appliedD. Left: lllustration of preinterneuron

MRNAs upregulated (iorange) in CNTNAP2 KO RNAseq DEG, showing genes participating in VZ and
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CONTROL

KO

SVZ neurogenesis, cite commitment, and tangential migration (in greRRight:GO analysis of DEG
using GeneSCF vip2. Significantly enriched GO categories with adjuftedlue <0.05 (Fisher exact
test). DEG, differentially expressed genes; VZ, ventricular zone; SVZ, subventricular Zone

A total of 208 differentially expressed genes (DEGs) were identified, including 42
downregulated and 166 upregulated geng®gPadj>1.3, 1.5<logfold change<l.5). Gene
Ontology (GO) analysis revealed significant enrichment in pathways related to transcriptional
regulation, synaptic transmission, axon guidance, neuron fate specification, and neuron
differentiation (Fig. 25 D) Among the top DEGs, notable upregulation was observed in
transcription factors associated with cortical interneuron development, such as DLX family
genes (DLX1, DLX2), NKX2.1, and LHX6. These genes are implicateelilngénesis, cell

fate determination, and SVZ cell fate commitment and tangential migration.

4. Imbalance ofnhibitory and Excitatory Marker Expression in CNTNAP2 K
Organoids

Given the extensive transcriptional remodelling in CNTNAP2Iikiing preinterneuronal
transcriptional netwroks we hypothesized that deletion of CNTNAP2 may engender an
imbalance in Glutamatergic (excitatory) over GABAergic (inhibitory) cells in the developing
organoids at D30 To verify this, we performed immunofluorescence analysis and confocal
imaging of day 30 control and KO cerebral organaidd assessed GAD#A key inhibitory
neurotransmitter, and TBR1, a transcription factor in excitatory neurons.
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Figure 26 | A. Representative images of immunostaining TR 1(red) postmitotic Glutamatergic
neurons and GAD(green)mature GABAergic interneurons, depicting the increased GAD1 expression
in D30 KO cerebral organoids. Quantification of TBRXell fraction and GAD1 expression (% area
fraction) in D30 cerebral organoids. Total cells were estimated by counting BdRb (36 separate
organoid batches per genotype, n=3 organoids/batch)Mann Whitney test@analysisvas performed

for GAD1 expression (2 Yy i NB £ Y ;¥ cYd dopdodriprs 08 arfiMor TBR1 expression

(¢ 2YGNREY Mp Oy Pnem<@@5bc H O

Comparedwith control, KO organoids exhibitesignificantlyincreased GAD1 expression
(F380%increased in area fractignConversely, KOrganoidsdisplayed an decreasetumber
of TBRIpossitive celleompared withcontrol (F59%decrease in cell numbg(Fig.26).
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5. Increasechumberof positive cells iradditional interneuronal markers in
KOdorsalOrganoids

Given the apparent increase in GAD1 expression, a marker typically associated with
inhibitory interneurons, we further examined other markers known to be expressed in

interneurons.
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Figure 27 | Representative imagefrom D30 control and KO organoids with GABAergic neuron

progenitor markers NKX2.1 (green) and GSH2 (red) immunostaiQingntification NKX2and

GSH2cell fraction, in D30 cerebral organoids. Total cells were estimated by counting DRAHS.

Mann Whitneytest analysisg & LISNF2NY¥YSR F2NJ bY- ndm SELINBaarzy o
noTy hpzZp P00 and for GSH2 expression/ 2 Y G NBf Y cdnmy p ApE®ASH T YhY wmp dn

Both NKX2.1a transcription factor that marks the MGhich expression is essential for the
specification of interneuron subtypeandGSH2a homeobox gene marking the LGE, which
contributes to the development of striatal projection neurons and some interneuron
populations display increasedciumber of cellsexpressingthese markersin KO organoids
compared with controlby £79% and F158% respectively(Fig. 27). The increase in those
Y N] SNAQ SdHdimdeiscore Zaybroader dysregulation in the patterning and
specification of ventral progenitor domains.

6. CNTNAPKOdoes not significantly affeatentral organoid size

Building on the findingef transcriptomic analyseand IFof CNTNAPROcerebral organoids,

we reasonedthat disruptions in the molecular mechanisms underlying interneuron
development and the imbalance between excitatory and inhibitory neuronal populations are
key contributors to the observed phenotypes. The altered expression of ventral telencephalic
markers, such as NKX2.1 and GSH2, and the role of these regions in interneuron generation
highlight the need for a model that cafurther investigate interneuron development in
isolation. To address this, we developed venttalencephalic organoids following a
publishedprotocol, Gomes et al., 202[®5].
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Ventralorganoids were derived from both control and CNTNAP2 knockout h{PB@S A).
Organoid sectionsat day 30were immunofluorescetly-labeled and used forconfocal
imaging to investigate the expression of key markerspecific for early ventral brain
development.We detected prominent expression of the early neuron progenitor marker
SOX2 within \Vike zonesin both control and KO organoidéFig. 28 C) Bright-field
microscopywas employed t@asses®rganoid size as iRig. 22D30 KQrentral organoidshad

no significant differences in size (based on their projected area) compaitdcontrol
(Mann Whitneytest, P=06196) (Fig.28 B).
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Figure28 | A summary of the ventral organoid model that hosBNTNAP2argeted deletion A.
Schematic overview of the cerebral organoid protocol development until day 30 of differenti&@ion.
Representative bright field images from control and KO organoids (left) and normalized projected
surface area measurement in size in KO organoids on dayid@). Mann Whitney testanalysis

[ 2y (NPt MDYy yypndnT pa0.81IR6C Represediative Hnpged fnom tontjolland KO
organoids with SOX2 (greeMAP2 (red) immunostaining, demonstrating no difference at the size
and disorganisation of the Mike structures in KO organoids.
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7. Increasechumber of cellexpressing BR1 irtCNTNAPROventral
organoids

Our analysis revealed that theumber of cells thatexpress TBRIa transcription factor
predominantly expressed inexcitatory neurons in deep cortical layers, was significantly
increased in K@entral organoids compareavith controls(F o ponThis suggests a possible
shift toward excitatory neuron specification or altered maturation pathways in the absence
of CNTNAPEig.29).

In contrast, the expression of GAD1, a key enzyme involved in the synthesis of GABA and a
marker for inhibitory interneurons, showed no significant difference between KO and control
organoids. This finding indicates that whB& TNAPg@eletion appears to influence excitatory
neuron development, its effect on the generation or maturation of inhibitory interneurons
may be more subtle or dependent on additional fact(#g).29).
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Figure29 | A. Representative images of immunostainingT&R1 (red) and GAD1(green)mature

cells in D30 KO cerebral organoidis.Quantification of TBRXell fraction and GAD1 expression (%

area fraction) in D3Wentral organoids. Total cells were estimated by counting DA&tue) nuclei

Mann Whitney test analysis was performed for GAD1 expressio / 2 y (i NP f MBNPMHPNOT
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8. Increasechumber of GSH2cellsin CNTNAPROventralorganoids

We examined the expression of GSH2 and NKX2.1 in ventral telencephalic organoids. Our
results revealed that the@umber of GSH2cellswas significantly increased in CNTNA®2
ventral organoids comparevith controls(F n%j (Fig.30 A), suggesting an alteration in the
regional specification or progenitor dynamics of the ventral telencephalon. In contiast,
number of NKX2.1 showed no significant difference between KO and contrehtral
organoids (Fig. 30 B), indicating that MGE progenitor identity might remain largely
unaffecteddespite the observed changes in GSH2 expression.
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Figure30 | A. Representative images of immunostainingG$BH2 (red) cellsin D30control andKO

ventral organoidssectionscompared with the quantification ofGHS2 expressions D30 ventral

organoids. Total cells were estimated by counting DARIe)nuclei Mann Whitney testanalysisvas

performed for GSH2 expressian/ 2 y (i NP f ME 1 dmo drnpk 0.91) B. Representativa dmnanmy T
images of immunostaining &KX2.1 (red) cellsin D30control andKO organoidslides along with the

guantification of NKX2.1 cell fractipm D30 ventral organoids. Total cells were estimated by counting

DAPt (blue) nuclei Mann Whitney testanalysiswas performed for NKX2.4 / 2 y G NRf wmMpndncccHT

noy gy HpprO5EM0 H T

9. No significant changes in PIBKTORsignalingat D30 in dorsal or ventral
telencephalic CNTNAP2 KO organoids

Recentstudieshave highlighted the critical role of mT@Rnaling in ensuring the fidelity of
cortical development, with posttranscriptional regulatory mechanisms identified as key
contributors to this procesfl06]. For examplePTEN cerebral organoids exhibit increased
AKT signaling and disrupted cortical developmidrit6], while ntnap2’- adult mice show
enhanced AKT/mTOR activity, implicating this pathway in neurodevelopmental disorders
[113]

Thus we aimed to investigate whether similar alterations in AKT/mTOR signaling occur in
CNTNAPKOventral organoids. Using Western blotting, weasuredthe expression of key
phopshoproteins,effectors of this pathway, includingphosphcAKT (S473) and phospho
ribosomal protein S6 (rpS6, S240/24@nsistent with findings from cerebrdénriched in
dorsal brain cells)organoids at D30, no significant differences were detected in the
expression levels &K T/effectors between control and KO ventral organgiélig.40).
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Figure 40 | Left: lllustration of possible mechanism for AKT/mTQ@Rtivation downstream

of CNTNAPDss of functionRight:immunoblot analysis of AKT/mTOR signaling in &8@rol andKO

cerebral and ventrabrganoids. Quantification of phosphpS6 (S240/244) and phospAKT (S473)

for the indicated groupsn(= 11¢13/group, 4 separate organoid batches for D&thsidering cerebral

organoids,n = 3-5/group, 4 separate organoid batches for D3@nsidering ventral organoijlskO

valueswere normalized to the control meafor both cerebral and ventral organoid®Rkepresentative

immunoblots of cerebrahnd ventralorganoidsprobed with antisera against the indicated protem®

shown HSC7@vas used as thiwading control Regardingerebralorganoidssamples{ i dzR Stgsti Qa

was performed for the analysisNormalised Phosph86 expressian/ 2 y i N2 £ Y MB N PHHDP Y
M®H N cp A dH HandNormalisedbRhesphdKT expressiod 2 Y i N2t Y Mpandmpy YhY wmo
p=0.508. In relation toventral organoids samples, Man Whitney test was performed\formalised

PhospheS6 expession{ 2 Y i NRf MPanHypndndHTN D YW RMPHEIRESYEGHADTIT G
performed for Normalised Phosph&KT expression/ 2 y (i NP € Mdannypgn®d®mMmMmoHT Yh M
p=0.262).
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Discussion

This study aimed to investigate the role@NTNAPR early brain development usiriguman

brain organoid models derived from control at@NTNAPRnockouthiPSC lines. Through a
combination oftechniques, such asnmunofluorescence, confocal imaging, and Western
blot analyses, we examined critical markers of excitatory and inhibitory neurons as well as
key effectors of the PISK/AKT/mTOR signaling pathway. Our findings revealed notable
alterations in neuronal differentiation and molecular signaling, highlighting the impact of
CNTNAPZ®Zeletion on the balance between excitatory and inhibitory neuronal populations.
While significant changes were observed in markers such as TBR1 and GSH2, no differences
were detected in the expression of mTOR pathway effectors in both cerebral and ventral
organoids at day 30ogether withrecentresults published in Chalkiadaki et[al17]for D60

dorsal organoid, whereby AKT/mTOR is hyperactivated, our study at D30 raises the possibility
of mTORnNdependent mechanisms downstream of CNTNAP2 during early cortical
development. Tiese results contribute to our understanding of how CNTNAP2 influences
cortical development and its potential role in neurodevelopmemiaborders,howeverthey

are not sufficient to draw definitive conclusienThus,further investigationis required to

fully understand the implications of CNTNAP2 deletion on cortical development.

The XCL1 cell line used in this study is a well characterized and suitallffef@ntiation

tests for iIPSCs and for generating allelic match differentiated[¢4i8. Despiteits reliability,

this cell line presents certairlimitations, particularly in the context othis project. Firstly,
XCL1is a male human pluripotent stem cell lineffering no insight into female iPSCer
potential sexspecific differences that could influence the resuiecondlydrawing robust
conclusions would require testing more than one cell line to ensure the reproducibility and
generalizability of the finding&inallythere is a potential risk of otarget effects associated
with genome editing, meaning that some observed results may not solely reflect the
knockout of CNTNAP2ut could also arise from unintended alterations introduced during
the editing processMoreover, we did not detect significant CNTNAP2 protein or mRNA
expression (Figl) in this model, however we only tested one antibody and one set of
primers. Chalkiadaki et dlL17] have tested additional antibodies and primer pairs targeting
different parts of the protein or mRNA sequence respectively. In patients harboring
CNTNAP2nutations, mRNA but no protein is detected, thus our model only recapitulates
CNTNAP2 protein deficiency.

In addition, we did not examine if odlincFinger model is indeed a les§function model.
CNTNAP2 is a neuronal cell adhesion molecule involved in synapse formation, axonal
myelination, and neural network connectivity, playing a crucial role in brain development
and function. Loss of function mutations @NTNAPZhould disrupt neuronal migration,
synaptic transmission, and interneuron connectivity, leading to neurodevelopmental
disorders such as autism spectrum disorder (ASD), epilepsy, and language impaj83gnts
This should probably involve changes in juxtaparanodes, lipid anftspresynapsesareas

where CNTNAP2 is expressed and where it interacts with1TH®E9,120] We did not
elucidate this mechanism

In our dorsalforebrain model, we observed significantifferencesin KO and control,
includingchanges irorganoid sizeconcomitant withdisorganizatiorand alterations in the

size and perimeter of ventricular zosike structures Notably,the accelerated cell cycla

KO organoidsuggests an increased proliferation rate, which we hypothesize may lead to
cellular stress or lethality. This is further supported by the reduced expression of TBR1, a
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critical marker of deegayer cortical neurongFig 26). TBR1 plays a pivotal role in neuronal
differentiation and has been found to interact witbrkhead transcription factoFOXP2, a

gene strongly associated with language and speech developfh2hl FOXP2 directly binds

to regulatory regions of theCNTNAP2 locusepressing its expression, and is known to
regulate both excitatory and inhibitory neuron developm¢h®2]. Mutations in TBR1 linked

to sporadic autism spectrum disorder (ASD) disrupt this interaction, highlighting the interplay
between these genefl23,124] In our study, RNA sequencing revealed-ipterneuronal

gene expression, which, together with the reduced TRBditive cells in CNTNAP2 KO
organoids, may reflect disrupted FOXP2/CNTNAP2/fidRlated regulatory mechanisms.

In addition, PAX6 homozygous deletion in human iPSCs led to upregulation of GABAergic
interneuronrelated transcriptional programs (DLX1/2/5/6, GSX2, GAD1/2). Thus, CNTNAP2
loss of function may engender transcriptional dysregulation, which is critical for cortical
proliferation and differentiation and the maintenance of the glutamatergic/GABAergic
progenitor pool balancgl25].

In Chalkiadaki et alye further performed proteomic and spatial transcriptomic analysis

[117]. The results revealed that ablation of CNTNAP2 significantly alters the proteomic
landscape of CNTNAP2 KO compared with control samples. 377 unique peptides were
downregulated and 110 upregulated in KO organofdfd (changeand p-value) Given the

link between CNTNAP2 and ASD, the dataset was -mfessgnced with the Simons
Foundation Autism Research Initiative (SFARI) autism gene database, revealing 31
overlapping genes. Among the most upregulated targets in the KO proteomic analysis were
FOXG1, PAX6, Protein Kinase C Beta (PRKCB), and Solute Carrier Family 32 (GABA Vesicular
Transporter) Member 1 (SLC32A1).

To elucidate pathways affected by CNTNAP2 deletion in human cerebral organoids, Gene

Ontology (GO) analysis was conducted on genes encoding the differentially expressed

peptides. Analysis of the 110 upregulated genes demonstrated significant enrichment in

GSN¥a Faa20AFiSR 6AGK WySNW2dza aeaiusSy RS@St2L
Yy SdzN23ISySaraQ FyR WIaASYSNIGAZ2Y 2F ySdiNRPyaQod Ly
genes were predominantly linked to th@ / a>X Ay Of dzZRAy 3 W2NBIFyAT I GA 2"
YO 2 t fNotaofy/yfh@ dproteomic analysis of CNTNARD cerebral organoids revealed

disruptions in glutamatergic and GABAergic synaptic pathways, indicating a potential
imbalance between excitatory and inhibitory neurons.

Spatial transcriptomics analysis revealed significant alterations in mRNA expression between
PAXGNESTIN and PAXBNESTIN cells. PAX6 was selected as a marker for neural
progenitors, while NESTIN was used to ensure the capture of both cytoplasmic and nuclear
RNAs. These findings, combined with the proteomic analysis, supported the conclusion that
CNTNAP2 knockoinfluences protein expression, particularly proteins associated with the
excitatory/inhibitory neuronal balance.We observed a small overlap between
transcriptomicsproteomics GO categories. Indedtiere was a weak correlation between

the proteomic and transcriptomic datasets, suggestihgt posttranscriptional regulatory
mechanisms, such @sanslational contromay be involved

To further study interneuronal early developmemte employedsentral forebrainorganoids.

In this modelwe did not detect significant differences in organoid size on day(Big. 28)

One potential explanation for this lack of observed changes is the early developmental stage
in which the analysis was conducted. It is possible thédtat time poins, as the organoids
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mature, the anticipated differences in size and other developmental characteristics may
become more apparent. Further investigations at advanced stages of organoid maturation
could provide additional insights into the effects of CNTNAP2 loss on ventral forebrain
development.

In both dorsal and ventrahodek, no significant changes in AKT/mTOR signaling effectors
were observed, suggesting that the disruptions in CNTNKB®2rganoids may not be
mediated by alterations in this pathway, at least at the analyzed developmental stage (D30).
It is possible that mTOR pathway dysregulation manifests at later stages of organoid
development or through subtler mechanisms that are not detectable by the markers used in
this study. Alternatively, the observed phenotypic changes in CNTK@B@anoids may be
driven by other pathways or upstream regulatory mechanisms that indirectly influence
neuronal developmentAnother potential explanation for the lack of significant changes
could be the limited resolution of Western blot analysis, where expression changes in
specific sukpopulations of cells might be diluted in bulk samples. Future studies
incorporating longitudinal analyseexpanded exploration of related pathwagsd higher
resolution techniques, such as singlell RNA sequencing proteomics, could help uncover
such localized or subtle effecd provide additional insights

Overall, these findings underscore the utility of forebrain orgamoidsth dorsal and
ventralt as valuable tools for investigating the functional consequence€NTNAP20ss
and its implications in ASD pathogenesis.
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