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The cerebral cortex is the outer layer of the brain, responsible of higher cognitive
functions. It is populated by two main types of neurons: i — the excitatory projection neurons
which, during development, migrate radially through the cortex; and ii — the inhibitory
interneurons (cINs) that originate ventrally at the medial and the caudal ganglionic eminence
(MGE and CGE, respectively) and preoptic area and migrate tangentially to the developing cortex.
cINs migrate via nucleokinesis: a saltatory movement characterized by a nuclear jump. During
this process, they respond to extracellular diffusible cues released by surrounding cells, which
allows intercellular communication that will influence their trajectory and promote their survival.
Cortical interneurons also secrete signals that will influence neighboring cells, such as
intermediate progenitors (IPs), by promoting their proliferation (REF). The identity of these cues
has not yet been elucitated, and whether they are conserved between mice and human remains
unknown. The aim of my thesis is to characterize a novel human ventral forebrain organoid model
to study cINs migration, and to set a protocol to study the diffusible cues that modulate their
migration. Here, | characterized them by immunolabaling to identify ventral progenitors (NKX2.1,
SOX2), immature interneurons (TUJ1), MGE mature cINs (SST28, GAD67), and oligodendrocyte
precursor cells (OPCs) (SOX10). In addition | performed RT-gPCRs at different time points of the
protocol to track the maturation of cINs. Results revealed that gene expression is stable between
cell lines, including some genes of interest such as NKX2.1, DLX5, DCX and GAD67, further
confirming the ventral forebrain identity. The second part of my thesis focuses on developing a
protocol to collect the secretome of migrating cINs derived from human ventral organoids. The
secretome refers to the complete set of proteins actively secreted by a cell into the extracellular
space. To achieve this goal, GFP+ cINs were isolated from other progenitor populations by FACS
after infection of the organoids with a DLX5/6-GFP lentivirus. Once sorted and putin culture, cells
undergo two starvation periods before medium collection. The collected samples were sent to
the mass spectrometry platform at the University of Liege for analysis. This platform will provide
a list of proteins specifically secreted by interneurons. Identified candidates will subsequently be
screen bibliographically and analyse by bioinformatic approaches to assess their potential roles
in the crosstalk occurring between IPs and cINs. The protocol is how established, and we expect

to identify proteins associated with cell proliferation or migration.
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Le cortex cérébral est la couche externe du cerveau, responsable des fonctions
cognitives supérieures. Il est principalement composé de deux types de neurones : i — les
neurones de projection excitateurs qui, pendant leur développement, migrent radialement a
travers le cortex ; etii — les interneurones inhibiteurs (cINs) qui prennent naissance ventralement
dans l'éminence ganglionnaire médiale (MGE) et a la zone préoptique et migrent de maniere
tangentielle vers le cortex en développement. Les cINs migrent via la nucléocinése : un
mouvement saltatoire caractérisé par un saut nucléaire. Au cours de ce processus, les cINs
répondent aux signaux diffusibles extracellulaires libérés par les cellules environnantes, ce qui
permet une communication intercellulaire qui influencera leur trajectoire et favorisera leur
survie. Ces interneurones sécretent également des signaux qui influenceront les cellules
voisines, comme les progéniteurs intermédiaires (IPs), en favorisant leur prolifération (REF).
L'identité de ces signaux reste inconnue. Le premier objectif de mon mémoire est de caractériser
un modele d’organoide ventral humain pour étudier la migration des cINs. Ils ont été caractérisés
par immunofluorescence permettant d'identifier la présence de progéniteurs ventraux (NKX2.1,
SOX2), d'interneurones immatures (TUJ1), de cINS matures de MGE (SST28, GAD67), et d'OPC
(SOX10), ainsi que par RT-gPCR a 60 et 90 jours de croissance pour suivre leur maturation. Les
résultats ont révélé que l'expression des genes est stable entre les lignées cellulaires et que des
genes d'intérét tels que NKX2.1, DLX5, DCX et GAD67 sont exprimés, confirmant l'identité
ventrale des organoides. La seconde partie de ma theése porte sur le développement d'un
protocole pour collecter le sécrétome des cINs dérivés des organoides ventraux. Le sécrétome
désigne l'ensemble complet des protéines sécrétées par une cellule. Pour y parvenir, les cINs
GFP+ sont isolés des cellules progénitrices par FACS apres infection des organoides avec un
lentivirus DLX5/6-GFP. Une fois triées et mises en culture, les cellules subissent deux périodes
de « starving » avant que le milieu ne soit collecté. Les échantillons collectés seront analysés par
la plateforme de spectrométrie de masse de l'Université de Liege afin de fournir une liste des
protéines spécifiquement sécrétées par les interneurones qui influence la prolifération des IPs.
Les candidats identifiés seront ensuite analysés bibliographiquement afin d'évaluer leurs roles

potentiels dans la prolifération ou la migration.
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5HT3R = 5-hydroxytryptamine (serotonin) receptor MGE = medial ganglionic eminence

3 MLC = myosin light chain

ANOVA = Analysis of variance MLCK = myosin light chain kinase

APC = Adenomatous Polyposis Coli MOI = multiplicity of infection

BCA = bicinchoninic acid mRNA = messenger ribonucleic acid
BDNF = brain derived neurotrophic factor MS = mass spectrometry

BMP = bone morphogenetic protein mTeSR = modified Tenneille’s Serum

BSA = bovine serum albumin Replacement

CCP = cytosolic carboxypeptidase MZ = marginal zone

cIN = cortical interneuron NSC = neuroepithelial stem cell

CGE = caudal ganglionic eminence NDM-A = neural differentiation medium without
CRCR = C-X-C Motif Chemokine Receptor vitamin A

CRISPR Cas9 = Clustered Regularly Interspaced Ncadh = N-Cadherin

Short Palindromic Repeats—CRISPR-associated NIM = neural induction medium

Protein 9 NKX2.1 = NK2 homeobox 1

CXCL = C-X-C Motif Chemokine Ligand NSC = neural stem cell

DAPI = 4’,6-diamidino-2-phenylindole NT = neurotrophin

DCX =doublecortin OCT (compound) = optimal cutting temperature
dNTP = deoxynucleotide triphosphate compound

DLX = distal-less homeobox OCT4 = Octamer-binding transcription factor 4 (si
DMEM/F12 = Dulbecco’s Modified Eagle Medium/  vous utilisez OKSM séparément)

Nutrient Mixture F-12 OKSM = Oct4, Sox2, c-Myc, Klf4

DMS = deep migratory stream OPC = oligodendrocyte precursor cell
dPBS = Dulbecco’s phosphate-buffered saline oRG = outer radial glial cell

ECL = enhanced chemiluminescence oSVZ = outer subventricular zone

EphA4 = Ephrin Type-A Receptor 4 PBS = phosphate-buffered saline

FACS = fluorescence-activated cell sorting PDL = poly-D-lysine

FGF / bFGF = fibroblast growth factor PFA = paraformaldehyde

FUI = Fiji Is Just Image) PMT = photomultipler tubes

GABA = gamma-aminobutyric acid PN = projection neuron

GAD = glutamate decarboxylase POA = preoptic area

GFP = green fluorescent protein PTCH1 = patched1

GLI = Glioma-Associated Oncogene Homolog PV = parvalbumin

GW = gestational week PVDF =polyvinylidene fluoride

H = hour gPCR = quantitative polymerase chain reaction
HBSS = Hanks’ Balanced Salt Solution RA =retinoic acid

hdCO =guman dorsal cerebral organoid RGC =radial glial cell

hESC = human embryonic stem cells Rl =ROCK inhibitor

HGF = Hepatocyte Growth Factor RhoA = Ras Homolog Family Member A
hvCO = human ventral cerebral organoid Robo1 = Roundabout Guidance Receptor 1
IF = immunofluorescence RT =room temperature

IN =interneurons SHH = Sonic Hedgehog

IP = intermediate progenitors SMO = Smoothened

iPSC = induced pluripotent stem cell SMS = superficial migratory stream

IZ = intermediate zone SOX = SRY-Box Transcription Factor

KO = knockout SST = somatostatin

KO serum = knockout serum SVZ = subventricular zone

LC = liquid chromatography T=Tween

LGE = lateral ganglionic eminence TF = transcription factor

LIS1 = Lissencephaly 1 TGF-B = transforming growth factor beta
LOF = loss of function TTLL = Tubulin Tyrosine Ligase-Like
MEM-NEAA = minimum essential medium non- TUJ1 = Neuron-Specific Class Il B-Tubulin
essential amino acids VZ =ventricular zone

Min = minute(s) WNT = Wingless/Integrated Signaling Pathway
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Figure 1 : Development of brain vesicles during mouse embryogenesis. Following neurulation, the rostral neural tube expands to
form the three primary brain vesicles (left): the prosencephalon (forebrain), mesencephalon (midbrain), and rhombencephalon
(hindbrain). These structures subsequently develop into five secondary brain vesicles. By OpenStax College.

Projection Neurons

LEdls /*
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Figure 2 : Origin of cellular diversity in the mammalian cortex Schematic representation of the corticogenesis process in mouse
from E10.5 to E18.5. In the ventricular zone (VZ), neuroepithelial cells (NECs) self-amplify and then transition to radial glial cells (RG,
light blue) that asymmetrically divide to maintain the progenitor pool, while also producing projection neurons (PNs) directly or
indirectly through intermediate progenitors (IPs, light purple) located in the subventricular zone (SVZ). Newborn PNs migrate radially
to first form the subplate (SP) and then the sequential layers of the cortical plate (CP) in an inside-out fashion (layers labeled I-VI).
Interneurons (purple) originate from ventral progenitor pools including caudal and medial ganglionic eminences (CGE and MGE) and
the preoptic area (POA). They first migrate tangentially to access the cortex and then migrate radially to reach their final positions
(route indicated with dashed lines). cortical plate, CP: subplate, SP; subventricular zone, SVZ; ventricular zone, VZ; projection
neurons, PN; corticothalamic PN (CThPN, red), subcerebral PN (SCPN, yellow), stellate cells (gray), and callosal PN (CPN , blue)
adapted from Di Bella et al.”
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1.1. BRAIN DEVELOPMENT

1.1.1. THE ORIGIN OF THE NERVOUS SYSTEM

The formation of the nervous system begins during the second week of embryonic life in human,
and at embryonic day 7.5 (E7.5) in mouse embryonic development®2. Three primary germ layers
are formed: the endoderm, the mesoderm, and the ectoderm. The latter folds along the midline

to form the neural tube, the primordial structure of the central nervous system’.

The neural tube subsequently differentiates along the anteroposterior axis into three primary
brain vesicles: the prosencephalon (forebrain), mesencephalon (midbrain), and
rhombencephalon (hindbrain) which further subdivide into five secondary brain vesicles (Figure
1)". The rhombencephalon gives rise to the metencephalon, future pons and cerebellum, and the
myelencephalon, future caudal brainstem. The prosencephalon differentiates into the

diencephalon, which develops into structures such as the thalamus and the telencephalon’.

Subsequent patterning of the telencephalon along the dorsoventral axis leads to the formation of
the pallium and subpallium. Dorsally, the pallium develops into the future cerebral cortex while
ventrally, the subpallium gives rise to transient proliferative structures: the medial ganglionic
eminence (MGE), the lateral ganglionic eminence (LGE), and the caudal ganglionic eminence
(CGE) and, at the telencephalon-diencephalon boundary, the preoptic area (POA)**. This
dorsoventral patterning is driven by opposing morphogenetic gradients, notably Sonic Hedgehog
(SHH) signaling ventrally and bone morphogenic protein (BMP)/Wingless-type (Wnt) signaling

dorsally, which will be further introduced in section 1.1.3.%.

1.1.2. CEREBAL CORTICOGENESIS

Corticogenesis is the process by which neural progenitors generate mature neurons that will form
the future cortex, occurring from E10.5 to E18.5 in mice (as illustrated in Figure 2). In the
ventricular zone (VZ), neuroepithelial stem cells (NSC, details on progenitors categories can be
found in table 1) initially undergo symmetric divisions, promoting self-renewal and expansion of

the progenitor pool'®©,

At the onset of neurogenesis, NSCs transition into radial glial cell (RGCs) shifting from symmetric
to asymmetric division. Each division produces one self-renewing daughter and one neuroblast

committed towards basal progenitors or neuronal differentiation®. RGCs are transient cell types



Lisa Sauté

Master 2 SBIM

2025-2025

Table 1: summary of progenitor cells, their location, division mode and the type of cell they become.

Progenitor cells

Main location

Division mode

Cellular fate

Neuroepithelial cells vz Symmetric Apical radial glia
(NECs) proliferative
Radial glia cells VZ Initially symmetric, Neuroblasts, IPs, RGCs,
(RGC) later asymmetric Astrocytes, Oligodendrocytes
Outer radial glia oSVZ Self-renewing Neuroblasts, IPs
cells (0RG) asymmetric divisions
Intermediate SvVzZ Mostly symmetric Neuroblasts
progenitor (IPs) neurogenic
Neuroblasts SVZ-~>CP Usually post-mitotic Immature neurons
Immature excitatory 1Z/CP Post-mitotic Mature pyramidal neurons
neurons
MGE/CGE Ganglionic Symmetric and Interneuron precursors
progenitors eminences (+PoA) asymmetric
Interneuron Ganglionic Mainly post-mitotic cINs
precursors eminence - cortex migration

—\
NG vzl
] /11
7
3
CP
|
CP VI
sl [Imsel e
1z sed
1Z 1z
SVZ
SVZ WM
VZ ¥ VZ SVZ
VZ VZ
E10.5 ENS E125 El4.5 E16.5 Adult'

Figure 3 : Chronological apparition of the different layers during the mice neocortex development. Schematic representation of
the different layers appearing in the neocortex (Ncx) from embryonic day 10.5 to adult life in mice. At embryonic day (E) 10.5, the
neuroepithelium is composed primarily of ventricular zone (VZ) progenitors. The preplate (PP) forms at E11.5 and subsequently splits
into the marginal zone (MZ) and subplate (SP) following the arrival of cortical plate (CP) neurons. As corticogenesis proceeds, the
subventricular zone (SVZ), intermediate zone (IZ), and cortical plate become progressively established. Deep-layer neurons (layer VI
followed by layer V) are generated first, whereas upper-layer neurons (layers IlI/lll and IV) are produced later, resulting in the
characteristic inside-out pattern of cortical development. The schem on the leftillustrates the embryonic telencephalon, highlighting

the neocortex (Ncx), lateral ganglionic eminence (LGE), and medial ganglionic eminence (MGE). 37
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whose soma remain in the VZ while extending long fibers to the pia guiding the migration of newly

born projection neurons (PNs)’ 8.

RGCs can divide asymmetrically directly into PNs or indirectly through the formation of
intermediate progenitors (IPs). In the indirect pathway, RGCs first produce IPs, which
subsequently undergo additional rounds of division before differentiating into PNs, thereby
amplifying neuronal output®®. As corticogenesis progresses, progenitors sequentially generate
distinct PN subtypes characterized by specific transcriptional programs, cortical layer identities,

connectivity patterns, and functional properties (as described in section 1.2.1.) 7.

Following cell cycle exit, neuroblasts migrate from the VZ through the subventricular zone (SVZ)
to form the intermediate zone (1Z), under the marginal zone (MZ). Cells within the IZ are post-
mitotic and represent immature neuronal precursors. Later in embryonic development, they
migrate along radial glial fibers toward the inner surface of the MZ where they accumulate to form
a densely packed cellular layer known as the cortical plate (CP), a transient structure that will

later give rise to the mature cerebral cortex®'°,

Cortical neurogenesis follows a precise chronological organization that leads to the formation of
distinct cortical layers through a process known as “inside-out layering” (as illustrated in Figure
3). Early-born neurons settle in the deep cortical layers (layers VI and V), whereas later-born
neurons migrate past these earlier populations to establish the superficial layers (layers lI-IV)"".
The radial migration of PN is regulated by Reelin, an extracellular matrix glycoprotein secreted by
Cajal-Retzius cells located in the MZ'>3, In the absence of this protein, PNs cannot reach their ad
hoc final position 7', At later stages (E17.5 in mice), radial glia cells transition to a gliogenic
phase, during which they generate various types of astrocyte precursors and finally transform into

astrocytes as well as oligodendrocytes .

The mature cortex is organized into six layers. Each layer is characterized by the presence of
specific neuronal subtypes with distinct connectivity and functional roles. Layer | corresponds to
the molecular layer mostly filled with axons, layers Il and IV are respectively the extern and inner
granular layers, layers Il and V are respectively extern and inner pyramidal layers, and layer VI
contains polymorphous cells. The establishment of these layers and their associated neuronal

subtypes is essential for the functional organization of the cerebral cortex (Figure 3) '°.
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Figure 4: Schematic of neural tube formation and
cerebralregional identity. (A) Regional definition of
the neural plate with rostrocaudal axes and its
contact with the SHH-releasing notochord. (B)
Formation of the neural tube and its contact with the
SHH-releasing Dorsoventral and
rostrocaudal axes are defined with corresponding
critical morphogenetic gradients: BMP;
ventral SHH; rostral noggin; caudal WNT). (C)
Development of the embryonic brain and divisions

notochord.

dorsal
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Figure 5 : Morphogenic signalling pathways involved in telencephalon patterning. The telencephalic vesicles are regionalized into
the dorsally located cerebral cortex, the intermediate LGE and the most ventrally located MGE, each of which expresses a distinct
combination of transcription factors. BMP signals and the repressor form of GLI3 inhibit specification of the LGE and the MGE: these
repressors are counteracted by NOG/CHRD and SHH, respectively. Nodal signals also act upstream of SHH. RA controls LGE
specification, whereas FGF antagonizes the action of RA and induces mge characteristics. DLX2, distal-less homeobox 2; EMXT1,
empty spiracles homologue 1 (Drosophila); GSH2, genomic screened homeobox 2; MEIS2, myeloid ecotropic viral integration site 1

homologue 2.
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Figure 6 : Canonical BMP signaling. Schematic
representation of the BMP signaling pathway. BMPs
bind to the BMP receptors type | and I, and then
BMP receptor phosphorylates and activates itself.
Activated receptor phosphorylates R-Smads, which
associate with Smad4 and enter the nucleus, where
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inhibited by extracellular

they
signaling can be
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processes.
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1.1.3. PATTERNING OF THE BRAIN

The dorsoventral patterning of the neural tube relies on opposing gradients of ventralizing and
dorsalizing signals. Several pathways are involved in this patterning, principally SHH, BMP and
Whnt pathways. They activate downstream factors that enable cells to acquire their final identity

and position®.

SHH is the principal ventralizing morphogen, initially secreted by the notochord and later by the
floor plate (Figure 4A), forming a ventral to dorsal gradient. SHH acts by binding to its receptors
Patched (PTCH1) and Smoothened (Smo). Normally, PTCH1 binds to and represses Smo, keeping
the pathway inactive and preventing the activation of the glioma-associated oncogene homolog
(GLI). When SHH binds to PTCH1, Smo is released, GLI becomes activated and translocates to
the nucleus to activate gene expression®. This induces ventral neural identities in a concentration
dependent manner (Figure 4B). The concentration gradient is translated into graded GLI
activation: high SHH levels promote GLI activator forms, inducing the expression ventral

transcription factors (TFs) such as NKX2.1, which specifies MGE identity '*'® (Figure 5).

In contrast, BMPs, members of the transforming growth factor-p (TGF-8) family, are secreted from
the neuroectoderm and promote dorsal neural identities'. BMP binds to type | and type Il
receptors, triggering phosphorylation of SMAD1/5/8 (Sma- and Mad-related proteins).
Phosphorylated SMAD1/5/8 associates with SMAD4, and the resulting complex enters the
nucleus to promote dorsal patterning by decreasing ventral gene expression (e.g. SHH). BMP
activity is antagonized by secreted inhibitors such as Noggin, expressed in the notochord (Figure
4B and 6) "®'°, SHH and BMP pathways are therefore acting as opposing signals: SHH represses

dorsalidentities ventrally while BMP inhibits ventral fates dorsally.

Furthermore, WNT reinforces dorsal identity. In the absence of WNT, the $-catenin is linked to a
complex made of adenomatous polyposis coli (APC), Axis Inhibition Protein (AXIN) and glycogen
synthase kinase 3 beta (GSK3b) leading to its degradation. When WNT is present, it binds to
Frizzled receptors and low-density lipoprotein receptor-related protein (LRP) 5/6 co-receptors.
The destruction complex is inhibited, allowing B-catenin to accumulate, translocate to the
nucleus, and activate genes associated with dorsal cortical identity such as empty spiracles

homeobox 2 (EMX2) (Figure 7) 2%2",
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Figure 7 : The canonical Wnt pathway for target gene expression. Left. When a WNT ligand is absent, B-catenin is

phosphorylated by the Gsk3B complex and is targeted for degradation and there is no gene expression. Right. When a Wnt ligand

binds Frizzled, Dsh is activated and inhibits the axin-Gsk3B complex phosphorylating B-catenin enabling it to translocate to the

nucleus and can activate TCF which can activate gene expression. Abbreviations: APC: adenomatous polyposis coli, Dsh:
Dishevelled; GSK3: glycogen synthase kinase 3 3; TCF: T-cell factor. *
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Comparison of human and mouse cortical
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PAX6/Pax6 and/or TBR2/Tbr2. Mouse corticogenesis occurs over a
much shorter period of time than human corticogenesis. MZ,
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1.1.4. COMPARISION BETWEEN MOUSE AND HUMAN CORTICOGENESIS
Brain development in human and mouse undergoes the same major developmental steps (e.g.
proliferation, neurogenesis, migration, ...), yet significant differences have been identified in

terms of timing, cellular organization and complexity 22

The human brain is large and gyrencephalic with an expansion of the neocortex. It includes
approximately 16.3 billion cortical neurons. On the other hand, the mouse brainis lissencephalic
and contains 14 million cortical neurons 2%. Regarding morphogenesis, corticogenesis is
prolonged in humans, spanning a long period, from gestational week (GW) 8 to GW26, as

compared to mice where this process occurs between E10.5 to E18.5%,

One significant difference between species concerns progenitor populations in the cortex. In
both humans and mice, NECs in the VZ transition into RGC, which generate neurons directly or
through IPs in the SVZ. However, humans develops two subventricular proliferative layers : the
inner SVZ (iSVZ) and the outer SVZ (0SVZ)?*. Outer radial glia cells (0RGs), located in the 0SVZ, are
found in humans and constitute about half of all progenitors present in the oSVZ but account for
only a minute fraction of the SVZ progenitors (Figure 8) 2*. Similarly, truncated radial glia,
progenitors lacking apical processes, are present in gyrencephalic species absent in mice. This
expansion of basal progenitor types and numbers amplifies neuronal output contributingto PN

diversification’.

Regarding the cINs, in mice they originate from the MGE, CGE and POA and migrate tangentially
to reach the developing cortex. In human, while most cINs also originate from these transient
proliferative regions, several studies suggest that a between 4 and 9% are also produced dorsally
within the progenitor layers of the cortex during the second half of the corticogenesis (between
GW20 to GW24)*-%6, Although the main cIN subtypes are broadly conserved between species,
there are key differences in the developmental timing and subtype ratios. The relative number of
cINs to PNs is higher in human compared to mice, with a 20:80 ratio in mice compared to a 30:70
ratio in humans?. Furthermore, in the mouse cortex, parvalbumin cINs (PVs) constitute the
dominant mature population (40%) derived from MGE with somatostatin cINs (SST) that
represent a smaller fraction (30%)%. In humans the proportion of PV and SST is not clearly define
but varying between layers in comparison with mice?”*°. Human cortical development also differs
from rodents, as corticogenesis is protracted in time and leads to an expanded and structurally
more complex cortex. This prolonged developmental window and increased spatial scale impose

additional constraints on human cIN migration, requiring interneurons to navigate longer
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Figure 9: Major subtypes of projection neuron in the neocortex. There are three
basic classes of cortical projection neuron: associative, commissural and
corticofugal. A. Commissural projection neurons Neurons that extend axonal
projections within the cortex to the opposite hemisphere via the corpus callosum
or the anterior commissure. B-C. Corticofugal projection neurons Neurons that
extend axonal projections ‘away’ from the cortex. These include subcerebral
projection neurons and corticothalamic neurons.®
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distances within a dynamically changing environment and to coordinate their migration with
extended periods of cortical maturation®®3'. Moreover, although cell types are homologous
across species, their genetic profiles differ? and recent transcriptomic studies have revealed
human-specific gene expression programs in developing cINs. However, how whether this

translates into differences in migratory behaviors between species remains largely unknown332,

1.2. NEURONS

The cerebral cortex is primarily composed of two major neuronal populations. The excitatory PNs
originate from the dorsal telencephalon and migrate radially to reach the CP. The cINs originate
from the MGE, CGE and POA and migrate tangentially toward the developing cortex before
reaching their final positions through radial dispersion®. Defects in neuronal migration can lead
to neurological disorders as it can result in improper positioning, altered neuronal connectivity or
reduced synapse formation. Such defects have been associated with intellectual disability,
autism spectrum disorders, and schizophrenia among others®*. Moreover, maintaining the
excitation-inhibition balance is critical for cortical circuits, disruptions of this balance may lead

to disorders such as epilepsy®.

1.2.1. PROJECTION NEURONS

PNs are glutamatergic excitatory neurons and account for approximately 70% of cortical neurons
in mice®*. They migrate radially to reach the CP with deep layer neurons (V-VI) followed by
superficial layer neurons (lI-IV), following the inside-out pattern (see also in 1.1.2. Neurogenesis).
They are classified according to their connectivity into three main categories: callosal PNs,

corticothalamic PNs, and subcerebral PNs (Figure 9)%.

Beyond this projection-based classification, PNs display a high degree of heterogeneity and can
be further subdivided according to their molecular identity, morphological features, and
electrophysiological properties. Single-cell transcriptomic and multimodal profiling approaches
have revealed numerous molecularly distinct PN subclasses defined by the expression of specific
marker genes, including layer-specific and projection-specific populations**2, In addition,
morphological characteristics such as dendritic architecture, axonal branching patterns, and
soma location, together with intrinsic electrophysiological properties including firing patterns,

adaptation, and membrane properties, allow the identification of finer neuronal subclasses®.

Callosal PNs are pyramidal neurons. They are mainly located in layers II/Ill, V, and VI, that extend
axons through the corpus callosum to connect the two cerebral hemispheres without projecting

outside the telencephalon®.
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Figure 11 : Interneuron diversity in the neocortex. A. Cortical interneurons can be classified into three main
classes: PV, SST and 5HT3R. Each can be subdivided into different subtypes. B. The different types preferentially
target specific compartments of the target cell.

16



Lisa Sauté Master 2 SBIM 2025-2025

Corticothalamic PNs, mainly located in layer VI, project from the cortex to various thalamic
nuclei. Subcerebral PNs, pyramidal neurons located primarily in layer V, project to subcortical

targets such as the brainstem and spinal cord “.

The specification of PNs is regulated by TFs, including EMX2%4, PAX6%, LHX2%¢, and FOXG1%'. Loss
of any of these TFs leads to severe developmental cortical malformation or missing brain
structures®®",

1.2.2. CORTICAL INTERNEURONS

The cINs are gamma-aminobutyric acid-ergic (GABAergic) inhibitory interneurons accounting for
approximately 30% of cortical neurons in mice*. They originate from the ventral telencephalon,
particularly from the MGE (~50-60%), CGE (30%) with a smaller contribution from the POA
(~10%)%*. They reach the developing cortex through long-distance tangential migration. In
contrast, the LGE primarily gives rise to striatal GABAergic neurons and does not contribute to the

cIN pool® (Figure 10).

In the mouse neocortex, three major cardinal classes of cINs have been described: the
parvalbumin-expressing, somatostatin-expressing, and 5HT3 receptor—expressing (5HT3R) cINs.
Each class contains several subtypes and targets distinct subcellular compartments of PNs%:52
(Figure 11A). Each subclass of cINs comprises more refined subtypes of interneurons with unique
morphological, electrophysiological and transcriptional (met) properties *2. The identity of cINs is
largely determined by their spatial origin within the ventral telencephalon. While MGE-derived

cINs predominantly acquire PV and SST identity, CGE produces 5HT3R clINs %2,

Using a multimodal approach combining single-cell transcriptomics, electrophysiological
recordings, and morphological reconstructions, Gouwens et al. further classified cortical
GABAergic interneurons into 28 met-types. These met-types integrate molecular identity with
neuronal morphology and intrinsic electrical properties, providing a more comprehensive
description of interneuron diversity. PV met-types mainly include fast-spiking basket and
chandelier cells that preferentially inhibit the perisomatic region of PNs, whereas SST met-types,
including Martinotti cells, primarily target dendritic compartments and regulate dendritic
integration. HTR3A-related met-types, including Vip-expressing interneurons, contribute to the
modulation of cortical circuits through local inhibition and disinhibitory mechanisms. This
multimodal classification highlights the functional diversity of cINs and emphasizes that their
identity cannot be defined solely by transcriptomic signatures but also relies on their

morphological and electrophysiological properties®®.
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PV cINs account for approximately 40% of cINs and include chandelier cells and basket cells,
targeting the axon initial segment or the soma of pyramidal neurons. SST cINs represent about
30% of CINS and include Martinotti cells, which mainly target distal dendrites, non-Martinotti
cells and long projecting cells. The remaining 5HT3R CINS (~30%) are multipolar cells located

mainly in the superficial cortical layers®-? (Figure 10-11B).

Researchers are still debating whether cIN subtype identity is determined intrinsically or shaped
by environmental cues. Three complementary models have been proposed to explain interneuron
diversification. In the highly predetermined model, subtype identity is largely encoded by intrinsic
molecular programs established in progenitor cells, with limited influence from external cues. In
contrast, the environmental refinement model suggests that progenitors acquire an early bias
toward specific fates, but that extrinsic signals encountered during migration and maturation,
such as cortical activity and local cellular interactions, further refine their final identity®*. Indeed,
progenitors from different interneuron classes display molecular differences at cell-cycle exit,
while changes in the extracellular environment can alter subtype proportions®®. Finally, the
contraction model proposes that interneuron diversity is generated through the production of
transient populations, followed by selective stabilization or elimination of specific cell types

during development, a mechanism particularly proposed for long-range interneurons®.

1.2.3. INTERNEURON MIGRATION

As said earlier, when cINs start their migration, they exit their progenitor zones and initiate
tangential migration toward cerebral cortex®®. During this process, cINs migrate tangentially from
the ganglionic eminences to the developing neocortex through defined routes, including the
superficial and deep migratory streams (SMS and DMS). They subsequently enter cortical
compartments such as the MZ, I1Z, and VZ, where they continue their migration before reaching
their final positions®®’. Once they reach their final destinations, cINs switch to radial migration

in order to settle within the appropriate cortical layer®®.

cIN migration proceeds through saltatory migration, characterized by alternating phases of
movement and pause. The migration cycle begins with cINs extending their leading process and
branching to evaluate the surrounding environment. Then, the leading process retracts, a somal

swelling then forms, into which the Golgi apparatus and centrosome relocate from the
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Figure 12 : Schematic representation of
nucleokinesis in MGE cells. After the resting
phase of the nucleus (white), the centrioles
(yellow) and Golgi apparatus (red) migrate
forward, and the leading neurite elongates.
Then, myosin Il accumulates at the rear of the
cell body (green) and pushes the nucleus
toward the centrosome/Golgi apparatus
through actomyosin contraction.
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Figure 4 : Molecular regulation of cortical interneuron migration. Top left corner: Representation of an E13.5 mouse embryo.
Dash line illustrates the coronal plane through the telencephalon. Schematic representation of a coronal hemi-section (left)
highlighting the chemorepulsive (red) and chemoattractive (green) molecules guiding MGE-derived INs migrating towards the
developing cortical plate. The cortical plate hosts both chemoattractive and chemorepulsive cues and is represented in yellow.
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saltatory motion of the cell. The trailing process then retracts and the cIN pauses, allowing the
cycle to restart %° (Figure 12). Belion et al. showed that myosin Il accumulates at the rear of the
soma in migrating cINs. Inhibition of myosin blocks the long distance translocation of the nucleus
confirming that the contraction of the actomyosin system is necessary to push the nucleus
forward during the migration cycle®®. The contraction of actomyosin is regulated by extracellular
signals important to generate force for the cell movement. Post-translational modifications
(PTMs) of actors in the contraction, such as the myosin light chain kinase (MLCK), play also an
important role in the regulation of the contraction and therefore of the migration as their absence

is associated with neuronal migration defects ©°.

1.2.4. MOLECULAR REGULATION OF INTERNEURON MIGRATION
CIN migration is guided by a combination of chemoattractive and chemorepulsive signals (Figure
13). These signals are either diffusible molecules secreted by surrounding cells or membrane-

bound cues that require contact®-°,

Within the subpallium, repulsive signals direct cINs away from ventral regions, preventing them
from remaining in their progenitor zones. Different cues act at different timings of tangential
migration. Firstly, to exit the GE, the diffusible cues Slit homologs 1 and 2 (Slit1 and 2) are
expressed by the VZ and SVZ and repulse cINs by the intermediary of Slit receptor roundabout
homolog 1 (Robo1), directing their initial tangential migration away from the ganglionic
eminence®'. Ephrin molecules are also expressed in the VZ and promote the repulsion of cINs
expressing the EphA4 receptor®'. Other factors such as hepatocyte growth factor (HGF), brain
derived neurotrophic factor (BDNF) and as well as neurotrophins (NT) also promote the cIN
migration ®'. Molecules such as Semaphorin 3A and 3F expressed in the striatal mantle as well as

Ephrin A3, express by striatal cells, prevent cINs to pass through the striatum 2.

Upon approaching the neocortex, chemoattractives molecules from the developing cortex create
a permissive corridor for migrating cINs by providing attractive signals, including neuregulin-1
(Nrg1)%%, GABA®, and C-X-C motif chemokine ligand 12 (CXCL12)%, promoting entry into the
cortical environment. Nrg1 is a protein that contains an epidermal growth factor-like domain.
There are two isoforms expressed by the telencephalon, a membrane-bound express along the
route follows cINs toward the cortex one and a secreted one produced in the pallium. Their
combined activity act as a short- and long-range attractants, respectively via the activation of the

neuregulin receptor Erbb4 expressed by cINs®. CXCL12 is a chemokine secreted by the IPs that
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attract cINs towards the cortex by linking to C-X-C motif chemokine receptor 4 (CXCR4). While
entering the cortex, cINs also release diffusible cues that regulate the proliferation of IPs and

therefore the excitatory/inhibitory balance®’.

When migrating towards the cerebral cortex, cINs can integrate either one of the migratory
stream, the SMS going through the MZ or the DMS going by SVZ %, A third migratory stream
passing by the subplate appears un mice between E15 and E165'. Whether cIN stream allocation
is governed by extrinsic cues or intrinsic regulation remains largely unknown. It seem that cINs
migrate through a stream based on the diffusible cues they receive but also that they respond
differently depending on their differential gene expression profile, such as expression of guidance
receptors®’. Studies have shown that EphB2/EphrinA5 signaling maintains the two streams
distinct, with EphrinA5 confining EphB2-expressing CINS to the DMS. Once in the appropriate
cortical layer, cINs must stop migrating, a process likely achieved by extrinsic stop signals

secreted by cortical cells, whose identity remains unknown®.

In addition to these extrinsic cues, cIN migration is regulated by intrinsic molecular mechanisms
controlling cytoskeletal dynamics and nucleokinesis®'. These mechanisms involve signaling
molecules, TFs, neurotransmitters receptor and factors controlling the cytoskeletal remodeling.
Distal-less homeobox (DLX) 1 and 2 are TFs necessary for the exit of cINs from the MGE, as their
loss results in the accumulation of cINs”®”'. Rho-GTPases, such as Ras homolog family member
A (RHOA), regulate cytoskeletal dynamics during migration’>’3, while others, including
Lissencephaly 1 (LIS1)’* and Doublecortin (DCX)”® are also essential for proper cINs migration. In
addition, cIN migration is modulated by the neuronal excitability through the activation of ligand-
gated ion channels, including GABA and glutamate receptors. Indeed, polarization of receptors
by their respective neurotransmitters stimulate cINs motility’®””. The balance between intrinsic

and extrinsic signals ensures proper directionality and efficiency of cINs migration.

1.2.5. SYNAPTOGENESIS AND CIRCUIT FORMATION

Upon reaching their final positions, cINs extend axons and dendrites and establish connections
with their synaptic partners (i.e. other cINs, PNs )**787° Axonal growth is guided by a specialized
structure called the growth cone, which detects extracellular matrix components® as well as

secreted or membrane-bound guidance signals from target cells®2",

The growth cone contains actin filaments within its peripheral domain, allowing rapid
cytoskeletal remodeling®2. Axonal growth direction is controlled by attractive signals (e.g. netrins)

and repulsive cues (e.g. Semaphorin 3A), which respectively promote actin polymerization or
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Figure 54: Predicted 3D structure of CCP1. Protein structure
retrieved from UniProtKB (accession Q4U2V3), visualized
using AlphaFold. Color coding represents positional
confidence scores from high (blue) to low (orange/red).
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depolymerization®=° Through these mechanisms, cINs identify their appropriate targets and
establish functional synaptic connections®. Microtubules also contribute to axon guidance by
dynamically extending into the peripheral domain of the growth cone, where their stabilization
following attractive cues promotes directional axon extension, while repulsive signals caninduce

microtubule destabilization and growth cone collapse®.

During early postnatal development, a significant proportion (around 30%) of cINs are eliminated
through programmed cell death, ensuring that only appropriately integrated neurons remain
within cortical circuits®-%8, Synaptogenesis and circuit maturation continue during the juvenile

period, refining the connectivity between cINs and PNg®-%,

Mutations affecting these regulatory mechanisms can lead to neurodevelopmental disorders
such as anxiety, depression or autism®-*2, A concreate example is defect in CCP1 protein, which

is a protein that influence cytoskeletal dynamics and neuronal migration®.

1.3. CCP1

Alongside the different factors involved in cIN migration, microtubule dynamics is an important
one in the neuronal development®. As explained in 1.2.3., neuronal microtubules are regulated
by several PTMs, including tubulin polyglutamylation. Polyglutamylation levels are balanced by
the opposing activities of glutamylases and deglutamylases®. Tubulin polyglutamylation is
dynamically regulated by opposing activities of TTLL glutamylases and cytosolic
carboxypeptidases (CCPs). Six CCP subtypes exist (CCP1-6), all expressed in neurons but with
distinct expression profiles and roles®. TTLL enzymes control glutamate chain addition, with
TTLL4 acting mainly as an initiase on B-tubulin, TTLL7 functioning as both an initiase and
elongase, while TTLL5 initiates glutamylation on a-tubulin and TTLL1/6/11/13 mediate chain
elongation®®. Conversely, CCP enzymes regulate glutamate chain length: CCP1/2/3/4/6
shorten polyglutamate chains on both a- and p-tubulin, whereas CCP5 specifically removes the
branch-point glutamate. In addition, several CCPs can generate irreversible a-tubulin C-terminal
truncations (A2- and A3-tubulin) following prior detyrosination by vasohibin (VASH)/small

vasohibin binding protein (SVBP) complexes®®%%.

CCP1 (Figure 14) is the principal deglutamylase in cINs, responsible for both removing genetically
encoded C-terminal glutamate residues from tubulin and shortening post-translationally added
polyglutamate side chains. This protein is particularly observed in the growth cone and around

the nucleus but also detectable in the leading process of migrating cINs .
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Figure 15 : Effect of CCP1in MLCK activity. (Top) CCP1 deglutamylates the C-terminal polyglutamate tail of MLCK, enabling proper
MLC phosphorylation and actomyosin-driven nucleokinesis, which underlies the characteristic pausing behaviour of saltatory
migration. In the absence of CCP1, MLCK becomes hyperglutamylated and its kinase activity is impaired, reducing MLC
phosphorylation and nucleokinesis amplitude, resulting in a more continuous migratory pattern with reduced pausing. (Bottom left)
Coronal brain sections comparing CCP1 wild-type and conditional knockout (cKO) mice, showing increased cortical invasion by
interneurons in the cKO condition. (Bottom right) Schematic of cortical layers (CP, SVZ, VZ) illustrating that the premature cortical
accumulation of interneurons in CCP1 cKO animals is associated with increased proliferation of intermediate progenitors in the
SVz4,
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CCP1 plays an important role in neuronal migration and cytoskeletal dynamics®. More
specifically, CCP1 regulates the activity of MLCK by processing its C-terminal polyglutamate
tail®®. The polyglutamylation level of MLCK influences its kinase activity and therefore the
phosphorylation level of myosin light chain (MLC). Under physiological glutamylation level, MLCK
progressively phosphorylates MLC causing tension to build within the cell. Once phosphorylation
reaches a certain threshold, a contraction of the actomyosin behind the nucleus is triggered
resulting in the nucleokinesis event of the migration cycle. The activity balance between CCP1
and the opposing TTLL (TTL1) glutamylase controls actomyosin contractile force, regulating
nucleokinesis pauses and the characteristic saltatory mode of neuronal migration 5% (Figure

15).

In case of Ccp17 invalidation, MLCK becomes hyperglutamylated. Consequently, MLCK is no
longer able to properly phosphorylate MLC, impairing its function. This leads to consequences of
short- and long-term modifications. Indeed, it leads to shorter pauses and reduced nucleokinesis
amplitudes, shifting cINs from a saltatory motion to a more continuous one. Despite a similar
average migration speed, the of migration cINs becomes more coordinated, causing them to
reach the cortex earlier and in greater numbers the lateral cortex.®® This alteration of migration
dynamics results in a higher number of cINs in the cortex at a given timepoint, even though the
final number of cINs at the end of the development remains the same. The premature arrival of
cINs promotes increased proliferation of IPs through yet unknown external diffusible cues,
thereby impacting the production of cortical PNs dedicated to the upper layers®. This impact the
balance between excitation/inhibition of PN and cINs. Consequently, defects in CCP1 function
contributes toimbalances in cortical neuronal composition, a pathological mechanism that may

underlie some neurodevelopmental disorders such as autism®°.

Loss-of-function (LOF) variants of CCP1 have been identified in human patients with different
severities of neurodevelopmental phenotypes (Figure 16) '°'. Among these, p.Q856* is a
homozygous nonsense mutation found in a 16-months-old female presenting a profound motor
delay (abnormal eye movements, loss of head control), cognitive delay (no speech), hypotonia,
tetraparesis, muscle loss, respiratory insufficiency and axonal motor neuropathy. The brain MRI
shows a massive cerebellar atrophy and a dysplastic corpus callosum. Denervation and marked
neurogenic reorganization are observed by electromyography. In this mutation, the expression of
functional CCP1 is absent. This led to an excess in polyglutamylated tubulin, generated by the
continuous activity of polyglutamylases, that appeared to accumulate in a diagnostic skeletal
muscle biopsy specimen obtained from one of the patients. Consistent with this idea, CCP1 LOF

has been associated with infantile-onset neurodegeneration’.
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1.4. ORGANOIDS

Different models are currently used to study brain development and cIN migration. To begin with,
mouse fetal brain tissue has provided fundamental insights but as discussed in section 1.1.4,
species-specific differences in progenitor populations, cIN proportions, and developmental
timing limit the direct translation of findings to human biology. Two-dimensional iPSC-derived
cultures offer a human genetic background but fail to recapitulate the three-dimensional
architecture and regional organization of the developing brain'®. 3D-cerebral organoids have

therefore emerged as a compelling alternative®

. Their high cellular diversity and three-
dimensional spatial architecture recapitulate physiological processes more faithfully than two-
dimensional culture '°, and cortical neurons derived from organoids display greater
transcriptomic maturation compared to those from monolayer systems 4%, Furthermore,
cortical organoids allow direct study of human biology and recapitulate human developmental
features absent in rodent models, such as outer radial glial cells °%'%7, Also, they allow the use of
patient-specific cell lines allows disease associated mutations to be studied in a human genetic
background . To correct or induce mutation of interest, isogenic controls can be used, and any
observed differences can be attributed specifically to the mutation of interest rather than cell
lines specific genetic variability. Nevertheless, organoids have limitations as they lack

vascularization and immune system interactions, and do not fully recapitulate all cell types

present in the developing brain®.

3D organoids can be generated from ESC or iPCSs. iPSCs are adult somatic cells, such as
fibroblast, that are genetically reprogrammed to revert to a pluripotent state similar to that of
embryonic stem cells™®. In this state, they can differentiate into virtually any cell type from the
three germ layers through the action of specific transcription factors that maintain pluripotency
and prevent differentiation. In 2006, Yamanaka et al. identified four essential factors required to
reprogram differentiated somatic cells into pluripotent cells: OCT4, KLF4, SOX2, and C-MYC,
collectively referred to as the Yamanaka or OKSM factors''®""", Additional factors such as Lin28,
Nanog, and Oct3 are frequently included to enhance reprogramming efficiency'?. These
transcription factors reactivate the gene regulatory networks (e.g. promotion of CHD1
expression, repression of p53) associated with pluripotency while progressively erasing the cells’
original somatic identity ""'"3, During this process, cells exhibit decreased expression of somatic

genes, metabolic reprogramming, increased proliferation, and inhibition of apoptosis and
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senescence, resulting in an unlimited self-renewal capacity in culture. Pluripotency becomes
stabilized once the expression of Sox2, Oct4, and Nanog is maintained independently of
exogenous OKSM expression. iPSCs can then be differentiated into various cell types using

cocktails of TFs aggregated to form 3D-organoids.

To generate brain organoids, numerous methods exist using guided or unguided patterning
108114115 Unguided protocols are based on the tendency of embryoid bodies to spontaneously
adopt a neuroectodermal fate through intrinsic factors, in the absence of exogenous growth
factors (GFs). In this case, organoids can contain a mix of different brain region identities such as
forebrain, midbrain, hippocampus, and retina''®. Notably, in the absence of further pattering
cues, neuroectodermal cells still tend to acquire a dorsal forebrain identity, generating cortical
neurons that self-organize into rosettes''”'"®, Guided protocols rely on the addition of
morphogens at specific time points, recapitulating the signaling pathways active during
physiological development'"*. This approach enable the generation of organoids with a defined

regional identity such as ventral telencephalon™”°,

In guided protocols, the Dual SMAD inhibition protocol was a major advancement in the
generation of cerebral organoids. It simultaneously inhibits the BMP and the TGF-B pathway''4'2°
promoting neuroectodermal differentiation while suppressing mesodermal and endodermal cell
fates. This protocol relies on two inhibitors (SB and DM) that efficiently drive the differentiation of
iPSCs into a large population of neural progenitor cells'". The neuroectodermal identity can be
further differentiated into specifically the forebrain. During this process, SHH is crucial for the
ventral forebrain patterning while BMP and WNT that are important for dorsal forebrain identity
"4 Therefore, to produce organoids with a more ventral identity, thereby producing INs,
additional morphogens (IWP2 and SAG) are introduced to increase activity in the SHH signaling
pathway while reducing WNT pathway activity'?'. As a result, iPSCs can be directed toward a

neuroectodermal fate with high efficiency'®.

Furthermore, organoids with different regional identity can be fused to investigate their
interaction™?. It has been shown that human ventral forebrain organoids recapitulate the MGE
and human cortical organoids recapitulate the cerebral cortex'??. Therefore, they can be fused to
generate a model that mimic the tangential migration of interneurons toward the cortex, which is

a key developmental process in the human brain'?*'?4, Indeed, Bagley et al. showed that cerebral
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Figure 17 : Investigation of CCP1 mutation in human ventralized organoids (hvCO) model.
(A) CCP1 RNA level in 1-month old hvCOs. Statistical comparison performed by ANOVA. ns =
non significant. * = p<0.05. (B) Western blot of CCP1 and actin protein levels in 1-month
ventral hvCOs. n=8-12 hvCOs per condition.
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organoid fusion cultures can model complex interactions between different brain regions by
imitating the dorso-ventral axe of the embryonic developing brain '?°. Altogether, ventral forebrain
cerebral organoids constitute a highly relevant model for studying human brain development,

particularly the generation and migration of interneurons™%®'2¢,

1.5. PRELIMINARY DATA

iPSC coming from three patients carrying loss of function mutation on CCP1 gene ( Family A, B
and D ") alongside with 3 control cell lines being used in the host laboratory. Patient coming from
family A, renamed CCP1 #1; harbors compound heterozygous mutations: a nonsense mutation
(p.Y912*) introducing a premature stop codon and a splice site variant (c.2336-1G>T) affecting a
canonical splice site and leading to the use of an alternative cryptic splice site, thereby altering
the mRNA sequence and disrupting the open reading frame. Both mutations result in CCP1 LOF.
Cell line CCP1 #2 (Family B), corresponding to the patient cell line described in section 1.3,
carries a homozygous nonsense mutation (p.Q856*) resulting in CCP1 LOF. Finally, CCP1 #3
(Family D) carries two missense mutations (p.T851M and p.H990L) predicted to have a functional
impact™' (mutation positions are shown in Figure 16 in section 1.3). The control cell lines include
H9 (WiCell, WAQ9), an embryonic stem cell (ESC) line, and GM38 (Coriell, GM23394) and GM40
(Coriell, GM23346), which are iPSC lines. They are respectively called control #1, control #2 and
control #3. Human dorsal cerebral organoids (hdCO) and human ventral cerebral organoids
(hvCOs) generated from these cell lines were first characterized to validate their regional identity
(not shown) and CCP1 expression. They were subsequently fused to generate assembloids,
enabling the study of cIN migratory behavior and its impact on the progenitor populations of the

dorsal compartment.

The gRT-PCR analysis revealed that the CCP1-mutated hvCOs exhibited lower CCP1 mRNA
expression levels compared to the control hvCO (Figure 17A). Consistently, WB analysis showed
that CCP1 protein was detected in all three controls, whereas no CCP1 expression was observed
in hvCO CCP1 #1 and #2. A reduced but detectable level of CCP1 protein was observed in hvCOs
from CCP1 #3 consistent with the missense nature of the mutations which are predicted to
destabilize the protein structure, rendering it susceptible to proteasomal degradation (Figure
17B). Despite its partial detection, this residual protein has been shown to be catalytically
inactive'’. Together, these results confirm the loss of CCP1 expression both at the mRNA and

protein levels in the mutant hvCOs, validating the model to study CCP1 LOF in a human context.
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Figure 18 : Advancement of cIN migration front and increased intermediate progenitor proliferation in assembloids. (A) Schematic
representation of an assembloid displaying cIN migration from human ventralized cortical organoid (hvCO) toward human dorsalized organoids
(hdCO). (B) Representative confocal images showing GFP+ cIN invasion into the dorsal part of 60 days old assembloid in control #2 and CCP1
#2 conditions. (C) Violin plot of the dorsal invasion by quantification of migrated GFP+ cells in the dorsal part of the assembloid. Statistical
comparison by ANOVA. ns = non significant. * = p<0.05. (D) Representative confocal images of progenitor population proliferation in 60 days old
control and CCP1 mutant assembloids stained for Ki67 (yellow), DAPI (blue), SOX2, PAX6, HOPX1 and TBR2 (purple). Scale bar for the
assembloids 500 um, scale bar for the rosettes 20 pm. (E-F) Violin plots showing the percentage of Ki67 positive cells in the corresponding
progenitor population within rosettes. Statistical comparison by t-test. ns: non-significant; *** p<0.001. (G) Schematic representation of the
cortex and rosette organization. Grey = general neural progenitor population; blue, apical progenitors; purple, outer radial glia; orange,
intermediate progenitors; green, cortical interneurons. Details on the number of differentiations, organoids, and rosettes analyzed are provided
in Annex 1.
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These cell lines were subsequently used to generate assembloids through the fusion of 1-month-
old hvCOs and 1-month-old hdCOs (Figure 18A). A significant increase in the density green
fluorescent protein (GFP)+ cINs within the dorsal region was observed in 2-month-old CCP1-
mutated assembloids compared to control assembloids, indicating enhanced invasion from the
ventral to the dorsal regions (Figure 18B-C). This result recapitulates the temporal advancement
of cIN corticalinvasion previously described in CCP1 cKO mouse models'™, where a larger cohort
of cINs reaches the cortex at a given developmental stage, increasing their contact with dorsal

progenitor populations and influencing specifically IP proliferation.

To assess progenitor proliferation within the human assembloids, analyses were focused on
rosettes present within hdCOs. Rosettes are self-organized structures composed of neural
progenitor cells radially arranged around a central apical lumen, sharing structural and cellular
features with the ventricular zone of the developing cortex'® (Figure 18G). Proliferation within
each progenitor population was quantified as the proportion of Ki67+ cells relative to the total
marker+ population. Progenitor populations were identified using the following markers: SOX2 for
the general neural progenitor population, PAX6 for RGCs, HOPX1 for oRGs, and TBR2 for IPs
(Figure 18D). No significant differences in proliferation were observed between CCP1 mutated
and control assembloids, except for IPs, which showed a significant increase in Ki67-positive
cells inthe mutant condition (Figure 18E-F). This selective effect on IPs is consistent with findings
previously described in CCP1 cKO mouse model®. As shown, in mice, this suggests a preferential

communication between from the migrating cINs and IPs.

In mice, migrating cINs are known to communicate with IPs during migration through unknown
diffusible cues®. The selective increase in IP proliferation observed in our human model suggests
a similar mode of crosstalk in human, though this remains to be experimentally confirmed. These
findings prompted us to investigate of the secretome of migrating cINs as a mean to identify the
molecular nature of these signals. To ensure that any differences observed between conditions
could be specifically attributed to CCP1 LOF rather than inter-individual genetic variability,
isogenic control lines derived from the mutated cell line were generated and were characterized

and used during this master thesis.
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Migrating cINs are known to secrete diffusible signals capable of influencing surrounding
cortical progenitor populations in mouse and human, however the identity of these factors and
their potential role in regulating IP proliferation during human cortical development remain
unknown. CCP1, a deglutamylase enriched in cINs, has been shown to regulate cIN migration
dynamics and cortical invasion, with its loss leading to premature accumulation of cINs and
altered IP proliferation due to these unknown diffusible cues. The key question is therefore: which
proteins are secreted by migrating human INs derived from hvCOs, could these act as paracrine
signals influencing surrounding cortical progenitors, and could a CCP1 loss of function also be

reflected in the secretome?

This work had two major objectives. The first objective was the generation and
characterization of hvCOs from CCP1 patient variant and isogenic control cell lines, serving to
validate CCP1 loss of function and confirm the ventral identity of the organoids. The second
objective was to develop a working protocol for the collection of the interneuron secretome, as

a foundation for future proteomic analysis.
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Table 2 : Summary of cell lines.
CCP1 #2 Isogenic control
Age 5MO 5MO
Lineage hIPS hIPS
Sex female female
- f" X . ,‘
g Ny — > e
( ,'\,_.;} Day0 Day 8 Day 21
Human induced pluripotent
stem (hIPS) cells B
Human embryonic Stem  noural induction media  Neural differentiation
collmctiin Neural induction media b /

Figure 19 : Differentiation protocol. Schematic representation of the ventral forebrain organoid differentiation protocol,

illustrating the sequential stages of organoid generation, including neural induction, ventral patterning, and maturation over

time. Human induced pluripotent stem cells, hIPS.
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3.1. ORGANOIDS CONCEPTION

3.1.1. CELL LINES

Two cell lines were used during this master thesis (Table 2). CCP1 #2 is a patient-derived iPSC
line carrying a homozygous nonsense mutation in CCP1 (p.Q856%*). This mutation results in a
premature stop codon, leading to a truncation of the CCP1 protein within the peptidase domain
and a LOF "', The isogenic control CCP1 #2 was obtained by correction of the mutation of CCP1
#2 on both alleles by CRISPR-Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats
and CRISPR-associated protein 9) gene editing by Synthego. CCP1 #2 and the isogenic control
cell lines were made pluripotent by Bernard Coumans, technologist of the laboratory. Cells were
cultured on GelTrex (gibco, A40000468) coated 6 wells cell (Greiner, 657160) culture dish with
modified Tenneille’s Serum Replacement (mTeSR, maintenance medium for human PSCs
containing bFGF and TGFB) medium (StemCell, 100-287). Dishes were coated by adding 1 ml per
well of resuspended GelTrex into DMEM/F12 medium (Thermo, 12053569).

3.1.2. GENERATION

hVCO were generated using a protocol adapted from the Dual SMAD Inhibition Protocol (Figure
19). Day 0 corresponds to the generation of embryoid bodies. Upon reaching 70 to 80%
confluence, cells were washed twice with dulbecco’s phosphate buffered saline (dPBS)
(gibcco,14040133) before incubating in 600 pL of accutase (Merck-Sigma, SCRO005)
supplemented with 20 pM (1:1000) of Rock Inhibitor (RI) (BioConnect, S1049) per well for 3 min
(minutes) at 37°C. Cells were then mechanically detached by repeated pipetting with a P1000
pipette for no longer than 1 minute (min). Human embryonic stem cell (hESC) medium (Table 3)
was then added, and cell detachment was further completed using a 5 mL serological pipette.
The suspension was transferred into a 15 mL tube and further homogenized by pipetting
approximately 20 times. At this stage, cell concentration is determined using the Invitrogen™
Countess™ 3 Automated Cell Counter (10ul of cell suspension diluted 1:2 in dPBS into a Countess

slide).
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Table 3 : Composition of the different media.

DMEM/F-12,
GlutaMAX™
supplement

KnockOut™ Serum
Replacement

Neurobasal™
Medium

GlutaMAX™
Supplement

MEM Non-
Essential Amino
Acids Solution

Penicillin-
Streptomycin

Beta mercapto
ethanol
Heparin

N2

B27 -VitA

Insulin

Gibco™
31331028

Gibco™
10828028

ThermoFisher
21103049

ThermoFisher
35050-038

Gibco™
11140035

Gibco™
15140122
Sigma-Aldrich
M7154
Sigma-Aldrich
H3149

ThermoFisher
17502048

ThermoFisher
12587010

Sigma-Aldrich
19278

Master 2 SBIM

80%

20%

1%

1%

1%

TmM

97%

1%

1%

1%

1%

48%

48%

0.5%

1%

1%

0,5mM

0.5%

1%

2,5 ug/ml

2025-2025

48%

48%

0.5%

1%

1%

0.5%

1%
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Subsequently, the suspension was centrifuged for 4 min at 300 g at room temperature (RT) and
the cells were resuspended in hESC medium supplemented with 4 ng/ml of basic fibroblast
growth factor (bFGF) (ThermoFischer, 100-18B) and 20 uM of Rl. The cell concentration was
adjusted to reach a total of 9,000 cells per 150 pl. The suspension was then transferred into a U-
bottom ultra-low-attachment 96-well plate (174925, ThermoScientific). Finally, the plate was
centrifuged for 2 min at 200 g and RT ensuring the seeding of the cells before being placed in an

incubator at 37°C with 5% CO,,.

On day 1, cell aggregation at the bottom of each well was observed. The medium was then
replaced with hESC medium with the same concentration of Rl and bFGF but supplemented with
100 nM LDN193189 (Milteny Biotech, 130-103-925), 5 yM XAV939 (StemCell, 72-672) and 10uM
SB431542 (Sigma-Aldrich, S4317) to induce a neuroectodermal identity. As only 50 pL of the 150
pL total well volume was replaced, LDN193189, XAV939, and SB431542 were prepared at three

times the target concentration in the fresh medium, ensuring the correct final concentration.

On day 3 and day 6, the medium was replaced with hESC medium supplemented with
LDN193189, XAV939, and SB431542 at their target concentrations. From day 6 onwards, bFGF
was omitted, and the Rl concentration was reduced to half its initial value. On day 8, the medium
was changed to neural induction media (NIM, table 3) supplemented with 100 nM SAG (Sigma-
Aldrich, SML314) and 2.5 pM IWP2 (Sigma-Aldrich, 10536) to promote forebrain patterning. A
volume of 120 pL of the previous medium was removed and 150 pL of NIM was added. Until day

22, wells were refreshed 3 times per week by replacing 50 pL of medium.

On day 22, the NIM was replaced by neural differentiation media young (NDM-Ay, table 3), which
was further changed three times per week until reaching 30 days old. After 30 days of culture,
organoids were transferred into P60 dishes (Corning, 430196) containing 5 mL of NDM-A old
(NDM-Ao, table 3) medium and maintained on a shaker at 75 rpm to ensure adequate
oxygenation. A maximum of 24 organoids were pooled per dish to prevent fusion. Twice a week, 1

mL of medium was removed and replaced with 1.5 mL of fresh medium.

3.1.3. ORGANOID PERIMETER AND AREA QUANTIFICATION

Organoid growth was quantified by measuring organoid area using the software Fiji Is Just Image
J (FII) (Imagel) distribution, version 1.8.0_322). The spatial scale was defined with a known

distance of 1000 um corresponding to 557 pixels.

The polygon selection tool was used to manually trace the contour of each organoid. Normality

was assessed on growth curves using the Shapiro-Wilk test. Normally distributed data were

41



Lisa Sauté Master 2 SBIM 2025-2025

42



Lisa Sauté Master 2 SBIM 2025-2025

analyzed using t-test followed by multiple comparisons testing (comparison of each column
mean with every other column mean). Analyzes were monitored and computed using GraphPad

Prism (version 8.0.2.263).

3.2. CARACTERISATION OF mRNA

3.2.1. mRNA EXTRACTION

The Zymmo quick RNA miniprep (Zymo Research, R1054) was used to extract the messenger
ribonucleic acid (mRNA) of 4 to 12 organoids per trials. Briefly, organoids were mechanically
dissociated in 600 uL of lysis buffer at room temperature (RT) until a homogenous, water like
consistency was achieved. If the lysate was too viscous, additional lysis buffer (50 pL increments)
was added until the desired consistency was reached. The lysate was then transferred to a Spin-
Away Filter in a collection tube and centrifuged at 12,000 g for 30 seconds (sec) to remove most
genomic DNA. The flow-through was homogenized with an equal volume of absolute ethanol and
transferred to a Zymo-Spin [IICG column in a collection tube, followed by centrifugation at 12,000
g for 30 sec. This step is repeated until the entire mix has been filtered. The flow-through was
discarded, and the column underwent in-column DNase | treatment. Columns were washed with
400 pL RNA Wash Buffer and centrifuged at 12,000 g for 30 sec, discarding the flow-through. Each
sample was then incubated at RT for 15 min with 80 pL of DNase | Reaction Mix (5 yL DNase I, 1
U/uL, and 75 pL DNA Digestion Buffer). Following DNase treatment, 400 uL RNA Prep Buffer was
applied to the column and centrifuged at 12,000 g for 30 sec. Columns were subsequently
washed twice with 700 yL and 400 yL of RNA Wash Buffer, each followed by centrifugation at
12,000 g for 30 sec. Columns were then transferred to RNase-free tubes, and RNA was eluted
with 35 pL of DNase/RNase-free water directly onto the column matrix, followed by centrifugation
at 12,000 g for 1 min. RNA concentration and purity were assessed using a NanoDrop

spectrophotometer. Purified RNA samples were stored at —80°C until further use.

3.2.2. RETROTRANSCRIPTION

Complementary deoxy-nucleic acid (cDNA) synthesis was performed using the RevertAid H
Minus First Strand cDNA Synthesis Kit (Thermo Scientific - K1632). Preparation steps were
performed on ice to preserve RNA integrity. For each reaction, 500 ng of total RNA were diluted in
nuclease-free water to afinalvolume of 16 pL. Subsequently, 2 yL of random primers were added,

and samples were incubated for 5 min. A reaction mix was then prepared containing RevertAid
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H Minus reverse transcriptase (100 U/ul), 5x reaction buffer, deoxyribonucleotide triphosphate
(dNTP = 10mM) mix, and RiboLock RNase inhibitor (20 U/pl), according to the manufacturer’s
instructions. The reaction mix was then added to each sample. Reverse transcription was carried
out using a Biometra T3000 Thermocycler. The thermal program consisted of an initial incubation
at 25°C for 5 min, followed by 45°C for 60 min to allow cDNA synthesis, and a final inactivation

step at 70°C for 5 min. Synthesized cDNA was stored at —20°C until use.

3.2.3. qPCR

qPCR was performed using the GoTaq gPCR kit (Promega - A6102). The cDNA was diluted in
sterile DNA/RNAse free water to a final concentration of 3.125 ng/pL. For each reaction, 5 pl of 2x
qPCR Master Mix, 0.25 uL of forward primer (250 nM), 0.25 pL of reverse primer (250 nM), 0.5 pL
of nuclease-free water and 4 pl of diluted cDNA (12.5ng) were combined. Primers were used at a
stock concentration of 10 uM. Two housekeeping genes (YWHAZ and HPRT) and four target genes
of ventral forebrain identity (DCX, DLX5, NKX2.1, and GAD67) plus CCP1 were analyzed

(Sequences in the annex 2).

Reactions were loaded in a 384-wells plate (Bioke, 4ti-0380 plus 4ti-0560, Combi pack), and
centrifuged (1 min at 1,000 g) ensuring that the mix and samples were collected at the bottom of
each well. Amplification was performed using the LightCycler 480 Real-Time PCR System
(Roche). The thermal cycling protocol consisted of 45 amplification cycles, including a

denaturation step at 95°C and an annealing/extension step at 60°C for 30 seconds.

To perform the statistical analyses, Absolute Quantification/Fit were retrieved. Relative gene
expression was computed using the comparative Ct (AACt) method. ACt values were calculated
as follows: ACt = Ctigrget gene — Cltywraz- AACt were then calculated AACt = ACt — ACt; followed
by the Fold change = 2-AACt Statistical analyses were performed using GraphPad Prism (version
8.0.2.263). Outliers were identified with the ROUT method (Q=1%) and excluded from subsequent
analyses. Normality was assessed using the Shapiro-Wilk test. Normally distributed data were
analyzed using one-way ANOVA followed by multiple comparisons testing (comparison of each
column mean with every other column mean). Non-normally distributed data were analyzed by

Kruskal-Wallis test with multiple comparisons.
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3.3. CARACTERISATION OF PROTEINS

3.3.1. WESTERN BLOT

hvCOs were lysed in RIPA buffer supplemented with protease (Sigma, P8340) and phosphatase
inhibitors (Sigma, 4906845001). Cells were lysed mechanically with a tissue grinder and proteins
were allowed to solubilize on ice for 30 min and centrifuged for 10 min at 10,000 rotations per
min. Total protein concentration of the supernatant was determined using a bicinchoninic acid

(BCA) assay (ThermoFischer, 23223).

20 ug of protein samples were denatured by heating 5 min at 95°C, before loading them to 10%
SDS-PAGE gel. A molecular marker (#26619, ThermoFisher) was used in order to follow the
migration of the proteins of interest. The gel electrophoresis was performed at 120 mV for
approximately 1h30 in Running Buffer. Proteins were subsequently transferred onto a
polyvinylidene fluoride (PVDF) membrane (EmershamTM HybondTM P 0.45 PVDF #10600023,

Cytiva) previously activated with methanol at 300mA for 2 h in Transfer buffer.

Membranes were blocked in 5% milk bovin serum albumin (BDA) diluted in blocking solution
(TBS-T) for 1 h at 4°C to prevent non-specific binding. Membranes were then incubated overnight
at 4°C with primary antibodies targeting CCP1 (CCP1 rabbit # 14067-1-AP, Proteintech). After 3
times washing with TBS-T 10 min at RT, membranes were incubated with the secondary
antibodies (1:5000 in blocking solution) for 45 min at RT. Then, membranes were incubated for 2
hours (h) at RT with a-tubulin-HRP antibody (#9099, Cell Signaling) at a 1:5,000 dilution in blocking

solution.

Protein bands were revealed using an enhanced chemiluminescence (ECL) substrate (PierceTM
ECL Western Blotting Substrate #32106, Thermoscientific) and detected with Amersham

ImageQuantTM 800 western blot imaging system (Cytiva).

3.3.2. COLLECTION AND CRYOSECTION

Organoids were fixed in 4% paraformaldehyde (PFA) (15710 — Electro Microscopy Sciences) for
45 min at RT. Following fixation, organoids were incubated in a 30% sucrose (27478.365, VWR

Chemicals) solution in PBS at 4°C for a minimum of 3 days.

Samples were then transferred into Neg-50 Optimal Cutting Temperature compound (OCT) (NT-

50, 6506, Epredia) to remove residual sucrose. Organoids were positioned at the bottom of
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Table 4 : references, dilution and species of antibodies used for IF.

Name Reference Dilution Specie
Anti GAD67 Merck - MAB5406 1:500 Rabbit
Anti SOX2 BD Pharmigen - 561469 1:500 for slides Mouse

-

:300 for dishes

Anto SOX10 R&D System - AF2864 1:500 Goat
Anti NKX2.1 Abcam -Ab76013 1:500 Rabbit
Anti CCP1 Abcam - Ab244512 1:500 Rabbit
Anti SST28 Synaptic Systems - 366 1:500 for slide Chicken
006 1:300 for dishes
Anti PDGFRa R&D Systems — AF1062 1:300 Goat
Anti PAX6 Merck Millipore — AB2237 1:500 Rabbit
Anti caspase 3 Cell signaling - 9661 1:500 Rabbit
Anti TUJ1 (=beta lll BioTechne - MAB1195 1:500 Mouse
tubulin)
Anti LHX6 Santa Cruze —sc-271433 1:500 Mouse
Anti MAP2 Abcam - Ab5392 1:500 Chicken
Secondary antibodies Invitrogen — Alexa-Fluor 1:1000 Donkey
FIRST METHOD SECOND METHOD Figure 20 : comparison of first and second method used of the
N secretome analyses. On the left, first method-specific features
’-, £ are represented. On the right second methods-specific features
are represented. On the middle, shared features.
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plastic embedding molds filled with OCT compound, rapidly frozen in cold isopentane on dry ice,

and stored at -80°C until cryosectioning.

Cryosections were prepared using an Epredia Cryostar NX70 cryostat. Sections of 14 ym
thickness were cut at -19°C (chamber and blade temperature) and mounted onto SuperFrost
Plus adhesive slides (J1800AMNZ, Epredia). Slides were dried overnight at RT and stored at —20°C

until further use.

3.3.3. IMMUNOFLUORESCENCE

Slides were washed twice for 5minin PBS, followed by antigen retrieval using Dako target retrieval
solution (Agilent - S2367)1x solution (10x stock diluted in Milli-Q water) for 15 min at 90 °C. Slides
were then washed 3 times for 5 min in PBS and permeabilized for 1 h at RT in a humidified light
protected chamber using a buffer containing 1% Bovin Serum Albumin (BSA) (8076.3, Roth), 5%
donkey serum (017-000-121, Jackson ImmunoResearch), and 0.5% Triton X-100 (T8787, SIGMA)
in PBS. Primary antibodies were applied overnight at 4 °C in a humidified chamber in a buffer
composed of 3% BSA, 5% donkey serum, and 0.3% Triton X-100 in PBS. Antibody used were SOX2,
SOX10, NKX2.1, SST28, GAD67, PAX6, CCP1, and PDGFRa (table 4). Slides were washed 4 times
for 15 min with PBS-T (Tween 0,1% - P9416, SIGMA) and incubated with secondary antibodies for
2 h at RT at a dilution of 1:1000. Nuclear staining was performed with 4’,6-diamidino-2-
phenylindole (DAPI) (1:2000 - D9542, SIGMA) for 15 min at RT, followed by 2 washes of 5 min in
PBS. Slides were mounted using DAKO fluorescent mounting medium (Agilent Dako, S3023,
Agilent) and left to dry overnight at RT. IF images have been captured using the NIKON confocal

microscope using the 20X dry objective.

3.5. SECRETOME ANALYSIS

The objective of this section was the collection the secretome of migrating cINS from hvCOs, the
proteins secreted by human interneurons during their migration. To this end, the secretome was
to be collected following 6 and 10 h of starvation from two conditions: one enriched in migrating
cINs and one enriched in neuronal progenitors. The collected medium would then be sent to the
GIGA mass spectrometry platform for processing by Christopher Kune and Gabriel Mazzuchelli

using liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS).

During this master thesis, the sample collection protocol was developed; however, secretome
collection and mass spectrometry analysis were not reached. Two different protocols were

tested, as illustrated in Figure 20.
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. Figure 21 : Scheme of the coating. In a glass bottom dish,
N-Cadherin : ) .
subsequent layers of PDL, antibody anti constant fraction and

Wr Antibody =~ Ncadh. PDL = poly-d-lysin.

I ~~~ PDL

Table 5 : respective volumes of solution for each type of dish.

1 COMPARTMENT 4 COMPARTMENTS 8 COMPARTMENTS
Poly-D-lysin 600 pl 150 pl 300 pl
Anti-Fc 500 pl 120 pl 300 pl
Ncadh + fibronectin 500 pl 120 pl 300 pl
Starving 200 pl 250 pl
e

\

®
o/
.‘.

. . ““ 2: ) ) Enriched in interneurons
Explants ' |
P Replatingof =
explants -

Enriched in progenitors

Figure 22 : Pipeline of the first method of the secretome analysis. Explants are made from organoids by scalpel
dissection. They are then plated and replated after many days into a condition enriched in interneurons (top right) and a
condition enriched in progenitors (bottom right).
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3.5.1. DISH COATING

Different types of culture dishes were tested, including single-compartment (Greiner Bio-One,
627870), four-compartment (627870, Greiner) and eight-compartment formats (80826 - ibidi).

Volumes of coating solutions were adjusted accordingly for each type of dish (see Table 5).

Dishes were first incubated with poly-D-lysine (PDL) at 37°C for 2.5 h followed by 3 PBS washes.
PDL working solution (1x) was prepared from a 10x stock solution (SigmaAldrich, P7786) diluted
in PBS. The anti-mouse Fc antibody solution was then added, and dishes were incubated
overnight at 4°C. Mouse anti-Fc antibody solution was prepared by performing a 1:200 dilution (4
pg/100 pL, Sigma-Aldrich, M4280) in borate buffer. Dishes were then incubated for 3 h at 37°C
and washed 3 times with borate buffer. The borate buffer was prepared using 3,09¢g of boric acid
(BP161-1 - Fisher) and 0,5g of NaOH (Roth, 9356.1) in 500ml of miliQ water and the solution was
sterilized by autoclave. The N-Cadherin (Ncadh) solution was then added, and dishes were
incubated at 37°C for 3 h (Figure 21). Ncadh (Biotechne, 6626NC050) was reconstituted in PBS to
obtain a 10x stock solution. The working solution (1x) was prepared by diluting the stock solution
in borate buffer. Fibronectin (Sigma-Aldrich, F4759) was then added from a 100x stock solution
and diluted to its final working concentration (1x) in the same borate buffer containing Ncadh.
Finally, dishes were rinsed twice with PBS and stored at 4°C, sealed with parafilm until further use

(Figure 21).

3.5.2. FIRST METHOD - PLATING, MIGRATION AND REPLATING

One month and half hvCOs were cut in half to remove the necrotic regions and dead cells. The
remaining tissue was further dissected into explants using either forceps and a scalpel or a tissue

punch (Figure 22).

For plating, PBS was completely removed from the 4 compartments coated dish and 70 ul of pre-
warmed NDM-Ao medium was added. Approximately 30 explants were collected in atotalvolume
of 60 pl and distributed across the dish and supplemented with an additional 60 pL of medium
added very slowly. Floating explants were carefully pressed to the bottom of the dish using
forceps. Another 60 pl of medium was then added very slowly. The dish was incubated for 30 min
at 37°C and 5% CO2 and the medium was adjusted to reach a final volume of 500 pl by
compartment. When performed on one compartment dishes, all volumes and number of

explants were quadrupled.
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Transduction of ventral organoids
¥ Lentivirus DLX5/6-GFP

0} \ —— Dissociation of cells
..
G
T @ e
R
FACS sorting o Plating
Gatting for the selection 1 e RNA Be ;;?:’: N5

of cells that express GFP

7
1 L 1 L e

RS v 0 RQAEE ' .
O MG P, pCA

—' . — .

Figure 23 : Pipeline of the second method of the secretome analysis. Organoids are infected prior dissociation and
FACS sorting. GFP + and — neg cells are plated in a 8 compartments dish.
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Explants were incubated for 8 to 10 days, with NDM-Ao medium change twice a week, allowing
cINs to migrate out of explants. Explants were then carefully removed from the dishes and
replated into another to generate respectively an interneuron-enriched condition and a
progenitor-enriched condition. In the interneuron-enriched condition, explants were carefully
removed while minimizing disruption of the migrated interneurons, either by (1) applying small,
sharp movements with forceps, (2) by dissecting around the explant with forceps, or (3) by using
atissue punch. For the progenitor-enriched explant condition, explants were plated following the

protocol described before. In both conditions, each compartment contained 350 pL of NDM-Ao.

As starving is common to both methods, it is explained in 3.5.4.

3.5.3. SECOND METHOD

3.5.3.1. INFECTION

hvCOs were cut in half, and their necrotic centers and dead cells were removed 3 days prior to
infection to label healthy cINs. Cut organoids were infected by a GW_1701 pLV mDLX CopGFP
lentivirus (vector type rLV2) at a concentration of 6.87 x 10’ TU/uL with a multiplicity of infection

(MOI) of 15.

Each half-hvCOs was first transferred into a well of a 96-well plate into 100 pL of NDM-Ao. In the
L2 laboratory, the viral solution was prepared in conditioned medium in which the organoids were

previously maintained, according to the formula:

MOI X # of cells to infect (#Cells/l/ZOTQX#l/ZOrg)

volume of virus = T
virus titration (W)

Per half organoids, 50uL of virus solution was added. The organoids were incubated for 4 h at 37
°C, after which the medium containing the virus was removed and replaced with 150 uL of fresh

NDM-Ao. Finally, media was replaced every two days for two weeks (Figure 23).

3.5.3.2. DISSOCIATION

Two weeks after infection, organoids were cut into four pieces and transferred into HBSS. The
HBSS was then removed, and a solution containing 450 pL of papain (Cell System, LK003159) and
50 pL of DNase | (Cell System, LK003159) was added, followed by an incubation of 20 min at 37
°C and 5% CO2.

Subsequently, 500 pyL of ovomucoid (Cell System, LK003159) was added to neutralize the papain.

The solution was removed, 1 mL of HBSS was added, and mechanical dissociation was
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performed through 25 up-and-down using a P1000. The suspension was passed through a 40 pm
filter and left on ice for 5 min, allowing dead cells to aggregate, float and be easily removed.
Samples were then centrifuged for 5 min at 4 °C at 300 g, the supernatant was removed and the

cells were resuspended in 1000 pL of NDM-Ao.

3.5.3.3. FACS

Cell sorting was performed at the FACS (fluorescence activated cell sorting) platform of the GIGA
Institute using the CytoFLEX SRT. Cells were sorted based on GFP fluorescence intensity into two
distinct populations: GFP+ cells corresponding to interneurons and GFP- cells corresponding to

progenitors. Sorted cells were collected into NDM-Ao medium for further analysis.

In this technique, cells were passed through a nozzle and hydrodynamically focused into a single-
cell stream. Individual cells were traversed by a laser, and the emitted fluorescence signal was
collected through an optical detection system and measured using photomultiplier tubes (PMTs).
Based on GFP fluorescence intensity, cells were identified as GFP+ or GFP- and subsequently
sorted into separate collection tubes. Cell sorting was achieved by applying an electrical charge
to droplets containing individual cells, allowing their electrostatic deflection into the appropriate

collection tube.

3.5.3.4. PLATING

Cells obtained from the FACS sorting were plated into 8 compartments dishes with an NCadh
coating. Based on the total cell yield from FACS sorting, different cell densities were tested were
tested (60,000, 30,000, 15,000, 7,500, 5,000 cells/compartment). NDM-Ao medium was
added to each well to reach afinalvolume of 350 uL per compartment. Cells were then incubated

at 37°C and 5% CO, overnight.

The remainder of the protocol is shared between the two methods.

3.5.4. STARVING

The medium was removed, then compartments were rinsed twice with Neurobasal-A medium
minus phenolred (gibco - 12349015) to remove dead cells. 300 pl of Neurobasal-A medium minus
phenol red was then added to each compartment (Table 3 - starving). Two starvation conditions
of 6 and 10 h were initiated. At the end of these periods, the medium from each well was collected

and stored at -20 °C.
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3.5.5. FIXATION AND IMMUNOFLUORESCENCE

After the collection, dishes are fixed in PFA 4% for 15 min. After 2 rinses of PBS, dishes are
conserved in PBS at4°C. IF was performed in a light-protected box. Cells were incubated with 300
pl of permeabilization solution (5% donkey serum and 0.5% Triton X-100 in PBS solution) for 1 h
at RT. Primary antibodies (cleaved Caspase-3, TUJ1, SST28, and LHX6 (table 4)) were then
incubated overnight at 4 °C in a buffer containing 3% BSA, 5% donkey serum, and 0.1% Triton X-
100 in PBS. Samples were then washed four times for 10 min with PBS, and incubated with
secondary antibodies for 2 h at RT. Samples were subsequently washed four times for 15 min with
PBS-T 0.1%, followed by nuclear staining with DAPI (1:1000) for 15 min at RT. Samples were rinsed
in PBS and stored in PBS at 4 °C until imaging. Imaging of dishes was done using the NIKON
confocal microscope, 20X dry objective. Fluorescence settings were adjusted in terms of laser

power, gain, pinhole and scan speed to obtain qualitative pictures.
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Figure 24: Representative brightfield images of organoid morphology and growth across development. (A-F) Organoids at days
0,1,2,10, 15, and 30 respectively, illustrating the progressive compaction and growth of viable organoids over time. (G-H) Examples
of non-viable organoids. (G) Organoid displaying an abnormally small size and transparent appearance. (H) Organoid showing
extensive cell death and debris. Scale bar: 1000 pm.
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Figure 25 : Organoid growth assessment across cell lines and differentiation trials. (A) Mean organoid area (um?) atdays 1, 15 and
30 compared across cell lines: CCP1 #2 (N = 3-5 differentiations, 5 organoids/differentiation), and CCP1 Isogenic control (N = 4-8

differentiations, 5 organoids/differentiation). Statistical comparisons were performed by t-test. ns: not significant. (B) Individual trial

growth trajectories for each cell line, showing mean organoid area (um?) over time (days). Arrows indicate trials excluded from

downstream analyses due to reduced or irregular growth trajectories. T: trial number.
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Figure 26 : CCP1 mRNA expression in mutated and isogenic
cell lines at days 30 and 60. Relative CCP1 expression shown
as 2" (-AACt) relative to control. Error bars represent standard
error of the mean. Individual data points represent independent
trial (4 to 10 organoids). Colour coding: blue = CCP1 #2; green =
isogenic control. Statistical comparisons were performed by t-
test. * = p<0.05.
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4.1. CARACTERISATION OF THE HUMAN VENTRAL CEREBRAL ORGANOIDS

To investigate the ability of hvCOs to recapitulate human ventral forebrain development and to
evaluate the impact of CCP1 LOF, we first characterized their regional identity and differentiation
potential at the molecular level. During human brain development, spatial patterning of neural
progenitors is tightly regulated by specific developmental cues that define distinct neuronal
domains, including ventral regions such as the medial ganglionic eminence (MGE). Assessing the
expression of key ventral identity and lineage-specific markers is essential to determine whether
hvCOs faithfully reproduce ventral forebrain characteristics and generate the expected MGE-
derived populations. Therefore, we compared mutant CCP1 #2 and isogenic control hvCOs to
determine whether CCP1 LOF affects the generation of ventral forebrain-derived cell

populations.

4.1.1. GROWTH EVALUATION

The quality of the hvCOs was monitored across all batches generated through growth
measurement and morphological assessment. The hvCOs displayed a clustering of the cells at
the center of the well, generating a round smooth hvCO growing with consistent growth (Figure
24 A-F). HvCO displaying a flat, transparent or fragmented appearance were flagged as non-viable

and excluded from further analyses (Figure 24 G-H).

Analysis of hvCO growth revealed no significant differences in hvCO between the CCP1 #2 and
the isogenic control across the three developmental timepoints assessed, indicating comparable
overall growth between the two cell lines (Figure 25A). At batch level, however, CCP1 #2 #72 and
#74 displayed reduced or irregular growth trajectories (Figure 25B) were excluded from

downstream experiments to avoid introducing technical biases.

4.1.2. CCP1 EXPRESSION
CCP1 expression was assessed atthe mRNA level by RT-qPCR, and at the protein level by WB and
immunolabeling, to validate a reduced CCP17 expression in the CCP1 #2 and its correction in the

isogenic control.

At 30 and 60 days old, CCP1 #2 hvCOs displayed a significantly lower CCP7 mRNA expression

compared to isogenic control hvCOs (Figure 26).
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Figure 27 : CCP1 protein expression in mutated and
isogenic cell lines at days 30. A. Representative WB
analysis showing CCP1 protein expression in CCP1 #2 and
isogenic cell line. Alpha -tubulin were used as a loading
control. B. Quantification of CCP1 level normalized to
alpha-tubulin expression. Error bars represent standard
error of the mean. Individual data points represent
independent trial (4 to 10 organoids). Colour coding:
purple = CCP1 #2; grey = isogenic control. Statistical

comparisons were performed by t-test. * = p<0.05.

Figure 28 : CCP1 protein expression assessed by

immunofluorescence in 60 days old organoids.
Representative confocal images of CCP1 #2, and
isogenic control hvCO sections stained for CCP1
(red) and DAPI (blue). Scale bars: CCP1 #2 = 200
pm; isogenic control =100 pm.
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Figure 29 : gPCR analysis of ventral identity across cell lines and developmental stages. Relative gene expression of NKX2.1,
DLX5 and GAD1 in CCP1 #2, and isogenic control hvCOs at days 30, 60, and 90. Expression levels are shown as 2”(-AACt) relative to
control. Error bars represent standard error of the mean. Individual data points represent independent trial. Colour coding: blue =
CCP1 #2 ; green = isogenic control. Timepoints: light shade = day 30; medium shade = day 60; dark shade = day 90. n = 5-6 trials. N =
4-10 organoids per condition. Statistical comparisons performed by ANOVA. ns = not significant.
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CCP1 was further investigated at the protein level by WB in 30 days old hvCOs. Results indicated
a significantly lower CCP1 expression in CCP1 #2 hvCOs compared to isogenic control hvCOs

(Figure 27).

To complement those results, IF was performed in 60-day-old hvCOs. CCP1 signal was detected
in isogenic controls but was absent in the CCP1 #2 condition, confirming loss of CCP1 protein
expression (Figure 28). Together, these results confirm reduced CCP1 expression at both the
MRNA and protein levels in CCP1 #2 hvCOs, validating the isogenic correction at the molecular

level.

4.1.3. MATURATION ASSESSEMENT

To further monitor hvCO maturation at different developmental stages, RT-qPCR was performed
on extracts from 30-, 60- and 90-day old hvCOs as they correspond to the progenitor proliferation
and early neurogenesis stages of human developpement’. This approach allowed the
investigation of gene expression dynamics across early, intermediate, and late stages of organoid
maturation and differentiation. The genes panelanalyzed included NKX2.1, DLX5, GAD1 and DCX.
NKX2.1'%® and DLX5'® were used as MGE ventral progenitors and post-mitotic migrating cINs,
respectively. LHX6 could also have been investigated, as itis expressed in a specific subregion of

the MGE that gives rise to ventral MGE-derived interneurons™®

.DCXis a pan-neuronal marker and
was used in this context as a marker of immature cINs'?®. GAD1, the gene encoding GAD67, was
used as a marker of mature GABAergic cINs identity’®®. These markers are specific to ventral
identity and expressed at different stages of cINs maturation, enabling the validation of hvCO
patterning and developmental progression toward a ventral fate. PAX6 could also have been
analyzed to evaluate the absence of dorsal forebrain markers and further confirm the ventral

identity of the generated hvCOs'?®,

All genes were expressed at 30 days in both CCP1 #2 and isogenic control hvCOs. The expression
level of NKX2.1 tended to be lower in 30-day-old hvCOs compared to 60- and 90-day-old hvCOs
in both CCP1 #2 and isogenic control conditions. DLX5 expression did not show significant
differences between cell lines or time points, although a tendency toward increased expression
was observed in 90-day-old hvCOs. Finally, GAD7 and DCX expression levels remained stable
across time points, suggesting the presence of mature GABAergic cINs from the earliest
timepoint analyzed (GAD7), and a sustained population of migrating cINs throughout the
developmental window assessed (DCX). No statistically significant differences were observed

between cell lines or time points for any of the four markers (Figure 29).
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Figure 30 : Cell characterisation by NKX2.1 and SOX2 immunofluorescence in hvCOs. (A) Representative confocal images of 90
days old organoid sections from control, CCP1 LOF, and isogenic control hvCO, stained for NKX2.1 (green), SOX2 (red), and DAPI
(blue). Scale bar: 200 pm. (B) Bar graphs showing the percentage of SOX2+, NKX2.1+, and NKX2.1+SOX2+ positive cells per condition
at days 60 and 90. Error bars represent standard error of the mean. Individual data points represent independent organoids (N = 3-5
organoid per condition, n=1 trial). Colour coding: blue = control; pink = CCP1 LOF; purple = isogenic control. Timepoints: light shade
= day 30; medium shade = day 60; dark shade = day 90. Statistical comparisons performed by ANOVA. * p < 0.05.

GAD67 TUJ1 SST

Figure 31: Cell characterisation by GAD67, TUJ1 and SST immunofluorescence in hvCOs. Representative confocal images of 60

Merge

60 days

Isogenic

days (top images) and 90 days (bottom images) old organoid sections from isogenic control hvCO, stained for GAD67 (green), TUJ1
(red), SST (purple), and DAPI (blue). Arrows = examples of SST+ cells. Scale bar: 100 pm
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4.2. SECRETOME OPTIMISATION

4.1.4. IDENTITY CHARACTERIZATION

Cellular identity was assessed in 60- and 90-day old hvCOs to track the temporal evolution of
neural cell population identities across development. Three panels were designed to
characterize distinct cell populations: ventral progenitors, mature neurons and interneurons, and

glial lineages respectively.

The first panel characterized ventral progenitor populations using SOX2 as a broad neural
progenitor marker and NKX2.7 as a marker specific to MGE progenitors'®. SOX2 was observed at
lower levels in 60-day-old compared to 90-day-old hvCOs in both conditions, although this
tendency did not reach statistical significance. Conversely, NKX2.1 tend to decrease between 60
and 90 days in both CCP1 #2 and isogenic control hvCOs, although this difference was not
statistically significant. The trend of reduction in NKX2.1 expression may reflect a shift away from
MGE-committed identity at later timepoints, sign of maturation of GABAergique cINs, warranting

further investigation with additional maturation markers (Figure 30).

The second panel focused on neuronal maturation and interneuron identity (Figure 31). B-llI-
tubulin served as a general post-mitotic neuronal marker. GAD67 was used to identify GABAergic
interneurons, and SST was used to identify a specific subtype of SST expressing cINs subtype.
Staining for these markers requires further optimization for proper quantification. However, some
preliminary observations could still be made. An increase in total GAD67 staining was observed
between 60- and 90-day-old hvCOs, suggesting an increase in the number of GAD67 positive
cells. B-lll-tubulin staining was present at both timepoints but was largely restricted to the
organoid periphery, limiting reliable quantification. SST staining was absent at 60 days old, but

some positive cells were observed at 90 days old.

The third panel assessed the potential emergence of glial lineages using SOX10 as a marker of
oligodendrocyte precursor cells (OPC). No SOX10-positive cells were detected in any condition

or time point (Figure 32).

Overall, these results indicate a progressive maturation of hvCOs toward a GABAergic
interneuron fate, with the emergence of more mature cIN-associated markers over time while
maintaining a population of immature migrating interneurons. The presence of both migrating and
differentiating GABAergic populations supports the relevance of hvCOs as a model to study cIN
secretome during migration. However, the persistence of heterogeneous cell populations

highlights the complexity of ventralized organoids and suggests that additional characterization
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CCP1#2 Isogenic Figure 32 : SOX10 immunofluorescence

SOX10 SOX10 in hvCOs at days 60 and 90.
Representative  confocal images of
organoid sections from CCP1 #2, and
isogenic control hvCOs at days 60 and 90,
stained for SOX10 (light purple) and DAPI
(blue). Scale bars : 200 pm.

60 days

DAPITUJ1 CASPASE 3 DAPI SST28 NKX2.1

Figure 33 : Overview of the first secretome collection trial. (A) Picture of explants 2 days post plating illustrating limited cell
migration observed. (B-C) Representative picture of explants 5days post plating illustrating (B) outgrowth was predominantly
composed of axonal-like processes with few migrating somas. (C) cIN-enriched condition following explant removal, showing the
remaining migrating cell population. (D) Progenitor-enriched condition following explant replated. (E) Immunofluorescence of both
conditions stained for TUJ1 (green), Caspase-3 (red), and SOX2 (pink), counterstained with DAPI (blue). (G) Immunofluorescence of
both conditions stained for SST (green), NKX2.1 (red), and LHX6 (purple), counterstained with DAPI (blue). Scale bars: 100 pm.
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will be required to refine the identification of specific cIN subtypes and developmental

trajectories.

4.2.1. ANALYSIS OF THE MIGRATION OF cINS FROM hvCOS

As secretome collection requires culturing cells under conditions compatible with active
migration, a key preliminary step was to confirm whether cINs retain their migratory capacity
when cultured on acellular N-cadherin-coated dishes, the substrate selected for secretome
collection. hvCO explants plated on N-cadherin-coated dishes displayed a crown of neurons
(blll-tubulin, Fig. 33E) migrating out from the explant (Figure 33B), with morphology consistent
with active migrating cINs. Separately, preliminary time-lapse (TL) observations of these explants
showed the characteristic saltatory migration pattern described for cINs, supporting the

suitability of this substrate for secretome collection (not shown).

The current follow up experiments will be to immunolabel the migrating neurons to confirm their

expected cIN identity.

Following the characterization of the hvCO model, the investigation of diffusible cues involved in
cIN communication was initiated. The objective was to establish a reliable protocol allowing the
collection of the secretome from migrating cINs. Two complementary strategies were evaluated:
(i) collection from migrating cells derived from hvCO explants and (ii) isolation of cIN-enriched
populations by FACS prior to secretome collection. As the protocol was still under optimization,
GM38-derived hvCOs were used, as they were the only available samples at that time. The
intended application of this protocol was the secretome collection from CCP1 #2 and isogenic

control hvCOs.

4.2.2. ANALYIS OF THE SECRETOME OF CINS USING THE EXPLANT BASED APPROACH

The first strategy aimed to collect the secretome of migrating cINs from hvCO explants plated on
NCadh coating. This represented the first implementation of this methodology using hvCOs
rather than mouse MGE explants in the lab. A graphical overview of the experiment is provided in
Figure 20 (Material and Methods). However, as a reminder, the cIN-enriched condition is named
as such because the ring of neurons migrating out of the explant is expected to be predominantly
composed of cINs (to be confirmed), while the progenitor-enriched condition refers to the
replated explant, expected to predominantly contain progenitors whose secretome would mask

that of any other cell type.
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Figure 34 : Overview of the different preparation methods. A-B. Representative brightfield images of organoids explants generated
using a large punch tool (dashed circle indicates punch diameter). Zoom = 4X. C. Representative brightfield image of the remaining
cells (between the two dash lines in the cINs enriched condition after the small punch (dashed lines indicates punch cuts). Zoom =
10x D. Representative brightfield images of cINs migrating out of the explant after 8 days of migration in the forceps condition. Zoom
=10X. E. Representative brightfield images of cINs migrating out of the explant after 8 days of migration in the punch condition. Zoom
= 20X F. Immunofluorescence staining of cIN condition of TUJ1 (green), Caspase 3 (red) and SST28 (purple) counterstained with DAPI
(blue). Scale bars: 100 pm.
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Two months old hvCO explants were plated in four-compartment dishes. After a few days, cells
were observed migrating out of the explants (Figure 34A-C). However, the peripheral explant
outgrowth was predominantly composed of long, thin processes extending from the explant, with
comparatively few migrating cell bodies, a cell density that appeared insufficient for secretome
collection, which requires larger numbers than TL imaging. Moreover, upon explant removal,
these extensive processes covering the culture surface caused detachment of the migrating

cells, preventing efficient isolation of this population.

To assess the cellular composition in both conditions, IF staining was performed using neuronal
markers (TUJ1, marking beta-lll-tubulin, SST and LHX6), and progenitor markers (SOX2 and
NKX2.1) after the 2 starving time points. The cIN-enriched condition contained only 9.0% of TUJ1+
cells, 11.1% of SST+ cells and 5.9% of LHX6+ cells. SST+ and LHX6+ cells were mainly detected
at the periphery of explants, suggesting limited antibody accessibility with the tissue, even if
Triton X-100 has been used. This limitation could potentially be addressed by optimizing tissue
permeabilization conditions by testing different Triton X-100 concentrations. However, the
current protocol already involves relatively harsh permeabilization conditions, and further
increasing Triton X-100 may compromise tissue integrity. Alternatively, an antigen retrieval step,
commonly used in immunofluorescence on tissue sections, could be implemented to improve
epitope accessibility and enhance antibody penetration within the explants. No SOX2+ cells and
no NKX2.14+ cells were detected in the cIN-enriched condition, whereas 1.8% and 1.3%

respectively were observed in the progenitor-enriched condition (Figure 34 E-F).

Cell death was assessed using Caspase-3 staining as high cell death leads to the release of
cytoplasmic proteins that may mask proteins of interest in the secretome. Less than 1% of dead
cells were observed in both cIN-enriched and progenitors-enriched condition, indicating that cell

death was unlikely to interfere with secretome composition (Figure 34 E).

To improve hvCO explant adhesion during culture and preserve migrating cells after explant
removal, two dissection strategies were compared: manual dissection with forceps and scalpel,
and punch biopsy approach. The rationale was to generated explants using a large diameter
punch tool (500 pm) (Figure 32 A-B) and subsequently remove the explant core using a smaller
punch (350 um) leaving the surrounding crown of migrating cells undisturbed. Migrating cells were
observed in both conditions with punch-generated explants exhibiting improved adhesion and
migration (Figure 34 D-E). For explant removal itself, the forceps method proved more effective,
although it remained time-consuming, technically challenging, and still resulted in the removal

of some migrating cells. The punch tool was difficult to manipulate precisely under the
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microscope. Notably, even when substantial outgrowth was observed, the migrating populations
appeared morphologically heterogeneous, suggesting the presence of mixed cell types rather

than a pure cIN population (Figure 34 E).

Taken together, these results highlight the technical limitations of the explant-based approach.
The adhesion of hvCO explants remained poor across all dissection methods tested, including
mouse- and human-derived Ncadh coatings. The standard Ncadh coating commonly used in
migration assays is derived from mouse cadherin. However, because hvCOs are of human origin,
the use of a non-human one may introduce species-specific bias. To address this limitation,
human NCadh has also been tested as a species-matched alternative. Only a fraction of plated
explants adhered and produced migratory outgrowth. Quantitatively speaking, this set up would
be sufficientto obtain data on individual migrating neurons by time-lapse imaging, but insufficient
to generate secretome analysis, where many experiments would need to be aggregated. Migrating
cells were also repeatedly lost during explant removal or replating. More importantly, the
proportion of cIN markers among migrating cells was low and heterogeneous (TUJ1: 9.0%; SST:
11.1%; LHX6: 5.9%), suggesting that the migrating cell population reflects the overall cellular
diversity of the hvCO rather than a cIN-specific. This heterogeneity appears inherent to the
organoid model and was not resolved by refining the dissection protocol. The explant-based
approach was therefore abandoned in favour of FACS-based isolation of cINs prior to secretome

collection, to ensure that the collected secretome originates specifically from cINs.

4.2.3. ANALYSIS OF THE SECRETOME OF CINS USING THE FACS-BASED METHOD

The second strategy was developed to improve the specificity of the collected secretome by
isolating cIN-enriched populations prior to plating. hvCOs were infected with a DLX5/6-GFP
lentivirus, allowing the identification and isolation of cIN populations by FACS. As a reminder, a
graphical abstract of the experiment is provided in Figure 20 (Materials and Methods). In this
experiment, the cIN-enriched condition corresponds to DLX5/6-GFP* FACS-sorted cells,
expected to be enriched in cINs, while the progenitor-enriched condition corresponds to GFP~

cells, expected to be enriched in progenitors.

Two-month-old hvCOs were sectioned and infected with the DLX5/6-GFP lentivirus. Cell viability
reached 99%, with approximately 5.96 x 10° cells/mL obtained after dissociation. A total of 63,407
GFP*, corresponding to the cIN-enriched condition, and 113,697 GFP~ cells, corresponding to the
progenitor-enriched condition, were collected. To assess optimal density conditions, different
cell quantities were plated: 30,000, 15,000, 7,500, and 5,000 cells per well for GFP* cells, and
60,000, 30,000, 15,000, and 5,000 cells per well for GFP~ cells.
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CINs

Progenitors

DAPITUJ1 CASPASE 3

Figure 35 : Immunofluorescence images of TUJ1, Caspase 3 and SST expression in cells plated after the FACS. 30.000, 15.000,
7.500 and 5.000 cells were plated in the CINS condition (upper part). 60.000, 30.000, 15.000 and 5.000 cells were plated in the
progenitor condition (lower part). TUJ1 = green, Caspase 3 = red, SST28 = purple. Scale bar=100um.
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IF performed after de starving using Caspase-3 showed a survival rate of on average 100%
regardless of cell density. To assess identity, IF staining was performed on B-lll-tubulin and SST
markers (Figure 35). In the cIN-enriched condition, approximately 57% of cells were positive for
B-1ll-tubulin, and among these, 86% expressed SST. In comparison, the progenitor-enriched
condition (GFP-) contained 54% [-llI-tubulin+ cells, with 33% SST+ cells. The similar proportion
of B-lll-tubulin+ cells between the two populations suggests that DLX5/6-GFP sorting does not
simply distinguish neuronal from progenitor populations. Instead, the enrichment of SST+ cells
within the GFP+ fraction indicates that DLX5/6 expression preferentially labels a subset of
ventral-derived interneurons, particularly the SST+ lineage. However, the presence of a
substantial proportion of neuronal cells within the GFP- population highlights the heterogeneity
of hvCOs, which could generate multiple ventral neuronal lineages, including non-cortical
interneuron populations such as striatal neurons. Therefore, DLX5/6-GFP alone may not be
sufficient to accurately isolate cIN progenitors or fully define interneuron identity in hvCOs.
Additional markers or combinatorial sorting strategies will be required to refine the purification of

specific cIN populations.
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During cortical development, migrating cINs contribute to the regulation of IPs proliferation in
both mouse and human models, through the release of external diffusible factors, released by
cINs, whose identity remains unknown. The transient increase cortical invasion by cINs at mid-
corticogenesis leads to an expansion of the IP population, thereby leading to generation of
supernumerary PNs dedictade to the upper cortical layers. Such defects leads to
excitatory/inhibitory imbalance in cortical circuits, potentially contributing to the emergence of
neurodevelopmental disorders ®°. Thus, the objectives of my work were:1/ to characterize hvCOs
as arelevant model of human-derived migrating interneurons; 2/ develop a protocol to collect the
secretome of migrating cINs derived from these hvCOs. These experiments provide the basis for
the future identification of the diffusible signals through which cINs influence the IP populations

during human cortical development.

Over the past years, several protocols have been developed to generate ventral forebrain
organoids, such as those by Bagley et al. (2017)'*® and Birey et al. (2017)"". The protocol used
during my master thesis is adapted from previously established approaches with the objective of
enhancing cINs production. Since this adaptation has not yet been independently validated in
literature, a comprehensive characterization of the resulting hvCOs was performed. This
characterization included the analysis of CCP1 expression, ventral forebrain identity, and
neuronal maturation across three developmental time points and in two cell lines: CCP1 #2, and
its isogenic control. This comparison was essential, as potential differences in hvCO composition

between these lines could influence subsequent secretome analyses.

Regarding CCP1 characterization, immunofluorescence analysis revealed an absence of
detectable CCP1 protein expression in CCP1 #2 hvCOs, whereas CCP1 expression was restored
in the isogenic corrected line. These observations confirm that the mutation leads to a loss of
CCP1 protein expression and that CRISPR-mediated correction rescues the CCP1 phenotype.
Together with transcriptomic data, these results validate both cell lines as relevant models to

investigate the consequences of CCP1 LOF.

The follow up work will optimize the IF protocol and the analyses will be done on three to
five biological replicates to quantify the fluorescence. Furthermore, CCP1 LOF was characterized
at the molecular level, but its functional consequences remain to be assessed by timelapse
imaging to investigate migrating behaviour changes. Additionally, as other CCPs are known to act
as deglutamylases, it could be interesting to study their expression profile in our hvCOs to rule

out compensation for the absence of CCP1. Indeed, CCP1 is part of a larger family of cytosolic
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carboxypeptidases involved in tubulin deglutamylation. Therefore, it would be relevant to assess
whether compensatory mechanisms occur through changes in the expression of other CCP or
TTLL family members. If such compensation occurs, restoration of the healthy phenotype could
be expected despite CCP1 loss. Previous work by Silva et al. from the host laboratory showed that
in mouse DIx5/6-positive subpallial structures, Ccp1 and Ccp5 are among the most highly
expressed cytosolic carboxypeptidases, together with Ttll1 and Ttll4. Interestingly, conditional
deletion of Ccp1inmice did notinduce transcriptional compensation through other Ccps or Ttlls.
However, in Ccp1 deficient mice knock out for Ttll1 and 4, a rescue of the phenotype is
observed®. Reproducing similar analyses in the CCP1 #2 hvCO model would therefore determine

whether the absence of compensation is conserved in the hvCO context.

We found that hvCOs recapitulated features of human MGE by expressing a ventral
identity. Compared with conventional unguided cerebral organoid protocols, which
predominantly generate dorsal cortical identities and show an early presence of NKX2.1 but a
delayed arrival of GAD1'%, the early detection of these markers suggests that the hvCO protocol
efficiently promotes ventral patterning. The presence of ventral identity markers at early
differentiation stages indicates that the combination of patterning cues used in the hvCO model
may accelerate or enhance ventral fate specification compared with spontaneous brain organoid
development. Interestingly, the peak in NKX2.1 mRNA at 60 days is consistent with the IF results,
where the proportion of NKX2.1+ cells also appeared to decrease between 60 and 90 days,
alongside a slight increase in SOX2+ cells. This increase could imply a progressive MGE
progenitor specification over time, as described in previously published ventral forebrain

122

organoid characterizations'. The immunofluorescence analyses further supported the ventral

identity of the hvCO model.

Taken together, the transcriptomic and immunofluorescence analyses indicate that the
hvCO protocol efficiently generates ventral forebrain-like organoids containing MGE progenitors
and differentiating GABAergic interneurons. The absence of major differences between CCP1-
mutated and isogenic control hvCOs for ventral identity and neuronal markers suggests that
CCP1 LOF does not impair early ventral specification or interneuron generation. However,
whether CCP1 affects later stages of interneuron maturation, migration behavior, or functional

properties remains to be investigated.

A major advantage of organoid models is the possibility to generate isogenic controls
through genome editing approaches. By introducing or correcting a specific mutation while

maintaining the same genetic background, phenotypic differences observed between mutant
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and control hvCOs can be more confidently attributed to the mutation of interest rather than to
donor-specific genetic variability. This approach strengthens the causal interpretation of
disease-associated phenotypes and provides a more robust platform for dissecting molecular
mechanisms underlying human diseases. For instance, in the context of ventral forebrain
organoids, the comparison between CCP1 #2 and its isogenic control hvCOs revealed no
significant differences in the expression of ventral identity markers, suggesting that CCP1 loss-
of-function does not substantially impair ventral patterning or the generation of MGE-derived
populations at the developmental stages investigated. This example highlights how isogenic
organoid models allow researchers to distinguish mutation-specific effects from background-
related variability and to more accurately define the contribution of a genetic alteration to a given
phenotype. The combination of patient-derived organoids with CRISPR/Cas9-mediated gene
correction has enabled the generation of genetically matched mutant and corrected organoids,

improving the identification of mutation-driven phenotypes™®'3",

Beyond neuronal populations, the presence of additional cell types was explored to
further characterize the cellular complexity of the hvCO model. In particular, the emergence of
oligodendrocyte precursor cells (OPCs) was investigated. OPCs represent a late-developing glial
population that appears after the generation of neural progenitors and early neuronal populations
during central nervous system development. SOX10 was initially assessed as a marker of
oligodendroglial lineage commitment; however, no SOX10-positive cells were detected at day 60

orday 90 in either CCP1 #2 or isogenic control hvCOs.

Although SOX10 is widely used to identify oligodendroglial cells, its expression alone is not
sufficient to define OPC identity, as it is maintained throughout oligodendrocyte lineage
progression. Therefore, additional markers should be analyzed to confirm the presence of OPC
populations. OLIG2, a TF involved in ventral neural progenitor specification and oligodendroglial
lineage initiation, could provide information regarding the emergence of oligodendroglial-
competent progenitors. However, OLIG2 expression alone does not distinguish OPCs from earlier
ventral progenitor populations, as is also expressed in IN precursors. Similarly, PDGFRA
represents a commonly used OPC marker due to its role in OPC proliferation, survival, and
migration, but should be combined with additional lineage markers to ensure accurate
identification'2. Therefore, the co-expression of OLIG2, SOX10 and PDGFRA would provide
stronger evidence for the presence and maturation status of OPC populations within the hvCO

model.
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The absence of detectable SOX10-positive cells at the analyzed stages may reflect the
developmental window captured by the current hvCO culture conditions rather than an inability
of the model to generate oligodendroglial populations. Indeed, previous studies using ventralized
neural organoid approaches have reported that oligodendroglial populations generally emerge at
later stages of differentiation, often after day 90, as organoids undergo further maturation'?®"34,
Extending the culture duration and analyzing later developmental time points would therefore be

necessary to determine whether hvCOs can recapitulate later stages of glial development.

The second aim of the thesis was to investigate the secretome, more precisely secreted
proteins, of migrating cINs derived from the previously characterized hvCOs. To date, most
secretome analyses on the brain were focused on NSCs whether prenatally or in the neurogenic
niches of adult and mainly in mice'®. The secretome of migrating human cINs remains largely
unexplored. Considering that cINs release unknown diffusible cues capable of modulating IP
proliferation, identifying these signhals represents an important step toward understanding

interneuron-mediated regulation of cortical development®.

To address this question, two complementary approaches were explored to isolate and
characterize the cIN-derived secretome by LC/MS/MS. Importantly, LC/MS/MS require
appropriate experimental controls to distinguish constitutive secretion from cell-type-specific or
condition-dependent signals. Therefore, the inclusion of a progenitor-enriched condition was
necessary to identify proteins specifically associated with migrating cINs rather than general

organoid secretion'®,

The first strategy was based on the use of hvCO explants plated on NCadh-coated dishes,
allowing migrating cells to exit the explant before separating the remaining tissue from the
migrated population. The rationale was to generate two distinct conditions: one enriched in
migrating interneurons and another enriched in progenitor populations. This approach was
initially validated in the lab using E13.5 mouse MGE explants, demonstrating its ability to isolate
migrating cINs populations. However, its application to human organoids revealed several

limitations.

In contrast to mouse MGE explants, where cIN migration occurs rapidly within
approximately one day, we observed that hvCO-derived interneurons required a much longer

period of approximately ten days to migrate from the explants. Moreover, the number of migrating
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cells was substantially lower in hvCOs compared with mouse explants. In addition, the
morphology of migrating cells differed between species. In mouse explants, numerous cells with
visible somas migrated away from the explant, displaying morphology consistent with migrating
interneurons. In hvCOs, the migrating population was mainly composed of elongated, axon-like
processes, with relatively few detectable cell bodies and some astrocyte-like cells. This suggests
that prolonged migration is associated with progressive cellular differentiation toward a more

mature state.

This morphology represented a major technical limitation for the subsequent isolation
step. The extensive outgrowth of processes covered the culture surface and prevented efficient
detachment of migrating cells. Indeed, most cell bodies remained attached to the explant and
were removed together with the tissue during explant withdrawal. Consequently, even if some
migrating cells remained in the cIN-enriched condition, the number of cells was likely insufficient

to produce detectable amounts of secreted proteins for LC-MS/MS analysis.

Additional observations further highlighted the complexity of the human organoid system. Cells
displaying larger somas and multiple short extensions, reminiscent of astrocytic morphology,
were also observed, unlike in mouse MGE explants. This heterogeneity likely reflects the broader
cellular diversity of hvCOs compared to dissected MGE tissue. Consistently,
immunofluorescence analysis showed that only approximately 9% of migrating cells were B-llI-
tubulin+, suggesting that the majority of the migrating population did not correspond to post-
mitotic migrating cINs, considered as a proxy for cINs. However, this likely also includes non-
cortical INs, given the cellular heterogeneity of the hvCO model, meaning that "cINs" identified
by this approach may not be restricted to the population of interest. Therefore, proteins detected
in the collected medium would likely represent a mixture of signals from multiple cell types rather
than cIN-specific secreted factors. This issue is addressed in the second method below, as
single-cell transcriptomic data from the lab performed on CCP1#2 and isogenic control 3-month-
old hvCOs indicated that 89% of DLX5/6-expressing interneurons correspond to cINs based on

their marker expression (data not shown).

These observations represent an important limitation for interpreting secretome data, as
the objective was specifically to identify diffusible signals released by migrating cINs. To
overcome these limitations, several alternative approaches were tested; however, none resulted
in sufficient enrichment of migrating cINs for reliable secretome collection. These results

highlight the difficulty of directly adapting protocols developed in mouse embryonic tissue to
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human organoid models, which display greater cellular heterogeneity and different

developmental kinetics.

Considering the limitations encountered with the explant-based approach, a second
strategy based on fluorescence-activated cell sorting (FACS) was explored to improve the
separation between cINs and progenitor populations. This approach aimed to generate two
populations with a higher cellular specificity, thereby increasing the likelihood of identifying cIN-

derived secreted factors.

Immunostaining of plated cells in both conditions showed that 57% of cells were TUJ1+ in
the cIN-enriched condition versus 54% in the progenitor-enriched condition, a near-identical
proportion, indicating that DLX5/6-GFP sorting does not cleanly separate neurons from
progenitors overall. However, among TUJ1+ cells, 86% were SST+ in the cIN-enriched condition
compared to 33% in the progenitor-enriched condition. This remaining 33% SST+ populationis a
real problem, as the progenitor-enriched condition cannot be considered a clean control: a
substantial fraction of the population corresponds to the same cIN subtype being investigated,
reducing the biological difference in secreted proteins expected between conditions. This limited
difference between conditions represents a major challenge for secretome analysis, as the
majority of cells in both conditions do not correspond to the population of interest. Consequently,
secreted proteins detected by LC-MS/MS would likely reflect a combination of signals originating

from multiple cell populations, reducing the ability to identify cIN-specific factors.

Several improvements could enhance the efficiency and specificity of this approach.
First, optimization of the FACS strategy, including adjustment of gating parameters, fluorescence
thresholds, and doublet discrimination, could increase the purity of the sorted populations. In
addition, improving the labeling strategy may provide a more efficient enrichment of cINs.
Second, combining the current labeling approach with an additional marker expressed in IN
progenitors or migratory cIN such as SOX2 could increase separation between populations. In
addition, investigating other migrating populations, such as DCX-positive neuronal populations,
could help determine the extent to which non-cIN cells contribute to the secretome profile within

the GFP+ population.

Regarding the progenitor-enriched condition, the presence of TUJ1-positive cells suggests
that this population was not exclusively composed of progenitors. Since BllI-tubulin is generally
associated with neuronal differentiation rather than progenitor identity, these cells may
correspond to other neuronal populations, potentially including striatal- and olfactory bulb-like

interneurons, as suggested by preliminary observations by single cell RNA sequencing performed
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on hvCOs from the laboratory. Therefore, further characterization of both conditions will be

required before interpreting secretome differences between them.

An important limitation of the current strategy was the relatively low proportion of GFP-
positive cells obtained after lentiviral infection. This could result either from suboptimal infection
efficiency or from biological variability in the generation of ventral populations within the hvCO
model. In particular, differences in patterning efficiency in CCP1 #2 and isogenic control hvCOs
may influence the proportion of cINs available for isolation. Increasing the efficiency of
interneuron specification during organoid generation may therefore represent an essential step

toward improving secretome collection.

Following FACS, the experimental design included two starvation periods of 6 and 10
hours before secretome collection. These time-points were selected based on previous mouse
MGE experiments to maintain comparability between species. Serum starvation is commonly
used in secretome studies to reduce the presence of abundant serum-derived proteins and
improve the detection of low-abundance secreted factors. However, the duration of serum-free
incubation represents a critical balance between increasing proteomic sensitivity and
maintaining cellular integrity'*®. Longer starvation periods may induce cellular stress, alter gene
expression profiles, or promote differentiation processes, thereby affecting the biological
relevance of the collected secretome. In this context, shorter incubation periods were selected
to preserve the migratory phenotype of cINs while allowing sufficient accumulation of
extracellular proteins'™®. The use of two time points additionally enables the evaluation of
secretion kinetics, helping to determine whether specific proteins are rapidly released or

progressively accumulate in the extracellular environment.

Although both starvation conditions could not be fully evaluated within the timeframe of this
thesis, cell viability was assessed after the “short” 6-hour starvation period. A critical issue in
secretome studies is the contamination of extracellular samples by intracellular proteins
released during cell death. Even under optimal culture conditions, a fraction of cells may undergo
apoptosis or necrosis, leading to the release of intracellular proteins that can interfere with LC-
MS/MS interpretation®. The mass spectrometry facility established a maximum acceptable cell
death threshold of 5% for sample analysis. Importantly, the post-FACS cIN-enriched condition
displayed less than 1% cell death, indicating that the collected medium would likely reflect active
secretion rather than extensive cellular damage. This result supports the feasibility of the FACS-

based strategy as the most promising approach for future secretome experiments.
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Although secretome analysis could not be completed during this thesis, the
establishment and optimization of the protocol represent an important methodological step
toward identifying cIN-derived extracellular signals. Among the approaches tested, the FACS-
based strategy appeared the most promising due to its ability to enrich cIN populations while
maintaining high cell viability. Nevertheless, additional optimization will be required, particularly
to improve interneuron labeling efficiency, increase the proportion of cINs generated within

hvCOs, and confirm that sorted cINs retain their migratory properties after plating.

Once fully established, this protocol will enable the comparison of secretomes derived
from cIN-enriched and progenitor-enriched conditions in CCP1 #2 and isogenic control hvCOs.
By identification of differentially secreted proteins, it is expected to found proteins related to cell

proliferation or migration.

In addition to investigating proteins, it could be valuable to also study microRNAs, growth
factors, chemokine, circDNA, cytokines, and metalloproteinases '*'¥’, The cINs secretome
could act through different modes of intercellular communication: autocrine, paracrine and
bidirectional. In our context, autocrine signaling is defined as secreted signals acting back on cIN
itself; paracrine signaling corresponds to secreted signals acting on neighboring cells, including
cells from other lineages (e.g. PNs, microglia) or progenitors; and reciprocal (bidirectional)
paracrine signaling, whereby cINs and IPs mutually influence each other’s behavior. The cINs
secretome could be released via extracellular vesicles (EV) which are classified into two main
categories: large EVs, known as microvesicles (100-1000 nm in diameter), and small EVs,
referred to as exosomes (40-100 nm in diameter)'®. Soluble proteins are secreted via exocytosis
of secretory vesicles and miRNAs, are packaged into small, lipid-bound EVs (e.g. exosomes)

before release into the extracellular space®.

In the NSCs secretome, VEGF, BDNF, Tenascin-C and IGF-1/2 are present and participate
to proliferation and differentiation of NSCs. CNTF, LIF and IGF1 promote the migration of NSCs'¥".
Given the developmental immaturity and cellular complexity of organoid models, the cIN
secretome may contain factors involved in proliferation, migration and differentiation, but their
interpretation will require careful validation to distinguish cIN-specific signals from broader

organoid-associated responses.

Future perspective, once the secretome is collected and secreted proteins investigated
bibliographically, is to determine interesting candidates in the context of IP proliferation. The
STRING Data Resource Website would be a valuable tool to visualize protein interactomes and

perform gene ontology (GO) analyses. GO is a comprehensive resource concerning the functions
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of genes and gene products (proteins and noncoding RNAs)'%, To strengthen the candidate list,
similar analyses of scRNA-seq data could be performed. Candidate of interest could be assessed
functionally in organoids models to evaluate the impact on progenitors and subsequent neuronal
population. Additionally, as a first step to assess the global biological relevance of the secretome,
it would be interesting to test the effect of secretome from a control cell line versus cell lines
mutated for candidate genes on cortical progenitors, to evaluate broad effects on their
proliferation or differentiation. However, as this approach would reflect the combined effect of
all secretome changes induced by the mutation rather than the candidate protein specifically,
this could be complemented by testing the purified candidate molecule, or a synthetic
analogue/agonist, if the protein itself is not isolable, directly on progenitors, providing a more

targeted assessment of its individual contribution.

Overall, my thesis established and characterized a human ventral cortical organoid model
suitable for studying CCP1 LOF and cortical interneuron development. Furthermore, it provided
the foundation for the future identification of interneuron-derived extracellular signals regulating
cortical progenitor populations. Although additional optimization is required before secretome
profiling can be performed, the approaches developed here represent an important step toward

understanding human-specific mechanisms of interneuron-mediated cortical development.
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1. SAMPLES SUMMARY

Tableau 6 : samples used for the quantification in Figure 18.

SOX 2

PAX6

HOPX1

TBR2

Control #1
Control #2
CCP1 #1
CCP1 #2
CCP1 #3
Control #1
Control #2
CCP1 #1
CCP1 #2
CCP1 #3
Control #1
Control #2
CCP1 #1
CCP1 #2
CCP1 #3
Control #1
Control #2
CCP1 #1
CCP1 #2
CCP1 #3

2. PRIMERS SEQUENCES

Master 2 SBIM

48Rosettes — 140rganoids — 4Trials
35Rosettes — 190rganoids — 4Trials
44Rosettes — 190rganoids — 3Trials
24Rosettes — 150rganoids — 1Trials
16Rosettes — 140rganoids — 2Trials
17Rosettes — 100rganoids — 3Trials
40Rosettes — 120rganoids — 3Trials
57Rosettes — 140rganoids — 4Trials
10Rosettes — 160rganoids — 2Trials
14Rosettes — 140rganoids — 2Trials
7Rosettes — 30rganoids — 1Trials
3Rosettes — 10rganoids — 1Trials
25Rosettes — 50rganoids — 1Trials
ORosettes — 00rganoids — OTrials
26Rosettes — 80rganoids — 2Trials
34Rosettes — 150rganoids — 5Trials
14Rosettes — 70rganoids — 3Trials
33Rosettes — 170rganoids — 3Trials
12Rosettes — 140rganoids — 2Trials
17Rosettes — 140rganoids — 2Trials

2025-2025

Table 7: Sequences of primers used for the qPCR.

CCP1
NKX2.1
DCX
DLX5
GAD1
YWHAZ
HPRT

5’-GACACTCTTGCTGCATTGCT-3’
5’-CGACTCGCTTCTCAGTGTCTGA-3’
5’-AGGTACGTTTCTACCGCAATG-3’
5’-TTCCAAGCTCCGTTCCAGAC-3’
5’-AGGCAATCCTCCAAGAACCT-3’
5’-GTAGGAGCCCGTAGGTCATC-3’
5’-ATTTCAAATCCAACAAGGTCTGGC-3’

5’-GAATGAGCATGTTTCTATGCCG-3’
5’-CCTCCATGCCCACTTTCTTG-3
5’-CAGCGTACACAATCCCCTTG-3
5’-GAATCGGTAGCTGAAGACTCG-3
5’-ATGTCCACCACTTCCAGGAG-3’
5’-TTCTCAGCACCTTCCGTCTT-3’
5’-GCTTGCTGGTGAAAAGGACC-3’



