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Abstract

Unverricht—Lundborg disease (EPM1) is the most common form of
progressive myoclonic epilepsy, caused by loss-of-function mutations in
the CSTB gene. Beyond its established role as a cysteine protease
inhibitor, CSTB participates in key neurodevelopmental processes,
including neuronal proliferation, differentiation and synaptic plasticity.
To elucidate CSTB functions and uncover mechanisms underlying EPM1
pathogenesis, we employed human iPSC-derived cerebral organoids
with dorsal and ventral cortical identities to drive cell fate toward
excitatory or inhibitory neuronal differentiation respectively.

At advanced maturation stages of cerebral organoids, co-
immunoprecipitation and mass spectrometry analyses revealed that
CSTB specifically interacts with the CCT/TRiC chaperonin complex, a
regulator of cytoskeletal protein folding, translation activity and vesicle
biogenesis. This interaction is specific of ventrally patterned cerebral
organoids, therefore we investigated CCT-dependent processes in two
experimental models derived from EPM1 iPSCs: i) ventral neural
progenitor cells (vNPCs) and ii) vNPCs induced to neuronal
differentiation for three days (vNPCs-D3).

Our results demonstrate that cellular alterations emerge immediately
upon neuronal differentiation in EPM1 cells. Protein synthesis becomes
impaired at very early stages of neuronal induction and persists
throughout neuronal maturation. At early stages, EPM1 cells also exhibit

fragmented actin filaments and perinuclear accumulation of late



endosome markers, indicating defective maturation of multivesicular
bodies and impaired secretion of extracellular vesicles (EVs). We also
reproduced EPM1 defects by silencing TCP-1, a core CCT subunit, in
control neurons supporting the functional relevance of CTSB-CCT
interaction.

Moreover, proteomic analysis of EVs released by EPM1 neurons during
maturation revealed depletion of proteins involved in cytoskeletal
organization, synaptic vesicle trafficking and calcium-dependent
exocytosis.

We also investigated CSTB secretion via EVs using adult rat brain
synaptosomes as model system and demonstrated that CSTB secretion
is depolarization-dependent and regulated by extracellular and
intracellular calcium balance, which also influences the secretion of
CD81-positive EVs subpopulations.

Overall, this work shows that EPM1-related cellular alterations,
mediated by pathological missing interaction between CSTB and CCT
complex, arise at the earliest stages of neuronal differentiation. The
data highlight a key role for CSTB—CCT cooperation in coordinating
cytoskeletal remodeling, vesicle-mediated signaling and synaptic
homeostasis, providing novel insights into EPM1 pathophysiology and

potential targets for therapeutic intervention.

Chapter 1: Introduction



1.1 Progressive myoclonus epilepsies

Progressive myoclonus epilepsies (PMEs) are a group of rare genetic
symptomatic epilepsies, including Unverricht-Lundborg disease, Lafora
disease, Batten disease and Neuronal ceroid lipofuscinoses (Lehesjoki
et al., 1992). PMEs are characterized by myoclonus, (defined as sudden
and brief involuntary muscle jerks), tonic—clonic seizures, (involving
tonic stiffening followed by clonic movements), and progressive
neurologic decline. The age of onset varies from infancy to adulthood,
but most commonly the first symptoms start in late childhood or during
adolescence. The treatment of PMEs is mainly symptomatic for the
seizures and myoclonus, accompanied by supportive actions, and the
prognosis varies significantly between specific disorders (Orsini et al.,
2019). Unverricht—Lundborg disease (ULD or progressive myoclonic
epilepsy type 1, EPM1) is one of the most common forms of PMEs.
EPM1 is caused by mutations in the Cystatin B (CSTB) gene, which
encodes the CSTB protein that plays a crucial role in brain development.
The CSTB protein is a protease inhibitor involved in the regulation of
various cellular processes in neuronal cells, including cell cycle
progression, cell proliferation and differentiation, apoptosis,
transcriptional activity, mitochondrial and synaptic function (Alakurtti et
al., 2005; Di Giaimo, 2002; Di Matteo et al., 2020; Gorski et al., 2020;
Penna et al., 2019a).

1.1.2 Molecular genetics of EPM1

EMP1 is inherited in an autosomal recessive manner and caused by

biallelic mutations in the CSTB gene. CSTB is located on chromosome 21



at 21922.3. The small gene consists of three exons that span 3 kb of
genomic DNA (Figure 1)(Pennacchio et al., 1996). The gene encodes the
Cystatin B protein, a cysteine protease inhibitor also known as Stefin B.
Numerous CSTB mutations have been described in EPM1 patients,
including missense, nonsense, frameshift and splice-site variants (Figure
1), all of which are considered to result in a loss of function. Among
these variants, the most common mutation, affecting 90% of the
patients, is an expansion of a unstable dodecamer repeat (5’-
CCCCGCCCCGCG-3') in the promoter region of CSTB (Lalioti et al., 1997;
Virtaneva et al., 1997) (Figure 1). The repeat expansion accounts for 90%
of all EPM1 cases worldwide and 99% of Finnish EPM1 cases (Kalvidinen
et al., 2008). In healthy individuals, two or three copies of the repeat
are present, whereas EPM1-associated alleles have been reported to
contain at least 30 repeat copies, with up to 80 copies detected in some
patients. The expansion results in a significant reduction in the
expression of the CSTB mRNA and protein in patient cells, and the loss
of CSTB expression leads to the myoclonus and seizures in patients
(Joensuu et al.,, 2007). The length of the expansion mutation may
correlate with the disease onset and the severity of the myoclonus and

cortical neurophysiology (Hypponen et al., 2015).
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Figure 1: The structure of the CSTB gene and the locations of the
reported mutations. Red = missense mutations, blue = nonsense
mutations, green = silent mutations, brown = splice site mutations, grey

= frameshift mutations, purple = promoter region expansion mutation.
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1.2 The CSTB protein

The CSTB protein consists of 98 amino acids and has a molecular weight
of 11 kDa (Jerala et al., 1988). Protein structure is monomeric, although
in cells the protein commonly exists in an oligomeric form, and the
oligomerization is sensitive to redox environment (Cipollini et al., 2008).
The tendency to oligomerize results in aggregate formation, and thus,
the overexpression of the CSTB protein generates cytoplasmic
aggregates (Cipollini et al., 2008). CSTB functions as an inhibitor of the
intracellular thiol proteases, inhibiting cathepsins L, H and B as well as
papain. It is considered a key player in the regulation of cellular
proteostasis, protecting against proteases leaking from lysosomes
(Lehesjoki and Kalvidinen, 1993), and it is suggested that it also

possesses a chaperone-like function (Zerovnik, 2022).

1.2.1 CSTB expression and localization in the brain

CSTB is widely expressed in different tissues and cell types but shows
different expression levels and subcellular localization in different cell
types (Joensuu et al., 2008; Kopitar-Jerala, 2015). In neural cells, CSTB is
expressed in embryonic and adult proliferative neural stem cells (NSCs).

After the differentiation of NSCs into neurons or glial cells, the protein



levels increase further (Brannvall et al., 2003; Joensuu et al., 2008;
Riccio et al., 2005). The expression pattern of Cstb protein is widely
studied in rodent models, revealing dynamic changes in the rat
cerebellum during development (Riccio et al.,, 2005). In situ
hybridization and immunochemistry studies performed on adult rat
brains show that the Cstb mRNA and protein are distinctly and highly
expressed in the formation of hippocampal and reticular thalamic
nucleus regions (D’amato et al., 2000; Joensuu et al., 2008). Moreover,
Cstb mRNA is detected also in dentate gyrus cortical neurons of the
hippocampus (Riccio et al., 2005). In the adult rat cerebellum, the Cstb
mMRNA is detected only in Purkinje cells and Bergmann fibers (Riccio et
al., 2005). Similarly to rats, in humans the CSTB protein was not
detectable in the whole cerebellum but was present only in Purkinje
cells and Bergmann glial fibers (Riccio et al., 2005). Cstb has also been
detected in the synaptic terminals isolated from rat and mouse brain
cortex, and this finding was confirmed in nerve ending of human

cerebral organoids (Penna et al., 2019b).

1.2.2 CSTB role in brain development

The varying distribution and localization of Cstb in neurons (Brannvall et
al., 2003; Joensuu et al.,, 2008) suggests that it can contribute to
different cellular functions in the brain. In the rat cerebellum, the Cstb
protein has been shown to interact with several cytoplasmic proteins,

which are known to play roles in cellular growth, proliferation and



differentiation (Di Giaimo, 2002). Two hybrid studies have shown that
Cstb interacts with brain B-spectrin, a cytoskeletal protein that aids in
forming different complexes and membrane domains, as well as with
NF-L, neurofilament light chain, which plays a key role in the cyto-
dynamics and cytoarchitecture specification (Di Giaimo, 2002; Macioce
et al., 1999; Riccio et al., 2005). In addition, Cstb interacts with the
cytoplasmic RACK-1 (receptor for activated C kinase 1) protein, which
regulates the interaction between the cell membrane, cytoskeleton and
the activated kinase (Di Giaimo, 2002; Liliental and Chang, 1998; Riccio
et al., 2005). RACK-1, B-spectrin and NF-L proteins co-localize in Purkinje
cells and in Bergmann glia, where Cstb protein interacts with them, and
together they guide development and differentiation (Riccio et al.,
2005). In the mouse model, Cstb downregulation results in reduced
neuronal proliferation and number, reduced distribution of progenitors
and their premature differentiation into neurons(Forero et al., 2024b;
Okuneva et al., 2015; Sierra-Torre et al., 2020). This leads to progressive
atrophy as well as thinning of the cortex, and this likely underlies the
cerebral ataxia. The degeneration of cortical neurons in the knockout
mice takes place before any thalamic relay neuron loss (Kaasik et al.,
2007; Manninen et al., 2013; Tegelberg et al., 2012). The significant
reduction in the neocortex thickness is further linked with the loss of
GABAergic interneurons in older mice. The reduced GABAergic terminal
number and decreased ligand binding to GABA receptors in the
cerebellum were observed already in presymptomatic mice, and these

events were also reported in an EPM1 patient (Buzzi et al., 2012).
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Several of the molecular findings from the murine model were further
confirmed in a human cell model, i.e. human cerebral organoids (hCOs)
generated from control and EPM1 patient iPSCs (induced pluripotent
stem cells) (Di Matteo et al., 2020). In the human model, CSTB induced
the recruitment of migrating interneurons in the organoids, and the
level of the protein was critical in controlling progenitor cell
proliferation. The overexpression of CSTB led to the expansion of
progenitor cells, while a knock-down decreased the progenitor cell
number. Similarly, reduced proliferation, reduced recruitment of
interneurons and premature differentiation of progenitor cells were
seen in the patient-derived hCOs with CSTB mutations (Di Matteo et al.,
2020). These results from human cells show that the murine model
faithfully replicates key findings from patient neurons and suggests that
CSTB functions not only as a protease inhibitor but also as a key player
in regulating cell proliferation, differentiation and neuronal migration.
In addition to these developmental alterations, CSTB deficiency has also
been associated with early microglial activation and neuroinflammatory
responses. Several studies have reported that these inflammatory
changes precede overt neurodegeneration in CSTB-deficient mouse
models and in EPM1 patients, suggesting that neuroinflammation may
contribute to disease onset and progression rather than being a mere
consequence of neuronal loss (Okuneva et al., 2016, 2015; Tegelberg et

al., 2012).
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1.2.3 CSTB and excitatory—inhibitory imbalance

The wide expression of CSTB in different neuronal cells suggests that
several neuronal types may be affected in EPM1 patients, although the
loss of inhibitory neurons points to GABAergic cells as a putative target
for treatment strategies. GABAergic neurons develop early during
embryonic development in the cortical anlage (Chen et al., 1995).
Recent studies have shown that EPM1 patients and the Cstb knockout
mice have a dramatic reduction in the thickness of the cortex and a clear
loss of GABAergic neurons. Electrophysiological studies showed altered
GABAergic signaling, suggesting a mechanism for the latent
hyperexcitability resulting in myoclonus and seizures in the patients
(Buzzietal., 2012; Franceschetti et al., 2007; Gorski et al., 2020; Joensuu
et al., 2014). These alterations in inhibitory neuronal populations are
recapitulated in human cerebral organoids derived from EPM1 patient
iPSCs (Forero et al., 2024b). Long-term cultures of these organoids (8
months) exhibit significantly higher spontaneous neuronal activity
compared to controls, characterized by a greater proportion of high-
frequency spikes and overall increased firing rates (Di Matteo et al.,
2025). Cellular phenotyping revealed a shift in neuronal subtype
composition, with an overproduction of excitatory neurons and a
concomitant reduction of inhibitory neurons, particularly in ventrally
patterned organoids, which normally give rise to GABAergic
interneurons. These findings collectively establish CSTB as a critical

determinant of GABAergic neuron development and function, whose

12



disruption underlies the excitatory—inhibitory imbalance characteristic

of EPM1.

1.2.4 CSTB implication in synaptic plasticity

In Cstb knockout mice, transcriptomic analyses revealed altered
expression of genes involved in synaptogenesis (Joensuu et al., 2014).
Proteomic profiling of cerebellar synaptosomes showed changes in
mitochondrial, ribosomal, and intracellular transport proteins, which
are essential for mitochondrial function, synaptic signaling, mRNA
translation, and cytoplasmic communication (Gorski et al., 2023, 2020).
These alterations suggest that the synaptic dysfunction observed in
Cstb-deficient mice may originate from early mitochondrial impairment,
leading to disrupted bioenergetics within synaptosomes. Notably, CSTB
is locally synthesized in synaptosomes, and its secretion is regulated by
neuronal depolarization (Penna et al., 2019). This activity-dependent
release appears to play a role in the recruitment and migration of
interneurons. Mechanistically, CSTB interacts with kinesin-like protein
KIFla neuron-specific motor protein of the kinesin-3 family that
hydrolyzes ATP to transport cargo along microtubules from the soma to
neuronal processes (Okada et al., 1995). CSTB secretion relies on KIFla
function, and in Cstb mutant mice, interneuron migration is perturbed
compared to wild-type controls (Di Matteo et al., 2020). Importantly,
these findings were observed also in human models. CSTB has been
detected in synaptosomes isolated from hCOs, confirming its synaptic

localization and suggesting a conserved role in synaptic function
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(Pizzella et al., 2024). In hCOs derived from EPM1 patients, reduced
CSTB levels correlate with decreased abundance of synaptic proteins,
impaired local protein synthesis, and altered extracellular vesicle
composition, pointing to a link between CSTB deficiency and disrupted

synaptic plasticity in a human pathological context.

1.3 Extracellular vesicles as a cell-cell communication tools

Extracellular vesicles (EVs) are heterogeneous membrane-bound
particles secreted into extracellular space by all cell types. They have
emerged as critical mediators of intercellular communication, capable
of transferring proteins, lipids, RNAs, and signaling molecules from
donor to recipient cells (Dixson et al., 2023; Gomes et al., 2020; Raposo
and Stoorvogel, 2013). The composition of EVs reflects the physiological
or pathological state of the originating cells, allowing them to convey
context-specific information that can modulate cellular behavior locally
or at distant sites through biological fluids.

Small EVs are primarily classified into exosomes and microvesicles based
on their biogenesis, size, and content. Exosomes, typically 30-200 nm,
are generated within the endosomal system through inward budding of
multivesicular bodies (MVBs), which fuse with the plasma membrane to
release their cargo into the extracellular space (Van Niel et al., 2018).
Microvesicles, larger and more heterogeneous (100-1000 nm), are
produced directly by outward budding of the plasma membrane,
incorporating membrane proteins and lipids from their cell of origin

(Dixson et al., 2023). These structural differences confer distinct
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functional capabilities to each EV subtype, influencing their interactions
with recipient cells.

Importantly, EV composition changes in response to cellular stress or
pathology, making them potential biomarkers for neurodegenerative

disorders (Caruso Bavisotto et al., 2019).

1.3.1 Role of EVs in brain development

Brain development is a highly dynamic process involving neurogenesis,
cell migration, axon guidance, and synapse formation, all of which rely
on precise spatio-temporal signaling between cells (Heng et al., 2010;
Rakic, 2009; Taverna et al., 2014). EVs can travel long distances, thereby
mediating cell-to-cell crosstalk across diverse sites within the
developing brain (Fauré et al., 2006; Patel and Weaver, 2021; Van Niel
et al., 2018; Zhou et al.,, 2021, 2018). EVs are released by neurons
(Solana-Balaguer et al.,, 2023; Wang et al., 2024), astrocytes
(Verkhratsky et al., 2016), oligodendrocytes (Friihbeis et al., 2013),
microglia (Paolicelli et al.,, 2019), and also by neuronal synaptic
compartments (Di Giaimo et al.,, 2020; Olivero et al.,, 2021),
consequently regulating diverse physiological processes, including
synaptic plasticity, neurogenesis, neuronal survival, and ECM
remodeling (Saeedi et al., 2019; Schiera et al., 2019; Sharma et al., 2019;
Smalheiser, 2007).

Studies have shown that neural stem and progenitor cells release EVs
carrying specific proteins, transcription factors, and non-coding RNAs

that can influence the fate of neighboring cells. For instance, Prominin-
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1is secreted via EVs by neural stem cells, while retinal stem cells release
EVs containing developmental transcription factors and microRNAs that
regulate gene expression in developing mouse brain and human retinal
organoids (Marzesco et al., 2005; Zhou et al., 2021). Neurons and
astrocytes also secrete EVs containing adhesion molecules such as L1
and Glutamate receptor subunits, guiding neuronal differentiation and
synapse formation (Fauré et al., 2006; Patel and Weaver, 2021; Takeda
and Xu, 2015). Under physiological conditions, exosomes may transport
the information necessary to establish correct neural connectivity and
synaptic strength. For example, synaptic AMPA and NMDA
glutamatergic receptors, strongly involved in long term potentiation,
modulate exosomes release at synapses in differentiated neurons
(Lachenal et al.,, 2011; Mittelbrunn et al.,, 2015), and synaptic
glutamatergic activity and calcium influx further regulate EVs
production (Lachenal et al., 2011; Saeedi et al., 2019), suggesting that
some signaling molecules linked to learning and memory may be
secreted via EVs (Schiera et al., 2019).

Recent studies highlight that EVs composition is highly dynamic and
dependent on developmental stage, cell type and cortical regional
context (Forero et al., 2024a). Proteomic profiling of human neural cells
and 3D cerebral organoids revealed that EVs protein content is
selectively loaded and does not directly reflect RNA expression or
intraluminal vesicle composition during development (Théry et al.,
2018; You et al., 2022). Notably, EVs carry physiologically functional

molecules which can modulate the behavior of recipient cells.
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Importantly, EVs derived from the same cell type may induce distinct
responses depending on the recipient cell type, reflecting specific
uptake mechanisms and intracellular localization (nuclear in neural
progenitor cells, cytoplasmic in astrocytes, plasma membrane in
neurons) (Hagey et al., 2023; Théry et al., 2018; Van Niel et al., 2018).
Overall, these findings underscore EVs as critical mediators of non-cell-

autonomous signaling in the developing human brain.

1.3.2 CSTB in extracellular vesicles: functional implications in EPM1
pathology

The modification of EVs components mirrors the change in cell and
tissues, and therefore their presence in biological fluids makes them a
potential diagnostic marker of Central Nervous System pathology such
as neurodegenerative diseases. Moreover, dysregulation of EV-
mediated signaling has been associated with neurodevelopmental
disorders, including cortical malformations, autism spectrum disorders,
and other forms of impaired brain connectivity (Kyrousi et al., 2021;
Pipicelli et al., 2023; Sharma et al.,, 2019). EPM1, while not directly
classified as a neurodevelopmental disorder, shares common features
of neuronal dysfunction often observed in such disorders. Recent
studies have shown that CSTB is present in EVs derived from 3D cerebral
organoids (Figure 2A;(Forero et al., 2024b) and has also been detected
in EVs secreted by synaptosomes isolated from E18 mouse brain (Figure

2B; Pizzella et al., 2024).
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Figure 2: Presence of CSTB in EV fraction

(A) Immuno-electron micrographs of CD81 (large dots) and CSTB (small
dots) in EVs collected from COs. Scale bar: 1 um. (B) Micrographs
showing CSTB (red) and CD81-positive (green) EVs secreted from E18

mouse brain synaptosomes. Scale bar in each panel

This dual evidence of CSTB presence in EVs secreted by cerebral
organoids and rodents brain synaptosomes highlights its potential
functional significance. In the context of EPM1, where CSTB is lacking,
EVs exhibit alterations in biogenesis, dynamics, and molecular cargo,
indicating a disruption in the processes of EVs loading and release
(Forero et al., 2024b). These findings support the notion that CSTB
functions not only intracellularly but also extrinsically as a mediator of
neuronal signaling via EVs. Its absence in EPM1 may therefore

compromise these mechanisms, contributing to disease pathogenesis.

1.4 Chaperonins

Proteostasis is regulated by a sophisticated network that influences the
synthesis, folding, trafficking, disaggregation, and degradation of

proteins. Within this network, the molecular chaperone system plays a
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central coordinating role (Balchin et al., 2016). Chaperonins depend on
ATP binding and hydrolysis to bind and fold non-native proteins within
their enclosed central chamber (Ghozlan et al., 2022). Evolutionary,
chaperonins are classified into two different groups -group | and group
II- based on their architecture and folding mechanism. Group |
chaperonins, which include bacterial cytosolic (GroEL), mitochondrial
(HSP60) and chloroplast (Cpn60) proteins, require cochaperonins
(HSP10s) to facilitate protein folding. On the other hand, the group Il
chaperonins consist of the archaeal chaperonins called thermosomes
and the eukaryotic chaperonin named T-complex protein- 1 ring
complex (TRiC/CCT) (Jin et al., 2019). TRiC/CCT either interacts directly
with substrate proteins or utilises cofactors such as prefoldin and HSP70

for substrate delivery (Gestaut et al., 2023).

1.4.1 Architecture of TRiC/CCT
TRIC/CCT is a 1-MDa hetero-oligomer consisting of two stacked

octameric rings that fold proteins in a manner dependent on ATP
hydrolysis (Joachimiak et al., 2014). Phylogenetic analysis indicated that
the different CCT subunit genes are the products of duplication events
occurring early during the evolution of eukaryotic cells and that these
products independently diverged with distinct functions (Archibald et
al., 2000; Kubota et al., 1994). Despite sharing only 27-39% sequence
identity, all CCT subunits display highly similar secondary structures,
organized into three domains: the apical domain, responsible for

substrate recognition and lid formation; the equatorial domain, which
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harbors the ATP-binding site, and the intermediate domain, essential for
ATP hydrolysis. The eight paralogous subunits forming each TRiC/CCT
ring display distinct substrate recognition properties, thereby expanding
the range of client proteins that can be folded. However, the activity of
the complex relies on the integrity of the entire subunit ensemble:
silencing a single subunit disrupts folding efficiency, reduces tubulin
synthesis, and destabilizes the expression of other CCT subunits
(Brackley and Grantham, 2009; Grantham et al., 2006; Pavel et al.,
2016).

1.4.2 Biological functions of TRiC/CCT

As a multifunctional protein, TRiC/CCT associates with numerous
partners to execute diverse functions. A central role of TRiC/CCT lies in
protein synthesis and folding, where it assists nascent polypeptides in
reaching their correct conformation. Recent studies have highlighted its
involvement in translation initiation and elongation: for instance, it
directly interacts with components of the translation initiation factor
elF3 (including elF3b, elF3h, and elF3i), promoting their correct folding
and functional assembly (Sha et al., 2009). Chaperone engagement with
nascent chains can influence ribosome dynamics, sometimes alleviating
ribosome stalling and modulating elongation rates (Goldman et al.,
2015). Beyond folding, CCT also contributes to the spatial regulation of
proteins within the cell, influencing their subcellular localization
through lateral interactions (Hodeify et al., 2018). Notably, reduced CCT

availability impairs autophagy, limiting the cell’s ability to degrade
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misfolded protein aggregates (Pavel et al., 2016). To compensate,
alternative mechanisms such as the formation of intraluminal vesicles
and secretion of extracellular vesicles (EVs) may become more
prominent (Vidal et al., 1997). Several studies suggest that CCT is
directly involved in the dynamics of the endolysosomal system and in
EVs biogenesis (Rojas-Gomez et al., 2023). CCT has been detected in EVs
derived from T lymphocytes, and its silencing results in proteomic and
lipidomic reprogramming of these vesicles, indicating an active role in
proteostasis via extracellular pathways (Gestaut et al., 2019; Maas et al.,
2017; Martin-Cofreces et al., 2021; Van Niel et al., 2018). Importantly,
CCT silencing also affects organelle homeostasis. Cells with reduced CCT
display alterations in organelle number, size, and positioning, consistent
with the fact that key cytoskeletal proteins, such as actin and tubulin,
are obligate CCT substrates (Llorca et al., 2001, 1999; Yam et al., 2008).
This suggests that CCT influences organelle dynamics and spatial
organization through its role in maintaining cytoskeletal integrity.
Together with its effects on organelle function, lipid metabolism, and
extracellular vesicle release, these findings extend the role of CCT
beyond classical proteostasis, highlighting it as a central hub

coordinating cellular homeostasis at multiple levels.

1.4.3 TRiC/CCT implication in neuropathies

Increasing evidence indicates that TRiC/CCT is closely related to tumors
and multiple nonmalignant diseases, such as neuropathies. These

disorders share common pathogenic mechanisms, notably the failure of
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the proteostasis network, which leads to the accumulation of cytotoxic
protein aggregates in neurons (Hetz, 2021). In postmitotic neurons,
misfolded proteins cannot be diluted through cell division, making
TRIiC/CCT essential for maintaining neuronal proteostasis. Dysfunction
of TRiC/CCT has been observed in multiple neuropathies, including
Huntington disease(Caron et al., 2018; Chen et al., 2016; Zhao et al.,
2016), Parkinsons disease (Sot et al., 2017; Xie et al., 2016) and
Alzheimer disease (Khabirova et al., 2014; Shen et al., 2015). Recent
studies extend this perspective to neurodevelopmental diseases (Kraft
et al., 2024). Observations indicate that variants in TRiC subunits can
produce a wide spectrum of clinical manifestations, including relevant
brain developmental disorders, suggesting that subtle perturbations in
TRiC function may contribute to neurodevelopmental conditions
currently classified as “idiopathic”. Analysis of individual TRiC subunits
demonstrates their essential role in corticogenesis, highlighting that
even partial loss-of-function or mild variants can disrupt the balance of
protein folding and proteostasis during brain development. These
findings support the proposal to designate TRiC-related
neurodevelopmental conditions as “TRiCopathies,” emphasizing the
complex’s central role in both neuronal homeostasis and proper brain

formation.

Chapter 2: Aims

The expression of CSTB is finely regulated during nervous system
development. Previous studies have demonstrated that CSTB is

essential for interneuron migration and recruitment (Di Matteo et al.,
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2020). Recent data from human cerebral organoids derived from EPM1-
patient iPSCs, characterized by reduced CSTB levels, reveal cell fate
alterations. Moreover, electrophysiological analyses have shown an
imbalance between excitatory and inhibitory neurons, while RNA-
sequencing and Immunochemistry analyses demonstrated an altered
progenitor cell identity. In particular, ventral progenitors, which
physiologically give rise to inhibitory GABAergic interneurons,
aberrantly lost their identity and acquired dorsal-excitatory neuronal
identities in EPM1 (Forero et al., 2024b). This raises the critical question

of how CSTB dysfunctions perturb dorso-ventral identity specification.

Based on these observations, our first aim was to identify, in ventral
cortical organoids, the physiological interactors of CSTB and the related
pathways that may underline pathological features of EPM1. We
performed co-immunoprecipitation analyses combined with mass
spectrometry at different developmental stages, in order to uncover
region- and stage-specific CSTB protein complexes potentially involved
in neurodevelopmental processes affected by the disease.

Among the CSTB interactors, the CCT complex showed a strong
association with CSTB in ventral organoids. This chaperonin complex is
known to participate in multiple cellular mechanisms, such as protein
folding autophagy and EVs secretion (Goldman et al., 2015; Pavel et al.,
2016), which are commonly altered in many neuropathies (Caron et al.,
2018; Shen et al., 2015; Sot et al., 2017). Then, our second aim was to

investigate in EPM1 context, the cellular mechanisms associated with
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the interaction CCT complex-CSTB, with a particular focus on protein

synthesis and EVs release.

Indeed, beyond cell-autonomous defects in EPM1, cell-non-
autonomous mechanisms mediated by EVs are also involved in the
EPM1 pathogenesis (Forero et al., 2024b). EVs are essential mediators
of intercellular communication, modulating signaling pathways that
influence neural differentiation, maturation and synaptic plasticity.
Recent evidence has demonstrated the presence of CSTB within EVs
released by synaptosomes isolated from E18 mouse brain, supporting
its role in synaptic function and highlighting the potential contribution
of EV-mediated CSTB secretion to synaptic plasticity and neuronal
network homeostasis (Pizzella et al., 2024).

Based on these findings, our third aim focused on investigating the
mechanisms underlying CSTB secretion via EVs from synaptic terminals
by using as model system the synaptosomes isolated from mature
neurons in adult rat brain. We examined the role of calcium signaling
and vesicular trafficking pathways in CSTB release, to better understand
how CSTB contributes to synaptic function and how its dysregulation

may contribute to EPM1 pathophysiology.
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Chapter 3: Material and Methods

3.1 3D model: Human cerebral organoids

3.1.1iPSCs culture

iPSCs were previously reprogrammed from 2 control lines of fibroblasts
(Klaus et al., 2019) and PBMCs origin (Di Matteo et al., 2020) and from
2 EPM1 patient lines (Di Matteo et al., 2020). iPSCs were cultured on
Matrigel (Corning) coated plates (Thermo Fisher, Waltham, MA, USA) in
mTesR1 basic medium supplemented with 1x mTesR1 supplement
(Stem Cell Technologies, Vancouver, Canada) at 37°C, 5% CO2 and
ambient oxygen level. Passaging was done using Gentle Dissociation

(Stem Cell Technologies) treatment.

3.1.2 Generation of dorsally- and ventrally- patterned human
cerebral organoids

Reprogrammed iPSCs were used to generate patterned hCOs (Lancaster
et al., 2013; Lancaster and Knoblich, 2014). On day 1, iPSCs grown to
70-80% confluency were dissociated using Accutase solution (Sigma
Aldrich, St. Louis, MO, USA, A6964) treatment, counted and plated in a
96-well U-bottom plate at a density of 9,000 live cells per 150 mL in low-
bFGF hESC medium with ROCK inhibitor (1:100, final concentration 50
mM) to form Embryoid Bodies (EBs). On day 4-5, EBs were transferred
to neural induction medium (DMEM-F12 with 1% (v/v) N2 supplement,
1% (v/v) GlutaMAX supplement and 1% (v/v) MEM-NEAA, heparin (final
concentration of 1 mgmL_1) to promote the induction of primitive

neuroepithelia. After five days, during the neuronal induction, EBs were
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treated individually with Smoothened Agonist (SAG) (1:10,000)
(Millipore, 566660) and IWP-2 (1:2000) (Sigma-Aldrich, 10536) to
promote ventral identity and with cyclopamine A (1:500) (Calbiochem,
239803) for a dorsal identity. Following 7 days, EBs were embedded in a
Matrigel (Corning/VWR International, 354234) droplet. and kept in
static culture in differentiation medium without vitamin A containing 1:1
mixture of DMEM/F12 and Neurobasal supplemented with 1:200 N2
supplement (Invitrogen), 1:100 B27 supplement without vitamin A
(Invitrogen), 3.5 mL L21 2-mercaptoethanol, 1:4,000 insulin (Sigma),
1:100 Glutamax (Invitrogen), 1:200 MEM-NEAA. 4-5 days following the
embedding, organoids were transferred to an orbital shaker in
differentiation medium as above, except B27 supplement with vitamin
A (Invitrogen) was used. Organoids were kept in 10-cm dishes on a
shaker at 37_C, 5% CO2 and ambient oxygen level with medium changes

every 3—4 days.

3.2 2D model

3.2.1 Dissociation of ventral human cerebral organoids for 2D culture
20-30 days old ventral hCOs generated from control and EPM1 iPSCs,
were dissociated as previously described (Di Matteo et al., 2020), with
some modifications. Briefly hCOs were dissociated to single cells using
Accutase (Sigma-Aldrich, A6964). Single cells coming from a pool of two
to three organoids were plated in 6-well plates in Matrigel coating with
neural progenitor cells medium (NPC medium) and used for next

analyses. Cells coming from a pool of four to five organoids were then
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plated onto Poly-L-ornithine (10 pg/ml) (Sigma- Aldrich, P4957)/Laminin
(10 pg/ml) (Sigma-Aldrich, L2020)-coated coverslips with some
modifications in wells of 24-well plates (Corning) with neural progenitor
cells medium (NPC medium, (Gunhanlar et al., 2018) for subsequent

Immunohistochemistry analysis.

3.2.2 NPCs maintenance and early (NPCs-D3) and late (3-8 weeks)
neurons generation

Neural progenitor cells (NPCs) were generated and cultured by following
Basic Protocol as previously described (Zink et al., 2021), Early stages of
neural differentiation (NPCs-D3) were obtained by replacing the N2B27
media (DMEM-F12 0,5%, Neurobasal 0,5%, GlutaMAX supplement
0,5%, N2 supplement 0,5%, B22 with vit A supplement 1%, Pen/Strep
1% and 2-mercaptoethanol 0,9mM) every day. Neuronal cultures were
obtained from NPCs as previously described (Gunhanlar et al., 2018).
Neurons were cultured for 4 and 8 weeks in the neuronal differentiation
medium (Neurobasal medium: 1% N2 supplement; 2% B27 w/o vitamin
A; 1% MEM-NEA; 1,25 pg/uL laminina; 1% penicillin/streptomycin, with
addition of fresh 20 ng/mL BDNF, ProSpec Bio, Rehovot, Israel, 20 ng/mL
GDNF, ProSpec Bio, 200 uM cAMP, Sigma-Aldrich, 1 uM ascorbic acid,
Sigma-Aldrich). From week 1 to 4 the medium was changed every other
day; from week 4 to 10 only half of the medium was replenished. All the
cells were kept in an incubator at 37°C, 5% CO2 and ambient oxygen

level with medium changes every 2—-3 days.
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3.2.3 EVs collection and isolation from 2D model

EVs were collected from conditioned media from neuronal cultures
from 3 to 6 weeks in culture (Théry et al., 2006). We performed EV
collection by the following steps: centrifugation at 300g for 10 min,
supernatant centrifugation at 2000g for 10 min at 4_C, supernatant
supernatant centrifugation at 100.000g for 90 min at 4_C in a fixed-
angle rotor (TH865, Thermo Fisher Scientific), followed by pellet
resuspension. EV pellets were finally resuspended in RIPA buffer for
protein extraction. For proteomic analyses, EVs derived from 3-4-week
and 5-6-week neuronal cultures were pooled to obtain sufficient protein

yield.

3.3CRISPR interference (CRISPR-i)

3.3.1 CRISPR-i plasmid construct

CRISPR interference (CRISPR-i) was employed to inhibit the expression
of the TCP-1 gene, a core subunit of the CCT complex, in control vNPCs-
D3. This approach allows targeted and reversible transcriptional
silencing without inducing DNA double-strand breaks, by coupling a
catalytically inactive Cas9 (dCas9) to the KRAB transcriptional repressor
domain (Gilbert et al.,, 2013). KRAB transcriptional repressor will be
driven to the promoter of the gene to be silenced by the guide RNA. We
used a plasmid expressing the dCas9-KRAB fusion protein (pCAG-
CRISPRi see map Figure 3, gift from Jaboudon lab) and a single guide
RNA (sgRNA) was designed to target the TCP-1 promoter region and

cloned into the plasmid. Two single stranded oligonucleotides with
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complementary sequences targeting TCP1 promoter (sgRNA-TCP1-
oligo-F 5’-ACCGGTGGTCGCCGGTCGGCCGAG-3'and sgRNA-TCP1-oligo-R
5’-AAACCTCGGCCGACCGGCGACCACC-3’) were annealed by mixing
equal volumes of equimolar oligonucleotides, incubated at 95°C for 5
min and slowly cooled down to room temperature. 1 pg of the CAG-
CRISPRi plasmid was incubated for 2h at 37°C with Bbs/ restriction
enzyme (NEB) in the appropriate buffer. Annealed Oligos were ligated
into CAG-CRISPRi plasmid previously purified after enzymatic digestion.
Ligation mix was used to transform chemically competent E. coli cells.
Restriction digestion analysis and subsequent sequencing allowed to

verify gRNA correct cloning.
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Figure 3: pCAG-CRISPR-i map
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3.3.2 TCP-1 silencing

VNPCs-D3 were transfected with a control plasmid expressing GFP
protein to follow transfected cells (pEGFP-C1 plasmid) and TCP-1
CRISPR-i plasmid using the jetOPTIMUS DNA Transfection Reagent,
Sartorius as instructed in the protocol. The fresh media were replaced
10-12h following the transfection and after three hours the conditioned
media was collected for EVs collection (see EV collection and isolation).
The efficiency of the transfection and relative images were then

analyzed using Imagel.60

3.4 SUrface and SEnsing of Translation (SUnSET)

VvNPCs, vNPCs-D3 and mature neurons were incubated for 30 minutes
with 1 uM puromycin (p8833 sigma), to detect newly synthetized
protein. Cells were then rinsed with PBS and subsequently lysed in RIPA
buffer. Cells were isolated by centrifugation in an Eppendorf 5415C
microcentrifuge at 14,000 rpm, 5 min, 4 °C, and stored at -80 °C for
subsequent western blot analysis. In addition, on 4-week control and
EPM1 neurons, as well as on 8-week control neurons, puromycin
incorporation was also assessed by immunofluorescence (See
Immunofluorescence section), allowing visualization and quantification

of protein synthesis at the single-cell level.
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3.5 Immunofluorescence and imaging

Monolayer cultures were fixed with 4% paraformaldehyde for 20 mins
at room temperature, followed by three 5 min washing with 1xPBS.
Next, cells were blocked against unspecific binding and permeabilized in
blocking buffer (10% Normal Goat Serum, 0,02% Triton-X in 1xPBS) for
1 hour. Primary antibodies diluted in blocking buffer were then added
to the cells in the dilutions specified below and incubated overnight. On
the second day, cells were washed three times for 5 mins each in PBS
with 0,1% Tween (PBS-T) and then incubated for 2 hours in secondary
antibodies raised against the host animal of the primary antibody.
Secondary antibodies were diluted in blocking buffer and the dilutions
used are listed below (Table 1). DAPI (4',6-diamidino-2- phenylindole)
was added as a nuclear counterstaining. Finally, cells were washed three
times with PBS-T and mounted on object slides with Fluoromount-G
(ThermoFisher Scientific, 00-4958-02). Confocal stack images were
obtained using a Leica SP8 confocal microscope based on a DMi8 stand
(Leica Microsystems, Wetzlar, Germany), equipped with 20x/0.75 (oil),
40x/1.10 (water), and 63x/1.30 (glyc) objectives. Images were then

processed using Imagel (Schneider et al., 2012).
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Table 1.

Puromycin 1:500 12D10 Millipore

MAP2 1:500 M4403 Merck

F-actin (Phalloidin) 1:40 A22283 Life-Technologies
RAB7 1:500 93675 Cell Signaling
Alexa Fluor_ 488 Goat | 1.1 000 A-21121 Life-Technologies
Anti-mouse IgG1

Alexa Fluor_ 647 Goat | 1.1 000 A-21244 Life-Technologies
Anti-Rabbit 1gG (H + L)

Alexa Fluor_488 Goat | 1:1 000 A-21131 Life-Technologies
Anti-mouse IgG2a

Alexa Fluor_ 647 Goat | 1.1 000 A-21240 Life-Technologies

Anti-mouse IgG1

3.7 Animals

Wistar male rats (Charles River Laboratories, Calco, Lecco, It), of about

3 months of age, were kept in the animal house at the Department of

Biology, University of Naples Federico II, Italy. All animal handling

procedures were performed in accordance with European Union

guidelines. Animals were kept with food and water ad libitum in a room

with controlled temperature and humidity, and a 12-h light-dark

regimen.

3.8 Synaptosomal fraction

3.8.1 Isolation of synaptosomal fraction from rodents cerebral cortex

Synaptosomes were prepared from cerebral cortex dissected from 3

months old rats. Synaptosomes were prepared as previously described




(Eyman et al., 2007; Penna et al., 2019). Briefly, cerebral cortices were
resuspended in nine volumes of cold isotonic medium (IM: 0.32 M
sucrose, 10 mM Tris-HCI, pH 7.4) and homogenized with a Dounce
homogenizer. An aliquot of the homogenate was dissolved in RIPA
buffer (50 mM Tris-HCl pH 8.8, 150 mM NaCl, 0.1% SDS, 0.5% NP-40,
0.5% DOC; protease and phosphatase inhibitor cocktail, Sigma-Aldrich)
for subsequent analysis. The remaining homogenate was centrifuged at
2,000 x g for 1 min, 4°C. The sediment was resuspended in the same
volume of IM and centrifuged again under the same conditions to
remove the sediment containing nuclei, cell debris and other
particulates. The two supernatants were combined and centrifuged at
higher speed (23,000 x g for 4 min, 4°C) to obtain a pellet that was
washed in the same volume of IM and centrifuged again as described
above. The obtained pellet, named P2 fraction or crude synaptosomal
fraction, contains mitochondria, myelin and synaptosomes.
Synaptosomes from adult rats were further purified by discontinuous
Ficoll gradient. The P2 fraction (1 mL with protein concentration of 3.2
mg/mL) was stratified on a discontinuous gradient 5-13% Ficoll in IM (2
mL each) by centrifuging at 45,000 x g for 45 min at 4°C. The purified
synaptosomes were collected from the interface, diluted with nine
volumes of IM and sedimented at 23,000 x g for 20 min, 4°C. The pellet
was homogenized in IM and used for subsequent analyses. The protein
content of both homogenate and synaptosomal fractions was
determined by BIO-RAD method using bovine serum albumin (BSA) as

the standard protein.
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3.8.2 Incubation and isolation of extracellular vesicles from
synaptosomes

Synaptosomal fraction from rodents cortices was incubated in ringer
medium (90 mM NacCl, 3 mM KCl, 2 mM MgCI2, 1 mM CaCl2, 1 mM
glucose, 100 mM sucrose, 30 mM Tris-HCI, pH 7.5), or in depolarizing
medium (43 mM NacCl, 50 mM KCI, 2 mM MgCl2, 1 mM CaCl2, 1 mM
glucose, 100 mM sucrose, 30 mM Tris-HCI, pH 7.5) or in depolarizing
medium without calcium (43 mM NaCl, 50 mM KCI, 2 mM MgCI2, 1 mM
glucose, 103 mM sucrose, 30 mM Tris-HCI, pH 7.5). Synaptosomes were
incubated with DMSO (0,1%, vehicle of BAPTA-AM and ionomycin), or
BAPTA-AM (2 uM) or ionomycin (100 nM) as indicated in the “Results”
section. After 1 h incubation at 37°C, samples were cooled on ice and
centrifuged at 23,000 x g for 7 min, 4°C. The resulting pellet, containing
post-incubation synaptosomes, was resuspended in RIPA buffer. The
supernatant, containing the secreted proteins (secretome), was further
centrifuged at 100,000 x g for 2h, 4°C. The pellet, containing the ex EVs
(Théry et al., 2006), was resuspended in RIPA buffer for Western Blot
analysis (WB).

3.9 Nanoparticle tracking analysis

For the nanoparticle tracking analysis (NTA), fresh and frozen media
from i) vNPCs-D3 transfected or not, ii) from 3 to 6 weeks neurons and
iii) incubation media of synaptosomes were diluted in PBS and analyzed
using a Particle Metrix ZetaView PMX110-Z Nanoparticle Tracking

Analyzer (Particle Metrix GmbH, Inning am Ammersee, Germany)
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equipped with a 520 nm laser. For each measurement, samples were
introduced manually, the temperature was set to 24°C, and two cycles
were performed by scanning at 11 discrete positions in the cell channel
and capturing 60 frames per position (video setting: high). The following
recommended parameters were used for the measurement.
Sensitivity: 80.0

Shutter: 70

Frame rate: 30

Minimum Brightness: 20

Minimum Area: 5

Maximum Area: 1000

Maximum Brightness: 255

Tracking Radius2: 100

Minimum Tracelength: 15

nm/class: 5
Classes/decade: 64

After capture, the videos were analyzed for particle size and

concentration using the ZetaView Software 8.05.12 SP1.

3.10 Gel Electrophoresis and Western Blot analysis

Aliquots of cell lysates (VNPCs, vNPCs-D3, Neurons) and EVs isolated
from synaptosomal fractions were resuspended in RIPA Buffer with
protease and phosphatase inhibitor cocktail, Sigma-Aldrich. The protein
samples were denatured at 100 °C for 5 min in the sample buffer (60
mM Tris-HCl pH 6.8, 10% Glycerol, 2% SDS, 100 mM DTT 0.1%
bromophenol blue), separated in 10%-15% SDS-PAGE and were

transferred to PVDF membranes (Merck-Millipore). The same amount
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of proteins was loaded in each lane of the gel. Western blot analysis was
performed as previously reported (Penna et al., 2019) with the primary
antibodies indicated in table 2. After several washings in TBST,
membranes were incubated with secondary antibody against rabbit
(1:20,000, A0545, Sigma-Aldrich) or mouse (1:20,000, NA931, GE
Healthcare) IgG linked to horseradish peroxidase. Signals were

visualized by chemiluminescence (ECL, Millipore) on X-ray film (X-Ray

Film, Fujifilm).

Table 2.
Puromycin 1:500 12D10 Millipore

Cbh81 1:500 Sc-166029 Santa Cruz
TCP1 1:10,000 ab176691 Abcam

CSTB 1:2,000 AbIN271833 Antikoerper
GAPDH 1:200,000 CB1001 Sigma-Aldrich

3.11 Co-immunoprecipitation analysis

Co-immunoprecipitation assays were performed using the Pierce™
Crosslink Magnetic IP/Co-IP Kit (Thermo Scientific, Cat. No. 88805)
according to the manufacturer’s instructions (Procedure for the Pierce
Crosslink Magnetic IP/Co-IP Kit Manual). Dorsal and ventral cortical
organoids of control derived from control iPSC lines at 20 and 40 days of
differentiation, with two organoids per condition and three
independent biological replicates, were collected and lysed in the lysis

buffer provided with the kit (Lysis Buffer: 25mM Tris, 150mM NaCl, 1mM
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EDTA, 1% NP40, 5% glycerol, pH 7.4), supplemented with 2X protease
and phosphatase inhibitor cocktail (Sigma-Aldrich). For each condition,
7ug of anti-CSTB antibody (Prointech, Cat No 10823-1-AP) was
covalently crosslinked to magnetic Protein A/G beads using the
disuccinimidyl suberate (DSS) crosslinking reagent included in the kit to
minimize antibody co-elution. Equal amounts of clarified organoid
lysates were incubated with the antibody-coupled beads at RT under
gentle rotation for 1h. After extensive washing, bound proteins were
eluted using 110ulL of elution buffer (pH 2.0) supplied with the kit,
neutralized (pH 8.5), and subsequently processed for mass

spectrometry analysis.

3.12 Proteomic analyses

3.12.1 Mass spectrometry

Mass spectrometry (MS) analyses were performed on protein lysates
from ventral and dorsal organoids obtained after Co-IP (biological
duplicates and technical triplicates) and EVs isolated from 2D neuronal
cultures differentiated for 3 to 6 weeks.

Briefly, the protein extract was loaded onto the centrifugal filter CO10
kDa (Merck Millipore, Darmstadt, Germany), and detergent were
removed by washing five times with 8M Urea (Merck, Darmstadt,
Germany) 50mM Tris (Sigma-Aldrich, USA) buffer. Proteins were
reduced by adding 5mM dithiothreitol (DTT) (Bio-Rad, Canada) at
37degrees C for 1 hour in the dark. To remove the excess of DTT, the

protein sample was washed three times with 8M Urea, 50mM Tris.
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Subsequently protein thiol groups were blocked with 10mM
iodoacetamide (Sigma-Aldrich, USA) at RT for 45 min. Before proceeding
with the enzymatic digestion, urea was removed by washing the protein
suspension three times with 50mM ammonium bicarbonate (Sigma-
Aldrich, Spain). Proteins were digested first by Lys-C (Promega, USA) at
RT for 2 hours, then by trypsin (Premium Grade, MS Approved, SERVA,
Heidelberg, Germany) at RT, overnight, both enzymes were added at an
enzyme-protein ratio of 1:50 (w/w). Peptides were recovered by
centrifugation followed by two additional washes with 50mM
ammonium bicarbonate and 0.5M NacCl (Sigma- Aldrich, Swisserland).
The two filtrates were combined, the recovered peptides were
lyophilized under vacuum. Dried tryptic peptides were desalted using
C18-tips (Thermo Scientific, Pierce, USA), following the manufacture
instructions. Briefly, the peptides dissolved in 0.1%(v/v) formic acid
(Thermo scientific, USA) were loaded onto the C18-tip and washed 10
times with 0.1 % (v/v) formic acid, subsequently the peptides were
eluted by 95% (v/v) acetonitrile (Merck, Darmstadt, Germany), 0.1%
(v/v) formic acid. The desalted peptides were lyophilized under vacuum.
The purified peptides were reconstituted in 0.1% (v/v) formic acid for

LC-MS/MS analysis.

3.12.2 MS data acquisition

Desalted peptides were loaded onto a 25 cm, 75 pum ID C18 column with
integrated nanospray emitter (Odyssey/Aurora, ionopticks, Melbourne)

via the autosampler of the Thermo Easy-nLC 1000 (Thermo Fisher
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Scientific) at 60 °C. Eluting peptides were directly sprayed onto the
timsTOF Pro (Bruker Daltonics). Peptides were loaded in buffer A (0.1%
(v/v) formic acid) at 400 nl/min and percentage of buffer B (80%
acetonitril, 0.1% formic acid) was ramped from 5% to 25% over 90
minutes followed by a ramp to 35% over 30 minutes then 58% over the
next 5 minutes, 95% over the next 5 minutes and maintained at 95% for
another 5 minutes. Data acquisition on the timsTOF Pro was performed
using timsControl. The mass spectrometer was operated in data-
dependent PASEF mode with one survey TIMS-MS and ten PASEF
MS/MS scans per acquisition cycle. Analysis was performed in a mass
scan range from 100-1700 m/z and an ion mobility range from 1/K0 =
0.85 Vs cm-2 to 1.30 Vs cm-2 using equal ion accumulation and ramp
time in the dual TIMS analyzer of 100 ms each at a spectra rate of 9.43
Hz. Suitable precursor ions for MS/MS analysis were isolated in a
window of 2 Th form/z < 700 and 3 Th for m/z > 700 by rapidly switching
the quadrupole position in sync with the elution of precursors from the
TIMS device. The collision energy was lowered as a function of ion
mobility, starting from 45 eV for 1/K0 = 1.3 Vs cm-2 to 27eV for 0.85 Vs
cm-2. Collision energies were interpolated linear between these two
1/KO0 values and kept constant above or below these base points. Singly
charged precursor ions were excluded with a polygon filter mask and
further m/z and ion mobility information was used for ‘dynamic
exclusion’ to avoid re-sequencing of precursors that reached a ‘target
value’ of 14500 a.u. The ion mobility dimension was calibrated linearly

using three ions from the Agilent ESI LC/MS tuning mix (m/z, 1/KO:
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622.0289, 0.9848 Vs cm-2; 922.0097 Vs cm-2, 1.1895 Vs cm-2;
1221.9906 Vs cm-2, 1.3820 Vs cm-2).

3.12.3 Raw data analysis of MS measurements

Raw data were processed using the MaxQuant computational platform
(version 1.6.17.0) (Tyanova et al., 2016) with standard settings applied
for ion mobility data (Prianichnikov et al., 2020). Shortly, the peak list
was searched against the Uniprot database of Human database (75069
entries, downloaded in July 2020) with an allowed precursor mass
deviation of 10 ppm and an allowed fragment mass deviation of 20 ppm.
MaxQuant by default enables individual peptide mass tolerances, which
was used in the search. Cysteine carbamidomethylation was set as static
modification, and methionine oxidation, deamidation and N-terminal
acetylation as variable modifications. The matchbetween-run option
was enabled, and proteins were quantified across samples using the
label-free quantification algorithm in MaxQuant generating label-free

quantification (LFQ) intensities.

3.12.4 Bioinformatic analyses

Bioinformatic processing and statistical analyses of proteomic data were
performed using Perseus software (version 1.6.13.0, Max Planck
Institute of Biochemistry, Munich, Germany) and RStudio (R Foundation
for Statistical Computing, Vienna, Austria).

LFQ intensity values were imported into Perseus, log,-transformed, and

filtered to remove potential contaminants, reverse hits, and proteins
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identified only by site. To ensure data quality, only proteins quantified
in at least two of three biological replicates per condition were retained.
Missing values were imputed from a normal distribution (width 0.3,
downshift 1.8) to simulate low-abundance signals. Differential
expression analyses were performed using two-sample t-tests, and
proteins with |log,FC| > 0.5 and p < 0.05 were considered significantly
enriched. The resulting datasets were exported and further processed
in RStudio for visualization and functional enrichment analyses. Volcano
plots were generated using the EnhancedVolcano package, while Gene
Ontology (GO) enrichment analyses were performed using the
clusterProfiler and enrichR packages, applying an FDR threshold of 0.05.
Plots were visualized with ggplot2 and related packages within the

tidyverse environment.

3.13 Statistical analysis

3.13.1 Proteomic statistical analysis

Missing values were imputed using the R package DEP (version 1.15.0)
and replaced by random values of a left-shifted Gaussian distribution
(shift of 1.8 units of the standard deviation and a width of 0.3).
Differentially expression (DE) analysis was performed on the imputed
data using Student’s t Test. Proteins with log2 fold change values
(log2FC) >0.5 and with an FDR-corrected g-value <0.05 were considered

as differentially expressed.
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3.13.2 Western Blot and Immunoflorescence statistical analysis

Statistical analyses related to WB and IF experiments were performed
using GraphPad Prism 8 software. Data are presented as mean * SEM,
as indicated in the figure legends. Differences between groups were
evaluated using unpaired or paired t-tests, one-way ANOVA with Tukey’s
post hoc test, nonparametric Mann—Whitney test, or two-way ANOVA
with Sidak’s post hoc test, as specified in the figure legends. A p-value <

0.05 was considered statistically significant.
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Chapter 4: Results

4.1 Characterization of CSTB interactors in dorsal and ventral cortical
organoids during maturation

To identify the physiological interactors of CSTB in developing human
cortical regions, we performed Co-IP, followed by mass spectrometry
and differential expressed proteins (DEPs) analysis, on protein lysates
from dorsal and ventral cortical organoids derived from two
independent control iPSCs lines, at two different developmental stages,
20 and 40 days.

At 20 days of maturation, when organoids are predominantly composed
of NPCs, Co-IP analysis revealed a large overlapping set of CSTB
interactors between dorsal and ventral regions (Figure 4A). This
suggests that CSTB plays common roles in both regions during early
stages of cortical development in human organoids.

Among these shared interactors, we identified cytoskeletal proteins
such as NEFL and VIM, cysteine proteases including CTSC and CTSV, and
histone proteins, some of which have already been reported as CSTB
interactors in previous studies (Ceru et al., 2010; Di Giaimo, 2002)). The
detection of these known CSTB partners provides an important internal
validation of our experimental approach, confirming the reliability of
the Co-IP/MS analysis in organoids.

At day 40 of maturation (Figure 4B), when organoids contain a mixture
of NPCs and immature neurons, distinct region-specific CSTB interactors

emerged. In particular, 538 proteins showed stronger interaction with

43



CSTB in ventral organoids and only 35 in dorsal ones (log2FC>0.5, p-

value<0.05). These ventral-enriched

interactors are significantly

associated with biological processes including RNA splicing, translation,

protein folding and cytoskeleton organization, as indicated by Gene

Ontology analysis (Figure 4C). Notably, all eight subunits of the CCT

complex, a key player in protein folding, cytoskeletal dynamics and

vesicle biogenesis (Que et al., 2024; Rojas-Gomez et al., 2023), were

detected among the top ventral-specific interactors indicating a strong

interaction between CSTB and the entire CCT complex.
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Figure 4: Temporal and regional characterization of CSTB interactors
in human cerebral organoids

(A) Volcano plot showing differential CSTB interactors (DEPs) between
dorsal and ventral cortical organoids at day 20. Selected proteins of
interest are indicated (NEFL: Neurofilament light polypeptide; VIM:
Vimentin; CTSC: Cathepsin C; CTSV: Cathepsin V). (B) Volcano plot
showing CSTB interactors (DEPs) at day 40 and the subunits of the CCT
chaperonin complex (TCP1-CCT8) among the top 50 ventral-specific
proteins. (C) Bar plot showing Gene Ontology analysis (GO) of Biological
Process related to the 538 ventral-specific CSTB interactors at day 40. In

volcano plots (A, B), protein levels in ventral versus dorsal cortical
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organoids are plotted as negative log10 g-values against log2 fold
change. Volcano plots were generated by using EnhancedVolcano
package in R studio, significantly expressed proteins are shown (ventral:
purple, log2 FC>0.5 and g < 0.05; dorsal: green, log2 FC < 0.5 and q <
0.05). GO enrichment analyses were performed using the clusterProfiler

and enrichR packages in R studio.

4.2 Protein synthesis during maturation of EPM1 neurons

4.2.1 Protein synthesis impairment emerges during neuronal
differentiation in EPM1 cells

Given the enrichment of CCT complex subunits among ventral-specific
CSTB interactors at day 40, we next investigated whether CCT complex
dependent processes are altered in ventral EPM1 cells. Due to the
established role of the CCT complex in regulating protein synthesis
(Goldman et al.,, 2015; Que et al.,, 2024; Sha et al., 2009), we first
examined whether this process was affected in ventral EPM1 cells.
Using the SUNnSET method to label newly synthetized proteins, we
compared the protein synthesis levels in human EPM1 and control cells
at multiple stages of maturation: ventral neuronal progenitor cells
(VNPCs, Figure 5A, B), early ventral neuronal differentiation (vNPCs-D3,
Figure 5C, D), and mature neurons (Figure 5E, F).

The profile of puromycin-labeled proteins showed no significant
difference in protein synthesis between control and EPM1 vNPCs (Figure
5A, B). However, after only 3 days of neuronal differentiation EPM1 cells

exhibited reduced protein synthesis levels compared to controls at the
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same differentiation stage. (Figure 5C, D). Given the previous evidence
that EPM1 cells exhibit a premature neuronal differentiation relative to
controls (Di Matteo et al., 2020; Forero et al., 2024b), we extended our
analysis to include control cells at a more advanced maturation stage (6
days). The persistence of the impairment of the protein synthesis levels
in these conditions suggests that the defect is not merely attributable
to differences in developmental timing. Figure 5C, D). Interestingly, the
protein synthesis defect was maintained during development, since we
observed the same results in mature neurons (Figure 5E, F). These
findings indicate that protein synthesis impairment emerges during the
early stages of neuronal induction and persists throughout neuronal

maturation in EPM1 cells.
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Figure 5: Impairment of protein synthesis in EPM1 cells is dependent
on maturation stage

(A,C,E) Representative Western blot images showing puromycin
incorporation to detect protein synthesis in: (A) ventral neural
progenitor cells (vNPCs), (C) early ventral neuronal differentiation stage
(VNPCs exposed to differentiation medium for 3 and 6 days (vNPCs-D3),
(E) and mature neurons derived from control and EPM1 cells of 8 weeks
of differentiation. (B, D, F) Corresponding quantifications of puromycin
signal showed in A,C,E normalized to GAPDH as loading control. Data
are presented as mean *+ SEM, n=4. Statistically significant differences
are assessed by Ordinary one-way ANOVA, Turkey’s post hoc test, ** p
value<0,01, *** p value< 0,001.

4.2.2 Immunofluorescence confirms impaired protein synthesis in
prematurely matured EPM1 neurons

To validate our Western blot findings (Figure 5), we performed SUNnSET
assay and immunofluorescence analysis to assess protein synthesis
specifically in human mature neurons cultured in 2D for 4- and 8-weeks.
Cells incubated with puromycin (in green) were stained for MAP2 (in
magenta). The 4-and 8-weeks control neurons (Figure 6A-B) were
compared to 4-weeks EPM1 neurons (Figure 6C) in order to account for
the distinct differentiation dynamics in EPM1 cells. Quantitative analysis
showed that MAP2 expression in 4-weeks EPM1 neurons was
significantly higher than in 4-weeks controls and comparable to 8-weeks

controls (Figure 6D), confirming the premature neuronal maturation
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phenotype in EPM1 neurons (Di Matteo et al., 2020; Forero et al.,,
2024b). As puromycin incorporation indicated, protein synthesis levels
were markedly reduced in 4-weeks EPM1 neurons compared to both 4-
and 8-weeks controls (Figure 6E). After normalization of puromycin
signal to MAP2 intensity, the reduction in protein synthesis remained
significant, indicating a neuron-specific impairment (Figure 6F). These
data, using immunofluorescence analysis, confirmed that protein

synthesis deficits in EPM1 cells persist during neuronal maturation.
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Figure 6: Immunofluorescence analysis of protein synthesis in mature
neurons

(A) Representative immunofluorescence images showing MAP2 staining
(magenta) and puromycin incorporation (green) in 4-week control
neurons, (B) 8-week control neurons, and (C) 4-week EPM1 neurons.
(D) Quantification of MAP2 intensity and (E) puromycin incorporation
normalized to the total number of DAPI-positive nuclei and presented as
percentage. (F) Normalization of puromycin signal to MAP2 intensity
confirming impaired protein synthesis specifically in neurons. Data
represent mean + SEM,; n=6-7. Statistical significance determined by
Ordinary one-way ANOVA, Turkey’s post hoc test, *p < 0.05, **p < 0.01,
**¥* p<0.001, **** p <0.0001. Scale bar: 15 um.

4.3 Alterations of cytoskeleton organization and endosomal pathway
in EPM1

Among its many functions, CCT complex contributes to actin filament
organization and to the maturation of Early Endosome and MVB, thus it
has a role in extracellular vesicles production and secretion. Then, we
investigated whether these CCT complex-related cellular processes are

altered in EPM1.

4.3.1 Analysis of cytoskeleton and endosomal markers in vNPCs

To determine whether cytoskeletal organization or endosomal
pathways are altered in patient cells at the progenitor stage, vNPCs

derived from controls (Fiure 7A) and EPM1 patients (Figure 7B) were
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analyzed by immunofluorescence for the presence of the late
endosomal marker RAB7 (ciano) and F-actin (Phalloidin, magenta).
Quantitative analysis (Figure 7C, D) revealed no significant differences
in the overall signal intensity of either markers between control- and
patient-derived vNPCs, indicating that both late endosomal marker
expression and actin cytosckeleton organization are preserved at the

progenitor stage.
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Figure 7: Cytoskeletal organization and endosomal marker levels are
preserved in vNPCs

Representative immunofluorescence images of ventral NPCs (vNPCs)
from control (A) and EPM1 (B) cells stained for RAB7 (ciano), F-actin
(phalloidin, magenta), and DAPI (blue). Quantification of RAB7 (C) and
F-actin (D) fluorescence intensity normalized to the total number of
DAPI-positive nuclei. Data are presented as mean + SEM; n = 12-13
slides. Statistical analysis was performed using Unpaired t-test; ns, not

significant. Scale bar: 15 um.

4.3.2 Neuronal induction triggers cytoskeletal disorganization and
perinuclear RAB7 accumulation in EPM1 ventral progenitors

Upon neuronal induction, significant changes in cytoskeletal
organization and endosomal distribution became evident in EPM1 cells
(Figure 8). In vNPCs-D3, overall RAB7 fluorescence intensity was
comparable between control and EPM1 cells (Figure 8C), whereas
quantification of its subcellular distribution revealed a significantly
increased perinuclear localization in EPM1 cells compared to control
ones (Figure 8D). F-actin staining showed a well-organized filamentous
network in control cells (Figure 8A, E) while EPM1 cells (Figure 8B, F)
exhibited a fragmented and disorganized pattern. Quantitative analysis
revealed a significant decrease in actin filament length (Figure 8G)
combined with an increased number of F-actin labelled segments in
EPM1 cells (Figure 8H), indicating a disruption of the cytoskeletal

network in EPM1 patients during early neuronal differentiation.

55



A CTRLVNPCs-D3 B EPM1VvNPCs-D3

L.
oo o y
~
3 %
F o
3 \
.‘ v
-
2 .
. L
-
'l . ~
r ™~
i )
.
A '
i
o
3
[
, "
>,
4 .
F
“~
"

0
O

=
o
<
Q
£
= 50
3
°
[*}
~
[14]
<
o

CTRL EPM1 CTRL EPM1

RAB?7 (I) per DAPI (%)




CTRLVNPCs-D3

E

E!

(=3
=3
=3
-

jexid) 3ybua

1
=
a
I8)
—
o
=
o

CTRL EPM1

o o
o o
o o
o (]
-

Iuawbas jo saquiny

Fl

F EPM1vVNPCs-D3




Figure 8: Altered cytoskeletal organization and endosomal
distribution in vNPCs-D3
(A) Representative immunofluorescence images of the late endosomal

marker RAB7 (ciano) and F-actin (magenta) in ventral neural progenitor
cells from control and (B) EPM1 cells after 3 days of neuronal induction
(vNPCs-D3). (C) Quantification of total RAB7 fluorescence intensity
normalized to the total number of DAPI-positive nuclei.

(D) Quantification of RAB7 colocalization with DAPI signal (blu). (E-H)
Representative images of F-actin staining in (E) control and (F) EPM1
cells with (E',F') enlarged images of the boxed area. Quantification of F-
actin organization was performed by measuring (G) filament length and
(H) number of segments. Data are presented as mean + SEM; n =12-13
slides. Statistical significance determined by Unpaired t-test; ns, not

significant; *p < 0.05, ****p<0.0001. Scale bar in each panel.

4.6 Altered extracellular vesicle dynamics in early differentiation
stages of EPM1 cells

CCT complex is involved in cytoskeletal dynamics and endosomal
trafficking (Rojas-Gomez et al., 2023), which are essential for EVs
release (Di Giaimo et al., 2020). Due to the alterations of these
pathways in EPM1 cells, we assessed whether EVs release was
compromised in EPM1 cells. NTA revealed that at progenitor stage
(VNPCs) both the total secreted EVs number (Figure 9A) and their size
distribution (Figure 9B) were comparable between control and EPM1
cells. However, following 3 days of neuronal induction, patient-derived
cells released significantly fewer EVs compared to controls (Figure 9C).

Additionally, EVs from EPM1 vNPCs-D3 displayed an altered size
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distribution profile (Figure 9D), suggesting potential disruptions in EVs

biogenesis and/or secretion mechanisms during early neuronal

differentiation.
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Figure 9: Nanoparticles tracking analysis (NTA) of conditioned medium
from vNPCs and vNPCs-D3

(A) Total number and (B) size distribution of EVs secreted by vNPCs from
control and EPM1 cell lines. (C) Total number and (D) size distribution of
EVs secreted by vNPCs following 3 days of neuronal induction (vNPCs-
D3) from control and EPM1 cell lines. (A, C) Data are presented as mean
+ SEM; n=3. Statistical significance was determined by Unpaired t-test;
ns, not significant (B, D). Data are presented as mean of percentage of
particles + SEM; n=3. Statistical significance was determined by 2way

ANOVA followed by Turkey’s post hoc test; *p < 0.05, ****p<0.0001

4.7 TCP-1 interference in control vNPCs-D3 mimics EVs secretion
defects observed in EPM1

To functionally assess the role of the CCT complex, we silenced the TCP-
1 subunit, in control vNPCs-D3 via CRISPR interference (CRISPR-i).

TCP-1 subunit is highly expressed in brain (Brackley and Grantham,
2009) and it is well known that the activity of the complex relies on the
integrity of the entire structure (Grantham et al., 2006; Pavel et al.,
2016). The experimental workflow is illustrated in Figure 10A and cell
morphology after 3 days of neuronal induction is shown in Figure 10B.
vNPCs-D3 were transfected with TCP1 CRISPR-i plasmid, and in parallel,
under the same conditions, with a GFP-expressing plasmid to verify the
efficiency of the transfection procedure (Fiure 10C) that resulted in

about 20% of cells transfected. Western blot analysis (Figure 10D) and
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relative quantification (Figure 10E) confirmed efficient TCP-1
interference in control vNPCs-D3 following CRISPR-i silencing.

We used the TCP-1 silenced vNPCs-D3 to investigate whether disrupted
CCT structure affects EV secretion. We analyzed by NTA the conditioned
media from TCP1-silenced vNPCs, and we observed a trend toward the
reduction of the total number of secreted EVs compared to controls
(p=0,4435), (Figure 10F). Moreover, we detected an alteration of EVs
size distribution profiles with an increased number of small vesicles (45-
155nm diameter) released by silenced cells compared to controls
(Figure 10G). This size distribution profile, with regards to the small
vesicles, resembles the pattern observed in EPM1 vNPCs-D3 (Figure
9D).

Altogether, these findings indicate that CCT complex integrity is critical
for proper EVs biogenesis and release and support our hypothesis that
the EVs defects observed in EPM1 may result from disrupted CSTB—CCT

complex interactions.
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Figure 10: Silencing of TCP1 subunit in early differentiated neurons
alters extracellular vesicle release

(A) Schematic representation of the experimental workflow: control
vNPCs were induced towards neuronal differentiation for 3 days (vNPCs-
D3), transfected with CRISPR-i plasmid targeting TCP1 gene for 10-12h,
followed by a 3h recovery period before collecting cells and conditioned
medium for analysis. (B) Representative brightfield image of vNPCs-D3
morphology prior to transfection. (C) Transfection efficiency control
obtained by transfecting a GFP-expressing plasmid (20-30% of
transfection efficiency). (D) Western blot analysis of TCP1 expression
levels in control vNPCs-D3 after CRISPR-i-mediated silencing. (E)
Quantification of TCP1 protein levels normalized to GAPDH. (F) Total
number and (G) size distribution of EVs released after TCP1-silensing in
control vNPCs-D3. (E, F) Data are presented as mean + SEM; n=3-4.
Statistical significance was determined by Unpaired t-test; ns, not
significant, *p< 0.05. (G) Data are presented as mean of percentage of
particles + SEM; n=4. Statistical significance was determined by 2way

ANOVA followed by Turkey’s post hoc test; *p < 0.05. Scale bar: 10 um.

4.8 Persistent defects in EVs secretion and altered EVs cargo in
mature EPM1 neurons

To determine whether the EVs secretion defects detected during early
neuronal differentiation (Figure 9) persist at later neuronal maturation
stages, we analyzed EVs released from control and EPM1 neurons at

multiple differentiation stages (3, 4, and 6 weeks; Figure 11).
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Conditioned media were collected every week in order to perform NTA
analysis. Across all stages examined, EPM1 neurons consistently
secreted fewer EVs than controls (Figure 11A) with altered size
distribution (Figure 11B, C). Interestingly, the pattern shifted over
maturation: the small vesicles (45-165 nm) were reduced in EPM1
neurons compared to controls, while the large ones were increased
(170-400nm) (Figure 11B, C). Intrigued by these results we decided to
make a qualitative analysis of vesicles protein composition. To this aim,
EVs were purified from conditioned medium and proteomic analysis
was performed. The volcano plot (Figure 11D), generated from DEPs
across all analyzed stages, revealed, in EPM1 vesicles, a marked
reduction of some proteins (406, in green), and a significant enrichment
of a distinct subset of proteins in EPM1 (668, in violet). These
differentially expressed proteins highlight substantial alterations in the
protein content of EVs in the pathological condition.

Gene Ontology enrichment analysis of the proteins significantly
enriched in EPM1 EVs (668) revealed an overrepresentation of
biological processes related to inflammatory signaling, metabolic
process alterations and stress response pathways (Figure 11E). These
findings suggest that EVs secreted by EPM1 neurons may carry cargo
associated with pathological cellular states, potentially contributing to
neuroinflammation and disease progression.

Conversely, analysis of the proteins significantly reduced in EPM1 EVs
(406) highlighted a strong underrepresentation of biological processes

involved in actin filament organization, vesicle-mediated transport,
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synaptic vesicle exocytosis, and SNARE complex assembly (Figure 11F).
This depletion observed in EPM1 EVs related to proteins involved in
synaptic vesicle trafficking and exocytosis confirmed the previously
reported deficits of EVs synaptic secretion in EPM1 (Pizzella et al.,
2024). Notably, pathways associated with calcium ion-dependent
exocytosis, critical for synaptic vesicle fusion and release, were also

significantly impaired.
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Figure 11: EVs secretion defects and cargo alterations in mature EPM1
neurons

(A) NTA showing total vesicle number secreted from control and EPM1
neurons during maturation, 3-6weeks. (B) Distribution of small EVs in
patient and control. (C) Distribution of large EVs in patient and control.
(D) Volcano plot depicting differentially expressed proteins (DEPs) in
patient-derived EVs versus controls, with 668 proteins significantly
enriched (violet) and 406 significantly depleted (green) in EPM1 EVs.
Data are plotted as negative log10 g-values against log2 fold change.
Volcano plots were generated by using EnhancedVolcano package in R
studio, significantly expressed proteins are shown (depleted EVs: purple,
log2 FC>0.5 and q < 0.05; enriched EVs: green, log2 FC < 0.5 and g <
0.05). (E) Gene Ontology (GO) enrichment analysis showing biological
process significantly enriched in EPM1 EVs. (F) GO enrichment analysis
showing biological process significantly depleted in patient EVs. GO
enrichment analyses were performed using the clusterProfiler and

enrichR packages in R studio.

4.9 Mechanisms of CSTB secretion from synaptic terminals of mice
models: modulation by calcium ions

GO enrichment analyses revealed that synaptic vesicle cycling and
calcium signaling pathways were highly impaired among EPM1-EVs
proteome. CSTB has been shown to be released by rat synaptosomes in
a depolarization-dependent manner (Penna et al., 2019), and CSTB

secretion through EVs has been reported in human cerebral organoids
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and developing mouse brain (E18). To unveil the exact mechanisms
underlying CSTB release via EVs we investigated CSTB secretion under
physiological conditions using synaptosomes isolated from adult rat
brain, a well-established model for studying synaptic physiology.
Synaptosomes are obtained by mild homogenization of brain tissue
followed by subcellular fractionation, and they retain the structural and
functional components of synaptic terminals in vivo (Whittaker, 1993).
Synaptosomes were incubated into high-potassium (high-K*) medium
to induce membrane depolarization and CSTB release within the EV
fraction. The CSTB-positive secreted EVs were quantified via Western
Blot, comparing them with those released from synaptosomes
incubated in a physiological medium (Ringer). Depolarization
significantly increased CSTB expression levels in EVs fraction (Figure
12A,B). To assess whether the effect observed on CSTB was calcium-
dependent, synaptosomes were also incubated in a depolarizing
medium without calcium (Dep w/o Ca). Under these conditions, the
depolarization-induced increase in CSTB release via EVs was reduced.
These results indicate that the depolarization-dependent CSTB
secretion through EVs is mediated by extracellular calcium ions,
consistent with the known role of Ca?* as a key regulator of vesicle
exocytosis, acting through voltage-gated calcium channels that open
during depolarization. In contrast, the expression levels of CD81 (an EVs
marker) in EVs fraction (Figure 12C) were unaffected by depolarization,
both in presence and in absence of calcium from the media. These

results indicated that the extracellular calcium in depolarizing condition
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is selectively affecting CSTB secretion via EVs without interfering with

the secretion of CD81-positive subpopulation of EVs.
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Figure 12: The depolarization-dependent CSTB secretion via EVs from
rat brain cortex synaptosomes depends on extracellular calcium
levels.

(A) Representative images of western blot analysis. Molecular weight of
each protein, in kDa, is indicated on the left. (B) Quantification of CSTB
and (C) CD81 protein levels in EVs fraction secreted from rat brain cortex
synaptosomes incubated in ringer medium, Dep or Dep w/o Ca. Data are
presented as mean + SEM. n=7. Statistically significant differences are
based on one-way ANOVA with Tukey’s post-test, ns, not significant; *

p value<0.05.
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To further investigate the role of calcium ions in CSTB secretion
mechanisms, we modulated intracellular calcium levels by incubating
synaptosomes in the presence of BAPTA-AM, a cell-permeant calcium
chelator, which decreases intracellular calcium levels, or in the presence
of the calcium ionophore lonomycin, which increases intracellular
calcium levels. NTA analysis showed that BAPTA-AM did not significantly
change the total number of secreted EVs (Figure 13A), whereas Western
blot analysis (Figure 13B) revealed changes in EVs subtypes as suggested
by CD81 expression levels (Figure 13B, C) and a reduction of CSTB levels
in EVs fraction (Figure 13D). Similarly, ionomycin treatment did not alter
total number of secreted EVs (Figure 13E) but decreased CSTB
expression levels in EVs (Figure 13H) without significant change of CD81
levels (Figure 13F, G). Altogether, these results indicate that intracellular
calcium homeostasis is required for the correct CSTB cargo and its

secretion via EVs.
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Figure 13: CSTB secretion via EVs from rat brain cortex synaptosomes
depends on intracellular calcium levels

(A) NTA showing total number of EVs secreted from synaptosomes
treated with BAPTA-AM compared to control. (B) Representative images
of western blot analysis of EV fractions from BAPTA-AM-treated
synaptosomes, showing (C) CD81 expression levels (D) CSTB content.
Molecular weight of each protein, in kDa, is indicated on the left. (E) NTA
showing total number of EVs secreted from synaptosomes treated with
lonomycin compared to control. (F) Representative images of western
blot analysis of EV fractions from lonomycin—treated synaptosomes,
showing (G) CD81 expression levels (H) CSTB content. Molecular weight
of each protein, in kDa, is indicated on the left. Data are presented as
mean + SEM. n=3. Statistically significant differences are based on

Paired t-test, ns, not significant; * p value<0.05, **p<0.01.
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Chapter 5: Discussions

EPM1 is the most common form of progressive myoclonic epilepsy,
caused by loss-of-function mutations in the CSTB gene (Alakurtti et al.,
2005; Di Matteo et al., 2020). Studies in Cstb-knockout mice have
provided important insights into disease mechanisms but structural and
developmental differences between rodent and human brains limit
their translational relevance (DeFelipe, 2011). To overcome this, human
iPSC-derived 3D models of EPM1 disease, have been used to study
neurodevelopment pathological alterations in a human-specific context
(Di Matteo et al., 2020) showing that CSTB functional levels influence
tangential migration and recruitment of interneurons (Di Matteo et al.,
2020). Recently, electrophysiological studies performed on regionally
patterned human cerebral organoids revealed an imbalance in
excitatory and inhibitory neurons (Forero et al., 2024b). Moreover, RNA-
sequencing and immunohistochemistry analyses demonstrated altered
cell fate with ventral progenitors acquiring dorsal neuronal identities
(Forero et al., 2024b). These findings suggest that CSTB plays a central
role in cortical development, influencing dorso-ventral patterning.

In this project, as a first step, we performed interactome analyses
revealing that in early progenitor stages, CSTB interacts with proteins
involved in fundamental cellular processes, such as cytoskeletal
organization, proteolysis, and chromatin regulation. These interactions
are largely conserved across dorsal and ventral organoids, suggesting
that CSTB initially maintains basic cellular functions that are common to

all progenitors. ldentified interactors such as NEFL, VIM, and NES
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corroborate previous reports (Di Giaimo, 2002), while the presence of
cysteine proteases and histone proteins aligns with known CSTB
functions in proteolysis and gene expression regulation (Daura et al.,
2022, 2021). Collectively, these data indicate that CSTB provides a stable
foundation for cellular processes before the onset of region-specific
differentiation programs. As corticogenesis advances, CSTB interaction
networks become cortical-region-specific. By 40 days of maturation,
CSTB protein partners in ventral organoids show enrichment not
observed in dorsal counterparts; particularly we found all eight subunits
of the CCT chaperonin complex. This ventral-specific enrichment
highlights CSTB pivotal role during neuronal differentiation, possibly
acting through the CCT complex, a hub for protein folding, cytoskeletal
stability and vesicle trafficking (Que et al., 2024; Rojas-Gomez et al.,
2023), to coordinate essential processes for ventral identity and

maturation during human corticogenesis.

Based on these observations, we hypothesized that the loss of CSTB-CCT
interaction in EPM1 compromises CCT-mediated functions, leading to
stage-specific defects. Consistent with this hypothesis, we
demonstrated that EPM1 neurons display stage-specific impairments in
protein synthesis, cytoskeletal organization and vesicle-mediated
processes, starting from very early neuronal differentiation. These
defects likely arise from the combined effect of accelerated neuronal
maturation and disrupted CSTB-CCT interactions, which compromise
processes normally mediated by CCT complex. As supported by the co-

immunoprecipitation analyses, these observations indicate that the first
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alterations in EPM1 arise during the earliest stages of neuronal
differentiation and maturation, when CSTB normally acts as a molecular
trigger to orchestrate complex programs necessary for ventral cortical

development.

EVs secretion plays a crucial role for intercellular crosstalk during cortical
development. Indeed, vesicles carry signaling molecules essential for
progenitor fate specification and regional patterning (Cederquist et al.,
2019; Pipicelli et al., 2023) and aberrant EVs secretion is commonly
observed in multiple neuropathies (Caron et al., 2018; Shen et al., 2015;
Sot et al., 2017). Recent studies have demonstrated that CSTB is present
in EVs derived from 3D cerebral organoids (Forero et al., 2024b) and has
also been detected in EVs secreted by synaptic terminals isolated from
E18 mouse brain (Pizzella et al., 2024), suggesting a potential functional
role for CSTB in vesicle-mediated signaling. Based on these
observations, we analyzed EVs release by EPM1 neurons. Following
neuronal induction, EPM1-derived cells release significantly fewer EVs
than controls, and these vesicles display an altered size distribution,
indicating that EV-mediated intercellular communication is particularly
affected in EPM1. In EPM1, these defects together with cytoskeletal and
endosomal alterations, suggest that impaired vesicle biogenesis directly
reflects early cellular dysfunctions.

These findings indicate that the altered pattern of EVs secretion in EPM1
neurons is likely to have functional consequences on vesicle-mediated

signaling. Given that EVs carry key signaling molecules, it is reasonable
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to hypothesize that disrupted EVs release could perturb the intercellular
communication required for proper cortical development.

In this context, Sonic Hedgehog (SHH), a key morphogen essential for
dorso-ventral patterning (Chiang et al., 1996; Fuccillo et al., 2004; Rallu
et al., 2002) emerges as a particularly relevant signal. SHH is identified
as a CSTB interactor in our interactome analysis in ventral organoids at
day 40 of maturation, and its levels are markedly reduced in EVs
secreted by EPM1 ventral organoids (Forero et al., 2024b). Reduced SHH
secretion provides a mechanistic link between CSTB dysfunction,
impaired EV signaling, and altered progenitor fate specification in EPM1.
The involvement of the CCT complex provides a mechanistic explanation
for these observations. By regulating protein folding, cytoskeletal
remodeling and vesicle biogenesis, CCT enables CSTB to execute its
region-specific functions during neuronal differentiation. We interfered
with CCT activity, by direct silencing of the TCP-1 subunit, and
reproduced EVs secretion defects as detected in EPM1 with CSTB
deficiency, confirming the central role of this complex in maintaining
cellular homeostasis of this process during neurogenesis. In line with
previous reports, we found that silencing of CCT components alters
endosomal-lysosomal dynamics, promoting multivesicular body (MVB)
biogenesis and enrichment in the release of small size (45-165nm) EVs
derived from intraluminal vesicles (Rojas-Gémez et al.,, 2023).
Therefore, impaired CCT function not only compromises cytoskeletal

organization but also shifts vesicle production toward smaller EVs,
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consistent with the defects observed in both TCP-1 silenced and EPM1

cells.

EVs of different sizes carry distinct cargo with specific signaling roles
(Zhang et al., 2023), and in EPM1 neurons, both the quantity and
composition of EVs are altered. Across multiple stages of differentiation,
patient-derived neurons consistently secrete fewer EVs, with a
progressive shift toward larger vesicles (170-400nm), suggesting that
chronic impairment of the cytoskeletal and endosomal machinery
triggers adaptive remodeling of vesicle biogenesis. Proteomic profiling
further revealed that EPM1 EVs carry a pathological signature: proteins
related to actin filament organization, vesicle transport, synaptic vesicle
exocytosis and SNARE complex assembly are depleted. These findings
link early cytoskeletal defects to mature synaptic dysfunction,
emphasizing how intrinsic alterations propagate to extrinsic signaling

disturbances.

Moreover, the selective sensitivity of EVs cargo to intracellular and
extracellular calcium levels, as demonstrated in a model system of
synaptosomes from mature neurons of brain rats, highlights a finely
tuned regulation of CSTB loading into vesicles that is independent of the
overall EVs release. This mechanism provides a direct connection
between intracellular architecture, presynaptic function, and EV-
mediated signaling. Given the central role of CCT in protein folding and
cytoskeletal organization, CSTB-CCT interactions likely support both the
structural integrity and functional maturation of synapses, with their

disruption amplifying defects in EVs cargo and synaptic communication.
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These results provide a mechanistic link connecting the EV secretion
defects observed in EPM1 neurons with potential alterations in synaptic
vesicle biology, highlighting a plausible pathway through which
disrupted CSTB—CCT interactions may contribute to impaired synaptic
function in EPM1 (Pizzella et al., 2024). Notably, the reduction of EV
secretion emerges as early as three days after neuronal induction and
persists throughout maturation. Coupled with altered cargo
composition affecting pathways essential for cell fate and synaptic
function, these enduring defects point to CSTB-CCT dysfunction as a key
driver of impaired EV-mediated signaling in disease. The selective
sensitivity of CSTB incorporation into EVs due to calcium fluctuations in
synaptosomes from mature neurons highlights a finely tuned
mechanism linking intracellular signaling, presynaptic function, and EV-
mediated cargo delivery. Given that CCT is a central chaperonin involved
in cytoskeletal organization, it is plausible that CSTB-CCT interactions
could modulate synaptic architecture and vesicle trafficking, thereby
amplifying the effects of calcium-dependent sorting defects. This
integrative view positions the CSTB-CCT axis as a converging point
connecting intracellular structural integrity, EV-mediated
communication, and synaptic homeostasis, offering a unifying
framework to interpret both the synaptic and vesicular deficits observed

in EPML1.
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Chapter 6: Conclusions

This work provides novel insights into the molecular mechanisms
underlying EPM1 pathogenesis, highlighting a novel role of CSTB in
cortical development. In physiological conditions, we identified a
specific interaction between CSTB and the CCT/TRiC chaperonin
complex in ventral cortical patterning, linking CSTB function to
fundamental cellular processes such as cytoskeletal organization,
protein synthesis, vesicle production and secretion. Our findings
demonstrate that alterations in these pathways arise extremely early in
EPM1 context, already after three days of neuronal differentiation,
indicating that the loss of CSTB impacts neuronal development from its
very onset.

Proteomic studies of EVs isolated from EPM1 neurons reveal
widespread deficits in synaptic pathways, particularly in synaptic vesicle
trafficking and calcium-dependent exocytosis. While these alterations
highlight severe functional impairments in the disease context, the
physiological mechanisms of CSTB release via EVs remained unclear. Our
results address this gap, showing that synaptic release of CSTB via EVs
is a calcium-dependent and depolarization-regulated process.

Overall, these findings define the CSTB-CCT axis as a central regulator of
most cellular processes, and its disruption may lead to early-onset and
persistent defects in neuronal differentiation and intercellular

communication.
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Chapter 7: Future perspectives

Altogether, our findings strongly suggest that CSTB-CCT interactions
have a central role in the emergence of EPM1-related phenotypes
during early stages of neuronal differentiation, demonstrating that
some of the disease alterations are specifically due to loss of this
interaction. To address this, in a physiological context we have
performed experiments silencing TCP-1 subunit, a core component CCT
complex, which recapitulates the EVs secretion defects observed in
EPM1 cells. These results support the hypothesis that disrupted CSTB-

CCT interactions underlie the EPM1 phenotype.

We plan to expand our results by silencing additional CCT subunits to
further validate the contribution of the entire complex. Moreover, to
directly confirm that the loss of CSTB-CCT interaction drives the
pathological phenotype, we plan to reintroduce CSTB in EPM1 cells and
assess whether this rescue of the defects in cytoskeletal organization,
EVs secretion and protein synthesis. Finally, combined experiments
involving CSTB reintroduction together with CCT silencing will allow us
to dissect the dependency of these processes on CSTB-CCT interactions
and definitively establish a causal link.

These experiments will not only provide mechanistic validation of the
CSTB-CCT axis in EPM1 pathophysiology but also broaden our
understanding of CSTB functions in brain development and open new

avenues for potential therapeutic approaches.
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Chapter 8: Limitation of the study

Despite the relevance of the results presented in this thesis, some
limitations should be acknowledged. First, the transfection efficiency
achieved in the experiments was relatively low and was not directly
qguantified. This is likely related to the intrinsic resistance of the cellular
model to conventional transfection methods, which may have
contributed to variability across experiments. The use of constructs co-
expressing a fluorescent reporter (e.g., GFP) would enable a more
accurate and direct assessment of transfection efficiency in future
studies. In addition, the adoption of alternative delivery approaches
with higher efficiency, such as nucleofection-based systems (e.g.,
Amaxa), could substantially improve transgene delivery and reduce
experimental variability. Second, although CRISPR-based approaches
were instrumental in addressing the research questions of this study,
potential off-target effects cannot be completely excluded. Future
studies employing independent guide RNAs and complementary
experimental strategies will be required to further validate the
specificity of the observed effects. Finally, the ex vivo analysis of
synaptosome-derived extracellular vesicle secretion was not extended
to the EPM1 condition. Expanding this approach to EPM1 samples will
be important to assess the relevance of these findings in the

pathological context.
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Chapter 9: ACRONIMYS

Co-IP Co-immunoprecipitation
CRISPR-i CRISPR interference
CSTB cystatin B

EPM1 Myoclonic epilepsy type 1

EVs extracellular vesicles

hCOs human cerebral organoids

iPSCs induced pluripotent stem cells

MVBs multivesicular bodies

NTA Nanotracking analysis

PMEs Progressive myoclonus epilepsies

SUNSET surface and sensing of translation

TRiC/CCT T-complex protein- 1 ring complex

VvNPCs ventral neuronal progenitor cells

vNPCs-D3 ventral neuronal progenitor cells after three days of neuronal
induction
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