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CHAPTER 1
GENERAL INTRODUCTION

1. Excitation and inhibition in the Central Nervous System

The most important functional component of the central nervous
system (CNS) is the brain, and its activity is fundamental to
process the information coming from the external environment,
and to organize all activities of an organism. It displays a very
complex structure which includes a heterogeneous cellular
population. Among all cells, the neuronal percentage is the
highest. The other cells making up the brain are called glial cells
and they can be divided into three groups: astrocytes, which
generate blood-brain barrier and support neurons in their activity,
in synapse formation, and nutrition; oligodendrocytes, important
for neurons’ axons myelination; microglia, the immune system
component of the brain. The functional units of the brain are
neurons, excitable cells specialized in the transmission of
electrical signals. Neuronal activity is well organized in circuitries,
in which each neuron establishes different contacts with the
others. In this manner it is possible to generate responses to all
received stimuli. Circuitries which analize similar information can
be grouped together, forming three macro-circuits: the sensory
system, which processes all stimuli coming from the outside, the
associative system, which integrate information, and motor

system, fundamental to generate a response to the stimuli.



1.1 Neuronal excitability and voltage-gated Na* channels

Neuronal communication is based on transmission of electrical
inputs from a neuron to another, thanks to the generation of
specific contact points, the synapses, compartments formed by
three components, a pre-synaptic neuron, a post-synaptic
neuron, and astrocytes (tripartite synapse), which can release
gliotransmitters to modulate neurons activity (Halassa, Fellin,
and Haydon 2007). It is in this compartment, that pre-synaptic
neuron releases a neurotransmitter that can bind its receptor,
placed on post-synaptic heuron membrane, inducing its hyper-
or de-polarization. This mechanism can involve two kinds of
receptors: ionotropics, which are channels themselves, or
metabotropics, which interact through G protein with channels
regulating their activity. Hundreds of genes encoding for ion
channels can be found in the mammalian genome. Channels
conduct ions, inside and outside of cells, allowing communication
between intra- and extracellular compartments maintaining
internal homeostasis, and playing an important role in the signal
transduction. Among all channels several categories can be
distinguished basing on their specific capability to be permeable
to different ions, Na*, K*, Ca?*, CI', and their structure is strictly

associated with their mechanisms of action.

Voltage-gated ion channels are among the most important ion
channels in neurons. This category of channels, which mainly
includes sodium (Nav) and potassium (Kv) channels, can open or

close in response to local changes in membrane potential,



allowing to the cell to respond to different inputs and to generate
currents through the membrane. The entry of cations or the exit
of anions can induce depolarization of membrane potential, while
the exit of positive ions or the entry of negative ions induces

hyperpolarization.

Considering the relevance of Nav channels for neuronal activity,
several studies have been conducted on these proteins. The first
studies date back to 1952, when Hodgkin and Huxley, performed
the first experiments to record Na* currents, using voltage clamp,
and discovering for the first time some properties of these
channels, like their voltage-dependent activation, rapid
inactivation and their specific conductance for Na* ions (Hodgkin
and Huxley 1952). Only in 1980, through the usage of several
biochemical approaches, the Na" channel protein was isolated
(William A. Catterall 1980). Later other purification studies helped
to identify more in detail Na* channel structure from mammalian
brain: a complex formed by an a subunit (260 kDa), associated
with four auxiliary B subunits (33-36 kDa) (William A. Catterall
2000). Finally, once cDNA encoding for the entire channel was
isolated, Noda and colleagues (Noda et al. 1984) deduced its
amino acids sequence. The protein was discovered to comprise
four internally homologous domains formed by a-helical

transmembrane segments (Figure 1).
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Figure 1. Subunit Structure of the Voltage-Gated Sodium
Channels. (A) Sodium channel purified from rat brain showing the q,
B1, and B2 subunits and their molecular weights. (B) The primary
structures of the subunits of the voltage-gated ion channels (adapted
from Catterall 2000).

Subsequently, a-subunit sodium channel cDNA was extracted
from rat brain and expressed in Xenopus oocytes, to study its
functionality (Goldin et al. 1986; Noda et al. 1986). It was also
demonstrated that B subunits were essential for the kinetics and
voltage dependence of gating (A. L. L. Isom et al. 1992; L. L.
Isom et al. 1995). Sodium channel molecular modeling led to a
more detailed 2D folding pattern of the a-subunit: each
homologous domain contains six a-helical transmembrane
segments (S1-6) and a further loop dipped into the
transmembrane region between S5 and S6 forming the outer

pore. Also, other loops were reported in this predicted structure



controlling channel activity, one localized outside the cell
between S5 and S6, and the others inside the cell at the N-term,
C-term, and connecting all homologous domains (Costa and
Catterall 1984; Eaholtz, Scheuer, and Catterall 1994).

Later, studying different point mutations, and using pore blockers
tetrodotoxin and saxitoxin, it was possible to identify some amino
acids, in the membrane-reentrant loop (domain I), as essential
for tetrodotoxin binding or to generate outer and inner rings,

important for ion selectivity filter (William A. Catterall 2000).

S4 segments of all homologous domains were reported to be
enriched in positively charged amino acids and for this reason
they have been soon hypothesised to be associated with the
voltage dependence activation of the channel. Considering the
negative internal electrical field, and the negatively charged
amino acids in adjacent transmembrane segments, which can
create ion pairs with S4 positive amino acids, the S4 segments
in basal condition, were thought to be placed inward to close the
pore. When cell depolarization occurs, this balance can be
interrupted, and the S4 segments can move outward, inducing
conformational changes opening the pore of the channel (Figure
2). This hypothetical mechanism known as sliding helix (W. A.
Catterall 1986) or helical screw (Guy and Seetharamulu 1986)
model, was confirmed later with the first mutagenesis studies of
sodium channels, in which neutralization of the positively

charged amino acids in S4 segments was found to alter the



voltage-dependent gating, shifting the voltage dependence to
higher values (Stihmer et al. 1989).

Figure 2. Voltage-Dependent Activation by Outward Movement of
the S4 Voltage Sensors. The S4 segment in a single domain is
illustrated as a rigid cylinder within a channel with a narrow. Upon
depolarization, the segment moves outward and rotates to place the
positively charged residues in more outward positions but is still
neutralized by interactions with negative residues in the

transmembrane part of the protein (adapted from Catterall 2000).

Mammals can express nine different voltage gated Na* channels
a subunits, which can be distinguished for tissue expression and
biophysical properties. Navl.1l, Nasl.2, Nay1.3 and Navl.6
(encoded by the SCN1A, SCN2A, SCN3A and SCN8A gene,
respectively), are the most important Na“ channel subtypes
expressed in the CNS. Considering their fundamental function in
generating action potential (AP), they accumulate at high density
in the axonal initial segment (AlS), which is the first tract of axons

in which APs arise (Leterrier 2018). Inside this sub-structure



Navl.1, Navl.2 and Nav1.6 isoforms, can occupy different places
depending on the stage of development and the different cellular
subtypes. In particular, Navl.1 and Navl.2 channels are
fundamental for the generation of both somatodendritic and
axonal APs (Hu et al. 2009; William A. Catterall, Kalume, and
Oakley 2010).

On the other hand, also Kv channels play a very important role in

neuronal activity.

Kv channels are encoded by 40 genes and are divided into 12
subfamilies. Similarly to Nav channels, they are formed by four a-
subunits each one containing six transmembrane a-helical
segments, S1-S6, and an internal P-loop, all organized
circumferentially around a central pore (W ulff, Castle, and Pardo
2009). The S1-S4 segments act as voltage sensor domain and
can close the pore by pulling on the S4-S5 linker (Swartz 2004;
Bezanilla 2008a; 2008b). Fundamental for Kv channels is the
interaction between a and 3 subunits, given that  subunits can
modify the gating of the channel. Furthermore, even other
modifications can change channel properties, as
phosphorylation, dephosphorylation, ubiquitylation, sumoylation

and palmitoylation.

Considering the concentration gradient of K* across the cell
membrane, Kv channels main activity results in an efflux of
cations, with the aim to repolarize or hyperpolarize the
membrane. Indeed, when AP arises, Nav channels open for a

short period, letting Na* ions to enter inside the cell, to allow



depolarization; after that, Nav channels undergo inactivation and
in a short while, Ky channels activated and remain open for a

longer period letting the cell to repolarize.

Among all Kv channels, Kv1.1, Kv1.2 and Kv2.1 are fundamental
in controlling neuronal excitability, indeed, knockout mice for
genes encoding these channels, Kcnal, Kcna2 and Kcnbl,
display seizures (Smart et al. 1998; Brew et al. 2007; Speca et
al. 2008). Also in humans, loss of function mutations on KCNA1
have been linked to partial seizures, episodic ataxia and
myokymia disorders (Zuberi et al. 1999). Furthermore, the
activation range and fast deactivation kinetics of Kv3 channels
help neurons to fire repetitively at high frequencies (W ulff, Castle,
and Pardo 2009), fundamental prerogative belonging to those
neurons called “fast-spiking”, as parvalbumin (PV) interneurons,
which can fire AP up to 1000 Hz, playing key roles in vital
functions such as sound location, motor coordination and

cognition.

1.2 The cerebral cortex organization and development

The cerebral cortex is one of the most important regions of the
brain. It is composed by numerous folds which allow it to reach a
surface area of 250.000 mm?, all contained into the skull. Among
neurons forming cortex it is possible to distinguish two major
subpopulations: excitatory, or projection, neurons, which can be
distinguished for the capability to release glutamate, and to

display long axons that can reach distant targets, both



intracortical and sub-cerebral; inhibitory interneurons, which
establish local connections with modulatory function, by using

the neurotransmitter gamma-aminobutyric acid (GABA).

During development, in different region of the brain, excitatory
and inhibitory neurons are generated. After the generation, they
migrate and organize in different layers, giving the cerebral
cortex a characteristic laminar structure. The mechanisms
regulating these processes are very complex and based on the
activity of several signaling centers which secrete diffusible
molecules that form overlapping gradients and act as
morphogens (Hoch et al. 2009). Different members of the Wnt
and bone morphogenetic proteins (BMP) families are secreted
from medial and caudal regions of the cortex (Hoch et al. 2009).
These extracellular factors can induce a regionalization of the
progenitor cells by leading them to activate the expression of
homeodomain and helix—loop—helix transcription factors, which
are subsequently refined by cross-repressive interactions. In this
manner, the telencephalic vesicles could be divided into a dorsal
or pallial and a ventral or subpallial region (Campbell 2003).
These patterning transcription factors, in turn, induce another
group of transcription factors defining progenitor identities and
contributing to the selection of specific neuronal phenotypes
(Figure 3) (Guillemot 2005; Hoch et al. 2009).
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Figure 3. Spatial mechanisms of neuronal fate specification. (A)
BMP and Wnt signals, diffusing from the dorsal midline of the
telencephalon, induce expression of important transcriptional
regulators of dorsal telencephalic fates (Emx1/2, Pax6, Ngn1/2). Pax6
and Ngnl/2 promote glutamatergic neuron generation. (B) The
morphogen Sonic Hedgehog (Shh) secreted by the ventral midline of
the telencephalon, represses Gli3 and induces the expression of
ventral transcriptional factors, as Nkx2.1 and Gsh1/2. Gsh1/2 induce
expression of the pro-neural gene Ascll, which activate DIx1/2
promoting GABAergic interneurons (GINS) generation. Nkx2.1,
through induction of Lhx6 and Sox6, further specifies subpopulations
of cortical interneurons defined by the expression of PV and
somatostatin (SST). (C) Dorsally or ventrally restricted expression of
transcriptional factors is established by cross-repression (shown in A
and B) (adapted from (Martynoga, Drechsel, and Guillemot 2012)).
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On the other hand, Shh establishes ventral identities in the
telencephalon (Rallu et al. 2002) by inhibiting the Gli3 dorsalising
factor and inducing the expression of the homeodomain proteins
Gshl and Gsh2 in the entire ventral telencephalon and Nkx2.1 in
the medial part of the ventral telencephalon (Rallu et al. 2002).
Then, Nkx2.1 and Gsh1/2 can work independently by inducing
the expression of other transcriptional factors, including the LIM
homeobox protein Lhx6 by Nkx2.1, and of Ascll, DIx1 and DIx2
by Gsh1/2 (Toresson et al. 2000; Du et al. 2008; Wang et al.
2009). Furthermore, Ascll and DIx1/2, are essential to initiate the
neuronal differentiation of ventral telencephalic progenitors
(Casarosa et al. 1999; Yun et al. 2002; Long et al. 2009).

Concurrently, Wnt acts in a similar way in the dorsal
telencephalon, inducing the expression of Pax6 and the pro-
neural proteins Ngn1, while Pax6 forces the expression of Ngn2,
(Gunhaga et al. 2003; Scardigli et al. 2003; Hirabayashi et al.
2004). Thanks to the activity of Ngn1/2 and Pax6 neurogenesis
can occur in the cerebral cortex (Nieto et al. 2001; Heins et al.
2002; Schuurmans et al. 2004).

Furthermore, as demonstration that the dorsal and ventral
transcriptional cascades are mutually repressive, deletion of
dorsal transcription factors, leads to expansion of ventral
morphogens into the pallial region, and vice versa. So, Gli3
represses Shh target genes and Pax6 represses Gsh2, while
Ngn1/2 repress Ascll (Figure 2) (Fode et al. 2000; Toresson et
al. 2000; Rallu et al. 2002).
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Furthermore, it is important to mention that the dorsal pro-neural
factors Ngnl and Ngn2 and the ventral Ascll, display two distinct
roles in the generation of neurons from neural progenitors
(Bertrand et al. 2002). Firstly, they activate neurogenesis, by
forcing the exit from the cell cycle, selecting the neuronal respect
to the astroglial fate, initiating the migration of the new neurons
to their locations, and inducing the growth of axon and dendrites
to allow the terminal differentiation of the neurons. Secondly, they
specify the morphology and the regional identity of the new
neurons, together with the neurotransmitter they will have to use
to communicate with other neurons. In particular, Ngn1/2 induces
the glutamatergic and pyramidal neurons generation, while Ascll
specifically promotes the GINs generation (Fode et al. 2000;
Parras et al. 2002; Hand et al. 2005).

Hence, following the different morphogens concentrations along
the dorso-ventral and antero-posterior axis, boundaries between
specific progenitor zones are generated (Wilson and Rubenstein
2000; Marin and Rubenstein 2003). Once cell specification has
been concluded, cells are ready for migration. Two types of
neural progenitor cells (NPCs) migration have been reported into
the brain: radial migration, which interests excitatory neurons
(ExNs) progenitors, characterized by a movement from
ventricular zone to cortical plate, with the help of radial glial cells,
and tangential migration, which provides inhibitory neurons
progenitors movement orthogonally to the direction of radial

migration, from lateral (LGE) and medial ganglionic eminences
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(MGE) to the cortex layers (Figure 4) (Marin and Rubenstein
2003).
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Figure 4. Rodent and human fetal forebrains during
corticogenesis. Cross sections of half of a rodent (A) and a human
fetal forebrain (B). In rodents, interneurons generate mainly from
ganglionic eminence (GE), while in humans originate both in the GE as
well as locally in the ventricular and subventricular zones (VZ/SVZ) of
the dorsal telencephalon (adapted from (Rakic 2009)).

At the end of the migration, in the early fetal stage, GINs start to
contact ExNs forming synapses to regulate their activity and
generate the first neuronal circuits. This phenomenon will

continue during all life displaying plasticity, considering that some
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circuits could be re-adapted or pruned even after long time from

the generation (Kostovi¢ and Judas 2015).

1.3 Importance of excitatory-inhibitory balance in neural

circuits

Each neuron has the possibility to establish numerous
connections with other neurons, forming complex neural
networks or circuits. Four types of functional microcircuits can be
recognized in the cortex considering the type of interaction
between excitatory and inhibitory neurons: local excitatory
circuits, anterograde and retrograde inhibitory circuits (Figure 5)
and counter-inhibitory circuits (Isaacson and Scanziani 2011).
The functionality of these circuits always depends on the activity

of both excitatory and inhibitory neurons.

B
Feedback Inhibition Feedforward Inhibition
| I T
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Figure 5. (A) Feedback and (B) feedforward circuits are

fundamental building blocks of cortical inhibition (adapted from

Isaacson and Scanzani 2011).
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Afferent excitatory inputs diffuse in the superficial and deep
layers of the cortex through principal neurons, but this process is
always controlled by the anterograde (or feedforward) inhibitory
circuit, mainly mediated by PV+ fast-spiking interneurons. It is
clear that principal neurons also innervate PV+ interneurons,
generating a powerful inhibition of neuronal networks, that

however is delayed compared to the excitatory stimulus.

The retrograde (or feedback) inhibitory circuit is always mediated
by Martinotti cells. They receive synapses mostly from layer V
pyramidal neurons and thanks to their ascending axons reaching
the layer I, they could establish inhibitory synapses on the
dendrites of the same pyramidal neurons that have stimulated
them, establishing a feedback mechanism. Hence, inhibition
generated is proportional to incoming excitation. Therefore,
Martinotti cells activity is essential to limit excessive activation of

cortical circuits, preventing the development of epileptic seizures.

Finally, the counter-inhibitory circuit is characterized by local
connections between inhibitory neurons, with the aim of

disinhibiting downstream excitatory neurons.

Through these types of interactions, increases in excitation are
always followed by increases in inhibition (Haider et al. 2006;
Okun and Lampl 2008; Atallah and Scanziani 2009).
Furthermore, alterations in inhibition/excitation mechanisms or in
their relationship can shift cortical activity to a hyperexcitable
(epileptiform) or silent (comatose) state (Dudek and Sutula

2007). As response to the alteration, compensatory effects can

15



occur to preserve the normal excitability of cortical networks
(Turrigiano 2011).

1.4 Epilepsy

Epilepsies are heterogeneous neurological disorders
characterized by recurrent seizures and related cognitive,
psychological, and social impairments (Devinsky et al. 2018).
Epileptic patients can also develop different comorbidities as
learning difficulties and psychiatric disorders (depression or
autism spectrum disorder). With a prevalence of 6.4 cases per
1.000 persons and an annual incidence of 67.8 cases per
100,000 person-years, around 65 million people worldwide are
affected by epilepsy, and present stress of living with a
continuous fear to have an unpredictable seizure, that can lead
to loss of autonomy for all daily activities. Epilepsy can also lead
to death for a direct effect of seizures (sudden unexpected death
in epilepsy, status epilepticus, motor vehicle accidents, falls, etc)
or for indirect effect (aspiration pneumonia, suicide, adverse

effects of drugs, etc)(Devinsky et al. 2018).

In 2005, the International League Against Epilepsy (ILAE)
defined a seizure as “a transient occurrence of signs and/or
symptoms due to abnormal excessive or synchronous neuronal
activity in the brain” (Fisher et al. 2005).

The onset of a seizure can be focal (localized precisely in one or

more brain regions, “seizure focus”), generalized (with
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widespread distribution in the brain), or of unknown onset. A focal
seizure is characterized by symptoms related to the region
affected in the brain. Instead, among generalized seizures, there
are motor (tonic-clonic, tonic, clonic-myoclonic and atonic

seizures) and non-motor seizures.

The generation of a seizure, ictogenesis, can be detected and
recorded using neurophysiology tools and electrodes that can
measure the activity of one specific neuron, or the activity related
to multiple neurons. This neuronal activity can be studied by
combining electrophysiology and functional or molecular imaging
with optogenetics (Devinsky et al. 2018). Ictogenesis can be a
response to a distortion of the normal balance between excitation
and inhibition in the brain (Stafstrom and Carmant 2016). This
imbalance can be the consequence of an alteration affecting
brain functions at many levels, from intracellular signaling
cascades to neuronal circuits. Although in most cases the cause
of this disease cannot be defined, epileptogenesis can be related
to different insults altered brain functions, like infectious
diseases, autoimmune diseases, structural or metabolic
alterations, and genetic mutations. Genetic epilepsies can
include patients showing abnormal synaptic connectivity in
cortical dysplasia, patients presenting mutations on genes
encoding for specific neurotransmitters receptors or, the most
diffused, patients with mutations on genes encoding for ion

channels, which provide alteration related to their functionality.
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Only in some cases patients can use the surgery to cure the
pathology. For the rest of them, different anti-seizure drugs are
available, even if not always they work properly. For these
reasons, lots of patients are looking for neurostimulation devices,
dietary therapies, or clinical trials of new drugs as alternative

options.

Patients presenting suspected epilepsy should perform periodic
electroencephalography (EEG), to classify seizure types and
epilepsy syndromes, where the term “epilepsy syndrome” refers
to specific clinical characteristics according to the type of
seizures, age of onset, EEG findings, genetics, prognosis, and
response to antiepileptic drugs. Basing on all these information,
different epileptic syndromes have been recognized, and Dravet

Syndrome is one of them.
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Table 1. Seizure classification. (A) Basic seizure classification,
according to the International League Against Epilepsy 2017, for
practitioners not specializing in epilepsy, and (B) the expanded

classification for clinicians (Adapted from Devinsky et al. 2018).

Dravet syndrome (DS), also known as severe myoclonic epilepsy
of infancy (SMEI), has been firstly described by Charlotte Dravet
in 1978 (Dravet 1978) and recognized by the International
League Against Epilepsy as a syndrome in 1989. It is a rare,

early-onset epilepsy syndrome characterized by refractory




epilepsy and neurodevelopmental problems beginning in infancy.
With an incidence between 1 in 16,000 to 1 in 40,000 live births,

DS can affect males and females in equal proportions.

2.1 Clinical features

It is possible to distinguish three different stages in the course of
epilepsy, starting with the “febrile stage” (Dravet and Oguni
2013). Clinical manifestations appear in the first year of life, when
apparently normal babies face up to one convulsive seizure with
variable duration (often longer than 15 minutes), related or not to
fever, which starts as clonic seizure becoming later hemiclonic
(affecting one entire side) or generalized. This seizure can be a
focal, motor seizure, or a burst of myoclonic jerks, often hard to
recognize as epileptic, considering that even EEG is usually
normal, though subsequently, the seizure can evolve in status
epilepticus. Later, other repeated seizures occur, febrile or not,
most often of a hemiclonic nature. Despite the usage of Rectal

diazepam affected babies are frequently hospitalized.

The second stage of DS epilepsy is the “worsening stage”, and it
appears in the period between 1 and 4 years (Dravet and Oguni
2013). It is characterized by brief myoclonic seizures, atypical
absences, and focal seizures. From this stage, patients start to
develop crises more easily and frequently as a response to
external and internal stimuli, as fever, emotional stress,
excitement, and contrasting lights. Furthermore, other symptoms

start to appear affecting psychomotor development, language,
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fine and gross motor skills, together with attention disturbances,
hyperactivity, and sometimes autistic features. Generally, in
scholar age, the “stabilization stage” begins. In the following
period convulsive seizures decrease, occurring mainly in sleep,
myoclonias and absences can disappear, and focal seizures
persist or decrease. Even if there can be an improvement in the
behaviour and psychomotor development, cognitive impairment

persists.

2.2 SCN1A mutations

In the past, given the low incidence of epileptic encephalopathies
in the population, it wasn’t easy to study the genetic component
of these pathologies, but with the introduction of next-generation
sequencing (NGS), lots of genes involved in epilepsy have been
identified (Helbig and Abou Tayoun 2016). SCN1A represents an
exception: the connection between this gene and epileptic
syndromes was reported before NGS introduction, in early 2001
(Claes et al. 2001). Mutations on SCN1A gene were first
discovered by screening patients with inherited epilepsy,

presenting mild phenotypes of genetic epilepsy with febrile
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seizure plus (GEFS+), but later they were also associated with

severe infant-onset epilepsy syndromes, as DS.

SMEI,SMEIb
ICEGT

Figure 6. Nayl.1 channel mutations in patients with epilepsy. A)
missense mutations (circles) and in-frame deletions (triangles). B)
truncation mutations (stars). (adapted from Catterall et al. 2010)

Over 80% of DS patients present causing epilepsy mutations on
SCN1A gene in heterozygous condition, and through patients
SCNI1A gene analysis, more than 1000 variants of Nav1.1 protein
have been identified (https://www.scnla.net/). Most mutations
are de novo, although familial missense mutations occur in 5—

10% of cases.
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They can be located along all the gene, and they can be

classified into three groups:

- truncating mutations (40%), which led to the generation of

premature stop codons or deletions;

- missense mutations (40%), localized especially in the
transmembrane segments, which severely impair channel

function;
- splicing-site changes (20%) (Marini et al. 2011).

Furthermore, even if a high percentage of DS SCN1A mutations
are placed in coding exons, a recent study demonstrates that
non-coding regions, near SCN1A, may also contribute to disease
in some patients. A recent study found that intron 20 region was
very enriched for rare, deleterious variations causing
developmental epileptic encephalopathies (Carvill et al. 2018).
By studying the mechanism by which these variants might cause
epilepsy, the authors of this work found that the insertion of this
“‘poison” exon, also defined 20N (N = nonsense), in SCN1A
transcript, can cause epilepsy by reducing the total amount of
Navl.1 channel protein, as a result of the activation of nonsense-
meditated decay (NMD) mechanism, which eliminate all

“‘poisoned” transcripts.

Summing up, even if in some cases gain-of-function effects have
been reported (Lossin et al. 2003; Ohmori et al. 2006; Volkers et
al. 2011), loss of function is the main effect of SCN1A mutations,

demonstrating that haploinsufficiency of SCN1A is pathogenic,
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and most of them cause a reduction in the amount of Na* current
(Ragsdale 2008). Considering that Na* channels are known to
be essential for AP generation in neurons, as mentioned above,
a reduction in the Na® current is expected to lead to an
hypoexcitable condition rather than hyperexcitable one, as
happens in epilepsy. The generation and the characterization of
the first animal models of DS helped to clarify the mechanisms
underlying hyperexcitability and co-morbidities occurring in
SMEI, (F. H. Yu et al. 2006; Ogiwara et al. 2007).

2.3 Mouse models of DS

The first DS mouse model was created by Dr. Catterall group in
2006 (F. H. Yu et al. 2006). Ablation of Scnla gene was obtained
by inserting a deletion in exon 26, the last coding exon. The
authors of this work reported that the null mutation of Scnla
leads to death within the second week of life, while in
heterozygotes, which genetically mimic human SMEI, they
described an epileptic phenotype. In 2007, Yamakawa group
generated another DS mouse model carrying a truncating
mutation on Scnla gene exon 21, identical to the human SMEI
mutation (R1407X) (Ogiwara et al. 2007). By using this model,
they stated that Nav1.1 is mainly expressed in the AIS of PV+
inhibitory interneurons, which regulate the firing of pyramidal
neurons and are essential for inhibitory function in the brain.
Later, other publications reported the involvement of other

subpopulations of GINs in DS, like SST and vasoactive intestinal
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peptide(VIP)+ interneurons (Tai et al. 2014; Goff and Goldberg
2019). All these works reported a reduction in Na* current density
of this class of neurons, together with a reduction of APs number,
frequency, and amplitude (F. H. Yu et al. 2006; Ogiwara et al.
2007). However, the threshold for the generation of the single AP
was never affected, suggesting Nav1l.1 channel is important just
to sustain trains of APs and not for the setting of the threshold (F.
H. Yu et al. 2006; Ogiwara et al. 2007).

Other studies also suggested that dysfunction of excitatory
neurons is also involved in Dravet pathogenesis. Specifically, a
first work came out reporting hyperexcitability of pyramidal
neurons in DS mice (Mistry et al. 2014), and more recently Almog
and colleagues, focusing on the evoked synaptic activity of the
CA1 hippocampal microcircuit, observed alteration of both
inhibitory and pyramidal neurons (Almog et al. 2021). They
revealed disfunctions of GINs in all different stages of DS, with
the greatest dysfunction observed during the severe stage of
epilepsy, and hyperexcitability in pyramidal neurons at the pre-
epileptic stage, followed by a reduction in their activity at the

onset of seizures.

However, specific deletion of Scnla in GINs generated a more
severe epileptic phenotype compared to deletion in both
excitatory and inhibitory cells, suggesting that loss of Scnla in

pyramidal cells could be partially protective (Ogiwara et al. 2013).

Altogether these data suggest the presence of complex and

reciprocal alterations in neuronal function of both inhibitory and
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excitatory neurons, but the failure of excitability of GINs seems
to determine a lack of inhibitory tone in the network, leading to
an imbalance between excitation and inhibition in the brain,
which can be considered as a possible cause for this intractable

epilepsy syndrome.

DS mouse models also exhibit various behavioural
manifestations  including  hyperactivity, anxiety, = motor
coordination, balance impairments, and moreover, impairment in
spatial learning and memory consolidations (F. H. Yu et al. 2006;
Ito et al. 2013; Griffin et al. 2018).

The whole phenotypical characterization of DS mouse models
points out they are a valuable model of the disease, not only to
dissect the pathological mechanisms, but also to test different
therapeutical strategies. If therapies proved to effectively
suppress seizures in Scnla mutant mice, they would hold a

strong value for clinical translation.

2.2 Current treatments and Gene therapy in DS

DS is one of the most pharmacoresistant epilepsy syndromes.
Among all drugs used until now Valproate is the first to be
mentioned, usually taken to prevent the recurrence of febrile
seizures, while oral/nasal/rectal benzodiazepine is used for any
long-lasting seizures, but these agents are most often insufficient
(Chiron and Dulac 2011). Stiripentol is the only compound that

proved its efficacy in DS, acting as a direct allosteric modulator
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of the GABAA receptor, enhancing inhibitory neurotransmission
(Chiron and Dulac 2011). However, even if in some cases
stiripentol can relieve symptoms, it is not resolutive for all patients
and indeed, about 41% of patients reported a symptomatic
worsening with significative increase in the frequency of status

epilepticus (Chiron and Dulac 2011; Myers et al. 2018).

For this reason, the research is recently focused on gene therapy
as an approach to treat pathologies that remained resistant to
pharmacological agents. In particular, in DS, considering the
haploinsufficiency condition, two different approaches are being
explored: supplying an extra healthy copy of Scnla gene to the

cells or boosting the expression of the healthy copy Scnla gene.

In both cases, the first relevant problem to face is the gene
delivery. Different types of viral vectors have been used in
literature and each vector presents advantages and
disadvantages. Among all viral vectors, the most characterized
and used for targeting the CNS have been derived from
retroviruses, adenoviruses, adeno-associated viruses (AAVS),
and herpes simplex viruses (Ingusci et al. 2019). All these
vectors present different capacities, cell tropism, and ability to
integrate into the host genome. AAVs are small, non-enveloped,
single-stranded DNA viruses; they are clinically safe and
effective in transducing both dividing and quiescent cells,
establishing a long-term transgene expression. For all these

reasons many clinical trials for the treatment of genetic diseases
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employ AAV vectors, obtaining a good safety profile and

significant clinical benefit.

Systemic infusion of therapeutic AAVs has been already
employed in spinal muscular atrophy (SMA) type 1 patients, to
restore the normal level of SMN protein in motor neurons
preventing neuronal death (Mendell et al. 2017). Nevertheless,
Scnla coding sequence is nearly 6 kb long, much more with
respect to SMNL. It exceeds the strict cargo capacity for AAVS,
and even if lentiviral vectors (LV), which present high capacity
with respect to AAVs, can carry the entire sequence of Scnla,
they show limited spread in neural tissue, and for this reason,
they are not ideal to treat pathologies affecting large brain area.
Considering these focal points, the boosting strategy has been

largely used for trying to treat DS.

The first approach has been developed by OPKO Health
company. They identified a novel, evolutionarily conserved
mechanism controlling the expression of SCN1A that is mediated
by a long non-coding RNA (SCN1ANAT) (Hsiao et al. 2016).
Using oligonucleotide-based compounds  (AntagoNATS)
targeting SCN1ANAT they induce specific upregulation of
SCNI1A both in vitro and in vivo, in DS mice and non-human
primates. This upregulation led, in vivo, to significant
Improvements in seizure phenotype and excitability of

hippocampal interneurons.

Stoke therapeutics developed another strategy to upregulate

SCNI1A expression, known as, targeted augmentation of nuclear
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gene output, TANGO (Han et al. 2020). This approach targets
transcripts which include the 20N poison exon. Targeting the
splicing acceptor of the poison exon, by an antisense
oligonucleotides (ASOs), they prevent its incorporation in the
final MRNA thus enhancing the generation of a productive
MRNA, at the expense of non-productive one. The final result is
SCN1A gene upregulation, that given the conservation of this
post transcriptional control (Carvill et al. 2018), can be achieved
in both human cells and mouse brain, reducing the incidence of

electrographic seizures and SUDEP.

3. Induced pluripotent stem cells (iPSCs): a new tool to

model human pathologies

Conventional disease modeling studies, using animal model,
have been consistently used to study disease pathology and
therapeutic development but these systems always reported
many limitations. Indeed, although different animal models exist,
and have given a great contribution in understanding lots of
aspects of neurodevelopment, they lack human-specific features
essential in human corticogenesis (Florio et al. 2015; Pollen et
al. 2015; Nowakowski et al. 2017). Humans present a higher
brain to body ratio, higher number of neurons, and human brain
develops during a longer gestational period, reaching a higher
level of complexity. For this reason, a big step forward came
when, years ago, in 2007, by introducing a cocktail of different

trascriptional factors (Oct3/4, Sox2, c-Myc, Klf4) into somatic
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cells, Dr Yamanaka and Dr Thomson, obtained mouse and then
human iPSCs, which recapitulate features of embryonic stem
cells (Takahashi et al. 2007; J. Yu et al. 2007), bypassing ethical
concerns associated to the experimental use of human
embryonic cells. iPSCs can be derived directly from patients with
genetic or non-genetic diseases, and by differentiating them in
specific cell types it is possible to model in vitro that disease, and
have an access to the relationship between genotype and cellular
phenotype (Gottesman and Gould 2003). This aspect is
particularly relevant for diseases affecting the nervous system,
given the impossibility to access primary human neurons from

patients.

3.12D neuronal differentiation

Neuronal differentiation of iPSCs in vitro is always based on the
use of specific factors that can promote or inhibit specific
signaling pathways recapitulating embryonic development.
Different methods have been published to guarantee high
percentage of neurons, but what is more challenging is to obtain
pure populations of specific subtypes of mature neurons. To
date, by using different small molecules and/or different
transcriptional factors, expressed by viral vectors, itis possible to
generate a wide variety of neuronal cell types from iPSCs,
including forebrain glutamatergic neurons (Zhang et al. 2013; Qi
et al. 2017), GINs (Maroof et al. 2013; Nicholas et al. 2013;
Colasante et al. 2015; Yang et al. 2017; Meganathan et al. 2017)
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serotonergic neurons (Lu et al. 2016; Vadodaria et al. 2019)
dopaminergic neurons (Kriks et al. 2012; Theka et al. 2013),

motorneurons (Bianchi et al. 2018).

All the differentiation protocols developed in the last years are
based on two major steps: the first promotes iPSCs induction into
neuronal progenitors, and the second ensures final neuronal

differentiation and maturation.

Two different approaches can be used to act the first step. Some
protocols pass through formation of embryoid bodies (EBS)
which are consequently plated to generate neural rosettes
formed by NPCs (Nicholas et al. 2013; Meganathan et al. 2017,
Bianchi et al. 2018; Vadodaria et al. 2019); in other cases, a
direct differentiation from iPSCs to neuronal progenitors can be
obtained bypassing that step (Kriks et al. 2012; Zhang et al.
2013; Maroof et al. 2013; Colasante et al. 2015; Lu et al. 2016;
Qi etal. 2017; Yang et al. 2017). In both cases, this first process
is based on the use of small molecules which inhibit SMAD
signaling (Chambers et al. 2009), forcing neuralization at the
expense of trophectoderm, mesendoderm and non-neural
ectoderm generation. Then it is possible to subject NPCs to
different concentrations of morphogens trying to recapitulate
activation of different pathways occurring in vivo during
development in the vertebrate CNS along the dorso/ventral or
rostro/caudal axis (Figure 7). In this way it is possible to change
the nature of neuronal progenitors, generating different neuronal

populations (Figure 8). SHH or its analogues, are always used,
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with different concentration, as ventrilizing molecules, which
allow to obtain progenitors which can be found in the ventral
region of the brain, like Nkx2.1+ GINs progenitors, located in the
medial ganglionic eminences, or Nkx2.2+/Nkx6.1+ serotonergic

neurons progenitors, located in the ventral hindbrain.

On the contrary, considering its role in the generation of
glutamatergic neurons deriving from the dorsal region of the SVZ
(Azim et al. 2014), the activation of Wnt pathway is fundamental
to obtain dorsal Pax6+ NPCs, although different studies indicate
this pathway is also essential to distinguish different NPCs along
the antero/posterior axis in the brain during development. For this
reason, small molecules that inhibit Wnt signaling are used to
obtain progenitors located in the rostral region of the brain
(Huang et al. 2009; Maroof et al. 2013; Qi et al. 2017,
Meganathan et al. 2017), while to generate caudal NPCs is
fundamental to use Wnt signaling activators, at different
concentrations depending on the localization of the desired
NPCs in the antero-posterior axis (Kriks et al. 2012; Lu et al.
2016; Vadodaria et al. 2019).

The second stage of all differentiation protocols foresees the use
of media containing small molecules inducing neurons
generation from NPCs and their maturation as ascorbic acid, the
Brain-Derived Neurotrophic Factor (BDNF), the y-secretase
inhibitor DAPT and dibutyryl cyclic adenosine monophosphate
(dbcAMP), which are essential to induce final neuronal

differentiation, allowing the acquisition of neurons morphology
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and neurons functionality (Shin et al. 2004; Traub et al. 2017;
Chen et al. 2018; Zahir et al. 2009). Neuronal populations
obtained are typically heterogeneous, presenting both mature
and immature cells. All these differentiation processes require a
significant amount of time, spanning from weeks to months
(Srikanth and Young-Pearse 2014) and despite this maturation
process, RNA expression analysis, generated from various
differentiation stages, reports some transcriptomic changes
which models the physiological gene expression pattern
occurring in vivo during development, from early embryogenesis
to late fetal period, (Ardhanareeswaran et al. 2018; Burke et al.
2020).

Dorsalization
(BMP, Wnt)

Midbrain

» MHB
Forebrain (FGF8, Wnt1)

Hindbrain

Ventralization
(Shh)

Caudalization
(Wnt, RA)

Figure 7. Regional patterning of CNS in embryos. The regional

identities within the CNS are determined along the rostrocaudal and
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dorsoventral axes through the action of morphogens derived from
various organizing centers (yellow). FP, floor plate; MHB, midbrain-
hindbrain boundary (adapted from (Suzuki and Vanderhaeghen 2015)
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Figure 8. Regional specification in PSC neural differentiation.
Processes mimicking in vitro the regional patterning occurring in vivo
through the combinatorial use of the same morphogens in culture
medium (adapted from (Suzuki and Vanderhaeghen 2015).

3.2In vitro human modelling for neurodevelopmental

disorders

Human iPSC (hiPSCs) derived neurons have been employed to
model neurodevelopmental disorders. In many cases, they

confirmed or expanded upon our previous understanding of the
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pathology gained from post-mortem and rodent model studies.
Thanks to hiPSC models different cellular and molecular
mechanisms, that give rise to specific disorders, have been
dissected and characterised, expanding at the same time the
knowledge of human brain development. Furthermore, the usage
of patient derived iPSCs provides the opportunity to study a
phenotype strictly associated to a mutation in the context of the
patient genetic background. Studying both Mendelian and
multigenic/multifactorial disorders, genetic background and
genetic modifiers can affect the phenotype (Burrows et al. 2016;
Rouhani et al. 2014). For this reason, IPSCs derived from
unaffected relatives have been used as control in those studies,
even if some variability problems related to the different genetic
background or different reprograming conditions were
maintained. More recently, the development of gene-editing
technology allowed to overcome this issue. Zinc Finger Nuclease
(ZFNs) technology (Reinhardt et al. 2013), Transcription
Activator-Like Effector Nuclease (TALENSs) (Hockemeyer et al.
2012) or clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas9 system (Ding et al. 2013) can
specifically modify the mutated gene allowing to generate iPSCs
clones identical to the ones derived from patients except for the
corrected gene locus. To reduce variability and obtain the best
control for all the experiments using IPSCs, the gene-editing
technologies have been largely employed to generate isogenic
clones or to insert a specific mutation causing the disease

phenotype into a WT iPSC line.
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The generation of proper in vitro human models offers the unique
opportunity for high-throughput drug screening, which can be
directly conducted on patients derived cells to test the efficacy
and the toxicity of a drug or the effect of a therapeutical approach.
As a demonstration of the importance of human in vitro modeling,
different papers have been published reporting relevant results
in better understanding diseases or in finding therapeutical
treatments. Among the first papers published in literature to
model human pathologies in vitro with iPSCs, there is a work
focused on Rett syndrome (RTT) in which the authors test the
effect of IGF1 on glutamatergic iPSCs-derived neurons, trying to
rescue RTT phenotype, characterized by a decreased level of
synapses when compared with controls (Marchetto et al. 2010).
They reported a positive effect derived from IGF1 neurons
treatment, considering that the number of synapses formed was
increased after IGF1 administration. The same molecule, IGF1,
has been also used as treatment in the case of Phelan—
McDermid syndrome (PMDS) (Shcheglovitov et al. 2013). In this
case, glutamatergic neurons show impairment in synaptic
transmission and a reduced number of synapses, both

phenotypes restored with IGF1 administration.

SMA was another pathology, among the first ones, which
presented very promising data derived from in vitro human
experiments. iPSCs derived from SMA patients have been used
to generate SMA motorneurons reporting degeneration
associated to mitochondrial dysfunction, as occur in vivo, and

they have been used to perform drug screening. These
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experiments leading to the use of N-acetylcysteine as drug to
improve  mitochondrial  functionality and rescue the

neurodegeneration (Xu et al. 2016).

All these data highlight the importance of an in vitro human model
to study neurodevelopmental disorders, even if, sometimes,
when the pathology rise up later, postnatally, it could be harder
to recreate in vitro the right condition to mimic a disease, and this

is what happens in the case of DS.

3.3 Human DS modeling

Very few papers have been published in literature reporting in
vitro human models of DS-related SCN1A mutations, and among
them it is possible to distinguish different hypothesis regarding
the mechanism at the basis of the pathology, and the population

most affected.

In 2013, Jiao et al. (Jiao et al. 2013) derived iPSCs from two
patients, presenting SMEI and mild febrile epilepsy. Patient
iPSCs derived ExNs reported much more Na* current compared
to an unaffected control. In particular, SMEI neurons showed
more and larger evoked AP when compared to unaffected
control. Though mild febrile seizures neurons showed the same

alterations, a less severe phenotype has been reported.

Also, spontaneous APs showed higher frequency in SMEI and
mild febrile seizure neurons compared to wild-type, denoting

hyperexcitability. With these data, the authors demonstrated that
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patient iIPSC-derived neurons recapitulated abnormal sodium
currents, APs and epileptiform firing. Furthermore, the authors
demonstrated that this alteration was due to a lag in the
inactivation timing of the Na* channel, and by using phenytoin,
an antiepileptic drug, they showed a rescue of the epileptic
phenotype. After treatment, patient iPSC-derived neurons
showed reduced Na* currents, alleviated delayed inactivation of
Na* channel, reduction of frequency and amplitude of evoked AP
and, moreover, also the epileptic form of the spontaneous APs

disappeared.

In the same year, Liu and colleagues (Y. Liu et al. 2013),
reprogrammed iPSCs from two DS patients presenting mutations
resulting in truncated unfunctional Navl.1 channel. They
published data reporting the same alteration discovered by Jiao
in glutamatergic neurons, in two distinct types of neurons
distinguished between them only by using morphological criteria:
bipolar and pyramidal-shaped neurons, expected to be

respectively GINs and ExNs.

Nonetheless, various papers, in accordance with all data
published using DS mouse models, report alterations specifically
in GINs (Higurashi et al. 2013; Sun et al. 2016; Kim et al. 2018).
By using different differentiation protocols, providing the
generation of GABAergic (Sun et al. 2016) or Nav1.1 reporters
(Higurashi et al. 2013), or by using patch-seq (Kim et al. 2018),

the authors of these papers showed impairments in AP
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generation, and reduction of Na* current density specifically in
GINs.

Altogether these data can result confusing, and not helpful in the
understanding of DS in humans. Furthermore, supporting all
these published data, there is an important difference to be
mentioned about the localization of Nav1.1 protein in human brain
respect to mouse. While in mice Nav1.1 is largely reported to be
expressed in the AIS of GINs (Yu et al. 2006) and specifically in
PV+ (Ogiwara et al. 2007), SST+ (Tai et al. 2014), and VIP+
neurons (Goff and Goldberg 2019), in the human brain its
localization can vary. In fact, even if the colocalization of Nav1.1
and PV is very high in postnatal ages, Navl.l shows
somatodendritic localization and expression also in pyramidal
neurons, specifically in cortical layer V and in the hippocampus
(Trimmer and Rhodes 2004; Wang et al. 2011), justifying the

open question about the role of glutamatergic neurons in DS.

To complicate the situation, all the mentioned works reported
data obtained by comparing DS patients-derived neurons to
neurons generated from unaffected subjects. Considering the
importance of the genetic background, together with the
variability of different cell lines to differentiate into neurons and
maturate, it is clear that the generation of isogenic controls is
necessary to better understand the mechanisms of the disease
in vitro. For this reason, in 2016, Liu and colleagues published
the first paper in the field by using TALENs gene editing tool to
generate an isogenic control iPSC line (J. Liu et al. 2016). They
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revealed a decrease in sodium current density in patient iPSCs
derived GINs compared to isogenic corrected control, but they
also revealed phenotypical alterations in isogenic control
samples when compared to other control samples derived from
unaffected subjects. The voltage dependence of sodium current
activation and AP threshold were different, suggesting a
correlation between these alterations and patient genetic

background.

Later, in 2020, Dr Xie and colleagues published a paper
presenting data obtained from dual isogenic iPSC pairs (Xie et
al. 2020). The authors of this work, generated iPSCs from two
male siblings, one affected by GEFS+ and the other which had
no known clinical diagnoses. From these two cell lines, by using
CRISPR-Cas9 gene editing tool, they derived two isogenic
clones, one, generated from the control sibling, reporting the
disease-causing mutation in homozygous condition, and the
other derived from the GEFS+ patient presenting the correction
of the mutated nucleotide causing the disease. Then to
characterize the alterations due to the presence of K1270T
SCN1A mutation, located in S3 D3, they differentiated the iPSCs
into neurons with a protocol allowing to obtain both glutamatergic
and GABAergic populations. Then, by using two different
reporters, labelling in a specific manner each population, they
showed significant impairment in AP firing and reduced Na”*
current density in the homozygous mutated control interneurons
compared to their counterpart. Furthermore, more unclear data

emerged from ExNs analysis, considering that they found a
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reduction in Na" current for the homozygous mutated neurons
compared to their control, while an impairment in AP firing has
been shown in patient derived neurons compared to the

corrected control.

In the end, even this paper, which present very interesting data,
failed in creating an in vitro human model that could show clear
data with a unique interpretation. This lack, can be attributed to
the difficulty of obtaining neuronal culture composed in high
percentage of mature cells, resembling even early post-natal
neurons, which are known to express Navl.l channel. In
accordance to this issue, Xie and colleagues (Xie et al. 2020),
affirm to not obtain PV+ and SST+ interneurons in their culture,
which are the two classes of inhibitory interneurons most affected

by SCN1A loss, and could be very interesting to test.
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Aim of the thesis

My PhD project aims to generate a human DS model based on
patient derived iPSCs differentiated in neurons to test gene
therapy-based approaches for the treatment of this neurological
condition. In particular, we aim to generate iPSCs from two DS
patients presenting different missense mutations and
corresponding isogenic control derived by CRISPR/Cas9 gene
editing of the mutations. We also aim to set a specific iPSC
differentiation protocol to generate GINs including PV+ and
SST+ subtypes, that are the neuronal populations most affected
in DS and assess if the characteristic firing defect is resembled
in this neuronal population. Finally, we aim to employ the
activatory CRISPR-dCas9 tool to boost the expression of the
wild-type allele of SCN1A gene to eventually rescue the

observed defect.

In particular, in Chapter 2 will be presented all the work focused
on human modeling, while Chapter 3 will show how the activatory
CRISPR-dCas9 could efficiently work in a DS mouse model,

reverting the pathological phenotype.

Chapter 4 will present a mini review | wrote with my co-tutor Dr
Colasante about the importance of activatory and inhibitory
CRISPR-dCas9 tools in the field of neurodevelopmental

disorders.
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Acronyms and abbreviations

AAV: adeno-associated virus
AP: action potential

CRISPR: clustered regularly interspaced short palindromic
repeats

dNPCs: dorsal neural progenitor cells

CB: calbindin

CR: calretinin

dbcAMP: dibutyryl cyclic adenosine monophosphate
DS: Dravet Syndrome

EBs: embryoid bodies

EXX: embryonic day XX

ExNs: excitatory neurons

GEFS+: genetic epilepsy with febrile seizure plus
GINs: GABAergic interneurons

hCS: human cortical spheroids

HDR: homology directed repair

hESC: human embryonic stem cell

hSS: human subpallium spheroids

HuNu: human nuclei

IF: immunofluorescence

INa: SOodium current

INS: induced neurons

iIPSCs: induced pluripotent stem cells
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ISCN: international system for human cytogenetic nomenclature
LV: lentivirus

MGE: medial ganglionic eminences

NGS: NOD scid gamma mouse

NMD: nonsense-mediated decay

NPCs: neural progenitor cells

PBS: phosphate-buffered saline

PFA: paraformaldehyde

PV: parvalbumin

PXX: postnatal day XX

SgRNA: small guide RNA

SHH: Sonic Hedgehog

SMEI: severe myoclonic epilepsy in infancy

SST: somatostatin

SUDEP: sudden unexpected death in epilepsy
TALEN: transcription activator-like effector nucleases
TSS: transcription start site

VIP: vasoactive intestinal peptide

VNPCs: ventral neural progenitor cells

VPR: VP64-p65-Rta
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Introduction

Dravet syndrome (DS) is a catastrophic developmental and
epileptic encephalopathy characterized by severe, pharmaco-
resistant seizures and high risk of Sudden Unexpected Death in
Epilepsy (SUDEP). To date, no cure is effective in controlling
seizures. About 80% of the patients show heterozygous
mutations in SCN1A gene. Most mutations are de novo, although
familial missense mutations occur in 5-10% of cases (Marini et
al. 2011). Mutations can affect different regions of the gene and
they can be classified into three groups: truncating mutations
(40%), missense mutations (40%) and splicing-site changes
(20%) (Marini et al. 2011). Considering all mutations reported,
over than 1000 variants of Navl.1 protein have been identified

(http://lwww.scnla.net/).

Although some gain-of-function mutations have been reported
(Lossin et al. 2003; Ohmori et al. 2006; Volkers et al. 2011), most
of SCN1A mutations are loss-of-function, suggesting that the
haploinsufficiency of SCN1A is pathogenic (Ragsdale 2008;
Catterall, Kalume, and Oakley 2010; Escayg and Goldin 2010).

SCN1A gene encodes for the alpha-subunit of the voltage-gated

sodium channel Nav1.1.

The development and analysis of the first DS animal model
highlighted that Nav1.1 is essential for excitability of GABAergic
interneurons (GINS) (Yu et al. 2006; Ogiwara et al. 2007; Martin
et al. 2010; Cheah et al. 2012; Rubinstein, Westenbroek, et al.

2015). In particular, the haploinsufficiency of the channel impairs
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action potential (AP) generation in parvalbumin (PV)+,
somatostatin (SST)+, and vasoactive intestinal peptide (VIP)+
interneurons subtypes (Ogiwara et al. 2007; Dutton et al. 2013;
Tai et al. 2014; Rubinstein, Han, et al. 2015; De Stasi et al. 2016;
Goff and Goldberg 2019), and this probably underlies seizure
development.

However, reduced function of GINs has been shown to be
transient in mice, limited only to the severe stage (Favero et al.
2018; Tran et al. 2020), suggesting that complex mechanisms
govern the pre-epileptic and stabilization stages of DS.
Moreover, another study showed hyperexcitable excitatory
neurons (ExNs) in DS mice, suggesting an involvement of this
neuronal subtype in Dravet pathogenesis (Mistry et al. 2014).
More recently, Almog and colleagues, focusing on evoked
synaptic activity within the hippocampal CA1 microcircuit,
revealed impairments in GINs functionality at all different stages
of Dravet, with the greatest worsening at the severe stage (Almog
et al. 2021). Then, by analysing pyramidal neurons, they found
an hyperexcitability at the pre-epileptic stage, followed by a
reduction in their activity at the onset of seizures. With these data
they highlighted the presence of complex and reciprocal

alterations in neuronal function, regarding both GINs and ExNs.

In the last years, also human models of the disease have been
generated either by direct conversion of DS patient fibroblasts to
induced neurons (iNs) (Jiao et al. 2013), or by differentiation of

DS patient-derived induced pluripotent stem cells (iPSCs) to iNs
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(Higurashi et al. 2013; Y. Liu et al. 2013; J. Liu et al. 2016; Sun
et al. 2016; Kim et al. 2018; Xie et al. 2020).

The first works have shown different data reporting in some
cases alterations in patient iPSC-derived GINs, as impairment of
AP firing and reduction of sodium current density, while in others
the ExNs were the subtypes most affected, displaying
hyperexcitability with an increase in sodium current amplitudes
(Higurashi et al. 2013; Jiao et al. 2013; Sun et al. 2016).
Furthermore, an additional work came out in 2013 reporting an
hyperexcitability state in both neuronal subtypes, GINs and ExNs
(Y. Liu et al. 2013). Later, some papers were published by
introducing the importance of isogenic controls in the setting of a
DS human model (J. Liu et al. 2016; Xie et al. 2020). However,
also in these cases, it was not possible to determine a clear DS
phenotype, considering that these works reported different data,
from one side ascribing to GINs the most important role in the
etiology of the pathology, and from the other, reporting a mild
hyperexcitable phenotype only in ExNs. All these studies lead to
different conclusions about DS human modeling. The precise
reason for all this variety is unclear but, considering that Nav1.1
is expressed in a postnatal stage during development (Trimmer
and Rhodes 2004; W. Wang et al. 2011), the problem could be
related to the neuronal maturation state. Neurons derived from
IPSCs in vitro always generate cultures composed of neurons
presenting different states of maturation, and data derived from
these heterogeneous cultures can lead to more complicated and

altered analysis. Furthermore, in all published works the authors
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generated GINs without detecting PV+ and SST+ neurons in their
neuronal cultures, which are the most affected neuronal

subtypes.

For these reasons, the generation of a more reliable human
model of DS is necessary. Therefore, we focused the first part of
our work on setting up a proper 2D neuronal differentiation

protocol that can include PV+ and SST+ interneurons.

Then, considering the limitation of 2D models, which cannot
reproduce the anatomy or physiology of a tissue for informative
studies, we also tried to set a 3D DS human model, by using a
protocol recently published (Birey et al. 2017), which allows to
generate different spheroids resembling cortical and subpallium
region of forebrain including different neuronal subtypes. By
fusing these spheroids together, it is possible to study the 3D
interactions between human GABAergic and glutamatergic
neurons and to verify if alterations in these contacts could

emerge in DS.

In the meantime, we also derived iPSCs from two patients with
different missense mutations, C959S and Y1781H. We used
CRISPR-Cas9 technology to produce isogenic control iPSC lines
and differentiate these cells into GINs and ExNs, choosing the
best differentiation protocol. Hereafter, we analized the
electrophysiological properties of DS neurons compared to
isogenic controls. Considering the maximal AP firing, patients’
GINs revealed a trend of hypoexcitability compared to isogenic

control even if not statistically significant. ExNs analysis
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displayed a hyperexcitable state in patient 1 neurons compared
to its control, while patient 2 didn’t report any alteration in AP
firing. The amount of sodium current in GINs and ExNs didn’t

change in any case between pairs.

Then, considering the importance of the neurons’ maturation
state to generate a proper DS human model, we established the
setting to explore the functionality of neurons presenting two
different conditions of maturation. First, we treated our neurons
in vitro with a medium able to promote neuronal activity
(BrainPhys medium). Secondly, we injected neural progenitor
cells (NPCs) into immunodeficient mice brain, in order to set the
basis for future experiments to evaluate the maturation state of

human neurons transplanted and integrated into mouse circuits.

At last, given the interesting data obtained in our laboratory by
using the activatory CRISPR-dCas9 system to revert DS
phenotype, both in vitro and in vivo, in a DS mouse model
(Colasante et al. 2019), we explored and demonstrated the
efficacy of this system in inducing human SCN1A gene

upregulation, in both cell line and hiPSC-derived neurons.
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Results

Generation of iPSCs-derived neuronal culture including
GINs

Navl.1 is mostly expressed in GINs (Yu et al. 2006; Sun et al.
2016), which indeed are the most affected neurons in DS (Yu et
al. 2006; Martin et al. 2010; Cheah et al. 2012). For this reason,
to generate a human model of the disease, we first worked to
optimize an existing differentiation protocol that allows the
generation of medial ganglionic eminences (MGE)-derived
neuronal progenitors and neurons (Meganathan et al. 2017).
This protocol consists of a multi-stage small molecules approach
(Figure 1A), including the intermediate generation of embryoid
bodies (EBs), neural rosettes and NPCs. The dual inhibition of
SMAD signaling, important to efficiently induce neural conversion
(Chambers et al. 2009), has been performed by using LDN-
193189 (Stemgent) and SB431542 (Sigma-Aldrich) molecules.
The tankyrase inhibitor, XAV939, inhibitor of WNT signaling
(Huang et al. 2009), was added to enhance forebrain neurons
generation (Maroof et al. 2013). By adding the continuous
exposure to purmorphamine, a Sonic Hedgehog (SHH) agonist,
it was possible to ventralize the cell culture towards inhibitory

neurons' progenitor fate.

However, by testing Meganathan’s conditions we had some
problems. First of all, as a consequence of prolonged treatment
with purmorphamine, we often reported the synthesis of

purmorphamine crystals in our cell culture from around day 20-
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30 of differentiation, which were toxic for neurons, inducing
neuronal clumps and early cell death. Secondly, to obtain similar
percentage of neuronal populations as published, we had to wait
longer period, and however, by performing immunofluorescence
(IF) analysis on our cultures after 50 days of differentiation
(Figure 1B), we found around 40% of glutamatergic neurons,
expressing vGLUT1, and 60% of GINs, including SST+ (20%),
Calretinin(CR)+ (60%) and Calbindin(CB)+ (50%) with the lack of
PV+ interneurons (Figure 1C). Considering the importance of
PV+ neurons for our work, and also taking into account that PV+
neurons generation occurs later during neurodevelopment
(Uylings et al. 2002), we wanted to try to extend the period of
differentiation, but the synthesis of toxic crystals mentioned
above hampered us. For this reason, a part of our work aimed
towards reducing cells exposure time to purmorphamine, to
obtain comparable results in terms of GINs percentage including
SST+ and PV+ interneurons. By using a control iPSC line,
previously characterized in our laboratory, we decided to test
reduced time windows of exposure, taking the inspiration from
another paper already published (Maroof et al. 2013) in which the
treatment with purmorphamine and SHH was tested with
different concentrations and time windows. For our experiments,
we selected two different time windows to administer
purmorphamine in acute condition, either from day 10 to day 18,
or from day 10 to day 25, covering neural rosettes step partially
or completely (Figure 2A). Additionally, the long exposure

condition, reported by Meganathan and colleagues, was used as
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positive control of the ventralization, and the condition “no
purmorphamine” was used as negative control for this process.
In order to test the protocol efficiency in inducing MGE fate, we
started to verify by IF the expression of NKX2.1, a marker of
ventral NPCs (VNPCs) (Sussel et al. 1999; Xu et al. 2004; Butt et
al. 2008) (Figure 2B). We observed that on day 25 all the
conditions except “no purmorphamine” showed around 80%
NKX2.1+ cells counted on nuclei (Figure 2C). To complete this
data, we also studied PAX6 expression, a marker of dorsal NPCs
(dNPCs) (Molyneaux et al. 2007) (Figure 2B). The observed
percentage of PAX6+ cells on nuclei was higher in cultures not
treated with purmorphamine (~80%), but it strongly decreased in
the presence of the ventralizing molecule (~20%) (Figure 2D).
The acquired ventralization of the culture was also demonstrated
by qRT-PCR data (Figure 3A-B). Ventral neural progenitor's
marker genes, as NKX2.1, DLX5, LHX6 (Panganiban and
Rubenstein 2002; Liodis et al. 2007; Fogarty et al. 2007; Butt et
al. 2008), were overexpressed in all conditions with
purmorphamine treatment (Figure 3A), on the contrary, some
dorsal neural progenitor's marker genes, such as PAX6, TBR2,
VGLUT1 (Molyneaux et al. 2007), expressed in the “No
purmorphamine” condition, were downregulated in all ventralized

samples (Figure 3B).

Then, we completed the differentiation by plating the NPCs in the
neural differentiation medium containing components important
to induce final neuronal differentiation as ascorbic acid, BDNF
and the y-secretase inhibitor DAPT (Shin et al. 2004; Traub et al.
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2017; Chen et al. 2018). For the final medium, DAPT was
substituted with dibutyryl cyclic adenosine monophosphate
(dbcAMP), important to induce neuronal functionality (Zahir et al.
2009). By IF analysis we studied the percentage of obtained
GINs after 50 (Figure 4A-B) and 90 days of differentiation (Figure
5A-B). We quantified around 60% of GINs in all samples treated
with purmorphamine, compared to 30-40% revealed in the no
purmorphamine condition. This percentage remained stable
between these two time points. We also quantified the presence
of SST+ and PV+ subtypes. Some SST+ interneurons appeared
after 50 days of differentiation (Figure 6A). We confirmed the
20% already obtained by using Meganathan’s protocol in the
condition with long exposure to purmorphamine, while we
revealed a very low percentage (<5%) in all other conditions
(Figure 6B). On day 90, SST+ cells reached ~12% in the
conditions providing short treatment with purmorphamine, ~7%
in the not treated condition, and slightly decreased in the long
exposure condition, reaching ~17% (Figure 7A-B). In this last
condition we often reported a lot of neuronal clumps, as sign of
cell culture suffering, and neuronal death. Few PV+ interneurons
appeared in all conditions only after 90 days of differentiation
(Figure 8). Given the very low number we obtained per coverslip,

we didn’t quantify this data.

To complete the characterization of our neuronal cultures, we
also analized by qRT-PCR the expression of some voltage-gated
Na* channels important for neuronal activity and associated with
epilepsy (J. Wang, Ou, and Wang 2017; Gu et al. 2018) after 50
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and 90 days of differentiation, in all conditions (Figure 9A-B).
Among all channels, only SCN1A gene expression showed
significant changes between these two timepoints, displaying a
3-fold increase on day 90 compared to day 50, for no
purmorphamine and purmorphamine day 10-18 protocols, and 2-

fold increase in purmorphamine day 10-25 condition (Figure 9C).

We also studied by qRT-PCR the expression of some voltage-
gated K* channels, essential for the repolarization phase after
the AP (Gu et al. 2018; Rudy and McBain 2001), at the same
time points, but their expression didn't change significantly

leaving neurons in culture for a longer period (Figure 9D-E).

Then, considering our interest in obtaining functional GINs
including SST+ and PV+ subtypes, which also express high level
of SCN1A gene, we decided to perform all electrophysiological
experiment by using the protocol with the shortest ventralization
treatment (from day 10 to day 18) and to perform the analysis

after 90 days of differentiation.

3D modeling to study the interaction between GINs and

cortical neurons

Inrecent years, the potential of organoids to complement existing
model systems and extend basic biological research, is
becoming more and more widely appreciated. However, the
development of this tool is still at the beginning in comparison to

established cell lines or animal models, with different challenges
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still to overcome. Anyway, different groups have obtained
interesting results by using organoids to model genetic and
infectious diseases or different types of cancer (Gao et al. 2014,
Dang et al. 2016; Jacob et al. 2020; Banfi et al. 2021).
Furthermore, long-term culture of human brain organoids could
allow to obtain enhanced neuronal maturation, characterized by
the presence of dendritic spine-like structures, which have been
difficult to generate with an in vitro directed differentiation
(Quadrato et al. 2017).

For our work, we decided to explore 3D modelling to test long-
term culture-derived neuronal maturation with functional analysis
and to verify if any alteration in the 3D interaction between GINs
and cortical neurons can occur in DS. For this reason, by using
a protocol recently published (Birey et al. 2017), we tried to
generate human cortical (hCS) and subpallium spheroids (hSS),

to be fused after specification.

Birey’s protocol is similar to protocols used to generate 2D
neuronal cultures which present the intermediate state of EBs
(Figure 10A). Also, the small molecules used are largely the
same. Two inhibitors of SMAD signaling are used to induce
neuralization (Chambers et al. 2009), Dorsomorphin (Sigma-
Aldrich) and SB431542 (Sigma-Aldrich). Then, a period of cell
proliferation is induced by treating spheroids with the growth
factors FGF2 (R&D Systems) and EGF (R&D Systems). To

specify spheroids resembling the ventral forebrain or the
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subpallium, they are exposed to IWP-2 (Sellekkem), that inhibit
WNT pathway, and SAG (Selleckchem), a SHH agonist.

From day 40 we confirmed by IF the different specification of
hCS, characterized by large expression of dNPCs markers
SATB2 and TBR1 (Molyneaux et al. 2007)(Figure 10B), and hSS,
distinguished for the expression of NKX2.1 vNPCs marker
(Sussel et al. 1999; Xu et al. 2004; Butt et al. 2008)(Figure 10C).
From day 90 we also observed an enrichment of GINs in hSSs,
including SST+ and PV+ subtypes (Figure 11). At this point, once
confirmed in our hand the efficiency of Birey’s protocol (Birey et
al. 2017) to generate distinct spheroids including excitatory and
inhibitory neurons, we proceeded by fusing them to obtain full

brain spheroids to firstly perform functional experiments.

Generation of DS patient iPSCs and isogenic controls with
CRISPR/Cas9 technology

To generate a human model of DS, primary fibroblasts were
derived from skin biopsies obtained from two DS affected kids
and were reprogrammed into iPSC lines using the non-
integrating Sendai virus (Figure 12A). Patients showed two
different point mutations in heterozygous condition on SCN1A
gene: the first patient had a cysteine (C) to serine (S) substitution
in domain 2, position 959 (C959S), while the second presented
a tyrosine () to histidine (H) substitution in domain 4, position
1781 (Y1781H) (Figure 12A). To verify the presence of the

mutations mentioned above, a 500 bp region including each
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mutation was amplified by PCR by using DNA extracted from
fibroblasts (data not shown) and iPSC lines and sequenced
(Sanger sequencing) (Figure 12A). To minimize uncontrolled
genetic or epigenetic variability due to interindividual differences
we used CRISPR/Cas9 gene editing tool to perform gene
correction on patients’ derived iPSCs. Two different strategies
have been employed (Figure 12B): spCas9 with NGG PAM site,
and spCas9 VQR with NGA PAM site, for patient 1 and patient 2
respectively. In order to specifically target the mutated allele, the
selected small guide RNA (sgRNA) included the patients’ point
mutation. In both cases a single-stranded oligodeoxynucleotide
donor template has been used to induce homology directed
repair (HDR) after the double strand break induced by the Cas9
protein. To recognize recombinant isogenic clones, a silent point
mutation close to the cutting site was inserted in the single
stranded oligodeoxynucleotide, without altering the amino acid
sequence. One isogenic clone per patient was selected and its

genotype was confirmed by sanger sequencing (Figure 12B).

Subsequently, the four obtained iPSC lines underwent equivalent
quality control procedures, including checking of maintenance of
a normal euploid karyotype over several passages in vitro (Figure
S1) and assessment of crucial pluripotency markers expression,
such as TRA1-60, OCT-4 and SOX2, that they showed in a
homogeneous and comparable manner (Figure 13). To
demonstrate the multilineage differentiation capacity of all cell
lines, a spontaneous differentiation in 10% FBS medium was

performed. The expression of markers belonging to endoderm,
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mesoderm and ectoderm, respectively FOXA2, SMA and TUJ1,
were verified by IF (Figure 14).

Potential off-target sites with 1 or 2 mismatch respects to
sgRNAs sequences, were evaluated by amplifying these regions
by PCR, and sequencing the products (Figure S2A-B). There
were no off-target mutations in candidate genes in the corrected

patient lines.

Electrophysiological characterization of DS patient iPSC-
derived GINs

In order to identify GINs during live recording, we transduced
control neurons with a lentivirus (LV) containing TdTomato
fluorescence protein under the control of a mouse DIx5/6
enhancer region (Figure 15A), which has been shown to reliably
deliver reporter genes in GINs (Dimidschstein et al. 2016). The
efficiency of this reporter was confirmed in our hands by
performing IF analysis to reveal neurons stained positive for
GABA signal and counting GABA and TdTomato double positive
cells over the TdTomato+ cells, obtaining ~70% of colocalization
(Figure 15B-C).

Next, in 3D condition, we transduced control hSSs with our LV
GABAergic reporter and proceeded to the fusion of hCSs and
transduced hSSs from day 70 (Figure 15D). To verify if after the
fusion fluorescent migrated GINs could be found into the hCS,

we analized the site of interaction between spheroids by IF at
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different timepoints (Figure 15E). In this way, we could confirm
the capacity of GINs to migrate from hSS to hCS and,
considering that from day 120 of differentiation we found
scattered TdTomato+ cells in hCSs (Figure 15E), we proceeded
from this time point to test their functionality by patch clamp to
verify their level of maturation before focusing on further
experiments. However, patched cells resulted very immature,
also after 6 months in culture (data not shown), and not adapted
to perform experiments aiming to reveal a DS phenotype. For this
reason, all other functional experiments aiming to generate a
human DS model were performed by using neurons growth in 2D

condition.

Then, to examine the electrophysiological properties of patient-
derived neurons and isogenic controls in 2D condition, we
differentiated all iPSC lines by using the protocol mentioned
above with purmorphamine exposure from day 10 to day 18 and
we demonstrated that all cell lines were able to generate GINs
with comparable efficiency (~70%) (Figure 16A-B). Also we
introduced the transduction of all NPCs with our LV GABAergic

reporter.

Next, cultures were visualized with fluorescent lamps to identify
and record DLX5/6-positive GINs. As previously established, we
conducted current-clamp experiments on cells differentiated for
90 days, considering also that neurons analized at earlier time
points produced unreliable responses, suggesting a not

complete maturation. For our electrophysiological analysis we
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selected neurons presenting the following conditions: (1) clear
DLX5/6-TdTomato  fluorescence; (2) mature neuronal
morphology with a large cell body and prolonged neurites; (3)

resting membrane potential at —-30 mV or more negative.

Following these criteria, we examined neurons of all groups and
we found no difference in both active and passive cell properties
(Figure S3). We then determined the input—output relationship
using sustained 500-ms injections of depolarizing current steps
to induce AP (Figure 17B,E). No differences were highlighted
between Dravet conditions and isogenic controls (n=13 Isogenic
Pat 1, n=11 Patient 1, ns p = 0,5989; n=5 Isogenic Pat 2, n=6
Patient 2, ns p = 0,1303, Two-way ANOVA,), even if we revealed
a trend of reduction in the mean of maximal number of evoked
APs in patients’ neurons compared with controls’ (Figure 17C,F)
(n=13 Isogenic Pat 1, n=11 Patient 1, ns p = 0,1816; n=5 Isogenic
Pat 1, n=6 Patient 1, ns p = 0,3371 t-test).

Then, we analyzed the voltage-dependent Na* currents (Ina) and
we detected no difference in peak sodium current density

between patients and isogenic controls (Figure 17H,J).

Functional properties of DS patients iPSCs-derived ExNs

Previous studies in mouse models and iIPSCs showed that
SCN1A mutations induce alterations in GINs functionality (Yu et
al. 2006; Martin et al. 2010; Hedrich et al. 2014; Sun et al. 2016).

Nevertheless, other works reported different mutations affecting
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both GINs and ExNs (Jiao et al. 2013; Y. Liu et al. 2013; Mistry
et al. 2014; Almog et al. 2021). To verify if a phenotypic alteration
emerged between our DS patients and controls derived ExNSs,
we generated them by using a protocol, already published, based
on a combined small molecules treatment (Qi et al. 2017), with
the addition of a LV transduction with one inducible
transcriptional factor, Ngn2, capable alone to induce cortical
neurons differentiation in iPSCs (Zhang et al. 2013) (Figure 18A).
After 5 weeks of differentiation, once obtained cortical neuronal
cultures, we proceeded with electrophysiological

characterization.

First of all, we assessed excitability of Dravet and isogenic
control neurons in response to increasing amplitude 500ms
current step injection (Figure 18C,F). The input-output curve
showed an increase in the ability of patient 1 derived cortical
neurons to sustain repetitive firing (n=12 Isogenic Pat 1, n=17
Patient 1, * p = 0,0414 Two-way ANOVA). This hyperexcitable
phenotype was also confirmed by analysing the maximal AP
frequency (Figure 18D), revealing higher values in patient's ExNs
compared to isogenic control (n=12 Isogenic Pat 1, n=17 Patient
1, * p = 0,0360, t-test). A different condition was shown for the
second pair; indeed, patient 2 and isogenic control cortical
neurons revealed the same capacity to sustain repetitive firing
(Figure 18F) and comparable values for maximal AP frequency
(Figure 18G). No differences were detected in AP threshold or
amplitude between both pairs (Figure S4).
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When we analized Ina, we detected no difference in peak sodium
current density between the two experimental conditions (Figure
18I1,K).

How to improve neuronal maturation?

IPSC-derived neuronal cultures are always composed by a
heterogeneous population of neurons with different maturation
stages. Unfortunately, within the mixed population, the majority
of neurons present cell properties resembling fetal neurons. For
this reason, we decided to test in parallel two different conditions
of maturation, aiming to obtain cells that could likely present a
higher expression of Navl.1 protein channel with the potential to

generate a human model of DS.

From one side, we decided to introduce in our differentiation
protocol a specific neuronal commercially available medium,
BrainPhys medium (Stem Cell Technologies). It is reported that
it promotes neuronal activity by helping neuronal maturation. As
a pilot study, we differentiated one pair of iPSC lines into GINs
by using the protocol with purmorphamine exposure from day 10
to day 18 and we introduced the treatment to our cells with
BrainPhys medium from day 31 on instead of the usual neuronal
differentiation medium (Figure 19A). After two months of
differentiation in BrainPhys medium, we analized the functionality
of our neurons by using the same criteria mentioned above. This
study led to different results. The ability of patient 1 derived

neurons to sustain repetitive firing wasn'’t statistically different
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compared to isogenic control (Figure 19C) (n=10 Isogenic Pat 1,
n=9 Patient 1, ns p = 0,3393, Two-way ANOVA), but by
considering the maximal AP frequency (Figure 19D), a significant
decrease in patient values compared to isogenic control was
highlighted (n=10 Isogenic Pat 1, n=9 Patient 1, ** p = 0,0087, t-
test). Essentially, the trend towards reduction, observed in this
case in patient GINs only at high intensity stimulation, aligns with
the significant decrease in the maximal AP firing frequency

revealing a mild DS phenotype.

Next, we analized the Ina in Dravet and control cells (Figure 19F).
No difference in peak Na* current density was detected between

the two experimental groups.

In parallel, we also harvested some cells for RNA extraction, and
we analized by gRT-PCR the expression of SCN1A gene,
together with some activity-dependent genes reported to be
important markers of neuronal maturation: NPAS4, FOS, EGR1
and DHCR7 (Boulting et al. 2021). By comparing DCT values of
these genes obtained from neurons treated with the usual
medium and BrainPhys medium, we revealed no changes in
SCN1A gene expression, but a trend of overexpression was
reported for all other genes (Figure 19G) in BrainPhys medium

treated neurons, suggesting an increase in the maturation state.

On the other side, we wanted to explore the possibility to perform
functional assays on human neurons transplanted into mouse
brain and integrated, to characterize their maturation state.

Indeed, several works reported that human neurons can
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integrate efficiently into mouse circuits (Zhang et al. 2013; Qi et
al. 2017; Meganathan et al. 2017). Also, a recent work reported
that human transplanted GINs could help to ameliorate
symptoms related to seizures in a mouse model of temporal lobe
epilepsy (Cunningham et al. 2014). Moreover, for our aim,
assuming to select for functional studies only migrated and
integrated cells among all injected, we could select only the ones
displaying an active response to transplantation, which could
possibly display the best maturation condition compared to the

others.

To achieve this aim, we performed pilot experiments to derive
VNPCs, from a control iPSC line, to inject into immunodeficient
mice brain. More specifically, during neuronal differentiation,
after the usual detachment performed on day 25, we transduced
in suspension our VNPCs with the LV GABAergic reporter and
injected them in postnatal day(P)30 mice. Then, we verified the
presence of human cells in the mouse brain one month after the
injection by performing IF for human nuclei (HuNu) (Figure 20A).
All cells positive for TdTomato signal stained also positive for the
HuNu, indicating that no lentiviral contamination occurred in the
mouse brain. According to Cunningham's work, we waited 5
months after the injection to perform further experiments. At this
point, we verified that our protocol could induce GINs generation
even after vNPCs transplantation by IF analysis to reveal GABA
signal (Figure 20B). Then, we observed that ~80% of HuNu+
cells stained double positive for HuNu and NeuN (Figure 20C,D),

as a demonstration that human cells neither have lost their
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neuronal faith nor formed teratocarcinoma. The majority of the
human cells remained in the locus of injection, but we also
reported some of them, ~25% that were out of this locus,
independently from the distance, trying to integrate into the

mouse cortex (Figure 20E,F).

Future experiments will aim to perform patch clamp recording of
these migrated human GINs, in order to understand if the
environment and the stimuli provided by the mouse brain could

ameliorate their maturation, compared to the in vitro condition.

Activatory CRISPR-dCas9 to upregulate SCN1A gene

expression

Besides exploring different strategies to optimize DS modelling,
we explored the efficiency of activatory CRISPR-dCas9 in
upregulating the expression of SCN1A gene. Considering that
several works highlighted that dCas9 activation system works
better in upregulating the gene of interest if the sgRNAs
sequences are localized within 500 bp from the gene
transcription start site (TSS) (Cheng et al. 2013; Maeder et al.
2013; Konermann et al. 2015), we firstly looked for SCN1A TSS
regions. Three different TSSs were previously identified (Martin
et al. 2007) (Figure S6A). To confirm that observation, we
performed epigenetic analysis to verify if regions upstream these
TSSs could present epigenetic characteristics related to
transcription (Figure S6B). The first region, distal from the ATG,

displayed two CHIP-seq peaks, one indicating the acetylation of
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lysine 27 on histone 3 (H3K27ac) and the other indicating the
mono-methylation of lysine 4 on the same histone (H3K4mel),
suggesting that this region could work as enhancer region. The
second region analized, the intermedial, displayed H3K4me1, tri-
methylation on lysine 4 (H3K4me3) and DNase peaks,
suggesting a promoter region. At last, the proximal region to ATG
didn’t report any epigenetic modification important for SCN1A
gene transcription. However, for our sgRNA screening, we tested
all three regions (Figure 21A). These sequences have been
submitted to CRISPOR web tool (http://crispor.tefor.net) for
SgRNA design. We selected 6 sgRNAs for sequence A and 8
SgRNAs respectively for sequence B and C (Figure 21A). Then
we determined whether dCas9 fused to VP160 (dCas9-VP160),
a transcriptional activator that carries 10 tandem copies of VP16
(aherpes simplex virus type 1 transcription factor), in association
with the selected sgRNAs, was able to upregulate SCN1A gene
expression in SH-SY5Y neuroblastoma cell line (Figure 21B). All
sgRNAs and one control guide, targeting the B-galactosidase
bacterial sequence (sgLacZ), were cloned into the pU6 vector
containing also the blasticidine resistance gene and individually
located in a LV. SH-SY5Y cells were transduced with two LVs,
one containing the sgRNA, and the other containing the construct
Efla-dCas9-VP160-T2A-Puromycine resistance gene. Then,
cells were selected by antibiotics treatment and harvested for
RNA extraction and gRT-PCR. Two sgRNAs located in the region
A, sg2A and sg4A, significantly stimulate SCN1A transcription

inducing 8-fold increase, and only one sgRNA located in the
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region B, sg2B, induces a 28-fold increase compared to sgLacZ
(Figure 21C).

Subsequently we proceeded to test our selected sgRNAs on
IPSCs-derived human neurons. In order to verify the efficiency of
the activatory dCas9 system on GINs, avoiding both the
limitations associated to the co-transduction and the toxicity due
to high levels of LVs in the culture, we produced single LVs
containing the construct sg-dCas9-VP160-T2A-eGFP for each
sgRNA we decided to test (sg2A, sg4A, sg2B, sgLacZ). We
differentiated iPSCs by using the first protocol we tested on our
IPSCs (Meganathan et al. 2017), obtaining neuronal culture
enriched in GINs and we transduced neurons at day 26 (Figure
22A). After 50 days of differentiation, we harvested cells for RNA
extraction and gRT-PCR analysis. The efficiency of these
sgRNAs was confirmed even if with different results. A 4-fold
increase was detected by using sg2A and sg4A, and a 10-fold
increase was detected by using sg2B (Figure 22B). To verify if
the increasing levels of SCN1A transcription could also generate
a functional effect in our neurons in terms of Na* current density,
we patched eGFP+ neurons (Figure 22C) transduced with sg2B,
comparing them with sgLacZ controls. We detected a significant
increase in Ina (Figure 22D), indicating that this approach can be
used to upregulate Navl.1 expression, and possibly to rescue a
pathological phenotype in neurons presenting low Ina compared

to controls.
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Discussion

In this study we established a differentiation protocol which
enabled us to generate human neurons, with a high percentage
of GINs from iPSCs starting from an already published work
(Meganathan et al. 2017). This protocol, which allows to generate
GINs through EB, neural rosette and NPC stages, is based on
the long exposure of chemical compound purmorphamine, a
SHH agonist, in the cell culture. SHH is essential to generate
GINs, considering that its pathway is highly activated in their
progenitor cells, vVNPCs, which arise during neurodevelopment
from MGE, in the ventral region of the brain (Wilson and
Rubenstein 2000).

We confirmed that purmorphamine is fundamental to induce the
expression of genes as NKX2.1, DLX5 or LHX6, encoding for
transcriptional factors important for GINs fate (Panganiban and
Rubenstein 2002; Liodis et al. 2007; Fogarty et al. 2007; Butt et
al. 2008). However, long periods of treatment with this molecule
could lead to cell toxicity and early cell death. Neuronal
functionality is a fundamental variable for our work, and therefore
we tried to reduce the purmorphamine exposure to time windows
covering parts or the full period of neural rosettes, taking
inspiration from other differentiation protocols that indeed
identified a strict ventralization time window (Maroof et al. 2013;
Nicholas et al. 2013). Thanks to these experiments, we managed
to target the proper period to induce NPCs ventralization.

Therefore, we were able to obtain a high percentage of NKX2.1+
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VNPCs, which also express other ventral neural progenitor
marker genes, and are able to generate GINs including some

SST+ and PV+ interneurons.

Moreover, we tried to generate cortical and subpallium spheroids
by using an already published protocol (Birey et al. 2017), with
the intention to create a 3D DS model, which could allow us to
perform functional studies on neurons cultured for longer periods
compared to the ones derived in 2D condition, and to focus on
the 3D interaction between GINs and ExNs in a structure more
similar to the brain. However, considering the immature state of
GINs migrated in hCSs we revealed by patch clamp after 6
months in culture, we subsequently decide to perform all

functional experiments only in 2D cultures.

In parallel, we generated iPSCs from skin fibroblasts of two DS
patients carrying C959S and H1781Y missense mutations. With
CRISPR-Cas9 gene editing tool we derived isogenic controls for
both cell lines. Once characterized all iPSC lines, we performed
experiments to set up a 2D DS human model. To achieve it, we
differentiated patient-derived iPSCs and isogenic controls into
GINs by using our well-established protocol, with the shortest
ventralization treatment. To study the specific functionality of
GINs we transduced our cells with the LV reporter mDIx5/6-
TdTomato, which specifically marks GINs (Dimidschstein et al.
2016). By comparing Dravet and control neurons, we revealed
only a trend of hypoexcitability considering the number of

maximal APs in response to sustained current injection.
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However, considering the amount of Na* currents, we didn’t

detect any alteration in the patient-derived neurons.

An opposite situation appeared when ExNs, derived from the
same iPSC lines, were analized by using a protocol matching the
best approaches published in literature to generate cortical EXNs
(Zhang et al. 2013; Qi et al. 2017). In this case, patient 1-derived
neurons appeared more excitable or prone to elicit action
potential compared to isogenic control, but even in this case, no

differences in the Na* current were reported.

Furthermore, not relevant differences were found when we
analized the functionality of ExNs derived from the second pair,

patient 2 and its isogenic control.

The variability of these results may be associated with Nav1.1
protein expression levels. Indeed, even if we reported good
levels of SCN1A mRNA, comparable to human cortex mMRNA, we
didn’t detect appreciable level of Nav1.1 protein by western blot
analysis, suggesting the existence of post-transcriptional
mechanisms  controlling protein  synthesis and post-
transcriptional modification important for cell membrane
translocation of the protein. One of them, already known, works
physiologically during neurodevelopment to control Nav1.1 and
Navl.6 protein synthesis, avoiding it before birth (Carvill et al.
2018). This mechanism is based on an alternative splicing
associated with the insertion of a “poison exon”, designated as
20N (N = nonsense) in Scnla and 18N in Scn8a mRNA, which

lead the transcript to degradation by nonsense-mediated decay
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(NMD), preventing the synthesis of these proteins in cells or

tissues where they would be toxic.

More recently Voskobiynyk and colleagues analized an already
existent RNA-seq dataset of mouse cortex at multiple
developmental time points (Yan et al. 2015) and evaluated the
expression of Scnla mRNA including or not 20N poison exon
(Voskobiynyk et al. 2021). They revealed that ~70% of Scnla
transcripts include 20N at embryonic day(E)14.5, but this
percentage gradually decreases until values under 10% in P30
mice, remaining minimal for all lifelong. This pattern is inversely
correlated with the level of total Scnla mRNA detected, which
displays very low levels at E14.5 to reach the maximum levels at
P30. They also confirm a similar pattern by analysing the usage

of poison exon 18N in Scn8a.

These discoveries suggest that poison exons inclusion can
represent a normal and precisely regulated mechanism, to
ensure that different voltage-gated sodium channels are
expressed at the correct time and place in the developing
nervous system. This also provides a mechanistic explanation for
the time at which clinical features due to deficiency for SCN1A or
SCNB8A first become apparent in patients. Indeed, in DS patients
the seizure onset can occur as early as 4—6 months of age
(Ragona et al. 2010; Wirrell et al. 2017; Cetica et al. 2017), and
itis in this period that the percentage of SCN1A mRNA displaying

the exon 20N inclusion start to decline from 60-80%,
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accumulated during embryonic development, to 5-10%
(Cardoso-Moreira et al. 2019; Helbig et al. 2021).

Future experiments could be performed by using NMD inhibitors
in culture on GINS to verify if these events controlling Navl.1

synthesis also occur in iPSC-derived human neurons.

Furthermore, Navl.1 has been reported to be expressed in
postnatal stage neurons (Trimmer and Rhodes 2004; W. Wang
etal. 2011; Cheah et al. 2013), while iPSC-derived neurons often
resemble late fetal neurons (Ardhanareeswaran et al. 2018;
Burke et al. 2020). For this reason, it is possible that the Ina we
detected in our iNs was not completely controlled by the Nav1.1

channel, but also by other Na* channels.

Navl.1 and Navl.3 display complementary time course
expressions in rats, mice, and humans during
neurodevelopment. More in detail, immunoblotting of membrane
proteins isolated from wild-type C57BI/6 mouse cerebral cortex
at several time points showed that Nav1.3 channel, which is
highly expressed during fetal period, reaches its lowest levels at
P21. Conversely, Navl.1 channel starts to be expressed in the
postnatal period, around P20, until P30 (Cheah et al. 2013). In
correlation with this data, the susceptibility to thermally induced
seizures starts to appear in mouse model of Severe
Myoclonic Epilepsy in infancy (SMEI) at P20, with an increase in
the frequency of spontaneous seizures and death between P20
to P25 (Oakley et al. 2009). Similar data derived from non-

epileptic human post-mortem cerebral cortex (Cheah et al.
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2013). Nav1.3 channel displayed the highest levels of expression
at birth, decreasing to the lowest levels at 6 months of age. On
the contrary, Navl.1 expression begins at birth, reaching the
highest levels at 20 months of age. Between 5 and 6 months of
age there is the exact time at which the decrease of Navl.3
expression crosses the increasing of Nav1.1, and this time point
correlates with the time of seizure onset in patients with DS.
These data clearly explained why DS onset can appear only in

postnatal periods.

Furthermore, considering the complementarity of expression and
the similar localization in neuronal cell bodies (Trimmer and
Rhodes 2004), Navl.1 and Navl1l.3 channels are thought to
perform similar functions. For this reason, considering that our
GINs presented high expression levels of SCN3A (Figure 9A,B),
we reasoned that possibly the majority of the activity we
observed could be imputed to Nav1.3, which may be protective
against Navl.1 missense mutations. These considerations point
towards interesting future experiments aiming to improve
neuronal maturation to obtain iNs possibly resembling postnatal

neurons.

Following this idea, we performed pilot experiments to set new
maturation conditions to test. Firstly, we introduced BrainPhys
medium (Stemcell) in our differentiation protocol. We derived
GINs from patient 1 and its isogenic control and we found that
BrainPhys treated neurons showed a significant overexpression

of some activity-dependent genes (Boulting et al. 2021)
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compared to neurons treated with the usual medium, suggesting
an advanced state of maturation, even if they didn’t change
significantly SCN1A expression levels. In accordance with this
data, by performing functional assays, we could reveal a mild
hypoexcitability phenotype in our DS neurons compared to
controls analysing the mean of the maximal APs. Future studies
could be performed to implement the number of patched cells to
verify if this setting of experiments could help us in the generation

of a DS human model.

At the same time, we also set the condition to explore the
functionality of human neurons transplanted and integrated into
immunodeficient mice brain. Indeed, several works reported that
human neurons, generated with different protocols, can engraft
into mouse cortex, creating synapses and joining to the host
circuits (Zhang et al. 2013; Qi et al. 2017; Meganathan et al.
2017). Furthermore, Cunningham and colleagues transplanted
human GINs into the brain of a mouse model of temporal lobe
epilepsy, showing not only that they can integrate in the mouse
cortex, but also that they can positively modulate mouse circuits,
inducing an amelioration of the symptoms (Cunningham et al.
2014).

More recently, Linaro and colleagues (Linaro et al. 2019)
demonstrated that human embryonic stem cell (hESC)-derived
cortical neurons transplanted into mouse brain can reach an
advanced stage of spine maturation compared to the one

reported in human models of corticogenesis in vitro, based on
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adherent cultures or organoids (Lancaster and Knoblich, 2014;
Di Lullo and Kriegstein, 2017; Astick and Vanderhaeghen, 2018).
This data suggests that the host brain could be an advantageous
environment for spine morphogenesis and synaptogenesis,
denoting by extension that human neurons can reach an
advanced state of maturation inside the cytoarchitecture of a
mouse brain, which could potentially be associated with a good
level of Nav1l.1 protein expression, which is the most important
maturation parameter for our aims. For this reason, we
performed our first injections of control vYNPCs, marked with our
LV GABAergic reporter, in the hippocampus of P30 NOD scid
gamma (NGS) mice. We verified the presence of human cells in
mouse brains one month after the injection, by performing IF for
HuNu and then, in accordance with Cunningham work
(Cunningham et al. 2014), we waited for the right time to verify if
neuronal migration and possibly integration occurred. After 5
months from the injection, we confirmed the presence of human
cells, which were also positively stained for GABA signal,
suggesting that our protocol could generate GINs also in vivo.
W e verified that most of the cells, ~80%, stained also for NEUN,
avoiding the possibility that our vNPCs could have generated
teratocarcinoma, losing neuronal fate. Most importantly, even if
we found the majority of the cells still placed in the site of
injection, ~25% of cells moved out of this locus. In the future, we
aim to verify the functionality of these migrated neurons,
assuming that by selecting these cells among all injected, we

could select the ones responding to mouse brain stimuli and
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reaching a good maturation state, possibly correlated with higher
expression of Nav1.1 compared to neurons cultured in vitro in 2D

condition.

However, more experiments are required following these two
alternative strategies, to try to establish a more reliable DS

human model.

In parallel to the generation of the human model of DS, we set
an activatory CRISPR-dCas9 approach to up-regulate the
human SCN1A gene. We previously exploited this strategy in a
mouse model of DS (Colasante et al. 2019). We identified an
SgRNA, sglp, which aligns in the proximal promoter of Scnla,
that, in association with dCas9 fused to the transcriptional
activator VP160, was able to significantly stimulate Scnla
expression in cell line and primary neuronal cultures. Then, by
using DS primary neuronal cultures as model for our experiment,
we found that the dCas9 system was able to increase the total
amount of Navl.l protein, leading to expression levels
comparable to WT mice, and rescue the excitability of mutated
GINs. Also, we demonstrated that this system could be efficiently
delivered in vivo by dual Adeno-associated virus(AAV)-mediated
gene transfer in Scnla* mice to ameliorate temperature-induced
seizures. In the same years, another group explored the
activatory CRISPR-dCas9 system in DS by using a different
approach (Yamagata et al. 2020). The authors of this work
employed a different transcriptional activator fused to the dCas9,
VP65-p65-Rta (VPR), and they reported different results,
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defining efficacious sgRNAs targeting the distal promoter of the
gene. They also used a different way to deliver this system in
vivo, considering that they crossed DS mice with dCas9VPR
mice, while sgRNAs were delivered by systemic AAV injection.
Furthermore, they perform preliminary experiments to verify the
efficiency of the activatory dCas9 system in a human cell line,
indicating some sgRNAs working efficiently in upregulating
SCNI1A gene.

For our work, encouraged by the results we obtained in mouse,
to definitely test the efficiency of activatory CRISPR-dCas9 in
humans, we isolated three different regions important for SCN1A
transcription (distal, intermedial and proximal). We screened
different sgRNAs to test their efficiency together with dCas9-
VP160 in order to upregulate SCN1A gene expression in SH-
SY5Y neuroblastoma cell line. We found that three different
guides, sg2A, sg4A and sg2B, efficiently upregulated SCN1A
gene expression. The efficiency of these sgRNAs was also
confirmed from experiments performed on human GINSs.
Furthermore, comparing Ina of neurons transduced with sg2B-
dCas9-GFP lentiviral construct to neurons transduced with the
control, sgLacZ-dCas9-GFP, we reported an increase in the
amount of Na* current. These results attest that also the human
SCN1A gene promoter is responsive to transcriptional boost
mediated by the activatory CRISPR-dCas9. Furthermore, this
data becomes advantageous when a solid DS human model will
be established, as it could verify the efficiency of this tool in

reverting the pathological phenotype. Overall, these studies may
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eventually open the way towards the application of different
therapeutic approaches pointing to upregulate the wild type allele

of patients as a potential cure.

Material and methods

Fibroblasts reprogramming and maintenance of hiPSCs

Human skin fibroblasts were reprogrammed to pluripotency
using CytoTune®-iPS Reprogramming Kit (Invitrogen) following
the manufacturer’s instructions. iPSC cell lines were maintained
in feeder-free conditions in mTeSR1 (Stem Cell Technologies)
supplemented with 1% Pen/Strep (Sigma-Aldrich) and seeded
on hESC-qualified Matrigel (Corning)-coated six-well plates; cells
were fed daily and passaged in cell clumps weekly using
Accutase solution (Sigma-Aldrich). iIPSCs were used at

passages between 25 and 50 for all the subsequent experiments.

CRISPR/Cas9 gene editing on DS iPSCs

sgRNAs were designed wusing optimized CRISPOR
(http://crispor.tefor.net/) to screen for highly selective sSgRNASs in
the region of interest surrounding patients’ mutations. Then,
selected sgRNAs (listed in Table 4) were cloned using BsmBlI
restriction enzyme in the UG6-filler-sgRNA scaffold cassette
derived from LentiCRISPR v2 (Addgene 52961). This cassette

was previously subcloned, as described by Giannelli et al.
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(Giannelli et al. 2018), in a lentiviral backbone carrying blasticidin

antibiotic resistance under the control of Efla core promoter.

IPSCs were co-transfected using Lipofectamine Stem
Transfection Reagent (ThermoFisher Scientific) with plasmids
carrying mutant version patient-specific sgRNAs and pCAG-
Cas9-P2A-PuroR or EFla-Cas9 VQR-T2A-PuroR together with
a 120bps single stranded oligodeoxynucleotide as a
homologous repair template. After a double-antibiotic selection,
surviving cells underwent a limiting dilution step to obtain the
subsequent formation of single-cell clones, which were then
picked and amplified till they reached a sufficient quantity to
obtain genomic DNA to perform a PCR. To verify mutations’
correction, purified (Wizard SV gel and PCR Clean-Up System,
Promega) PCR products, obtained by using primers listed in
Table 2, were subjected to Sanger sequencing (GATC Biotech)
after the usage of Zero Blunt Topo PCR cloning kit
(ThermoFisher Scientific), to clone PCR product of single allele
from each iPSCs clone. Genotyping of parental original iPSC

lines was performed with the same procedure.

Off-target analysis

The potential off-target sites of both sgRNAs were selected
according to online tool: http://crispor.tefor.net. In brief, we chose
off-target hits, falling in gene-coding regions, displaying 1 or 2
mismatches considering sgRNA sequence. These sites were

amplified by genomic PCR (primers are listed in Table 2) and
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obtained amplicons underwent Sanger sequencing in order to

assess the absence of alterations.

Karyotype analysis

IPSCs cytogenetic analysis was performed in collaboration with
Genomics for the diagnosis of human pathologies Unit at San
Raffaele University by using standard procedures. Briefly, active
cell division was blocked at metaphase by 50 ug/ml of colcemid
(Irvine Scientific) for 2-3 h at 37 °C. Thereafter, cells were
detached using trypsin—EDTA, subsequently incubated in 1%
hypotonic solution (sodium citrate tribasic dihydrate) and then
fixed with Carnoy’s fixative (3:1 methanol to acetic acid) onto
glass slides. Q-banded metaphases were analized and
interpreted according to the International System for Human
Cytogenetic Nomenclature (ISCN 2013). A minimum of 16
metaphase spreads per sample were analized with an Olympus
BX51 microscope coupled to a charge-coupled device camera
COHU 4912 (Olympus, Milan, Italy). Captured images were

analized using Ikaros (v 5.8.12) (MetaSystems).

Multi-germ layer differentiation

IPSCs at 70-80% confluence were detached by Accutase
solution incubation at 37 °C for 10 min to obtain a single-cell
suspension. Cells were centrifuged, counted, and seeded onto

hESC-qualified Matrigel-coated glass coverslips at a density of
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2,5x10%cm? in mTeSR1 medium supplemented with 10 yM
ROCK inhibitor Y27632 (Selleckchem) and 1% Pen/Strep.
Twenty-four hours after seeding, medium was replaced with
DMEM/F12 containing 1% Pen/Strep, 2 mM glutamine (Sigma-
Aldrich), 1% nonessential amino acids (MEM NEAA,
ThermoFisher Scientific), 10% fetal bovine serum (FBS, Sigma-
Aldrich). Cells were cultured for 4 weeks with medium

replacement every other day and then analized by IF.

iPSCs differentiation into GINs

For neural differentiation, hPSCs were detached by incubation
with Accutase solution for 8min to obtain a single-cell
suspension. To form EBs 50.000 cells/well were plated in v-
bottom 96-well plates and cultured in Neurobasal A
(ThermoFisher Scientific) containing 1% B-27 supplement
without Vitamin A, 1% Pen/Strep (Sigma-Aldrich), 2 mM
glutamine, 10 uM SB431542 (Sigma-Aldrich), 10 yM Y27632
(Selleckchem), 2 yM XAV939 (Sigma-Aldrich), 100 nM LDN-
193189 (Stemgent) (VWNPC medium). Medium change was done
on days 4 and 7. After 10 days, 24 EBs/well were attached on
matrigel coated 6-well plates by using the same medium without
Y-27632. Rosette structures can be observed around days 10—
16. Medium change was done on days 15, 18, and 21. From day
15 the medium used was essentially composed only by
Neurobasal A, 1% B-27 supplement without vitamin A, 1% P/S,

2 mM glutamine. On day 25, neural rosette colonies were

102



detached by using accutase solution incubation for 20 min at
37°C obtaining single cell suspension. VNPCs were plated
1,5x10%/cm? in 24-wells plates on poly-L-
lysine/laminin/fibronectin  pre-coated coverslips for further
neuronal differentiation in the same VNPC medium. On day 27
the medium was implemented with 0.2 mM ascorbic acid (Sigma-
Aldrich), 20 ng/ml BDNF (Peprotech), 10 yM DAPT (Sigma-
Aldrich). In the same day mouse astrocytes were added to the
culture, 4x10%*/cm?, to help neurons maturation and functionality.
At day 31, the medium was deprived of DAPT and implemented
with 0.2 mM dbcAMP (Selleckchem). This final medium was used
until the end of the culture. In case of LV infection, LVs were
added to the culture at day 26 and removed at day 27 before

adding mAstrocytes.

Purmorphamine 1.5 uyM was used to ventralize the neuronal
culture with the timing depending on the protocol used:
throughout the whole culture period, from day 10 to day 18, and
from day 10 to day 25.

Spheroids generation

The generation of hCS and hSS from hiPSCs cells was
performed as published (Birey et al. 2017) with few modifications.
Essentially, to initiate the generation of hCS or hSS, hiPS cells
colonies were treated with Accutase with 8 minutes at 37°C to
obtain a single cell suspension and plated 30.000 cells/well in v-

bottom 96well plate in DMEM-KSR supplemented with the two
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SMAD inhibitors 5 uM dorsomorphin (Sigma-Aldrich) and 10 uM
SB-431542 (Sigma-Aldrich), and 10 yM ROCK inhibitor Y-27632
(Selleckchem). For the first five days, the medium was changed
every day and supplemented with dorsomorphin and SB-431542.
On the sixth day in suspension, neural spheroids were
transferred to neural medium containing neurobasal-A (Life
Technologies), B-27 supplement without vitamin A (Life
Technologies), 1% Glutamine (Life Technologies), 1% Pen/Strep
(Life Technologies) and supplemented with 20 ng/ml EGF (R&D
Systems) and 20 ng/ml FGF2 (R&D Systems) until day 24. For
the generation of hSS, the medium was supplemented with
additional small molecules during the first 23 days in culture:
5 UM IWP-2 (Selleckchem) from day 4 until day 24, and 100 nM
SAG (Selleckchem) from day 12 to day 24. From day 25 to 42,
the neural medium for both the hCS and hSS conditions, was
supplemented with 20 ng/ml BDNF (Peprotech) and 20 ng/ml
NT3 (Peprotech) with medium changes every other day. From
day 43 onwards, hCS and hSS were maintained in an
unsupplemented neural medium with medium changes every

four to six days.

For the LV transduction, spheroids were transferred to a 1,5 ml
microcentrifuge Eppendorf tube containing 300 ul neural medium
with virus and incubated overnight at 37°C in the incubator. The
next day, neural spheroids were transferred again into fresh

neural medium in ultralow attachment plates.
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ExNs generation

On day -1 of differentiation, 90% confluent iPSC cultures were
infected with the lentiviral vector TetO-Ngn2-T2A-Puro in
mTeSR1 medium supplemented with doxycycline (2 ug/ml),
overnight; doxycycline was maintained for all the experiments.
On day 0, medium was replaced with differentiation medium
‘mTeSR1 + LSBX". Differentiation medium was replaced daily

according to the following scheme:

Day 0,1: mTeSR1 + LSBX

Days 2,3: mTeSR1 + LSBX + PSD

Days 4,5: 2/3 mTeSR1 + 1/3 N2 / B-27 medium +LSX + PSD
Days 6,7: 1/3 mTeSR1 + 2/3 N2 / B-27 medium + PSD

On day 8, cells were detached by Accutase solution incubation
at 37 °C for 20 min in order to obtain a single-cell suspension.
Cells were centrifuged, counted, and seeded in 24-well plates at
a density of 7,5x10* cells/cm? onto poly-L-
lysine/laminin/fibronectin-coated coverslip  in neuronal
maturation medium supplemented with ROCK inhibitor Y27632
(10 uM) for the first 24 h. The neuronal maturation medium was
composed by Neurobasal A (ThermoFisher Scientific)
supplemented with 1% B-27 supplement without vitamin A, 2 mM
glutamine, 1% Pen/Strep, BDNF (Peprotech, 20 ng/ml), ascorbic
acid (Sigma-Aldrich, 100 nM), Laminin (1 pg/ul), DAPT (10 uM),
dbcAMP (Selleckchem, 250 uM). The culture medium was

replaced the next day to remove the ROCK inhibitor, and then
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half of the medium was replaced with a fresh neuronal maturation
medium twice a week. Mouse astrocytes were added
7,5x10%*cm? from day 9.

LSBX: LDN193189 (Stemgent, 250 nm), SB-431542 (Sigma-
Aldrich, 10uM) XAV939 (Sigma-Aldrich, 5uM). PSD:
PD0325901 (8 uM), SU5402 (10 uM), DAPT (10 uM). N-2 / B-27
medium: DMEM/F12 with B-27 supplement (0.5x) and N-2
supplement (0.5x).

Immunostaining and imaging

Cells were seeded on coated glass coverslips, and they were
fixed for 20 min on ice in 4% paraformaldehyde (PFA, Sigma),
solution in phosphate-buffered saline (PBS, Euroclone). Then
they were washed twice with PBS and were permeabilized for 30’
in blocking solution, containing 0.1% Triton X-100 (Sigma-
Aldrich) and 10% donkey serum (Euroclone), and incubated
overnight at 4 °C with the primary antibodies diluted in blocking
solution according to information in the antibody datasheet (see
Table 1 for the complete list of primary antibodies used and their
working dilution). The next day, cells were washed three times
with PBS for 5 min and incubated for 1 hour at room temperature
with Hoechst 33342 (ThermoFischer Scientific) and with
secondary antibodies (ThermoFisher Scientific) in blocking
solution. Images were acquired with epifluorescence microscope

Nikon DS-Qi2 and analized with Fiji software.
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RNA isolation and gRT-PCR

RNA was extracted using the TRI Reagent isolation system
(Sigma-Aldrich) according to the manufacturer’s instructions. For
quantitative RT-PCR (qRT-PCR), 0,5 pg of RNA was reverse
transcribed using the ImProm-II Reverse Transcription System
(Promega), thereafter qRT-PCR was performed in duplicate with
custom-designed oligos (see Table 1) using the CFX96 Real-
Time PCR Detection System (Bio-Rad, USA) and the Titan
HotTaq EvaGreen qPCR Mix (BIOATLAS). Obtained cDNA was
amplified in a 20 yl reaction mixture containing 1 ul of diluted
cDNA, 1x Titan HotTaq EvaGreen qPCR Mix (Bioatlas, Estonia),
and 0.4 mM of each primer. Analysis of relative expression was
performed using the ACt method, using B-ACTIN mRNA as
housekeeping gene and CFX Manager software (Bio-Rad, USA).

Whole-cell recording

Current-clamp recordings were performed using a MultiClamp
700B amplifier (Molecular Devices) with pCLAMP 10 software.
Signals were low-pass-filtered at 10 kHz and sampled at 50-100
kHz; the signal was digitized using a Digidata 1550 D/A converter
(Molecular Devices). Cells were held at room temperature. The
extracellular solution contained 140 mM NaCl, 2 mM CacCl2, 4
mM KCI, 10mM HEPES, 1 mM MgCI2 and 10 mM D-glucose (pH
7.4 with KOH). For current-clamp recordings, the internal solution
contained the patch pipette contained 124 mM KH2PO4, 5 mM
KCI, 2 mM MgCI2, 10 mM NaCl, 10 mM HEPES, 0.5 mM EGTA,
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2 mM Na-ATP, and 0.2 mM Na-GTP (pH 7.25, adjusted with
KOH). Bridge balance compensation was applied. Passive
properties were calculated from the hyperpolarizing steps of the
current-clamp step protocol. Capacitance was calculated in the
current-clamp hyperpolarizing step as as the ratio between
voltage derivative (dV)/dl (voltage/current) and then the cell time
constant (tau) which is obtained fitting the voltage changing
between baseline and hyperpolarizing plateau. Capacitance was
calculated as tau/resistance. Capacitance has been defined as
the time constant of the voltage between the baseline and the

plateau during an hyperpolarizing step.

Sodium currents were recorded from isolated single neurons in
voltage clamp configuration. Patch pipette (1.5-2.1 MOhm
resistance) were filled with an internal solution containing: 125
mM CH303SCs, 10 mM NacCl, 2 mM MgClI2, 10 mM HEPES, 2
mM Mg-ATP, and 0.2 mM Na-GTP (pH 7.25, adjusted with
CsOH). After reaching whole-cell configuration series
resistances between 5 and 10 MQ and they were compensated
up to 70-85% using the amplifier circuitry to minimize the voltage
error; linear leak currents and capacitance artefacts were
removed using P/N leak subtraction. Mixed sodium/calcium
currents were evoked by 100ms depolarizing voltage steps (from
-60 to + 60 mV, 10mV delta) preceded from a 100ms
hyperpolarizing step to -120mV in order to remove any
inactivation. Ina was then defined as the component sensitive to

500nM TTX. Peak Ina was then normalized to cell capacitance.

108



Signals were low-pass-filtered at 20 kHz and sampled at 50—-100
kHz.

Bioinformatic analysis

Transcriptomics and epigenomics coverage bigwig files from
GM23338-derived bipolar neurons were downloaded from
ENCODE (https://www.encodeproject.org/) and displayed with
Gviz (https://link.springer.com/protocol/10.1007%2F978-1-4939-
3578-9_16).

Molecular cloning

Selected sgRNAs to generate isogenic clones or to induce
upregulation of SCN1A gene expression (all listed in Table 4)
were cloned using BsmBlI restriction enzyme in the U6-filler-
sgRNA lentiviral vector, also containing the blasticidin resistance
gene. Then, respect to all sgRNAs used for CRISPRa, only few
of them, sg2A, sg4A, sg2B, sg2C, and sgLacZ were removed
from U6 vector using Hpal restriction enzyme and cloned in
Eflalpha-dCas9VP160-T2A-eGFP construct, already present in
the lab. Replication-incompetent, VSVg-coated lentiviral particles

were packaged in 293T cells.
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GINs injections in P30 mouse brain

VNPCs were transplanted into NGS immunodeficient mice at the
following coordinates: AP -3; ML +£2.8; V -3.8 and -2.8.

A total of 1.5x10° vNPCs in a 3 pl volume of PBS were delivered

at each of the target coordinates.

Immunohistochemistry

Transplanted mice were terminally anesthetized with CO2 and
perfused transcardially with NaCl saline solution followed by 4%
PFA 1 month or 5 months post grafting. Brains were removed,
postfixed in 4% PFA for 12 hours, equilibrated in 20%
sucrose/PBS solution, and then sectioned coronally at 30pum
using a freezing cryostat. Brain sections were blocked in 10%
donkey serum and 0.3% Triton X-100 for 1 hour at room
temperature. Incubation with primary antibodies was performed
at 4°C O/N (see Table 1 for primary antibodies used). Secondary
antibodies were applied to sections for 1 hour at room
temperature in a blocking solution containing Hoechst 33342.
Finally, slices were washed and mounted in Fluorescent
Mounting Medium (Dako Cytomation). Images were acquired
with epifluorescence microscope Nikon DS-Qi2 and analized

with Fiji software.

A similar procedure was used to perform IF on spheroids.
Spheroids were fixed in 4% paraformaldehyde (PFA) for 30 min

to 2 h and equilibrated in 8% sucrose. They were then washed in
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PBS, transferred to 15% sucrose solution overnight at 4 °C and
then to 30% sucrose for 48-72h. Subsequently, they were
transferred into embedding medium (Tissue-Tek OCT
Compound 4583, Sakura Finetek), snap-frozen on dry ice and
stored at =80 °C. For immunohistochemistry, 10- to 30-uym-thick
sections were cut using a cryostat (Leica). Sections were directly
attached on the slides and treated with blocking solution as

mentioned for mouse brain slices.
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Figure 1. Neuronal differentiation protocol to obtain GINs.
(A) Schematic representation of human GINs generation protocol
with representative light microscopic images and days of
treatment. (B) IF to characterize neuronal populations and GINs

subpopulations obtained at day 50 with (C) quantifications (data

112



are means + SEM; n = 3 independent batches of cell cultures).
Images have been taken at the same magnification. Scale bar:
10 uM.
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Figure 2. Ventralization of NPCs. (A) Schematic representation
of human GINs generation protocol with the alternative
purmorphamine time windows used for our experiments. (B) IF

for NKX2.1 and PAX6 on day 25 of differentiation. Treatment with
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purmorphamine for long period (day 0-25) or for time windows
(day 10-18 or day 10-25) significantly enhanced the derivation of
(C) NKX2.1+ VNPCs, inducing also a decrease in the generation
of (D) PAX6+ dNPCs (data are means + SEM; n = 3 independent
batches of cell cultures; **** p<0,0001 one-way ANOVA with
Bonferroni multiple comparisons). Images have been taken at

the same magnification. Scale bar: 10 pM.
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Figure 3. NPCs characterization. gRT-PCR analysis on day 25
of differentiation shows (A) overexpression of ventral
telencephalic markers NKX2.1, DLX5, LHX6 and (B)
downregulation of dorsal telencephalic markers PAX6, VGLUTL,
TBR2 in all samples treated with purmorphamine in comparison
with no treated condition. Data are normalized on B-ACTIN and
shown as fold change (FC) over no purmorphamine condition
(data are means +* SEM; n=3 independent batches of cell
cultures; ** p< 0,01 ** p<0,001 **** p<0001, one-way ANOVA

with Bonferroni multiple comparisons).
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Figure 4. GINs generation on day 50. (A) IF to reveal GINs on
day 50 of differentiation. Treatment with purmorphamine in any
condition significantly increased the derivation of GABA+
interneurons, as quantified in (B); (data are means £+ SEM; n = 3
independent batches of cell cultures; * p< 0,01 ** p< 0,01 ***
p<0,001 one-way ANOVA with Bonferroni multiple comparisons).
Images have been taken at the same magnification. Scale bar:
10 uM.
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Figure 5. GINs generation on day 90. (A) IF to reveal GINs on
day 90 of differentiation. Treatment with purmorphamine in any
condition significantly increased the derivation of GABA+
interneurons also after 3 months of differentiation, as quantified
in (B) (data are means £ SEM; n = 3 independent batches of cell
cultures; **** p<0,0001 one-way ANOVA with Bonferroni multiple
comparisons). Images have been taken at the same

magnification. Scale bar: 10 pM.
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Figure 6. SST+ interneurons generation on day 50. (A) IF to
reveal SST+ interneurons at day 50 of differentiation. Treatment
with purmorphamine for long period (day 0-50) significantly
enhanced the derivation of SST+ interneurons compared to all
other conditions, as quantified in (B) (data are means + SEM; n
= 3 independent batches of cell cultures; **** p<0,0001 one-way
ANOVA with Bonferroni multiple comparisons). Images have

been taken at the same magnification. Scale bar: 10 pM.
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Figure 7. SST+ interneurons generation on day 90. (A-B) IF
to reveal SST+ interneurons on day 90 of differentiation.
Purmorphamine treatment, in any condition, significantly
enhanced the derivation of SST+ interneurons, as quantified in
(B) (data are means + SEM; n = 3 independent batches of cell
cultures; ** p<0,01 *** p<0,001 one-way ANOVA with Bonferroni
multiple comparisons). Images have been taken at the same
magnification. Scale bar: 10 pM.
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Figure 8. PV+ interneurons derivation. Representative images
of IF displaying few PV+ interneurons which appeared in every
condition only after 90 days of differentiation. Images have been

taken at the same magnification. Scale bar: 10 pM.
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Figure 9. Na* and K* channels genes expression in GINs.
(A,D) On day 50 and (B,E) 90 of differentiation, neurons were
used for RNA isolation and subsequently qRT-PCR analysis of
the (A,B) Na" (SCN1A, SCN2A, SCN3A, SCN8A) and (D,E) K*
(KCNA2, KCNB1, KCNC1, KCNC3) channels genes. Data are
presented as DCT and normalized on the B-ACTIN mRNA.

IPSCs and human cortex (hCortex) samples are reported as
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respectively negative and positive controls for the reactions (data
are means = SEM; n = 3 independent batches of cell cultures by
using a control iPSC line, with each experiment presenting all the
conditions). Considering that Purmorphamine treatment was
always toxic for cells when extended beyond two months, this
condition was excluded from the analysis on day 90. (C) The
analysis of SCN1A gene expression between 50 and 90 days of
differentiation in all conditions, except for purmorphamine day O-
90, that was excluded from the analysis, shows how SCN1A
expression increases when cells are left in culture for longer
period. Data are shown as FC over day 50 (data are means *
SEM; n = 3 independent batches of cell cultures; * p<0,05 ***
p<0,001, t-test).
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Figure 10. Spheroids characterization. (A) Schematic
representation of hCS and hSS generation protocol with days of
treatment derived from Birey et al. 2017. IWP-2 and SAG
molecules were added to the medium only to generate hSS.
(B,C) Representative bright field pictures of a hCS and a hSS

also showing in magnification the presence of neuroepithelium,
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organized in large convolutions, and IF images to confirm the
presence of ventral (NKX2.1) and dorsal (SATB2 and TBR1)
neural progenitor markers on day 40, as reported in Birey et al.
2017. Images have been taken at the same magnification. Scale
bar: 10 uM.
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Figure 11. hSS characterization. Representative IF pictures
displaying the presence of different GINs subpopulations at day
90 in hSSs. Images have been taken at the same magnification.
Scale bar: 10 uM.
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Figure 12. DS patients’ iPSCs and isogenic controls
generation. (A) DS patients’ skin fibroblasts have been
reprogrammed to hiPSCs using Sendai viruses. Different clones
have been amplified, in feeder-free condition, and isogenic
controls have been generated by CRISPR/Cas9 technology
(upper panel). Specific mutations of patients 1 and 2 are reported
as stars on Navl.l protein image (middle panel). Sanger
sequencing confirms the presence of patient-specific mutations
(C959S in patient 1 and Y1781H in patient 2) (lower panel). (B)
Strategies used to generate isogenic clones. Single stranded
oligodeoxinucleotides WT donors used for gene correction

reported mutations to distinguish isogenic recombinant clones.
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spCas9 has been used for patient 1 strategy (NGG PAM site)
and spCas9 VQR for patient 2 strategy (NGA PAM site) (upper
panel). Isogenic clones were verified by sanger sequencing
(lower panel) (correction efficiency: 3/24 and 3/12 screened

clones for patient 1 and 2 respectively).
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Figure 13. iPSCs characterization. iPSCs of two isogenic pairs
were stained with nuclei marker Hoechst and pluripotency
markers TRA1-60, OCT-3/4 and SOX2 individually.
Representative brightfield images and IF analysis show normal

hiPSCs colonies morphology, and their positivity for all
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pluripotency markers. Images have been taken at the same

magnification. Scale bar: 10 pM.
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Figure 14. Three germ layers spontaneous differentiation of

IPSC lines. hiPSCs multilineage spontaneous differentiation has

been demonstrated by IF verifying the expression of markers

used to distinguish the three different germ layers (FOXA2 for

endoderm, SMA for mesoderm and TUJ1 for ectoderm). Images

have been taken at the same magnification. Scale bar: 10 pM.
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Figure 15. GINs LV reporter efficiency. (A) LV mDIx5/6-TdTomato
reporter construct (from Dimidschstein et al. 2016) and (B) IF to confirm
its efficiency to reveal GINs on day 90 of differentiation by using the
protocol with purmorphamine exposure from day 10 to 18. (B) GABA
co-localization with TdTomato protein has been quantified as double
positive GABA+/TdTomato+ cells on the total amount of TdTomato+
cells (data are means + SEM; n = 3 independent batches of cell
cultures). (D) Brightfield image of the assembly of hSS, previously
transduced with LV mDIx5-TdTomato, and hCS at day 70. (E)
Fluorescence pictures show how TdTomato+ cells migrated from the
hSS to the hCS from day 80 to day 120. Images have been taken at

the same magnification. Scale bar: 10 uM.
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Figure 16. GINs derivation. (A) Representative images from cultures
of our two pairs of iPSC-derived GINs stained with neuronal subtype
marker GABA on day 90, and (B) quantification. No significant
difference between cell lines was reported (data are means +SEM; n
= 3 independent batches of cell cultures; ns p>0,05 one-way
ANOVA). Images have been taken at the same magnification.
Scale bar: 10 uM.
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Figure 17. GINs electrophysiological characterization. (A,D)
Current clamp showing firing profile of GINs derived from all our iPSC
lines. (B,E) Input-output curve shows no difference between the two
experimental groups (data are means + SEM; n=13 isogenic pat 1 and
n=11 patient 1, ns p = 0,5989; n=5 isogenic pat 2 and n=6 patient 2, ns
p = 0,1303 Two-way ANOVA). (C,F) The maximal mean AP frequency
induced by 500-ms current steps of GINs shows a trend of decrease in
patients’ values compared to isogenic controls’ (data are means *
SEM; n=13 isogenic pat 1 and n=11 patient 1, ns p = 0,1816; n=5
isogenic pat 2 and n=6 patient 2, ns p = 0,3371 , t-test). (G,I)
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Representative voltage clamp traces from GINs derived from both pairs
of iPSC lines. Current has been normalized to cell capacitance. (H,J)
Peak Na’ current recorded in voltage clamp from the previously cited
experimental group do not differ at any tested voltage as shown from
I/V plot (data are means £ SEM; n=9 isogenic pat 1 and n=10 patient
1, ns p=0,7707; n=5 isogenic pat 2 and n=6 patient 2, ns p = 0,9708,
Two-way ANOVA).
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Figure 18. ExNs electrophysiology. (A) Schematic representation of
human cortical excitatory neurons generation process with days of
treatment and representative IF image representing neurons
expression of excitatory neuronal marker vGLUT1 on day 40 of

differentiation. Images have been taken at the same magnification.
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Scale bar: 10 pM. (B-E) Current clamp showing patients and isogenic
controls derived ExNs firing profile. (C-F) Input-output curves showing
an increase in APs generated in patient 1 ExNs compared to their
isogenic controls and no difference between the two experimental
groups in the case of patient 2 and control (data are means + SEM,;
n=12 isogenic pat 1 and n=17 patient 1 * p=0,0414, n=16 isogenic pat
2 and n=19 patient 2, ns p = 0,9309, Two-way ANOVA). (D-G) The
maximal AP frequency of ExNs induced by 500-ms current steps
highlighted a significant increase only in patient 1 values compared to
its control; no difference between patient 2 and its control has been
reported (data are means = SEM; n=12 isogenic pat 1 and n=17 patient
1, * p=0,0360; n=16 isogenic pat 2 and n=19 patient 2, ns p=0,8094, t-
test). (H-J) Representative voltage clamp traces from isogenic pat 1 /
patient 1 and isogenic pat 2 / patient 2 derived excitatory neurons.
Current has been normalized to cell capacitance. (I-K) Peak Na*
current recorded in voltage clamp from the previously cited
experimental group do not differ at any tested voltage as shown from
I/V plot (data are means £ SEM; n=10 isogenic pat 1, n=16 patient 1,
ns p =0,4078 and n=13 isogenic pat 2, n=12 patient 2, ns p= 0,9309,
Two-way ANOVA).

134



e A T N
hi®
spasisaz DAPT  dbcamP

V732 avess Asc Acid
L 1 Il 1 1 L 1 i
F t t } t +— } i

Day 0 4 10 15 18 25 27 31 90

Shake ‘on matrigel PLL/ Laminin. / Fibronec! tin
P~ Newrsi rossries
et maras
Isogenic pat 1
Patient 1 (SONTAM
B Isaganic pat 1 (SCNIAS") E
oA N
[ — ' Jm,mﬂ: !
v+ \ Sme )
e / — st mv
Toams 100 me.
c -s- Isogenic pat 1, n=10 D F - Isogenic pat 1, n=9
4 = Patient 1, n=9 200 = Patient 1, n=8

AP/500ms
Current Density (pA/pF)

i

' T T
A N
© O AREPHRRITHRS & I DONRNINANIRAHOAEHRINANAIRS
¥ &
¢
Injected Current (pA) ,f Voo (mV)
¢
Activity-dependent genes
G = SCN1A =1 NPASY = FOS = EGAI = DHCA7
I e .
10
a. * * x> =
g 8 o x -
27
s
g H H H H ﬂ H
: ’*‘
2
1
0; T T T T T T 17T T T T T T L T T T T T
RPN APAE NEAE AOAE NSNS
AGEE AT A A A
P X g
& & & & & &
S U Sl _&v" & &
P & ® & e & <® n‘fé\ <
\ & \‘3‘fb o & N /

Figure 19. GINs functionality after treatment with BrainPhys
medium. (A) BrainPhys medium was used instead of usual neuronal
differentiation medium from day 31 on. (B) Current clamp showing
firing profile of isogenic pat 1 and patient 1 derived GINs treated with
BrainPhys medium for 60 days. (C) Input-output curve shows no
difference between the two experimental groups (data are means *
SEM; n=10 isogenic pat 1 and n=9 patient 1, ns p = 0,3393, Two-way
ANOVA). (D) The maximal mean AP frequency induced by 500-ms
current steps of GINs shows significant decrease in patient 1 values
compared to isogenic control (data are means + SEM; n=10 isogenic
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pat 1 and n=9 patient 1, ** p = 0,0087, t-test). (E) Representative
voltage clamp traces from isogenic pat 1 and patient 1 derived GINs.
Current has been normalized to cell capacitance. (F) Peak Na* current
recorded in voltage clamp from the previously cited experimental group
do not differ at any tested voltage as shown from I/V plot (data are
means + SEM; n=9 isogenic pat 1 and n=8 patient 1, ns p = 0,8067,
Two-way ANOVA). (G) gRT-PCR analysis of SCN1A gene together
with some activity-dependent genes as markers of neuronal maturation
on neurons treated with BrainPhys medium compared to the usual
neural differentiation medium on day 90 of differentiation. Data are
normalized on B-ACTIN and shown as DCT (data are means = SEM; n
= 3 independent batches of cell cultures * p<0,05 ** p< 0,01 *** p<0,001
t-test).
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Figure 20. GINs transplantation into immunodeficient mouse
brain. (A) IF images showing human neurons, obtained by using the
protocol with purmorphamine exposure from day 10-18, transduced
with LV mDIx5-TdTomato reporter, injected in P30 hippocampal region
of immunosuppressed mouse brain. HuNu staining has been used to
demonstrate the human nature of TdTomato+ cells one month after the
injection. (B) Representative image showing that transplanted human
VNPCs were able to differentiate into GINs also in vivo. (C) IF analysis
to reveal NEUN expression in human cells, with (D) quantification (data

are means = SEM; n=3 brains). (E) IF images showing cells migrated
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to the mouse cortex from the locus of injection, with (F) quantification.
This data derived from the counting of all cells outside the locus of
injection, independently from the distance, and expressed as
percentage on the total amount of transplanted cells counted in each

brain (data are means + SEM; n=3 brains).
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Figure 21. SCN1A-activatory CRISPR/dCas9. (A) Strategy to
upregulate SCN1A by using dCas9-VP160. Schematic representation
of the SCN1A gene with distal, intermedial and proximal promoter
regions; the positions of the sgRNAs selected for this screening are
highlighted. (B) Experimental setting for the sgRNA screening in SH-
SY5Y cells and schematic representation of the constructs employed
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for cell transduction. One day after plating, SH-SY5Y cells were
transduced with LVs containing our constructs, and the subsequent
day antibiotics were added to the culture medium to select transduced
cells. At day 2, the cells were processed for RNA extraction. (C) gRT-
PCRs for SCN1A mRNA levels performed on RNA extracted from SH-
SY5Y cells transduced with dCas9VP160-T2A-Puro® together with
sgRNAs targeting the distal, intermedial or proximal promoter. Data are
normalized on the B-ACTIN mRNA and relative to sgLacZ-transduced
cells. Sg2A-4A and Sg2B induce significant up-regulation of SCN1A
compared to SglLacZ (data are means £SEM; n=6, **** p< 0.0001, one-

way ANOVA with Bonferroni multiple comparisons).
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Figure 22. SCN1A-activatory CRISPR/dCas9 on GINs. (A)
Schematic drawing depicting the experimental setting to deliver the
Ctrl- and SCN1A-activatory CRISPR/dCas9 system in iPSC-derived
neurons. To upregulate SCN1A expression in human GINS, three
SgRNAs were selected from the screening in SH-SY5Y: two localised
in the distal region (Sg 2A-4A) and one in the intermedial region (Sg
2B). Ctrl neurons were derived by using the protocol with long exposure
with purmorphamine and were co-transduced with a LV carrying U6-
sgRNA-Efla-dCas9-VP160-T2AGFP on day 26. mAstrocytes were
added on day 27. (B) Their efficiency in increasing basal SCN1A gene
expression was determined by qRTPCR. Data are normalized on the
B-ACTIN mRNA and relative to control sg LacZ-transduced cells. Sg
2A-4A and Sg 2B induce significant upregulation of SCN1A compared
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to SgLacZ in human neurons (data are means +SEM; n=6, ** p<0,01
**x p<  0,0001, one-way ANOVA with Bonferroni multiple
comparisons). (C) GFP+ neurons were analized by patch clamp and
(D) recording from Sg2B-transduced neurons showed an increase in
Na* current density compared to Sg LacZ-transduced neurons (data
are means +SEM; n=7 Sg LacZ and n=8 Sg 2B, * p<0,05 ** p<0,01
Two-way ANOVA with Bonferroni multiple comparisons).
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Supplemental figure 1. Karyotypes. Normal karyotype has been
reported for all lines used: Patient 1 / Isogenic Pat 1 (46, XX) and
Patient 2 / Isogenic Pat 2 (46, XY).
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Sg sequence: gagaccatgtgggactctat
SCN2A gagaccatgtgggactgtat
SCN3A gagaccatgtgggactgtat
SCN9A gagaccatgtgggactgtat
SCN4A gagaccatgtgggactgcat
SCN5A gagaccatgtgggactgcat
SCN7A gagaccttgtgggactgtat
SCNSA gagaccatgtgggactgcat

AA N /\M
Sg sequence: tgtggtgaacatgcacatcg

SCN2A tgtggtgaacatgtacatcg JU\/\ A " A /\ f\[W
SCN3A tgtggtgaacatgtacatcg i:’:’f:i.fﬁ‘::ﬁ ”\
SSUT2P1 TP, Ao TSR ST

T

J

Supplemental figure 2. Off target genes for isogenic

iPSCs

generation. The top potential off-target sites from CRISPR/Cas9

editing, presenting one or two mismatches with both sg sequences

used distinctly for patient 1 and 2, were found by using CRISPOR

design tool (http://crispor.tefor.net/). All these regions have been

amplified by PCR and sequenced to verify their integrity.
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Supplemental figure 4. Active and passive cell properties of all
iPSCs-derived GINs. (A) Capacitance, (B) resting membrane
potential, (C) action potential firing threshold and (D) amplitude. No
statistical differences were found in all parameters (data are means
+SEM; ns p>0.05, t-test).
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Supplementary figure 5. Active and passive cell properties of all
iPSCs-derived cortical ExNs. (A) Capacitance, (B) resting membrane
potential, (C) action potential firing threshold and (D) amplitude. No
statistical differences were found in all parameters (data are means
+SEM; ns p>0.05, t-test).
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Supplemental figure 6. Active and passive cell properties of all
iPSCs-derived GINs treated with BrainPhys medium. (A)
Capacitance, (B) resting membrane potential, (C) action potential firing
threshold and (D) amplitude. No statistical differences were found in all
parameters (data are means +SEM; ns p>0.05, t-test).
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Supplemental figure 7. Analysis of the SCN1A gene locus for

promoter regulatory region prediction. (A) Published data reported
three TSSs for SCN1A gene (Martin et al. 2007). (B) IGV tracks
showing epigenetic markers defining SCN1A TSS. The distal region

(yellow) present K27ac and K4mel CHIP-seq peaks defining an

enhancer region. The intermedial region (green) present K4mel,

K4me3 and DNase peaks defining a promoter region.
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Name
NKX2.1
PAX6
GABA
MAP2
SST
PV
TRA1-60
OCT4
SOX2
FOXA2
SMA
TUJ1
VGLUT1
Human Nuclei
NEUN
SATB2
TBR1

Species
Rabbit
Rabbit
Rabbit
Chicken
Rat
Rabbit
Mouse
Rabbit
Rabbit
Rabbit
Mouse
Rabbit
Guinea pig
Mouse
Mouse
Mouse
Rabbit

Catalog

Biopat Immunotechnologies PA0100

Covanxe PRB-278P
Sigma-Aldrich A2052
Abcam ab92434

R&D MAB2358
Swant PV27

Millipore MAB4360
Abcam ab18976
Abcam AB59776
Abcam AB40874
Sigma-Aldrich A5228
Covance PRB-435P
Synaptic System 135 304
Millipore MAB1281
Millipore MAB377
Invitrogen PA5-83092
Abcam ab31940

Table 1. List of Abs used in IF
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Dilution
1:1000
1:200
1:1000
1:500
1:200
1:1000
1:200
1:300
1:200
1:200
1:500
1:500
1:300
1:100
1:300
1:200
1:300



Gene
NKX2.1

DLX5

LHX6

PAX6

VGLUT1

TBR2

NPAS4

FOS

EGR1

DHCRY

SCN1A

SCN2A

SCN3A

SCN8A

KCNA2

KCNB1

KCNC1

KCNC3

ACTIN

FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV

Sequence 5' -> 3
caccatgaggaacagcgcctct
gctcatgttcatgccgctcgec
ctcgctgggattgacacaaa
gggcatctccecgttttt
tggtcgaggagaaggtgctctg
agggcactgccccctccaacgt
aagcggaagctgcaaagaaa
cgggcaaacacatctggata
ccatcgtctccatggtcaat
gaggccgacagtctctggat
ctgtggcaaagccgacaata
tttcccgaatgaaatctcctg
gccctctgecctggacac
cacgagtttgttgcctgcact
caggaggggcaaggtggaac
cctceggttgeggcatttg
agcagcaccttcaaccctca
ctccaccagcaccttctcgt
tggtcctggtcaacgtectg
ccgaagtggtcatggcagatg
gacggttttattgtgacgcttag
ttaacgttggccaagattttgc
tgatggtcatggtgattggaa
cagtggcagcaagattgtcag
catgttggtcatggtcattgg
tcatcagtagcagcaaggttgtc
ggcggaaggacagaatcaac
catggcgggcactttctc
agcttcacgtctctggtcag
ccaggaagcacaggagcatt
ggagaagcccaattcctctg
cagcgtgttgagggacagg
gaggacgagctggagatgac
cgatctccgtcttgttcacg
ggctcaggaggaggtgattg
ggtcaatggctgggcagtcctc
accccagccatgtacgtt

ggtgaggatcttcatgaggtag

Table 2. List of gRT-PCR Primers
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Gene
SCNI1A Pat 1 mut

SCN1A Pat 2 mut

SCN2A

SCN3A

SCNO9A

SCN4A

SCN5A

SCN7A

SCN8A

SCN2A

SCN3A

SSU72P1

Table 3. List of PCR primers

FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV
FW
RV

Sequence 5'-> 3’
tcaagttggcaaaatcttggccaac
tttaagttttagggtacatgtgcacaatg
agttgggatcgatgacatgttcaact
ggcagattgagaggcggttcaag
tcattggcaattctgtgggg
gotagtttaagggtttgtgtgga
tcattggcaattctgtgggg
aaaccagagcccaggagaag
ctccgagtcttcaagttggcaaaat
gggttatttggctaggaaaactaat
ctgcgggtcttcaagctggcecaagt
cctaagtgattcttacacaggttaa
atcatcgggaactcagtggg
ggtgggtagctgggtagatg
tggtcctgttgttgttcaca
tgtaagacttcaaatctggtgca
ctccgagtcttcaaattggccaaat
ccttagggtttctgggccaa
agttgggatcgatgacatgttcaact
ctctcacccaaaacacgctt
ttacaacctctgctggctgg
ctttggaggggtttgatgcc
cggtggtgtgctggaataac
cctggcctctcttettetee
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SsgRNA

Sequence

sg patient 1 gagaccatgtgggactctat
sg patient 2 tgtggtgaacatgcacatcg

sglA
Sg2A
Sg3A
sg4A
Sg5A
SQ6A
sglB
sg2B
sg3B
sg4B
sg5B
sg6B
sg7B
sg8B
sglC
sg2C
sg3C
sg4C
sg5C
sg6C
sg7C
sg8C

Table 4. List of sgRNAs used to generate isogenic clones from
patient iPSCs by using CRISPR/Cas9 gene editing and sgRNAs
used to test activatory CRISPR/dCas9 on SCN1A gene

ctcttttgaaatattttgga agg
atgcaaactcccagcctgec tgg
ccaatacttcttgctcttgc tgg
ttcagagagctccccagceac tgg
ggagacacactgctggcctg tgg
tcaggggttatggaagcetgg agg
gctatttgctgatttgtatt agg
ttcatcctcgcectcactcta tgg
agacctctgcagtatcctct cgg
caagggctgcagtctcactg ggg
ctttgacaccttttgcaaga agg
atctgaacaattgcaactga agg
cattgttatcatctcgtctt tgg
atgctgttcctcactgcaga tgg
tttccataatgtcatatagt tgg
ttgaaagaagcaatctaaaa tgg
agtttctccatgtcttttca tgg
ggaatattactcagcattaa agg
gtgaatggataaataacctg tgg
aggacatcttggttgcttcc agg
tgctgtatacatccgtgtge agg
acataagttttcaactcctt tgg
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Summary

Dravet syndrome (DS) is a severe epileptic encephalopathy
caused mainly by heterozygous loss-of-function mutations of the
SCN1A gene, indicating haploinsufficiency as the pathogenic
mechanism. Here we tested whether catalytically deadCas9
(dCas9)-mediated Scnla gene activation can rescue Scnla
haploinsufficiency in a mouse DS model and restore
physiological levels of its gene product, the Nay1.1 voltage-gated
sodium channel. We screened single guide RNAs (sgRNAs) for
their ability to stimulate Scnla transcription in association with
the dCas9 activation system. We identified a specific SQRNA that
increases Scnla gene expression levels in cell lines and primary
neurons with high specificity. Navl.1 protein levels were
augmented, as was the ability of wild-type immature GABAergic
interneurons to fire action potentials. A similar enhancement of
Scnla transcription was achieved in mature DS interneurons,
rescuing their ability to fire. To test the therapeutic potential of
this approach, we delivered the Scnla-dCas9 activation system
to DS pups using adeno-associated viruses. Parvalbumin
interneurons recovered their firing ability, and febrile seizures
were significantly attenuated. Our results pave the way for
exploiting dCas9-based gene activation as an effective and
targeted approach to DS and other disorders resulting from

altered gene dosage.
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Introduction

Dravet syndrome (DS) is a severe epileptic encephalopathy
beginning in the first year of life with seizures often associated
with fever that evolve into frequent, prolonged, and clustered
epileptic crises.1-3 In subsequent years, patients often develop
psychomotor delay, behavioral disturbances, and cognitive
impairment.4 DS is a genetic condition mainly caused by
mutations in the SCN1A gene encoding for the Nav1.1 voltage-
gated sodium channel a subunit.5,6 Over 650 missense and
nonsense SCN1A mutations have been described in DS
patients. Although most are de novo, some mutations have been
found to be inherited in familial cases.7 SCN1A mutations affect
only one copy of the gene, typically leading to loss of function
and indicating that a haploinsufficient genetic mechanism is
responsible for DS. These data suggest that a reduced amount
of Nav1.1 channel impairs neuronal activity and function. Scnla
heterozygous mutant mice display similar neurological
symptoms, including severe epilepsy, behavioral alterations, and
premature death.8—11 Functional studies revealed that cortical
fast-spiking GABAergic inhibitory interneurons exhibit reduced
intrinsic excitability and defects in action potential firing.8,10,12
In contrast, both excitability and firing of cortical excitatory
neurons from Scnla heterozygous mutant mice appear to be
substantially unaltered.8,13 These findings potentially resolve
the paradox that epilepsy arises from loss-of-function mutations
in Nav1.1, which contributes to the fast depolarization of neuronal

membranes during an action potential. Of note, Nav1.1 has been
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found to be mainly expressed in inhibitory interneurons by
immuno-histochemistry analysis, suggesting that this sodium
channel isoform has a preponderant function in that neuronal
population.10 Accordingly, selective inactivation of Scnla in
cortical interneurons is sufficient to elicit neurological deficits
comparable with those described in constitutive mutant
mice,14,15 and, conversely, Scnla loss restricted to the dorsal-
telencephalic (e.g., neocortical, hippocampal) excitatoryneurons
has ameliorating effects on epileptic seizures and sudden
death.13 Scnla heterozygous mutant mice develop
spontaneous and recurrent seizures starting from 3 weeks after
birth, often leading to premature and sudden death.8-10
Remarkably, body temperature elevation triggers myoclonic and
generalized seizures in these mice,recapitulating febrile seizures
in DS patients.16 Thus, DS mice represent a valuable model of
the disease, not only to dissect the pathological mechanisms but
also to evaluate the efficacy of innovative therapies. Drug
treatment of DS patients, including stiripentol in combination with
clobazam and valproate, has limited efficacy and poorly controls
convulsive seizures.17,18 Cannabidiol or serotonin up-take
inhibitors have been reported to reduce seizure frequency in
some patients, but larger studies are needed to appreciate the
exact therapeutic indications for these treatments.19-21
Nonetheless, complete seizure cessation is rarely obtained with
any of these pharmacological anticonvulsants. Gene therapy
approaches for neurodevelopmental disorders are in rapid

development because of the introduction of novel serotypes of
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recombinant adeno-associatedviruses (AAVs), allowing efficient
transduction of neurons.22 However, the SCN1A coding
sequence is 6 kb long, exceeding the strict cargo limit for AAVSs.
Although lentiviruses (LVs) can carry the SCN1A gene
sequence, they show limited spread in neural tissue and are
therefore inadequate to treat diseases affecting large brain
areas.23 These obstacles have prevented substantial advances
in gene-based therapies for DS. Given that one copy of the
SCN1A gene is still functional in DS, stimulating its endogenous
expression over physiological levels might lead to increased
availability of theNavl.1 channel protein, potentially leading to
symptomatic improvement. Thus, a system able to induce
SCN1A gene expression in neurons in a regulated manner,
without significant off-target effects, would be a strong
therapeutic candidate tool for DS. CRISPR-Cas9 technology has
become a powerful tool for genome editing, allowing DNA to be
targeted with high efficiency and specificity. As demonstrated by
pioneering works in several cell types and organisms, the
Cas9/single guide RNA (sgRNA) complex can efficiently
generate double-strand breaks, which then trigger non-
homologous end joining-mediated gene knockout or homology-
directed repair-mediated recombination.24-26 A modified
version of the CRISPR-Cas9 system has been developed by
generating a nuclease-deadCas9 (dCas9) fused to effector
domains for transcriptional gene regulation. Hence, the
dCas9/sgRNA complex has provided a crucial platform for

programming diverse types of transcriptional or epigenetic
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manipulation of the genome without cleaving the target DNA.27—
29 Seminal studies have shown that dCas9-based gene
activation is highly specific in DNA binding and gene regulation
and promotes chromatin remodeling of the regulatory elements
of the gene of interest.30—32 This system has been successfully
implemented to investigate hierarchies in gene regulatory
networks, screening for cellular phenotypes and directing
somatic cell fate.33-36 In the activatory CRISPR system, dCas9
Is fused to multiple VP16 transcriptional activator domains that
robustly boost gene transcription when combined with one or
more sgRNAS targeting sequences in the proximal promoters or
close to transcription start sites (TSSs).26,36,37 As proof of
concept, this technology has also been employed to activate
endogenous genes in mouse models of disease to ameliorate
biomarkers of diabetes, muscular dystrophy, and acute kidney
disease.30 More recently, it has been applied to enhance
expression of the Sim1 gene in the hypothalamus and to rescue
the associated obesity phenotype.38 Here we describe a dCas9-
based system that significantly upregulates Scnla expression
and restores Navl.1 protein levels in both cellular and animal
models of DS. This targeted gene activation rescues membrane
excitability and action potential firing in DS cortical interneurons
and significantly attenuates hyperthermia-induced seizures in DS

mice.
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Results

A single sgRNA enhances Scnla gene expression by

targeting its proximal promoter

To achieve upregulation of Scnla gene transcription, we sought
to define the necessary dCas9/sgRNA elements by a candidate
approach in vitro. Through an extensive bioinformatics analysis,
we determined the Scnla gene promoter regions to focus the
sgRNA design. Several studies have pointed out that sgRNAs
can transactivate genes of interest more efficiently when
localized within 500 bp from the gene TSS.34 We interrogated
the Encyclo-pedia of DNA Elements (ENCODE) and Fantom5
databases for the expression profiling and epigenetic marks of
actively transcribed genes in the adult mouse brain. In addition,
CAGE-seq and DNase-seq datasets were queried to determine
the exact TSSs for Scnla (Figure S1). We identified two regions
in the Scnla locus where RNA polymerase Il (Pol Il), mono- and
tri-methylation of lys4, and acetylation of lys27 of H3 histone
were strongly enriched and revealed DNase I-hypersensitive
sites. CAGE-seq peaks were aligned to the same sequences,
confirming the existence of two active TSSs (TSS1 and TSS2)
located upstream of two non-coding exons (exon A and exon B)
(Figure S1) and producing two different mRNA isoforms, both
expressed in the adult mouse brain.39 200 bp upstream of the
exon A (distal promoter) and 250 bp upstream of exon B
(proximal promoter) (Figure 1A) were submitted to the CRISPOR
web tool (http://crispor.tefor.net) for SgRNA design. We selected
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five guides in the distal promoter and six in the proximal one with
specificity scores higher than 50% (Figures 1B and 1C; Table
S1). Then we determined whether dCas9 fused to VP160
(dCas9-VP160), a transcriptional activator that carries 10 tandem
copies of VP16 (a herpes simplex virus type 1 transcription
factor), in association with the selected sgRNAs was able to
upregulate Scnla gene expression in the P19 murine
teratocarcinoma cell line. sgRNAs specific for Scnla promoters
and one control guide (sgCtrl), targeting the B-galactosidase
bacterial sequence, were cloned into the pU6 vector and
individually lipofected into P19 cells together with the Efla-
dCas9-VP160-T2A-GFP (Figure 1D), and 3 days later, after
ascertaining GFP expression, cells were harvested for RNA
extraction and gRT-PCR (Figure 1D). Interestingly, none of the
sgRNAs targeting the distal promoter were able to significantly
alter the basal expression of Scnla (Figure 1E). Conversely,
among the guides targeting the proximal promoter, only sglP
was found to significantly increase Scnla mRNA levels with
respect to sgCtrl (Figure 1F). Comparable results were obtained
when sgRNAs were lipofected with dCas9 linked to a puromycin
resistance cassette (Efla-dCas9-VP160-T2A-PuroR) and
puromycin was added to the culture medium the day after
transfection (Figures S2A-S2C), indicating that antibiotic
selection and consequent enrichment of lipofected cells were not
strictly necessary to detect sglP-mediated Scnla induction.
sglP upregulated Scnla gene expression to a similar extent in

primary mouse embryonic fibroblasts (MEFs) (Figure S2D). In
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conclusion, we identified sg1P as an sgRNA that is sufficient,
when associated with the dCas9 activation system, to stimulate

basal transcription of Scnla consistently indifferent cell types.

sglP/dCas9-VP160 lentiviral transduction upregulates

Scnla expression in primary neurons

We asked whether the sglP/dCas9-VP160 system could
stimulate Scnla expression in primary hippocampal neurons.
Neurons were co-transduced with Efla-dCas9VP160-T2A-GFP
and pU6-sglP or pU6-sgCtrl LVs the day after plating to
maximize transduction effi ciency (Figure 2A).
Immunofluorescence analysis performed at 10 days in vitro (DIV)
showed that almost 50% of the plated neurons were transduced
(Figure 2B). With this intermediate efficiency, we decided to
purify the infected cells to obtain reliable information regarding
the regulation of Scnla expression. Thus, 10 DIV transduced
GFP+ neurons from sgCtrl- and sglP-treated samples were
isolated by fluorescence-activated cell sorting (FACS) (Figure
2C), and the RNA was extracted for gene expression analysis.
Scnla expression levels were robustly increased when
transduced with sglP with respect to sgCtrl (Figure 2D).
However, FACS is detrimental to neurons and prevents their
func-tional analysis. For this reason, we generated a single
lentiviral vector carrying both sg1P and dCas9-VP160 (Fig-ure
2E), which improved transduction efficiency up to75% (Fig-ure

2F). In this setting, a 4-fold increase in Scnla expression was
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detected in sglP with respect to sgCtrl-treated neurons.
Moreover, no alteration in the transcriptional levels of the second
Scnla mRNA isoform carrying exon A was detectable (Figure
2G), indicating that the sg1lP/dCas9-VP160 activation system
does not affect the transcriptional status of the distal promoter.
To evaluate whether increased transcription of Scnla led to
higher Nav1.1 protein levels, we performed western blot analysis
of membrane lysates isolated from transduced 10 DIV primary
neuronal cultures, which showed a 2-fold increase in membrane-
associated Navl.1 protein (Figure 2H). Taken together, these
results indicate that sg1P associated with thedCas9 activation
system can modulate Scnla gene activity in primary neurons
and, accordingly, increase the levels of the Navl.1 channel

protein.

dCas9-based gene activation is highly specific for Scnlain

primary neurons

We examined the specificity of the dCas9 activation system by
assessing global gene expression in primary neurons transduced
with dCas9-VP160 together with either sglP or sgCtrl. RNA
sequencing (RNA-seq) was performed on 3 DIV neurons 2 days
after lentiviral transduction with either sg1P or the sgCtrl (Figure
3A). Notably, the only gene with significantly increased
expression relative to the control was Scnla (log2 fold change >
1.5, p < 0.005), indicating the high specificity of the dCas9

activation system in primary neuronal cells (Figures 3B, red
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dots). CRISPOR provided a list of 195 putative off-target genes
associated with sg1P. Because dCas9A is nuclease defective,
we reasoned that aspecific transcription activation could occur
only when off-target sequences were in close proximity to TSSs
of genes. Therefore, we filtered the list using the web tool Galaxy
to investigate which of those putative off-targets were located
within 500 bp of TSSs of any annotated gene. Only 4 of 195
putative off-target genes were identified in the putative promoter
regions upstream of the Prp4, BC02, OIfr919, and PIrgl genes.
However, as shown by both sequencing and gRT-PCR analizes,
the expression of these genes was not altered after delivery of
the dCas9 activation system (Figures 3B and 3C, left panel,
yellow dots). Absolute and relative levels of the various Nav a
subunits are strictly regulated, allowing a fine balance of neuronal
membrane excitability.40 Therefore, we examined the
expression of other Nav a subunit-encoding genes. The global
transcriptional analysis revealed no significant changes in their
expression levels (Figure 3B, right panel, yellow dots). These
results were confirmed by gRT-PCR assays of independent
cellular replicates (Figure 3C, right panel). In conclusion, the
global and targeted gene expression analizes of primary neurons
transduced with the sg1P-dCas9 activation system (here after
called Scnla-dCas9A) confirmed the high specificity for Scnla

gene transactivation at a genome-wide level.
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dCas9-based Scnla gene activation enhances neuronal

activity in immature wild-type (WT) cortical interneurons

To evaluate whether the increased levels of Navl.1 protein in
primary neurons were sufficient to alter neuronal excitability,
whole-cell patch-clamp experiments were carried out in dCas9A-
transduced neurons. We conceived a dual LV-inducible system
designed with a first lentivector carrying dCas9-VP160 with the
tdTomato reporter regulated by the reverse tetracycline-
controlled transactivator(rtTA)-responsive element (TRE) and a
second lentivector carrying the transactivator rtTA and sgRNAs
(sg1P or sgCtrl) to explore a setting that would be relevant in in
vivo experiments (Figure 4A; Figure S3A). Indeed, the split of
Scnla-dCas9A in two vectors is required for in vivo delivery
mediated by AAVs, characterized by a limited cargo capacity. In
this setting, upon doxycycline (dox) administration, about 60% of
neurons were transduced (Figure S3B). A 2-foldincrease in the
basal level of Scnla gene expression (Scnla-dCas9A versus
Ctrl-dCas9A) in WT neurons at 7 DIV was observed upon dox
administration (Figure S3C, +dox), but not under dox-absent
conditions (-dox), although some leaky expression of dCas9A
couldbe detected (Figure S3D). Because Navl.1 channel loss
mainly affects GABAergic interneurons, we established primary
neuronal cultures from GAD67-GFP mouse embryos that were
transduced with either the Ctrl-dCas9A or Scnla-dCas9A system
and analyzed when double-positive for GFP and tdTomato
(Figures 4A and 4B). First recordings were performed on 9-11

DIV primary neurons before their achievement of full functional
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maturation. Current step injections showed a significant increase
in firing rate in interneurons transduced with the Scnla-
compared with the Ctrl-dCas9 activation system (Ctrl-dCas9A, n
= 11; Scnla-dCas9A, n = 15; p = 0.03, Mann-Whitney non-
parametric t test) (Figures 4C—4E; Figure S4). No alteration of
neuronal firing rate was mediated by Scnla-dCas9A in the
absence of dox (Figure S3E). These results underline the
potential efficiency of Scnla-dCas9A to increase interneuron
excitability upon alteration of Scnla gene dosage, at least in an
immature  network. Recently, we developed a new
electrophysiological approach (“activity clamp”) to analyze how a
neuron in a given epileptic network responds to antiepileptic
drugs.41 Here we modified this method toadapt it for primary
neuronal cultures to compare interneurons trans-duced with
either the Ctrl-dCas9A or Scnla-dCas9A system. First, we
recorded in interneurons the barrage of a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptor-mediated
excitatory synaptic currents that occurs in the presence of the
chemoconvulsant potassium channel blocker 4-aminopyridine
(4-AP). Then we converted the recorded currents into a
conductance wave form, and, by applying dynamic current
clamp, we fed them back to interneurons pharmacologically
isolated from the network. We then compared neurons
transduced with either the Scnla- or Ctrl-dCas9A system
(Figures 4F-4l). Activity clamp showed that GABAergic
interneurons transduced with Scnla-dCas9A exhibited an

increase in the number of action potentials (APs) evoked by the
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same epileptic inputs as well as higher firing frequencies reached
during the protocol (Ctrl-dCas9A, n = 10; Scnla-dCas9A, n = 12;
p = 0.0009, parametric Student’s t test) (Figure 4l). Altogether,
these results indicate that increased expression of Scnla
obtained by the dCas9A system is sufficient to increase
interneuron excitability in response to epileptiform barrages of

synaptic excitation.

dCas9-based Scnla activation increases Navl.1l protein
levels and rescues excitability in Scnla*- mutant cortical

interneurons

The experiments described above show that the Scnla-dCas9A
system upregulates Scnla expression in WT interneurons,
increasing Nav1.1 protein levels and enhancing their excitability.
We asked whether this system could also boost transcription of
the single WT Scnla allele in DS mice to reach sufficient Nav1.1
protein levels to compensate for haploinsufficiency and attenuate
the pathology. We tested the efficacy of the Scnla-dCas9A
system in Scnla* neurons derived from a DS mouse model
(Figure 5A).10 Considering that the Scnla gene starts to be
expressed around postnatal day 10 (P10),10,42 the analysis was
done at DIV 22-25 to ensure display of the characteristic DS
phenotype. Interestingly, at this time point, WT neurons seemed
to be unresponsive to Scnla-dCas9A treatment (Figure 5B),
whereas we observed a 3.5-fold increase in levels of Scnla

expression in Scnla-dCas9A- compared with Ctrl-dCas9A-
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treated DS neurons (Figure 5C). To assess the nature of Scnla-
dCas9A-induced mRNA, we performed deep sequencing of PCR
amplicons spanning the mutation region and found out that, in
Ctrl-dCas9A-transduced neurons corresponding to basal
conditions, WT and mutant transcripts were approximately
equally abundant (almost 50% each) (Figure 5D). The same
relative proportion was maintained in Scnla-dCas9A-treated
neurons (Figure 5D). These data indicate that mutant mRNA is
stable in DS neurons and, consequently, that Scnla-dCas9A
treatment induces upregulation of both transcripts. However, at
the protein level, untreated Scnla*" postnatal brains showed an
~50% reduction in Navl.1 protein levels with respect to the
control counterparts (Figures 5E and 5F). In accordance with
MRNA data, the levels of Navl.1 protein did not change upon
Scnla-dCas9A treatment in Scnla™ neurons, whereas,
remarkably, Scnla-dCas9A-treated Scnla* neurons exhibited
almost doubled Navl.1l protein levels compared with Ctrl-
dCas9A-treated Scnla* neurons at 25 DIV (Figures 5E and 5F).
An immunoblot signal lower than 170 kDa and corresponding to
truncated Navl.1 protein was not observed, neither in Scnla*™
adult brains nor in Scnla* neurons under basal conditions (Ctrl-
dCas9A) or treated with Scnla-dCas9A (Figure 5E). These
results imply that the mutant protein is likely degraded and not
targeted to the plasma membrane. To assess whether rescue of
Navl.1 protein levels has a functional effect on DS neurons,
electrophysiological experiments were repeated in Scnla
;GAD67-GFP GABAergic interneurons transduced either with the
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Ctrl-dCas9A or Scnla-dCas9A system (Figures 6A and6B).
Recordings were performed on 18—-20 DIV neuronal cultures to
treat fully mature and functional interneurons. Current step
injections showed a decreased frequency-current relationship
and maximum AP frequency in Scnla*" interneurons compared
with the WT when both were transduced with the Ctrl-dCas9A
system (Figures 6C—6E). Accordingly, an increased current
threshold to trigger a single AP was observed (Figure 6G). These
defects in Scnila® interneurons were completely rescued by
transducing the Scnla-dCas9A system (Ctrl WT, n = 12; Ctrl
Scnla*™, n = 10; Scnla-dCas9A WT, n = 10; Scnla-dCas9A
Scnla*™, n = 11; p =0.02, p = 0.04, 2-way ANOVA followed by
Bonferroni’s multiple comparisons test) (Figures 6D—6H). Activity
clamp confirmed rescue of DS mutant interneuron firing in the
face of epileptiform activity following Scnla-dCas9A treatment
compared with Ctrl-dCas9A treatment (Ctrl-dCas9A WT, n = 12;
Ctrl-dCas9A Scnla*", n = 10; Scnla-dCas9A WT, n = 10; Scnla-
dCas9A Scnila*, n = 11; p = 0.03, 2-way ANOVA followed by
Bonferroni’s multiple comparisons test) (Figure 61). As expected
from the molecular data, the increase in excitability in Scnla-
dCas9A-treated WT interneurons observed at 9-10 DIV was no
longer observed at 18—-20 DIV (Figures6C—-6J).
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AAV-mediated Scnla-dCas9A transduction of cortical
interneurons rescues parvalbumin (PV)+ interneuron
deficiency and protects Scnla” mutant mice from

hyperthermia-induced seizures

Given the encouraging results with Scnla-dCas9A treatment
obtained on neuronal cultures, we sought to test its efficacy in
rescuing the epileptic phenotype in a DS mouse model. To
exploit the Scnla-dCas9A system in vivo, we sought to stimulate
Scnla expression selectively in forebrain  GABAergic
interneurons. We used a dual AAV9-based system because
these viral particles diffuse efficiently in the brain parenchyma
after intracerebroventricular (i.c.v.) injections in neonatal mouse
pups.43 The VP64 activator domain, carrying four tandem copies
of VP16, was chosen for in vivo delivery because its smaller size
allows this dCas9A together with the TRE promoter to fit in an
AAV vector. Similar to the aforementioned dual lentiviral system,
a second AAV9 was packaged with the sg1P cassette, followed
by the mDIx5/6 promoter driving selective expression of the rtTA-
T2A-Tomato cassette in forebrain GABAergic interneurons
(Figure 7A). 44,45 When the mDIx5/6-promoter driven dCas9A
elements were virally transduced in GAD67-GFP transgenic
pups, we estimated that about 85% of the viral reporter
tdTomato+ cells in the cerebral cortex also expressed the GFP
transgene (Figures S7TA-S7C and S7F). Furthermore, different
interneuron subtypes could be targeted specifically by our
system, as shown by co-labeling of tdTomato with parvalbumin,

somatostatin, neuropeptide Y (NPY), or vasoactive intestinal
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peptide (VIP) (Figures S6B—S6F). Histological characterization
of WT litters injected with the dCas9A elements revealed discrete
transduction efficiency along the antero-posterior axis, with about
20% of total GABAergic interneurons transduced in cortical areas
close to injection sites (Cx1_L, left, and Cx1_R, right; Figure
S6G). Neatly, in these same areas, a significant increase in
Scnla gene expression was detected in 2-week-old mice treated
with the Scnla-dCas9A system compared with the Ctrl-dCas9A
system (Figures 7B and 7C). To assess whether Scnla-dCas9A
has a functional effect on PV interneurons in vivo, we performed
patch-clamp analysis on treated Scnla** and Scnla™ mice
crossed with PV-Cre;Ai9-tdTomato mice at P21-P28 (Figure
S7A). Current step injections highlighted a decreased frequency-
current relationship (Figure S7C) and maximum AP frequency
(Figure S7D)in Scnla*" PV interneurons compared with Scnla*’*
when injected with Ctrl-dCas9A. These defects in Scnla'~ PV
interneurons were rescued by transducing the Scnla-dCas9A
system (Scnla+/+;Ctrl-dCas9A, n = 9; Scnla™";Ctrl-dCas9A, n =
12; Scnla*";Scnla-dCas9A, n = 11; input/output (1/0), p = 0.003;
two-way ANOVA (Figures S7C and S7D). At 1 month, Scnla*"
mice  were implanted with  electrodes, and an
electroencephalogram (EEG) was recorded after subjecting the
mice to hyperthermia-induced seizures. When Scnla" mice
were exposed to hyperthermia, we observed that the seizure
threshold temperature was increased in Scnla-dCas9A-
compared with Ctrl-dCas9A-treated mice (Ctrl-dCas9A:
41.93+0.1687, n = 6; Scnla-dCas9A: 42.343+0.1453, n=6; p =
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0.0048, Student’s t test) (Figure 7F). Furthermore, Scnla-
dCas9A-treated Scnla'" mice displayed seizures with a
generally lower average clinical severity score than Ctrl-dCas9A-
treated mice (Ctrl-dCas9A: 5.83+£0.17, n = 6; Scnla-dCas9A:
4.83+0.31, n = 6; p = 0.02, chi-square test) (Fig-ure 7G). The
average seizure duration defined by EEG recordings was also
shorter (Ctrl-dCas9A: 33.5+2.7 s, n = 5; Scnla-dCas9A:23.9+2.6
s, n = 6; p = 0.029, Student’s t test) (Figure 7H). Finally, we
observed a non-significant trend for the spike frequency to
belower in Scnla-dCas9A-treated mice compared with Citrl-
dCas9A-treated mice (Figures 71 and 7J). The upregulation of
Navl.1l during development in vivo may be protective against
epileptic insults because loss of Navl.1, in the inverse scenario,
is epileptogenic. To test this hypothesis, we performed
intraventricular injections of PO pups with either Ctrl-dCas9A or
Scnla-dCas9A viruses using a pan-neuronal promoter. At P14—
P17, pups were injected with lipopolysaccharide (LPS) to elicit
fever by infection, 46,47 followed by repeated low-dose kainic
acid (KA) injections every 30 min 2 h later. Epileptic seizures
were scored according to the Racine scale, and pups were
observed every 10 min until they reached grade 5, marked by
tonic-clonic convulsive seizures (Fig-ure S8A). The time taken to
reach grade 5 was used to define susceptibility to epileptic
insults. Pups injected with Scnla-dCas9A had a higher seizure
threshold compared with sham and Ctrl-dCas9A injected
animals, confirming the hypothesis that upregulation of Nav1.1

during development is protective against seizures (Figure S8B).
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In conclusion, these results show that the Scnla-dCas9A system
can be efficiently delivered in vivo by AAV-mediated gene
transfer in Scnla*" mice to ameliorate temperature-induced

seizures characteristic of this DS mouse strain.

Discussion

DS poses severe challenges for developing an effective
therapeutic strategy to control epileptic seizures and associated
neurodevelopmental dysfunctions. Currently available
antiepileptic drugs are inadequate to suppress recurrent
seizures. Furthermore, novel gene therapy approaches for
Scnla gene replacement are hampered by the relatively large
size of the Scnla gene, which exceeds the packaging cargo size
of AAV particles. Finally, Scnla transcriptional levels need to be
carefully gauged to maintain an Nav1.1 protein level compatible
with physiological membrane excitability in mature neurons. In
light of these significant hurdles, we propose that the dCas9A-
guided approach for Scnla gene regulation has invaluable
advantages for developing an effective and safe gene therapy
strategy for this disease. We identified the sg1P guide, targeting
a sequence close to the Scnla proximal promoter, capable of
significantly stimulating Scnla expression. A preliminary
genomic analysis confirmed that this promoter region is
transcriptionally active in the adult mouse and human neurons,
showing the exact transcriptional starting site (TSS) by CAGE-

seq and the crucial epigenetic modifications associated with its

186



functional state. Rapid advances regarding our knowledge of the
transcriptional and epigenetic state of the regulatory elements
across the genome of neurons will improve the design of effective
guides. Importantly, our data provide evidence that this dCas9-
based activation system can further stimulate Scnla, increasing
its basal expression in young post-mitotic neurons. Surprisingly,
we could not detect a significant increase in Scnla expression in
mature WT neurons, whereas it was evident in Scnila* neurons
at both the mRNA and protein levels upon Scnla-dCas9A
treatment. Considering that approximately 70% of the newly
synthesized Navl.l constitutes a metabolically stable
intracellular pool of protein and only 30% is trafficked to the
plasma membrane and axon initiation segment (AlS), 48 we can
speculate that excessive accu-mulation of Navl.1 induces
negative regulation of the Scnla transcript that cannot be
overcome even by Scnla-dCas9A treatment in a WT situation.
Conversely under Scnla*" conditions, only half of the protein is
produced, and this “saturation” is not achieved. In light of this, we
propose that the total amount of Navl.1 channel available in the
cell can exert control by repressing transcription or destabilizing
Scnla mRNA. Further studies are required to determine the
details of this regulation and to assess whether stimulation of
Scnla gene expression alters the chromatin marks within the
promoter region with specific histone modifications associated
with this particular transcriptional state. These results have
valuable implications for manipulation of gene expression in the

adult brain, providing a tool for targeted and tunable
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transcriptional regulation of potentially any genetic element. We
achieved good gene transcriptional activa-tion using dCas9
fused with the effector domain VP64 or VP160. However, recent
studies have identified novel transactivators that can elicit higher
levels of gene activation. 29,34,49 Establishment of different
Cas9 activator systems, each with its own advantages, can
provide an invaluable toolbox for obtaining the rightfine-tuning of
transcriptional levels adequate for each specific application.
Using global RNA-seq, we showed that targeted Scnla gene
activation was exquisitely specific, with no detectable off-target
gene activation in primary neurons. These data reveal the high
specificity of this approach, which will contribute to the high
safety level for its future therapeutic applications. In fact, both the
new models for accurate prediction of sgRNA off-targets and the
strict requirement for targeting promoter regions close to the TSS
contribute to elevating the level of specificity of this approach.
Additionally, use of dCas9 eliminates the risks of DNA cleavage
and its consequences in post-mitotic neurons that have lost the
ability to activate homology-directed repair mechanisms to
resolve DNA damage. 50,51 Importantly, dCas9-based
stimulation of Scnla expression led to a significant increase in
membrane-associated Navl.1 protein levels that restored correct
functioning of DS mutant inhibitory interneurons in vitro. Our
approach did not distinguish between the two Scnla alleles and
also stimulated expression of the mutant Scnla allele (R1407X).
Multiple studies have confirmed that the great majority of SCN1A

mutations are loss-of-function ones and have a negligible effect
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because they do not produce any stable protein capable of
functioning at the neuronal membrane. 10 However, few
mutations in SCN1A have been hypothesized from in vitro
studies to cause the disease through a gain-of-function
mechanism. 52 We anticipate that, in these particular cases, our
approach would not be of any advantage. Neuropathological
studies have shown that, even in advanced stages of the
disease, there is no evident sign of neuronal cell loss in patients.
53 These observations strongly imply that dysfunctional
interneurons can potentially recover their activity whenever a
sufficient amount of Nav1.1 channel is available and indicate that
at least some DS pathological defects are reversible. Altogether,
these results raise the prospect of a cure for this disease even
when pathological manifestations are already evident. In this
study, the different elements of the dCas9 activation system were
packaged in two different AAVs but designed to provide
interdependent expression of the different genetic elements.
Considering that DS globally affects forebrain interneurons, we
carried out AAV i.c.v. injections in neonatal mouse pups to cover
the entire forebrain structures with a single treatment. In patients,
because symptomon set generally occurs within the first two
years of life and some more time is required to as certain Scnla
gene mutation by exon sequencing, later delivery of gene therapy
will be required. Nevertheless, the recent discovery of new AAV
synthetic serotypes capable of crossing the blood-brain barrier
from the bloodstream might open new opportunities for delivery

of therapeutic AAVs for treating CNS disorders. In this respect,
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peripheral injections of AAV9 in infants with spinal muscular
atrophy (SMA), a devastating infantile neurological disorder
affecting spinal motor neurons, have recently shown substantial
and long-term clinical benefits. 54 In fact, a single intravenous
infusion of the AAV9 expressing the corrected gene resulted in
wide protection of motor skills for an extensive period of time and
longer survival. 54 This unprecedented clinical success
regarding SMA with a systemic AAV gene therapy approach
might facilitate the introduction of a similar strategy to treat other
incurable neurological infantile disorders and DS in particular.
Our gene therapy strategy was targeted selectively to forebrain
interneurons using the small DIx5/6 enhancer, which has been
shown to reliably deliver reporter genes within these neuronal
classes. 44,45 Similarly, we reported that this regulatory element
also ensured restricted expression of the transgenes in the
GAD67-GFP neuronal sub-population in DS adult mice. Even
though Scnla is also expressed in subpopulations of cortical
excitatory neurons, our strategy almost completely avoided
Scnla gene activation in these cells. Nevertheless, Scnla
deletion in this neuronal population does not induce notice able
abnormalities in mice, whereas it ameliorates the pathological
phenotype of mice with Scnla deletion in GABAergic neurons.
13 Scnla expression levels are likely different in cortical
excitatory and inhibitory neurons, and our approach does not
allow us to deliver different levels of gene activation in different
neuronal subtypes. Thus, we considered it safer to employ the

DIx5/6 enhancer to exclusively target the neuronal population,
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whose dysfunction leads to pathological manifestations. The
possibility that transduction of extra-cortical interneurons may
affect treatment efficacy needs to be considered. Alternatively, a
more selective promoter driving expression of the Scnla-
dCas9A system only in cortical interneurons and not in other
interneurons (i.e., striatal) could be exploited. The Scnla gene
activation system attenuated induced epileptic seizures in terms
of threshold temperature, total duration, overall clinical severity,
and recovery period. However, seizures were not completely
suppressed. The results can be explained by the relatively low
co-infection efficiency of the two separate AAVs in the
interneuron population, reaching around 20% in the injected
area. In fact, the considerable size of SpCas9 requires use of two
independent AAVs to assemble all elements of the activation
system. Thus, future work is necessary to improve this strategy
to package all of the system in a unique AAV vector by using
significantly smaller Cas9 orthologs, such as SaCas9, 55
GeoCas9, 56 CjCas9. 57 When the AAV vector for Scnla-
dCas9A treatment is optimized, it would be interesting to also test
its effect on the survival rate and spontaneous seizure number
and severity in Dravet mice. In conclusion, we showed that the
dCas9 acti-vation system can be tailored to obtain a robust and
highly specific activation of the Scnla gene both in cultured
neurons and in brain tissue. Moreover, the dCas9 activation
system can be packaged into AAVs to establish a gene therapy
approach for treating DS mice and obtaining protection from

temperature-induced epileptic seizures. A similar approach can
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then be considered for other haploinsufficient genetic disorders
where stimulation of the WT allele can rescue molecular

dysfunction and lead to a clinical benefit.

MATERIALS AND METHODS
Bioinformatics Analysis

Transcriptomics and epigenetics next-generation sequencing
(NGS) data were downloaded from the ENCODE®® and
Functional Annotation of the Mammalian Genome (FANTOM)>®
databases. Tracks are visualized along the mml0 mouse

reference genome with the Integrative Genome Viewer (IGV).%°

Molecular Cloning

SgRNAs were cloned in a LV-U6 vector as described previously.
Eflalpha-dCas9VP160-T2A- PuroR was generated from pAC94-
pmaxdCas9VP160-2A-puro, a gift from R. Jaenisch (Addgene
plasmid 48226).%! The dCas9VP160-2A-puro cassette was cut
with Agel and inserted into the TetO-FUW vector digested with
Agel. The dCas9VP160-2A-puro cassette was restriction
digested with Hpal/ Afel and blunt-cloned into the Eflalpha-GFP
promoter, where GFP was removed by Smal/EcoRV digestion.
Eflalpha-dCas9VP160-T2A-GFP was obtained by restriction
digestion of EflalphadCas9VP160-T2A-PuroR with Ascl/Xbal;
the VP160-T2A fragment was obtained by Ascl/Xhol digestion
from Eflalpha-dCas9VP160-T2A-PuroR, whereas the GFP
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fragment was PCR amplified with primers containing Xhol/Xbal
restriction sites; the vector and the two fragments were ligated
together. LV-TRE-dCas9VP160-T2A-tdTomato was obtained
from TetOFUW dCas9VP160-2A-puro digested with Ascl/Xbal;
the VP160- T2A fragment was obtained by Ascl/Xhol digestion
from EflalphadCas9VP160-T2A-PuroR, whereas the tdTomato
fragment was PCR amplified with primers containing Xhol/Xbal
restriction sites; the vector and the two fragments were ligated
together. The LVsSgRNA-hPGK-rtTA vector was obtained by
digesting LV-U6-sgRNA with BamHI and cloning rtTA fragment
BamHI digested from LV-hPGK-rtTA. The intermediate LV-U6-
rtTA was Clal-Xhol digested, and the PGK promoter was PCR
amplified with primers with Clal/Xhol and then cloned. AAV-TRE-
dCas9-VP64 was obtained by restriction digestion of AAV-
SpCas9 (a kind gift from F. Zhang, Addgene PX551),°! where the
Mecp2 promoter was removed by Xbal/Agel digestion and the
TRE promoter was amplified with the following primers: FW Xbal
(5-GCTCTAGACCAGTTTGGTTAGATCTC-3') and RV Agel (5'-
GCACCGGTGCGATC TGACGGTTCACT-3’). SpCas9 was
removed with Agel/EcoRI and Cas9m4-VP64 (a kind gift from G.
Church, Addgene 47319)?® was digested with Agel EcoRI. The
VP64 fragment was PCR amplified with the following primers with
EcoRlI sites: FW: 5-GATCATCGAGC AAATAAGCGAATTCTC-
3 and RV: 5-gctaaGAATTCTTATCTAGAGTTAATCAGCATG-
3.
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Virus Production

LVs were produced as described previously.®> For AAV
production, replication- incompetent, recombinant viral particles
were produced in 293T cells by polyethylenimine (PEI)
(Polyscience) co-transfection of three different plasmids: a
transgene-containing plasmid, a packaging plasmid for rep and
cap genes, and pAdDeltaF6 for the three adenoviral helper
genes. The cells and supernatant were harvested at 120 h. Cells
were lysed in Tris buffer (50 mM Tris (pH 8.5), and 150 mM NacCl;
Sigma-Aldrich) by repetitive freezing-thawing cycles (3 times),
lysed in Tris buffer, and combined with correspondent cell
lysates. To clarify the lysate, benzonase treatment was
performed (250 U/mL, 37°C for 30 min; Sigma-Aldrich) in the
presence of 1 mM MgICI2 (Sigma-Aldrich), and cellular debris
was separated by centrifugation (2,000 g, 30 min). The viral
phase was isolated by an iodixanol step gradient (15%, 25%,
40%, and 60% Optiprep; SigmaAldrich) in the 40% fraction and
concentrated in PBS with a 100,000 molecular weight cutoff
concentrator (Vivaspin 20, Sartorius Stedim). Virus titers were
determined by measuring the number of DNase I-resistant viral
particles, using gPCR with a linearized genome plasmid as a
standard. TRE-dCas9-VP64 was produced by VectorBuilder
(CA, USA).
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Mice

Mice were maintained at the San Raffaele Scientific Institute
institutional mouse facility (Milan, Italy). Scnla*1® mice were
backcrossed with 129Sv mice, whereas GAD67-GFP,%
Pvalp™mCreAdr (JAX 017320, PV-Cre), and Rosa26-S-tdTomao
(JAX 007909, Ai9) mice were backcrossed with C57BL/6N mice.
PV-Cre** mice were crossed to Ai9*"* mice to generate PV-Cre*’*
Ai9*"* mice. Those mice were then crossed with 129Sv.Scnla+/
mice to generate Scnla™;PVCre*" Ai9*" mice and Scnla™" ;PV-
Cre™ Ai9". All procedures were performed according to
protocols approved by the internal institutional animal care and
use committee (IACUC) and reported to the Italian Ministry of
Health according to European Commission Council Directive
2010/63/EU and in accordance with the UK Animals (Scientific
Procedures) Act of 1986.

Cell Cultures and Primary Neuron Derivation

P19 cells were -cultured in alpha-MEM (Sigma-Aldrich)
supplemented with 10% fetal bovine serum (Sigma- Aldrich), 1%
non-essential amino acids (Gibco), 1% sodium pyruvate (Sigma-
Aldrich), 1%  glutamine  (Sigma-Aldrich), and 1%
penicillin/streptomycin (SigmaAldrich). Cells were split every 2—
3 days using 0.25% trypsin (Sigma-Aldrich). For transfection,
Lipofectamine 300 (Thermo Fisher Scientific) was used
according to the manufacturer’s protocol. Primary cultures of

mouse embryonic hippocampal neurons were prepared from
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embryonic day 17.5 (E17.5) embryos or PO pups derived from
GADG67-GFP knockin and Scnlat+/;GAD67-GFP pregnant
females. In the latter case, each brain was processed separately,
and a skin biopsy was used for genotyping. Briefly, after
dissection, hippocampi were enzymatically digested with 0.025%
trypsin (Gibco) in Hank’s balanced salt solution (HBSS;
Euroclone) for 20 min at 37°C. Then HBSS with trypsin was
removed, and the hippocampi were washed with plating medium
(neurobasal medium [Gibco] supplemented with 2% B27, 3.3 mM
glucose, 1% glutamine, and penicillin/streptomycin) and
mechanically dissociated with a P1000 pipette to obtain a
homogeneous cell suspension. Cells were then plated on plates
coated with poly-L-lysine (PLL; 0.1 mg/mL) and coverslips. LV
infection was performed at DIV 1, and neurons were used at DIV
10 or 21 for electrophysiology, western blot analysis, and
immunofluorescence. For recordings from interneurons, we
patched cells that showed co-localization of both green
(indicating interneurons) and red (indicating successful lentiviral

transduction) fluorescent signals.

Western Blotting

Total cerebral cortices from Scnla* mice, WT mice, and primary
neurons were homogenized using the Mem-PER Plus
Membrane Protein Extraction Kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions to enrich for the

membrane-bound proteins. Western blot analysis was performed
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on Nupage 4%-12% gradient gels (Thermo Fisher Scientific)
using primary antibodies against the following proteins: anti-
Navl.1 (1:200, Millipore) and anti-Calnexin (1:5,000, Sigma).

RNA Isolation gRT-PCR

RNA was extracted using TRI reagent (Merck) according to the
manufacturer’s instructions. For gRT-PCR, cDNA synthesis was
obtained using the ImProm-Il Reverse Transcription System
(Promega), and then gRT-PCR was performed in triplicate with
custom-designed oligos (Table S2) using Titan HotTaq
EvaGreen gPCR Mix (no ROX) (BIOATLAS). Analysis of relative

expression was performed using the AACt method.

RNA-Seq

RNA libraries were generated starting from 1 mg of total RNA
extracted from Ctrl-dCas9A and Scnla-dCas9A neurons. RNA
guality was assessed by using a Tape Station instrument
(Agilent). To avoid over-representation of 3’ ends, only high-
guality RNA with a RNA integrity number (RIN) of 8 or higher was
used. RNA was processed according to the QuantSeq 3’ mMRNA-
Seq Library Prep Kit protocol. The libraries were sequenced on
an lllumina HiSeq 2500 with 50-bp stranded reads using lllumina
TruSeq technology. Image processing and basecall were
performed using the lllumina real-time analysis software. Fastq

files were aligned to the mouse genome (NCBI37/mm9) with
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Bowtie2.64 Differential gene expression and functional
enrichment analizes were performed with DESeq2.65. Statistical
analysis was performed with the SPSS statistical package (IBM).
Data were deposited in NCBlI GEO: GSE111436.

Deep Sequencing Data Analysis

Indexed paired-end libraries were generated starting from 1 mg
of PCR amplicon spanning the Scnla® gene mutation'®
performed on cDNA obtained from RT RNA using Illumina
TruSeq Nano DNA Library Prep Kits according to the
manufacturer’s instructions. Libraries were sequenced on an
lllumina MiSeq. FASTQ reads were aligned to the hg38 human
reference genome with Bowtie2. Alignments were visualized and

guantified with the IGV genome browser.

In Vitro Electrophysiology
Current Steps

For current-clamp recordings, the internal solution contained 126
mM K-gluconate, 4 mM NacCl, 1 mM MgSO4, 0.02 mM CaClz, 0.1
mM 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid
(BAPTA), 15 mM glucose, 5 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 3 mM ATP-Naz, and 0.1
mM GTP-Na (pH 7.3). The extracellular (bath) solution contained
2 mM CacClz, 140 mM NaCl, 1 mM MgClz, 10 mM HEPES, 4 mM
KCl, and 10 mM glucose (pH 7.3). D-()-2-amino-5-
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phosphonopentanoic acid (D-AP5; 50 mM), 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX; 10 mM), and picrotoxin (PTX;
30 mM) were added to block synaptic transmission. Experiments
were performed at room temperature (22°C-24°C). Transduced
cortical and hippocampal interneurons were identified because
of GAD67-GFP and tdTomato (dCas9A system) expression.
Neurons with unstable resting potential (or more than 50 mV),
bridge balance of more than 15 MU, and/or holding current of
more than 200 pA at 70 mV were discarded. Bridge balance
compensation was applied, and the resting membrane potential
was held at 70 mV. Current step protocols were used to evoke
APs, injecting 250-ms-long depolarizing current steps of
increasing amplitude (A 10 pA, max 280 pA). Recordings were
acquired using a Multiclamp 700A amplifier (Axon Instruments,
Molecular Devices) and a Power3 1401 (Cambridge Electron
Design [CED]) interface combined with Signal software (CED),
filtered at 10 kHz, and digitized at 50 kHz. Passive properties
were calculated from the hyperpolarizing steps of the current-
clamp step protocol. Input resistance is an average of three steps
(2 negative and 1 positive) and is defined as the as AVI/I.
Capacitance was calculated in the current-clamp hyperpolarizing
step as follows. First, the resistance was determined as voltage
derivative (dV)/DI (voltage/current), and then the cell time
constant (tau) was obtained, fitting the voltage changing between
baseline and hyperpolarizing plateau. Capacitance was
calculated as tau/resistance. Capacitance is the time constant of

the voltage between the baseline and the plateau during a
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hyperpolarizing step. Single AP parameters were calculated as
described previously.®? An event was detected as an AP when
cross 0 mV and when the rising slope was more than 20 mv/ms
in arange of injected current from 0 pA to 500 pA. All recordings

and analizes were carried out blinded to the transduced vector.

Activity Clamp

For activity clamp experiments, current traces in voltage-clamp
configuration in the presence of 4AP were recorded, holding
GFPpositive interneurons (18 DIV) at 70 mV in the presence of
GABAA and N-methyl-D-aspartate (NMDA) blockers. The
resulting AMPA current traces were converted in conductance (G
= 1/V). Using Signal dynamic clamp software in conjunction with
CED Power 1401-3 (CED), the conductance traces were used to
inject currents into interneurons in current-clamp configuration.
During recordings, the voltage of the patched neurons was read
in real time and used to calculate the current to be injected from
the 4AP conductance trace. To compare different cells, the
conductance threshold was calculated in each neuron prior to
each dynamic clamp experiment. For voltage-clamp
spontaneous excitatory synaptic activity of the epileptic traces
(4AP, 100 puM) and current-clamp recordings in dynamic clamp
configuration, the internal and extracellular solutions were the
same as described above for neuronal whole-cell patchclamp
recordings. For voltage-clamp recordings in the extracellular
solution, D-AP5 (50 pM) and PTX (30 uM) were added to block
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GABAA and NMDA receptors, respectively. For current-clamp
recordings, D-AP5 (50 uM), CNQX (10 uM), and PTX (30 uM)
were added to block NMDA receptors, AMPA receptors, and
GABAA receptors, respectively. Experiments were performed at
room temperature (22°C—-24°C). For voltage-clamp recordings,
neurons with unstable resting potential and/or a leak current of
more than 100 pA were discarded, and neurons were clamped at
70 mV. For current-clamp recordings, neurons with unstable
resting potential and/or a bridge balance of more than 15 MQ
were discarded. Bridge balance compensation was applied, and
the resting membrane potential was held at 70 mV. An AMPA
conductance step protocol (Erev =0 mV; 1=1 ms; AG = 1 nS)
was used to find the conductance threshold that elicited an AP,
and then the epileptic conductance trace was scaled to the 15%
of the conductance threshold. Neurons that were unable to
generate at least one AP were therefore excluded. The sampling
frequencies in voltage- and current-clamp configuration were set
at 20 kHz to perfectly overlap the conductance traces with the
software voltage reading. To analyze the dynamic clamp traces,
an automatic MATLAB script was used*! to detect events and
calculate APs parameters. An event was selected as an AP when
its peak crossed 0 mV and its dV/time derivative (dt) was more
than 20. Voltage threshold was calculated as the first point with
a derivative of more than 20 V/s. All recordings and analizes were
carried out blinded to the transduced vector. Recordings were
acquired using a Multiclamp 700A amplifier (Axon Instruments,

Molecular Devices, Sunnyvale, CA, USA) and Signal dynamic
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clamp software in conjunction with CED Power 1401-3 (CED,
Cambridge Electronic Design), filtered at 10 kHz, and digitized at
50 kHz.

Ex Vivo Electrophysiology

Mice were sacrificed after deep isoflurane anesthesia, and brains
were extracted. 350-um-thick coronal sections were cut using a
Leica VTS 1000 vibratome. After the cut, the slices were allowed
to recover for 30 min at 32°C in modified artificial cerebrospinal
fluid (ACSF) containing 92 mM sucrose, 87 mM NaCl, 2.5 mM
KCI, 1.25 mM NaH2PO4, 25 mM NaHCOs, 25 mM glucose, and
10 mM MgSOs aerated with 95% O2 and 5% CO2 (pH 7.4); slices
were then allowed to recover at room temperature for at least 45
min before recording. Current-clamp recordings were performed
using a MultiClamp 700B amplifier (Molecular Devices) with
pCLAMP 10 software. Pipette capacitance and resistance were
always compensated. Signals were low-pass-filtered at 10 kHz
and sampled at 50-100 kHz; the signal was digitized using a
Digidata 1550 D/A converter (Molecular Devices). Cells were
held at 30°C—-32°C. The extracellular solution contained 125 mM
NaCl, 25 mM NaHCOs, 2 mM CaClz, 2.5 mM KCI, 1.25 mM
NaH2PO4, 1 mM MgSO4, and 10 mM D-glucose aerated with
95% 02 and 5% CO2 (pH 7.4). The patch pipette contained 124
mM KH2POs4, 5 mM KCI, 2 mM MgClz, 10 mM NaCl, 10 mM
HEPES, 0.5 mM EGTA, 2 mM Na-ATP, and 0.2 mM Na-GTP (pH
7.25, adjusted with KOH). Ctrl-and Scnla-dCas9A PV+
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interneurons were identified via tdTomato and GFP expression
visualized with epifluorescence microscopy. The input/output
relationship was determined by plotting AP frequency in
response to progressive 500-ms, 50-pA current step injection. An
AP was defined as spikes having a rising slope of more than 20
V/s and an amplitude exceeding 15 mV. Maximal steady-state
firing frequency was defined as the maximal mean firing
frequency in response to a current injection. Input resistance
(Rm) was calculated from a 50 pA step from the resting
membrane potential. AP amplitude was calculated from the AP
threshold, defined as the voltage at which the first derivative
(dv/dt) of the AP waveform reached 10 mV/ms, to the absolute
value of the AP peak for the first spike obtained at the rheobase
(defined as the minimal current injection able to elicit neuronal
firing, determined through 10-pA current steps). Spike width was
determined at half-amplitude (half-width) between the AP
threshold and peak. Spike frequency adaptation (SFA) was
calculated as the ratio of the first to the 10" inter-spike interval
(ISI1/1S110). Maximal rise and decay slope were defined,
respectively, as the maximal and minimal value of the first

derivative of the AP waveform.

Intracerebroventricular Injections

Neonatal mice were anesthetized in ice for 3 min. 5 ml of viral
suspension containing two AAVs (titer, 10® viral genomes
[vg/mL) (TREdCas9-VP64 and pU6-sgCrtl/sglP-mDIx5enh-
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rtTa-T2A-Tomato/ GFP, 1:1), and 0.05% Fast Green FCF (Sigma
Aldrich) was injected into lateral ventricles using a Hamilton
syringe with a 33G needle. After injections, pups were placed on
a warming pad until they regained normal color and movement.
Subsequently, they were rubbed with bedding to prevent
rejection before reintroducing the mother into the cage. Dox was
administered immediately in drinking water or food. One week

after the injections, mice were genotyped.

Immunostaining

Cells and neurons were fixed in ice-cold 4% paraformaldehyde
(PFA) in phosphate buffer (PB) for 20 min. Mice were
anesthetized with ketamine/xylazine and t perfused with 0.1 M
PB at room temperature at pH 7.4 with freshly prepared PFA in
PB. Tissues were post-fixed in 4% PFA overnight and then
soaked in cryoprotective solution (30% sucrose in PBS). Tissues
were sectioned using a cryostat after optimal cutting temperature
(OCT) compound embedding in dry ice. For
immunofluorescence, free-floating, 30-mm-thick coronal sections
or plated cells were rinsed in PBS and incubated for 20 min with
2% Triton X-100, and 3% BSA for 1 h was used to saturate the
nonspecific binding site before overnight incubation with the
primary antibody (diluted in a solution containing 1% BSA and
Triton X-100 at room temperature). Following incubation,
sections were rinsed three times in PBS and incubated for 1 h

with the secondary antibody. Primary antibodies for the following
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epitopes were used: red fluorescent protein (RFP) (rabbit, 1:500,
MBL International), GFP (chicken, 1:500, Molecular Probes),
Calbindin (mouse, 1:200, Swant), PV (mouse, 1:500, Swant),
somatostatin (SST) (rat, 1:200, Millipore), NPY (rabbit, 1:500,
Immunostar), VIP (rabbit, 1:500, Immunostar), Map2 (mouse,
1:250, Immunological Science), GABA (rabbit, 1:1,000, Sigma-
Aldrich). Slices and cell coverslips were mounted with fluorescent
mounting medium (Dako). Images were captured with a Nikon

Eclipse 600 fluorescence microscope.

Surgery for Electrode Implantation, Seizure Induction, and
EEG

At least 5 days before recordings, epidural stainless steel screw
electrodes (0.9 mm in diameter and 3 mm long) were surgically
implanted under intraperitoneal anesthesia (100 mg/kg
ketamine, 10 mg/kg xylazine) and secured using dental cement
(Ketac Cem, ESPE Dental, Seefeld, Germany). Two active
electrodes were placed on the right and left parietal areas (2 mm
lateral to the midline, 1 mm posterior to the bregma) and one over
the occipital area (1 mm posterior to lambda) as a common
reference. For video EEG recording, the implanted electrodes
were connected via flexible cables to an amplifier, and the EEG
signal was sampled at 256 Hz, coded with 16 bits, and digitally
saved using a System Plus device (Micromed, Mogliano Veneto,
Italy). To obtain a good signal-to-noise ratio for seizure display,

after acquisition, EEG traces were bandpass-filtered between 0.3
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and 10 Hz. Video EEG recordings were inspected to detect
seizures, defined as high-amplitude (at least twice the baseline)
rhythmic discharges lasting at least 5 s. We defined the
beginning of the seizure as the first EEG change; the end of the
seizure was defined as the end of ictal EEG activity. To induce
seizures, we adopted a protocol modified from Oakley et al.®
Mice were placed in a glass beaker and heated with an infrared
heat lamp (HL-1, Phisitemp, Clifton, New Jersey) controlled by a
TCAT-2DF thermocontroller (Phisitemp, Clifton, New Jersey).
Mouse rectal temperature was continuously monitored with a
RET-4 probe (Phisitemp, Clifton, New Jersey). Seizures were
identified by EEG recording and video analysis. First, mice were
recorded at baseline for 15 min, and then seizures were evoked
by progressively increasing the body temperature by 0.5°C every
30 s. The heating bulb was then promptly switched off to allow
recovery; the mice were then monitored until the EEG and
temperature returned to the baseline or until death occurred. For
EEG analysis, Neuroscore (Data Sciences International, St.
Paul, MN) was used. For spike detection, EEG traces were first
bandpassfiltered between 5 and 70 Hz. Threshold temperature,
seizure duration, number of spikes during the attack, and spike
frequency were considered. Spikes were detected by threshold
analysis and then visually inspected to reject artifacts. All
recordings and analysis were carried out blinded to the
transduced viruses. Seizure severity was scored using a

modification of the Racine scale.®®

KA-Induced Febrile Seizures in Pups
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A rectal temperature probe was used in P14-P17 pups to
measure the basal body temperature before each injection. A
single LPS injection (2 pg/mouse, Sigma, L4516) was
administrated intraperitoneally (i.p.) 2 h before the experiment to
induce fever and increase the temperature of the pups. Low-dose
I.p. KA injections (5 mg/kg, Tocris, 0222) were performed every
hour, and seizures were scored using the Racine scale every 10
min. Mice were culled after grade 5 was reached, and the time
taken to reach grade 5 was used as a readout of seizure
susceptibility. Seizure scoring was performed blinded to the

identity of the injected virus.

Statistical Analysis

The results were analyzed with GraphPad Prism. Mean
comparisons among different groups were performed with
Student’s t test or twoway ANOVA followed by Bonferroni's
multiple comparisons test. In the case of non-normally distributed
data, median comparisons between two groups were performed
with a Mann-W hitney U test. The normality in the data distribution
was assessed using the D’Agostino and Pearson omnibus test.
For seizure score comparison, the chi-square test was
employed. Individual statistical analizes and details regarding
experimental design are described in detail alongside each

experiment in Results and in the figure legends.
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Figure 1. sgRNA Design and Screening for Stimulating Scnla
Gene Expression with the dCas9 Activation System in P19 Cells

(A—C) Schematic representation of the Scnla gene (A) with distal (B)
and proximal (C) promoter regions; the positions of the sgRNAs
selected for this screening are highlighted. (D) Experimental setting for
the sgRNA screening in P19 cells and schematic representation of the
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constructs employed for cell lipofection. One day after plating, P19
cells were lipofected, and the subsequent day, GFP expression was
ascertained. At 3 DIV, the cells were processed for RNA extraction. (E
and F) gRT-PCRs for Scnla mRNA levels performed on RNA
extracted from P19 cells lipofected with dCas9VP160-T2A-GFP
together with sgRNAs targeting the distal (E) or proximal (F) promoter.
Data are normalized on the 18S rRNA and relative to sgCtrl-lipofected
cells. sglp induces significant upregulation of Scnla compared with
sgCtrl (n = 6, p < 0.0001, one-way ANOVA followed by Bonferroni
multiple comparisons test). Data are shown as mean + SEM, with dots

representing individual samples.
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Figure 2. dCas9-VP160/sglP Potentiates Scnla Gene
Transcription in Primary Hippocampal Neurons. (A) Schematic
drawing depicting the experimental setting to deliver the Ctrl- and
Scnla-dCas9A system in primary neurons. Hippocampal neurons
were derived from E17.5 embryos and, the day after plating, were co-
transduced with two distinct lentiviruses (LVs) carrying Efla-dCas9-
VP160- T2A-GFP and pU6-sglP or pU6-sgCtrl guides, respectively.
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(B) Representative image of anti-GFP immunofluorescence at 10 DIV
and quantification of GFP+ transduced neurons over the total cell
number. Scale bar, 50 mm. (C) Representative FACS images of GFP+
neurons transduced with either the sgCtrl- or sg1lP-dCas9 activation
system. (D) qRT-PCR reveals the increased Scnla transcriptional
levels in hippocampal neurons infected with sg1P with respect to sgCtrl
conditions (n =6, p=0.0002, Student’s t test). Data are shown as mean
+ SEM, with dots representing individual samples. (E) Schematic
setting of E17.5 neurons transduced with a LV carrying both the pU6-
SgRNA cassette and dCas9-VP160-T2A-GFP sequence under control
of the EFlalpha core promoter. (F) Anti-GFP immunofluorescence at
10 DIV and relative quantification of transduced GFP+ cells over total,
showing that a single LV reaches a transduction efficiency of 75%.
Scale bar, 50 mm. (G) gRT-PCR for Scnla with primers amplifying the
first (exon A) and second 50 UTR exon (exon B). Data are normalized
on 18S rRNA and expressed as relative to sgCtrl. Exon A, sg1P versus
sgCtrl: p = 0.7353; exon B, sg1P versus sgCtrl: p < 0.0001; Student’s
t test). (H) Left: western blot for Na,1.1 and Calnexin on protein lysates
from Citrl-dCas9A- and Scnla-dCas9A-treated neurons at 10 DIV.
Right: quantification obtained through densitometry and normalized on
Calnexin levels and expressed as Scnla-dCas9A relative to Ctrl-
dCas9A (data are shown as mean = SEM, with dots representing
individual samples); n = 4; sg1P versus sgCtrl: p = 0.03, Student’s t
test.
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Figure 3. Global Gene Expression analysis of Transduced
Neurons Confirms the High Specificity Profile of the Scnla-
dCas9A System. (A) Schematic view of the experimental setting to
perform gene expression profiling of Ctrl-dCas9A- and Scnla-dCas9A-
treated primary neurons. E17.5 embryo-derived neurons were
transduced with single LVs at DIV 1 expressing either the Ctrl-dCas9A

or Scnla-dCas9A elements and processed for RNA extraction 48 h
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later (DIV 3). (B) Volcano plots showing the log10 p value as a function
of log2 fold changes in gene expression in Scnla-dCas9A-treated
neurons with respect to Ctrl-dCas9A. Scnla is shown as a red dot.
Yellow dots represent off-target genes in the left panel and other Scna
genes in the right panel. All other genes are shown as gray dots. (C)
gRT-PCRs for profiling the expression of predicted off-targets (genes
Prp4, BC024978, OIfr919, and PIrgl; left panel) or other Scna genes
(Scn2a, Scn3a, Scnda, Scnba, Scn7a, Scn8a, Scn9a, and Scnlla;
right panel). Plotted values are normalized on 18S rRNA and
expressed as relative to sgCitrl-treated samples (value = 1, data not
shown). n = 6; sglp versus sgCtrl p < 0.0004, Student’s t test. Data are

shown as mean = SEM, with dots representing individual samples.
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Figure 4. Scnla-dCas9A Increases Neuronal Excitability in

Cortical Immature Wild-Type Interneurons. (A) Schematic drawing
showing the timeline of transduction with LVs expressing the dCas9A
systems on primary wild-type GADG67-GFP neurons and their
subsequent functional analysis. (B) Representative images of a patch-

clamp-recorded interneuron expressing both GFP under the GAD67
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promoter and tdTomato, reflecting the active Scnla-dCas9A system.
Scale bar, 25 mm. (C) Representative current-clamp traces of APs
induced by a single current step in dCas9A (black trace, sgCtrl) or
Scnla-dCas9A interneurons (blue trace, sg1P). (D) Firing frequency
versus injected current for Ctrl- and Scnla-dCas9A-transduced
interneurons (Ctrl-dCas9A, n = 11; Scnla-dCas9A n = 15). (E)
Histogram of the maximum frequency reached by interneurons during
the current step protocol (p = 0.03, Mann-Whitney U test). (F)
Experimental design of activity clamp in primary neuronal cultures in
the presence of 4AP (Materials and Methods). (G and H)
Representative full traces (G) and magnified traces (H) for the activity
clamp protocol in Ctrl-dCas9A (black trace, sgCtrl) and Scnla-dCas9A
(blue trace, sglP) interneurons. (I) Activity clamp analysis for the
number of events during the full traces (left) and cumulative plot for AP
frequency (right) (Ctrl, n = 10; Scnla-dCas9A, n = 12; p = 0.0009,
unpaired Student's t test).
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Figure 5. Scnla-dCas9A Stimulates Scnla Basal Expression and
Na,1.1 Protein Levels in Scnla”™ Hippocampal Neurons. (A)
Schematic drawing of the dCas9A treatments in E17.5 Scnla* primary
neurons. Neurons were transduced with either the Ctrl-dCas9A or
Scnla-dCas9A system 1 day after plating and processed for RNA and
protein extraction at 22-25 DIV. (B and C) gRT-PCRs for Scnla
transcriptional levels performed on RNA extracted from CtrldCas9A- or
Scnla-dCasA-treated Scnla**(B) and Scnila*- (C) primary neurons.
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Plotted data are expressed as relative to Ctrl-dCas9A. Scnla**: n =
18, p = 0.068; Scnla*: n = 4, p < 0.0001; Student’s t test. (D) Binary
alignment map (BAM) within the mouse Scnla transcript
(NM_001313997.1). The red box indicates the region amplified and
sequenced with high coverage. Ctrl-dCas9A and Scnla-dCas9A
variant allele frequency (VAF) tracks show the observed VAF. Ctrl-
dCas9A and Scnla-dCas9A read tracks display a sample of about 30
different sequencing reads per sample; nucleotides diverging from the
reference genome are highlighted. (E) Western blot for Na,1.1 and
Calnexin on protein lysates from adult (P45) Scnla** and Scnla*"
mice (left panel) and from Ctrl-dCas9A- and Scnla-dCasA-treated
Scnla** and Scnla* neurons at 22—-25 DIV (center and right panels).
(F) Densitometric quantification of immunoreactive bands in the
western blots of adult mouse brains. Values corresponding to the
Na,1.1 band were normalized to Calnexin levels (n = 3, p = 0.03,
Student’s t test). (G) Densitometric quantification of immunoreactive
bands in the western blots of Scnla** and Scnla® neurons
transduced with Ctrl-and Scnla-dCas9A.Values corresponding to the
Na,1.1 band were normalized to Calnexin levels (n = 4, one-way
ANOVA followed by Turkey’s multiple comparisons test). Data are

shown as mean + SEM, with dots representing individual samples.
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Figure 6. Scnla-dCas9A Rescues Neuronal Excitability Defects in
Cortical Mature Scnila*" Interneurons

(A) Schematic drawing showing the experimental time frame for
lentiviral transductions and functional analysis of Scnla**;GAD67-
GFP+ or Scnla*;GAD67-GFP+ primary hippocampal neurons
transduced with the two depicted lentiviruses. (B) Representative

images of a patch-clamp-recorded Scnla* interneuron expressing
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both GFP under the GAD67 promoter and tdTomato reflecting the
active Scnla-dCas9A system (Materials and Methods). (C and D)
Representative current-clamp traces of APs induced by single current
steps administered to Ctrl-dCas9A-transduced WT interneurons (black
trace, C), Scnla-dCas9A-transduced Scnla™* interneurons (blue
trace, C), Ctrl-dCas9A-transduced Scnla* interneurons (gray trace,
D), and Scnla-dCas9A-transduced Scnla+/ interneurons (cyan trace,
D). (E and F) Firing frequency versus injected current for Ctrl-dCas9A-
transduced (E) and Scnla-dCas9A-transduced (F) Scnla+/+ and
Scnlat/ interneurons. Ctrl-dCas9A wild-type, n = 12; Ctrl-dCas9A
Scnlat/, n = 10; Scnla-dCas9A wild-type, n = 10; Scnla-dCas9A
Scnla+/, n=1 (p < 0.05, 2-way ANOVA). (G and H), Histogram plots
of the maximum frequency (G) and current threshold (H) reached by
interneurons during the current step protocol (p = 0.02, p = 0.04, 2-way
ANOVA/Bonferroni’s multiple comparisons tests). (I and J) Activity
clamp analysis for the number of events during the full traces (1) and
cumulative plot for AP frequency (J) (p = 0.03, 2-way ANOVA/

Bonferroni’s multiple comparisons tests).
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Figure 7. In Vivo Scnla-dCas9A Delivery through
Intracerebroventricular Brain Injections Attenuates Seizures in
the Scnla*~ Mice. (A) Schematic illustration showing the experimental
setting for in vivo delivery of the Scnla-dCas9A system through
intracerebroventricular injections into PO pups of AAVs (2.9) carrying
the Ctrl-dCas9A and Scnla-dCas9A system. After 1 week, treated
mice were genotyped, and then Scnla*  animals then selected for
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implantation of EEG electrodes and analysis of the epileptic
phenotype. Wild-type (WT) litters were processed for molecular (2
weeks) and histological (5 weeks) characterization of in vivo AAV
targeting. Doxycycline (dox) was administered in drinking water or food
until final analysis. (B) Scheme of cerebral cortex dissection in treated
mice for Scnla expression at the mRNA level (Cx1, medial cortex; Cx2,
lateral cortex; R, right; L, left). (C) gRT-PCRs performed on dissected
areas of the brains in Ctrl-dCas9A- and Scnla-dCas9A-treated wild-
type mice (n = 6 for each group, p = 0.042 for Cx1_R, p = 0.03 for
Cx1_L, Student's t test). (D and E) Mean (+ SEM) threshold
temperatures (D) for the occurrence of myoclonic seizures (n = 6 for
each group, p = 0.048, Student’s t test) and severity of the epileptic
seizures, evaluated by a modified Racine score (E) in Ctrl-dCas9A-and
Scnla-dCas9A-treated Scnla+/ mice (n = 6 for each group, p = 0.02,
chi-square test). (F and G) Duration (F) and spike frequency (G) of
temperature-induced seizures in Ctrl-dCas9A-or Scnla-dCas9A-
treated Scnla+/ mice (n = 5 for Ctrl-dCas9A and n = 6 for Scnla-
dCas9A treated mice, p = 0.029 for duration and p = 0.2 for spike
frequency, Student's t test). (H) Representative EEG traces of
hyperthermia-induced seizures in Ctrl-dCas9A-and Scnla-dCas9A-

treated Scnla+/ mice.
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Figure S1 | Bioinformatics analysis of the Scnla gene locus for
promoter regulatory region prediction. Alignment to the Scnla gene
reference sequence of RNA-seq, ChiP-seqs, DNase-seq and CAGE-
seq profiles related to adult mouse brains. The enrichment of markers
associated with transcriptional activation in the regions upstream of the
first two untranslated exons (Exon A and Exon B) of the gene highlights
the presence of two TSS (TSS1 and TSS2) and allows to localize a
distal promoter in the 200 bp upstream of exon-A and a proximal
promoter upstream of the exon-B. POL2, RNA polymerase Il ChlP-seq;
H3K4me3, tri-methylation of lysine 4 on the histone H3 ChlIP-seq;
H3K4mel, mono- methylation of lysine 4 on histone H3 ChlIP-seq;
H3K27ac, acetylation of lysine 27 on histone H3 ChlP-seq; CTCF,
factor that binds the CCCTC; DHS, DNase | Hyper Sensitivity mapping;
CAGE-seq, Cap Analysis of Gene Expression-sequencing
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Figure S2. Related to Figure 1
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Figure S2 | Screening of sgRNAs for Scnla gene activation by
targeting its distal or proximal promoter in association with the
dCas9-VP160-T2A-GFP in different cell types. a, Screening of the
guides lipofected in P19 cells in association with dCas9VP160-T2A-
PuroR. Quantitative RT-PCRs performed on RNA extracted from P19
cells 3 days after lipofection with dCas9VP160-T2A-PuroR and

sgRNAs targeting distal (b) or proximal (c) promoters to evaluate levels
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of Scnla gene transcript. Data are normalized on 18S rRNA and
relative to sgCitrl lipofected cells; n = 6, p = 0.0001, one-way ANOVA
followed by Bonferroni multi comparison tests. d, RTQPCR on RNA
extracted from MEFs infected with sg1P and sg7P in association with
dCas9VP160- T2A-PuroR; n = 4, p = 0.0003, One-way ANOVA
followed by Bonferroni’s multiple comparison tests. Data are shown as

mean £ s.e.m. with dots representing individual samples.
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Figure S3 | The Scnla-dCas9A system accelerates functional
maturation of primary wild-type hippocampal neurons at 9-11 DIV.
Analysis of passive properties, voltage steps and current threshold (a-
d), and single AP shape (e-i) in 9-11 DIV wild-type primary neurons
transduced with either the Ctrl-dCas9A or Scnla-dCas9A system.

Student’s t test was used for statistical analysis.

237



Figure S4. Related to Figure 4
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Figure S4 | Assessing the leakiness of the Scnla gene activation
by the Scnla-dCas9A system. A, lllustration of the dual LV
doxycycline (dox) inducible system set for patch-clamp experiments in
vitro: a first LV carrying dCas9-VP160 regulated by the rtTA responsive
element (TRE) and a second carrying the transactivator rnTA together
with the sgRNA. Dox was administered or not at / DIV IF and RNA

extraction were performed; B, anti-RFP immunofluorescence and
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quantification of tdTomato+ transduced cells over total neurons. C,
Relative RT-gPCR for Scnla performed on RNA extracted from either
Ctrl-dCas9A or Scnla-dCasA in WT neurons at 7 DIV in the absence
or presence of dox. Data are expressed as ratios relative to Ctrl-
dCas9A. D, RT-gPCR for dCas9 (2- DCt) in neurons transduced with
Scnla-dCas9A system in the absence or presence of dox (n=12,
p<0.0001 Student’s t test. E, Histogram plot of maximum firing rate in
Scnla-dCas9A treated wt and Scnla+/- GAD67-GFP neurons relative
to Ctrl-dCas9A in the absence of dox (=7, Student’s t test).
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Figure S5| The Scnla-dCas9 system corrects some functional
impairments in 18-20 DIV primary Scnla* neurons while is not
altering activity in corresponding wild-type neurons. A-H, Analysis
of passive properties, Na* current density and single AP shape in
Scnla** (black dots) and Scnla* (blue dots) primary neurons
transduced with either the Ctrl-dCas9A or the ScnladCas9A system.
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Figure S6 | AAVs packaged with the Scnla-dCas9A system
controlled by the DIx5/6 enhancer direct tdTomato expression
specifically in cortical interneuron subpopulations in vivo. A-A”,
Anti-GFP and anti-RFP dual immunofluorescence in brain sections of
P30 GAD67-GFP mice subjected to intracerebroventricular injections
at PO with AAVs carrying Scnla-dCas9A elements, scale bars 200um.
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B-E, Representative cortical areas of P30 mouse brain sections
transduced at PO with the Scnla- dCas9A elements stained for anti-
PV, -SST, -NPY and -VIP in association with antiRFP to reveal
transduced neurons, scale bars 50 um. F, Quantification of the
percentage of tdTomato+ cells co-expressing each of the interneuron
markers listed above (GAD67-GFP, PV, SST, NPY and VIP) over the
total number of tdTomato+ cells. G, Quantifications of the percentage
of tdTomato+ cells over the total of GAD67-GFP+ cells in various areas
(Cx1, Cx2 and Hip in each brain hemisphere). Data are shown as mean

* s.e.m., with dots representing individual quantifications.

241



A _ *  Senla+; PV-cre; Ai9 pups

o
L ] 1 2 a 4
w 1 i : ; -
) | + dox
AAV29 ICV . patch-clamp
injections genotyping
__——J— —
TRE E—
. dcass-vees [
== SrnTaets; CirbdCasas
Ue sgip/Ctrl mDIxS/6 enh T2A Sen1a+t; CIT-oCasia
F H 180 Seniawt; Sorl a-dCas0A
[ I
- D e | c i
g
@ 140
B Serasts: CutoCassa Senta+-; Cin-0CasdA  Scnias-; Senl a-dCaseA i—
I
a 9%
=
k]
h “| \ 2w
Jlllm‘\-' g
I™™T in o ——— —
mm rrrererrre
Injeciesd cumend (pA)
g poann : = :
wo| 3 . n =
§ = & é o - -
% mol W B - L 1 E =@
3l E g - B ¥
g - L L H
I I P R A1 | : 1| o Al
3 b 5t ot ok ok O
g Pt ot " i N FORCN
o oo ot s et e
Scriasie  Sonlae Scnlavis  Senlass Sonlas's  Scniaw Sonlast+  Senlas- Senlawe  Semila
J L
) pel :" e pesdl. 01
- 0 » a8
- S
(. ; «
o' a ol &
120 -
o al
......... P | B -
I o
e ﬁ_&“w\ &M’F ) “‘ﬁh,.;-"‘i n‘:"._#
4 ™ T o
Bon ) Serlae Benia Bonim Bontawie niae Sonl nia

+-

Figure S7 | Scnla-dCas9A treatment ameliorates firing in Scnla
PV interneurons. A, Schematic illustration showing the experimental
setting for ICV injections of Ctrl and ScnladCas9A with GFP reporter
into Scnla** and Scnla*" ; PV-Cre Ai9 PO pups. Transduced PV
interneurons appear GFP+ and tdTomato+. Dox was administered in
drinking water until the final analysis. B, Representative traces
recorded from GFP+/tdTomato PV+ interneurons in somatosensory
cortex (SSC) (P21-28). C, I/O plot analysis show impaired functionality
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in Scnla* Ctrl-dCas9A compared to Scnla™; Ctrl-dCas9A
interneurons which is recovered in Scnla*:;Scnla-dCas9A PV
interneurons (p=0.003, two-way ANOVA/Bonferroni). D. Maximal
steady state AP frequency and other passive and AP parameters of
Scnla**; Ctrl-dCas9A and Scnla*- ; Ctrl-/ Scnla-dCas9A transduced
PV interneurons (one-way ANOVA/Bonferroni’s multiple comparison

tests).
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Figure S8 | Upregulation of Na,1.1 during early development is
protective against febrile seizures. A. Timeline of the experimental
plan. B. Left. Racine scale scoring following low dose KA injections
every hour over a 3-hour experimental time period with behavioural
scoring every 10 minutes. ** p<0.01, two-way ANOVA, Sham or Ctrl-
dCAS9A vs Scnla-dCAS9A. Right. Box plots of the time taken to reach

grade 5. Middle line represents the median, “+” the mean and the box,
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the 10-90 percentile range. *p<0.05, **p<0.01, one-way ANOVA

followed by Bonferroni multicomparison test.

sglD CGTTTTTGAAACGTTTTGGA AGG
sgdD AGCATGAAAGCTAAATCTCC TGG
sg8D ATAGGTCTCATTTTGTGGGT AGG
sg9D TTGCATGGAAATCATGAACC AGG
sgll1D AAGTATTGGCAGCAGCAAGC AGG
sg8P AATAAGCAAATTTCATTCAT GGG
sg6P ATTGTTACTTTTACAGATTA CGG
sg7P CCCCTTTGCTCTGCCTATCA TGG

| sglP TAAGTCAATAGTTCCATGAT AGG
sg9pP CCCCTTTGCTCTGCCTATCA TGG
sgdP CCATGATAGGCAGAGCAAAG TGG
sglacZ TGCGAATACGCCCACGCGAT

Supplementary Table 1: Sequences of sgRNAs.

244



18s_F GGTGAAATTCTTGGACCGGC
18s R GACTTTGGTTTCCCGGAAGC
Senla F CACCAACGCTTCCCTTGAGG
Senla_R TGGACATTGGCCTGCATCAG
Senla_exA F GGTCCTGGTGGTACAAGCACT
Senla_exA R GAGGCTGCAGGAAGCTGAG
Sen2a_F CCTCAGGAGGTCTATGCCAAA
Senla R GTGTCAGCTGGTTGCGAAAA
Senda_F GCATTGCGTCCACGTAGATAA
Senda_R GOAGCTOGAAGACATGGGTCA
Senda_F AGATCCCGCCTCCTGATTTA
Senda_R ATCATGGGGOTGAGAGGAGT
SenSa F TGGOAGAGGAGACAGTGTGG
SenSa_R CACGOGGGATGATTGGACTTA
SenTa_F CCTTACCAACTTGCCTTGGA
SenTa_R ACCAACCAACCAACCAAACA
Sen8a_F GCTTCTGCCATATCCCTCCA
Sen8a_R GOGCAGCTCCATCTTTCCATC
Sen9a F ATGGAAGATGCCAAGCAGTG
SenYa_R TGOATGTTTTGTGTGGCTCA
Senlba_F TCCCACCATCCTATGACAGC
Senlla_R ACTGAGGTCCAGGGCTCTTC
Senlla F TTCATGGAGGCCAATCCTTT
Senlla R TGACCTGCCTTTCAGCTTCA
Pdedb_F TCAGCCAGGTCTAATCTGCOCA
Prp4_F GGTCCATGGTGACCTTCAAGA
Prpd R ATGTGGACTGTAGGTGGTGC
BC0O2 F AGTGAGTGCAGGGGTCCT
BCO2 R GAAGGATGGTGGTTGGTGGG
Olfr919_F CCTGUATGOGTAGGTGGGGTA
Olfr919_R GCAGGCAAGCTCCATCAATG
Plrgl F AGTTGCTACCGTGAGATGCC
Plrgl R TGOTTCGTCAGTGTCACTCG

Supplementary Table 2: Primers for RT-gPCRs
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Abstract

Brain development is a complex process that requires a series of
precise and coordinated events to take place. When alterations
in some of those events occur, neurodevelopmental disorders
(NDDs) may appear, with their characteristic symptoms,
including cognitive, social motor deficits, and epilepsy. While
pharmacologic treatments have been the only therapeutic
options for many years, more recently the research is turning to
the direct removal of the underlying genetic cause of each
specific NDD. This is possible thanks to the increased knowledge

of genetic basis of those diseases and the enormous advances
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in genome-editing tools. Together with clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas9-based
strategies, there is a great development also of nuclease
defective Cas9 (dCas9) tools that, with an extreme flexibility,
allow the recruitment of specific protein functions to the desired
genomic sites. In this work, we review dCas9-based tools and
discuss all the published applications in the setting of therapeutic
approaches for NDDs at the preclinical level. In particular dCas9-
based therapeutic strategies for Dravet syndrome, transcallosal
dysconnectivity caused by mutations in Cllorf46 gene, and
Fragile X syndrome are presented and discussed. A direct
comparison with other possible therapeutic strategies, such as
classic gene replacement or CRISPR/Cas9-based strategies, is
provided. We also highlight not only those aspects that constitute
a clear advantage compared to previous strategies but also the
main technical hurdles related to their applications that need to

be overcome.

Introduction

The correct functionality of the brain is ensured by the
accomplishment of complex processes occurring in both
embryonic and postnatal life and tightly regulated and
coordinated by transcriptional programs [1, 2]. Those processes,
which in their entirety constitute the brain development, include
proliferation of distinct cell types, differentiation into various fates,

migration to their proper locations, and final maturation with
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integration in local circuits. The final output of these impressive
set of events is the brain acquisition of complex abilities like
language, cognition, and emotion. Alterations or complete
disruptions of those regulated events can ultimately lead to
neurodevelopmental disorders (NDDs) that affect about 3% of
children worldwide [3, 4]. Typical manifestations of NDDs are
impairment in cognition, communication, behavior, and
psychomotor abilities and include autism spectrum disorder,
intellectual disability (ID), attention-deficit hyperactivity disorder,
and epilepsy. From a genetic perspective, mutations in genes
involved in very different developmental pathways are
associated with NDDs, including transcriptional and epigenetic
regulation, synaptic signaling and neuronal excitability, the
signaling of growth factors, and aminoacid and protein synthesis
[5, 6], evidencing a heterogeneous origin of these disorders.
Different types of mutations can occur; not only chromosomal
rearrangements, copy number variations, indels, and point
mutations but also polygenic origin has been described for some
of them [7]. The effect of those mutations may be a “gain of
function” (GoF) that is characterized by an increased activity of
the mutated gene product not necessarily carrying a dominant-
negative effect, or a “loss of function” (LoF) effect, with a
reduction of a cellular function. For a long time, the only
therapeutic option for those disorders has been pharmacological
treatments; for GoF mutations, they aim to neutralize the mutated
protein and/or block its downstream deleterious effects, while in

LoF mutations, they try to stimulate the protein function or inhibit
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the opposite function. In recent years, the effort to define new
therapeutic options is shifting toward the reduction of side effects
with more specific disease-targeting treatment, that is, precision
medicine [8]. This was possible thanks to a deeper
understanding of genetic basis of the disease and also to the
dramatic advances in DNA manipulation and editing tools.
Classic gene therapy approaches based on gene replacement in
cells lacking that specific gene function are the most suitable
option for those disorders caused by LoF gene mutations.
Nevertheless, it cannot be applied when the coding sequence of
the gene exceeds the cargo capacity of currently used viral
vectors for gene therapy in the central nervous system (CNS) or
when the expression levels of the specific gene need to be
carefully dosed as its overexpression may be detrimental [9, 10].
Furthermore, gene replacement is not an option in the case of
GoF mutations, where instead strategies to reduce the
expression of mutant target genes, such as antisense
oligonucleotides or RNA interference, have been applied [11,
12]. The recent advent of clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9 technology [13, 14] has
revolutionized functional investigations of gene expression
together with the optimization of gene therapy approaches [15].
In comparison to previous gene-editing tools (TALEN and zinc
finger proteins), the simplicity of CRISPR/Cas9 tool manipulation
has allowed its widespread usage in laboratories with minimal
requirement of molecular biology skills and has pushed an

enormous development and application of this technique. Cas9
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can be employed to specifically inactivate alleles carrying GoF
mutations by insertion of indels at sites where it is recruited by
SgRNA to make double-stranded breaks (DSBs; [16—19]) or to
directly correct gene mutations in both GoF and LoF mutations
upon homology direct recombination (HDR) at DSB sites when a
donor DNA is provided [20]. HDR works with high efficiency in
dividing cells [21] but not in postmitotic cells like mature neurons.
In this case, homology-independent targeted integration has
been recently described as a promising option for gene targeting
[22], although efficiency is still low to ensure widespread gene
correction. Moreover, a major concern for the employment of
Cas9-based technologies is that off-target editing may occur [23,
24] and may cause permanent DNA alterations with eventual
disruption of gene function. Another possibility in the
development of new treatments is in regard to the usage of
nuclease defective Cas9 (dCas9), which can become an adaptor
to which a variety of effector domains can be attached to address
functions in the desired genomic site. In particular, it can be
employed to enhance or repress transcription, making it suitable
for GoF and LoF mutations, with a reduced risk of off-target
compared to Cas9. dCas?9 itself can bind target genomic DNA
sequences, creating steric hindrance that prevents the activity of
other DNA-binding proteins such as endogenous transcription
factors and RNA polymerase Il and therefore interfering with
gene expression (CRISPR interference) [25]. The fusion of
dCas9 to a strong repressor complex such as Kruppel-

associated Box results in a stronger and more specific gene
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repression [26]. Similarly, specific induction of gene expression
has been achieved by fusing dCas9 to transcriptional activators
in the activatory CRISPR (CRISPRa) [27-30]. dCas9 can also be
exploited to recruit various epigenetic writers and erasers to a
specific locus. Indeed, dCas9 has been fused to different
epigenetic factors, such as the catalytic domain of eukaryotic
DNA methyl transferase 3A (DNMT3A) [31-35] and ten-eleven
translocation (TET) proteins to methylate and de-methylate DNA
[36, 37]. dCas9 fusion to histone modifiers, like histone
demethylase LSD1, that removes the active enhancer marker
H3K4me2 mark [38], and histone acetyl transferase P300 [39]
result in the reduction and increase of enhancer activity,
respectively. dCas9-SunTag is a scaffold protein made of a
repeated peptide array, which can recruit multiple copies (up to
24) of a desired regulatory protein to a genomic site, thanks to
the fusion of the specific effector protein to an antibody with high
affinity to that peptide array [40]. Finally, dCas9 fusion to an
engineered reverse transcriptase makes it possible to rewrite
new genetic information into a specified DNA site; in this case,
the prime editing exploits a guide RNA (prime editing guide RNA)
that both addresses the dCas9 to the specific target genomic
region and encodes the edit to be introduced at the same time
[41]. All these tools represent a gold mine in which many
laboratories have dived to make the most of them. In the present
work, we aimed to review all the therapeutic approaches
selectively targeting NDDs based on CRISPR/ dCas9 that are
being developed at the preclinical level (Table 1), highlighting
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those aspects that could give them an advantage compared to
previous strategies and main limitations. CRISPR/dCas9-Based
Applications in Models of NDDs CRISPRa has been recently
exploited to recover the haploinsufficiency of Scnla gene [42,
43], a gene encoding for the alpha subunit of voltage-gated
sodium channel Navl.1. LoF mutations in SCN1A determine a
spectrum of disorders with different phenotypic severity, ranging
from febrile seizures plus to generalized epilepsy with febrile
seizures plus and Dravet syndrome (DS), a severe infantile
epilepsy that begins during the first year of life and leads to
severe motor, cognitive, and social interaction deficits [44]. A
strong contribution of the genetic background on the phenotypic
manifestations of the same mutation has been reported [45, 46].
Navl.1l is enriched at the axonal initial segment of GABAergic
interneurons — although more and more evidences regarding its
expression in glutamatergic neurons are emerging [47, 48] —
where it plays a critical role in AP generation. As a consequence,
Scnla LoF mutations imply decreased excitability of inhibitory
neurons, which appears to be the underlying cause of intractable
epilepsy [49]. Different animal models of DS that well recapitulate
both the epileptic phenotype and behavioral alterations are
available [50, 51]. DS is the ideal candidate for the application of
a gene therapy based on CRISPRa either because the
underlying genetic mechanism is gene haploinsufficiency or
because the coding sequence of Scnla gene, which is longer
than 6 kb, cannot be accommodated in adeno-associated viral

vectors (AAVs), commonly employed for gene delivery in the

252



CNS. With these premises, increasing the expression of the
healthy copy of Scnla looks like a promising approach, and other
strategies based on the same rationale have been developed
[52, 53]. The two studies [42, 43] start with a screening of
sgRNAs targeting Scnla distal and proximal promoters in a cell
line in vitro. Several sgRNAs were tested for their ability to
increase basal levels of Scnla in those cells in association with
dCas9 fused to different transcriptional activators, specifically
VP160 [42] and VP64-p65-Rta (VPR) [43]. Surprisingly, they
came to different conclusions, as one laboratory defined
efficacious sgRNAs targeting the distal promoter [43], while the
other a unique upregulating sgRNA targeting Scnla proximal
promoter [42]. Interestingly, this latter Scnla promoter (1b) has
been recently described as a critical disease-relevant regulatory
element. In fact, its ablation in a mouse model is sufficient to
induce Dravet phenotype [54], suggesting that this region, before
considered as a redundant promoter, can have instead a pivotal
regulatory function for Scnla gene. Colasante and colleagues
[42] performed a complete characterization of the effect of
CRISPRa in primary neurons in vitro before moving to test its
effect in vivo, showing that the selected sgRNA was able to
upregulate specifically Scnla gene without any relevant effect on
predicted off-target genes. The Scnla-dCas9A treatment can
increase Nav1.1 protein level in Dravet primary neurons, and it is
sufficient to induce a recovery of Dravet GAD67 + GABAergic
interneuron firing rates [42]. Both studies also provide a proof of

principle of their efficacy in vivo. The first study proposes an
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approach based on the intracerebroventricular delivery in
perinatal Dravet mice pups of Scnla-dCas9A tool by a dual AAV
system (as also activatory dCas9 is a large protein) [42].
Yamagata and colleagues [43] crossed Dravet mice with
dCas9VPR mice, while sgRNAs were delivered by systemic
injection of PhPeB.AAV [55] in juvenile mice at 4 weeks of age.
Interestingly, taking into account that Navl.1 is expressed also in
pyramidal neurons where its overexpression may be detrimental
[47], both strategies restricted Scnla gene upregulation to
GABAergic inhibitory interneurons either by the choice of
mDIx5/6 enhancer [56] to drive the dCas9 expression cassette
[42] or by using a further genetic crossing to express dCas9VPR
only in vesicular GABA aminoacid transporter neurons [43]. In

+/-

both studies, Scnla-dCas9A treatment of Scnla™ mice could
ameliorate febrile seizures, increasing the temperature threshold
for seizure induction [42, 43]. Yamagata and colleagues [43]
expanded their in vivo analysis, showing a modest effect on non-
epileptic alterations. Ultimately, both studies, each with their
specific limitations — delivery in pups or poor phenotypic
amelioration — do not answer the open question of symptomatic
reversibility in DS. In fact, in one study Scnla-dCas9A is
conceived as a preventive treatment (perinatally in pups), while
in the other it is delivered in 4-week-old mice, but poor effect on
phenotypic manifestations was observed. Therefore, they leave
still open the possibility that increasing Scnla gene is not
efficacious in treating the pathology in the chronic phase of the

disease [57], when normalization of interneuron activity occurs
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[58] but seizures are still present. An evolution of dCas9-SunTag
[40] has been recently exploited to set a treatment in
transcallosal dysconnectivity caused by mutations in Cllorf46
gene [59]. As described above, the main advantage of the
dCas9-SunTag is its ability to recruit multiple copies of the protein
of interest onto a single sgRNA-target sequence, providing a
stronger effect in comparison to “1:1” systems (one
transcriptional regulator for each dCas9 molecule). Disrupted
interhemispheric communication due to defects in the corpus
callosum is the cause of some NDDs manifesting with ID, autism
spectrum disorder, and schizophrenia [60—-62]. Point mutation
genes encoding for signaling molecules encoding regulators of
neurite outgrowth and axon guidance, such as the Roundabout
guidance receptor 1 (ROBO1) and the L1 cell adhesion molecule
(L1CAM), have already been described as the cause of callosal
connectivity [63, 64]. Peter and colleagues [59] first reported that
the haploinsufficiency of the small nuclear protein C11orf46/ADP
ribosylation factor like GTPase 14 effector protein (ARL14EP),
encoded in the chr. 11p13 Wilms tumor, aniridia, genitourinary
abnormalities, and ID risk locus, causes callosal hypoplasia in
patients. In rodents, Cllorf46 is primarily expressed in
postmitotic and post-migratory glutamatergic cortical neurons,
and its silencing in mouse embryonic brain development impairs
the projection formation in cortical neurons and transcallosal
connectivity [59]. Interestingly, they identified C11orf46 as a key
binding partner of the repressor complex SET domain bifurcated
histone lysine methyltransferase 1 (SETDB1)/KMT1E (SETDB2/
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KMT1F) MBD-containing-associated factor histone lysine 9 (K9)
methyltransferase (KMT-RC). Accordingly, RNA-seq data
showed that the expression of some genes relevant for axon
guidance, like Semaphorin 6a (Sema6a), was increased upon
Cllorf46 knockdown, supporting the pivotal role of this protein
in the repressor complex KMT-RC [59]. Given this, C110rf46’s
affinity to the KMT-RC complex was then exploited to alter
neuronal gene expression via a chromatin-associated
mechanism. The dCas9-SunTag protein scaffold system was
chosen to load 10 copies of C1lorf46 and recruit KMT-RC on
Semaba gene locus and repress its expression. The modular
dCas9-SunTag has been previously shown to be able to recruit
multiple DNMT3A catalytic domains to a target site for editing
DNA methylation in a way that is more tunable, specific (strong
decrease of off-target methylation), and more efficient in
providing DNA methylation at target sites than the direct fusion
of dCas9 to DNMT3A [65]. Strikingly, this dCas9-SunTag-
Cllorf46 targeting the Sema6a promoter, when expressed
during mouse brain development, rescued impaired midline
crossing of callosal projections and axonal arborization deficit
normally encountered upon C11orf46 knockdown [59]. While this
study has the value to pose the basis for recruiting any protein
function in a specific locus and setting future chromatin-based
therapies to correct developmental alterations in the brain’s
connectome, the direct advantages of using an epigenomic
approach instead of a classic gene therapy based on the re-

expression of C1lorf46 is not clearly highlighted. In fact, gene
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replacement of C11orf46 would have been able to restore the
normal expression for all the C11orf46/KMT-RC direct target
genes, although probably with less efficiency. More
straightforward is the application of a dCas9- based epigenetic
approach to treat the fragile X chromosome syndrome (FXS).
FXS is an X-linked NDD and produces a complex disorder with a
range of neurological and psychiatric problems, including in most
cases autistic features with intellectual, cognitive, and social
alterations [66-69]. The underlying cause is the loss of
expression of the fragile X mental retardation protein (FMRP)
encoded by the FMR1 gene during neurodevelopment [70-72].
FMR1 gene silencing is caused by hypermethylation of its
promoter [73], due to a CGG trinucleotide repeat expansion
mutation at the 5" UTR of FMR1, which in healthy individuals is
made approximately of 6—44 repeats, whereas FXS patients
show more than 200 repeats [74, 75]. FMRP is an RNA-binding
protein in neurons that controls protein synthesis at developing
synapses and has a key role in the maintenance of synaptic
plasticity [68, 76, 77]. Interestingly, when knock-in mice carrying
different lengths of CGG repeat expansions (even >300) were
generated, no increased methylation of the Fmrl gene was
found, and these mice displayed increased mRNA level but
decreased Fmrp protein with a phenotype that is accordingly
more similar to fragile X premutation carriers (with expansion The
first attempts of epigenetic editing were done with non-specific
demethylating agents [80-83], but these drugs are usually too

toxic to be employed as a therapy in FXS patients, as they are
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not specific at all and demethylation is a universal method of
regulating gene expression. Recently, Dr. Rudolf Jaenisch lab
demonstrated that the recruitment of dCas9-TET fusions to CGG
repeats caused robust loss of methylation at the FMR1 promoter
in human cells, associated with almost complete restoration of
FMRP protein expression [84]. Demethylation of the CGG
expansion increased histone H3 lysine 27 (H3K27) acetylation
and H3K4 trimethylation, and decreased H3K9 trimethylation at
the FMR1 promoter region, which finally induced FMR1 gene
reactivation. RNA sequencing and whole-genome bisulfite
sequencing (to measure DNA methylation changes)
demonstrated that transcriptional and epigenetic effects were
highly specific to the targeted FMR1 locus. Interestingly, FMR1
expression and demethylation of its promoter were maintained,
at least for 2 weeks, in the presence of AcrllA4, an inhibitor of
Cas9/dCas9 [85]. Epigenetic editing was maintained also in
IPSC-derived neurons in which the increased firing rate was
rescued [84]. Also, neurons transplanted in mouse brains
maintained FMR1 reactivation up to 3 months [84]. When the
demethylation of the FMR1 promoter was performed directly in
IPSC-derived neurons, the reactivation of the FMR1 gene was
less robust than that seen in iPSCs [84], probably because DNA
demethylation mechanisms are less efficient in postmitotic cells
[86, 87]. Despite the lack of a murine model to directly test the
dCas9- TET efficacy on demethylating FMR1 locus in vivo, this
analysis on the stability of demethylation on transplanted

neurons is promising for a long-term effect of the treatment.
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Finally, in comparison to the classic CRISPR/Cas9- editing
system that had been successfully exploited to eliminate or
shorten the CGG repeats in hiPSCs carrying FXS expansion [88,
89], the epigenetic strategy has some advantages that will be
highlighted in the next section. CRISPR/dCas9 Approaches:
Advantages and Limitations The extensive usage of
CRISPR/dCas9 tools attests their attractivity and their potential
for the treatment of NDDs. Indeed, they present some
indisputable advantages in comparison to previously available
therapeutic strategies. First, in comparison to classic gene
replacement, CRISPRa/dCas9 tools can boost gene expression,
acting directly on endogenous genes, without any limitation of
gene size. In addition, as they allow the expression of the
complete mRNA of the target gene, its physiological splicing
dynamics remain unaltered. Also, the 3'UTR of the target genes,
which has a well-established role in the nuclear export,
subcellular targeting, and rates of translation and degradation of
MRNA [90, 91], is maintained. This aspect is particularly relevant
when significant alterations of gene dosage may be detrimental,
such as for Mecp2 gene [92, 93]. In comparison to nucleasic
CRISPR/Cas9, the dCas9 has the advantage of being able to
modulate gene expression by non-permanent changes in the
genome, making them more suitable in a translational
perspective. Moreover, the effect of eventual off-target genes is
potentially less dangerous with respect to DSBs that might occur
at Cas9 off-target sites. This is particularly meaningful in light of

recent evidence indicating that AAVs — carrying, for example,
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Cas9 or donors for HDR — can integrate with a relatively high
frequency into Cas9-generated DSB sites [94—-96]. On the other
hand, nucleasic Cas9-based systems induce permanent
modification in the genome, implying that its restricted
expression in a short time window is sufficient to induce the
desired editing. Conversely, CRISPRa/dCas9 tools rely on the
continuous expression of dCas9 in the cells, increasing the risk
of neuronal toxicity [43] and of the potential immunogenic
response to the Cas9 bacterial protein [97]. Epigenetic changes
induced by dCas9 seem to be maintained also in the presence
of Cas9 inhibitor [84], suggesting that constitutive presence of
dCas9 may not be required. However, most of the studies lack a
long-term effect of CRISPR/dCas9 epigenetic hit and the real
maintenance of the epigenetic mark should be tested in each
single case. A major technical hurdle related to in vivo application
of CRISPR/dCas9-based tools for the treatment of NDDs is the
delivery in the CNS. In fact, packaging in AAVs Streptococcus
pyogenes SpdCas9 with its extra fused protein functions together
with the sgRNA cassette is a real challenge, and there is no room
to introduce any additional regulatory elements, such as
neuronal subtype-specific promoters. The identification of the
shorter ortholog derived from Staphylococcus aureus (SaCas9,
1,053 amino acids) [98] has only partially solved the AAV cargo
Issue. For this reason, many in vivo applications are still based
on dual AAV systems, in which each of the two AAVs carries
some of the elements that need to be delivered [42] or carries a

“split dCas9” system based on an intein protein that can mediate
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dCas9 trans-splicing [99, 100]. In both cases, cell co-
transduction with the two AAVs is needed to achieve the
CRISPR/dCas9 therapeutic effect, a requirement that decreases
the efficiency of the treatment. In conclusion, while numerous
hurdles still exist for the delivery of CRISPR tools to the CNS,
there are more and more preclinical studies for NDDs that offer
the hope that transcriptional CRISPR/dCas9 modulation or
epigenetic editing could be used in human diseases that affect
brain function in the next future. In the process of development
of those therapies, the acquisition of more knowledge regarding
the basic biology of the pathologies would be of help.
Understanding if a specific NDD can be reverted after symptom
onset, defining the ideal therapeutic window, and identifying the
minimal region of the brain or the minimal number of
cells/neuronal subtype to be corrected to achieve a significant
phenotypic amelioration would produce an acceleration of

therapeutic translation of those approaches.
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Disease

dCas9
effector
domain

Delivery

Outcomes

Ref.

Drawvet
syndrome

VP160

Intracerebrovent
ricular dual
ALND Injection

Endogenous Scnia
gene upregulation
rescues excitability in
Scnta¥— mutant
cortical interneurons
in witro and improves
febrile selzures
phenotype in wvivo in
Scnia*- mice

[42]

VPE4-p65-Rta
(WVPR)

Intravenous
PhPeB A&V
injection

Endogenocus Scnia
gene upregulation
ameliorates febrile
selzures and
improves behavioral
impairments in
floxed-dCas9-
WPRVFRH Vgat-
Cretes {Scnifa®~
triple mutant mice

[43]

Transcallosal
dysconnectivity

SunTag-
C11orf46

In utero
electroporation

Repression of
Semaba gene
expression rescues
impaired midline
crossing of callosal
projections and
axonal arborization
deficit in_vivo

[=91]

Fragile X
syndrome

TETH

Lentiviral
transduction #ir
wvitro

Demethylation of
CGGE expansion  in
FIMRA promoter
region restores
FldRT expression in
Fragile X syndrome
patient derived
IPSCs and induced
neurons

[84]

Table 1. dCas9-based therapeutic approaches to treat NDDs
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CHAPTER 5
SUMMARY, CONCLUSIONS AND FUTURE
PERSPECTIVES

Dravet syndrome (DS) is a catastrophic developmental and
epileptic encephalopathy characterized by severe, pharmaco-
resistant seizures and the highest risk of Sudden Unexpected
Death in Epilepsy (SUDEP) of all epilepsy syndromes. To date,
no cure is effective in controlling seizures. About 80% of the
patients present heterozygous loss-of-function mutations in the
SCN1A gene, indicating that a haploinsufficient mechanism
underlies the onset of the pathology (Catterall, Kalume, and
Oakley 2010; Escayg and Goldin 2010). This gene encodes for
the voltage-gated sodium channel alpha-subunit Navl1.1,
essential to initiate action potentials (APs) in GABAergic
interneurons (GINs) (Ogiwara et al. 2007). The analysis of
different animal models pointed out that seizure development is
due to a reduction of excitability of GINs, particularly of
parvalbumin (PV), somatostatin (SST), and vasoactive intestinal
peptide (VIP) subtypes (Yu et al. 2006; Ogiwara et al. 2007; Tai
et al. 2014; Goff and Goldberg 2019), ultimately resulting in an
over-excitation of neuronal network. However, other works also
reported hyperexcitability in excitatory neurons (ExNs) during all
stages of the pathology or only in the pre-epileptic stage,
suggesting the involvement of this neuronal subtype in Dravet

pathogenesis (Mistry et al. 2014; Almog et al. 2021).
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Heterozygous loss-of-function mutations result from quantitative
reduction of gene expression to 50% of normal levels. For this
reason, we decided to employ a new strategy based on the
activatory CRISPR-dCas9 to specifically raise the Nav1.1 protein
levels by stimulating the transcription of the Scnla geneinaDS
mouse model (Colasante et al. 2019) (Chapter 3). We identified
a specific sgRNA, sglp, which aligns in the proximal promoter of
this gene, that together with dCas9 fused to VP160
transcriptional activator, increases Scnla gene expression levels
in cell lines and WT primary neurons. Also, we demonstrated that
the activatory dCas9 system was able to induce upregulation of
Navl.1 protein in DS primary neuronal culture, leading them to
express comparable Navl.1 levels to WT neurons. Then, we
performed functional characterization of DS dCas9-treated GINs
revealing a rescue in their ability to fire APs. Furthermore, by
packaging Scnla-dCas9 system into an AAV vector, we showed
the therapeutical relevance of this tool by injecting DS pups,
reporting a rescue of adult PV+ interneurons functionality,

together with attenuation of febrile seizures.

Considering these promising data, we aimed to move this
approach closer to translation and to test the efficacy of the
activatory CRISPR-dCas9 system in a human setting. For this
reason, firstly, we worked to establish a proper DS human model.
We optimized a neuronal differentiation protocol already
published (Meganathan et al. 2017), which allows to generate
human neuronal cultures enriched in GINs from iPSCs, to make

it more reproducible in our hands. Then, we generated induced

279



pluripotent stem cells (iPSCs) from fibroblasts of two DS patients
carrying different point mutations on SCN1A gene. We used the
CRISPR-Cas9 gene editing tool to isolate isogenic clones, to
avoid the necessity to use different control cell lines, introducing

variability associated to the genetic background.

By generating GINs from our iPSC lines, we only highlihted a
trend of hypoexcitable state in DS neurons compared to controls,
derived from the analysis of the mean of maximal APs. While, by
generating cortical excitatory neurons (ExNs), only patient 1
neurons displayed an hyperexcitable phenotype compared to its
control, while no alteration was detected from functional analysis

of ExNs derived from patient 2.

Then, considering that Nav1.1 is normally expressed in a post-
natal stage during development (Trimmer and Rhodes 2004;
Wang et al. 2011; Cheah et al. 2013), we assumed that the mild
phenotype we revealed could derive from an inappropriate
maturation state of our neurons. Indeed, even if we reported
sufficient levels of SCN1A mRNA, we could never reveal a
Navl.1 band by western blot. Trying to ameliorate this condition,
we explored the possibility to test two different states of neuronal
maturation. First, we introduced in our differentiation protocol the
usage of a specific medium (BrainPhys medium) which can help
neuronal activity, also inducing maturation. Second, we set the
basis to explore the functionality of transplanted GINs into mouse
brain. Several works reported that human neurons when

transplanted into mouse brain could join to mouse circuits,
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showing to receive from mouse neurons and generate excitatory
and inhibitory currents (Zhang et al. 2013; Cunningham et al.
2014; Qi et al. 2017; Meganathan et al. 2017), also displaying an
advanced state of spine maturation, compared to neurons growth
in vitro in 2D condition, that is an index of improved maturation
(Linaro et al. 2019). For this reason, to verify if transplanted
neurons could display an amelioration in the maturation state,
taking advantage from the mouse brain environment with all its
stimuli, we performed the first experiments of transplantation of
our VNPCs, transduced with LV GABAergic reporter, in
immunodeficient mouse brains. Both strategies lead to
interesting data. By introducing BrainPhys medium in our
protocol to generate GINs we could reveal in patient 1 derived
neurons a significant decrease in the mean of maximal APs,
denoting a hypoexcitability state. By injecting VNPCs in the
hippocampus of P30 immunodeficient mice, we could see that,
after 5 months from the injection, time required to verify neuronal
migration and integration in mouse cortex (Cunningham et al.
2014), human cells didn’t lose their neuronal fate maintaining
NEUN expression, differentiated into GINs also in vivo, and a part
of them, ~25%, migrated towards mouse cortex. Further
experiments will focus on the functional analysis of these
migrated cells, to verify if this condition could help us in selecting
a group of neurons which could display an advanced state of

maturation compared to neurons growth in vitro.

Concurrently, to explore the potential role of the activatory

CRISPR-dCas9 system in a human context, we started
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performing an SgRNAs screening, targeting three different
regions upstream SCN1A gene (A, B and C) very close to the the
TSS, in SH-SY5Y cell line. We identified specific sgRNAs
targeting region A and B able to boost SCN1A gene expression.
Interestingly, we confirmed their efficiency also in human
neurons, obtaining important functional results. Indeed, by patch
clamp, we revealed a significant increase in the amount of Na*
currents in dCas9-treated neurons compared to controls. These
experiments constitute the proof of principle indicating that this
approach can also be employed in DS patients carrying loss-of-
function mutations on SCN1A gene. Considering that
neurodegeneration was never reported in DS patients (Catarino
et al. 2011), dysfunctional interneurons can potentially recover
their activity whenever the right amount of wild-type Navl.1
channel will be available. Some DS pathological defects could be

reverted.

However, to demonstrate the true efficiency of this tool, some
improvements must be done in the setting of the human model.
For this reason, we will perform some experiments to verify if the
amelioration in the maturation state of our neuronal cultures due
tothe strategies mentioned before could be appropriated. We will
characterize the functional properties of transplanted neurons
and in all the in vitro experiments we will analyze Navl.1 protein
levels as marker of maturatio, to verify if treatment with
BrainPhys medium could enhance maturation and Nay1.1 protein
synthesis. At the same time, we will continue to perform

functional assays in order to increase the number of cells studied,
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trying to establish all the alterations carried by patients’ derived
neurons compared to their controls. In this setting, activatory
CRISPR-dCas9 will be introduced to verify its real role as
potential cure in reverting DS phenotype. These experiments
could also introduce different therapeutical approaches working
in a similar way, upregulating SCN1A wild type allele of patients
to ameliorate their conditions. Also, a proper DS human model
could be used to test all therapeutical strategies that reported

interesting results in vivo in mouse models.
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