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Abstract

Identifying the optimal treatment based on specific aetiology of each patient is the main promise of precision medicine. In

order to realize this promise researches and physicians must first identify the underlying cause; over the last 10 years, advances

in genetics have made this possible for several monogenic epilepsies. At present through next generation techniques we can

reach the precise genetic aetiology in 30 to 50% of genetic epilepsies beginning in the paediatric age. While committed in

such gene hunting, progresses in the study of experimental models of epilepsy have also provided a better understanding of the

mechanisms underlying the condition. Such impressive advances is already being translated into improving care, management

and treatment of some patients. Identification of a precise genetic etiology can already direct physicians to prescribe treatments

correcting specific metabolic defects avoid antiseizure medicines that can aggravate the pathogenic defect or select the drug that

counteract the functional disturbance caused by the gene mutation. Personalized, tailored treatments should not just focus on

how to stop seizures but possibly preventing their onset and cure the disorder often consisting of epilepsy and its comorbidities

including cognitive, motor and behavior deficiencies. This review discusses the therapeutic implications following a specific

genetic diagnosis and the correlation between genetic findings, pathophysiological mechanism and tailored seizure treatment

emphasizing the impact on current clinical practice.

Introduction

Seizures are often the presenting and distressing symptom of epilepsies and syndromes including the fearsome
developmental epileptic encephalopathies (DEE) (Scheffer et al 2017). Seizures are frequently the clinical
sign that brings children to medical attention thus, the whole community of parents, professionals and
scientists has always focused on how to stop seizures. Accordingly, studies on outcomes have also paid much
attention on the treatment of seizures. Evidences from clinical practice and from animal models certainly
vouch for a better developmental outcome when seizures are short, infrequent and possibly completely
under control (Ragona et al 2011; Caraballo et al 2014; Meldrum, Horton 1973; Trinka et al 2015). Yet,
epilepsy represents only a clinical manifestation that is often observed as part of complex neurodevelopmental
disorders, including intellectual disability and autism. Thus, seizures are not the end of the story and
comorbidities including motor, cognitive and behavioural impairments are equally relevant persisting beside
and beyond seizures. In the ideal situation, a treating physician should aim to cure the whole diseases
rather than some of the symptoms. Side effects produced by available antiseizure medications (ASM) add
to the complexity of epilepsies and syndromes. In this complex scenario, the underlying aetiology certainly
plays a leading role. The application of new methodologies including next generation sequencing (NGS),
whole exome and genome sequencing (WES/WGS) has deeply transformed our understanding of the basis
and pathophysiology of some epilepsies (Mei et al 2017, Dunn et al. 2018; Nabbout, Kuchenbuch 2020).
We now know that the majority of epilepsies, especially those with infantile onset, have a genetic origin
and hundreds of monogenic forms have been identified and dissected (Parrini et al 2017; Hebbar, Mefford
2020; Stödberg et al 2020; Symonds, McTague 2020). Ion channel gene including sodium, potassium and
calcium represent the gene family most frequently associated to epilepsy (Parrini et al 2017; Stödberg et al
2020). Other genes have gradually emerged and have been associated with complex developmental disorders
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. featuring seizures and revealing the pathogenic role of mutations affecting diverse pathways contributing
to membrane excitability, synaptic plasticity, presynaptic neurotransmitter release, postsynaptic receptors,
transporters, cell metabolism. Additional genes have relevant roles in many formative steps in early brain
development, such as the proliferation and migration of neuronal precursors, dendritogenesis, synaptogenesis,
cell and glial biology (Guerrini R, Noebels 2014; Szepetowski P. 2018)

Such impressive advances in knowledge has paved the way for a shift in the therapeutic management of
patients from a population approach, based on epilepsy types and syndromes to, an individualized approach,
where treatments could be targeted to genetically defined subgroups of individuals. The ideal individualized
approach, in addition to the epilepsy type or syndrome, should take into consideration a combination of
characteristics specific to the individual patient including age, race, sex and physiological parameters. This
shift towards precision, or personalized, medicine will improve outcome and enable physicians to treat patients
in a more targeted manner.

In the last few years, the scientific community, possibly sensitized by familial associations of rare disorders,
realized that is was time to move beyond gene hunting and step into the individualized and aetiology-based
cure (Josephson, Wiebe 2021; Nabbout, Kuchenbuch 2020; Thakran et al 2020). Thus, the gap between gene
hunting and etiology-based personalized treatment is diminishing by the hour and the examples of applied
precision medicine is growing. Identification of a precise genetic etiology can already direct physicians to
prescribe treatments correcting specific metabolic defects avoid ASM drugs that can aggravate the pathogenic
defect or select ASM that counteract the functional disturbance caused by the gene mutation.

In the rush for development of therapeutics for rare diseases, the Food and Drug Administration (FDA) issued
some guidance to industry (references 17 to 19). Such guidelines emphasise the importance of having a well-
delineated natural history, identifying relevant clinical outcomes, and identifying or developing appropriate
outcome assessments. Translation of genetic causes into new or more targeted treatments depends on effective
model systems that illuminate the underlying biology and contribute to the development of new drug-
screening protocols.

The present review, focuses mainly on paediatric-onset epilepsies, where the identification of multiple ae-
tiologies and the potential for early intervention provides the ideal environment for the implementation of
a preventive precision medicine approach. We will discuss the therapeutic implications following a specific
genetic diagnosis and the correlation between genetic findings, pathophysiological mechanism and tailored
seizure treatment.

For academic purposes, current evidences have been divided into four subtypes according to the impact of
such knowledge on real patient’s treatment:

1. Clinical-based evidence of known ASM affecting seizure frequency either worsening or
improving seizure frequency

2. Precision medicine: novel treatment strategies developed from pathophysiological know-
ledge

3. Precision medicine: aetiology-based preventive treatments and in progress treatments

Clinical-based evidence of known ASM modifying - either worsening or improving - seizure
frequency

One of the first and best example of how the identification of the underling genetic aetiology guides treatment
is that of Dravet Syndrome (DS) the most renowned and studied developmental and epileptic encephalo-
pathy (DEE) (Mei et al 2019). Well before the genetic cause was identified, some clinical reports indicated
that sodium channel blockers including lamotrigine (LTG) and carbamazepine (CBZ) should be avoided in
patients with DS since they have the potential to determine an increase in seizure frequency evolving to
status epilepticus in some patients (Guerrini et al, 1998; de Lange et al 2018). Following the discovery that
DS is associated to mutations of the alpha1 subunit of the sodium channel (SCN1A) possibly causing loss
of channel function, the clinical evidence that the administration of sodium channel blockers made seizure
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. worse was partly explained (Claes et al 2001; Mantegazza, Marini 2010; Mei et al 2019). Although complete
seizure control is rarely attainable, clinical studies have shown that the combination of valproic acid (VPA),
clobazam (CLB) and stiripentol (STP) is the most effective in preventing seizures especially avoiding the
evolution into status epilepticus, frequently observed in infants with DS (Ceulemans et al 2004; Wirrel et al
2018, Wirrel and Nabbout 2019). STP was associated with a greater than 50% reduction in convulsive seizure
frequency in 71% of cases, when added to VPA and CLB and markedly reduced status epilepticus (Chiron
et al 2000). STP has multiple mechanisms of action including increasing peak concentration and duration
of action of CLB and a direct anti-convulsing activity likely due to enhancement of inhibitory, GABAergic
neurotransmission (Fisher 2011).These agents are generally well tolerated, with few patients discontinuing
for adverse effects.

A second straightforward example of seizures aggravation by sodium channel blockers is observed in the
DEE related to HCN1 gene Gly39Asp mutation (Marini et al 2018). Two patients with complete genotype-
phenotype correlation also shared the response to ASM especially worsening of seizures frequency when
treated with phenytoin (PHT) and lacosamide (LCS). Consistent with this clinical report from HCN1 patients
the administration of LTG in the genetic knock-in mouse model resulted in a paradoxical induction of seizures
and spiking induction in mutant animals (Bleakley et al 2021).

On the contrary, in some well-defined DEE including those associated toSCN2A and SCN8A gene mutations,
seizures are fully controlled by CBZ and PHT (Numis et al 2014; Pisano et al 2015; Ohba et al 2014; Larsen
et al 2015; Wolff et al 2017; Dilena et al 2017; Gardella, Moeller 2019). SCN2A mutations response to sodium
channel blockers is related to missense mutations leading to a gain of channel function and seizure onset
before age 3 months, severe phenotypes yet seizures are stopped with PHT and CBZ (Wolff et al 2017). The
story of SCN2A adds another level of complexity to take into account when treating a patient with a genetic
epilepsy. In some patients, the choice of the best ASM medication is guided not only by knowledge of the
mutated gene but also by its functional consequences.

Carbamazepine and PHT are also recommended as first-line drugs for the treatment of seizures in patients
with KCNQ2-encephalopathy, including those presenting with status epilepticus (Numis et al 2014; Pisano
et al 2015). Most patients achieve seizure freedom on these ASM and it has been suggested that early seizure
control may also improve neurodevelopmental outcome (Pisano et al 2015).

The proline-rich transmembrane protein 2 (PRRT2) is a presynaptic transmembrane protein interacting
with members of the SNARE complex, which enables synaptic vesicle fusion. Disease-causing variants in
PRRT2 gene result in haploinsufficiency and are clinically expressed with infantile onset focal seizures that
have a very benign outcome and disappear by age 2 years in otherwise normal infants. During childhood
or adolescence, some patients may develop paroxysmal kinesigenic choreoathetosis (Chen et al 2011; Marini
et al 2012). Additional rare manifestations include hemiplegic migraine and absence seizures (Marini et al
2012). Small doses of CBZ are very effective to suppress seizures and the movement disorder episodes (De
Gusmao, Silveira-Moriyama 2019).

Tuberous sclerosis complex (TSC) is a multisystem disease caused by inactivating mutations in either TSC1
or TSC2 genes that are important components of the mTOR (mammalian target of rapamycin) pathway
which regulates a variety of neuronal functions, including cell proliferation, survival, growth, and plasticity.
TSC is a major cause of severe and drug-resistant epilepsy, with focal seizures and infantile spasms occurring
in about 80% of TSC infants (Curatolo et al 2018). Vigabatrin (GVG), a conventional GABAergic ASM is
the first line drug for infantile spasms of patients with TSC, is very effective and spasms disappear completely
in most patients (see below in the section of preventive treatment).

Precision medicine in the epilepsies also has an equally important role in facilitating avoidance of adverse
reactions as in maximising efficacy, as illustrated by a number of recent example including POLG1 mutations
who might develop fatal hepatic failure when treated with valproate (Hynynen et al 2014). An additional
example is that of the HLA-B*15:02 allele which is highly predictive of carbamazepine-induced Stevens-
Johnson syndrome, a severe hypersensitivity reaction, in patients of Asian origin (Chung et al 2004). These
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. examples clearly show how much clinicians and families have gained from the knowledge of the underling
gene mutations in the therapeutically management of some epilepsies and syndromes. Most epilepsies for
which we obtained greater pathophysiological insights are related to ion channel gene mutations and available
drugs targeting ion channels are our initial treating choice.

Table 1, here below, summarizes the above reported examples

Gene Functional
effect

ASM ASM effect Reference

Known ASM
modifying -
worsening or
improving-
seizure frequency

KCNQ2 Dominant
negative effect

Na channel
blockers (CBZ,
PHT)

Improvement Numis et al
2014; Pisano et
al 2015

SCN2A GOF Na channel
blockers (CBZ,
PHT)

Improvement Wolff et al
2017

SCN8A Unknown Na channel
blockers (CBZ,
PHT)

Improvement Larsen et al
2018

SCN1A LOF Na sodium
channel blockers
(CBZ, PHT,
LTG)

Worsening Guerrini et al
1998; de Lange
et al 2018

SCN1A LOF VPA, CLB, STP 1st line
treatment

Wirrel et al
2017; Wirrel,
Nabbout 2018

PRRT2 haploinsufficiency CBZ 1st line
treatment

De Gusmao,
Silveira-
Moriyama
2019

HCN1 LOF Na sodium
channel
blockers (CBZ,
PHT, LTG,
LCM)

Worsening Marini et al
2018

TSC1 & TSC2 Inactivating GVG Improving IS Curatolo et al
2018

POLG VPA Acute liver
failure

Hynynen et al
2014

HLA-B*15:02
allele

CBZ Stevens-
Johnson
syndrome in
Asian origin

Chung et al
2004

ASM= antiseizure medication; GOF= gain of function; LOF= loss of function; STP= stiripentol; CLB=
clobazam; Mut= mutation, IS= infantile spasms

2. Precision medicine: novel treatment strategies developed from pathophysiological knowl-
edge

Advances in the identification of the underlying causes of epilepsies led to a novel therapeutic approach

4
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. which targets the underlying pathophysiology causing seizures and other comorbidities (EpiPM consortium
2015). Several conditions can now benefit from a more tailored treatment using novel compounds or drugs
aiming to counteract or resolve the pathological mechanism and restore the disrupted brain function (Mei
et al 2017; Perucca P, Perucca E 2020; Nabbout, Kuchenbuch 2020). We can distinguish three different
categories of therapy which are used in these individual treatment strategies:

1. Substitutive therapies
2. Therapies that modify cell-signalling pathways
3. Function-based therapies

Substitutive therapies

Substitutive therapies are currently used to treat disorders that are related to inherited metabolic diseases
including epilepsies caused by glucose transporter type 1 deficiency (GLUT1) or by vitamin deficiencies.
The GLUT1 deficiency syndrome is caused by haploinsufficiency of the SLC2A gene (solute carrier family
2, facilitated glucose transporter member 1) (De Vivo et al 1991; Klepper et al 2020). Low level of cerebral
glucose, due to the impaired transport, are associated to a spectrum of symptoms from paroxysmal, often
exercise induced, movement disorders to epilepsy often combined and with variable degree of intellectual
disability (De Vivo et al 1991; Weber et al 2008; Suls et al 2009; Mullen et al 2010). For this hereditary
neurometabolic disorder, early diagnosis and treatment with ketogenic diets (KD) is an important and
individualizing treatment. The KD, a high-fat, low protein, and low-carbohydrate diet provides ketone
bodies and also have a mechanism of action through GABA synthesis, resulting in a neuroprotective effect
and protecting from epileptogenesis (Klepper et al 2020). Keton bodies transported through the blood-brain
barrier and used as an alternative energetic substrate.

Although inborn errors of metabolism do not represent the most common cause of seizures, their early
identification is of utmost importance, since for some the substitutive therapeutic measures beyond common
anti-epileptic drugs, is essential either to control seizures, or to decrease the risk of neurodegeneration (van
Karnebeek et al 2018)

Amongst the vitamin responsive epilepsies pyridoxine and pyridoxal phosphate (PLP) deficiencies caused
by homozygous or compound heterozygous mutations of the ALDH7A1 (antiquitin) and PNPO genes are
relatively frequent (Plecko B 2013, Wilson et al 2019). Administration of either pyridoxine and/or PLP
determine seizures resolution and improvement of the overall general condition with a lifelong dependency
on vitamin B6 supply (Coughlin et al 2021).

Cerebral folate deficiency is characterized by low levels of 5-methyltetrahydrofolate (the active metabolite
of folate) in the nervous system but normal folate metabolism in the rest of the body. It may be associated
mutations in the FOLR1 gene encoding the folate receptor α. The intracerebral deficiency leads to severe
developmental delay, movement disorder, white matter changes, bilateral basal ganglia calcification, and
drug-refractory epilepsy. Treatment includes initiation of folinic acid to correct 5- methyltetrahydrofolate
CSF levels (Pope et al 2019).

Biotinidase enzyme deficiency is a rare, autosomal recessive neurometabolic disorder, classical clinical pre-
sentation includes recurrent seizures in the first few months of life. Testing for biotinidase enzyme activity
in the peripheral blood is readily available and is part of neonatal screening at birth in developed countries.
Genetic testing is confirmatory. Treatment is life-long biotin supplementation at 5–20 mg/d regardless of
weight or age for both these disorders (Wolf 2012)

Early diagnosis is also important for the treatment of epilepsy caused by neurodegenerative diseases such as
neuronal ceroid lipofuscinosis type 2 (CLN2). In 2017, enzyme replacement therapy with cerliponase alfa
(recombinant human TPP1) has been approved for the treatment of CLN2 disease, a rare neurodegenerative
paediatric disorder caused by autosomal recessive mutations in the TPP1 gene resulting in a deficiency of
the lysosomal enzyme tripeptidyl peptidase 1 (TPP1) (Markham 2017). CLN2 is characterized by seizures
between the age of 2 and 4 years, language delay, motor dysfunction and behavioural problems. Long-term
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. outcome of patients with CLN2 has dramatically improved since the introduction of targeted therapy with
recombinant human tripeptidyl peptidase (Schultz et al 2018, Specchio et al 2020). This treatment has been
associated with a slowing or even stabilization of the deterioration in gait and language ability. Participants
receiving this treatment have been followed-up for 3 years and this effect seems to be maintained over time
(Schultz et al 2019).

b. Therapies that modify signalling pathways are used to treat autoimmune epilepsy and
epilepsies related to the mTOR pathway

Rapamycin (sirolimus), a macrolide compound isolated in 1975 from Streptomyces hygroscopicus, and
Everolimus, derived from rapamycin with more favourable pharmacokinetic characteristics, inhibit the
mTOR pathway and so control cellular proliferation and tumour growth. Both sirolimus and everolimus
have demonstrated efficacy for the treatment of multiple aspects of TSC including renal angiomyolipoma
and SEGAs, (Franz et al 2013; 2016; Krueger et al 2013). The efficacy of everolimus in the treatment of
seizures for TSC patients with refractory epilepsy has been demonstrated in some clinical trials (Kreuger et
al 2018; French et al 2016).

c. Function-based therapies

Mutations falling upon genes involved in ion channel functions including sodium (Na+), calcium (Ca+), and
potassium K+) collectively are responsible for a considerable proportion of infantile and childhood onset
drug resistant genetic epilepsies and DEE (El Achkar et al 2015; Parrini et al 2017; Stödberg et al 2020;
Alsubaie et al 2020; Willimsky et al 2021). The functional mechanisms underlying Na+ channel ion genes
including SCN1A, the most relevant epilepsy gene, SCN8A and SCN2A, and their implications for treatment
selection has been highlighted in the previous section especially in relation to sodium-channel blockers ASM.

Potassium channels play an important role in regulation of neuronal excitability. Pathogenic variants have
been identified in several potassium channel genes including KCNA2, KCNB1, KCNC1, KCND2, KCND3,
KCNH1, KCNH2, KCNH5, KCNJ10, KCNMA1, KCNQ2, KCNQ3, and KCNT1 and have been associated
with a variety of epilepsy phenotypes from mild to severe conditions (Weckhuysen et al 2012; Marini et al
2017; Corbett et al 2016; McTague A. et al 2018; Symonds JD, McTague 2020; Nikitin, Vinogradova 2021)

In the first section we discussed how, seizures related to KCNQ2mutations, might be suppressed by ASM
acting as sodium channel blockers. Here we review novel therapeutic strategies based upon better un-
derstanding KCNQ2-DEE pathophysiological mechanisms. For instance retigabine is a selective Kv7.2/3
(voltage-dependent neuronal potassium channel) activator and antagonizes the functional impairment cau-
sed byKNCQ2 mutations leading to a channel loss of function (Orhan et al.2014, Miceli et al 2018). A
multicentre study including 11 patients proved the clinical efficacy and usefulness of retigabine in the treat-
ment of KCNQ2 encephalopathy (Millichap et al., 2016). Unfortunately, the retigabine preparation originally
approved for the treatment of focal seizures has been withdrawn from the market. Recently, a case report
showed that gabapentin might also be regarded as a precision therapy for epileptic encephalopathy due to
KCNQ2 loss-of-function mutations (Soldovieri et al 2020). It should be emphasized that there are KCNQ2-
DEE caused by gain-of-function variants (Devaux et al., 2016; Millichap et al., 2017). Therefore, evaluation
of the specific variant is important for treatment selection, because Kv7.2/3 activators such as retigabine and
gabapentin could be aggravating when used in patients with gain-of- function mutations. Extensive research
is ongoing to identify novel molecules endowed with different actions on potassium channels.

Heterozygous, mostly de novo, variants in KCNT1 gene, encoding the potassium channel KNa1.1, play a
causative role in a wide spectrum of seizure disorders including epilepsy of infancy with migrating focal
seizures (EIMFS), severe ADSHE (Barcia et al 2012; Heron et al 2012). All gene variants evaluated to date
seem to lead to a gain-of-function phenotype, irrespective of the type of associated epilepsy (Barcia et al
2019; McTague et al 2018). Seizures associated with KCNT1-related epilepsies are often severe and drug-
resistant. Quinidine is a class Ia antiarrhythmic and antimalarial drug which operates as a partial antagonist
of KCNT1 sodium-activated potassium channel. In 2014 Bearden et al reported the first clinical evidence
that quinidine may be an effective medication in mutations causing a gain of function leading to constitutive
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. activation with a pharmacologic inhibition of the channel (Bearden et al 2014). A patients with EIMFS
carrying an activating mutation in KCNT1 during treatment with quinidine had a dramatic reduction in
seizure frequency. Additional two patients carrying KCNT1 gain of function mutations were treated with
quinidine that was able to reverse channel function leading to a seizure reduction (Milligan et al 2014).
Furthermore, Mikati et al in 2015, described a reduction of 80% of seizure frequency in a 3-years –old male
with EIMFS due to a de novo, gain of function, KCNT1 mutation (Mikati et al 2015). In the same paper
they described a second patient, 11-years-old female with a de novo, gain of function KCNT1 mutation and
nocturnal seizures, who did not respond to quinidine. Further reports of patients carrying KCNT1 mutations
treated with quinidine without success are on record (Chong et al 2016; Barcia et al 2019; Mullen et al 2018;
Borlot et al 2020). Thus, since the efficacy of quinidine is unclear and controversial its use in daily practice
is at present not recommended and needs further evaluation.

Beside voltage-gated ion channel genes and mutations disrupting ion influx and efflux through cell membrane
ultimately leading to an abnormal neuronal excitability, an unbalance between excitation and inhibition can
also be caused by mutations of genes involved in neurotransmitter functions and homeostasis including their
release, re-uptake and production.

For instance, glutamate-mediated excitatory neurotransmission is partly mediated by activation of NMDA
receptors. These cation channel-receptors are made up of several subunits. Mutations of GRIN1, GRIN2A,
GRIN2B, and GRIN2D genes, which encode the NMDA receptors subunits, have associated with epileptic
phenotypes (Carvil et al 2013; Lemke et al 2013; Lesca et al 2013; Lemke et al 2014). Memantine is a
non-competitive N-methyl-d-aspartate (NMDA) receptor antagonist currently used for the treatment of
Alzheimer’s disease, the drug seems to also have an anticonvulsant effect of in some epilepsy animal models
(Ghasemi M, Schachter 2011) mechanism of action seems to be related to NMDA receptor activity. In
2014 Pierson and colleagues, reported a 6, 5 years old patient with epileptic encephalopathy due to a de
novo variant inGRIN2A gene (Pierson et al 2014). Mutant NMDA receptors were expressed in Xenopus
laevis oocytes and treated with memantine. Exposure to memantine was shown to restore receptor proper
function. Following this successful experimental testing the boy was treated with memantine which to led to
a dramatic reduction of seizure and an improvement in the interictal EEG recordings (Pierson et al 2014).
Further patients carrying GRIN2D and GRIN2B mutations were also treated with memantine without the
same exciting results (Li et al 2016; Platzer et al 2017). Similarly to quinidine, the efficacy of memantine is
unclear and its use in patients is at present not indicated.

Genes related to inhibitory GABAA neurotransmitters also play a key role in genetic epilepsies including
genetic generalized epilepsies (GGE) and several DEE. Mutations in genes coding for subunits of GAA-
BA includingGABRG2; GABRA1; GABRB3, GABRD are included amongst the long list of epilepsy genes
(Dibbens et al 2004; El Achkar et al 2015; Parrini et al 2018; May et al 2018; Stödberg et al 2020; Al-
subaie et al 2020; Willimsky et al 2021). Vinpocetine is an alkaloid derived from the periwinkle plant its
pharmacological effects of include vasodilation antioxidation, anti-inflammation, synaptic modulation, and
antithrombosis properties (Kiss, Karpati 1996). A single patient with Lennox-Gastaut syndrome carrying a
GABRB3 (c.905A>G; Y302C) missense mutation was supplemented with Vinpocetine leading to reduction
of epileptiform activity on EEG recordings and improvement of cognitive, behavioral and language functions
(Billakota et al 2019). Vinpocetine passes through the blood-brain barrier and inhibits voltage–gated calcium
channels, glutamate receptors, and voltage-dependent Na-channels (Bönöczk et al 2000). Antiepileptiform
effects of vinpocetine could also derive from the above, plus its inhibition of sodium channels and potentiation
of GABA activity (Billakota et al 2019).

Lafora disease is a severe, autosomal recessive, progressive myoclonus epilepsy, caused by loss of function
mutations in EPM2A or NHLRC1 genes, encoding laforin and malin (Minassian et al 1998; Chan et al
2003). Lafora disease is invariably fatal, typically within 10 years. The absences or either proteins results
in abnormal glycogen metabolism, abnormally long branches are generated by glycogen synthase, leading
to glycogen insolubility that precipitate, aggregates and accumulates to form the Lafora Bodies (Nitschke
et al 2018). Metformin, the most commonly prescribed drug for type 2 diabetes mellitus, is an activator of
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. AMP-induced kinase (AMPK). In mice and rats, metformin was shown to have positive effects on neuronal
survival and seizure termination (Dulovic et al 2014; Ashabi et al 2014; Yang et al 2017). Studies in a mouse
model of Lafora disease showed that metformin ameliorated neuropathological symptoms, reduced seizure
susceptibility and slightly reduced the numbers of Lafora bodies (Berthier et al 2016; Sanchez- Elexpuru et
al 2017). In 2019 Bisulli et al described the efficacy of metformin in Lafora Disease in reduction of seizure
frequency and global clinical improvement (of twelve treated patients, three had a clinical response, which
was temporary in two) underlining the neuroprotective action of metformin (Bisulli et al 2019).

‘Girls clustering epilepsy’, originally described as ‘female only epilepsy with cognitive impairment’, is a rare
disorder combining late infantile onset of clusters of focal seizures, usually occurring during febrile episodes,
with cognitive impairment and frequent autistic traits (Depienne et al 2009, Marini et al 2012; Kolc et al
2020). In 2008, Dibbens et al linked this disorder to PCDH19 gene mutations (Dibbens et al 2008). Functional
studies showed that PCDH19 gene mutations lead to deficiency of the neurosteroid allopregnanolone, one
of the most potent GABA-receptor modulators (Marini et al 2012; Tan et al 2015). These findings provide
evidence for a role of neurosteroids in PCDH19-related epilepsy and create realistic opportunities for targeted
therapeutic interventions. Ganaxolone, a synthetic methyl analogue of allopregnanolone, has already been
used to treat epilepsy and status epilepticus related to various aetiologies in open-label pilot studies, with
encouraging results in some patients (Pieribone et al 2007; Kerrigan et al 2000) however, no randomized
studies are available (Lattanzi et al 2021).

Bi-allelic loss-of-function variants in GAD1 cause a syndromic infantile onset developmental and epileptic
encephalopathy presenting around the second months of life with epileptic spasms or myoclonic seizures
(Chatron et al 2020). The GAD1 gene encodes an enzyme that catalyses the conversion of glutamic acid
to GABA. Mutations cause a loss the enzyme of function thus the impaired GABAergic inhibitory function
and excess of excitation might underlie neuronal hyperexcitability and seizures. A combination of KD and
GVG both enhancing GABA function and availability have been shown to improve clinical outcome in these
patients (Chatron et al 2020, von Hardenberg et al 2020 and Neuray et al 2020).

Table 2, here below, summarizes the above reported evidences

Type of treatment Gene Treatment Reference

Novel treatment strategies developed from pathophysiological knowledge a. Substitutive therapies SLC2A1 (GLUT1) Ketogenic diet Klepper et al 2020
ALDHTA1 Pyridoxin Plecko B 2013
PNPO pyridoxalphosphate Coughlin et al 2021
TPP1 (CLN2) cerliponase alfa Schultz et al 2018
FOLR1 Folinic acid Pope et al 2019
BTD Biotinidase Wolf 2012

b. Therapies that modify cell-signalling pathways mTOR complex genes Rapamycin French et al 2016, Krueger et al 2016
c. Function-based therapies KCNQ2 Gabapentin, Retigabine Soldovieri et al 2020, Miceli et al 2018

KCNT1 Quinidine Milligan et al 2014
GRIN1A Memantine Pierson et al 2014
GABRB3 Vinpocetina Billakota et al 2019
EPM2A; EPM2B Metformin Bisulli et al 2019
PCDH19 Ganaxolone /neurosteroids Pieribone et al 2007; Kerrigan et al 2000
GADI Vigabatrin & Ketogenic diet Chatron et al 2020

3. Precision medicine: aetiology-based preventive treatments and in progress treatments

Moving towards the future that, for some conditions is already the present, we step into

• preventive therapy
• antisense oligonucleotides treatment
• gene therapy
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. Let’s explore and revise where we are at with preventive therapies and other innovative therapies acting of
mRNAs and DNAs of mutated genes thus have a true potential of curing the disorder and preventing the
occurrence of symptoms.

The best example for which there is a very good scientific basis is represented by GVG a GABAergic drug,
recommended as the first line therapy for infantile spasms and/or focal seizures in the first year of life (Chiron
et al 1997; Elterman et al 2001). Patients with TSC are at very high risk for developing infantile seizures
including spasms and focal seizures and about two thirds of them evolve into refractory epilepsy (Curatolo
et al 2018). Patients with TSC also are at high risk for neurodevelopmental disorders whose severity is
strongly related to age at seizure onset and epilepsy severity (de Vries et al 2015; O’Callaghan et al 2004).
Early targeted interventions increase the probability of seizure-freedom and may protect neurodevelopment
(Jozwiak et al 2011). Indeed, the multicenter study named EPISTOP Trial, demonstrated that treatment
with GVG as soon as EEG recordings show the occurrence of epileptiform activity delays the onset and the
severity of epilepsy (Kotulska et al 2021). Thus, by reducing the risk of having infantile refractory seizures,
physicians have the power of protecting motor and cognitive development.

Prenatal treatment with maternal pyridoxine supplementation is another example of preventive therapy in
epilepsies since it has been demonstrated to improve neurological outcome in newborns with pyridoxine
dependent epilepsy and antiquitin deficiency (Stockler et al 2010).

Antisense oligonucleotides (ASOs) are synthetic oligonucleotide or oligonucleotide analogs that are designed
to bind to the RNA in order to modulate the function of the targeted RNA. ASOs represent a novel therapeu-
tic strategy to treat neurodegenerative diseases and seizures of severe epileptic encephalopathies. The best
example of this new therapeutic strategy is represented, outside epilepsy, by the antisense drug Nusinersen
that has been approved for the treatment of spinal muscular atrophy (SMA). Additional specific ASOs drugs
are also currently in development for the treatment of amyotrophic lateral sclerosis, Huntington’s disease,
and Alzheimer’s disease (Bennet et al 2019).

In epilepsies, it has been suggested that ASOs targeting theSCN1A channelopathy might improve not only
seizure control, but also impact the co-morbidities associated with DS (Wirrel and Nabbout, in 2019). In a
mouse model of DS, intra-cerebro-ventricular ASOs was demonstrate to reduce the incidence of electrographic
seizures and sudden unexpected death in epilepsy (SUDEP) by increasing the expression of productive Scn1a
transcript in the mouse brain (Han et al 2020). ASO treatment is in progress also in humans, indeed the
recruitment process for patients in two age groups (aged 13 to 18 years and 2 to 12 years of age) has
begun [https://dravetsyndromenews.com/; the MONARCH trial (NCT04442295) Stoke Therapeutics]. The
purpose of this clinical trial is to assess the safety of single ascending dose of ASO/STK-001 in children
and adolescents with DS. Treatment with STK-001 is expected to increase the level of productive SCN1A
m RNA resulting in the elevated expression of the sodium channel Nav1.1 protein and restore physiological
levels, which is reduced in patients with DS.

In mouse models of SCN8A encephalopathy with gain of function mutations an ASO injection reduced
SCN8A transcript and determined delayed seizure onset and lethality (Lenk et al 2020). At the same time,
a Scn1a+/- haploinsufficient mouse model of DS was also successfully treated, intra-cerebro-ventricular
injections extended survival of Dravet syndrome mice from 3 weeks to >5 months (Lenk et al 2020).

A cure is urgently needed for Lafora disease a teenage-onset devastating progressive myoclonus epilepsy.
Current treatment is very disappointing including metformin (see previous section). Antisense oligonucleotide
(Gys1-ASO) targeting the mRNA in the brain was administered by intra-cerebro-ventricular injection in the
mouse model. Treatment determined a reduction of Lafora body formation (Ahonen et al 2021). The Gys1-
ASO could be administered to patients via lumbar puncture thus reach the brain and be effective in also in
patients.

Ataluren is an available drug, at present prescribed in patients with Duchenne muscular dystrophy (Mork-
ous 2020), which suppresses premature stop codons caused by nonsense gene mutations thus enabling
full-length protein. A current clinical trial reached its Phase 2 (randomized, double-blind, placebo-
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. controlled clinical trial, NCT02758626) in testing the safety and efficacy on seizure types and fre-
quency of the drug in DS with nonsense mutation or cyclin-dependent kinase-like 5 (CDKL5) deficiency,
(https://clinicaltrials.gov/ct2/show/NCT02758626).

For more than 10 years, gene therapy for neurological diseases has experienced intensive research devel-
opment. Most trials are still in pre-clinical phase 1 and 2. Delivery is the major issue for central nervous
system therapies in general, and particularly for gene therapy, the blood brain barrier restricts the passage of
vectors thus strategies to bypass this obstacle are a central focus of research. Gene therapy products can be
tailored to solve the pathophysiological mechanisms, including the use of gene replacement, gene silencing,
transplicing, modulation of cellular pathways to improve phenotype or expression of suicide gene (Piguet et
al 2021). There are only few gene therapies approved for the management of neurological disorders including
two for SMA (Zolgensma- Novartis and Spinraza- Biogen) (Servais et al 2021).

For epilepsy the gene therapy approach is still very much a challenge. NPY is a neuropeptide expressed in the
brain, where it acts as a neuromodulator, affecting pathways that range from cellular to circuit level. In the
context of epilepsy, NPY is thought to act as an endogenous anticonvulsant, indeed its overexpression in the
brain with the aid of viral vectors can suppress seizures in animal models of epilepsy. Therefore, NPY-based
gene therapy may represent a novel approach for the treatment of patients with epilepsies (Cattaneo et al
2021). Wickham et al in 2019 demonstrate that NPY application, in hippocampal slices surgically resected
from patients with drug-resistant TLE, significantly reduces chemically induced epileptiform activity in the
dentate gyrus (Wickham et al 2019). Increasing the levels of NPY could be an alternative approach to
achieve a therapeutic effect and suppress seizure activity.

Gene therapy has delivered promising results in animal experimental models raising the hopes that it might
soon become available for patients. CRISPR/Cas9 biotechnology holds great promise in neurological therapy,
pending the clearance of major delivery, efficiency, and specificity hurdles (Gumusgoz et al 2021).

Table 3, here below, summarizes the above reported evidences

type of treatment gene strategy/treatment Reference

Aetiology-based preventive treatments and in progress treatments Preventive teraphy TSC1/TSC2 Vigabatrin prior to sz onset Jozwiak et al 2011
Pyridoxin-dependent epilepsy Maternal administration Pyridoxin Stockler et al 2010

Clinical ongoing trial SCN1A ASO/STK-001 https://dravetsyndromenews.com/; the MONARCH trial (NCT04442295) Stoke Therapeutics
nonsense SCN1A mutations Ataluren https://clinicaltrials.gov/ct2/show/NCT02758626
CDKL5 deficiency Ataluren https://clinicaltrials.gov/ct2/show/NCT02758626

In progress (tested only in animal models) SCN8A ASO Lenk et al 2020
SCN1A ASO Lenk et al 2020
EPM2A/EPM2B Gys1-ASO Ahonen et al 2021

ASO= antisense oligonucleotide; sz= seizure

Conclusions

The evidences and examples discussed in previous sections clearly indicates that identifying the pathogenic
variant in individual patients with genetic epilepsies is relevant not only for diagnosis and prognosis, but also
for patient’s management including selection of the best medication and/or the indication of which drugs
might worsen seizure frequency or cause severe side effects thus should be avoided. Research is now very
sensitive to the urgent need to identify a cure for the disorder/diseases improving seizures and accompanying
comorbidities.

Furthermore, our increased understanding of the aetiologies of epilepsies, in some patients, allowed to identify
specific targets for therapies that go beyond ASM and that enable treatment of the cause of epilepsy. We
are already witnessing a major shift in our paradigm of epilepsy treatment and have moved towards the
era of therapies that target the underlying cause and mechanisms of epilepsy. Available, commercialised
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. and approved by the authorities, aetiology-based treatments are only partially satisfying, several drugs have
proven effective in some patients and not in others carrying similar genotypes. Results are discordant and
not univocal for most of the newly proposed, precision medicines. Moreover such treatments are still focused
on stopping seizures.

There is no doubt that gene therapy will change our therapeutic approach to monogenic epilepsies. To
reverse the pathophysiological impact of pathogenic variants, gene editing seems to be a very promising tool
and is likely to be most effective when administered during the early stages of disease or even preventively.
In this scenario, the challenge for epileptologists is to identify the causes of epilepsy early in order to promote
preventive therapies and to avoid the occurrence of epilepsy, including seizures and comorbidities.

In conclusion the whole scientific community is rapidly evolving towards a more curative, pathophysiology-
based and preventive therapeutic approach of disorders featuring seizures and comorbidities. Meanwhile,
there are three main requirements for a systematic approach to precision medicine in epilepsy: first of
all is patient’s registry, a key requirement to enrol large cohorts of individuals with epilepsy who have
been phenotypically and genomically characterized; second a standardized functional characterization of
mutations in each of the epilepsy genes and third, since we are dealing with rare disorders, multi-center,
randomized, controlled trials are needed and feasible when functional studies identifies new targets that
might be translated into personalized and tailored drugs. Reaching these goals depends on the development
of collaborative and integrated research groups that bring together researchers with clinical, genetic, and
biological expertise. Physicians and families are ready and looking forward to this new era of precision
medicine.
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