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Riassunto divulgativo 

Il DNA è un lunghissimo codice formato dalle innumerevoli combinazioni di 4 “lettere” ATCG e queste 

combinazioni  costituiscono le “ricette” (geni) con cui vengono prodotte le nostre proteine e, in ultima 

analisi, la macchina del nostro corpo in ogni sua parte. La maggior parte dei geni sono presenti in due 

copie nelle nostre cellule. Questo codice è estremamente preciso e raramente tollera errori grossolani 

(mutazioni): un errore fa sì che la proteina che doveva essere prodotta venga prodotta male, non 

funzioni, oppure non venga prodotta affatto. Questo causa problemi in una o più funzioni biologiche. 

Quando parliamo di “malattie genetiche” si tratta proprio di mutazioni nel codice che compromettono 

la funzione di una determinata proteina o un gruppo di esse. In questo lavoro ci siamo occupati della 

proteina STXBP1 e delle mutazioni in una delle due copie del suo gene, che causano l’encefalopatia 

STXBP1-correlata. 

La proteina STXBP1 si trova nelle cellule del nostro cervello (neuroni) ed è uno degli importantissimi 

componenti di un meccanismo che permette la corretta trasmissione di segnale tra queste cellule. Il 

preciso e complesso scambio di segnali tra neuroni costituisce la base della nostra coscienza, della 

nostra capacità di muoverci nell’ambiente, delle sensazioni e della possibilità di comunicare. Nel caso 

di mutazioni in una copia del gene STXBP1, la comunicazione tra neuroni è molto probabilmente 

perturbata, il che porta a una serie di conseguenze sulle funzioni sopra elencate. 

 I sintomi di questa condizione appaiono nei bambini poco dopo la nascita, soprattutto sotto forma di 

crisi epilettiche difficili da trattare e un ritardo del neurosviluppo (Encefalopatia epilettica e dello 

sviluppo, o DEE), cosicché un bimbo con mutazione in STXBP1 difficilmente riuscirà a camminare o 

parlare. Questa condizione è considerata una malattia rara (nel caso di STXBP1 1:30 000 persone sono 

affette), ma costituisce una delle maggiori cause genetiche di encefalopatie epilettiche e dello sviluppo 

a esordio precoce. Per il momento, gli unici trattamenti disponibili sono le terapie antiepilettiche e la 

riabilitazione psicomotoria, con efficacia limitata. 

Una particolarità della STXBP1-DEE è la variabilità clinica dei pazienti. Nella prima parte di questo 

studio abbiamo volute indagare le cause di questa variabilità in un gruppo di pazienti, basandoci sulle 

loro informazioni cliniche passate (studio retrospettivo). Lo scopo era quello di identificare dei fattori 

che potessero spiegare la diversità nella storia dell’epilessia e nello sviluppo dei bambini con questa 

condizione. A questo scopo abbiamo elaborato un modo per quantificare queste differenze tra 

individui, tenendo conto della loro storia clinica e delle condizioni attuali. Abbiamo escluso che il tipo 

di mutazione possa avere un grande impatto sul quadro clinico, almeno nella nostra coorte di studio. 

Abbiamo invece osservato come un esordio molto precoce delle crisi epilettiche sia associato a un 

grado di sviluppo raggiunto minore, rispetto ai bambini in cui l’esordio dell’epilessia avviene più 

tardivamente, i quali hanno raggiungono meglio le tappe dello sviluppo. Queste informazioni saranno 

utili per studi futuri che dovranno tracciare una storia naturale di questa condizione, al fine di 

identificare dei corretti obiettivi terapeutici e le finestre temporali giuste per un possibile futuro 

trattamento di precisione della STXBP1-DEE. 

Negli ultimi anni, i ricercatori hanno messo a punto strumenti per poter intervenire sulle mutazioni 

genetiche. Questi strumenti possono intervenire sia sul DNA, che sull’RNA (l’informazione intermedia 

tra DNA e proteina), che sulla proteina danneggiati. Nella seconda parte di questo studio, abbiamo 

testato un nuovo strumento chiamato SINEUP: queste piccole molecole agiscono sull’RNA e fanno sì 

che da un filamento di RNA (prodotto dalla restante copia sana del gene STXBP1) venga prodotta 
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molta più proteina del solito, in modo da compensare la mancanza dell’altra copia del gene. Abbiamo 

testato queste molecole su delle cellule nervose coltivate in laboratorio e abbiamo osservato dei 

risultati incoraggianti: la proteina STXBP1 era effettivamente aumentata. Questi risultati sono stati 

ottenuti in un sistema semplice e controllato, quindi lontano dalla complessità di un cervello umano. 

Tuttavia, rappresentano un primo passo verso la prova del fatto che queste molecole hanno un 

potenziale terapeutico e quindi proseguiremo le ricerche per vedere se 1. questi risultati saranno 

confermati in altri sistemi più complessi, come un modello animale, e 2. se questo trattamento sarà 

sicuro anche per essere testato nell’uomo. 

Concludendo, questo lavoro rappresenta un contributo allo studio della STXBP1-DEE, che speriamo 

possa essere utile ad altri gruppi di ricerca nel mondo che stanno studiando questa condizione sia dal 

punto di vista clinico che terapeutico e speriamo che possa aiutare le persone portatrici di questa 

condizione. 
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Layman summary 

The DNA is a very long code based on the combinations of 4 “letters” ATCG, and these combinations 

form the “recipes” (genes) used to produce our proteins and, ultimately, the machinery of our body. 

Our cells contain two copies of most of the genes. This code is extremely precise and rarely tolerates 

gross mistakes (mutations): a mistake leads to the production of a damaged protein, a malfunctioning 

protein or no protein at all. This leads to the malfunction of one or more biological processes. When we 

talk about “genetic disorders” we mean indeed mutations in the genetic code that compromise the 

function of one or more proteins. In this work, we focused on STXBP1 protein and on the mutations in 

one of the copies of its gene, which cause STXBP1-related encephalopathy. 

STXBP1 protein is situated in our brain cells (neurons) and it’s an important component of a 

mechanism that allows the correct transmission of signals between these cells. The precise and 

complex exchange of signals between neurons is responsible for our consciousness, our capacity to 

move, our perceptions, and our ability to communicate. In case of mutations in one of the copies of 

STXBP1 gene, the communication between neurons is most probably perturbed, which leads to a 

series of consequences on the functions mentioned above. 

The symptoms of this condition appear in children soon after birth, mainly as epileptic seizures 

difficult to treat and a delay in development (Developmental and Epileptic Encephalopathy, or DEE), 

so that a kid with STXBP1 mutations will hardly ever walk or speak. This is considered a rare disease 

(updated frequency 1:30 000 affected), but it’s one of the major genetic causes of early onset DEE. To 

date, the only available treatments are anti-seizure medications and psycho-motor rehabilitation, with 

limited efficacy.  

A peculiarity of STXBP1-DEE is the clinical variability of the patients. In the first part of this study we 

wanted to address the causes of this variability in a group of patients, using their past clinical data 

(retrospective study). The aim was to identify factors that could explain the diversity in epilepsy 

history and development in the children with this condition. To this end, we elaborated a way to 

quantitatively assess these differences between individuals, taking into account their clinical history 

and their present conditions. We excluded that the mutation type could have a big impact on the 

clinical picture, at least in our cohort of individuals. On the other hand, we observed that an early onset 

of seizures was associated with a lower degree of development, compared with children with a later 

seizure onset, who perform better in the developmental milestones considered. This information will 

be useful for future studies specifically addressing the natural history of this condition, in order to 

identify the correct endpoints and timeframes for a possible future targeted treatment of STXBP1-DEE.  

In the last years, researchers have elaborated tools to intervene on genetic mutations. These tools can 

act on DNA, RNA (the intermediate message between DNA and protein) or protein. In the second part 

of this study, we tested a new tool called SINEUP: these small molecules act on RNA and allow to 

produce way more proteins from one single RNA filament (which is produced from the residual 

healthy copy of STXBP1 gene), and in this compensate the damaged copy. We tested these molecules in 

neurons grown in the lab and we observed promising results: STXBP1 protein was indeed increased. 

These results have been obtained in a simple and controlled system, far from the complexity of a 

human brain. Nevertheless, they are a first step to prove that these molecules have a therapeutic 

potential, so we will continue this research in order to see if 1. These results can be confirmed in a 

more complex model, like an animal, and 2. This treatment is safe to be tested in humans as well. 



7 
 

To conclude, this work represents a contribution to the study of STXBP1-DEE, and we auspicate it will 

be useful to other research groups in the world that are studying this condition both from the clinical 

and therapeutic points of view, and we auspicate it will help the people with this condition. 
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1. BACKGROUND 

1.1 Developmental and Epileptic Encephalopathies 

 

Developmental and epileptic encephalopathies (DEEs) are a broad spectrum of genetic 

epilepsies associated with impaired neurological development as a direct consequence of the 

genetic mutation, in addition to the effect of the frequent epileptic activity on brain[1-3].  

These diseases share several features: severe and frequent refractory seizures, diffusely 

abnormal background activity on EEG, intellectual disability often profound, and severe 

consequences on global development. 

Compelling genetic studies indicate that heterozygous de novo mutations represent the most 

common underlying genetic mechanism, in accordance with the sporadic presentation of 

DEE[4-5]. De novo mutations may exert a loss-of-function (LOF) on the protein by 

decrementing expression level and/or activity leading to functional haploinsufficiency.  

 

 

1.1.1STXBP1 and DEE 

A great etiological group of genetic DEEs is represented by synaptopathies [6], where the 

genetic defects involve synaptic genes, and more specifically by the newly defined 

“SNAREopathies” [7]. These are diseases associated with pre-synaptic genes involved in 

SNARE complexes function, thus disturbing the normal vesicle release in the brain, with major 

consequences for neurotransmitter and neurotrophic factors release. SNAREopathies share a 

pervasive neurodevelopmental delay and cognitive deficits, with other associated features 

like seizures, motor deficits, and autistic traits. However, while the mutations in SNARE-

associated genes disrupt a common physiological mechanism, the resulting phenotypic 

spectrum is pleiotropic, both in types and severity of the above-mentioned neurological 

manifestations.   

 

The most frequent SNAREopathy in terms of patients reported is due to mutations in STXBP1, 

which is also one of the most frequent causes of early onset epileptic encephalopathies [5].   

Core clinical features of STXBP1-DEE include intellectual disability andepilepsy [8]. Seizures 

are often resistant to standard treatments. Additional neurologic features may include autistic 

traits, movement disorders (dyskinesia, dystonia, tremor), axial hypotonia, and ataxia, 

indicating a broader neurologic impairment. Patients with severe neuro-cognitive features 

but without epilepsy have been reported. The prevalence of STXBP1 encephalopathy has been 

estimated to be ~1:92000 in a 10-year Danish birth cohort, but it is likely to be higher [8]. 

 

STXBP1 (Munc18-1) is part of SEC1/Munc18-like family proteins, which participate in the 

secretion of vesicles and, when impaired, cause vesicle fusion deficit [9]. 

As a mediator of exocytosis, STXBP1 plays a role at different steps and localizations in 

neuronal cells, and similarly in non-neuronal cells. 
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• SYNAPSE 

STXBP1 participates in SNARE-complexes mediated exocytosis [10] as accessory protein to 

syntaxin-1, in particular via the cavity formed by domains 1 and 3 [11]. When syntaxin-1 is 

bound in its “open conformation”, this seems to facilitate the neurotransmitter (NT) 

release [12], while in “close conformation” this bond prevents ectopic SNARE complexes 

[13] and uncontrolled SNARE complexes at synapse [14]. However, it has been shown that 

some variants impairing the STXBP1/syntaxin-1 complex do not affect NT release in the 

way it would be expected [15]. Furthermore, STXBP1 could have a wider role as a template 

for SNARE complexes assembly [16]. 

Other binding partners of STXBP1 in neuronal cells are Rab3(involved in vesicle docking 

[17]), Doc2 (a Ca2+ for asynchronous NT release[18] and its isoforms are differentially 

expressed in glutamatergic and GABAergic cells [19]) and Mint(binds to STXBP1/syntaxin-

1 complex [20-21]). The functional domains involved in these interactions are not 

elucidated yet, however the disruption of these interactions by mutations in STXBP1 might 

lead to different functional effects and, perhaps, might contribute to specific clinical 

phenotypes. 

• CELL BODY 

STXBP1 has been demonstrated to localize in cell bodies [22], where it exhibits further 

functions. STXBP1 chaperons syntaxin-1 and other pre-synaptic proteins from Golgi 

reticulum to plasma membrane[23-25]. Notably, Munc18-1 null mutant neurons show 

normal anterograde but reduced retrograde transport to the Golgi [26], most probably 

impairing neurotrophic signaling, and explaining neurodegeneration. 

• NON-NEURONAL CELL TYPES 

Munc18-1 is required for the first phase of insulin secretion[27-28]: Munc18-1-deficient 

cells lacked 35% of the normal component of pre-docked insulin secretory granules. 

Similarly, STXBP1 is necessary for circadian Glucagon-like peptide- 1(GLP-1) secretion: 

loss of STXBP1 in vitro and in vivo reduces stimulated GLP-1 secretion at the peak time-

point of circadian release, and impaired GLP-1 secretion ex vivo in intestinal L-cells [29]. 

Silencing of STXBP1impaired histamine- and forskolin-induced Von Willebrand factor 

(VWf) secretionin blood outgrowth endothelial cells endothelial cells of a patient with 

epileptic encephalopathy and a truncating STXBP1 mutation [30].  

The altered function of STXBP1 in the above-mentioned domains seems to result in mild 

sub-clinical effects. However, these subtle changes are worthy to be further investigated in 

a large cohort of patients, in order to establish whether they can be used to monitor target 

therapies effect on cellular functions of STXBP1 [8]. 

 

The mutations identified in human STXBP1 are deletions, nonsense, splice-site, frameshift and 

missense, and they span all the exons and protein domains [8]. Missense and truncating 

protein variants seem to have equal disruptive effect, and no genotype-phenotype 

correlations could be identified to date [8]. Given these, haploinsufficiency has been proposed 

as primary mechanism of disease, and experimental evidence for haploinsufficiency come 

from several animal models and human neuronal cells models (see additional reference 

Table). Furthermore, missense mutations have been shown to rescue the phenotypes in KO C. 



10 
 

elegans[31] and mouse neurons [32-33], which suggest that missense mutants may retain 

some STXBP1 functionality.  

Recently, dominant negative effects have been hypothesized for missense mutations: 

misfolded STXBP1 protein seems to aggregate and also co-aggregate with wild-type STXBP1 

and similarly, may destabilize the STXBP1 interactors described above [33, 34]. The dominant 

negative effect would explain the similarity in phenotypic severity between missense and 

other types of variants in humans [35], thus further functional studies of the different 

missense mutations are needed. 

 

Human cellular models based on neurons derived from induced pluripotent stem cells (IPSCs) 

have been recently developed for STXBP1-DEE, using both induced mutation on an isogenic 

background and the patients-derived cells [36-37]. This approach will help to elucidate the 

functional consequences of STXBP1 mutations in humans and provides an unprecedented 

opportunity for targeted therapies testing. 

 

Treatment options for STXBP1-DEE are only symptomatic and consists of anti-seizure therapy 

and psychomotor therapy in order to maximize the developmental potential. For seizure 

control, several antiepileptic drugs are used, often in polytherapy, without any indications of 

superiority for a particular drug or combination [8].  

Levetiracetam seemed to be a promising therapeutic option for epilepsy with STXBP1 

mutation due to its mechanism of action at synaptic vesicles [38]. Good seizure control has 

been reported in case reports [39-41], but no clinical trials are available.  

Recently, novel approaches have been proposed that target STXBP1 at different levels: 

• protein:  

o chemical chaperones trehalose, sorbitol, and 4‐phenylbutyrate (4‐PB) have been 

used in vivo in C. elegans model with missense mutation in order to interact with 

unfolded protein and prevent aggregation [33]. Interestingly, these compounds 

increased both the mutated and the wild-type STXBP1 proteins. As 4-PB is an FDA-

approved drug, a pilot clinical trial is planned and this will be the first targeted 

therapy trial in STXBP1 population [35]. 

o Ma et al. observed that STXBP1 may be involved in the disassembly of non-

productive SNARE complexes by binding syntaxin-1a in closed conformation [14]. 

Following these observations, increasing the disassembled syntaxin1a monomers 

in the presynaptic terminal would help the formation of productive syntaxin1a-

STXBP1 complexes in a situation of scarce STXBP1 due to haploinsufficiency, thus 

improving neurotransmission [42]. This could be achieved by designing aprotein-

protein interaction inhibitor to disassemble specifically syntaxin-1a:syntaxin-1a 

non-productive monomers [42]. 

• Translation: 

o anti‐sense oligonucleotide therapies to target the miRNAs: MicroRNAs regulate 

gene expression of many genes related with neurodevelopment [43]. miR‐218 and 

miR‐424 have been identified as regulators of STXBP1 translation by binding at the 
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3’UTR of STXBP1 mRNA and inhibiting translation; their inhibition with anti-sense 

oligonucleotides (ASOs) led to an increase of STXBP1 protein levels [44]. 

o SINEUP: The STXBP1 regulation by specific SINEUPs is the focus of this research 

and will be discussed below. 

Given the broad neurological impairment brought by STXBP1 mutations, a targeted disease-

modifying  therapeutic approach is needed. 

 

1.2 Non-coding RNAs tools for personalized medicine 

 

More than 80% of the genome is transcribed, whereas less than 2% is subsequently 

translated, generating a large number of non-coding RNA (ncRNA) transcripts [45]. Despite 

not being translated into proteins, ncRNAs are actively involved in cellular processes [46] and 

can be classified into: (1) classical ‘housekeeping’ RNAs (i.e. rRNAs, tRNAs, small nuclear 

RNAs and small nucleolar RNAs), which are constitutively expressed and play critical roles in 

protein biosynthesis; and (2) ‘regulatory’ RNAs that include small regulatory RNAs (e.g., 

miRNAs, siRNAs and piRNAs) and long non-coding RNAs (lncRNAs). 

ncRNAs regulate mRNA transcription,  and translation through a variety of mechanisms. Given 

their physiological and pathological roles, ncRNAs can definitively be primary targets and 

tools for development of highly innovative drugs [47]. 

 

1.2.1 SmallncRNAs 

The most widely studied class of ncRNAs are microRNA (miRNAs), which are small ncRNAs of 

~22 nucleotides that, in animals, mediate post-transcriptional gene silencing by controlling 

the translation of mRNA into proteins, through a process called RNA interference (RNAi) [48]. 

miRNAs are involved in regulating many processes, including proliferation, differentiation, 

apoptosis and development. miRNAs regulate from few to hundreds individual targets 

simultaneously, and sometimes cooperatively.  

The crucial roles of miRNA in basic biological processes and their dysregulation in human 

diseases make them interesting therapeutic targets. Possible approaches include: expression 

vectors (miRNA sponges) [49], small-molecule inhibitors [50] and anti-miRNA 

oligonucleotides (antagoMIR) [51]. However, any interference with miRNAs is not gene-

specific, as it affects many downstream target genes [52]. 

On the other hand locus-specific modulation of gene expression for therapeutic applications 

have been extensively exploited by artificial siRNA- and miRNA, which use the endogenous 

molecular machineries to produce targeted RNAi [53-54]. Therapeutic applications of RNAi 

benefitted from the development of short single-stranded synthetic DNA antisense 

oligonucleotides (ASOs)that bind target RNA molecules allowing selective degradation or non-

degradative steric block [55-56].The binding capabilities of ASOs have also been employed to 

modulate the splicing of pre-mRNA (splice-switching oligonucleotides, SSOs)[57] allowing the 

rescue of functional proteins in different diseases such as Duchenne Muscular Dystrophy[58] 

and Spinal Muscular Atrophy [59]. 
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It is was shown that small non-coding RNA molecules may drive transcriptional activation 

[60-62].  

While compelling evidences of selective negative regulation of gene expression by small 

nucleic acid molecules have been produced, few data are available on upregulation of specific 

molecular targets [63].  

 

1.2.2 Long ncRNAs 

Mammalian genomes are pervasively transcribed to produce thousands of long non-coding 

RNAs (lncRNAs) that are more than 200 base pairs in length [64]. They are transcribed by 

RNA polymerase II, polyadenylated, and subjected to splicing. lncRNAs have been 

demonstrated to regulate protein coding gene expression through a variety of mechanisms, 

including epigenetic modifications, transcription and post-transcriptional processing [64]. 

A number of lncRNAs have been shown to influence the expression of nearby genes by 

mediating epigenetic modifications of DNA through the recruiting of chromatin remodeling 

complexes by RNA–protein interactions[65] (e.g. lncRNATsix mediates the epigenetic switch 

of the Xist promoter and activates the transcription program underlying chromosome X 

inactivation[66]). LncRNAs can regulate transcription through additional mechanisms such as 

direct contact with RNA polymerase II [67] or specific transcription factors [68]. Thus, 

lncRNAs have been linked to both gene activation and repression depending from interacting 

factors and consequent organization of the chromatin environment or modulation of 

transcriptional machinery.  

mRNAs transcripts are subjected to various post-transcriptional regulatory pathways that 

modulate gene expression levels [69]. A growing number of reports implicate lncRNAs in 

control of these post-transcriptional events [70].Natural antisense transcripts (NATs) are the 

most abundant type of lncRNA. NATs are transcribed in the opposite direction, often 

overlapping with sense mRNA and do not commonly code for protein. Almost all mammalian 

protein-coding genes display overlapping transcription [71]. NATs may influence gene 

expression through chromatin remodeling in the nucleus, as above reported [72], but also 

exert negative or positive regulation of gene expression in the cytoplasm through different 

mechanisms mediated by sense-antisense duplex formation. 

In some instances, NATs may influence splicing patterns of mRNA and downstream protein 

expression[73]. LncRNAs have also been implicated in regulation of mRNA stability[74-75]. 

To specifically modulate gene expression, it is possible to inhibit the function of selected NATs 

by single-stranded synthetic oligonucleotides (antagoNATs) which are designed to block 

sense-antisense mRNAs interaction. Typically the inhibition of long non-coding antisense 

transcripts would de-repress and therefore elevate levels of the sense transcript partner [75], 

as demonstrated by the targeting of NATs at the brain-derived neurotrophic factor (BDNF), 

glial cell line-derived neurotrophic factor (GDNF), and ephrin type B receptor 2 (EPHB2) loci 

leading to increased expression of the parent gene[76]. 
 

1.2.3 SINEUPs 
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Recent studies showed that gene expression may be also modulated at translational level by a 

new class of natural antisense lncRNAs, named SINEUPs. SINEUPs harbor a 3’Effector Domain 

(ED) characterized by an inverted repeat element (SINEB2) and an antisense 5’ Binding 

Domain (BD), complementary to a sense transcript [77] (Fig. 1). 
The Effector Domain increases translational activity whereas the antisense sequence provides 

locus-specificity. Translational activity of antisense lcnRNAs was initially identified for the 

mouse locus Uchl1. In this case, sense and antisense transcripts are oriented at 5ʹ head-to-

head, such that the mature lncRNA contains a 73-nucleotide motif complementary to the 5ʹ 

end of the Uchl1 mRNA. This interaction increases protein expression without changing Uchl1 

mRNA levels[78]. 

Bioinformatic analysis has identified additional pairs with similar antisense orientations and 

SINEB2 elements, suggesting that this regulatory mechanism might be used at other loci [78] 

and functional validation has been successfully carried out for other candidate SINEUPs, such 

as lncRNA AS to elastin[79]. Notably, a synthetic RNA combining the Effector Domain with a 

sequence antisense to the Green Fluorescent Protein (GFP) was able to increase GFP protein 

synthesis with a post-transcriptional mechanism [77-78]. 

The successful use of artificial SINEUPs to selectively increase protein synthesis has been 

demonstrated for several endogenous genes, indicating that SINEUPs may represent a 

scalable platform for manipulating gene expression of single mRNA species[80-83]. The 

increase in protein levels induced by SINEUPs can be as diverse as in the range of 3- to 5-fold 

or limited to 20%. In general, an increase from 1.5- to 3-fold is expected. Failures of SINEUP 

activity have also been reported. 

The exact rules governing SINEUP activity remain unclear and it is hypothesized that mRNA 

or SINEUP secondary structure or CG content may impact accessibility and pairing and 

ultimately the potency of SINEUP effect. However, recently SINEUP-specific RNA-binding 

proteins have been identified in HNRNPK and PTBP1, which are essential for sub-cellular 

distribution and to assembly of translational initiation complexes[84]. 

 
Figure 1 Schematic representation of SINEUPs. Modular structure of SINEUPs. The Binding Domain confers sequence 

specificity for mRNA targeting, the Effector Domain activates protein synthesis.  

 

A major limitation in the use of naked RNA for in vitro and in vivo applications is the 

instability and low cellular permeability of long molecules. Synthetic SINEUPs derived from 

the original natural ASUchl1are about 1200 nucleotides. This length is suitable for delivery 

systems such as viral vectors, but incompatible with the use of SINEUPs as naked RNA 

therapeutic molecules. Functional SINEUPs of about 250bp (miniSINEUPs) have been proved 
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to retain translation enhancement activity[85]. The chemical modification and stabilization of 

mRNA is now pursued to bypass the limitations in delivery of RNA-based therapeutics [86]. 

Similarly, chemically modified in vitro transcribed (mIVT) SINEUP RNAs have been tested and 

proved to successfully upregulate target mRNA translation [87]. However, more studies are 

needed in order to identify the exact functional sites and how modifications could affect 

protein binding and SINEUP functions. 
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Additional references Table: Animal models  

Model Genotype Viability Phenotype Reference 
C. Elegans Unc-18 KO yes Severe paralysis 1 
 Unc-18 missense on null background and 

CRISPR induced 
yes  >30% reduction in locomotion; 

exaggerated paralysis in response to heat shock 
2 

 Missense STXBP1 on unc-18 null 
background 

yes Impaired locomotion (6/8) 
pentylenetetrazol-induced convulsions (4/8) 

3 

Drosophila Rop KO no Embryonic lethality 4 
 Rop Heterozygous null and two missense 

mutations 
yes  5 

Zebrafish STXBP1a and STXBP1b KO impaired Immobility and early death or seizure‐like 
phenotype 

6 

Mouse HZ (exons 2-6 deletion) yes Anxiety-like behaviour; 
spatial learning and memory deficits 

7-8 

9 
 HZ (exon 3 deletion) yes Cognitive deficits, elevated anxiety,  aggression 10 
 HZ (Fourmutations) yes Epilepsy‐like phenotype, anxiety and mild cognitive 

impairments 
11 

 HZ in GABAergic neurons only impaired Strong epileptic activity 11 

 HZ yes Severe cognitive impairment, elevated anxiety and 
repetitive behaviors, repeated abnormal 
spike‐wave discharges on EEGs, myoclonic 
seizures, and motor disturbances impaired cortical 
inhibition by both parvalbumin and somatostatin 
interneurons 

12 
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2. RATIONALE AND MAIN OBJECTIVES 

STXBP1-DEE represents a complex and severe neurodevelopmental disorder with key 

features being mostly severe intellectual disability and epilepsy, although the clinical 

spectrum of the disease is more complex. The available treatment approaches are purely 

symptomatic, hence a targeted disease-modifying therapeutic approach is needed. 

This thesis will be articulated in two chapters aiming to contribute to the phenotypic 

understanding of STXBP1-DEE and to provide a novel targeted therapeutic approach for 

STXBP1 haploinsufficiency: 

1. The surge of novel tools for potential targeted therapies highlights the need for a better 

characterization of the disease, both from phenotypic and genetic points of view, and the 

definition of a natural history of the disease. These data are crucial in order to plan clinical 

trials, especially for rare diseases, with the right target population, treatment time points and 

rational endpoints.  

To this end, in section The bedside of STXBP1-DEE: Clinical spectrum and genotype-

phenotype correlations in patients with de novo STXBP1 pathogenic variants we aim to 

describe a novel cohort of STXBP1 patients, assess genotype-phenotype correlations, and draft 

developmental trajectories. 

2. The recently developed SINEUP ncRNA technology shows great promises in possible 

therapeutic applications for genetic disorders caused by haploinsufficiency. The availability of 

induced pluripotent stem cells (IPSCs) technology and the possibility to differentiate mature 

human neurons represents a platform for precision medicine approaches, as we can ideally 

test therapies in the target cells of a patient, with his/her genetic background. 

In section The bench of STXBP1-DEE: A novel therapeutic approach based on SINEUPs 

non-coding RNAs to treat STXBP1 haploinsufficiency - in vitro studies we aimed to test 

SINEUPs specifically designed to target STXBP1 mRNA in order to up-regulate STXBP1 protein 

translation and rescue the haploinsufficiency in mutated human neurons derived from IPSCs. 
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3. The bedside of STXBP1-DEE: Clinical 
spectrum and genotype-phenotype 
correlations in patients with de novo 
STXB1 pathogenic variants 

3.1 Aim of the study 

Disease-causing variants in STXBP1 are amongst the most common causes for 

neurodevelopmental disorders and epilepsy with a frequency of up to 1:26,000 [1]. STXBP1 is 

a crucial pre-synaptic protein involved in neurotransmitter release [2-3] and the most 

frequent member of a group of genes involved in neurodevelopmental disorders and epilepsy 

encoding proteins involved in presynaptic vesicle release4. 

The association between pathogenic variants in STXBP1 and Othahara syndrome was first 

reported in 2008 [5]. Since then, the clinical features of patients with STXBP1 encephalopathy 

have been extensively described, leading to the definition of STXBP1 developmental and 

epileptic encephalopathy (DEE) as a neurodevelopmental disorder characterized by 

intellectual disability, epilepsy, neurological impairment, and behavioral deficits [6]. 

Nevertheless, seizure history and developmental outcomes present a considerable degree of 

variability, with no prognostic factors identified to date.  

Several genetic neurodevelopmental disorders currently represent prime targets for gene 

therapy or gene regulation approaches [7-8]. However, given the considerable variability in 

the STXBP1 phenotypes, the best outcome measure and therapeutic window remain 

unknown.  

Defining developmental trajectories and discrete subgroups in STXBP1-related disorders is a 

prerequisite for designing more precise natural history studies. For example, seizure history 

is considerably variable between individuals, developmental outcomes constitute a spectrum 

of severity, and sub-groups of individuals might have specific clinical features that are more 

prominent or that emerge at different ages. All these factors need to be taken into account and 

addressed in the contest of a natural history study, which is crucial to identify the areas and 

the times for possible therapeutic interventions and plan clinical trials. However, few 

longitudinal data are available for STXBP1-related disorders, and there is a need for studies 

specifically aiming to assess the developmental trajectories and natural history of this 

condition. 

We investigated a cohort of patients with de novo variants in STXBP1 to define their clinical 

features and genotype-phenotype correlations, address the causes of phenotypic variability 

and assess the developmental trajectories of STXBP1-DEE. 
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3.2 Methods 

3.2.1 Clinical data and STXBP1_DevScore. 

This is a cohort study with retrospective data. The clinical information collected included: 

family history of neurological disorders, seizure history (seizure types, EEG, antiseizure 

medications, at the onset, follow-up, and last examination), neurological examination, brain 

MRI, neurodevelopmental milestones and outcome, behavioral features. Epileptic seizures 

were defined according to 2017 ILAE Classification  criteria [9]. Development was assessed 

through developmental milestones (eye contact, head control, walking, speech), and 

neurological examination. Previously reported individuals were included when new follow-up 

data were available.  

Based on expert consensus, a composite developmental score system (STXBP1_DevScore) was 

generated, which enabled the quantitative comparison of developmental trajectories in 

different individuals. The score includes 10 domains comprising development course, degree 

of development (assessed by developmental milestones), and neurological and behavioral 

features, with a maximum of 10 points corresponding to typical development, and a minimum 

of 0 points corresponding to a profound developmental impairment (Table 1). The score was 

applied only to individuals of at least 3 years of age at the time of the study. 

Published Italian cases were included when new follow-up data were available since the 

publication and in the analysis of the prevalence of STXBP1 mutations in Italy (over a 10 years 

period). 

Statistical analyses were done with the one-way ANOVA or 2-way Student t-test, when 

appropriate, using Prism GraphPad software. Correlation analysis for STXBP1_DevScore was 

performed in the R Statistical Package. P value was considered significant at 0.05. 
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Table 1 STXBP1 composite developmental score (STXBP1_DevScore). 

Domains Score  Explanation 

Development course 

Exam at birth 0 - 1 

0 = delay/abnormality 

1 =  typical 

Neonatal period 0 - 1 

Infancy 0 - 1 

After 1 year/Early childhood 0 - 1 

Developmental milestones at last examination ( ≥ 3 years old) 

Head control 0 - 0.5 - 1 
0 = no skill (eye contact: absent) 

0.5 = partially acquired (eye contact: 

intermittent) 

1 = acquired 

Eye contact 0 - 0.5 - 1 

Walking 0 - 0.5 - 1 

Speech 0 - 0.5 - 1 

Neurological and behavioral features at last examination 

 Neurological examination 0 - 0.5 - 1 0 = abnormal  

0.5 = mildly abnormal 

1 = unremarkable 

Behavior 0 - 1 0 = abnormal 

1 = no abnormalities 

Total  0 (profound developmental disorder)  

↕ 

10 (typical development)  
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3.2.2  STXBP1 novel missense variants modeling 

The tridimensional structure for STXBP1 was predicted using the automated homology-

modeling server SWISS-MODEL [10-14] and the canonical FASTA sequence of the protein 

(Isoform 1, 594 AA, Uniprot.org). Then the resulting model.pdb was loaded on PremPS-

Predicting the Effects of Mutations on Protein Stability, which evaluates the effects of single 

AA mutations on protein stability by calculating the quantitative changes in unfolding Gibbs 

free energy:  

 

The predictions are based on the protein structure. The PremPS model uses random forest 

(RF) regression scoring function, training on experimental data of unfolding Gibbs free energy 

changes (ΔΔG) for 5296 mutations from 131 proteins. In order to prepare a more balanced 

dataset and improve the predictive performance for both destabilizing and stabilizing 

mutations, the reversed mutations were also incorporated into the training dataset. For the 

forward mutations (ΔΔGwt→mut), 3D structures of the wild-type proteins were obtained 

from the Protein Data Bank (PDB) [15]. For the reverse mutations (ΔΔGmut→wt), the 3D 

structures of mutants were produced with BuildModel module of FoldX [16] using wild-type 

protein structures as the templates. 

ΔΔG(kcal mol-1) > 0 = destabilizing mutation 

ΔΔG(kcal mol-1) < 0 = stabilizing mutation 

 

3.3 Results 
 

We collected data from 48 individuals (18 females, 38%) with STXBP1 mutations and 

epilepsy: 36 (75%) unreported and 12 (25%) previously reported individuals (see ref. 8, 17- 

20).  

The median follow-up duration was 5 years (range: 10 months – 35 years). Patient #5 died at 

the age of 33 months (cause of death not available) and patient #32 died at the age of 21 

months from intractable seizures and respiratory complications. 

Thirty-eight (79%) of the individuals were of Italian descent and the estimated prevalence of 

STXBP1 mutations in Italy was 1 : 128,205 (2010-2019 period).  

The median follow-up duration was 5 years (range: 10 months – 35 years). One patient died 

at the age of 33 months and one patient died at the age of 21 months. 
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3.3.1 Phenotypic spectrum of STXBP1-DEE 

Family history 

No family history for epilepsy or neurocognitive deficits was reported in 27 individuals 

(56%), while 6 (13%) reported a history of seizures in the family (two in first-degree 

relatives). 

 

Epilepsy course, EEGs and brain MRI in STXBP1-DEE 

All 48 individuals presented with seizures, with a median onset of 1 month (range 1 day – 6 

years) (see Table 2). Seizure types at onset were mostly focal motor seizures (tonic, clonic, 

myoclonic, focal to bilateral tonic-clonic) and spasms, with 10 individuals (21%) diagnosed 

with Ohtahara syndrome. Focal non-motor seizures with impaired awareness and atypical 

absences were also present at onset. Seizures presented mostly at daily frequency, with 

multiple seizures per day, occurring in clusters in 12 individuals  (25%). During the disease 

course, the patients developed spasms or different types of focal motor seizures, generalized 

onset seizures, mostly motor, and 7 individuals (15%) were diagnosed with West syndrome. 

Status epilepticus was reported in 3 individuals (6%), two at seizure onset and one after 2 

years from the onset. Seizure frequency at last follow-up remained daily for 17 (35%), while it 

decreased to weekly or monthly for the rest.  

 

Overall, seizure remission was observed in 17 individuals (35%) and anti-seizure medications 

(ASMs) could be discontinued in 11 individuals (23%) at the time of inclusion in the study . 

Most individuals with seizure remission (13, 76%) became  seizure-free   in the 1st year of 

life. The median epilepsy duration in this latter group was 6.5 months (range 0.3 - 11.7 

months). Individuals with later remission had a median epilepsy duration of 13 years (range 2 

- 31 years). The remaining 31 individuals (65%) continued to have seizure with a median 

follow-up of 5.4 years  (range 10 months - 28 years) and 70% of these individuals had drug 

resistant epilepsy. Six (13%, 6/48) individuals were seizure-free for at least one year (median 

22.5 months, range 12 - 60 months) before seizure reoccurred, and all six individuals 

eventually had drug-resistant epilepsy. 
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Table 2 Epilepsy course in patients with STXBP1 disorders grouped by age at seizure 

onset. 

 Seizure onset (age range groups) Entire 

cohort 
 <1 month 1-12 months >12 months 

Seizure onset  

Age at seizure onset: 

median (range) 

23, 48%  

7.5 d (1 – 25 d)  

20, 42%  

2 m (1 – 11 m) 

5, 10%  

2.8 y (1.3 – 6 y) 

48 

1 m (1 d – 6 y) 

Seizure remission 

Age at seizure 

remission: median 

(range) 

Epilepsy duration: 

median (range)  

8, 33% 

7 m (0.75 – 12 m) 

7 m (0.75 – 11 m)  

9, 45% 

12 m (1.96 m – 

31 y)  

7.3 m (0.8 m – 

31 y) 

0% 

- 

- 

17, 35% 

7.5 m (21 d – 

31 y) 

7 m (10 d – 31 

y)  

d: days; m: months; y: years 

 

Antiseizure medications ranged from one to eight different drug trial(s) per individual. At the 

last follow-up, most of the patients were still on poly-therapy treatment. The most used ASMs 

were phenobarbital (24 individuals, 50%), valproate (20, 42%), vigabatrin (15, 31%), ACTH 

(13, 27%), pyridoxine (14, 31%), levetiracetam (15, 31%), benzodiazepines (11, 23%), 

topiramate (11, 23%), carbamazepine (11, 23%). One individual underwent epilepsy surgery 

and subsequently had a dramatic reduction in seizure frequency, with only rare myoclonic 

seizures that would be exacerbated by fever. 

 

EEG at seizure onset recorded burst-suppression in 16 individuals (33%) and hypsarrhythmia 

in 3 (6%). Most individuals had multifocal epileptiform discharges and focal spike-waves, 

which tended to become bilateral. At last EEG, they presented with slow background activity, 

with or without focal or multifocal paroxysmal activity, while in 7 patients it was reported to 

be almost normal. 

 

Brain MRI was unremarkable in 25 individuals (52%), and revealed  mild cortical atrophy in 7 

(15%), a thin corpus callosum in 7 (15%), and hypo-/delayed myelination in 4 (8%) subjects. 

Additional findings included focal hyperintensities in temporal subcortical white matter, 

reduced volume of cerebellar hemisphere, basal ganglia hyperintensity, arachnoid cyst, 

temporal focal cortical dysplasia (FCD) IB and mesial temporal sclerosis (FCD IIIA), and 

thickening of the fusiform gyrus. 
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Developmental trajectories in STXBP1-DEE 

The cumulative incidence of neurodevelopmental impairment in the whole cohort shows that 

by early childhood most individuals with STXBP1-DEE have a significantly impaired 

development (Fig. 1A, overall). Twelve individuals (25%) showed an abnormal exam at birth, 

with hypotonia or jerky movements, and feeding difficulties. In individuals  ≥3 years old (36, 

75%), we assessed the developmental milestones at the last examination (median age 8.35 

years, range 3 – 35 years) (Fig. 1B). Head control was complete in 22 individuals (61%), 

incomplete in 8 (22%), and not achieved in 5 (14%). Good eye contact was present in 16 

individuals (44%), it was intermittent in 10 (27%) and absent in 9 (25%). Twelve individuals 

(33%) could walk autonomously, 4 (11%) with assistance, and (20) 56% did not achieve this 

ability. Similarly, 6 individuals (17%) acquired the ability to say a few meaningful words and 

3 (8%) short sentences.  

Figure 1 Neurodevelopmental features in individuals with STXBP1-DEE stratified per 

age range at seizure onset. A. Cumulative incidence of neurodevelopmental impairment 

from birth to early childhood. B. Developmental milestones achieved at last assessment in 

individuals with STXBP1-DEE ≥3 years old at the time of study. C. Development before 

epilepsy onset: in 16 individuals (33%) signs of delay were evident in the neonatal period and 

6 (12.5%) during infancy. D. Development after epilepsy onset: in 12 individuals (25%) 

development stopped during the first month of life, 9 (19%) during infancy, 14 (29%) in early 

childhood. Individuals with ≤3 years old at the time of the study, manifested neonatal delay (8 

individuals, 16%), infantile delay (2, 4%) or did not manifest signs of developmental 

impairment (2, 4%) after epilepsy onset. 
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Due to the observed variability of developmental and epileptic outcomes, we asked whether 

epilepsy could impact on development in individuals with STXBP1 disease variants. When the 

patients were  grouped based on their age at seizure onset range (<1 month, 1-12 months, 
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>12 months), the cumulative incidence of neurodevelopmental impairment over time was 

different between seizure onset groups, especially between seizure onset <1 month and >12 

months (p=0.033, one way ANOVA)  (Fig. 1A, age at seizure onset groups).  

Then, we analyzed development before and after epilepsy onset (the development before 

epilepsy onset was defined as exam at birth for individuals with onset within 20 days). 

Development before epilepsy onset was referred to be typical in 26 individuals (54%), while 

22 (46%) showed developmental delay, independently from the age at seizure onset (Fig. 1C). 

The onset of epilepsy co-occurred in most individuals with manifestation of developmental 

delay (when not present before) or with a definitive cessation in development (stagnation) 

(Fig. 1D). One patient without previous delay experienced regression after epilepsy onset and 

stagnation in early childhood. Two individuals were reported not showing signs of delay at 

last follow-up (10 and 13 months).  

To quantitatively assess the differences in development across individuals and the impact of 

epilepsy, we used a novel, disease-specific scoring system, the STXBP1_DevScore. We applied 

the STXBP1_DevScore only to the 36 individuals of ≥3 years old at the time of the study. The 

median overall STXBP1_DevScore in these patients was 3.5 (range 0 – 9).  

We observed a correlation between age at epilepsy onset and STXBP1_DevScore (p=0.03, 

Pearson correlation coefficient) (Fig. 2A), suggesting that the developmental trajectories and 

outcomes are more favorable when epilepsy onset is later than 12 months. This correlation 

was evident also in the developmental milestones achieved by the different age at seizure 

onset groups (Fig. 2B), with a prominent difference in the ability to walk between patients 

with seizures onset <1 month and >12 months (p = 0.0049, one-way ANOVA).   

We then analyzed the impact of epilepsy outcomes: no correlation was observed between 

STXBP1_DevScore and age at seizure offset (p=0.64, Pearson correlation coefficient) (Fig. 2C) 

(in patients with active epilepsy, the age at last evaluation was used). Similarly, no prominent 

differences were found between remission (n = 13) vs active epilepsy (n = 23) groups 

regarding head control, walking, and speech milestones; instead, a difference (p=0.0348, t-

test) was found in eye contact, being more present in patients who achieved seizure remission 

(Fig. 2D).   

Finally, we analyzed the correlations between all the domains of the STXBP1_DevScore and 

ages at seizure onset, seizure remission and epilepsy duration (Fig. 2E). Seizure onset was 

significantly correlated with abnormal exam at birth, presence of delay in neonatal and 

infantile periods, walking and speech ability, abnormal neurological examination, and 

behavioral abnormalities (Wilcoxon test). Age at seizure remission and epilepsy duration did 

not show any significant correlation with STXBP1_DevScore domains. No correlation was 

observed between the type of STXBP1 disease variant and seizure onset, offset or epilepsy 

duration. 
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Figure 2 The impact of epilepsy on development in patients with STXBP1-DEE. A. 

STXBP1_DevScore distribution based on age at seizure onset (Log10 scale) (Pearson 

correlation coefficient). B. Developmental milestones sub-scores (mean)  stratified per age 

range at seizure onset. Seizure onset <1 month n = 15; 1-12 months n = 16; >12 months n = 

5.** p = 0.0049, one-way ANOVA. C. STXBP1_DevScore distribution based on age at seizure 

remission (Log10 scale) (Pearson correlation coefficient). D. Developmental milestones sub-

scores (means) stratified per epilepsy outcomes. Active epilepsy n = 23, seizure-free n = 13. * 

p=0.0348. E. STXBP1_DevScore domains correlations with seizure onset, offset and epilepsy 

duration. Violin plots show only significant correlations (Wilcoxon Rank Sum test). 
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Neurological,  cognitive and additional features  

Neurological features were common in our cohort of 48 individuals with STXBP1-related 

disorders and epilepsy. Almost half of the patients (21, 46%) presented with hypotonia, both 

axial or generalized, or associated with distal hypertonia; 11 patients (23%) presented with 

quadriplegia. Ataxia was reported in 5 patients. Other neurological features included tremors, 

erratic eye movements, nystagmus, severe dystonia, dyskinesia, dysarthria, myoclonus, 

choreoathetosis, and abnormal pain threshold. Three individuals (6%) presented with 

microcephaly. In five individuals neurological examination was unremarkable. Fifteen 

individuals (31%) presented with motor stereotypies, involving mainly the hands, but also 

oral and head; 9 individuals (19%) had autistic traits, 3 (6%) hyperactivity, and 2 (4%) 

presented wake bruxism; oppositional and self-aggressive behaviors have been reported in 

two individuals. In 5 individuals (10%) no behavioral concerns were reported. Ten 

individuals (21%) presented sleep disturbances. Intellectual disability (ID) was present in all 

individuals ≥6 years old (23, 48%), which was reported as moderate in 3 individuals (13%), 

severe 17 (74%), and profound in 3 (13%). Among the patients who were too young for 

cognitive evaluation (25, 52%), only two (8%) showed no signs of developmental delay, 3 

(12%) showed mild developmental delay, 3 (12%) moderate, 17 (68%) severe and one 

profound delay (4%). Six patients (12.5%) presented with facial dysmorphic features. 

3.3.2 Genetic analysis 

We identified 39 different de novo STXBP1 heterozygous genotypes (16 missense variants, 

41%), with 8 novel variants (Table 3). The variants were distributed across all the functional 

domains of STXBP1 protein, with distinct recurrent variants: p.Arg406Cys (4, 8%), 

p.Arg406His (3, 6%), del 9q33.3-34.11 (3, 6%), p.Arg551Cys/His/Leu (3, 6%), 

p.Ile19_Lys20delinsMet (2, 4%), c.578+1G>A (2, 4%) (Figure 3). 

 We modelled the two novel missense variants in silico, which predicted destabilization of 

STXBP1 protein structure, providing additional support for pathogenicity of these variants 

(Figure 5). 

Table 3 Novel de novo STXBP1 variants.  

 

 

cDNA protein type ACMG criteria 
c.1262delA  p.Asn422Thrfs*2 frameshift pathogenic (PVS1, PS2, PM2, PP3) 
Exons 4- 5 deletion  p.0 indel PVS1, PS2 
 c.1249G>C  p.Gly417Arg missense likely pathogenetic (PS2, PM2, PP2, PP3) 
c.993_995delGAA  p.Lys332del indel likely pathogenic (PS2, PM2, PM4, PP3) 
c.17T>A  p.Leu6His missense likely pathogenic (PS2, PM2, PP2) 
c.88-1G>C  ? splice-site pathogenic (PVS1, PM2, PP3) 
c.1095_1096del p.Cys366Profs*13 frameshift pathogenic (PVS1, PM1, PM2, PP3, PP5) 
c.794+2dupT  ? splice-site likely pathogenic (PS2, PM2, PP3) 
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Figure 3 STXBP1 variants over exons and linear protein structure. Novel variants are 
highlighted in red. 

 

The variants were distributed across all the functional domains of STXBP1 protein (Fig. 14), 

but two hotspots (≥3 individuals) were present at residue Arg406 and Arg551. Recurrent 

variants were: p.Arg406Cys (c.1216C>T) (4), p.Arg406His (c.1217G>A) (3), 

p.Ile19_Lys20delinsMet (c.57_59delAAA) (2), p.Arg292His (c.875G>A) (2), c.578+1G>A (exon 

8 GT donor) (2, twin brothers). 

3D modelling of two unreported de novo STXBP1 variants 

We modelled our two novel missense variants in the predicted STXBP1 protein structure. 

Resulting Sequence Identity of STXBP1 homology model was 100.00, Sequence similarity 0.61, 

Resolution 2.50Å, Range 4-592 AA, Coverage 1.0, and the overall QMEAN was -0.79. Both our 

novel missense mutations fell in conserved/well predicted regions. Both the missense 

mutations showed a positive ΔΔGfold (Leu6His-> ΔΔG 2.86 and Gly417Arg-> ΔΔG 1.44) 

meaning they are destabilizing for protein structure (particularly Leu6His); moreover, as the 

ratio of solvent accessible surface area of the residues in the protein and in the extended 

tripeptide is < 0.2, the residues are predicted to be located in the protein CORE (Fig. 5 and 6).  
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Figure 4 Representation of the wild-type (Leu6) STXBP1 versus the mutant (His6). The 3D structure shows 

the non-covalent interactions between the mutated site and its adjacent residues in the wild-type and mutant 

structure respectively (generated with Arpeggio). Legend: Blue lines= hydrophobic interactions; light-blue lines= 

polar interactions; green lines= Van der Waals forces. 

 

 

Figure 5 Representation of the wild-type (Gly417) STXBP1 versus the mutant (Arg417). The 3D structure 

shows the non-covalent interactions between the mutated site and its adjacent residues in the wild-type and 

mutant structure respectively (generated with Arpeggio). Blue lines= hydrophobic interactions; light-blue lines= 

polar interactions; green lines= Van der Waals forces; orange lines= carbonyl interactions. 
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3.3.3 Genotype-phenotype correlations 

Given the presence of recurrent mutations, we compared the phenotypes of the patients to 

assess genotype-phenotype correlations.  

Two missense variants involve the Arg406 to Cys (4 patients) or His (3 patients), and both 

result in severe phenotypes with early onset seizures in all the patients but in one, who has 

childhood-onset seizures and better developmental outcome. Two patients with p.Arg406Cys 

are reported with mild facial dysmorphisms.  

Three patients carried a Arg551 change to Cys, His and Leu, and all have infantile seizure 

onset (10-16 months), with absence or focal motor seizures, and none is seizure-free.  

Two patients carry the c.57_59delAAA, p.Ile19_Lys20delinsMet mutation. Both the patients 

had a normal development until 11 months and 17 months respectively, when seizures 

started and stagnation occurred in one and regression in the other; at last follow-up, they 

presented seizures, could walk and had a simplified language, and both were hyperactive; ID 

was mild in one and moderate in the other. Brain MRI (childhood) was suggestive of FCD IB 

and mesial temporal sclerosis (FCD IIIa) in one, while it revealed focal hyperintensities in the 

subcortical white matter demonstrated by T2-weighted on temporal lobes in the other.   

The de novo variant c.578+1G>A (splice-site variant in exon 8 GT donor site) is found in two 

monozygotic twin brothers. Both the kids manifested neonatal focal motor seizures (tonic and 

myoclonic) at 19-20 days after birth, with daily frequency. They both developed bilateral tonic 

clonic seizures during follow-up and were treated with phenobarbital, topiramate, 

levetiracetam (and ketogenic diet in one). Both the brothers achieved seizure remission at 3 

months of age, and remained seizure free until 2.5 and 4 years, respectively, when seizures 

relapsed. The exam at birth was normal, but developmental stagnation occurred around 2 

months. At 4 years old, they present severe PMR: they achieved head control, but no walking 

and speech milestones, and eye contact is intermittent. At neurological examination, they both 

present hypotonia and stereotypies, and awake bruxism in one.  

Variant c.875G>A (p.Arg292His) is found in two patients. Both had seizure onset in the first 

month of life and developed spasms. One is seizure free since 2 yo (4 yo at last follow-up), 

while the other has still seizures (18 months at last follow-up). Both the patients are severely 

delayed and have sleep problems. 

No significant differences were found in patients with missense variants compared to all other 

variants (stop, indel, frameshift, and splice-site) in age at seizure onset and remission or in 

STXBP1_DevScore domains (Figure 2E). 

 
 

 



38 
 

3.4 Discussion 

 

We report detailed phenotypic data and developmental trajectories of a large cohort of 

STXBP1 individuals with epilepsy. 

Relationship between epilepsy and developmental trajectories in STXBP1-DEE 

The epileptic phenotype in our STXBP1 cohort shows considerable variability in seizure types 

and onset. We could observe two “peaks” of seizure onset, within the first 10 days and around 

3 months. Later onset (12 months and older) is also reported. One-third of patients became 

seizure-free and most of them (76%) within 12 months of life. Furthermore, epilepsy duration 

was considerably shorter in patients with earlier onset. We did not identify any prognostic 

factors regarding epilepsy offset, as this outcome seems to be independent of the medication 

used and the genotype. The most common first-line ASMs reflect the predominant neonatal-

infantile seizure onset in STXBP1 patients, with no superiority of one specific ASM or 

combination. A dramatic efficacy of levetiracetam has been anecdotally reported [21-22], 

given the specific mechanism of action of this drug, binding SV2A and modulating the same 

system affected by STXBP1 mutations. However, we did not observe such efficacy of LEV in 

our cohort. Furthermore, controlling epilepsy using this therapy does not alter the 

psychomotor impairment caused by the STXBP1 mutations [21-22].  Although this might not 

be the case for all the patients, early seizure remission seems almost spontaneous, and points 

towards mechanisms of disease beyond the impaired neurotransmission, such as the role of 

STXBP1 in very early developmental stages of the brain. 

About half of the patients showed developmental delay before epilepsy onset, regardless of 

the age at seizure onset. We observed that the definitive stop in the development occurred 

with two peaks, in neonatal period and soon after the 1st year. As developmental stagnation 

Highlights: 

- 35% of individuals with STXBP1-related epilepsy become seizure-free, and 75% of them 

within the 1st year of life.  

- Seizure remission is more likely to be achieved when seizure onset is early, with shorter 

epilepsy duration. 

- STXBP1_DevScore allows to identify a correlation between age at epilepsy onset and 

developmental outcome. 

- Seizure remission has a limited impact on developmental outcomes but may improve social 

and behavioural features.  

- Developmental delay prior to epilepsy onset is present in about 42% across all the age ranges; 

however, developmental stagnation seems to co-occur with epilepsy onset. 

- Monozygotic twins with a de novo STXBP1 pathogenic variant show largely identical 

phenotypes and disease course. 
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was associated with epilepsy onset in most patients, we assessed the impact of epilepsy on 

developmental outcomes in our cohort using a novel composite developmental score, 

STXBP1_DevScore. The developmental milestones that could be achieved were very limited 

for most of the individuals, with speech being the most penalized skill. When we stratified the 

development based on age at seizure onset, we observed an almost direct proportionality: 

patients with later seizure onset have better developmental outcomes, especially regarding 

the walking skill. We cannot establish whether this is a causal relationship or a contributing 

factor, or whether there are genetic bases for the difference in baseline development. These 

assumptions are very much limited by the number of this cohort and by the absence of a 

control group of individuals with STXBP1 pathogenic variants without epilepsy. Such 

comparison is therefore needed. 

We then  analyzed the impact of epilepsy remission on developmental outcomes, we found 

little difference between individuals with remitted epilepsy and with active epilepsy. The 

patients with later epilepsy onset still had seizures at the time of study, which impacted their 

ability to make eye contact, which in this case is regarded as a trait associated with autistic 

behavior, rather than  a visual engagement defect. However, our observation may suggest that 

epilepsy in patients with STXBP1-DEE favors the appearance of autistic traits, thus, seizure 

control could have a beneficial impact on some behavioral and interactive skills, although not 

impacting global development. We did not analyze the social interaction in our cohort, but a 

recent study [23] showed that social motivation is more present in the STXBP1 cohort than in 

mixed ID cohorts, and therefore the precise genetic etiology may be a discriminating factor in 

behavioral features. 

Genotype-phenotype correlations in STXBP1-DEE 

The identified pathogenic variants span all domains of STXBP1, with unclear genotype-

phenotype correlations. A limited correlation was observed in individuals with variants 

involving two mutational hotspots, Arg406 and Arg551. No significant differences are found 

in patients with missense variants compared to all the other variants (stop, indel, frameshift, 

splice-site) regarding seizure onset and remission, developmental achievements, and 

cognitive outcome, suggesting that missense variants are equally disruptive for protein 

function and confirming the crucial role of STXBP1 in neurodevelopment. 

We report the presence of brain MRI abnormalities in individuals with STXBP1 mutations and 

epilepsy, in particular, FCD-like. The patient with FCD IB underwent a successful lobectomy 

and, notably, the mTOR genes panel on resected tissue resulted negative. A similar patient 

was reported with FCD IB a germline STXBP1 mutation, and lesional mosaicism of 

heterozygous and homozygous STXBP1 mutations, however mTOR analysis was not 

performed [24]. Another case report described a patient with FCD IA [25], who benefited from 

surgery, but no genetics was performed on the resected tissue. A casual co-occurrence of the 

two conditions cannot be excluded. However, STXBP1 may have  a role in neuronal maturation 

and migration, especially radial migration [26-27]. Therefore, a genetic diagnosis should not 

exclude epilepsy surgery evaluation in patients with predominant focal electro-clinical 

features. Fundamental research should address the hypothesis of the role of STXBP1 in 

corticogenesis as a mechanism of neurodevelopmental disorder. 
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We also report two monozygotic twins with the c.578+1G>A mutation. The other reported 

case of affected siblings is the only homozygous mutation in STXBP1, with an apparent 

dominant-negative effect [28]. One other individual with c.578+1G>A variant is reported in 

the literature, with infantile-onset epileptic encephalopathy [29]. The similarity of the 

phenotypes and the course of the disease in the two siblings is striking and points towards the 

role of shared modifier factors in the genetic background. 

The most extensive work analyzing more than a hundred patients failed to identify genotype-

phenotype correlations in STXBP1-DEE [8], suggesting that other genetic modifiers or 

epigenetic factors might be involved in determining the expressivity of the disease, as 

suggested also in other genetically-determined epilepsies [30-31]. However, we cannot either 

exclude that the analysis of a larger cohort will reveal the presence of some genotype-

phenotype correlations and/or prognostic factors. One possible way to dissect the underlying 

causes of heterogeneity would be to look for common variants in other genes and/or 

regulatory regions in STXBP1 individuals. Another important point is the possible emergence 

of age-dependent differences in patients with different mutations [32], and therefore 

prospective evaluation and adult studies are crucial. There is now a need for studies including  

a larger cohort of individuals with STXBP1-related disorders, using a uniform phenotyping 

language to standardize heterogeneity found in clinical data. Such an effort is underway and 

uses Human Phenotype Ontology (HPO) [33-34] terms to harmonize the data and will 

certainly add knowledge to understand the complexity of the STXBP1-DEE phenotypic 

spectrum. 

STXBP1 is one of the most implicated genes in NGS studies to date, being the 5th most 

common diagnosis [35]. In adults with epilepsy and intellectual disability it was the 3rd 

genetic diagnosis in a recent study [36]. The frequency of STXBP1 mutations and their deep 

life-long clinical impact, call for a targeted therapy approach. Insights into possible targeted 

interventions have been recently given, with different approaches ranging from chemical 

chaperones [37] to micro RNAs modulation [38] that will likely be available for human use in 

the upcoming few years. However, as the paradigm of clinical trials is changing for rare 

disorders and novel therapies, we auspicate the thorough research for therapeutic endpoints 

that include cognitive and behavioral features, beyond epilepsy, and that are tailored to the 

STXBP1 population. 

The major limitations of our study include the selection bias towards patients with epilepsy, 

the limited number of individuals recruited, and the retrospective nature of data, which 

allowed us to assess neurodevelopment based on limited ages at the last assessment. 

Nevertheless, the standardized data collection and the use of STXBP1_DevScore allowed us to 

address the heterogeneity in the retrospective data concerning neurodevelopment and, 

finally, to compare different individuals and identify meaningful correlations. 

3.5 Conclusion 

Disease-causing variants in STXBP1  lead to a severe neurodevelopmental syndrome with 

epilepsy. However, the epilepsy history and developmental trajectories in individuals with 

STXBP1-DEE  show the presence of diverse patterns of progression. This study aimed to 
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quantitatively assess the development across individuals with STXBP1-DEE using a disease-

specific composite score (STXBP1-DevScore) and allowed to unravel a relationship between 

epilepsy and development in a cohort with STXBP1-DEE. Age at seizure onset is the only 

epilepsy-related feature associated with neurodevelopment outcome (Class IV evidence). 

These observations point towards a deep developmental impact of STXBP1 mutations, that 

goes beyond the impact of concomitant pharmaco-resistant epilepsy. Our findings inform 

future dedicated natural history studies and trial design. In view of future clinical trials, we 

auspicate the setting of an extensive prospective evaluation of individuals with STXBP1-DEE, 

including detailed neurocognitive and psychosocial evaluations at different stages, that : 1) 

delineate the detailed natural history of the disease, taking into account the variability of 

epilepsy and developmental outcomes in sub-groups; 2) identify the right endpoints and time-

points for therapeutic interventions; and 3) specifically address the causes of developmental 

variability in the STXBP1 population. 
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4. The bench of STXBP1-DEE: A novel 
therapeutic approach based on SINEUPs 
non-coding RNAs to treat STXBP1 
haploinsufficiency - in vitro studies 

4.1 Aim of the study 

The availability of induced pluripotent stem cells (IPSCs) technology and the possibility to 

differentiate mature human neurons brought an unprecedented advantage for the functional 

studies of neurodevelopmental diseases such as STXBP1. Most importantly, this technology 

represents a platform for precision medicine approaches, as we can ideally test therapies in 

the target cells of a patient, with his/her genetic background. The recently developed SINEUP 

ncRNA technology shows great promises in possible therapeutic applications for genetic 

disorders caused by haploinsufficiency, because of 1) target-specific activity, 2) no risks of 

genetic modifications, 3) modular structure that allows scalability to a variety of targets and 

disorders. 

We aim to test SINEUPs specifically designed to target STXBP1 mRNA in order to up-regulate 

STXBP1 protein translation and rescue the haploinsufficiency in mutated human neurons 

derived from IPSCs. 

 

4.2 Materials and methods 
 

Constructs 

SINEUP plasmids were bought from Cell Guidance Systems (TranSINETM  Cambridge, UK). 

Upon digestion with XhoI and EcoRI the pcs2+/ED plasmid released the 728 bp Stuffer 

Fragment and resulting linearized and plasmid backbone was used to ligate with the STXBP1-

BDs. The transfection controls with eGFP use a pdual vector. All miniSINEUP-containing 

vectors were verified by sequencing. 

Selected miniSINEUP-STXBP1 were cloned into a modified pLL3.7 lentiviral vector.  

Cell lines 

HEK 293Twere maintained in culture with Dulbecco's modified Eagle's medium (DMEM) 

GlutaMAX™ Supplement (Gibco by Life Technologies, Cat. No. 41090-028) supplemented with 

10% fetal bovine serum (Euroclone, Cat. No. ECS0180L) and 1% antibiotics 

(penicillin/streptomycin), as suggested by the vendor.  
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SH-SY5Y cells were maintained in culture with RPMI supplemented with GlutaMAX, 10% fetal 

bovine serum not inactivated (Euroclone, Cat. No. ECS0180L) and 1% antibiotics 

(penicillin/streptomycin).  

Gene-edited iPSC line BIONi010-C-13 with constitutively expressed NGN2 was purchased 

from EBiSC. Mutations in STXBP1 were induced in this line using CRISPR-cas9 technology and 

generating multiple STXBP1 +/- clones on isogenic background. The iPSCs lines were cultured 

in Essential 8 medium (StemCell) on geltrex (ThermoFischer) coating and passaged using 

EDTA.  

For differentiation of human neurons, 1 x 106 iPSCs were dissociated with accutase and 

seeded on geltrex-coated 10 cm petri dishes in Essential 8 supplemented with Rock-inhibitor. 

One day after seeding, the medium was switched to N2 medium (DMEM/F12, 1% N2 

supplement) supplemented with doxycycline to induce NGN2 expression and refreshed every 

day for 4 days. On day 5, the cells were dissociated with accutase and re-plated on 

PO/laminin-coated 6 wells plates with  NB/B27 medium (neurobasal medium, 2% B27 

supplement, 1ml GlutaMax, 1-2 μg/ml laminin, 10ng/ml BDNF, GDNF, CTNF) supplemented 

with doxycycline. The human NGN2-neurons were refreshed 2 times a week (half medium). 

Transfections 

HEK 293T/17 cells were plated in six-well plates the day before transfection at 50% 

confluency (2.5× 105 cells/well) and transfected with 4 μg of miniSINEUPs encoding plasmids 

using Lipofectamine® 2000 (Invitrogen™ by Life Technologies, Cat. No. 11668019) and 

following manufacturer's instructions. Cells were collected 48 hours after transfection. RNA 

and protein were obtained from the same transfection in each replica. 

Infection of human NGN2-neurons 

At least 2 × 105 NGN2-neurons were plated onto a 6 well plates coated with PO-laminin  and 

cultured until  18 DIV, when NGN2-neurons were infected with the appropriate miniSINEUP-

expressing lentiviral vector (20 ul per well). Half of the medium was refreshed every 72h and 

cells were collected after 10 days of treatment. RNA and proteins were obtained from the 

same infection in each replica. 

Western blot 

Transfected HEK 293Tcells were washed twice and collected in PBS 1X. After 5 min 

centrifugation at 500 RCF, cell pellets were directly lysed in 100μl of Laemmli sample buffer, 

briefly sonicated, boiled and loaded 10–20 μl/each sample on 10% SDS-PAGE gel. Infected 

human NGN2-neurons were collected by scrapering in PBS 1X with 100X protease inhibitor E-

64d (E8640, Sigma-Aldrich). After 5-min centrifugation at 3000RCF, cell pellets were 

dissolved in 70μl of 1X Laemmli sample buffer, homogenized by 20 gauge needle and 

vortexing, boiled and loaded 10 μl/each sample on 10% SDS-PAGE gel. Proteins were 

transferred to nitrocellulose membrane 0.2 µm (#1620112, Bio-Rad) using Trans-Blot® 

Turbo™ Transfer System, with High MW protocol (2.5 A, up to 25 V; 10 min).For HEK293T 
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cells, membranes were blocked with 5% Blotting-Grade Blocker (Bio-Rad, #1706404) in 

TBS/0,1%TWEEN  solution for 1 h at room temperature (RT) and then incubated with 

primary antibodies, diluted in the blocking buffer. For human NGN2-neurons, membranes 

were blocked with 2% protease-free Bovine Serum Albumin (268131000, ACROS Organics™) 

in PBS-0.05% Tween solution for 1 h at RT and then incubated with primary antibodies, 

diluted in the blocking buffer. For HEK293T cells, the following antibodies were used: 

Polyclonal Rabbit Anti-STXBP1 1:5000 (HPA023483, Sigma-Aldrich) overnight at 4°C, 

followed by 1 hour incubation at RT with horseradish peroxidase (HRP)-conjugated Donkey 

Anti-Rabbit IgG Antibody1:10000 (AP182P, Sigma-Aldrich); Monoclonal Mouse Anti-GAPDH 

1:5000 (MAB374, Merck-Millipore) for 2 hours at RT, followed by 1 hour incubation at RT 

with HRP-conjugated Polyclonal Goat Anti-Mouse IgG1:1000 (P0447, Agilent). Proteins of 

interest were visualized with Clarity™ Western ECL Substrate (1705060, Bio-Rad). Western 

blotting images were acquired using with Alliance MINI HD9 system (Uvitec, Cambridge) and 

densitometric analysis was performed using Nine Alliance Mini 9 17.01 Software. For human 

NGN2-neurons the following antibodies were used: Anti-STXBP1 1:5000 (HPA023483, Sigma-

Aldrich) for 2 hours at RT, followed by 30 minutes incubation at RT with IRDye® 800CW Goat 

anti-Rabbit IgG 1:5000 (926-32211, LI-COR) Secondary Antibodies; Monoclonal Mouse Anti-g-

Tubulin 1:1000 (T5326, Sigma-Aldrich), overnight at 4°C, followed by 30 minutes incubation 

at room temperature with IRDye® 680LT Goat anti-Mouse IgG Secondary Antibody 1:5000 

(926-68020, LI-COR); Polyclonal Rabbit Anti-mCherry1:10000 (GTX128508, GeneTex), 

followed by 30 minutes incubation at RT withIRDye® 800CW Goat anti-Rabbit IgG 1:5000 

(926-32211, LI-COR) Secondary Antibody. Western blotting images were acquired using with 

LI-COR Odyssey Fc according to the manufacturer’s instructions. Densitometric analysis was 

performed using Image Studio™ Software. 

For HEK293T cells, STXBP1 protein levels were normalized to GAPDH and the STXBP1-

SINEUPs effect were assessed by relating to ΔBD. For human NGN2-neurons, STXBP1 protein 

levels were normalized to mCherry or gamma-tubulin, and the STXBP1-SINEUPs effect were 

assessed by relating to ΔBD. 

RNA isolation, Reverse Transcription (RT) and quantitative RT-PCR (qRT-PCR) 

Total RNA was extracted from 1/3 of cell pellets from each well using RNeasy Micro Kit 

(74004, Qiagen), including DNAse treatment to avoid DNA contamination, following 

manufacturer's instructions.  

A total of 250 ng of HEK293T RNA and 50 ng of human NGN2-neurons RNA was subjected to 

retro-transcription using iScript™ cDNA Synthesis Kit (Bio-Rad, Cat. No. 1708890), according 

to manufacturer's instructions. qRT-PCR was carried out using SYBR green fluorescent dye (iQ 

SYBR Green Super Mix, Bio-Rad, Cat. No. 1708884) real-time thermal cycler (CFX-96, Bio-

Rad). The reactions were performed on diluted cDNA (1:5).  

Relative expression was calculated using the 2-ΔΔCt method (Pfaffl, 2001) by normalizing 

data to the geometric mean of housekeeping transcripts (CYC1 and RPL13A for HEK293T; 

GAPDH and RLP13A for human NGN2-neurons) using the CFX Manager 3.0 software (BioRad).  
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Statistical analysis 

In all experiments, the significance of differences between groups was evaluated by one-way 

ANOVA followed by Dunnett's post-test. Quantitative data are presented as mean ± SD of at 

least three independent experiments. 

 

4.3 RESULTS 
 

4.3.1 Design and generation of different SINEUP-STXBP1 

We analyzed the 5'UTR and TSS for STXBP1 in our target cells, human IPSCs-derived neurons, 

using FANTOM5 (Functional ANnoTation Of the Mammalian genome) collection of Cap 

Analysis of Gene Expression (CAGE) datasets and Zenbu Genome Browser. We then designed 

three SINEUPs with different BDs for STXBP1 mRNA of the following BDs: -40/+32, -40/+4, -

14/+4, antisense to STXBP1 mRNA, and cloned them into expression vectors (Cell Guidance 

Systems). As negative control, we used SINEUPs lacking the BD region (SINEUP-ΔBD).  

 

4.3.2 Evaluation of translational activity of SINEUPs in human cell line  

expressing endogenous STXBP1 

We screened different cell lines for STXBP1 expression and identified HEK293T as a suitable 

cell line expressing endogenous STXBP1 (Fig 2). We then verified the transfection efficacy and 

translational effect of SINEUPs by transfecting cells with the positive controls pDUAL/eGFP 

and pDUAL/eGFP_eGFP-BD/ED plasmid pair. We confirmed the SINEUP activity for GFP 

protein in HEK293T cells: the cells transfected with SINEUP-GFP show 2.1-fold increased GFP 

protein compared to cells transfected only with GFP vector (data not shown).  

The STXBP1-targeting SINEUPs were tested in HEK293T cells transfected with SINEUP-

STXBP1 or Negative control (ctrl-) (SINEUP-ΔBD). The cells were harvested at 48 hours after 

transfection. From each well, 2/3 of the cells were used for protein extraction and 1/3 for 

RNA extraction.  The target protein was analyzed by Western blot and SINEUP activity was 

evaluated as fold changed in STXBP1 protein levels in SINEUP-STXBP1 treated groups 

compared to SINEUP-ΔBD group (ctrl-) upon GAPDH normalization. The SINEUP-STXBP1 

showed a  statistically significant up-regulation of STXBP1 protein levels of 1.4 fold relative to 

the negative control in n=8 experiments (Fig. 3A). Using SINEUPs, the mRNA levels of the 

target gene evaluated with qRT-PCR were unaltered (Fig. 3C). 
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Figure 2 Expression analysis of STXBP1 protein in different human cell lines by Western  Blotting. GAPDH 

is used as loading control protein for normalization. 

 

 

Figure 3 SINEUPs structure and activity on GFP and STXBP1 proteins in HEK293T cell line (n = 8). A. 

SINEUPs activity on STXBP1 levels in HEK293T. Representative image of one 48h post-transfection Western blot 

and relative densitometric analysis. HEK293T were transfected with three STXBP1-SINEUPs of different length, 

and DeltaBD-SINEUP (negative control). Samples treated with SINEUPs show mean 1,4 - 1,6 fold increased 

STXBP1 protein levels after 48 hours. Results are shown as mean±SEM of n=8 experiments. STXBP1_003: -14/+4; 

STXBP1_002: -40/+4; STXBP1_001: -40/+32; NT: not treated. * p<0.05, ** p<0.005 one-way ANOVA performed on 
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raw quantification upon normalization with GAPDH, not related to deltaBD. B. Representative Western blot. C. 

Relative normalized expression of SINEUP Effector Domain and STXBP1 mRNA on qRT-PCR. RNA was obtained 

from the same well as for proteins in each replica. 

 

4.3.3 Evaluation of translational activity of SINEUPs in human NGN2-neurons 

We chose to use the shortest SINEUP-STXBP1 -40/+0(STXBP1_002) and -14/+4 

(STXBP1_003), and SINEUP-ΔBD to be tested in our target cells, IPSCs-derived human 

neurons. This choice is based on the assumption that, in the view of a future animal and 

clinical studies, the shortest size is necessary given the limitations of the actual delivery 

systems and to maximize the delivery to the target tissue and the target cells. The two 

SINEUP-STXBP1 constructs and the SINEUP-ΔBD were then cloned into a modified pLL3.7 

lentiviral vector expressing the SINEUP downstream U6 promoter and mCherry downstream 

synapsin promoter. The mCherry is used to assess the infection rate of the treated cells and to 

quantify the STXBP1 protein levels limited to the infected cells, expressing mCherry.  

4.3.3.1Translational activity of SINEUPs in wild-type human NGN2-neurons 

We first tested the lentiviral SINEUP-STXBP1 in wild-type human iPSCs-derived NGN2-

neurons. The neurons were infected at 18 DIV and harvested after 10 days post-infection (28 

DIV). The average infection rate over at least n=3  experiments was around 70%. The effect of 

STXBP1-targeted SINEUPs on STXBP1 protein levels was evaluated by Western blot upon γ-

tubulin and mCherry  normalization. We observed an average increase of 1.5 fold relative to 

ΔBD (negative control), which was statistically significant for STXBP1_002 over n=3 

independent differentiations and infections (Fig. 4B). The lack of statistical significance in 

one-way ANOVA test when mCherry is used to normalize STXBP1 protein levels is probably 

due to the technical variability between experiments, so that increasing n will help to reduce 

the standard deviations.  
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Figure 4 STXBP1 protein levels in wild-type NGN2 human neurons at 10 days post-infection (n=3). A. 

Representative Western blot. STXBP1_003: -14/+4; STXBP1_002: -40/+0; STXBP1_001: -40/+32. NGN2-neurons 

were infected with lentiviral SINEUPs at 18 DIV. The cells were harvested and proteins collected at 10 days post-

infection (28 DIV). B. Densitometric analysis of Western blots normalized per mCherry(n=3) or γ-tubulin (n=4), 

and relative to negative control (-ctrl) DeltaBD. Results are plotted as mean±SD. * p<0.05, one-way ANOVA 

performed on raw quantification upon normalization with mCherry or γ-tubulin, not related to deltaBD. 

 

4.3.3.2 Translational activity of SINEUPs human NGN2 neurons with CRISPR-

induced STXBP1 mutations 

We tested the lentiviral SINEUP-STXBP1 in neurons derived from CRISPR-induced STXBP1 

mutated lines (c.721+10, p.0; c.721delT, p.S241fs; c.620A>G, p.D207G), following the above 

infection protocol. The average infection rates were around 60-70%. We could observe a 

statistically significant increase of 1.8-2.2 fold in STXBP1 protein levels over mCherry when 

neurons were treated with STXBP1_002 SINEUP, in n=3-4 independent differentiations and 

infections (Fig. 5-7).  

In all the experimental groups and cell lines, STXBP1 mRNA levels were stable and 

comparable to the not-treated samples, confirming the post-translational activity of STXBP1-

SINEUPs. 
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These preliminary results demonstrate a good SINEUP activity in IPSCs-derived human 

neurons and suggest a significant effect of STXBP1-targeted SINEUPs on endogenous STXBP1 

levels, both STXBP1+/+ and STXBP1+/- conditions. 

 

 

 

Figure 5 STXBP1 protein levels in NGN2 human neurons with CRISPR-induced STXBP1 haploinsufficiency 

(heterozygous by deletion of 10 bp) at 10 days post-infection (n=3-4). A. Densitometric analysis of Western 

blots normalized per γ-tubulin (n=4) and mCherry (n=3) and relative to negative control (-ctrl) DeltaBD. NGN2-

neurons were infected with lentiviral SINEUPs at 18 days-in-vitro. The cells were harvested and proteins 

collected at 10 days post-infection (28 days-in-vitro). Results are plotted as mean±SD. STXBP1_003: -14/+4; 

STXBP1_002: -40/+0; STXBP1_001: -40/+32; NT: not treated. p>0.05, one-way ANOVA performed on raw 

quantification upon normalization with mCherry or γ-tubulin, not related to deltaBD. B. Relative normalized 

expression of SINEUP Effector Domain and STXBP1 mRNA on qRT-PCR. RNA was obtained from the same well as 

for proteins in each replica. 
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Figure 6 STXBP1 protein levels in NGN2 human neurons with CRISPR-induced STXBP1 haploinsufficiency 

(frameshift mutation) at 10 days post-infection (n=4). Densitometric analysis of Western blots normalized 

per γ-tubulin (n=4) and mCherry (n=4) and relative to negative control (-ctrl) DeltaBD. NGN2-neurons were 

infected with lentiviral SINEUPs at 18 days-in-vitro. The cells were harvested and proteins collected at 10 days 

post-infection (28 days-in-vitro). Results are plotted as mean±SD. STXBP1_003: -14/+4; STXBP1_002: -40/+0; 

STXBP1_001: -40/+32; NT: not treated. * p<0.05, one-way ANOVA performed on raw quantification upon 

normalization with mCherry or γ-tubulin, not related to deltaBD.B. Relative normalized expression of SINEUP 

Effector Domain and STXBP1 mRNA on qRT-PCR. RNA was obtained from the same well as for proteins in each 

replica. 

 

 

Figure 7 STXBP1 protein levels in NGN2 human neurons with CRISPR-induced STXBP1 haploinsufficiency 

(missense D207G mutation) at 10 days post-infection (n=3-4). Densitometric analysis of Western blots 
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normalized per γ-tubulin (n=3) and mCherry (n=4) and relative to negative control (-ctrl) DeltaBD. NGN2-

neurons were infected with lentiviral SINEUPs at 18 days-in-vitro. The cells were harvested and proteins 

collected at 10 days post-infection (28 days-in-vitro). Results are plotted as mean±SD. STXBP1_003: -14/+4; 

STXBP1_002: -40/+0; STXBP1_001: -40/+32; NT: not treated. * p<0.05, one-way ANOVA performed on raw 

quantification upon normalization with mCherry or γ-tubulin, not related to deltaBD.B. Relative normalized 

expression of SINEUP Effector Domain and STXBP1 mRNA on qRT-PCR. RNA was obtained from the same well as 

for proteins in each replica. 

 

4.4 DISCUSSION 

STXBP1 mutations are one of the most frequent genetic causes of early onset DEE. These 

disorder broadly involve the neural system and urge novel approaches to target the 

underlying genetic cause. We aimed to test a novel therapeutic approach based on SINEUPs to 

increase the translation of the mRNA from wild-type STXBP1 allele, without impacting on the 

genome. Our results can be summarized as follows: 

1. STXBP1-SINEUPs tend to up-regulate STXBP1 protein levels in different cellular models, 

both in STXBP1 +/+ and STXBP1 +/- conditions, without altering STXBP1 mRNA levels. 

2. SINEUPs can be successfully used in human NGN2-neurons. 

3. IPSCs provide an excellent disease-in-a-dish model to test a potential precision medicine 
tool like SINEUPS, avoiding the use of animals to model the disease. 

The limitation of this study was the inter-cellular variability in infection efficiency. The up-

regulation effect in STXBP1 +/- human NGN2-neurons was not always evident when γ-tubulin 

was used to normalize protein  levels. To account for these factors, we are going to analyze the 

STXBP1 protein levels in each treatment group at single cell level using 

immunocytochemistry, and we will optimize the infection parameters in order to obtain the 

most similar single-cell infection efficiency in each treatment group. 

The rescue of the physiological STXBP1 protein levels can lead to the functional recovery of 

synaptic activity. To test this hypothesis, we will proceed with a panel of functional studies, 

including electrophysiology recordings.  

Although the designed constructs are specific for human STXBP1 mRNA, off-target effects 

must be excluded.  We performed a bioinformatic screening of the possible off-targets and 

identified no putative off-targets for the effective SINEUP STXBP1_002 (data not shown). To 

confirm this, we are going to screen the treated cells with transcriptomic and proteomic 

approaches to exclude the up-regulation of possible collateral targets of STXBP1-SINEUPs. 

The described experiments have been conducted in STXBP1 mutated human NGN2-neurons 

on isogenic background, which helps to limit the variability. However, the final target of this 

approach are patients’ neurons, with inter- and intra- individual variability. We are going to 

test STXBP1-SINEUPs in human NGN2-neurons directly derived from IPSCs of patients, in 

order to observe whether the up-regulation effect persists among different background and to 

evaluate the effect of this up-regulation in different mutation types.  
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This study would represent a proof of concept for the application of SINEUPs in a 

neurodevelopmental disorder and could pave the way towards the application of this 

approach for further DEEs caused by specific gene haploinsufficiency. The advantages of 

SINEUPs over other gene therapy approaches like gene editing or miRNA regulation are that 

they act only on post-transcriptional level, do not trigger hereditable genetic changes, and can 

be readily redirected towards different targets by designing appropriate binding domains. 

However, to date we have no means to predict whether a target will be responsive to this 

therapy and little is known about the exact mechanism of translational up-regulation 

mediated by SINEUPs. Future studies need to focus on the molecular machinery interacting 

with SINEUPs.  

Another great limit of genetic targeted therapies is the possibility to modulate the effect in the 

target cells. This is a compelling topic of research and novel delivery technologies are needed 

in order to refine the biological effect of different therapies, independently from the approach.  

Finally, the correct timing of treatment is unknown for most of the neurodevelopmental 

disorders. Given the broad chronic neurological impact, the earliest treatment would possibly 

have greater impact. However, as acute manifestations such as seizures are present, we 

cannot exclude that patients with more advanced disease could benefit from a targeted 

therapy approach. Natural history studies of these diseases are compelling to identify the 

right time points and endpoints of treatment. 
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5. CONCLUSIONS 

STXBP1  mutations lead to a severe neurodevelopmental syndrome with epilepsy. The 

phenotypic spectrum of this disorder is wide and needs to be further investigated. From our 

study, the epilepsy history of STXBP1 patients shows the presence of at least two distinct 

patterns of evolution, with spontaneous seizure remission within the 1st year or later, or a 

drug-resistant epilepsy. Clinical data suggest that the neuro-developmental consequences are 

partially independent from the seizure outcome. These observations  point out to a deep 

developmental impact of STXBP1 mutations, that goes beyond the impact of a concomitant 

pharmaco-resistant epilepsy. However, epilepsy (especially early) is associated with a worse 

developmental outcome. Prospective longitudinal studies are necessary to assess the real 

impact and the causative relation between neurodevelopmental impairment and epilepsy in 

STXBP1 population. 

In parallel, in vitro functional studies based on patient-derived cells will help to elucidate the 

pathophysiological bases of STXBP1-DEE and may provide deeper insights into the cellular 

mechanisms accounting for the disease phenotypes. 

Patient-derived disease-in-a-dish models provide an unprecedented opportunity to test 

precise therapies in their final target cells. In this study, we provided the first evidence of 

successful use of a novel ncRNA technology (SINEUPs) in STXBP1-mutated human neurons 

derived from IPSCs. SINEUPs fully joins the ranks of the other potential targeted therapy tools 

that have been recently developed. Research in different intervention strategies is crucial in 

order to elaborate a targeted therapy for rare disorders, as it maximizes the possibility to 

succeed. Moreover, many diseases like STXBP1-DEE may have diverse pathogenic 

mechanisms given by different types of mutations, and one targeted therapy could not be 

efficacious for all the patients. Therefore, diversification of therapeutic strategies is needed in 

order to cover the therapeutic need of the biggest patient population possible. In the future, 

many different targeted approaches could be used to target different kind of genetic defects of 

the same gene, creating a new treatment paradigm for genetic disorders. To this end, we 

auspicate the research into standardization and scalability of all the different types of targeted 

therapies being developed and, similarly important, of the delivery systems. 

A crucial pre-requisite for future clinical trials is to delineate a natural history of the disease 

to be used as historical control. Our findings informs future targeted natural history studies. 

We auspicate the setting of an extensive prospective evaluation of STXBP1 individuals, 

including detailed neurocognitive and psychosocial evaluations at different stages, that 

should: 1) delineate the detailed natural history of the disease, taking into account the 

variability of epilepsy and developmental outcomes; 2) identify the right endpoints and time-

points of therapeutic interventions; 3) specifically address the causes of developmental 

variability in STXBP1 population. 
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things that makes me smile every time it crosses my mind. Thank you for being you. (Btw: do we really 

want to know what reality really is??) 

Alessandro and Lola, thanks for the huge scientific support, for listening to my weird stuffs, and the 

good advice (not only scientific). Alessandro, thank you for all the patience it takes to teach me how to 

do the things I should have known how to do; I promise I will become autonomous asap. 

Marta, Aygul, Jin, Joris, and many more, it’s a pleasure to be around you and to have chats that are 

always good and interesting. 

Cristina C., oh how funny the Universe is to make us meet here? Two truly lost, out of mind, errants 

exchanging experiences and advices, in the Amsterdam summer during a pandemic. That was great! 

Thanks Universe and thank you “comare”.  

Cristiana C., thank you for driving me through this last year, with your insight, professionality, and 

kindness. I truly think I owe you, probably even more than I can realize right now.  

Las Cabras, honestly, we just met and we already moved! Thank you for bringing this latino 

gezelligheid to my life here. 

As I am thinking, so many people that I met here and I want to thank. We never know what our final 

impact on the world is, but we do have one whatever we do: you might not know it, but each one of 

you had an impact, and made my life here not only bearable when it was too heavy, but definitively 

good, inspiring, beautiful.  I don’t know how and/or why (vexata quaestio), but in this Brownian motion 

(which is not random!) I felt I was sooo lucky.   

Thank you, Amsterdam, for being the cross-road of so many different paths, for hosting us errants, and 

for allowing me to have a glimpse on some of the infinite roads that weave the fabric of life.  

Now we have to cross the seas and the oceans and land in the New World, be it the Americas or the 

Virtual Space of a teleconference. I really want to thank Ingo Helbig: it has been a great pleasure to 

work with you in these years. This collaboration was a part of my education. A huge thank to Julie Xian, 

for your great help and your brightness. David Lewis-Smith, Hugh K., Peter G. and Shiva G. (HPO 

team): it has been a pleasure to meet you in Luxembourg and to work with you, and I am very proud 

of what we achieved. I hope we will be able to work together in future and I hope to meet you again in 

person soon. 
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Thanks to ILAE, LICE, SINP, EPNS, AES, YES, and their members, for the contribution to our projects 

and for the stimulating events and networks.  

Finally, and most importantly, the greatest gratitude to who taught me the deepest lessons and who 

we are all still learning from: the patients and their families.  

Last, promise: 

Many professionals of Science and Medicine I met in these last few years. Some of them had an impact 

on me as a young person approaching Science, as a young medical doctor, as a person. This is a 

reminder for myself to become the person that my-young-self would like to meet and talk to at a 

conference or in an hospital ward or in a classroom... or a bar. 

“Now far ahead the Road has gone,  

And I must follow, if I can, 

Pursuing it with eager feet, 

Until it joins some larger way 

Where many paths and errands meet. 

And whither then? I cannot say.” 
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RINGRAZIAMENTI 

 

Ci sono più cose in cielo e in terra, Orazio, 

Di quelle che può immaginare la tua filosofia. 

Amleto (1.5.167-8), Amleto a Orazio 

 

“Se pensavi che la Scienza fosse certa… è un problema tuo” 

(liberamente tradotto da Richard Feynman) 

 

Se devo elencare cosa ho imparato durante questo Dottorato, si tratterebbe di una lunga lista di 

tentativi ed errori. Vorrei ringraziare chi mi ha permesso (e garantito) la possibiltà di fare questi 

tentativi, di sbagliare e di imparare. Allo stesso modo, vorrei ringraziare tutte le persone che erano lì 

quando stavo commettendo quegli errori, che mi hanno corretto, che mi hanno sopportato e 

supportato quando pensavo che questi errori mi avrebbero seppellito.  

Primo, Prof. Pasquale Striano: grazie di avermi permesso di entrare nel tuo gruppo anni fa e di aver 

scommesso su una sprovveduta studentessa di medicina per questo dottorato. Quello che ho trovato e 

imparato si è rivelato molto più di quello che mi aspettavo all’inizio di questo percorso. Grazie per la 

guida, il supporto e la pazienza, e per spingermi a scoprire di cosa posso essere capace. 

Co-primo, Prof. Federico Zara: grazie di avermi “traviato” con questo dottorato (come dici tu), di 

avermi accolto nel tuo laboratorio e di avermi supportato in questi anni. Ho capito quanto fosse pazza 

questa scelta quando era già troppo tardi e mi piaceva troppo il lavoro che facevamo. 

Co-co-primi, Prof. Ruud Toonen e Prof. Matthijs Verhage: grazie per avermi accettato nel vostro Lab 

l’anno scorso e di avermi concesso l’opportunità di confrontarmi con e di imparare da un grande team 

di Scienziati. Ruud, grazie per la grande mentorship, per le idee stimolanti e per l’entusiasmo che 

trasmetti. Spero di essere all’altezza della tua scommessa su di me quest’anno. 

Grazie a tutta la squadra della UO di Neurologia Pediatrica e di Genetica Medica dell’Istituto “G. 

Gaslini” di Genova per la loro professionalità e per il continuo aiuto con tutti i progetti su cui ho 

lavorato in questi anni. 

Ho appena capito che devo organizzare i ringraziamenti per area geografica. Forse a questo risultato 

ha portato la mia ricerca: non apparteniamo a nessun posto…ma apparteniamo ovunque. Questa è la 

mia appartenenza. Queste sono le mie radici. “Mettere radici” non è una conclusione statica, ma un 

processo dinamico: le radici si espandono nel sottosuolo, come fanno i rami. Gli alberi fanno semi e li 

spargono lontano. Come i neuroni, come i neuriti (e il casino di assoni sui miei vetrini), così siamo fatti 

per espandersi e siamo fatti per collegarci. [malvagio revisore #2: bella ‘sta metafora, ma anche il 

pruning è cruciale per un corretto funzionamento. Citami.] 

Allora è qui che comincia, dalla Corazzata Potemkin ancorata a Genova: la mia Famiglia idealista, che 

accosta scienziati, poeti, filosofi, eroi, che crede che avere a che fare con la Conoscenza sia il privilegio 

più grande. La famiglia di “Stalingrado non si arrende” e “Non ci sono cime che i bolsheviki non 
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possano raggiungere”. La fonte delle mie nevrosi e delle mie idee, la mia tana. Lo so, avrei dovuto fare 

il medico… ma è “colpa” vostra pure questa eh. 

I miei sincizi funzionali da 10 anni anche a 1000 km di distanza: Bru, Saretta, Jack, Ale. Vi amo. Non 

ho parole per descriverlo, solo posso dire quanto mi sento fortunata: aggiungete leggerezza e vita ai 

miei anni e non so se ce l’avrei mai fatta senza di voi. 

Irene, che bello sapere che ci sei e che, ahinoi!, ci capiamo. Tu mi fai credere che possiamo cambiare il 

mondo in meglio.  

Francesca M., la mia neuropsichiatra infantile di libera scelta, la mia brillante (nel senso che brilli) 

amica pazza, e una delle persone più saggissime che conosco. Se ho guadagnato della saggezza, puoi 

prenderti sicuramente dei meriti.  

Simona B. e Michele I., come mi avete sopportato in questi anni?? Simona, sono veramente grata che 

tu mi abbia dato la possibilità di imparare da te, di incasinarti interi esperimenti, di confonderti i 

campioni, di romperti i gel e sprecare il tuo tempo… sei davvero la mia mamma di laboratorio, quella 

che mi ha insegnato tutto quello che so, e sei una vera scienziata. Grazie, ragazzi, di avermi supportato 

quando mi serviva e di avermi fatto notare gli errori quando li commettevo. In questa pazza, 

frustrante, imprevedibile vita scientifica, sono contenta di aver incontrato voi. Come sono contenta che 

Antonella R. ci abbia raggiunto e, ahimè, abbia fatto la scelta da pazzi pure lei: grazie Anto, per l’aiuto, 

per aver condiviso le ansie e i successi. Vincenzo Salpietro, grazie per i discorsoni e il supporto 

scientifico (es., per avermi provvidenzialmente controllato quella presentazione di Atene 2019). Pia R. 

e la tua energia e il tuo entusiasmo: è stato un piacere lavorare con te. Stefano Espinoza, anche a te è 

toccato sopportarmi e ti assicuro che non è ancora finita. Ti ringrazio molto per i consigli di scienza e i 

discorsi. Stella V. e “la Caposala”: grazie per l’immensa pazienza e grazie di tutto. Andrea A., 

Marcello S., Monica, Flo, Francesca Madia, Patti (il quinto piano) e zio Paolo Broda, grazie di tutto 

l’aiuto e supporto tecnico-scientifico e grazie per quei momenti di convivialità e risate che così spesso 

mi hanno fatto sentire “a casa” (non solo perché ci passavamo 12 ore al giorno [emoji risata]). 

Mattia P., grazie per le infinite chiacchierate, per condividere l’inquietudine e la meraviglia per l’uomo, 

le menti e la vita, e per le buone parole e i buoni libri che spesso si sono rivelati terapeutici per l’anima. 

Voglio ringraziare anche chi aveva tifato per me da quando blateravo di Scienza in un’aula studio. 

Nonostante a volte le strade, dolorosamente, si separano, voglio ringraziare chi era lì quando ho 

iniziato e chi ha percorso insieme a me questa strada senza scoraggiarmi nemmeno una volta. 

Devo ringraziare (di nuovo) un pensatore ontologico. Alla fine, tra l’”infinitamente piccolo” e 

l’”infinitamente grande”, ho scelto di studiare l’”infinitamente medio”. Se penso allo scienziato che 

vorrei diventare (come mi hai suggerito l’ultima volta che ci siamo incontrati), penso a te. 

Restando a Genova, molti altri amici da ringraziare per esserci stati, per l’allegria, la spensieratezza, la 

condivisione e per esserci arricchiti a vicenda.  

“La Via prosegue senza fine 

Lungi dall’uscio dal quale parte.” 

La Via è andata a Nord e siamo qui, ad Amsterdam. 

Grazie a tutto il FGA per avermi accettato nel Lab (e nella Vampire Cave), per avermi aiutato con 

questo progetto e per rispondere a tutte le domande che faccio a chiunque sia a tiro. Grazie di essere le 
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belle persone che siete e per rendere questo il bellissimo ambiente di lavoro che ho trovato qui. Un 

enorme grazie agli Amazing T(echnician)s Desiree, Ingrid, Robbie, Lisa per tutto l’aiuto e il supporto. 

Hanna e Annemiek, è stato un piacere conoscervi 3 anni fa ormai e sono felice di poter lavorare con 

voi adesso! Grazie per il vostro aiuto per le stimolanti discussioni su STXBP1.  

Devo e voglio ringraziare le persone che ho incontrato sulla strada di Amsterdam, in questi “periodi 

neri spettacolari” quando la Storia ci è piombata addosso, e quando i tanti plot-twist a volte hanno 

stretto troppo forte da fare male.  

Maaike e Robbie, penso che siate stati i miei primissimi amici qui e sono davvero felice di questo! È 

bello avervi intorno e condividere stranezze, birre e numerose pause di 10 minuti in giardino.  

Phuong, mi ricordo ancora il giorno che ci siamo incontrati per caso e quanto tutto fosse felice: sono 

quelle cose che mi fanno sorridere ogni volta che attraversano la mente. Grazie di essere te. (Che poi, 

davvero vogliamo sapere cosa sia realmente la realtà??)  

Alessandro e Lola, grazie per l’enorme supporto scientifico, per ascoltare le mie storie strane e per i 

buoni consigli (non solo scientifici). Alessandro, grazie per tutta la pazienza che ci vuole a insegnarmi 

cose che avrei dovuto saper fare; prometto di diventare autonoma il prima possibile. 

Marta, Aygul, Jin, Joris, e molti altri, è un piacere avervi intorno e poter scambiare quattro 

chiacchiere che sono sempre piacevoli e interessanti. 

Cristina C., ma quanto è simpatico questo Universo a farci incontrare qui? Due perse, fuori di testa, 

vagabonde, che si scambiano consigli ed esperienze nell’estate di Amsterdam durante una pandemia. È 

stato grandioso! Grazie Universo e grazie comare. 

Cristiana C., grazie di avermi accompagnata attraverso quest’anno, con la tua comprensione, 

professionalità e gentilezza. Ti devo probabilmente molto più di quello che riesco a immaginare 

adesso. 

Las Cabras, ma veramente?, ci siamo appena conosciuti e ci siamo già trasferiti?? Grazie di apportare 

una grande dose di gezelligheid latina alla mia vita qui.  

Ora che sto pensando, tante sono le persone che ho incontrato qui e che vorrei ringraziare, ma se 

dovessi elencarvi rischierei di dimenticare qualcuno. Non conosciamo veramente il nostro impatto sul 

mondo, ma ne abbiamo uno qualsiasi cosa facciamo: probabilmente non lo sapete, ma ognuno di voi ha 

avuto un impatto e ha reso la mia vita qui non solo sopportabile quando era troppo pesante, ma 

decisamente bella e stimolante. Non so come e/o perché (vexata quaestio), ma in questo moto 

Browniano (che non è casuale!) mi sento molto fortunata. 

Grazie Amsterdam, per essere il crocevia di così tante strade diverse, per ospitare noi erranti e per 

permettermi di vedere scorci di alcune delle infinite strade che tessono la trama della vita. 

Ora attraversiamo mari e oceani e attracchiamo nel Nuovo Mondo, che siano le Americhe o lo Spazio 

Virtuale di una teleconferenza. Voglio davvero ringraziare Ingo Helbig: è stato un grande piacere 

lavorare con te in questi anni. Questa collaborazione è parte della mia formazione. Un grande grazie 

alla brillante Julie Xian per il suo aiuto. David Lewis-Smith, Hugh K., Peter G. e Shiva G. (HPO team): è 

stato un piacere incontrarvi in Lussemburgo e lavorare con voi. Sono fiera di quello che abbiamo 



63 
 

raggiunto insieme. Spero che potremo lavorare ancora insieme in futuro e spero di incontrarvi 

nuovamente di persona presto. 

Grazie a ILAE, LICE, SINP, EPNS, AES, YES, e i loro membri per la collaborazione nei nostri progetti e 

per gli incontri e gli eventi sempre stimolanti. 

Finalmente, il ringraziamento più importante a chi mi ha insegnato le lezioni più profonde e da cui 

abbiamo tanto da imparare: i pazienti e le loro famiglie. 

Ultimo, prometto: 

In questi ultimi anni, ho incontrato tanti professionisti della Scienza e della Medicina. Alcuni di loro 

hanno avuto un impatto su di me come giovane che si approccia alla Scienza, come giovane medico, 

come persona. Questo è un promemoria per me, per diventare la persona con cui la me-giovane 

vorrebbe parlare ad un congresso oppure nel reparto di un ospedale o in un’aula…o in un bar. 

“Ora la Via è fuggita avanti, 

Devo inseguirla  

Rincorrendola con piedi alati 

Fino all'incontro con una più larga 

Dove si incrociano sentieri ed erranti. 

E dove, poi? Non possiamo sapere.” 

 

 

 


