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INTRODUCTION

|. SLEEP-RELATED HYPERMOTOR EPILEPSY (SHE)

|.1.DEFINITION AND CLINICAL FEATURES

Sleep-related hypermotor epilepsy (SHE), previonsiyied Nocturnal Frontal Lobe Epilepsy (NFLE),
is a distinctive epilepsy syndrome characterizedclwgters of paroxysmal motor events occurring
predominantly during sleep (Ryvlin et al., 2006a).

SHE is a rare focal epilepsy (FE) with an estimamexvalence of 1.8/100,000 individuals (Vignatetli

al., 2016). It affects individuals of both sexed any age, with a peak of seizure onset duringlbbibd

and adolescence (Scheffer et al., 1994; Proviai.e1999).

The electro-clinical features of the syndrome weeently revised during an international consensus
conference that provided diagnostic criteria dgvetbwith three levels of certainty (Panel 1): wased
(possible) SHE, video documented (clinical) SHE amteo-EEG documented (confirmed) SHE
(Tinuper et al., 2016). The change in nomenclatanphasized the characteristic aspect of the saizure
(hypermotor seizures), the relation with sleepdadt of the chronobiological patterns of seizure
occurrence and the possible extra-frontal origithefseizures (Tinuper et al., 2016). In fact ghmary
clinical expression of SHE consists of hypermoteerds characterized by hyperkinetic features
possibly associated with asymmetric tonic/dystgmisturing with or without head/eye deviation.
Seizures typically show variable complexity and adion varying from brief stereotyped sudden
arousals from sleep to more complex dystonic-dyidinseizures and, more rarely, prolonged
ambulatory behavior known as “epileptic nocturnahdering” (Provini et al., 1999; Nobili et al., Z)0
Montagna, 1992; Terzaghi et al., 2008). Retainedramess during seizures is common and affected
individuals may report a distinct aura.

Seizures occur predominantly during sleep non-RENREM) sleep and rarely during REM sleep.
Seizures during active wakefulness may also ocoabyooccur during the patient’s lifetime.

Surface EEG and invasive intracranial stereotd#G recordings (SEEG) documented a frontal lobe
origin of seizures in most cases (Nobili et alQ20Rheims et al., 2008). However, it has been lyide
documented that ictal discharges may arise fronowarextra-frontal area including temporal (Nobili
et al., 2004; Vaugier et al., 2009), insulo-opeacyRyvlin et al., 2006b; Dobesberger et al., 2008;
Nguyen et al., 2009; Proserpio et al., 2011) ante{z (Montavont et al., 2013; Gibbs et al., 2016)
cortices, then propagating to the frontal cortea gsulting in hypermotor seizures.

Etiology is unknown in the majority of patients.d®gnized etiologies of SHE are heterogeneous and
include acquired injuries, genetic causes andtstralanomalies such as focal cortical dysplasz-
Multiple etiologies (structural-genetic) are alsaspible. Non-specific clinical features distingdh
different etiologies (Tinuper et al., 2016) eveSHE due to structural lesions (FCD) usually masiffe

with early-onset drug-resistant seizures (Nobilalet 2009) and showed a worse long-term prognosis
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(Licchetta et al., 2017). In these cases, epilepsgery and removal of the epileptogenic zone could
represent a highly effective treatment option (Natial., 2007).

Most patients (86%) are sporadic cases while 14%rted a family history for epilepsy. The familial,
autosomal dominant form of SHE (ADSHE, previousIPMFLE) accounts for about 5% of cases
(Licchetta et al., 2017).

Panel 1 Electro-clinical features and diagnostic deria of SHE
Clinical features
= Brief seizures (<2 minutes) with stereotyped mgtatterns and abrupt onset and offset
= The most common clinical expression consists gpénmotor" events
= Seizures occur predominantly during sleep; seizdueimg wakefulness may also occur
Electro-clinical features
= |Interictal and ictal scalp EEG features may be fanimative
S

» Prolonged video—EEG is the best diagnostic tesegfative it does not rule out the diagnos
(seizures may not be recorded, interictal EEG ababties may be absent)

= Seizures may arise from various frontal as weffas extra-frontal areas
Diagnostic criteria
Witnessed (possible) SHE
= Presence of seizures consistent with HS, as prd\bglen eyewitness

= Video-documented (clinical) SHE

D

» Reliable audio-video documentation of at leastitemS (preferably 2), confirmed to be
typical by witness

Video-EEG documented (confirmed) SHE

* Video-EEG documentation of HS from sleep associatitiu clear-cut epileptic discharges
and/or interictal epileptiform abnormalities

Comorbidities with ID/neuropsychiatric disorders DOT represent exclusion criteria

[.2. GENETICS OF SHE

SHE is the first inherited focal epilepsy syndroamel the first epilepsy channelopathy described, as
was initially related to mutations in genes codiagsubunits of a ligand-gated cationic channes, th
neuronal nicotinic acetylcholine receptor (nAChB)ginlein et al., 1995).

Currently SHE has been associated with mutatiorseveral genes encoding proteins with different
functions and involved in different biological patdys, such aCHRNA4, CHRNB2, CHRNAZ2,
CRH,KCNT1, DEPDC5 andPRIMAL. Familial SHE usually shows an autosomal domitpettern of
inheritance (ADSHE), except for a single reportachify mutated inPRIMAlshowing an autosomal

recessive inheritance (Hildebrand et al., 2015).



[.2.1. CHRNA4, CHRNB2, CHRNA2
The first gene for ADSHECHRNA4 (Cholinergic Receptor Nicotinic Alpha 4 Subunit,Mi¥118504),

encodes tha4 subunit of the nAChR. It was identified in 1995the original, large Australian family
described by Scheffer and coauthors (Scheffer.e1894) where all affected family members studied
carried a S280F amino acid exchange (Steinleih,et395).

Subsequently, two homologous genes have been mbgplicin ADSHE: CHRNB2 (Cholinergic
Receptor Nicotinic Beta 2 Subunit, MIM *118507),da@HRNA2 (Cholinergic Receptor Nicotinic
Alpha 2 Subunit, MIM *118502) encoding th2 anda2 subunit of the nAChR, respectively (De Fusco
et al., 2000; Aridon et al., 2006).

Neuronal nAChRs are widely distributed in the bramainly localized at the presynaptic level where
they modulate the release of different neurotratiensi (including gamma-amino butyric acid,
glutamate and dopamine) whit variable effects owmitatory/inhibitory pathways. They have a
pentameric structure, the most common configurabemg (4)2(32)3 subunits. Each subunit is
composed of the extracellular portion, the cytapliaspart and four transmembrane regions (TM1-
TM4). The second transmembrane domain of the rec€pM2) shapes the ion channel pore and is the
site of most of the pathogenic variants implicateADSHE (Kurahashi and Hirose, 2015).

Functional studies of different pathogenic varigmtsvide conflicting results (Weiland et al., 1996;
Kuryatov et al., 1997; Steinlein et al., 1997; Band et al., 1998; De Fusco et al., 2000; Phiklipal.,
2001; Bertrand et al., 2002): although an incréassetylcholine (Ach) sensitivity in vitro is tygal

for most known ADSHE-associated pathogenic vari@pts Fusco et al., 2000; Phillips et al., 2001;
Bertrand et al., 2002; Leniger et al., 2003; Bexdra005; Hoda et al., 2008; Aridon et al., 200&)eo
variants, including the more receBHRNA2 mutation have been associated with a loss of ifmct
(Conti et al., 2015). Thus, the mechanism wherélgygathogenic variants cause ADSHE is poorly
understood. Knock-in mice carrying tv@HRNA4 mutations (S252F and +L264) presented abnormal
electroencephalography patterns but only somearhtphresented spontaneous seizures. The seizures
could be blocked by picrotoxin, an open channethkdo of the GABAA receptors, and it was therefore
suggested that hypersynchronization was mediatgdA®Aergic neurons (Klaassen et al., 2006). In
agreement with this hypothesis, it had been docteddhat in the hippocampus, nAChRs can modulate
the release of the neurotransmitter GABA and catlelact with interneurons (Klaassen et al., 2006).
Since neuronal nAChRs regulate sleep and arousgibtions at both the cortical and subcorticaldev
(Lena et al., 2004), altered channels lead to wamgaid excitation/inhibition circuitry within the
GABAergic reticular thalamic neurons, thus favorisgizures through the synchronizing effect of
spontaneous thalamo-cortical oscillations. Intraducof the o4 mutation S252L in a transgenic rat
model (referred as S248L) yielded, however, diffiereonclusions: electrophysiological recordings
carried out in brain slices revealed two major abvadities with a reduced GABAergic synaptic and

extrasynaptic transmission and abnormal glutaned@se during slow-wave-sleep (Zhu et al., 2008).



By now, 14 different mutations BHRNA4, CHRNB2 andCHRNA2 have been reported in 20 ADSHE
pedigrees (Steinlein et al., 2012a; Nobili et2014; Conti et al., 2015) and three sporadic cé$elili

et al., 2014; Wang et al., 2014). Table 1 showthalimutations reported so far. Overall, they atmd

in less than 20% of SHE/ADSHE, reflecting the genle¢terogeneity of the syndrome and the possible

role of systems other than the cholinergic oneglwved in its pathogenesis (Steinlein et al., 2012a)
1.2.2.CRH
CRH (corticotropin-releasing hormone, MIM *122560) whe first gene not belonging to the nAChR

subunits family that has been implicated in SHEe¥molecular findings are still not fully conwimg.
Originally, two different variants were identifietch the promoter of CRH: the ¢.1470G>A
polymorphism recurred in three ADSHE pedigrees tarapatients without family history and it was
shown to increase CRH levels; the g.1166G>C mutatias found only in the proband of a non-
compliant family (Combi et al., 2005) and lateraguized as non-causative (Combi et al., 2008)nin a
additional family the g.1470 G>A was shared bytthe affected siblings, inherited by the father who
was homozygous for the change (Combi et al., 28@8dpugh healthy. One of the affected patients was
compound heterozygous for both the variants. Rinail 2013, a novel heterozygous exonic missense
mutation was detected in an additional ADSHE famityvitro assay in this case showed decreased
CRH concentrations (Sansoni et al., 20CHH encodes for a neurotransmitter/neuromodulator lwide
distributed throughout the central nervous systeam &cts in extrahypothalamic circuits to integiate
multisystem response to stress that controls nwmdoehaviors such as sleep and arousal (Combi et
al., 2005). The authors suggested that alteredrddsed/increased) CHR levels cause increased
susceptibility of seizures through excessive sfeegmentation and brain hyperexcitability (Combi et
al., 2005).

1.2.3.KCNT1

Further insight into the biology of SHE come onigiring from 2012, when combining genome-wide
linkage analysis with novel Next Generation Seqien¢NGS) techniques, Heron and coauthors
identified a novel gene for SHECNTL1 (Potassium Sodium-Activated Channel Subfamily T Mem

1, MIM *608167), encoding a subunit of the sodiuatigated potassium channel (Heron et al., 2012).
KCNT1 is expressed in the neurons of the frontaleso(Bhattacharjee et al., 2002) and assemble with
KCNT2 to form heterotetrameric channel complexenpased of a small amino-terminal domain, a
transmembrane domain containing six TM segmentsadacdye intracellular carboxy-terminal domain
containing tandem regulators of K+ conductance (R@&mains and an NAD+binding domain. Its
activity contributes to the slow hyperpolarizatitivat follows repetitive firing, regulates the rate
bursting and enhances the accuracy with which mgaientials lock incoming stimuli (Bhattacharjee
and Kaczmarek, 2005; Brown et al., 2008).

Mutations inKCNT1were detected in three ADSHE families with 100%pehetrance and a sporadic
case, all with early-onset refractory seizures,sfids ID and psychiatric or behavioral problems

including psychosis, catatonia and aggression (tHetal., 2012).



Simultaneously, de novo gain-of-function mutationsthis gene were identified in six out of 12
unrelated individuals with Malignant Migrating Focgeizures of Infancy (MMFSI) (Barcia et al.,
2012), a rare early onset epileptic encephalopattaracterized by refractory, polymorphous focal
seizures and arrest of psychomotor developmentmiitie first six months of life (Coppola et al. 98).

All the mutations initially described in both ADSHEd MMFSI were clustered around the RCK and
NAD+binding domains of the large C-terminal cytagtac region, which also interacts with a protein
network, including fragile X mental retardation @io (FMRP). Functional study documented that
KCNT1 mutations cause a constitutive hyperactivatiadhefthannel that impairs its gating and suppress
its subconductance states whit effect on ion ctsrenoreover, they may also alter the conformation
the C-terminal region and its ability to interadtiwdevelopmentally relevant proteins (Barcia et al
2012). Differences in the increase in current aiugé caused by the different mutations seemed to
explain the different phenotypes associated WIIINT1 mutations (Milligan et al., 2014).

In the last few year&CNT1 has been implicated in wide spectrum of focal/rfadtl epilepsy and
early onset epileptic encephalopathies, in addiiiothe “classical” ADSHE and MMFSI phenotypes
(Shimada et al., 2014; Mgller et al., 2015; Ohbal e2015; Rizzo et al., 2016).

Some of the variants recurred in several patiesniggesting the presence of mutational “hot spats” i
KCNT1 (Mgller et al., 2015). Specific mutations (p.G288% p.R398Q) can lead to either ADSHE or
MMEFSI, even within the same family, indicating thgénotype—phenotype correlations are not
straightforward (Kim et al., 2014; Mgller et alQ15).

[.2.4.DEPDC5

In 2013, mutations IDEPDC5 (DEP Domain Containing 5, MIM *614191) were imgaited in familial
focal epilepsy with variable foci (FFEVF) (Dibbeetsal., 2013), as well as and in a variable pesgent
(12.5%-37%) of heterogenous familial FEs, includkigSHE (Ishida et al., 2013; Picard et al., 2014).
In particular, DEPDCS loss-of-function mutations were found in the 13R&a series of 30 families with
ADSHE presentation (Picard et al., 2014). Electlioi€al assessment reveal features comparable to
those families from the literature (onset in chddd, clusters of brief hypermotor seizures witrerar
secondarily generalization, breathless feeling egpeed by some of the patients, few abnormaldies
interictal and ictal EEG, co-occurrence of intefiled disability (ID) and/or psychiatric features)cept
for a higher rate of drug resistance and of dayseiegures compared to classical phenotype (Pidard e
al., 2014). However, given the limited number & #ffected members, it could be argued whetheethes
pedigrees represent in fact small FFEVF familigsa(iédl et al., 2014).
DEPDCS5 encodes a 1603 amino acids protein which beargk ddmain of unknown function and a
DEP domain that participate in G-protein signal{@nen and Hamm, 2006). DEPDCS5, along with
NPRL2 (NPR2-Like, GATOR1 Complex Subunit, MIM *6078) and NPRL3 (NPR3-Like, GATOR1
Complex Subunit, MIM *600928), is a component o tBATOR1 complex (Gap Activity TOward
Rags 1), a negative regulator of the mammaliaretanfjrapamycin (mTOR) complexl (mMTORC1)
(Bar-Peled et al., 2013). Most of tBEPCDS5 variants described, including those describedHiE S
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patients, are loss of function mutations (LOF: rems®, splice site and frameshift indels), with iotpa
on the protein product and consequent hyperaativadf mTORC1 pathway (van Kranenburg et al.,
2015). The hypothesized pathogenic mechanism setleases is a reduction of the GAP activity of
GATOR1 complex towards its targets RAG GTPasesprst causing a loss of inhibition of the RAG
complex, which in turn leads to the recruitmentrdfORC1 complex at the lysosomal membrane and
its activation (Bar-Peled et al., 2013; van Kranegtet al., 2015).

In neurons, MTOR covers a wide range of cellulacfion ranking from the regulation of the neuronal
soma size to axon pathfinding and regenerationdriterarborization, dendritic spine morphology and
synaptic (Tang et al., 2002; Swiech et al., 200&keTl and Nawa, 2014; Lasarge and Danzer, 2014).
Dysregulation of mTOR pathway causes a humber thfgba@gical conditions (grouped under the term
“mTORopathies”), including a range of malformatiasf cortical development (MCD) and
neurodevelopmental diseases associated with senamtal retardation and epilepsy such as tuberous

sclerosis (Curatolo and Moavero, 2013; Lipton aalis 2014), as shown in Figure 1.

Fig. 1Role of the mTOR pathway in pathogenesis and epitgmesis of corticalmalformations

A. Normal Brain Development B. Focal Cortical Malformations
Anabolic States Catabolic States Anabolic States Catabolic States
(insulin/nutrients) (energy/nutrient deprivation) (insulin/nutrients) (energy/nutrient deprivation)

! . |

PTEN—] PI3K/Aktpathway AMPK pathway <4— STRADA N—{ TPIsKIAkt pathway AMPK pathway lq—— S%A

N Y N/
g~ | S
J_ Rheb-GTP l Rheb-GTP

mTOR (MTORC1) TmTOR(mTORm) j— MICk
inhibitors
4E-BP1/ 4E-BP1/
elF4E elF4E
S6K/ribosomal $6 S6K/ribosomal $6
Cell growth lon channel/neurotransmitter Cell growth lon channel/neurotransmitter
Cell cycle/proliferation receptor expression Cell cycle/proliferation receptor expression
Synaptic/circuit organization Synaptic/circuit organization
Lesion

formation —» Epileptogenesis
(FCD, tuber)

FromWang M, Exp Neurol 2013, 244:22-6.

A. Physiological functions regulated by the mTOR pathwprimarily by mTORC1) during normal brain
development, via activation of protein synthesichamisms (i.e. S6K/ribosomal S6 protein, eukaryiaiitation
factor elF4E pathways). In turn, mTORC1 is reguldtg upstream signaling pathways (i.e. PISK/AKAMPK
pathway) in response to different physiologicalditions and stimuli.

B. Hyperactivation of the mTOR pathway due to mutaionupstream regulators (efSC1 or TSC2 in TSC;
STRADA gene in PMSE syndrome) led to focal MCD anHers by abnormally increased cell growth and
proliferation. The gross structural lesions thewsg| as well as non-structural molecular and @allochanges in
ion channel expression and synaptic organizatioyn pnamote epileptogenesis in these disorders.

mTOR inhibitors may represent a rational therapyH0oD and TSC by reversing mTORC1 hyperactivation.
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In line with this evidence, so far a wide numbergefmline and somatic (brain-only) mutations of
DEPDCS leading to mTORC1 hyperactivation have been aasstiwith a range of lesional and non-
lesional FEs. The MCD detected in some family membelude different types of FCDs, subtle band
heterotopias and hemimegalencephaly, with the pnedint pattern being FCD type IlIb (Scheffer et
al., 2014; Lal et al., 2014; Martin et al., 2014e8i et al., 2015; D'Gama et al., 2015; Baulaalgt
2015).

Additional insights into the role dDEDCD5 in FCD-related FE derive from the rat model relent
published (Marsan et al., 2016). The heterozygatssaxhibited an altered cortical neuron excitgbili
and firing patterns and cortical cytomegalic dyspmic neurons and balloon-like cells strongly
expressing phosphorylated rpS6, indicative of mTQR@regulation. These neuropathological

abnormalities are reminiscent of the hallmark bgthology of human FCD.
1.2.5.PRIMA1

In a two-generation Australian family of Italianigin affected with SHE and ID, Hildebrand and
coauthors identified by WES analysis a homozygoutation inPRIMAL (Hildebrand et al., 2015).
This gene encodes a transmembrane protein thabenelsetylcholinesterase (AChE), the enzyme
hydrolyzing Ach to membrane rafts of neurons. TR8€¢2T>C mutation identified leads to knockout
of PRIMA1, with reduction of AChE and accumulatiohacetylcholine at the synapse, as shown in
PRIMAL knockout mice. The authors concluded that, sifyiter the gain of function mutations of the
genes coding for nAChR subunits, the enhanced radrgiic responses are the likely cause the severe
SHE and ID in this family. However, apart from thisgle pedigree, this findings has not been ratsit
yet, as no other mutations were identified in aficoration cohort of hundreds of SHE probands
(Hildebrand et al., 2015).

In summary, ADSHE is a heterogeneous genetic symelr@verall, mutations in the genes identified
so far cumulatively explain 20% of families and @&han 5% of sporadic cases (Kurahashi and Hirose,
2015), clearly pointing to additional genetic fastoThe penetrance of the mutations identified is
incomplete, except for mutationsKCNT1.

By now, the small humber of SHE families suitalde traditional approaches (i.e. linkage studies)
prevented the fast discovery of novel genes. Howewethe last few years, the advent of Next
Generation Sequencing (NGS) technologies, suchtadeNExome Sequencing (WES) has completely
revolutionized gene hunting, allowing the applicatiof this technology and the discovery of novel
epilepsy genes in nuclear pedigrees or even iragfiopatients.

The high intrafamilial variability and the overldpp features of the clinical manifestations, togeth
with the rarity of ADSHE and the differences in dtudesigns have hampered the definition of a

genotype—phenotype correlation.
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[.3. NEUROPSYCHOLOGICAL FEATURES OF SHE

Intellect is usually preserved in SHE patientshiasfly alluded by some large series of both SHE an
ADSHE cases (Ryvlin et al., 2006a). However, noteystic studies have evaluated the
neuropsychological profile of representative cahaft SHE patients yet. Data available are scant and
contradictory and derive mainly from selected papahs with ADSHE (Ryvlin et al., 2006a).

ADSHE was originally proposed as paradigm of a fperfFE, occurring in patients with normal
intelligence (Scheffer et al., 1995), as emphadigetthe majority of reports (Nakken et al., 1998e6z

et al., 1999). However, only few years later, salvetudies reported cognitive deficit, behavionadl a
psychiatric problems in some members of ADSHE pegig without specific molecular diagnosis
(Khatami et al., 1998; Picard et al., 2000) or éarmegative for mutations in NAChRs genes (Derry et
al., 2008).

In some families found mutated EHRNA4, in-depth and long-term clinical/psychiatric asseent
revealed psychiatric comorbidity and ID. Firstlg, the Japanese pedigree with the S252L mutation
Hirose and Ito described the occurrence of atygeatures, namely mild ID and hyperactivity in two
members of the third generation (Hirose et al. 9199 et al., 2000). Moreover, long-term follow-ap

the two siblings later revealed autistic disordethvprofound ID (Miyajima et al., 2012). In 2003,
Magnusson and colleagues described schizophrezuarrent psychosis and unspecified psychiatric
disturbances in six out of the 11 members of theilfacarrying the 776ins3 mutation (Steilein et al.
1997; Magnusson et al., 2003), previously repoaedf normal intelligence (Nakken et al., 1999).
Following these reports, a number of studies deedricognitive disabilities in ADSHE families
carrying different mutations of the known genese@fic mutations ofCHRNA4 (S248F, S252L,
776ins3), CHRNB2 (V287M, 1312M) and CHRNA2 (I1297F) have been associated with ID,
psychological or behavioral problems, including iigivity, aggression, and hyperactivity, as shown
in Table 1 (Steinlein et al., 2012a; Conti et 2015). The important effort of providing a genotype
phenotype correlation, revealed that the same mitaechange could be associated with extremely
variable endophenotypes, from severe ID to norroghitive performance. This highlighted the need
to extend in-depth neuropsychological assessmésasrapatients without apparent deficits.

A couple of small case-series systematically assefise frequency and degree of neurocognitive
disorders irCHRNA4/CHRNB2-mutated patients using a comprehensive battemgwfopsychological
tests. Picard and coauthors studied 11 patients foar unrelated ADSHE pedigrees carrying different
mutations ofCHRNA4 (S248F, S252L, T2651) ar@HRNB2 (V287L) (Steinlein et al., 2000; De Fusco
et al., 2000; Rozycka et al., 2003; Leniger et28103) including three families were neuropsychulaly
problems were not previously reported (De Fuscal.et2000; Rozycka et al., 2003; Leniger et al.,
2003). All patients, regardless of the type of riates or overt seizures had some degree of cognitiv
dysfunction: (i) borderline 1Q/ID in the 45% of the (ii) decreased performances in inhibitory task
and/or verbal fluency in all them and (iii) defiait verbal/non-verbal memory in 91% (Picard et al.,

2009). These finding proved that neuropsychologicsdrders in ADSHE were underestimated.
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Tab. 1 Neuropsychological findings in families and spocachses with mutations @®HRNA4, CHRNB2 andCHRNA2

hyperactivity disorder

MUTATIONS FAMILIES REPORTED
GENE AA CHANGE/DOMAIN FUNCTIONAL ORIGIN NEUROPSYCHOLOGY REFERENCES
S248HF TM2 Gain 1 sensitivity to Ach(Bertrand 2002) British-AU# - Steinlein 1995
CHRNA4 Lossfaster desensitization, slower recovery Spanish - Saenz 1999
(Weiland 1996; Kuryatov 1997) Norwegian* ID, beh, psy Steinlein 2000
| affinity to Ach, low currentgBertrand 1998) Scottish Psych McLellan 2003
S2521 TM2 Gain 1 R sensitivity to Ach Japanese ID, ASD Hirose 1999; Ito 2000; Miyajima 2012
(Bertrand 2002) Lebanese Low average intellect | Phillips 2000
Korean ID, beh (hyperactivity) | Cho 2003
Polish* - Rozycka 2003
Italian (S) - Sansoni 2012
776ins3 TM2 Gain 1 R sensitivity to Ach Norwegian Psy: Schizophrenia, | Steinlein 1997, Nakken 1999,
(Steinlein 1997; Bertrand 1998, Bertrand 2002) recurrent psychosis Magnusson 2003
T265!1/ TM2 Gain 1 R sensitivity to Ach German* - Leniger 2003
R336H/ Intracel loop 2| NA Chinese - Chen 2008
C.823A>T NA Chinese (S) - Wang, 2014
CHRNB2 | V287L/ TM2 Gain 1 ACh-evoked current, retarded desens, 1 ltalian* - De Fusco 2000, Gambardella 2000
V287M/ TM2 Gain 1 sensitivity to Ach Scottish Psych Phillips 2001, McLellan 2003
(Phillips 2001, (Bertrand 2002)
Spanish - Diaz-Otero 2008
L301V/ TM3 Gain 1 R sensitivity to Ach TurkishCypriqgt Hoda, 2008
V308A/ TM3 Gain 1 R sensitivity to Ach Scottish Hoda, 2008
English
1312M/ TM3 Gain 1 R sensitivity to Ach{Bertrand 2005) English ID, memory Bertrand 2005
Korean Memory (v and nv) Cho 2008
I\c/)?)f:G/ TM3-ntrac | \a Chinese (S) |~ Liu 2011
CHRNAZ2 | I1279N/TM1 Gain 1 R sensitivity to Ach Italian - Aridon 2006
1297F/TM2 Loss | current density Italian ASD Attention deficit Conti 2015

Abbreviations AA aminoacid;ID: Intellectual Dysability;Psy: psychiatric disorderBsych: psychological disturbanc&sh: behavioral problem&emory: memory deficit;
Memory v: verbal memory; Memory nv: non-verbal (iaf) memory; ASD: autism spectrum disorder; S: agimr case.
Grey lines reported cases with neuropsychologisgbpiatric disturbances. Families studied by extenseuropsychological assessment are underlined.
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The impairment of executive functions as well aaréng and memory, suggested a fronto-temporal
dysfunction, differing from previous studies onrftal lobe epilepsies were memory seemed preseRiedrd

et al., 2009). The authors hypothesized that neyatwlogical deficits in ADSHE may be a consequesfce
seizures/interictal EEG abnormalities (despiteréirgy of scalp anomalies and the focal seizuras tdémain
localized to the frontal lobe) or fragmentationNRREM sleep, whose role in memory consolidation &l w
known (Tucker et al., 2006). However, they pointed contribution of NAChR subunits genes mutations
given the role of these receptors and nicotinegtesned and selective attention, automatic respmmsbition
and working memory (Poltavski and Petros, 2006;ndeiet al., 2006; Bacciottini et al., 2000; Levirag,
2002).

The second case series evaluated a well-defineghgronine ADSHE members from the original Austali
pedigree with the S248F mutation@fHRNA4 and normal intelligence. The mutation group wasgared to
an age-, gender-, and education-matched contrapg@®DSHE patients showed significantly worse ssane
task requiring flexible adaptation and verbal flegrfstroop test, trail making test B, controllecloword
association) while intellectual abilities were me®d. Deficits in verbal memory correlated witlsedise-
related factors, or medications (Wood et al., 2010)

Identification of additional mutations and novehge for ADSHE enriched genotype-phenotype coraati
and at present, neuropsychological and psychiawimorbidities have been definitively related also t
mutations inKCNTL1 (Heron et al., 2012; Derry et al., 2008) a»aPDCS5 (Picard et al., 2014; Picard et al.,
2000).

Conversely, the majority of sporadic cases affettqedSHE do not seem to present with gross cognitive
disturbance, even though many of these patientspledm of chronically disrupted sleep and daytime
sleepiness (Ryvlin et al., 2006a). No more sped#ita on this population are available, althoughptesents
the largest part of SHE patients. Several neurdpdggical studies evaluated the impact of frontddel
epilepsy on cognition and behavior, but they mapude other epilepsy syndromes, with different g/pé
frontal seizures occurring in wakefulness (Helmdteeet al., 1996; Upton and Thompson 1997 (a,kiieE

et al, 2002; McDonald et al., 2005; Riva et alQ20Risse, 2006; Centeno et al., 2010; Braakmah,e2011;
O'Muircheartaigh and Richardson, 2012; Rayner.e28ll5; Patrikelis et al., 2016). However, theselies
cannot be representative of SHE, where typical mo&nifestations are mostly exclusively sleep-edaand

may originate from extra-frontal areas with secondavolvement of frontal structures.

[I.FAMILIAL FOCAL EPILEPSY WITH VARIABLE FOCI (FFEV  F)

FFEVF is an unusual epilepsy syndrome charactetigefbcal seizures originating from different cost
regions in different affected family members andtifocal EEG abnormalities.

FFEVF was originally described in a large Austnalfamily (Scheffer et al., 1998); seven furtherigeees
were later reported: three were French-Canadiaon@et al., 1999; Berkovic et al., 2004), two fr&mpain
(Berkovic et al., 2004; Morales Corraliz et al.12) two Dutch (Callenbach et al., 2003; Klein let 2012).

All these families showed an autosomal dominanerithnce with penetrance between 50% and 80% and
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marked intrafamilial variation in severity (Xiong &., 1999; Callenbach et al., 2003; Berkoviclgt2004;
Morales Corraliz et al., 2010; Klein et al., 2013jructural MRI studies were reported as unremaekab
Patients usually have normal intellect but ID, pestric disorders or autism spectrum disorder Hasen
reported (Xiong et al., 1999; Callenbach et alg2Xlein et al., 2012).

Affected family members can present with frontporal (mesial and lateral) occipital, parietatoitifocal
seizures starting by the third decade (Klein et28112). Although the heterogeneous seizure patté@hin
the members of the same pedigree, seizure semidagystant in individual subjects (Berkovic ef 2004).

In some of the original FFEVF pedigrees, noctursigep-related seizures with a frontal lobe sergylare
the most common phenotypes, leading to consideratidhe diagnosis of ADSHE (Berkovic et al., 2004)
The clinical overlap between FFEVF and ADSHE madle misdiagnosis, in particular in smaller peeleg
where the wide intrafamilial phenotypic variabilif FFEVF might not be appreciated.

Linkage studies confirmed chromosome 22ql12 as thitary locus for all the eight FFEVF pedigrees
originally reported (Klein et al., 2012).

In 2013 Dibbens and colleagues performed WES aigdlysone Australian (Al) and one Dutch (D1) FFEVF
family (Callenbach et al., 2003, Klein et al., 2plidentifying in each family a novel heterozygoumsense
mutation in the DEPDCS5 gene, including ¢.21C>G yp7T) in family A1 and ¢.1663C>T (p.Arg555*) in
family D1. Mutations in the same gene where subsetiylidentified in additional five out of the SBFEVF
families previously linked to chromosome 22q (S2, B1-3), confirmingDEPDC5 as the major gene for
FFEVF (Dibbens et al., 2013). Of the eight largmifees with FFEVF, only one (family A in Klein ef.a
2012) did not have BEPDC5 mutation. The three French-Canadian families hadsame deletion mutation
(c.488_490delTGT; p.F164del), suggesting a shamedsdor.

This disorder is difficult to recognize in smallnfdies due to the low number of affected individuaind
because the pedigrees are too small to demonatcddar autosomal dominant inheritance. The sedqugioé
the gene by high-resolution melt curve analysisiH i other 82 unrelated probands of families vatheast
two affected members, identifi@@EPDCS mutations in ten (12.2%), confirming a major rofehis gene in
familial FE (Dibbens et al., 2013).Later, the evide that some affected members had structuralcabrti
alterations (i.e. bottom of the sulcus dysplasiforen of FCD type 1l B), implying mutations in thgene in
MCD (Scheffer et al., 2014).
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AIMS

We conducted an accurate clinical, neuropsychabbgand genetic characterization of a large cohbért o

patients with SHE, negative for mutations in theeggecoding for the nAChRs, in order to:

(i) identify new genetic determinants for ADSHE/FFEMMFWES analysis;

(i) estimate the frequency of mutationdi@NT1 andDEPDCS5,recently implicated in ADSHE;

(i) assess the impact of SHE on neuropsychologicaltibmog, characterizing a possible profile of
impairment;

(iv) correlate genetic findings with clinical and newyghological data.

The application of innovative tools for gene disexgv(Whole Exome Sequencing — WES) allowed us to

include in the genetic analysis small pedigreespatadic patients studied by a trio approach.
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METHODS

I. PATIENTS RECRUITMENT

[.1. SETTING AND PERIOD

The study was carried out over 2012-2016 at thedRQnstitute of Neurological Sciences of Bolognd a
the Medical Genetics of Sant'Orsola Hospital, fallog the approval by théluman Research Ethics
Committee of Bellaria Hospital, BologriRrot. N 945/CE; cod CE: 13084).

The study was been supported by a no-profit associél elethon foundation, GGP13200).

|.2.POPULATION AND INCLUSION CRITERIA

We included individuals of any age and gender,iagd with video/video-EEG documented SHE according

to reliable diagnostic criteria, with/without a goge family history for FE.

The study population derives mainly from a largenart of SHE patients that, referred to the Ep¥epsd

Sleep centers of our Institute since 1980 for stedgted motor events, were finally diagnosed \@HE.

All patients still followed up in our clinic and neecutively attending the Epilepsy center for atrabrvisit

between September 2012 and April 2016 were askpdrtipate in the study. Consenting patients tiega

for mutations in the AChRs genes were prospectigatplled after obtaining specific written consent.

We included also newly-diagnosed cases referredimgphosed in our Institute since 2012. Additioredes

were referred by other Italian epilepsy Centersikbato the collaboration with the Italian Leagueaiagt

Epilepsy (Lega ltaliana Contro I'Epilessia, LICEBatron of 47 Epilepsy Centers located in 15 Itatiegions.

We selected patients fulfilling the following insion criteria:

() personal history of sleep-related paroxysmal met@nts suggestive of hypermotor seizures;

(ii) video-polysomnographic (VPSG) recording of at leaste major event (asymmetric tonic
seizures/hyperkinetic seizures/epileptic nocturmandering) or of two stereotyped minor events
(paroxysmal arousals).

For all cases the diagnosis of SHE was confirmedhbge experts in epileptology and sleep disor@@rs

Tinuper, F. Bisulli and F. Provini) and conformedthe new diagnostic criteria, based on level ofatety

(Tinuper et al., 2016).

We enrolled both sporadic and familial cases; &t were defined gsatients having at least one relative

within three degrees of relatedness affected witk 8r other FE, including both ADSHE and possilfiENF

families.Biological samples (blood or saliva samspleere collected for DNA extraction and analysaf

each index case and all the affected and unaffectesenting relatives available.

[I. CLINICAL STUDY

All probands underwent a comprehensive evaluatioluding videopolygraphic monitoring for recordiafy

at least one hypermotor sleep-related seizure.eoh patient we reviewed the clinical history ahd t
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neurophysiological and neuroradiological documéntatAll data were collected in aad hoc database,
collecting:
- demographic data (age, gender, educational level);
- family history of intellectual deficit and psychi@tdisorders;
- age at seizures onset, seizures semiology, preeésegures on wakefulness, specific auras, bdate
convulsive seizures and status epilepticus;
- seizures frequency at the onset and during theykest, past and current antiepileptic treatment,
compliance and response to therapy;
- interictal/ictal EEG abnormalities (specifying ttiistribution);
- presence of brain MRI abnormalities.
Clinical and neurophysiological assessment wasnegid to all the available affected relatives, thrgethe
individual clinical phenotype and then, the fantigpilepsy syndrome (ADSHE/FFEVF).
All patients were studied by a detailed and didictical interview, routine EEG (if necessary, WidEEG
recording) and targeted brain 3-T MRI acquisitifmlbowing a specific “epilepsy protocol”.

Following the pedigree reconstruction, we drew gasttigree.

[ll. GENETIC STUDY

[11.1. PRE-SCREENING OF KNOWN GENES

Since 1995, available patients from the historgoddort of SHE patients followed up in our Instithted been
screened for mutations HRNA4, CHRNB2 andCHRNAZ2. This analysis, conducted over the years at the
Genetic Unit of the Meyer Hospital in Florence wapart performed by denaturing High Performanagiid
Chromatography (dHPLC) assay.

Additionally, in 2012 a subpopulation of patientslerwent a preliminary screening for mutation&@&NT1

and DEPDCS by high resolution melt curve analysis (HRM) at tBpilepsy Research Centre, University of

Melbourne.

[11.2 WES ANALYSIS
Genetic study was conducted by Dr. T. Pippucci@nBaldassari, at the Genetic Unit, Policlinico tSarsola
Malpighi, University of Bologna.
WES analysis was performed in
0] familial cases, including at least one affectedtre¢ (when available);
(i) sporadic cases, in part analyzed by a trio appraftdcted proband and healthy parents) in order
to discover possiblde novo mutations (DNMSs).

Figure 2 summarize the experimental and analysi&fioo.
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Fig. 2WES experiment workflow
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I11.2.1. DNA SAMPLE COLLECTION

DNA samples for WES analysis were extracted fromipperal blood collected specimens using the
commercial kit QlAamp DNA Blood Mini Kit (QIAGENwhich is based on the usage of columns containing

membranes that enhance a selective DNA adsorptida dinal purified DNA elution.
[11.2.2. WES EXPERIMENT

WES experiments were performed at Beijing Genoniittitute (BGI Tech Solutions, Hong Kong,
www.bgi.com). Two different enrichment methods wesed: NimbleGen SeqCap EZ (Roche), a BGI exome
capture (BGI). Both kits cover more than 20,000a3ein the human genome and are based on oligonideleo
DNA probes that capture the target exome. The géeetibraries have been sequenced as 91 bp (bhage p
paired-end reads on the lllumina HiSeq2000 platf@lomina) at BGI, requiring a mean coverage @@nple

of 50X for the exomes enriched with NimbleGen SqgE€Z and 100X for the exomes enriched with BGI

exome capture.
111.2.3. BIOINFORMATIC ANALYSIS

Bioinformatic analysis workflow is shown in Fig.RASTQ format sequencing reads were received fr@h B
and processed for quality control following a pipeldeveloped at the Medical Genetics Unit of thickRnic
Sant’Orsola-Malpighi in Bologna. The reads wergra#id against the hg19 reference genome with BWA.
Single nucleotide variants (SNVs) and small indetse called using GATK Unified Genotyper, and GATK
VariantFiltrationWalker was used to filter out vamts by quality, according to specific parametiftalti-

sample variant calling for SNVs and indels has &lsen performed, to improve variant calling, usihg

GATK package utility HaplotypeCallemfvw.broadinstitute.org/gatk/variants flagged as “PASS”, meaning
that they are reliable calls, were consideredéndwnstream steps of the analysis workflow. These then
annotated against the NCBI RefSegww{v.ncbi.nim.nih.gov/RefSgand UCSC KnownGene
(www.genome.ucsc.edldatabases with ANNOVAR (Wang et al., 2010), caiagt the Ensembl database

(www.ensembl.orly using Variant Effect Predictorw{vw.ensembl.org/info/docs/tools/vep/index.hjamd
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organized in a structured query language-basedtaseay Geminiviww.gemini.readthedocs.org/en/latest/
(Paila et al., 2013).

Once annotated, the variants were filtered. Wenethall rare variants affecting coding sequendeth®
targeted exome by filtering out all SNVs and InDebserved in doSNP13#(vw.ncbi.nlm.nih.gov/SNB/
1000genomes wiww.broser.1000genomes.oy@xome Variant Servenivw.evs.gs.washington.edu/EVYS/

and CNVs overlapping with those observed in Datalmissenomic Variants(projects.tcag.ca/variation).
The whole filtering procedure retained only raréing variants with functional effect on the protewding

sequence and CNVs.
[11.2.4. VARIANTS PRIORITIZATION

The variants prioritization was performed considgithe following criteria: presence or absencéeiariant

in public databases, pathogenicity prediction bgilito tools, conservation of the mutated siteother

vertebrates, expression and function of the mutgeetk in the brain, association of the mutated gétie

other neurological diseases. The analysis was @lividto 4 steps: the first including variants whitighest

pathogenicity scores, the last including variarith whe lowest pathogenicity scores.

(iif) LOF mutations, including nonsense or splicing affecsingle nucleotide variants (SNVs) and framfshi
indels, not described in public databases.

(iv) Missense mutations, not reported in public databageedicted to be damaging by Polyphen2
(www.genetics.bwh.harvard.edu/pph2  SIFT (www.sift.jcvi.org)and CADD (>15,

www.cadd.gs.washington.exdeores and affecting conserved sites (GERP++ scoré,

www.mendel.stanford.edu/SidowlLab/downloads/yemd rare LOF mutations with a frequency lower

than 1% in an internal exome database.

(v) Missense mutations, not reported in public date®aand predicted to be damaging by at least cne in
silico predictor among Polyphen2, SIFT and CADDJ affecting conserved sites (GERP++ score >2).
(vi) Missense mutations, reported with a low frequemcgublic databases, and predicted to be damaging by
at least one in-silico tool among Polyphen2, SIR@ &ADD, with a GERP++ score between 0 and 2.

In each mutational class, the most candidate viari@are selected according to the available inftionaon

the expression or function of the mutated genetht® purpose, different databases have been gueried
including Pubmedv{ww.ncbi.nim.nih.gov/pubmeg¢Braineac \(ww.braineac.or)y Omim (vww.omim.org

and STRING fww.string-db.org. Pubmed and Omim were used to assess the furafttbe gene of interest

and its possible associated diseases. Braineaddatabase of brain expressed genes, distinguishirgain
regions, and was interrogated to evaluate the sxjune pattern of the gene of interest in the bigimally, the
protein-protein interactions involving the proteimcoded by a mutated gene were analyzed using RN

database.

Sanger sequencing was subsequently applied tatalide prioritized variants in the proband andkti@rmine

the segregation in the family.

19



IV. NEUROPSYCHOLOGICAL STUDY

This was a cross-sectional study carried out 00d82and 2016 at the Neurological Clinic Unit of IRE,
Institute of Neurological Sciences of Bologna.
All the patients recruited underwent an assessuofantellectual functioning and cognitive status by

- Wechsler Adult Intellectual Scale (WAIS) or Stamfdainet Intelligence Scale (SB, for patients <16
years);

- Raven's progressive Matrices;

- Mini-Mental State Examination (MMSE).

ID was defined when 1Q score was <70; MMSE was idamed pathological when corrected scores where
<23.8.

Patients aged >16 years with normal cognitive fionatg (IQ scores >70; MMSEc scores >23.8) cardad
with an extensive, standardized neuropsycholodiaettery. These additional neuropsychological messsur
were selected in order to explore a range of fitard extra-frontal functions, schematically sardple the
following cognitive domains:

- language: semantic and phonemic fluency;

- verbal and non-verbal memory: Rey Auditory Verbahltning Test (RAVLT), forward verbal span,
verbal supra span + 2, paired-associated wordsitgp(for verbal memory); Rey-Osterrieth complex
figure (ROCF) immediate recall; Visual-Spatial suppan + 2, corsi-Block-Test (for visual memory);

- visuospatial ability (ROCF copy);

- attention and executive functioning: Trail Makirgst A, Trail Making test B (for attention, shifting
and flexibility); backwards Verbal Span (for worgimemory); Wisconsin Card Sorting Test (WCST)
(executive function); Stroop test (executive fuostiresponse inhibition).

The final score was calculated after adjustmenaém and education.

Neuropsychological testing was conducted by a singkpert neuropsychologist (R. Poda) at the
neuropsychological Service of our Institute.

All the tests were administered to each patieatstandardized order, over a single session héfeimorning
and lasting between 1 and 2 hours.

A paired clinical assessment, performed on the stay@s neuropsychological testing, was focuseskmure
frequency and antiepileptic drugs taken at thagestan addition to the other variables collectethia clinical
database. For patients hospitalized at the timtheftudy, a VPSG recording and questionnaire atiay
daytime somnolence in the days immediately closeabkso available.

All neuropsychological data were collected in arhad database.

Statistical analysis was performed using statispaakage Stata SE, version 14.0.

For descriptive statistics, continuous variablesaygesented as mean + standard deviation, whibgjodcal
variables as absolute and relative frequency Béjformances of SHE patients were evaluated wihee

to age adjusted normative data of healthy controls.
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Fisher's exact test was used to highlight possiisieociations between each neuropsychological tiést w
clinical features, comparing variables among grouéylsp-values were based on 2-sided tests; p<Wa8s
considered significant.

To further investigate the impact of disease sgvem cognitive functioning, we used the non-partime
Wilcoxon Rank-Sum test, comparing the distributddnthe scoring for each neuropsychological testvben

groups categorized according clinical variables.

V. GENOTYPE-PHENOTYPE CORRELATION

All anatomo-electro-clinical data were correlateithwgenetic findings in order to highlight differees on
epilepsy phenotype related to mutations in a sjgegiéne. In particular, we paid particular attention
particular clinical features (such as age at ongetsence of MCD or other cerebral structural lesio
subjective symptoms preceding the seizure onsesepce of seizure during wakefulness, ID and payii
comorbidity) in order to disclose possible key edes to direct genetic diagnostic tests. BinomisddE test
was used to calculate 95% confidence intervals 5%

Similarly, the results of the systematic neuropsyatical study were correlated with genetic findimg order

to disclose possible differences in mutated anehmdated cases.
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RESULTS

[. STUDY POPULATION

A total of 81 patients (M/F=45/36; mean age at bment available in 75 cases: 35.4+14.6, ranged 3dars)
were enrolled in the genetic and/or the neuropdgciical study.
The flow-chart in Figure 3 provides details on eatirecruitment. Briefly:

- 54 probands belonged to the historical cohort & SBE patients diagnosed and followed up at our

Institute since 1980;

- 15 were new-diagnosed cases, referred to ourutesssince 2012;

- 12 patients were referred from other Italian Egle@enters, by means the LICE.
Thirty-nine probands underwent both WES analysi$ reuropsychological assessment, while 21 had only
genetic study (in total, 60 probands) and anotiieh&d only neuropsychological assessment (in t6tal,

patients).

Fig. 3 General recruitment flow-chart

( N\
Pool of pts with SHE from DIAGNOSIS OF SHE on clinical and VPSG criteria:
historical DB Video-EEG documented: 104

n= 165 Video documented: 61
L =

(" SHE probands enrolled R
in the study

Additional cases n= 27 L n=54 )
- newly-diagnosed n=15
- from other centers n=12 \

( N\
TOT probands

included

L n=81 )
v v
GENETIC STUDY NEUROPSYCHOLOGICAL STUDY
Probands enrolled n= 60* Probands enrolled n= 60*

*Consider overlapping of 39 patients who underwmath genetic and neuropsychological study.
Il. GENETIC STUDY

[I.1. PRE-SCREENING FOR MUTATIONS IN KNOWN GENES

Overall, 76 probands from the original cohort umekart preliminary genetic analysis. Details are regabin
Table 2.

Seventy patients were analyzed for mutations ieast one of the genes coding for the nAChR subunyit
dHPLC (27 cases) or by Sanger sequencing (43 cames)utations of these genes were detected.

A subsample of 43 probands underwent molecularysisabf KCNT1 and/orDEPDCS5 performed at the

Epilepsy Research center of Melbourne Universitys Btudy led to the identification of a mutatiokKiCNT1
22



and three iIEPDCS reported in the original publications on these géheron et al., 2012; Dibbens et al.,
2013; Scheffer et al., 2014; Ricos et al., 2016).
The pedigrees (indicated as P) and more detaileida data on these families (F) and sporadic£§Sg are

provided as Supplementary materials, part A.

Tab. 2 Preliminary screening for mutatisim SHE known genes

GENES | N# TYPE OF ASSAY MUTATION | FAM/ REFERENCES
Pts | Sanger| dHPLC | HRM SPO

CHRNA4 | 62 | 36 26 - -

CHRNB2 | 60 | 34 26 - -

CHRNA2 | 65 | 38 27 - -

KCNT1 43 | - - 43 p.Y796H Fam | Heron 2012 (fam B); Phillips 1998

DEPDCS5 | 37 | - - 37 c.279+1 G>A| Fam Dibbens 2013 (fam 1), Scheffer 2014 (fam C)
p.T329Lfs*7 | Fam Ricos 2016 (fam 28)
p.R165Yfs*14| Spo Ricos 2016

Abbreviations dHPLC: high performance liquid chromatograpfRM: high resolution melt curve analysis; fam:
familial; spo: sporadic case.

KCNT1 - F1 The p.Y796H mutation oKCNT1 (NM_020822.2) segregated in four affected membéin
ADSHE pedigree (P1) with 100% of penetrance andogersevere phenotype: earlier age at onset (mean
5.54+2.1 years) compared with classical ADSHE, by seizures in two patients, recurrence of Il an
psychiatric/behavioral problems (Heron et al., 20amily B). The family was also reported in a poas
publication (Phillips et al., 1998, as family C).

DEPDCS - F2 Of the three mutations ®EPDC5 (NM_001242896.1), the ¢.279+1 G>A insertion wastfi
identified in the proband of a FE family (P2, IVI)t not in her affected mother (111.2), suggestgmpadic
mosaicism in this individual (Dibbens et al., 20Eamily I). A few months later an additional indivial (V.1)
developed frontal lobe seizures at 4 years of kgerictal EEG showed frequent epileptiform abndities
over the left frontal field (Supplementary Figure He carried the familial c.27911G>A mutation anteft
frontal subtle band heterotopia adjacent to theldgsic cortex at brain MRI (Supplementary FiguyeThe
other affected relatives had normal MRI. This was of the first pieces of evidence implying mutas®f
DEPDCS in MCD (Scheffer et al., 2014, family C).

DEPDCS - F3 The p.T329Lfs*7DEPDCS5 frameshift mutation was identified in nine indivis of a four-
generation FFEVF pedigree with five affected merslzeailable for genetic testing (penetrance 55%E S
was the most common phenotype running in the fa@®, individuals 111.6, 1V.1, IV.2, IV.4). Affecta
members showed a wide range of disease severigypthband (IV.2) had sleep-related seizures well
controlled by low doses of carbamazepine, whileesavindividuals (111.6, 111.8, V.1, IV.4) had srires
refractory to pharmacological treatment. Two ofnth@ll.6, 111.8) underwent pre-surgical work up buere
excluded from surgery because of lack of a cledegpgenic focus (111.6) or documentation of inéepent

seizures arising from both left and right frontoforal regions (I11.8). Brain MRI disclosed MCD in
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individuals IV.1 (who showed FCD, Supplementary ufeg 3) and IV.4 (who had a suspected gyral
abnormality of the right middle frontal gyrus; nsthown). Moreover, severe psychiatric and behavioral
problems recurred in affected individuals 11.1,8[11V.2, IV.4.

DEPDCS - S1 An additional frameshift mutation p.R165Yfs*14 watentified in a sporadic case who
underwent invasive pre-surgical assessment becddissjuent seizures refractory to AEDs (P4, 11.1).
Despite a bilateral limbic Stereo-EEG (SEEG) exaion (Supplementary Figure 4), no definitive
epileptogenic focus was identified in this patiditie SEEG electrical pattern was suggestive ofl fomaical
dysplasia (Supplementary Figure 5) but tailoredrbMRI (1.5 T) was unrevealing. The mutation was

inherited by her healthy mother (1.2).

[I.2 WES ANALYSIS
WES was performed in 60 probands with SHE (M/F:8%&nhd 76 affected/not affected relatives, fortalto
of 136 individuals (Figure 4).
The proband sample includes:
- ten familial cases: five belonging to ADSHE pedageand five with a family history for other
epilepsy, in some cases compatible with FFEVF;
- 50 sporadic cases, 31 of whom were studied as (tfies healthy parents were also sequenced to
evaluate the potential impact @ novo mutations in the pathogenesis of SHE).
Thirty-nine probands were recruited form the histrpool, nine have been diagnosed and enroltezkdhe
beginning of the study (2012) while 12 were referog other colleagues for WES analysis.
Mean age at epilepsy onset (available on 53 pra)ands 11.79+8.77 years (range: 0-42 years). Feurte
probands had a positive brain MRI: ten with MCD @ eight, dysplastic hemimegalencephaly in one,
abnormal cortical gyration in one), one patient hadsial temporal sclerosis, three with gross brain
abnormalities.
WES analysis identified:
- anumber of mutations in known genes and a novet gesponsible for SHEPRL2;
- 16 novel candidate genes, mainly identified as DNyI#rio analysis;
- several variants of unknown significance (VUS) heig genes already implicated in SHE.
Supplementary Table 1 lists the DNMs identifiedha trio cohort.

Figure 4 summarizes all WES findings that are tkxtdielow.
[1.2.1 MUTATIONS IN KNOWN /NOVEL GENES

DEPDCS5 - S2 One novel splice donor site variant (¢.193+1 G>AJ N01136029.2) was identified in the
male proband of pedigree 5 (P5). The patient ha#& 8lith rare seizures in wakefulness controlled by
medication. There was a history of sleep-relatéi@gfic events in the paternal branch, but no dfidlinical
information was available. The trio study in thésse highlighted that the variant was inherited ftbenhealthy
mother. The RNA sample of the proband was not abkalto confirm the effect of the variant on BEPDCS

transcript, but the variant was considered to lkelylipathogenic.
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Fig. 4 Summary of WES study results
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NPRL2 - F4WES analysis performed in two out of the four akeanembers of a FFEVF family (P6) allowed
the identification of a heterozygous missense chgpd-105P) ofNPRL2 (NM_006545.4) coding for one
interactor of DEPDCS. This variant is predicted&deleterious by alh silico prediction tools used, affects
a conserved aminoacid residue and has never bpertae in public databases. The proband (11:3) laed
son (111:3), were both affected with typical SHExperiencing clusters of hypermotor seizures excelgi
from sleep. Accurate phenotyping suggested an-&xirgal (insular) onset of the seizures in theyamred who
reported a painful sensation of the left arm, somexst followed by contraction of facial muscles adiory
hallucinations preceding the motor events.

Segregation analysis by Sanger sequencing confitimaidthe variant was present in four other family
members, two of whom definitely affected (peneteaot66%): the proband’s father (I:1) who suffefiexn
focal (possible temporal) seizures both from sleeg wakefulness; one healthy sister (11:2); anotister
with unconfirmed seizures during childhood (ll.idaher son (lll:1) who recently experienced a féses-
related events described as bilateral convulsiizises.

This family was published in a collaborative stiiycos et al., 2016) describing mutations\EfRL2 and

This family was published in a collaborative sty&jcos et al., 2016) describing mutationsNi#RL2 and
NPRL3 in FE for the first time. The study confirmed tléer of GATOR1 components in the pathogenesis of
FE and established that mutations in this comptmoant for about 9.5% of all genetic FEs (Ricoslet
2016).
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KCNT1 - S3 In a female patient (P7) studied as a trio we ifiedta de novo missense change KCNT1
(NM_020822.2), p.A934T, which affects a highly cengd residue in the cytoplasmic C-terminal donadin
the protein.

This mutation has been already reported as patioogrea French patient affected with MMFSI (Baretzal.,
2012) and is published in public databases Clin\sard dbSNP with the code rs397515403

(http://www.ncbi.nlm.nih.gov/clinvarhttp://www.ncbi.nlm.nih.gov/SNP/

The proband of our trio had a different phenotyglearacterized by bilateral asymmetric tonic seigure
occurring in clusters up to 40/night since the afj® years. Her epilepsy showed a spontaneoustmegnit
relapsing pattern of evolution, without a clear-phiarmacoresistance. The patient also had a cdageni
profound sensorineural hearing loss and a cognitelay with predominant language impairment.

Genetic analysis in this patient also highlighted GHRNA4 p.D104N change, inherited by her father who
had a history of arousal parasomnias during chiddremd “agitated” sleep-related events of uncegtatogy
between 30 and 40 years of age. This variant hexs t@nsidered of unknown significance (see later).
Finally, given the comorbidity with congenital hygmusia (unlikely to be ascribable to the phenotypic
spectrum of this gene), we conducted an additianalysis aimed at discovering possible causesisf th
specific disorder. The patient proved to be complobheterozygous for two mutation FMPRSS3 (MIM
605511), involved in an autosomal recessive formarf-syndromic congenital hearing loss. Both mateti
were inherited by the healthy parents. In particulae first mutation (p.P277L, NM_032404), repdrizs
pathogenic in the public databases Omim and Clirfk&28939084), was inherited by the mother. Thersgc
is a deletion p.H70Tfs*X19 (NM_001256317) reportedExAc database with a frequency of 5/10000) and
was inherited by her father.

CHRNAA4 - F5 WES analysis identified three mutationsGHRNA4 the first of which had been missed by the
previous dHPLC analysis.

The novel heterozygous variant p.G30(NM_000744.6) was found in two sisters with typiSHE of family

5 (P8). The variant was confirmed by Sanger seqogrend the segregation analysis revealed thagg w
inherited from the healthy father (penetrance &fR6This change is predicted to be damaging byhalin
silicotools (Table 3) and affects a conserved aminoaciatéd close to the third transmembrane helix ¢€igu

5). The change in the aminoacid sequence in tgismemay alter the protein structure.

Tab. 3Features of the novetutation in CHRNA4

hgl9 coordinate| transcript N_change AA chapggg | N_PhyloP | predictionsfreq EXAC

chr20: 61981843NM_00074.6 ¢.G920T | p.G307V het 0.998 D,.D -

Abbreviations N_change: nucleotidic change; AA_change: aminoa@bange; zyg: zygotes; N_PhyloP: normalized
PhyloPhen*; freq_Exac: allele frequency from ExBgdme Aggregation Consortium) database; het: heygaus; D:
damaging.

*PhyloPhen (evaluates conservation among diffespaties);

Predictive tools included SIFT (whose predictiorb@sed on the degree of conservation of amino @silues in
sequence alignments derived from closely relatgdieseces) and Polyphen (predicts the possible ingfaatino acid
substitutions on the stability and function of humaroteins using structural and comparative evohary
considerations).
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CHRNA4 - $4 The missense variant p.S284L (rs2893159HRNA4 is a hotspot mutation associated with
a CpG hypermutable site in the TM2 domain of thetgin. It corresponds to the well-knov@HRNA4
p.S252L mutation, reported since 1999 in four ADSHdfilies and one sporadic case (Hirose et al.9199
Phillips et al., 2000; Cho et al., 2003; Rozyckalet2003; Sansoni et al., 2012). Cognitive defieis been
reported in some affected family members (see Tapl&imilarly, our patient (P9) showed a particiyla
severe SHE phenotype with early onset refractoizuses and ID. There was a positive family histtoy
NREM parasomnias in both parents and his sistevelier the mutation wade novo. This patient carried also
a de novo mutation in a candidate geMEQS, as detailed below.

CHRNAA4 - S5 Finally, a novel missense change p.S284W was itkhtn the female proband of pedigree 10
(P10) affected with refractory SHE. The varianptiedicted to be damaging for protein function, affdcts
the same aminoacidic residue that has been foundt@auin different SHE patients, including our subc
case of pedigree 9 (P9). The segregation analséated that the variant is not present in theepti§ healthy
father and healthy brother, reinforcing the patmigeole of the mutation, although the segregatiothe

healthy mother could not be assessed.

Fig. 5 Schematic representation of CHRNA4 (NM_0007446g mutations found are indicated by red stars.
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SCN1A - S6 A missense change p.P824H SEN1A (NM_001165963) was identified in a sporadic case
referred to us as affected by SHE for genetic st{Riyl). The mutation has never been reported so far
especially in association with the SHE phenotyps, dvaluation of the patient's whole clinical histo
suggests that this variant could underlie the gghesis of his epilepsy. In fact, the patient héwstory of
recurrent, prolonged febrile/afebrile seizures atatus epilepticus starting from age nine monthsy s
regression of cognition after seizure onset, arlgnparphic seizures (hemiclonic seizures, tempoestige
with loss of awareness, atypical absences) refradtm antiepileptic medications (of note, the ddi
worsening induced by lamotrigine and other sodidathkers and the efficacy of valproate and topiramat
treatment). However, the sleep-related paroxysnoébnevents from age 13 years are not commonlyrtego

in SCN1A-related epilepsy phenotype.
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11.2.2 MUTATIONS IN CANDIDATE GENES

PIK3R3 Three out of the five affected individuals of an BIBE family were sequenced. The analysis, focused
on shared heterozygous variants according to annhBritance model, led to the identification ofreased,
novel candidate variant p.N110SPhK3R3 (NM_001303428.1) that affects a conserved aminogesiiue
and is predicted to be damaging by Polyphen2 afift Cadd scores.

Moreover, an additional missense change p.R16Mis dene was identified in a male patient of a, trio
inherited from the healthy father. The variantriedicted to be damaging by Polyphen2 and Cadd scanel

is not reported in public databas®K3R3 encodes a regulating subunit of the phosphoimasi kinase
(PI3K), which is highly expressed in the brain emrind interacts with PIK3R1 and PIK3CA to regulate
MTOR, whose deregulation has already been descitb&®. To date, pathogenic germline and mosaic
mutations in multiple PIBK/AKT pathway genes haweeib associated with focal MCD manifesting with FE
(Lee et al., 2012; Jansen et al., 2015; D’Gamad. e2@15). None of the reported patients showedctiral
lesions at conventional 1.5 T brain MRI, but a édeg high-resolution MRI was not available.

PIK3CA A missense variant p.R770Q (NM_006218.3PHX3CA was identified in a male proband of a trio,
inherited by his mother. The patient had refrac®HE of unknown etiology. Given the persistenchighly
frequent hypermotor seizures from sleep, followimgasive SEEG recordings he underwent a left orbito
frontal lesionectomy-cortectomy. Histological arsadyof the resected brain specimen disclosed a tyg®
b.

The aminoacidic change found is predicted to beadmmg by Sift and Cadd scores and affects a coederv
residue. However, it has been reported in foutesln EXAC database, and was therefore classifedVUS.
PIK3CA encodes a catalytic subunit of PI3K, which intésatith the regulatory subunit encodedRK3R3
andPIK3RL1. Interestingly, somatic mutations in this geneehbeen associated with abnormalities of brain
development including FCD, as reported above.

PIK3C2B A de novo missense change RIK3C2B (p.E1294Q; NM_002646.3)as been identified in the male
proband of a trio with unconfirmed family histomgrfsleep-related paroxysmal attacks which werertego
in his father. The proband had documented hypennseiaures arising exclusively from sleep, welltcoted

by antiepileptic medication. Brain MRI did not shewuctural lesions.

The protein encoded by this gene belongs to thK Rifily and consecutively considered a strong hate
gene that has not yet been reported.

The same patient carried alsmovel nonsense mutationAVWBRAL p.Q276* (NM_001300731.1) that was
inherited from the fatheAMBRAL1 is a gene intolerant to missense and LOF mutatgosrding to EXAC
database. The encoded protein regulates autopmagthe development of the nervous system, comigplli
the protein turnover (Fimia et al., 2007); it igpeassed ubiquitously and has a high expressiomrimomal
cells of the brain cortex. Impaired autophagy Hesady been implicated in the pathogenesis of negical
diseases, including epilepsy, emphasizing the plessausative role of the identified mutation.

MTOR A novel missense changeMiTOR, p.L2354M (NM_004958.3) was identified in the mpleband of

a trio, inherited from the healthy mother. The aatiis predicted to be damaging by Polyphen2 adift Cadd
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scores, and affects a conserved residue. It cdiddtahe function of mMTOR protein but a functiostiidy of
MTOR activation is necessary to assess whethechhisge could underlie epilepsy in this patient.

An additional novel splicing mutation IlMTK3 (NM_001080434.1), c.448+1G>A was identifidginovo in
the same individual. This gene encodes a protaiasd, predominantly expressed in the brain, whose
physiological functions are unknown. Lmtk3 knockanite exhibit abnormal behaviors, and in vitro gssa
have shown that LMTK3 is involved in the endocytadficking of N-methyl-d-aspartate (NMDA) recepsor
a type of ionotropic glutamate receptor whose esgiom is altered in epilepsy animal models (Ghaserdi
Schachter, 2011).

MIQOS In the sporadic case carring the pathogenic nautati CHRNA4 (S4, P9) we also foundde novo
p.A138G change iMIOS(NM_019005.3). This gene encodes a component GBHREOR2 complex, which
regulates the mTOR pathway. This implies a possitik of MIOSin epileptogenesis and MCD, although it
has not been confirmed by recent publications (\Wegg&en et al., 2016).

GSE1 A novel missense variant &SE1 (p.S917C, NM_014615.3) segregated in the two &dtesisters of a
family also sharing a missense VUSIBPDCS (p.M12171, see below). The identified variantisgicted to
have deleterious consequences on protein fundB&E1 is a proline-rich protein highly expressedriain

cortex and cerebellumhitp://www.braineac.orgy/ but its function is largely unknown. Despitesttpoor

information, two additional variants have been fimthis gene: the p.R425W is predicted as danggigyn

in silico tools and identifiedle novo in a female proband of a trio. The p.P1003L chaidentified in a
sporadic case, is predicted to have a functiorfabebn the encoded proteins. However it is regbitel6
control alleles and, moreover, it was not posdiblenalyze its segregation in the healthy parenésefore it
was classified as VUS.

VPS13D In the sporadic patient, we also identified a fetggous missense variantWPSL3D (p.N2397S,
NM_018156.3), reported in five control alleles asmhsidered VUS for the same reasons. Furthermioee, t
p.E2073* mutation was identifiede novo in an affected female analyzed by a trio approsB$13D encodes

a protein belonging to the vacuolar-protein-sortli3ggene family, highly expressed in brain, and ieesn
found de novo mutated in autistic and schizophrenic patientssjfov et al., 2014; McCarthy et al., 2014),
suggesting a possible pathogenic role also in gpile

PDE2A We identified the heterozygoude novo p.S663F change (NM_002599.4) in a female proband
affected by SHE and FCD. This gene codes for aptamtiesterase with a dual-specificity for the secon
messengers CAMP and cGMP.

GPR162 encodes an orphan receptor (the associated ligahdignaling pathways are unknown) with a very
high expression in brain, especially in the fromt@tex fttp://www.braineac.)t We found ale novo variant
(p.S95F, NM_019858) in a patient with symptomattES

KCNT2 A missense change p.C484Y (NM_198503.4) inKiNT2 gene was found in a proband of a trio,

inherited from the healthy mother. The variantrisdicted to be damaging by all thesilico tools used and

affects a conserved aminoacid residue, but it le@® beported in three alleles in EXAQCNT2 encodes a

protein that interacts with KCNTL1 to form a funetéd sodium-activated potassium channel KE&&NT1 has
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already been found mutated in SHE patients, thikesd{CNT2 a very good candidate for the epilepsy
phenotype seen in the patient. The same individisd carried a missense variantRfR3 (p.G4670S
NM_001243996.2) inherited from the healthy motherother change in this gene was identified in &@céd
male of a trio (p.R1333H), inherited from the hienftather. Both these variants have already begorted in
healthy subjects, despite being predicted to betelebus for protein function and therefore clasdifis VUS.
KDM5C A novel missense change p.C1190W (NM_00418KRBM5C was identified in one male proband
in hemizygous state, inherited from the healthyhmagtwho is heterozygous for the variant, predittete
damaging by Polyphen2 and Sift. This gene encodBsiae demethylase, whose mutations have been
associated with X-linked recessive mental retaogiaéind epilepsy in some patients. Our proband sti@ve
mild 1D, mild dysmorphisms with low forehead, shstature and microcephaly in addition to SHE.

UBN2 We found ade novo frameshift mutation (p.K1201Nfs*18, NM_173569.8)d sporadic patient, also
carrying a VUS on CHRNB2 (see below)BN2 codes for Ubinuclein 2, a protein expressed iinbcartex
whose function is largely unknown: it interactsm8UMOZ2 and may be involved in transcription retjata
The gene is highly intolerant to genetic LOF mutiagi, and DNMs have been identified in patients attism,
suggesting its possible implication in neurologimahditions (lossifov et al., 2014).

CNTNAPS5 This gene was fourdk novo mutated in a trio (p.Q889R; NM_130773.3). Moreowep missense
variants were identified in two sporadic patief461C and p.P552S. Both these variants are peedic
be damaging and affect conserved residues. Howthesr have been reported in EXAC database in fixk a
one alleles respectively, and finally consideredSyldince the segregation analysis could not bepeed.
CNTNAPS encode proteins named contactins belonging toéugexin family, whose members are highly
expressed in brain cortex and have a role in thelte nervous system, acting as cell adhesidecules

and receptors.
11.2.3 VARIANTS OF UNKNOWN SIGNIFICANCE (VUS) IN KNOWN SHE GENES

DEPDCS5 Four heterozygous missense changes in DEPDC5 @1E19.M12171, p.R509C, p.vV272I) were

classified as VUS; a functional assessment is rietEdeonfirm their causative role.

(i) p.F1321L, identified in the male proband of anotinier, inherited from the healthy mother. This et
is novel, predicted to be damaging by Polyphen2 @add scores (29.8) and affects a conserved
aminoacid. However, it was predicted as Tolerate8IFT and, more importantly, we could not perform
a functional characterization to confirm its caiatole.

(i) the heterozygous aminoacidic change p.M1217I redurr two affected sisters of a family including si
affected individuals over two generations (pedigneg shown). The 39-year-old proband had mild
psychomotor delay and typical SHE phenotype, widesrelated events from the age of 19 years
controlled by oxcarbazepine. Interictal EEG sholeétdronto-temporal paroxysmal activity during age
Prolonged video-EEG monitoring captured three oftiagical attacks from sleep associated with a left
anterior-temporal discharge. Brain MRI revealeddnaitrophy of the left hemisphere. Both her sisters,
now aged 48 and 45 years, had brief episodes irfukiess at three years of age characterized diffus
rigidity, breathing difficulty and impaired awaresse Another three affected relatives had a histdry
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epileptic seizures (described as GTCS in two) aatewot available for an accurate phenotyping or fo
genetic testing. The variant is not predicted teehamportant consequences on protein function or
structure, although affecting a conserved residné, is reported in six alleles in EXAC database. No
additional affected/unaffected relatives were aaé for familial segregation study.

(iii) p.R509C was found in the proband of a trio anchealthy father; this variant is reported in EXACSR
alleles and is predicted to be tolerated, albé#iciihg a conserved aminoacid residue.

(iv) the heterozygous missense p.V272I was identifiediio as carried by the female proband and halttne
mother. The change showed a Cadd score of 27.4,wast present in 1000 genome database
(rs187334123).

CHRNA4 A missense variant p.A71T was identified in the &srproband with SHE. However, this variant

was considered to be of unknown significance, @sriégported in public databases (six alleles iIAE) the

pathogenicity predictions are discordant and tigeeggtion in the healthy parents could not be exabl

Moreover, as reported above, the novel missensantgn.D104N was identified in the female proband

carrying thede novo mutation of KCNT1 (S3). Although the change isdicted to be damaging by all the

silico tools used, it resulted to be inherited from thnér who had a history of parasomnias. The idedtif
variant could be the cause of these episodessriribi

CHRNB2 The missense heterozygous change Q397EHRNB2 (NM_000748.2) was found in the female

proband also carrying the DEPDC5 VUS p.V272]. TiHRNB2 change, inherited by her healthy mother and

predicted as benign by SIFT and Polyphen and witla@d score of 5.23, is reported as VUS by Clinvar.

An additional missense variant GHRNB2 (p.L376F) was identified in the male sporadic calse carrying

the de novo frameshift mutation ofJBN2.
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[ll. NEUROPSYCHOLOGICAL STUDY

We recruited 60 patients (M/F=28/32, mean age 38.2313 years, range 14-69). Forty-five (75%) had a
video-EEG documented (confirmed) diagnosis of SHE 45 (25%) a video-documented (clinical) SHE,
according to the novel criteria (Tinuper et al.18D The clinical features are detailed in Table 4.

The mean age at epilepsy onset was 12.63+8.15 greauge 3-42). Forty-nine (81.7%) were sporadiesas
while 11 patients (18.33%) had a positive familstbiy for SHE (three cases) or other focal epildjesyht).
Most patients had unknown etiology (63.33%), 11vwatw abnormalities on neuroimaging (18.33%) and 11
were genetic (18.33%). Genetic cases include @iRNA4- mutated patients (two belonging to F5, 1.1 and
11.2), four with mutations ilDEPDCS5 (including two members of F2, IIl.2 and 1V.2), op&tient withKCNT1
mutation (S3) and two members of the family cagyimeNPRL2 change (F4-I11.3, 111.3).

Tab.4 Clinical features of 60 patients diagnosed with Sitiuded in the neuropsychologcal study.

Tot 60 Valid % Missing (%)

SEIZURE Daily/multi-daily 26 47.27 5
FREQUENCY | Weekly 16 29.09 (8.33)
AT ONSET Monthly 5 9.09

Yearly 8 14.55
SEIZURES IN WAKEFULNESS 34 56.67 -
AURA 33 55.00 -
BILATERAL T-C SEIZURES 24 40.00 -
STATUS EPILEPTICUS 6 10.00 -
EPILEPTIFORM INTERICTAL EEG 38 63.33 -
EEG ICTAL PAROXYSMAL CHANGES 37 61.67 -
PaTHOLOGICAL NE 5 8.33 -
ABNORMAL BRAIN MRI 11 18.33 -
ANY UNDERLYING BRAIN DISORDER 14 23.33 -
PERSONAL FS 3 5.00 -
HISTORY Perinatal insult 4 6.67 -

Psychomotor delay 4 6.67 -

Psychiatric disorders 15 25.00 -
FAMILY FS 3 5.00 -
HISTORY Epilepsy Total 11 18.33 -

SHE 3 5.00
OthetSHE 8 13.33
ID 5 8.77 3 (5.0)
Psychiatric disorders 9 15.79 3(5.0)

Abbreviations: NE: neurological examination; FS: febrile seizui€s intellectual disability.
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Thirty-four patients (56.67%) experienced at least seizure in wakefulness lifetime, 33 (55%) regubr
subjective sensation before seizures.

At the time of neuropsychological assessment, 1i@ma were seizure-free (30%) whereas the remgihin
(70%) continue to experience seizures with variaieguency (15 daily, 16 weekly/monthly, 11
yearly/sporadic). Eleven patients were off medaredj 26 on monotherapy (20 with carbamazepine, daur
oxcarbazepine, one on topiramate and one on lagimaaji and 23 were taking a combination of two oe¢h
antiepileptic drugs (AED). All patients were righdnded except for two (one ambidextrous and ore lef
handed corrected).

The neuropsychological findings are reported inl&&b The total IQ score ranged from 45 to 138 (mtetal

1Q: 96.96+21.50) with significant differences beemeverbal IQ (mean: 93.38+19.50) and performance 1Q
(mean: 101.35+21.10), p<0.0001(Figure 6).

Fig. 6 Verbal versus performance 1Q.
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Wilcoxon signed-rank test highlighted significaotvier mean scores in verbal 1Q.

Six patients with ID (median total IQ score 52 @nge 45-64), two with pathologic MMSE correctedrsco
(MMSEc scores: 18 and 21) and one patient untesttWAIS and with MMSEc score of 9, were not ined

in the extensive neuropsychological study. Two taitil patients with normal intellectual functiogiwlid

not complete the assessment. The remaining 49npatisnderwent the full neuropsychological battery
evaluating language, memory, visual-spatial absditiand executive functions. Figure 7 represents the
flowchart of patients recruitment.

Twenty-three patients out of the 49 tested (46.SB6wed deficits in at least one test, with multiphpaired
tasks in 13. Twelve patients (24.5%) showed defititanguage, with selective impairment of phonemic
fluency. Memory was impaired in 12 cases (24.5%jpdrticular, five showed deficits in verbal memdour

in visuo-spatial memory and three in both. Amorgigevaluating the executive functions more selelst;

the Stroop test (assessing inhibitory control amtbctive attention) was the most impaired, showing
pathological scores in 11 cases (22.4%); five ptishowed impaired working memory (10.2%), whereas

performance on shifting and cognitive flexibiliy¢/CST) were normal in all the patients (Table 5).
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Fig. 7 Recruitment flowchart of neuropsychological study
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At univariate analysis, patients with pathologididurological Examination (NE) showed more defiets
WAIS (66.67% vs 7.69%, p: 0.029) and significantlgrse scores at MMSE (24.52+5.7 vs 28.03+1.45, p:
0.010) compared to patients with normal NE. Sirtylaa higher seizure frequency at last visit cated with
worse performances in cognitive tests (WAIS: 908513 vs 103.17+21.45, p:0.030; MMSE: 27.39+2.68 vs
28.28+1.11, p:0.044) and in nonverbal memory (18890s 17.32+5.16, p:0.038). Overall, a significgntl
worse scoring in tests exploring non verbal menaorg visuo-spatial abilities was attained in all pla¢ients
with a poor prognosis (failure to achieve remisgiothe last 5 years) (Rey fig memory: 15.42+5.320.34
+3.12, p:0.040; Rey fig copy: 33.25 +1.76 vs 35.005b).

The variable “any underlying brain disorder” (sad€ one among: pathological NE and abnormal brari)M
was more frequently associated with deficits inbaédong-term memory (30% vs 2.63%, p: 0.025) and
attention/inhibitory control (Stroop test; 50% \&.38%, p: 0.033), with significantly worse perfomgas in
task evaluating shifting abilities (TMTB test: 98930.9 vs 73.38 vs32.95, p: 0.027). This finding \eéso
seen in patients with a personal history of stepitepticus (TMTB: 65.4+18.51 vs 46.18+23.15, [03h)
and poor prognosis (TMTBA: 50.12+23.47 vs 30.83+89 0.020), while bilateral convulsive seizures

correlated with worse scores in working memory pétispan backward: 3.56+1.04 vs 4.27+1.06, p: 0.049
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Tab. 5 Neuropsychological findings

Pts | Domain Test Mean £SD (nv) # Pts with impaicktests (%), score Impaired pts/domain
60 | Intelligence and cognitive status | Raven Matrices 29.75+2.76 (>18,96) 0/49 9 (15%)
WAIS-R 1Q t 96.96+21.50 (>70) 6/57 (10.53%), range 45-64
Qv 93.38+19.50 range 50-62
IQp 101.35£21.10 range 44-81
MMSE 27.82+2.11 (>23.8) 3/58 (5.17%), range 16693.
49 | Language Phonemic fluency 25.88+11.37 (>17.35) 12/49 (24 X9%nge 6.1-17.3 12 (24.49%)
Semantic fluency 36.77+6.87 (>24) 0/49
Memory Verbal Rey short-term memory 42.39+8.87 (>28.53) 3/485%p range 17.05-26.8 8 (16.32%)
Rey long-term memory 8.3912.77 (>4.69) 4/48 (8.33%Nge 1.85-4.63
Verbal span (forward) 5.8711.13 (>4.26) 2/49 (44)8range 3.92-4
Verbal supraspan + 2 4.3612.61 (<11) 2/49 (4.088%6)ge 13- >15
Associated words learning 13.79+4.01 (>8.73) §MB42%), range 4.49-7.73
Visuospatial Rey Figure-memory 15.61+5.80 (>4.69) 1/48 (2.08%46)5 7 (14.3%)
Corsi Block-Test 5.30+1.56 (>3.46) 5/49 (10.2%nge 2.37-3.39
Visual-spatial supraspan + 2 20.21+6.88 (>5.5) 82M17%) —
Visuo-spatial abilities Rey complex figure-copy 33.49+1.72 (>28.88) 1/488%0), 28.25 1 (2.08%)
Executive Attention/ Trail making test A 35.44+11.83 (93) 0/48 11 (224)5
functions inhibitory control Stroop (time) 23.9248.71 (<27.5) 11/49 (22.45%hgea27.62-48.88
(errors) 1.12+0.90 (<7.5) 0/49
Shifting Trail making test B 78.88+34.00 (<262) 0/48 -
Trail making test BA 48.18+23.30 (<186) 0/48
Working memory | Verbal span (backwards) 4.00+1.10 (> 2.65) 5/492%), range 1.52-2.58 5 (10.2%)

Pianification

WCST

26.41+11.98 (<90.6)

0/49

Abbreviations Pts: patients; SD: standard deviation; nv: novadle; ID: intellectual disability; 1Q t: total 1QQ v: verbal IQ; IQ p: performance 1Q.
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IV. GENOTYPE-PHENOTYPE CORRELATIONS

A total of 106 probands underwent genetic testingifferent techniques other than WES analysiduitiag
those used in the preliminary screening (Sanganesexng, dHPLC and HRM). In particuld¢CNT1 and
DEPDCS5 were analyzed in 87 and 84 probands by WES amtiRM, respectivelyCHRNA4, CHRNB2 and
CHRNAZ2 were screened in 97, 97 and 100 patients, respgctiby means of WES, Sanger or dHPLC.
However, the low sensitivity of dHPLC should be sioler, since this assay gave false negative rasufs,
where the causative p.G307V missense change watifigle only later by WES analysis.

Genetic analysis allowed us to solve 11 cases inwle cohort (10.4%), of whom five familial antk s
sporadic.

The mutation frequencies were 2.3% (Cl: 0.3-8.186KICNT1, 5.9% (CI: 2.0-13.3%) for GATOR1-complex
genes, 3.1% (Cl: 0.6-8.8%) f@HRNA4, 1,7% (Cl 0-8.9%) foSCN1A.

Table 6 summarizes the overall genetic findingsun cohort and reports the key clinical featureseach
family and sporadic cases that we found mutat€sHE genes.

In familial cases, except fa¢CNT1, mutations in the other genes showed incompletetpence: 55% for
DEPDCS (for which the segregation in F2 was compatibléhwmosaicism) and 66% for botNPRL2 and
CHRNA4.

Although the small sample size precluded a relighi¢istical analysis, a comparison of clinicaledeglated

to each gene allowed us to make some useful coasinies.

The mean age at epilepsy onset is lower in patiesntis/ing KCNTL1 variants (Table 6). AmonGHRNA4-
mutated patients, the well-knov@HRNA4 mutation p.S284L is associated with the earligstat onset. As
the mutation igde novo and is located in the domain forming the chanmeegTM2), we assume that the
intrinsic molecular features of mutations in theng may influence the phenotype severity. Converéel
DEPDC5-mutated families F2 and F3, the variability of ageonset even in affected members sharing the
same mutation (range: 4 -15 years and three mdhgears, respectively) suggests additional genetic
determinants, epigenetic modulators or, environaldattors co-acting to determine the phenotypéaeéul,
the patients with earlier age at onset in thesdliizsn(V.1 in F2; IV.1 and IV.3 in F3), also hadfnactory
epilepsy and were those showing structural brasiotes, supporting the hypothesis of a “double hit”
mechanism, namely the occurrence of a second-diit somatic mutation.

DEPDCb5-related epilepsies also showed a higher frequaricgeizures in wakefulness and subjective
symptoms preceding hypermotor seizures. This doeldonsidered predictable, considering that thelizsn
included in our population represent FFEVF pedigrétowever these features also apply to sporadiesca
and FFEVF-affected members with the SHE phenotype.

Surprisingly, psychiatric and behavioral disordeese observed with a similar frequency am&@NT1 and

GATORL1 gene-mutated cases, while the rate of d¥sigtance was comparable among the three genes.
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Tab. 6 Correlations between genetic results and keyaalrfeatures

Gene N# total | code | Mutation Phenotype | Penetrance/ | N# Age at Aura* Seizures on MRI ID Psy DR
screened occurrence | affected | onset (y) wakefulness* | lesion
KCNT1 87 F1 p.Y796H ADSHE 100% 4 5.5+2.1 - - - 3/4 2/4 142
S3 p.A934T SHE ndé novo 1 9 - - - 1 - rr
Tot KCNT1 100% 5 6.2+1.56 | 0% 0% 0% 80% | 40% 40%
DEPDCS | 84 F2 c.279+1 G>A| FFEVF na/ 3 11.0+6.08 | 2 (1) 3(2) 1 - - 1
mosaicism
F3 p.T329Lfs*7 | FFEVF 55% 7 5.15+4.53 4 (3) 4(3) 2 |- 3 4
S1 p.R165Yfs*14| SHE na/inherited 1 10 1 1 - - - 1
S2 c.193+1 G>A| SHE na/inherited 1 Na - 1 - - - -
NPRL2 60 F4 p.L105P FFEVF 66% 4 1158597 1(1) 1(0) - -2 1
Tot GATORL1 genes 55-66% 16 8.82+5.58 | 50% 62.5% 18.7% | 0% 31.2% | 43.7%
(37.5%) | (43.7%)
CHRNA4 | 97 F5 p.G307V ADSHE 66% 2 7.5£0.7 - 1 (rare) - - - rr
S4 p.S284L SHE neé novo 1 3 - - - 1 - 1
S5 p.S284W SHE nav 1 12 1 1 (rare) - 1 - 1
Tot CHRNA4 66% 4 7.5%£3.69 25% 0% 0% 50% | 0% 50%

Abbreviations ID: intellectual disability; Psy: psychiatric disters; DR: drug-resistance; rr: relapsing remittimg not assessable; nav: not available

*For FFEVF pedigrees is also indicated the N# éé&t&d members with SHE experiencing aura and seian wakefulness (in brackets).
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As is known, ID recurred more frequentlyKiCNT1-mutated patients (80%) but was also related to the
CHRNA4 hotspot mutations, confirming literature data {{8&n et al., 2012a). Conversely, there were
no significant limitations in intellectual functiorg among individuals with GATOR1 gene mutations,
despite the evidence of ID in several FFEVF famigmbers (Dibbens et al., 2013).

In order to highlight a possible influence of gecebn cognition, we performed an additional statdé
analysis in the 60 patients who underwent the stalzked neuropsychological assessment. Mutated
cases scored lower in total 1Q than non-mutatedcé84.91+18.54 vs 99.53+21.47; p: 0.0176, Figure
8), without statistically significant differencegtiveen the two groups in other tests (Supplementary
table 2).

Fig. 8 Total IQ in mutated and non-mutated cases
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Wilcoxon signed-rank test highlighted significaatMer mean scores in total 1Q in mutated patienlisefowith
respect to non-mutated cases (red).
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DISCUSSION

Recent insights into the genetics of FE revealedrsé novel genes implicated in ADSHEHRNA4,
CHRNB2, CHRNA2, KCNT1, DEPDC5 andPRIMAL). Differences in penetrance, epilepsy phenotype
and even endophenotype have been related to meatigpecific genes, suchkiENT1 (Heron et al.,
2012). Neuropsychological deficits have also bessoeiated with specific mutations in nAChRs genes
(Steinlein et al., 2012a).

However, the genes identified so far cumulativetgaunt for less than 25% among familial and
sporadic cases, suggesting further genetic heteedge Systematic neuropsychological investigations
on comprehensive SHE cohorts are lacking.

This study provides an in-depth clinical, genetit aneuropsychological characterization of a large
cohort of patients diagnosed with SHE accordinthtonovel, reliable diagnostic criteria (Tinuper et
al., 2016). Using a WES strategy, we analyzed bpthadic and familial SHE cases. The familial cases
belonged to ADSHE and FFEVF pedigrees, as SHE gineadrequently runs also among FFEVF
family members. A subgroup of patients from thddrisal pool of our Institute had been previously
screened for mutations in the known genes, witbrédting findings irDEPDC5 andKCNT1 but no
mutations in nAChRs genes. This preliminary analyguld have enhanced the chance of identifying
novel genetic determinants for SHE by the applicatf advanced NGS technologies.

Using a number of strategies, overall we identitagdisative mutations in 10.4% of our cases. WES
analysis allowed the identification of a novel epdy geneNPRL2, coding for one of the three
components of GATORZ1, an inhibitor of the mastegutator of cell growth and metabolism, mTOR-
signaling pathway. Altogether, mutations in the @1 complex gend3EPDC5 andNPRL2 account

for the majority of our cases (6%). This percentaga Isne with genetic and statistical data from the
literature implicating GATOR1 genes in 6.9% (28/M6#probands affected with heterogeneous forms
of FE (Ricos et al., 2016). The similarity on GATORutation rates was actually unexpected, taking
into account that familial cases represent a miyafiour population compared with those of Ricbs e
al. where families represent 67.3% (272/404) ofwhele. However, it should be considered that we
included a homogeneous cohort of well-selectedscab&HE, one of the most common phenotypes
among GATORL1 gene-related epilepsies.

DEPDCS in particular showed the highest mutation rat@%), strengthening its role in FE. This
frequency would rise to 9.5% if the additional falranges classified as VUS were considered. VUS
changes include missense variants inherited framttheparents (p.F1321L, p.R509C and p.vV272I) or
the SNV shared by two affected family members (2041) but without available familial segregation
analysis and with poor pathogenicity predictionsisTfamily, in particular, would match the defioiti

of FFEVF since it comprises affected members wilhiable epilepsy phenotypes (from epileptic
spasms to isolated bilateral convulsive seizured)avariable degree of ID, in addition to the ide

case with typical SHE. The functional consequertfesissense SNVs iDEPDCS5 are difficult to
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predict: a recent study on 12 selecBdePDC5 variants described in patients with FE has shdwan t
only a portion have an effect on DEPDC5 signalingterms of mTORC1 activation, DEPDC5
expression, GATOR1 complex formation and functioimakraction with active RagA/B-RagC/D
heterodimers in vitro (van Kranenburg et al., 20I8)ese findings may suggest that the identified
variants could have distinct consequences on GAT@RdAtion, which could explain the phenotypic
variability observed (van Kranenburg et al., 2015).

We did not detect mutations in the third compordrBATOR1 complexNPRL3. This gene has been
implicated so far in a single family with early fiood onset ADSHE with 50% of penetrance (Korenke
et al., 2016), in addition to the five FFEVF faradlipublished in Ricos et al., 2016.
Genotype-phenotype correlations in our cohort cordd that mutations in GATOR1-complex genes
DEPCD5 andNPRL2 are mainly implicated in those forms of FE asdedavith MCD, mainly FCD.

A higher rate of drug resistance, aura and seizaremkefulness may also suggest an involvement of
these genes in patients with SHE phenotype, witharkable implications in terms of diagnostic and
therapeutic strategies. On the one hand thesealifeéatures may prove useful to drive molecular
diagnosis, even if NGS techniques have been inoglgemployed to allow the simultaneous analysis
of multiple genes. On the other, detection of matetin these genes lead clinicians to searchokoalf
MCD (namely FCD), especially in refractory case€DB represent the most common, potentially
treatable architectural disorder underlying FEpoasible for up to 42% of drug-resistant cases\elar

et al., 2008). In general, epilepsy surgery isyhlyieffective curative option in these patient&raing

the opportunity to achieve seizure freedom andmisemedication withdrawal also with improvements
in quality of life, employment rates and schooéattance (Wiebe et al., 2001). As mentioned, a range
of mosaic and somatic mutationsDEPDC5 and in other mTOR-pathway genes have been idedhtifi
in several MCDs and in up to 46% of FCD type lllakdashima et al., 2015). Although mutated patients
who have undergone epilepsy surgery are aneccoigery has proved to be curative in these cases
(Baulac et al., 2015), suggesting that epileptogisrie underpinned by a genetically determinedalfoc
cerebral structural lesion, even in the presengeohline mutations.

Of the seven patients with refractory seizuresranthtions in GATOR1 genes, only three had MCD;
none of them have undergone surgery yet. In thairéng four patients, no brain lesions were capture
by conventional neuroimaging techniques. In thealenpatient carrying th®EPDCS5 truncating
mutation p.R165Yfs*14 (S1), even SEEG study fatleddentify a definitive epileptogenic zone, and
tailored brain MRI was unrevealing despite a SEEGtdcal pattern suggestive for FCD. Interestingly
two members of our largest FFEVF family carrying HEPDC5 p. T329Lfs*7 frameshift mutation (F3)
were also excluded from intervention after a prgisat workup revealing bilateral temporal epileptif
activity. This evidence suggedBEPDCS germline mutations may also play a role in nonelesl,
refractory FE with multiple independent epileptoigefoci or widespread epileptogenic networks.
Otherwise, our inconclusive s-EEG results coulgpart be explained by a limited s-EEG exploration

that did not fully cover the anterior part of méséiantal lobe and dorso-lateral frontal lobes. over,
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given the association ddEPDC5 mutations also with FCD type | lesions, we canextlude the
presence of multiple, diffuse subtle dysplasti@amnissed by conventional MRI in our patients.

In any case, the identification of pathogenic csgdoly pathogenic mutations in GATOR genes, as well
as in genes coding proteins acting upstream imth@R pathway (e.gPIK3CA andPIK3R3) could
have important future therapeutic implications euwermutated patients considered not eligible for
surgery. In fact, the development of a novel cleksherapies based on mTOR inhibitors, whose
prototype is rapamycin, will improve the treatmantl prognosis of these patients. Both preclinindl a
clinical trials using mTOR inhibitors to treat espky, and possibly prevent it, are currently undgrw
(Citraro et al., 2016).

Although dysregulation of the mTOR-pathway has beegarded as a root cause of several
neurodevelopmental diseases with cognitive impaitrtregalencephaly, microcephaly, MCD, autism
spectrum disorders, schizophrenia, epilepsy, IDg, did not find a specific association between
GATORL1 gene mutations and ID, whereas endophemagypi our patients highlighted a number of
cases with variable degrees of psychiatric diserdeistead, we confirm the association of ID and
psychiatric/behavioral disturbances WitBNT1-related ADSHE, as they are present in both F1S8d
Several pieces of evidence document the emerglagf&lack channels in intellectual impairment. To
date, multiple literature reports have implied ntiotzs in this genen severe childhood epileptic
disorders ranging from MMFSI to Ohtahara syndroMereover, the notions that Slack channels
interact directly with the fragile X mental retatida protein (FMRP) and thaid. current (outward K+
current with dependence on [Na+]i current) is regdlim animal models of Fragile X syndrome lacking
FMRP provide a molecular link between this gene @exklopmental disorders (Kim and Kaczmarek,
2014).

Finally, our data o®HRNA4 support the evidence that cognitive deficits mag aesult from mutations
tampering with the functional properties of neutan®aChRs that are known to have an important role
in shaping synaptic connections and determiningtigity in brain areas involved in fundamental
aspects of cognition. All this evidence suggesas the mechanisms underlying learning and memory
processes involve the recruitment of multiple siigigapathways and gene expression (Ménard et al.,
2015). From this standpoint, the finding of sigrdtitly lower mean 1Q scores in mutated patients of
our cohort (independently by the specific gene) fioms the important role of genetics in
neurodevelopmental disorders and suggests that BHE patients may result from defects in genes
with several biological functions and involved iifferent pathogenic mechanisms.

Except for ID, our sporadic case with tRENT1 mutation (S3) did not show other clinical featuoés
disease severity, such as early onset refractakypsy or psychiatric disorders. This is surprisag)
she carried the sange novo missense mutation (p.A934T) as a patient with MME&rcia et al.,
2012). According to literature data, two ot&ZNT1 mutations, p.G288S and p.R398Q, give rise to
either SHE or MMFSI, suggesting that variable plgoic expression of this gene cannot be attributed
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solely to differences in the effects stemming fridma different aminoacid alterations, as previously
supposed (Kim et al., 2014).

Unexpectedly, WES analysis revealed three pathogamssense mutations @HRNA4, the major
NAChRs gene associated with the disease. Two asktipatients had been previously screened for
mutations in this gene by dHPLC, which did not ehany pathogenic mutation. This could be due to
the presence of SNPs in the DNA of the patientesponding to the primers used for the PCR
amplification. Of these mutations, two were novdle p.S284W found in the sporadic female (S5) fall
into the mutational hotspot of the gene (differimgly for the aminoacid residue change), therefore
clustering in the second TM. TM2 represents theomppre-forming part of each nAChR subunit,
mostly affecting aminoacids belonging to the amaidaesidue axis that rotates when agonists such as
acetylcholine attach to the binding site, openhrggibn channel. These mutations are thereforeylikel
interfere with the channel’'s kinetics (Steinleinatt, 2012b). The second nov€HRNA4 variant
(p.G307V) locates in the first extracellular looptlween TM2 and TM3, a structure of unknown
significance for receptor function. Although thisitation has not been functionally characterized yet
it segregated in two affected sisters of F5 artiddsefore considered causative.

The search for DNMs by the analysis of the 31 taigs highlighted an increased rate of missensesSNV
(especially deleterious ones) and an increasewfai®F mutations. The same finding was reported in
previously published trio studies on different repsgychiatric disorders (lossifov et al., 2014). $om
the de novo mutated genes identified were found to be morer@sting depending on their biological
function and expression level in the brain, intatere to genetic variations and the prediction of
pathogenicity of the identified mutations. Of pautar interest arb1lOSandPIK3C2B thatrespectively
encode a component of the GATOR2 complex and apgbloasositide 3-kinase which are involved in
the regulation of mMTOR pathway, with possible irogtions in epileptogenesis. Similarly, inherited
variants with a strong prediction of pathogenigigre selected in other potential candidate gerntewmac

in the mTOR-pathway, nameBIK3R3, PIK3CA andMTOR.

Overall, our the genetic results demonstrate thE Sriginates from alterations in a heterogeneous
group of genes implicated in a broad range of lgjiokl functions, and that both inherited as welllas
novo mutations can play a role in its pathogenesigdrticular, DNMs mainly seem to affect genes
involved in synaptic functions (like ion channetigity) while inherited mutations, both in familiahd
sporadic cases, seem to affect genes involvedyviidar range of biological mechanisms, such as
behavior, dendrite morphogenesis, mTOR pathwaycatidn channel function.

The systematic neuropsychological assessment wismped using a comprehensive battery of tests
exploring frontal as well as extra-frontal functiorThe main original feature of this study is that
evaluates a representative cohort of patients teffeby SHE without focusing on specific etiology,
thereby providing a comprehensive overview of §rdsome’s neuropsychological features.

Our data showed that neurocognitive deficits ateuncommon in SHE, but the high frequency of ID

and cognitive decline (15%) may be due to a reffdigs as our Institute is a tertiary-care cenfes.
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mentioned above, our data support a crucial rolgeoietics in the cognitive deficits of SHE patients
involving different biological mechanisms. Statsii analysis also disclosed an association of
pathological NE and a higher seizure frequency wibhse performances in cognitive tasks.

Even among patients with normal intelligence theesive battery of neuropsychological tests revkale
some degree of cognitive dysfunction in 46.9% skesaegardless of etiology. The neuropsychological
impairment is characterized by significantly wosseres in verbal 1Q, deficits in memory and selécte
executive functions (phonemic fluency, inhibitorgntrol and working memory), with preserved
shifting abilities and cognitive flexibility. Oveapping results derived from the two geneticallylwel
defined case-series including patients with nACgBse mutations (Picard et al., 2009; Wood et al.,
2010) that reported impaired inhibitory task, véfhgency and verbal/non-verbal memory, ascribable
to a pattern of fronto-temporal dysfunction. Altigbuthe authors obviously hypothesized a role of
NAChRs, the similarities with our findings (in patts with different etiologies) indicate that
neuropsychological deficits may not be attributabldisruption of NnAChRs mutated-channels alone.
In addition to alterations in executive functioseyeral other neuropsychological studies on colodrts
patients with surgical/non-surgical frontal lobelepsy (FLE) showed poor long-term memory with
impaired encoding, free recall and retrieval, falito differentiate FLE patients from those with
temporal lobe epilepsy (Exner et al., 2002; Nolaalg 2004; Patrikelis et al., 2016). Some of ées
studies offered several reasons for the limitededthces between FLE and TLE, including rapid
propagation of the seizures and the interictalepi epileptic activity among reciprocally intetiag
fronto-temporal networks (Patrikelis et al., 2016).

More recently, the role of the frontal lobe durimgmory process has gained attention: several studie
showed that specific areas within the frontal codee involved in memory encoding and retrieving,
contributing to longer term memories, contrarnyie traditional view that the frontal lobe roleimited

to working memory (Centeno et al., 2010). Giventla evidence, the finding of memory deficits in
our SHE cohort is not surprising and can be reamiplained by both, the possible origin of hypermnot
seizures from extra-frontal (temporal) networkspamred by SEEG studies, and the main involvement,
whether primary or secondary, of frontal areas tbptesent the merging point of epileptic discharge
We found a significant correlation of seizure-rethvariables (seizures frequency and poor prognosis
with worse performance on nonverbal memory, butlidenot assess, and therefore cannot exclude, the
role of NREM sleep fragmentation in memory deficits

Finally, we found that pathological brain MRI andE Ntogether with variables of clinical severity,
significantly correlated with worse performanceiecutive functioning, as reported in other stsidie
(Upton and Thompson 1997 a,b; Exner, et al., 2098he of these studies mentioned the discrepancy
between verbal and non verbal IQ which stronglyrgiee from our analysis.hE lower scores in verbal
abilities may reflect impaired executive functiogifin particular verbal fluency and working memaory)
since there i| correlation between intelligence test scoresfemtal executive function measures
(Ardila et al., 2000).
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In conclusion, this study contributed to widen tierent knowledge on genetic and neuropsychological
aspects of SHE. The identification of a new causagiene reinforced the role of mTOR-signaling
pathway in this epilepsy syndrome and othera&lBwing the development of personalized therapeuti
targets

For many families and sporadic cases affected 8HE, the underlying molecular cause still remains
unknown, implying the relevance of the candidateegeidentified in this study.drger replication
cohorts are needed to confirm the role of theseegeand their signaling pathways in the
pathogenesis of SHEXther unaddressed issues concern the impact ofigea surgical outcome
and the role of sleep in memory deficits. New ihtsgn these aspects will have important implicatio

in patient management.
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SUPPLEMENTARY MATERIALS

Part A — Mutations identified by the preliminary genetic screening

B s

F1- PEDIGREE 1 (P1) B F-iobek

D Unclassified (including TC seizures)
D Uncorfirmed seizures

|] Parasomnias

[ [

[ ] psychiatric disorders

+/m Heterozygous mutation

mi+ A m/+ +/+ Wild type

w  WES analysis performed
KCNT1 - NM_020822.2 - p.Y796H

Extensively described in two papers (Heron et2fl1,2; Phillips et al., 1998).

F2 - PEDIGREE 2 (P2)

DEPDC5 - NM_001242896.1 - ¢.279+1 G>A

Family history positive for parasomnias, such &eplvalking (11.2) or sleeptalking (IV.1); several
members belonging to the first/second generatiahdiso sleep-related events of uncertain etiology

(I1.IV) or were on carbamazepine without clear-masons (1.2, 11.1).
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.2 IR, F, 59 yo, right-handed

The patient had the first seizure, at the age ofelds: she was found by her parents on the fiway

the bed, with limb jerking. She reported that dgrihe event there was no loss of awareness, or
incontinence or tongue biting. Before the event Isaé been dreaming of falling slowly. After this
seizure she was hospitalized elsewhere and undeseem investigations, reported as normal; then she
was discharged without any diagnosis or medication.

She continued having nocturnal sleep-related eweithissariable frequency; at 15 years she wasedart
on carbamazepine with seizure control for four geat the age of 19 years she started having sleep-
related events characterized by stiffness of tiet timbs which started as a painful rigidity oétfoot.

Her husband, who witnessed the events, describreghtadrousal with stiffness and mild jerking of the
right side lasting a few seconds. Rare seizuregromd during wakefulness. At the age of 41 yeaes sh
was first admitted to our Institute. NE was unrekahie. Interictal EEG showed epileptic abnormaditie
over the left frontal field and rare complexes lofasspikes-slow wave of high amplitude, bilateratla
prevalent over the anterior regions during stage2M.

During videopolysomnographic (VPSG) recording wetaeed five seizures arising out of NREM
sleep: four minor events were characterized bypwa sitra-rotation of the right leg, lasting 3-5 sads,

not associated with an awaking; these events weie agsociated with clear-cut epileptiform
abnormalities. In the major event, the intra-ratatof the right leg was followed by right arm flewi

and moaning. This asymmetric dystonic posture waisitained for 8 seconds, then the seizure evolved
into a bilateral convulsive seizure. Ictal EEG skdva focal attenuation of the background activityw
superimposed a low amplitude activity over the fedhtal region and the vertex, then a diffuse and
rhythmic spike-wave discharge.

Brain MRI was unremarkable (focal area localizedha left paramedian frontal gyrus at a cortical-
subcortical junction, possible ischaemic). The gudtihas been seizure-free since age 41 on
carbamazepine 400 mg/die.

IV.2 HF, F, 36 yo, right-handed

Seizures started at 15 years of age with briefoelgis in wakefulness characterized by a suddemégeli
of “living in a movie with some characters who wedhto hurt her”. During the seizures she did not
seem to recognize her surroundings, but if calledcould answer. The events lasted a few secomds an
recurred 2-3/week. One month later the patientestagxperiencing sleep-related events (usually 30
minutes after falling asleep) characterized byralar aura (sensation of living in a dream) antbfwkd

by hyperkinetic motor activity sometimes evolvimga a bilateral convulsive seizure.

The seizures progressively reduced in frequeney they stopped at age 24 years, when she wasdstart
on CBZ 400 mg/die.

NE was negative. Interictal EEG showed frequent@ha@ontoured theta slowing over the left temporal
and anterior regions, in particular during drowss1eVPSG monitoring captured five stereotyped

seizures from stage 2 NREM, during which she sugdeoke up, opened her eyes and initially seemed
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aware and was able to reply to the technician wAdeconds later, she stared, changed facial expness
(“she smiles”) and was unable to answer questiooisguly. On two occasions this phase was followed
by involuntary, “choreic” movements of the left lngy dysphasia and manual automatisms. The seizures
lasted between 40-150 seconds. Ictal EEG befomurgebnset showed a diffuse attenuation of the
background activity, immediately masked by muscléazts. This was followed by a diffuse delta
slowing over the right anterior and temporal regi@amd over the vertex, spreading to both the two
hemispheres. Her brain MRI was unremarkable.

V.1 FV, M, 9 yo, right-handed

The patient was born preterm (at eight months) dsacean delivery. At age four years he had three
febrile convulsions from sleep; valproate was sthras prophylaxis, given the tendency to have
recurrent tonsillitis. At age five he experiencedepisode of loss of consciousness on wakefulnils w
some “jerks" whilst standing, preceded by a “fegliri tiredness” and followed by fast recovery with

no post ictal confusion. This event was first ipteted as convulsive syncope.

However, at age six years, he had several sleapeteépisodes characterized by head deviatioreto th
right with stiffness and jerks on the right sideiZBres were initially controlled by carbamazepthen
relapsed.

Since age seven years he has experienced seisoes wakefulness characterized by staring, eyelid
myoclonias and loss of consciousness with posddlleto the ground. Seizure are refractory to a

combination of valproate and lamotrigine.

Supplementary Fig. linterictal EEG of individual V.1
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Frequent spike-wave discharges over the left flgation (sometimes with phase opposition on F3geced by
drowsiness and light sleep, spreading to the igsdhand contralateral hemispheres.
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Supplementary Fig. 2Brain MRI of the same individual (P2, V.1)

The white arrows point to the unilateral subtle ddweterotopia within the white matter adjacent yspdastic
cortex in the left frontal lobe. Blurring of theage-white matter junction involving part of the culgte cortex and
left frontal cortex was seen.
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.1 LM, F, 79 yo

The patient had rare episodes of uncertain etiolbgystarted at the age of 30 years. The evenis we
characterized by a sensation of anguish and oppmegsllowed by loss of consciousness. For 20 year
she took antiepileptic drugs (phenytoin, carbamamepnd phenobarbital) then stopped without any
relapse. She also suffers from generalized anaistymood disorders, for which she was on citalopram
lorazepam, and trazodone. Tics (like repetitivekitig and throat-clearing) have been present since
adulthood.

1.3 LM, F

Affected by epilepsy —clinical details not availabl

1.6 EF, M, 50 yo, right-handed
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The patient started having seizures at the ag@ gears. Seizures were refractory from the begmnin
and were characterized by a sudden arousal froepsietense fear with terrified gaze, inability to
speak, bilateral gestural automatisms. He expezttmare episodes on wakefulness with the same
semiology, where he could fall to the floor. Seemimwere multiple per month, despite adequate
polytherapy (lamotrigine, carbamazepine, levetitacs.

The patient underwent a prolonged video-EEG moimigor interictal EEG showed bitemporal
asynchronous spikes; ictal events showed an edeimporal desynchronization. A clear epileptogenic
focus was not identified, therefore he was excludeah a pre-surgical workup. Brain MRI (1.5 Tesla)
was unremarkable. At neuropsychological evaluatidd impairment in language, visual orientation
and attention emerged, alongside a tendency tatddfmood.

1.8 FDR, M, 34 yo, right-handed

Severe obesity (126 kg).

Since three-four years of age the patient has eqpmyd frequent sleep-related episodes charaaterize
by epigastric ascending aura associated with ietéear and panic, need to escape, embracing his
mother and assuming a prone posture. He also haddes on wakefulness of pleasant or unpleasant
feelings associated with forced thinking (which gagient could not recall nor describe), withowso

of awareness. Duration was 5-10"; at that stageuses were multiple per day and occurred mainly
during sleep. At five years of age he started theraithout seizure control despite several AEDs in
different combinations. Since age 15 years seizhea® become predominant during wakefulness,
maintaining the same semiology.

The patient underwent a prolonged video-EEG moinigowith the recording of independent seizures
arising from both left and right fronto-temporaiens. Brain MRI (1.5 Tesla) was unremarkable.
Therefore he was excluded from a pre-surgical warkieuropsychological evaluation showed normal
IQ (total 1Q: 99, verbal 1Q: 102, performance I®)9

Since the age of 28 years he has developed a gesyhkiatric disorder (depression) that worsened at
30 years of age, when he was hospitalized for picceymptoms (auditory, visual hallucination and
paranoid behavior). His medication for epilepsy gsgychiatric symptoms included high doses of
carbamazepine, valproate, lacosamide, paliperiddarazepam, and clotiapine.

IV.1 JDA, F, 13 yo, right-handed

Obesity and hypothyroidism in therapy.

The patient was born by dystocic delivery for adetal distress (Apgar: 6 at first minute, 8 at"10
minute) followed by mild motor delay.

She presented at three months of age with epighd@&sy drowsiness characterized by a stereotyped
“smile” sometimes associated with trismus lastindjea seconds with vomiting at the end. The
frequency increased progressively and an EEG dooteden episode characterized by “face muscles
contraction to the left” associated with a “redngttheta activity over the fronto-temporal fietden

generalized”. She was diagnosed with “focal spasnd started on vigabatrin, with partial control.
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The drug was stopped 6 months later. However, dusieep she continued experiencing episodes
consisting of arousal, eye opening, trismus artat tighbs rigidity.

At the age of 4 years she experienced seizureakefwiness characterized by stiffness and jerkben
right hemibody with possible falls. On one occasbe had a clusters of repetitive seizures stopped
BDZ, followed by hyposthenia of the left hemibody three days. She was started on topiramate, later
associated with valproate for poor seizure contoblthat stage (five years) she experienced brief
seizures occurring several times per night witfied#nt semiology: she felt a sensation of “abdomina
tremor” and woke up crying, with open arms, sometirassociated with apnoea and cyanosis. Later the
sleep-related events started with a respiratorymaéoasymmetric tonic posturing with abduction and
open widen limbs, eyes deviation, open month witholing, jerks of the right side, sometimes
spreading to the left. Possible post-ictal leftdsthenia. These events occurred several timesgigr n
exclusively from sleep.

NE at time of her first hospitalization at our ihste (six years) was normal. Interictal EEG showed
rhythmic theta-delta activity over the right frostentral region and the anterior vertex. Duringéded
EEG monitoring, an asymmetric tonic seizure witfhtiside stiffness was recorded. Several brain MR
scans were reported as unremarkable and neuropgesyga assessment showed a normal 1Q. She was
started on carbamazepine with initial reductiofrefjuency (to two-three seizures/month) and intgnsi
(deep inspiration with apnoea and diffuse stifflasting a few seconds, exclusively from sleeghef
seizures. Interictal EEG showed paroxysmal activitgr the left fronto-central field and the vertex.
Two years later (eight years) the seizures retumedttiple per night, despite further therapeutic
changes. On several occasions she had seizuresmagining, apnea, upper limbs extension and
stiffness, open month, staring gaze, lasting 15rs@x and recurring several times every 4-5 minutes.
Following one of these episodes that required adtnation of BDZ, she was hospitalized.

Interictal EEG showed a diffuse slowing of backgrduactivity; during sleep, epileptiform
abnormalities over the left centro-(fronto) tempdikdd diffuse to the vertex and the right frordentral
region. VPSG monitoring documented an asymmetricteeizure prevalent on the left and lasting 20
seconds followed by four-five bilateral jerks, lagt50 seconds. Ictal EEG showed an initial diffuse
attenuation of the EEG tracing prevalent on thethefn slow waves and rhythmic activity prevalemt o
the left (during the tonic phase) and diffuse sWawes (during the clonic phase) associated witbreev
tachycardia and tachypnea, then apnea. Post-icthly EEG trace was characterized by a diffuse
slowing, prevalent on the right, with interictabsl spikes on the left hemisphere. One further minor
event with brief upper limbs hyperextension wastwagu, associated with a rhythmic theta activity on
the vertex and central fields, followed by a difudowing prevalent on the right. Brain MRI shoveed
focal thickening of the right medium temporal gyrasmpatible with FCD (Supplementary Figure 3).
At last assessment (13 years of age) she contiexgetiencing multiple weekly sleep-related seizures

despite a combination of levetiracetam, carbamaeepnd clobazam.
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Supplementary Fig 3Brain MRI of individual IV.1

IV.2 MDA, M, 25 yo, left-handed

The proband was born by caesarean section; at birthilical cord wrapped around the fetus' neckiwit
was cyanosis. The subsequent developmental mikestware normal. Obesity (current weight 129 kg)
and OSA syndrome have been present since adolesarddie underwent adenoidectomy at the age of
11 years. He also has a history of gastro-esophegfa.

At the age of 7 years he had a single episode Bleep: he suddenly woke up with a sensation of
breathlessness, sat up in bed and then lost cass@es. Two EEG performed at that stage were normal
At 17 years sleep-related seizures of variabletihirand intensity re-appeared: (i) brief abruptuesal
with breathlessness sensation, multiple/week @isades starting with the same aura followed by
flailing movements with legs, sleepwalking (he wake and went to his parents room), inability to
speak, possible repetitive movements of punchirth ieft hand while the right one is carried to the
tongue, head deviation to the right and loss okcmusness with limbs stiffness and jerks. Durhmgy t
post-ictal period the parents reported confusiamgliage deficit for 6 minutes and possible left
hyposthenia. The latter events lasted 3 minutesbaadrred about once every 2 months.

Alongside the epileptic disorder, the patient hadychiatric comorbidity (generalized anxiety ddsm)

and multiform tics with repetitive blinking, throakearing, shoulder jerking since early adulthobe

tic disorder persists despite polytherapy with pirde, delorazepam, clonazepam, and pregabalin.
Moreover, between 7 and 17 years he experiencesbags on wakefulness of unclear etiology,
characterized by objective vertigo and a cephalitsation of confusion, without loss of consciousnes
lasting 1-2 minutes with a frequency of two-three gay, temporarily controlled by music therapy.

At 18 years of age he was first admitted at outitite. NE was normal. Interictal EEG showed some
bursts of rhythmic, sharply-contoured theta agtigiter the right fronto-polar region during drownesis
and light sleep and groaning. Another video-EEG itooing, performed after a focal seizure with
secondary generalization, showed a diffuse thelta-ddéowing, predominant over the right anterior

regions, with intermixed diffuse fast activitiesdaslow spikes over the right fronto-polar and caintr
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fields. An electric seizure characterized by a &tivity at 10 Hz over the right fronto-centro-edal
fields was also recorded. During VPSG recordingoaptured a seizure from stage 3 NREM sleep
characterized by sudden arousal sitting on the é&daeénsion of the right arm, tachypnea and dyspnea,
repetitive fast movements of hyperextension ofritlet leg, nodding and rhythmic swinging of thet lef
leg. The event lasted 20 seconds and was assoeiéttedachycardia. Ictal EEG was uninformative
because of muscle artefacts. Brain MRI (1.5 T) m@snal. A cognitive behavioral assessment showed
aspects of phobic anxiety with obsessive thoudhéswas diagnosed with SHE and started on small
doses of carbamazepine, 200 mg/die. Since theasibden seizure-free.

IV:4 MF, M, 19 yo, right-handed

Seizure onset was at age three years. Seizureswadnty sleep-related and characterized by arousal,
terrified gaze, yelling and a tendency to turntomight side, sometimes with pedaling movemengs. H
also had rare diurnal seizures, with intense feasation associated with epigastric ascending naed

to escaping and embracing persons around him, goegeassociated with oral automatisms (chewing).
His current anti-epileptic therapy includes oxcadpne, valproate, clobazam and lacosamide.
Interictal EEG showed bilateral frontal spikes aholw waves. A prolonged video-EEG monitoring
documented several seizures from sleep arising frenright frontal region. Brain MRI (1.5 Tesla)
showed a suspected gyral abnormality of the rigigdia frontal gyrus. Neuropsychological testing
showed mild visual-spatial memory deficit with prased intelligence (total 1Q: 83; performance 1Q:
99; Verbal 1Q: 73). The patient developed a sultgabuse disorder (heroin).

S1 - PEDIGREE 4 (P4)
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1.1 MB F, 53 yo, ambidextrous

The patient was born by dystocic delivery (use afcdéps), followed by normal developmental
milestones. She presented at the age of 10 yethisseizures in wakefulness: she turned right round
with a sensation of depersonalization, a funnyatms of dizziness that made her laugh. Interie@a

at that time showed right fronto-temporal abnortresdi and she was started on carbamazepine and
phenytoin. Six months later she had episodes dwvhiigh she could fall down slowly from a standing
position or suddenly drop her head, extending hmasaBoth these events lasted a few seconds ard wer

followed by rapid recovery and complete recall.
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Since 15 years of age she has experienced slepddlypermotor seizures, sometimes heralded by the
same sensation as the daytime events, and episodiarnal wanderings. Seizures in wakefulness
persisted, and were described as a sensationtability, of “being physically on the edge of aryab
opening on the right side” associated with fear otiycardia and sometimes followed by grasping or
repetitive movements of the left arm. Throughoutiladife, nocturnal attacks persisted at higher
frequency (up to several times per night) despitdst with different antiepileptic drugs. Daytime
seizures occurred occasionally, during changedsarapy.

At time of our first evaluation (37 years) NE wasmal. Interictal and ictal EEG showed epileptiform
abnormalities over the fronto-central-parietal o&gi, occasionally with a left emphasis. During
nocturnal VPSG monitoring we recorded eight seizfirem stage 2NREM/REM sleep and one during
wakefulness. The events were characterized by kiyptic movements mainly involving the lower
limbs (in particular the right one), flexion of tmght arm behind the head (while the left one was
maintained in the initial position and only in oggisode it appeared stiff), sometimes associatédd wi
head/ body orientation to the right. The singlesege that occurred in wakefulness was preceded by a
warm sensation in the whole body and graspingl EEG tracing was first masked by muscular
artefacts, then showed a fast activity in the weaited frontal regions without a clear lateralizatiBrain
MRI was unrevealing.

At the age of 43 years the patient underwent stEEG study with bilateral limbic exploration extey

to the inferior parietal lobe (Supplementary FigdjeThe study showed bilateral ictal and intealict
activity, prevailing on right central-anterior cingte cortex (H electrode); the ictal activity cdude
synchronous over anterior cingulate cortex or mgisrom both anterior mesial cortex. The electrical
pattern was suggestive for focal cortical dysplgSapplementary Figure 5). However, tailored brain

MRI (1.5 T) was unrevealing.

Supplementary Fig. 4Stereotactic scheme of the patient

The stereo-EEG exploration shown in this figuraefial view) included 15 intra-cerebral electrodeplanted
mainly on the left. The EEG focus area was mairfyl@ed by electrode H. Black letters with the atd@d’, B’,
C, D, G, H, N, S, W) indicates left side; rd letters (B, G, H, N, S, P) indicated the right.
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Supplementary Fig. 5SEEG ictal recording
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1.1 RP,M, 9 yo, right-handed

The patient is followed up by a colleague from‘1G&ili Hospital” of Brescia who reported a posidv
family history for epilepsy in the paternal brar{tlo first-degree cousins with seizures from sleap

no more information was available).

The patient had a history of hypermotor seizureuoarg predominantly during sleep (only two events
on wakefulness). Interictal EEG showed epilepticainalities (sharply waves, sharply-contoured slow
waves or slow sharps) over the right frontal andto-temporal fields.

VPSG at 6 years of age (15/12/2010), during whitlkegisode from sleep was captured: he moved and

raised the right arm, then had a body rotatiorofedd by a fall out of bed. Immediately after thizgee

63



he appeared confused and aphasic for 10 secotalsEEG showed an arousal followed a fast activity
over the right anterior region, intermixed by athmgic theta activity lasting about 10 seconds. pts-

ictal phase is characterized by focal monomorgieta activity followed by slow waves with the same

topography.

He was started on carbamazepine 400 mg, with imateedieizure control. In September 2013 (age 9
years) the drug was stopped and he was seizurdeiréeyears, then seizures relapsed. His NE was

normal. Brain MRI was unremarkable.
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1.1 UL, M, 74 yo

At age nine years the patient started experientiv@g kinds of events: (i) sleep-related seizures

characterized by head deviations to the right/lefianing, staring with “emotionless” facial expiess

hyperextension and raising of the upper limbs an¢kl limbs stiffness, then diffuse jerking, trismus

and loss of consciousness, drooling and sometimmmiinence. In the post-ictal period, stertorous

breathing and confusion for 1-2 minutes, then hetwack to sleep. The following day he was amnesic

for the event but he felt dull and week; (ii) ragisodes in wakefulness, characterized by a chiange

facial expression and staring, diffuse stiffness iémb jerking with possible falls.

At 25 years of age, on phenobarbital 200 mg antbitia 400 mg, seizures occurred two-three times

per month, mainly in sleep. At 28 years he tooktadire 400 mg/die with a reduction of seizure

frequency (two-three every 2 months). The AED wapsed at age 62 years without relapse.

II.2 EL, F, 47 yo

This individual experienced brief episodes of “stgt at three years of age. She was hospitalized an

underwent several investigations, including a lungamcture; she was discharged without any

antiepileptic medication. No additional medicalamhation related to that episode was available. The

patient has never had further paroxysmal evergohf.

1.3 PL, F, 48 yo, right-handed

The proband was born at term by eutocic deliverg had normal developmental milestones. She

suffered from anxiety with previous panic attacksice the age of 5 years she has experienced sleep-
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related seizures of variable intensity and durat(dmn the minor events she woke up due to as&ns

of discomfort, she felt a heaviness/painful sensaif the left arm and a sensation of freshnessrapm
out from the head, then the event might stopjrfithe middle episodes, the arousal with the laft a
paresthesia was followed by contraction of faciakaotes, raising of the left arm (sometimes also the
right one) and hyperextension of the legs. Durimg ¢vents, lasting about 5 seconds, she is aware,
although unable to reply.

(i) the major events are characterized by theesanora (paresthesia at the left arm and whole head)
and auditory hallucination (sound increasing ¢éisity) followed by bizarre disorganized limb and
pelvic movements for 10-20 seconds. In the post-friod she could experience hyposthenia of the
left arm (sometimes, left leg). The events occumedusively from sleep.

At onset she had two-three seizures/week, withoupit events on the same night. Seizures were
refractory to several AEDs (phenobarbital, carbapare, topiramate, clobazam): the frequency of
minor events ranged from monthly to weekly, withsgible periods of seizure freedom for months,
while major events were rare (last one at abowyte2s of age). Frequency at last assessment (48 yea
was of multiple events per month, despite a contlminaf three AEDs.

Interictal EEG showed rare spike-wave dischargess tive right frontal fields during sleep. During
VPSG recording at age of Ae captured a motor event from stage 3NREN charaeteby abduction

of the arms, upper limbs hyperextension and eyaingehyperextension of the whole body arching of
the trunk with deviation to the right, abductiorddryperextension of the lower limbs, raising of lesife
arm, limbs stiffness and jerks prevalent on bothupper limbs and on the left leg. The seizuresthst
43 seconds after which she could reply promptlye EEG trace immediately before the seizure showed
a single burst of diffuse delta waves, then ansabfor 30 seconds, followed by a diffuse spikddspi
wave discharge prevalent anteriorly and on the tagting 20 seconds, associated with tachycardia a
tachypnea. Brain MRI was unrevealing.

1.1 SC,M, 13 yo, right-handed

The patient had normal delivery and psychomotoetiggment. He had a history of motor “tics” (like
blinking and forceful, stereotypic movements of #feulder). On specific questioning, the mother
reported sleep-talking and, at age 12-13 yearsvafesodes from sleep characterized by sudderf, brie
arousal during which he sat on the bed and then baak to sleep. At 13 years of age he experienced
a few sleep-related seizures reported as GTCSnPtinke first one his father, who was sleeping with
him, was awakened by a squeaky bed sound: thenpatiel disorganized body movements and could
not reply. Then he presented a loss of consciogswih ocular revulsion, stiffness and jerks, and
drooling. In the ER an EEG and brain CT scan wegative.

A few months later he was hospitalized (elsewhang) underwent an EEG after sleep deprivation that
showed sharply-contoured abnormalities, asynchr®owear the fronto-temporal fields and bursts of

diffuse sharply slow waves. He was diagnosed witlh@ble GGE and started on valproate 800

65



mg/die. Brain MRI was normal. At the following \isie had been seizure-free and EEG showed a

clearcut reduction of interictal abnormalities.

Supplementary Fig. 6lctal EEG of the proband (11.3) during one of thaor episodes recorded.
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Ictal EEG showing a high amplitude sharply contdwsiew waves/spike and wave discharge, diffuseteitalent
over the right frontal field.

.3 ML, M, 21 yo, right-handed

At the age 2-3 years, the patient had a few bn$celes of “blanking out” without automatisms
followed by sleep. No medical investigations weommel at that stage. On specific questioning, his
parents reported sleep-talking and “movements’ndusieep since the age of 13 years.

The patient first came to our attention at age d&ry, following the first convulsive seizure onegle
the father, alerted by a noise, found him on tleeigd presenting bizzarre movements of the uppér, lim
hyperextension and repetitive movements/jerks efi¢ft leg and moaning for about one minute; then
he was atonic and asleep and was reawakened Iaties: this post-ictal phase was characterized by
confusion, fluent aphasia and muscle pain withssjte strength defect of the right leg and agitati
lasting 10-15 minutes.

Following this seizure, a prolonged nocturnal hamede video recording captured several bizarre
motor events from sleep, nearly every night, upfdor in the same night. Interictal EEG was
unremarkable. VPSG monitoring documented a hypems#izure from stage 3NREM, characterized
by abrupt arousal and asymmetric tonic posturirgygent on the right arm. Ictal EEG showed a
rhythmic theta activity over the left frontal fieldHe was started on low dose carbamazepine, with
seizure control (documented also by prolonged moatthome-video recording). The patient had also
a history of obsessive-compulsive disorder at &eehrs, successfully treated by cognitive-behasiou

therapy.
66



S3 - PEDIGREE 7 (P7)

/' m/+

m/+

KCNT1 - NM_020822.2 - p.A934T
CHRNA4 - NM_000744 - p.D104N

1.1 CS, F, 20 yo, right-handed

The 59-year-old father (I.1) had a history of staéging and sleepwalking during childhood that teter

at 6 years of age and progressively stopped dimggeens. However, between 30 and 40 years of age
his wife reported “agitated sleep”, with eventslifferent intensity and duration: (i) brief, abrigrbusal
during which he sit up in the bed with a jump ahdrnt went back to sleep; (ii) longer events during
which he screamed, terrified and could present mo¢tavior correlated to a congruous dream. The
frequency at the beginning was of two-three pertmaarely two on the same night.

The proband was born at term by a eutocic delivatyl8 months of age she was diagnosed with a
congenital profound sensorineural hearing lossu&egjng analysis of the gene GJB2 (coding for
connexin-26) and analysis for the deletion invalvidelGJB6-DS13S1830 of GJB6, coding for
connexin 30, were negative; array-CGH was normadsgite implantation of bilateral external
prosthesis, her developmental milestones were ctagized by a cognitive delay with predominant
language impairment.

She began having seizures at the age of 9 yeaes) stte experienced two events from sleep consisting
of a sudden arousal, eye opening, diffuse rigiditg limbs jerks lasting less than 1 minute. A video
EEG monitoring captured eight episodes on the gagte. She was diagnosed with focal epilepsy and
after oxcarbazepine was started she was seizwddre years. At age 11 years seizures relapsgd an
she was treated with a combination of oxcarbazegmadeclobazam, with seizure control for 16 months.
In the following years, her epilepsy showed anrmiting pattern, with a relapsing period aboutrgve

2 years (at age 13 years and 6 months, 15 yeargedrs, 19 years) during which she could have
multiple events per night (up to 40/night) for 2¥bnths, followed by prolonged periods of seizure
control obtained by small therapeutic changes.

The events were documented by several videopolysgraphic recordings performed elsewhere; in
particular at the age of 17 and 19 years, morelthand 40 seizures, respectively were captured. The

Ictal EEG did not showed clearcut epileptic abnditiea.
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During VPSG performed at our first evaluation (Zags of age) we captured 20 motor events from
stage 2-3 NREM sleep, mainly characterized by & slod sustained asymmetric tonic contraction of
the right limbs, with hyperextension and abductidthe leg and flexion of the arm lasting 20 sesnd
associated with tachycardia and changes in reepyredite. In some events (when she was lying on the
right side) the tonic contraction involved both Emimbs but was prevalent on the left. On the EEG
tracing, before the motor event there was a fast@mplitude activity over the anterior fields, fmNed

by a run of sharply contoured slow waves of higlpktonde, diffuse but prevalent over both the frento
central regions; then the trace became diffusalyeihed and masked by muscle artifacts.

The neuropsychological assessment (including Miendl State Evaluation and the Wechsler
Revised (WAIS-R) test showed an ID with higher sesaat the performances subtests compared to
the verbal ones (total 1Q: 62; performance 1Q: ¥rbal IQ: 56). This difference might also be

related to the impact of hearing loss on languagpmmance. Brain MRI was normal.

F5- PEDIGREE 8 (P8)

CHRNA4 - NM_000744.6 - p.G307V

1.1 FB, F, 44 yo, right-handed

Family history for NREM parasomnias (sonnambuligmthe mother. The father experienced a single
event of loss of consciousness when he was 13oj@aft the age of 8 years, she started experigncin
motor events in sleep, characterized by moaninigtitg movements “like a contortionist” sometimes
followed by perioral myoclonia, blinking or jerk$ the left hemibody. Occasionally she would falt ou
of bed. The events lasted 1 minute, usually ocdulteing the first part of the night, every nighp, to
five-six/night. If awakened, she reported beingiafiand did not recollect a dream. She was diaghose
with “pavor nocturnus”.

Between age 9 and 10 years the episodes disappgaethneously. Then, at the age of 10 years, she
presented different events described as an araiibeh diffuse sensation of stiffness especiallytioa
mouth muscles, throat noise, elevation of the backthe bed and limb jerking, without loss of
awareness. The seizures lasted less than 1 mindtesaurred multiple times per night, every night.
After being on carbamazepine and valproate, sesztgased for 4 years.

At the age of 14 she had a status epilepticusamleaith diazepam. After a few months seizures stdpp

and she was seizure-free for 6 years. In the fatigwears, she reported a long-lasting period of
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remission, interrupted by seizure relapse withgpiaaent causative factors. At the age of 25 ydaas s
was hospitalized in our Institute: at that time bhd 15-20 seizures/night.

NE was normal. Interictal EEG showed theta actigitgr both temporal regions, prevalent on the left;
during drowziness, burst of sharply contoured tlaeti#vity on the anterior fields, sometimes with a
right emphasis. VPSG recorded five seizures fronEMRsleep consisting of eye opening raising the
head, pedaling movements and back arching withlwzat®n. Ictal EEG was uninformative. Brain
MRI showed two small subcortical areas of T2 hypensity on the right frontal area.
Neuropsychological assessment was normal. At preberhas monthly seizures despite a combination
of carbamazepine 600 mg/die, topiramate 200 m@fdieclobazam 10 mg/die.

1.2 MB, F, 39 yo, right-handed

Seizure onset was at age 7 years. She had twodtests in wakefulness of brief loss of contachwit
staring. After one month, there were three addidi@pisodes in a day characterized by suddendfall t
the ground, floppy, with immediate recovery. Shestarted on carbamazepine and phenobarbital with
seizure freedom for 13 years. At the age 20 yefmltowing therapy withdrawal, she started
experiencing episodes of “sleepwalking” and “slaéqbhg”, multiple/week. At 25 years of age the
nocturnal events became very frequent, nearly avight and sometimes several times/night: she woke
up while standing near the door of her room, handeck due to a sensation of suffocation. On one
occasion she fell out of bed. A home video recardihthat time documented several episodes (four-
five in 1 night) during which she sat on the bednding her right hand to her forehead, she looked
around for some seconds, then fell asleep. Shestaaed on carbamazepine, up to 600 mg/die with
seizure control.

NE was normal. Interical EEG showed left fronto-pamal abnormalities. VPSG recorded three
paroxysmal arousals from NREM sleep sometimes &dsdowith pelvic thrusting or oral automatisms.
The EEG trace was masked by muscle artefactsstimmed a diffuse, rhythmic delta activity prevalent
anteriorly. Brain MRI was normal. Neuropsychologiassessment was normal except for two mistakes
in tests evaluating phonemic fluency and visuoiapadbilities. At present she has two-three

seizures/month during menses, on carbamazepineg@igm

S4 - PEDIGREE 9 (P9)

/. m/+ +/+

m/+

CHRNA4 - NM_000744.6 - p.S284L
MIOS - NM_019005 - p.A138G
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1.1 GDV M, 26 yo, right-handed

Family history positive for sleepwalking and slegking (parents and sister). Preterm birth"(84ek)

by eutocic delivery. Perinatal respiratory disoraeth frequent apnea in the first days of lifeugong
pharmacological therapy and ventilatory support.t@nthird day of life, subependymal hemorrhage
was documented by cranial ultrasound that disappeatrthe following control at the age of 3 months.
Two episodes of cardiocirculatory arrest occurretha 4¢" and 50' day of age. Mild psychomotor
delay (language); middle school diploma with teackepport. Adeno-tonsillectomy at 6 years,
following a diagnosis of sleep apnea syndrome. Helagl since the age of 8 years.

Seizure onset was at 3 years of age. Seizuresstedsif a respiratory sound, diffuse stiffness alemt

on the right arm, head deviation to the right, riphnd automatism, sometimes followed by ocular
revulsion, cyanosis and snorting. The events cbeldriggered by sudden acoustic or tactile stimuli,
occurring during nocturnal sleep and nap. Sinceathe of 8 years he has experienced events during
which he sits up with crossed legs and beats fisight hand repetitively on the bed, or manual
automatisms. The events last 20-30 seconds and @egety night, up to ten/night. He had three epésod
of agitated sleepwalking and intense fear. Occasifatis out of bed with secondary traumatisms were
also reported.

Seizures were refractory to several antiepileptiugd (carbamazepine, valproate, vigabatrin,
acetazolamide, clonazepam, lamotrigine, tiagaliomramate, levetiracetam, oxcarbazepine). At our
last visit (26 years) he continued experiencing tiplel seizures/night despite a combination of
oxcarbazepine 1200 mg/die, topiramate 300mg/diectnizhzam 20 mg/die.

Physical examination and NE showed stuttering dpd®lateral strabismus, flat feet and hyperlordosi
Interictal EEG showed nonspecific and epileptic abralities (sharp-wave complexes or bursts of
sharply contoured slow waves) over the vertex,atmerior field and on the left, enhanced by sleep.
Repeated VPSG documented many seizures from NR&dp slharacterized by hyperextension of the
right leg and asymmetric dystonic posturing prenada the right lasting 6-12 seconds associateld wit
an apnea and tachycardia. The events were somgti@esded by nose-rubbing, mainly with the right
hand. In some seizures he presented stiffneseaight arm followed by agitated limbs movements.
Ictal EEG showed (i) bursts of sharply-contoureetdhactivity preceding some of the events, then
movement artifacts masking the EEG tracing; (iigeruiting fast rhythm on the anterior fields with
left emphasis in some episodes; or (iii) sharp-wdiseharge on the frontal area followed by a fast
activity on the anterior fields and the vertex|daled by a diffuse theta-delta slowing for 20-36mw®s.
Brain MRI was normal.

Because of the early bilateral involvement of tttalidischarge (even though prevalent on the et
the history of perinatal diffuse suffering, a seadi workup was excluded. Neuropsychological
assessment at the age of our first assessmeneélS)ywas normal. However, WAIS was repeated at

the age of 26 years (last assessment), showirtgld@of 47.
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S5- PEDIGREE 10 (P10)

/ m/+ +/+
CHRNA4 - NM_000744.6 - p.S284W

1.1 AM, F, 31 yo, right-handed

The patient was born by dystocic delivery, followsdnormal developmental milestones. She had a
history of anxiety-depression syndrome associatéu e@ating disorder (bulimia), severe obesity with
insulin resistance from 17 years of age, Hashimdhyroiditis on levothyroxine from age 18.

Between 12 and 15 years of age the patient expedeapisodes in wakefulness characterized by a
sensation of shortness of breath, warm feelindyvizardia and headache, followed by limb stiffness,
salivation with possible loss of consciousness. dimation was unknown; during the first months the
events were multiple per day (4/die) then they prsgively decreased until disappearing spontanmgousl|
Since the age of 14 years she has also experiste@typed episodes from sleep: she suddenlysraise
her trunk up, crossing her arms across the chestiiff posture with moaning or echolalia and Hiiung).

The seizures lasted 1-2 minutes and occurred siewrsiime every night. She had several injuresedlat
to the nocturnal episodes. At 25 years of age (R81€ was diagnosed with “left frontal epilepsydan
started on topiramate, later associated with caalzapine, with poor seizure control. Seizure fregyen
remained high, despite several additional AEDseieacetam, phenobarbital, clobazam).

At the time of the first hospitalization in our titate (27 years) she reported up to seven fitsyewight;

the NE was negative. Interical EEG was normal (sidmurst of rhythmic theta activity on the left
temporal region). During video-EEG monitoring, vaptured a seizure from NREM sleep: she opened
her eyes and flexed her neck, raising her head fhenpillow with concomitant moaning and diffuse
stiffness prevalent on the lower limbs, bilateredsping, dystonic posturing of the legs, with dbrsa
extension of the right foot and plantar extensiérihe left. During this phase, lasting 46 seconds,
moaning, echolalia and sometimes swearing wouldirocghe did not reply to the technician. The
seizures stopped abruptly: she had a prompt reg@ret she could speak immediately after, although
she was amnesic for what had happened during tre.detal EEG was immediately masked by muscle
artifacts and did not show clearcut paroxysmal glkan

VPSG showed four additional stereotyped seizui@s INREM sleep: she raised her head abruptely,
widening her legs, then she grabbed the bedrah wie right arm, moaning and screaming, and
presented some repetitive movements of pelvis;shergrabbed the bed with her left hand and extende

the legs with the right foot in a tonic hyperextienswhile the left is flexed and intrarotated. Sioeild
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have oral automatisms, echolalia and swearing.eVkats lasted between 35 and 50 seconds and were
associated with tachycardia. Afterwardsshe was idiately aware, despite being amnesic for the event.
On EEG tracing, no ictal abnormalities were apptec. Neuropsychological assessment showed a
borderline 1Q of 79. Brain CT scan and low-resaatMRI were normal.

Because of the persistence of seizures, up to dbigkt, the patient was recently re-assessedl] at 3
years of age. MESAM excluded associated OSA syndrdfarther VPSG monitoring documented
several additional stereotyped hypermotor seizutesas not possible to perform an MRI study for

technical limitations (due to the patient’s size).

S6- PEDIGREE 11 (P11)

+/+ +/+

/ m/+

SCNI1A - NM_001165963 - p.P824H

1.1 M, 15 yo, right-handed

Family history was positive for febrile seizuresc@usin in the maternal branch). The patient has a
normal delivery and psychomotor development. Hideppy started at 9 months of age with two
prolonged generalized tonic-clonic seizures froeeglduring hyperthermia (38.3°C). The first seizure
lasted about 20 minutes; he was admitted in thaRreated with diazepam. After 15 minutes he had
a second seizure that required diazepam IV. NEngasal; the EEG at that stage was normal. During
the second year of age he continued experiencibgld&febrile convulsion and was started on
valproate, with transitory seizure control.

Since age 2-3 years the patient experienced egsuitiedifferent semiology: (i) seizures characted

by staring, oral automatisms, sometimes head deni&b the right, pallor and vomiting, lasting avfe
seconds; (ii) left hemiclonic seizures. VPSG (elsese) at this stage showed rare epileptiform
abnormalities over the left temporal field duringep. At 5 years (iii) seizures with hypotonia,das
consciousness and fall to the ground, and (iv)ueed absences documented by video-EEG monitoring
at age 6 years, recording spike-wave complexe$atA with a delay on patient reply. In the samarye
the patient experienced a convulsive SE with adonst the intensive careunit. On that occasion
antiepileptic drug dosage showed levels of levetitam under the therapeutic range.

Between age 8 and 10 years he was seizure-freealpnoate and topiramate, then brief seizures
reappeared with a frequency of one/week, charaetrby a possible sensation of abdominal
discomfort, loss of awareness and diffuse aton@edver, since the age of 11 years he had a waoigeni

of school performances with learning difficultidmt required a support teacher. Since the age of 13
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years he has also experienced sleep-related evhatscterized by (i) diffuse stiffness, possible
vocalization, loss of awareness with a frequencyoioé/week; (i) abrupt arousal with repetitive
oroalimentary automatisms, multiple/week. VPSG nwing (elsewhere) documented several seizures
arising from sleep; interictal EEG showed a disaiged background activity during both wakefulness
and sleep. Previous therapies with lamotrigine baaazepine and oxcarbamazepine caused a
worsening of seizures; levetiracetam, ethosuccinzdeisamide, clabazam, lacosamide, and stiripentol
were stopped because ineffective or because ofsaledfects.

At age 15 years, when the patient was first adohttieour clinic, he presented multiple types otsegs:

(i) weekly sleep-related seizures, as describedtegl@) episodes on wakefulness with sudden pallor
yawning, he tended to bring the hand to the abdomithout loss of awareness; (iii) sporadic episode
with staring, loss of consciousness and possilileoféthe ground, diffuse stiffness and possiblesns
lasting less than 1 minute. Seizures were resigtamolytherapy with valproate and perampanel.
Moreover in recent his parents reported a worsesifinggnitive performances with ideomotor slowing
and attention and memory deficits.

Ictal EEG showed a marked slowing of the backgroaotivity and epileptiform abnormalities,
synchronous/asynchronous over both fronto-tempeagilons, with a left emphasis, exacerbated by
sleep. During VPSG no sleep-related events werduceap Brain MRl was unremarkable.
Neuropsychological testing showed a moderate IDthva significant worsening of cognitive

performances compared to the previous assessngenlQayears).
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Supplementary Tab. 1 List of the DNMs identified in the SHE trio cotior

Trio | Gene Transcript AA change EXAC Polyphen2 Sift Cadd Classification Segregation
T1 |MAP2K3 ENST0000034267%.Thr117Met 8,24E-06 | Probably damaging | Deleterious| 4,21999979 vUS D@nov
T2 |GSE1 ENST00000253458p.Arg425Trp None Probably_damaging Deleterious| 4,65999984y Pospdlyogenic De novo
T3 |vPS13D ENST00000613098p.Glu2073* None NA NA 5,03000021 Possibly pathogenic|  De novo
ZNF687 ENSTO0000033671%.Phe572Val 1,66E-05 Probably_damaging Deleterioti8,980000019 VUS De novo
ZDBF2 ENST00000374423%.Ser41Gly 8,29E-06 | Benign Tolerated -0,52700001 VUS De novo
T4 |HTR3D ENST0000038248%.Leu249His None Probably damaging Deleterious| 3,289999962  VUS B® no
TDP2 ENST0000037819%.Alal4Ala None NA NA 1,899999976 | VUS De novo
PHKA1 ENST0000033949(p.Arg688Trp 3,46E-05 | Possibly damaging Deleterious 5,579999921 VUS D@ no
T5 |WDR4 ENST0000039820&.Leu314Arg fs*20 | None NA NA -6,760000229 | VUS De novo
T6 |MIB1 ENST0000026153]p.Asp871Asp None NA NA 6,03000021 VUS De novo
T7 | CHRNA4 |ENST00000370268p.Ser284Leu None Probably damaging Deleterious| 5,059999943  Pathogeni De novo
MIOS ENST00000340080p.Ala138Gly None Possibly_damaging Tolerated 5,849999905 Possitihopanic De novo
T8 | ZNF44 ENST0000035610%.Cys529Arg None Probably damaging Deleterious -0,070299998 VUS ®d@on
T9 |LAMA2 ENST0000042186%5p.Asn358Asn None NA NA 0,89200002 VUS De novo
PDE2A ENST0000033445pp.Ser663Phe None Probably_damaging Deleterious 5,889999866 Pospiilyogenic De novo
SH3KBP1 | ENST0000039782p.1le302lle 2,46E-05 |NA NA -0,150999993 | VUS De novo
T10 |PDE4DIP ENST0000031338».Pro50Pro 7,33E-04 |NA NA -9,619999886 | VUS De novo
CUBN ENST000003778330.Leu2050Leu None NA NA -4,380000114 | VUS De novo
GPR162 ENST00000311268p.Ser95Phe None Probably_damaging Tolerated 4,130000114 Possitihoganic De novo
T11 |KIAA1462 | ENST0000037537[p.Thr272Met 2,49E-05 | Benign Tolerated -2,579999924 VUS De novo
S1PR4 ENST0000024611p.Glu153Lys 8,11E-05 |Benign Tolerated 1,99000001 vUS De novo
KRTAP12-2| ENST0000036077Dp.Cys105* None NA NA 0,093000002 | VUS De novo
T12 |PIK3C2B |ENST00000367187p.Glu1294GIn None Benign Tolerated 5,889999866| Possibly pathogenic n@e
SURF6 ENST00000372023.Arg120* 8,54E-06 | NA NA 3,710000038 | VUS De novo
T13 |PPIL2 ENST00000412329.Thr383Met 8,24E-06 | Probably damaging | Deleterious| 4,650000095  VUS B® Nno
LMTK3 ENST00000270238c.448+1G>A None NA NA 4,340000153 Possibly pathogenic De novo
T14 | ZNF576 ENST00000336564.Gly68Arg None Probably_damaging | Deleterious | 3,930000067 | VUS De novo
T15 |SCN1A ENSTO0000030339bp.Pro824His None Probably_damaging Deleterioys 9989847 Pathogenic De novo
CDC73 ENST0000036743%.Gly449Val None Probably damaging Deleterious 8999809 VUS De novo
DCAF12 ENST0000036126%4.Arg203Cys 8,39E-06 Probably damaging Deleterioy%,510000229 VUS De novo
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T16 |UBN2 ENST00000473989p.Lys1201Asn fs*1§ None NA NA 4,309999943 | Possibly pathogenic|  De novo
SIGLEC10 | ENST0000035383®.Pro262lle 1,45E-03 | Benign Tolerated 2,109999895| VUS De novo
T17 | C12o0rf54 ENST00000314014.Phe50Leu None Possibly_damaging | Deleterious 5,059999943 VUS De novo
FRMPD2 | ENST000003742Q0p.Phe430Leu None Possibly_damaging | Deleterious | 4,25 VUS De novo
T18 |CNTNAP5 |ENST00000431078p.GIn889Arg None Possibly_damaging | Tolerated 5,630000114 | Possibly pathogenic  De novo
TJAP1 ENST0000025975p.Arg330Trp 5,77E-05 | Probably damaging | Deleterious| 5,57000017p  VUS B® no
JPH3 ENST0000028426.Asp180Asn 1,72E-05 |Benign Tolerated 4,070000172| VUS De novo
T19 |CNST ENST00000366513.Asp572His 1,67E-05 |Probably damaging | Deleterious| 5,389999866 VUS B® no
PRKAR2B | ENST0000026571H.Gly47Asp None Benign Tolerated 3,74000001 VUS De novo
PPFIAL ENST0000038954p.Ala623Ala 1,17E-04 |NA NA -5,78000021 VUS De novo
RIPK4 ENST0000033251%.GIn592GIu None Probably damaging Deleterious| 4,889999866 VUS D®no
MXRA8 ENST00000309212c.1105+1G>A None NA NA 3,339999914 VUS De novo
T20 |KCNT1 ENSTO0000037175[p.Ala934Thr None Benign Tolerated 3,769999981 Pathogenic De novo
MMP28 ENST000002501440.Arg119His 4,14E-05 |Probably damaging | Deleterious| 4,239999771L VUS B® no
T21 |IQCE ENST0000040205(p.Gly109Gly 8,29E-06 | NA NA 3,079999924 VUS De novo
TMPRSS9 | ENST00000332578.11e233Thr None Possibly damaging Deleterious| 4,429999828 VUS D® no
T22 | CAPN12 ENST0000032886p.Alal86Thr 8,30E-06 | Probably damaging | Deleterious| 4,57000017p  VUS B® no
PPFIA3 ENST00000334186.Ala384Ala None NA NA -7,829999924 | VUS De novo

The genes with pathogenieossibly pathogenic DNMs identified are indicatedbold.
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Supplementary Tab. 2Impaired test in mutated vs non-mutated patients

Domain Test Mutated pts Not- mutated pts | P value
Intelligence and cognitive| Raven Matrices - - -
status WAIS-R 1Q t 2 (18.18%) 4 (8.89%) 0.586
MMSE 1 (9.1%) 2 (4.35%) 0.481
Language Phonemic fluency 3 (33.33%) 9 (23.08%) 0.671
Semantic fluency - - -
Memory | verbal Rey short-term memory 0 (0.0%) 3 (7.69%) 1.000
Rey long-term memory 1 (12.50%) 3 (7.69%) 0.539
Verbal span (forward) 1(11.11%) 1 (2.56%) 0.343
Verbal supraspan + 2 1(11.11%) 1 (2.56%) 0.343
Associated words learning 1 (12.50%) 4 (10.26%) oo0a.
Visuospatial | Rey Figure-memory 0 (0.0%) 1 (2.56%) 1.000
Corsi Block-Test 2 (22.22%) 3 (7.69) 0.231
Visual-spatial supraspan (+0 (0.0%) 2 (5.3%) 1.000
2
Visuo-spatial abilities Rey complex figure-copy 1 (12.50%) 0 (0.0%) 0.170
Executive | Attention/ Trail making test A - - -
functions | inhibitory Stroop (time) 4 (44.44%) 7 (17.95%) 0.180
control
(errors) - - -
shifting Trail making test B - - -
Trail making test BA - - -
working Verbal span (backwards) 0 (0.0%) 5 (12.82%) 0.568
memory
pianification | WCST - - -
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