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Abstract

Sleep-related hypermotor epilepsy (SHE), formerly known as Nocturnal Frontal Lobe Epilepsy is a focal epilepsy
characterized by seizures with complex hyperkinetic automatisms and/or asymmetric tonic/dystonic posturing
occurring mostly during sleep. SHE is a rare disease with an estimated minimum prevalence of 1.8/100,000 individuals
and represent about 10% of drug-resistant surgical cases. This disorder, though uncommon, is of considerable interest
to a broad spectrum of specialists, from child neurologists to neurosurgeons. Distinguishing this condition from non-
epileptic paroxysmal behaviour occurring physiologically or pathologically during sleep is often difficult and sometimes
impossible on clinical grounds alone, even for experienced epileptologists and sleep physicians. Recognized aetiologies
of SHE are heterogeneous and include acquired injuries, genetic causes and structural anomalies such as focal cortical
dysplasia. Multiple aetiologies (structural-genetic) are also possible. Non-specific clinical features distinguished different
aetiologies even if SHE due to structural lesions usually manifests with early-onset drug-resistant seizures and showed a
worse long-term prognosis.

The causative genes for SHE are multiple and encode for proteins involved in different molecular pathways.
The cholinergic system and the mTOR pathway are the most relevant. This review will provide an exhaustive

overview of the genetic background of SHE.

structural-genetic
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Sleep-related Hypermotor epilepsy (SHE)
SHE, formerly Nocturnal Frontal Lobe Epilepsy (NFLE), is
a focal epilepsy characterized by hyperkinetic seizures oc-
curring predominantly in clusters during non-REM sleep.
This disorder affects individuals of both sexes and any
age, with a peak of seizure onset during childhood and
adolescence (Scheffer et al. 1994; Tinuper et al. 2016). A
familial form of SHE with autosomal dominant inherit-
ance (ADSHE) has been described. So far, more than
100 families have been identified worldwide (Marini and
Guerrini 2007; Steinlein 2014), but no accurate data con-
cerning the prevalence of ADSHE exist.
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The estimated prevalence of non-familial SHE in the
adult population is 1.8-1.9 per 100,000 (Vignatelli et al.
2015; Vignatelli et al. 2017). However, the disorder is likely
to be under diagnosed, or in some cases misdiagnosed.
Distinguishing this condition from non-epileptic paroxys-
mal behaviour occurring physiologically or pathologically
during sleep is often difficult and sometimes impossible
on clinical grounds alone, even for experienced epileptolo-
gists and sleep physicians. As a result, misdiagnosis is
common and patients may be denied effective treatments
or treated inappropriately, leading to long-term side ef-
fects and the social consequences of erroneous epilepsy
diagnosis (e.g., impacts on driver’s licence).

Most patients show a good response to the pharmaco-
logical treatment, low doses of carbamazepine at bed-
time being the first choice of therapy. However,
about one-third of patients are drug-resistant and only
22% achieved terminal remission after a median 16-year
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follow-up, most with a remitting pattern from disease
onset (Licchetta et al, 2017). These data, showing the
poor outcome after a long follow-up, possibly explain
the reason why SHE has been reported in up to 10% of
surgical series (Menghi et al. 2018). The surgical out-
come seems to be relatively good in this population,
especially in patients with positive brain MRI.

From NPD to SHE

First described in 1981 (Lugaresi and Cirignotta 1981), the
condition was initially considered a new motor disorder of
sleep, namely parasomnia, and the misleading term Noc-
turnal Paroxysmal Dystonia (NPD) was introduced. Subse-
quently, similarity of the attacks to those in patients with
frontal lobe epilepsy undergoing neurosurgical evaluation
(Williamson et al. 1985; Waterman et al. 1987) and docu-
mentation of epileptiform discharges in some patients
(Tinuper et al. 1990) proved the epileptic origin of the
syndrome. The disorder was therefore re-named Noctur-
nal Frontal Lobe Epilepsy (NFLE). In the following two
decades, the clinical boundaries of the disorder were de-
fined, however many controversial issues highlighted the
need to change the nomenclature (Tinuper and Bisulli
2017). In 2014, a Consensus Conference was held in
Bologna, Italy (Tinuper et al. 2016). Experts in the field
discussed the spectrum of NFLE and produced a final
Consensus Statement based on a rigorous protocol
addressing nomenclature, electro-clinical definition, diag-
nostic criteria with levels of certainty supported by avail-
able evidence, aetiology, and research needs. The
Consensus Conference highlighted three critical issues
justifying the change of nomenclature. First, the term noc-
turnal was considered misleading because it implies a
chronobiological pattern of seizure occurrence, whereas
evidence indicates that seizure occurrence in sleep is the
most important characteristic rather than the time of day.
Second, the term frontal lobe is not always appropriate be-
cause the characteristic seizures may also arise from
extra-frontal areas (Proserpio et al. 2011). Third, the term
NELE did not specify the typical clinical semiology in-
volved, which consists primarily of hyperkinetic seizures
(Tinuper et al. 2016). For all these reasons the term Sleep
related Hypermotor Epilepsy (SHE) has been proposed to
replace NFLE.

Clinical features

Seizures in SHE are usually brief (<2 min in duration),
with an abrupt onset and offset and with stereotyped
motor patterns. The hypermotor semiology is the pri-
mary clinical pattern of the seizures, characterized by
hyperkinetic features possibly associated with asymmet-
ric tonic/dystonic posturing with or without head/eye
deviation. In a minority of cases the asymmetric dystonic
posturing is the unique feature of the seizures (Vignatelli
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et al. 2015). Seizures typically show variable complexity
and duration varying from brief stereotyped sudden
arousals from sleep (paroxysmal arousals or minor motor
events) to more complex dystonic-dyskinetic seizures and,
more rarely, prolonged ambulatory behavior known as
“epileptic nocturnal wandering” (Montagna 1992; Provini
et al. 1999; Nobili et al. 2003; Terzaghi et al. 2008).
Retained awareness during seizures is common and af-
fected individuals may report a distinct aura. Seizures
occur typically in cluster during (non-REM) sleep even if
episodes during active wakefulness may rarely occur dur-
ing the patient’s lifetime.

Seizure frequency in SHE patients can be very high,
ranging from one to more than 50 attacks per night
(Scheffer et al. 1994; Provini et al. 1999) and paroxysmal
arousals or minor motor events may be even more
frequent. SHE patients can complain of nocturnal sleep
disruption with spontaneous midsleep awakening, sleep
inertia in the morning, tiredness at awakening and ex-
cessive sleepiness (Peled and Lavie 1986; Maccario and
Lustman 1990; Schwalen and Jorg 1998; Zucconi et al.
2000; Alanis-Guevara et al. 2005) impacting negatively
on their quality of life. Although daytime sleepiness-
related symptoms could be common in SHE patients,
the frequency of excessive daytime sleepiness did not
statistically differ compared to controls (Vignatelli et
al. 2006).

Neurophysiological features

Background activity is usually normal. Interictal EEG is
normal in about half cases (Licchetta et al. 2017) or may
demonstrate rare epileptiform abnormalities, enhanced
by sleep deprivation and occurring mainly during sleep
(Menghi et al. 2018). The ictal scalp EEG may be normal
or may only demonstrate movement artifacts. Epilepti-
form abnormalities, rhythmic slow activity or diffuse
background flattening over frontal areas are seen in 50—
60% of cases (Licchetta et al. 2017).

Scalp EEG and invasive intracranial stereo-
electroencephalography recordings (SEEG) documented
a frontal lobe origin of seizures in most cases (Nobili et
al. 2007; Rheims et al. 2008). However, in up to 20% of
drug resistant cases the ictal discharges may arise from
various extra-frontal areas including temporal (Nobili et
al. 2004; Vaugier et al. 2009), insulo-opercular (Ryvlin et
al. 2006; Dobesberger et al. 2008; Nguyen et al. 2009;
Proserpio et al. 2011) and parietal (Montavont et al.
2013; Gibbs et al. 2016) cortices, then propagating to the
frontal cortex and resulting in hypermotor seizures.

Diagnostic criteria

The clinical history and clinicffttal semiology of the at-
tacks are the main criteria to establish the diagnosis, as
both interictal and ictal EEG may be uninformative
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(Scheffer et al. 1994; Oldani et al. 1998; Nobili et al.
2007; Licchetta et al. 2017). Three categories for the
diagnosis with different levels of certainty have been
proposed: 1) Witnessed (possible), based on the descrip-
tion of the core clinical features, as provided by an eye-
witness; 2) Video Documented (clinical), based on the
evaluation of at least 1 entire (preferably 2) video re-
corded hyperkinetic episode, confirmed to be typical by
witness; 3) Video-EEG documented (confirmed), requir-
ing the video-polygraphic recording of stereotyped
events (one or two) and ictal or interictal epileptiform
abnormalities (Tinuper et al. 2016).

Aetiology

Etiology is unknown in the majority of patients. Recognized
etiologies of SHE are heterogeneous and include acquired
injuries, genetic causes and structural anomalies such as
focal cortical dysplasia (FCD). Multiple etiologies (struc-
tural-genetic) are also possible. Non-specific clinical fea-
tures distinguished different etiologies (Tinuper et al. 2016)
even if SHE due to structural lesions (FCD) usually mani-
fests with early-onset drug-resistant seizures (Nobili et al.
2009) and showed a worse long-term prognosis (Licchetta
et al. 2017). In these cases, epilepsy surgery and removal of
the epileptogenic zone could represent a highly effective
treatment option (Nobili et al. 2007).

Most patients (86%) are sporadic cases, while 14% re-
ported a family history for epilepsy with only 5% of cases
showing a clear-cut autosomal dominant pattern of inher-
itance, i.e. ADSHE (Licchetta et al. 2017). So far ADSHE
has been associated with mutations in several genes, en-
coding proteins involved in different biological pathways.
Although the diverse underlying aetiologies and networks
involved in its pathogenesis, according to the current state
of knowledge, it is considered a single syndrome, defined
by clinical manifestations (i.e. hypermotor seizures) result-
ing from presumed shared downstream mechanisms oc-
curring during sleep/wake oscillation changes. In clinical
practice it is most helpful to consider SHE as a single syn-
drome because it requires a specific diagnostic work-up
and therapeutic approach e (Tinuper et al. 2016).

Genetics SHE
SHE is the first epilepsy syndrome in which a genetic
aetiology was documented. It is also the first the first
epilepsy channelopathy described, as it was initially re-
lated to mutations in genes coding for subunits of the
neuronal nicotinic acetylcholine receptor (nAChR),
CHRNA4, CHRNB2 and CHRNA?2 (Steinlein et al. 1995).
Subsequently, SHE has been associated with mutations
in several other genes, encoding proteins involved in dif-
ferent biological pathways, such as, CRH, KCNTI,
DEPDCS, NPRL2, NPRL3 and PRIMAI.
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Inherited SHE usually shows an autosomal dominant
pattern of transmission, except for a single reported
family mutated in PRIMAI, showing an autosomal re-
cessive inheritance (Hildebrand et al. 2015).

Ach receptor genes

In 1994, Scheffer et al. (Scheffer et al. 1994) described
the first large Australian family with SHE inherited in an
autosomal dominant manner and named this condition
Autosomal Dominant Nocturnal Frontal Lobe Epilepsy
(ADNEFLE). In this family, SHE had been misdiagnosed
as a sleep disorder in many affected members.

Marked variations in severity have been observed
amongst different members. Further molecular genetic
studies established linkage to chromosome 20q13.2—
q13.13 in some families (Phillips et al. 1995), leading to
the subsequent identification of the causative role of the
gene coding for the a 4-subunit of the nAChR, CHRNA4
(Cholinergic Receptor Nicotinic Alpha 4 Subunit, MIM
*118504) (Steinlein et al. 1995). Following the initial
recognition, more than a hundred families have been de-
scribed worldwide (Marini and Guerrini 2007) and mu-
tations in two homologous genes, CHRNB2 (Cholinergic
Receptor Nicotinic Beta 2 Subunit, MIM *118507) and
CHRNA2 (Cholinergic Receptor Nicotinic Alpha 2 Sub-
unit, MIM *118502), encoding the p2 and a2 subunit of
the nAChR respectively, have been identified (De Fusco
et al. 2000; Aridon et al. 2006). The phenotype produced
by mutations of the three nAChR subunit genes is gen-
erally indistinguishable (McLellan et al. 2003).

By now, 14 different mutations in CHRNA4, CHRNB2
and CHRNA2 have been reported in 20 ADSHE pedi-
grees and three sporadic cases, as reported in Table 1.
Overall, they account for less than 20% of SHE/ADSHE
cases, reflecting the genetic heterogeneity of the syn-
drome and the possible role of systems other than the
cholinergic one, involved in its pathogenesis (Steinlein et
al. 2012).

In-vitro analyses of the functional properties of
nAChR disclosed a functional gain (i.e. an increase in
acetylcholine sensitivity) (Bertrand et al. 2002) of mu-
tant receptors associated with ADSHE that may
underlie the neuronal network dysfunction responsible
for the epileptic seizures. Positron-emission tomog-
raphy (PET) studies in ADSHE patients suggest hy-
peractivation of the cholinergic pathway ascending
from the brainstem (Picard et al. 2006). Cholinergic
neurons modulate sleep and arousal at both thalamic
and cortical levels and their involvement in sleep-
related disorders is plausible, although the patho-
physiological mechanism remains elusive.

Interestingly, a high prevalence of NREM arousal para-
somnias has been reported not only by SHE probands
but also by their healthy relatives (Bisulli et al. 2010;
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Table 1 Families and sporadic cases with mutations in CHRNA4, CHRNB2 and CHRNA?2 reported so far

MUTATIONS FAMILIES REPORTED
GENE AA CHANGE/DOMAIN N ORIGIN REFERENCES
CHRNA4 S248F/ TM2 4 British-AU Steinlein et al. 1995
Spanish Saenz et al. 1999
Norwegian Steinlein et al. 2000
Scottish MclLellan et al. 2003
S252 L/ TM2 4 Japanese Hirose et al. 1999
Lebanese Phillips et al. 2000
Korean Cho et al. 2003
Polish Rozycka et al. 2003
1 [talian (S) Sansoni et al. 2012
776ins3/ TM2 1 Norwegian Steinlein et al. 1997
T2651/ TM2 1 German Leniger et al. 2003
R336H/ Intracel loop 2 1 Chinese Chen et al. 2009
C823A>T 1 Chinese (S) Wang et al. 2014
CHRNB2 V287 L/ TM2 1 Italian De Fusco et al. 2000
V287 M/ TM2 2 Scottish Phillips et al. 2001
Spanish Diaz-Otero et al. 2008
L301V/ TM3 1 Turkish Cypriot Hoda et al. 2008
V308A/ TM3 2 Scottish Hoda et al. 2008
English
1312M/ TM3 2 English Bertrand et al. 2005
Korean Cho et al. 2008
337G/ TM3-intrac loop 1 Chinse (S) Liu et al. 2011
CHRNA2 1279N/TM1 1 [talian Aridon et al. 2006
1297F/TM2 1 ltalian Conti et al. 2015

Licchetta et al. 2017) suggesting a possible common
background. The relationship between these disorders is
also supported by the neurophysiological and neuro-
imaging evidence that the pathway controlling physio-
logic arousal is impaired in both conditions (Picard et al.
2006; Montagna et al. 2008; Fedi et al. 2008).

Seizure frequency improved in a single patient with re-
fractory ADSHE after nicotine transdermal patches
treatment (Willoughby et al. 2003).

The favourable effect of nicotine on seizure frequency
was also described in 9 out of 22 patients from two
European ADSHE families carrying CHRNA4 mutations
(Brodtkorb and Picard 2006). Considering the role of the
cholinergic system in arousal regulatory processes, these
observations suggested a possible link between nicotine
defect, alteration of arousal regulation and seizures in
SHE/ADSHE patients. However, despite the reported
positive effect of nicotine in reducing seizure frequency,
a case—control family study, did not find a higher ten-
dency to smoke tobacco in SHE patients and their rela-
tives compared to the control cases (Naldi et al. 2013).

Recently, Puligheddu and colleagues have shown that
fenofibrate, an agonist at peroxisome proliferator-
activated receptor alpha (PPARa) acting as a negative
modulator of nAChRs, may have beneficial effects both
in mutated mouse models of SHE and pharmacoresis-
tant SHE patients (Puligheddu et al. 2017). Interestingly,
good results with fenofibrate administration have been
obtained both in the mutated (CHRNA2 and CHRNA4)
and non-mutated SHE patients.

CRH

Other mutations besides the ones coding for the nAChR
subunits have been reported in both sporadic and
ADSHE cases. In 2005, Combi et al. found two new nu-
cleotide variations in the CRH (corticotropin-releasing
hormone, MIM *122560) promoter in ADSHE pedigrees
and sporadic cases (Combi et al. 2005) but these findings
were not replicated in larger series. The first one
(g.1470G > A) recurred in three ADSHE pedigrees and
two patients without family history and it was shown to
increase CRH levels. The same change was later
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identified in two affected siblings of another family, but
it was also present in a homozygous status in the healthy
father (Combi et al. 2008), thus reducing the likelihood
that the change is pathogenic. The second one
(g.1166G > C) was found only in the index-case of a fam-
ily (Combi et al. 2005) and later recognized as non-
causative (Combi et al. 2008).

Finally, a novel heterozygous exonic missense change
was detected in an additional ADSHE family. In vitro
assay in this case showed decreased CRH concentrations
(Sansoni et al. 2013).

CRH encodes for a neurotransmitter/neuromodulator
widely distributed throughout the central nervous sys-
tem that acts in extrahypothalamic circuits to integrate a
multisystem response to stress that controls numerous
behaviours such as sleep and arousal (Combi et al. 2005)
. The authors suggested that altered (decreased/in-
creased) CHR levels cause increased susceptibility of sei-
zures through excessive sleep fragmentation and brain
hyperexcitability (Combi et al. 2005).

KCNT1

Further insight into the genetic background of SHE oc-
curred only from 2012 when, combining genome-wide
linkage analysis with novel Next Generation Sequencing
(NGS) techniques, Heron and coauthors identified a novel
gene for SHE, KCNTI (Potassium Sodium-Activated
Channel Subfamily T Member 1, MIM *608167), encoding
a subunit of the sodium-activated potassium channel
(Heron et al. 2012). Mutations in KCNTI were detected in
three ADSHE families with complete penetrance and a
sporadic case, all with early-onset refractory seizures, pos-
sible intellectual disability and psychiatric or behavioral
problems including psychosis, catatonia and aggression
(Heron et al. 2012). Co-occurrence of mild malformation
of cortical development (MCD), namely histologically-
confirmed FCD type I and periventricular nodular hetero-
topia, have been reported very recently in some individ-
uals (Rubboli et al. 2018).

Simultaneously, de novo gain-of-function mutations in
KCNTIwere identified in six out of 12 unrelated individ-
uals with Malignant Migrating Focal Seizures of Infancy
(MMESI) (Barcia et al. 2012), a rare early onset epileptic
encephalopathy characterized by refractory, polymorph-
ous focal seizures and arrest of psychomotor development
within the first 6 months of life (Coppola et al. 1995).

KCNT1I is expressed in the neurons of the frontal cor-
tex (Bhattacharjee et al. 2002) and assemble with
KCNT?2 to form heterotetrameric channel complexes
composed of a small amino-terminal domain, a trans-
membrane domain containing six segments and a large
intracellular carboxy-terminal domain containing tan-
dem regulators of potassium conductance domains and
an NAD + binding domain. Its activity contributes to the
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slow hyperpolarization that follows repetitive firing, reg-
ulates the rate of bursting and enhances the accuracy
with which action potentials lock incoming stimuli
(Bhattacharjee and Kaczmarek 2005; Brown et al. 2008).
All the mutations initially described in both ADSHE and
MMEFSI were clustered around the regulator of potas-
sium conductance and Nicotinamide Adenine Dinucleo-
tide (NAD+) binding domains, which also interacts with
a protein network, including fragile X mental retardation
protein. Functional study documented that KCNTI
mutations cause a constitutive hyperactivation of the
channel that impairs its gating and suppress its subcon-
ductance states whit effect on ion currents and increased
amplitude. Moreover, they may also alter the conform-
ation of the C-terminal region and its ability to interact
with developmentally relevant proteins (Barcia et al.
2012). ADSHE mutations were associated with currents
approximately 3-fold larger than wild type, while those
associated with MMFSI were about 5-fold greater. These
differences in the increased ion current amplitude
seemed to explain the diversity on phenotypes associated
with KCNT1 mutations (Milligan et al. 2014). Some of
the variants recurred in several patients, suggesting the
presence of mutational “hot spots” in KCNT1 (Moller et
al. 2015). Specific mutations (p.G288S and p.R398Q) can
lead to either ADSHE or MMEFSI, even within the same
family, indicating that genotype—phenotype correlations
are not straightforward (Kim et al. 2014; Moller et al.
2015).

In the last few years, KCNT1 has been implicated in a
wide spectrum of focal/multifocal epilepsies and early
onset epileptic encephalopathies, in addition to ADSHE
and MMFSI phenotypes (Shimada et al. 2014; Moller et
al. 2015; Ohba et al. 2015; Rizzo et al. 2016).

Very recently, a new therapeutic approach with quini-
dine was tested in few drug-resistant epileptic patients
carrying KCNT1 genetic mutations, no one fitting SHE
phenotype, with conflicting results (Mikati et al. 2015;
Abdelnoura et al. 2018).

Surgical treatment of the three unrelated patients with
FCD type I reported was ineffective in two individuals
(Engel Class IV) and only ameliorate seizure frequency
in one (Engel Class II). The authors postulated that the
poor surgical outcome may be due to the diffuse nature
of FCD type 1 or to a wider epileptogenic network
caused by germline KCNT1 mutations that sustains seiz-
ure propensity after epilepsy surgery (Rubboli et al.
2018).

GATOR1-complex genes

In 2013, mutations in DEPDC5 (DEP Domain Contain-
ing 5, MIM *614191) were implicated in familial focal
epilepsy with variable foci (FFEVF) (Dibbens et al. 2013),
as well as and in a variable percentage (12.5-37%) of
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heterogenous familial FEs, including ADSHE (Ishida et
al. 2013; Picard et al. 2014).

In particular, DEPDC5 loss-of-function mutations were
found in the 13% of a series of 30 families with ADSHE
presentation (Picard et al. 2014). Electro-Clinical assess-
ments revealed a higher rate of drug resistance and of day-
time seizures compared to classical phenotype (Picard et
al. 2014). DEPDCS5 mutations are associated with both
lesional and non-lesional epilepsies, even within the same
family. In some individuals, brain MRI disclosed MCD,
ranging from FCD to subtle band heterotopia, with the
predominant pattern being bottom-of-the-sulcus dyspla-
sia, a variety of FCD type IIb (Scheffer et al. 2014) (Fig. 1a-
¢; Fig. 2a-c).

Subsequently, mutations in NPRL2 (NPR2-like Pro-
tein, MIM *607072) (Ricos et al. 2016), NPRL3
(Nitrogen Permease Regulator-like 3, MIM *600928)
(Korenke et al. 2016) have been reported in ADSHE
and sporadic cases.
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DEPDCS5, NPRL2 and NPRL3 are components of the
GATORI1 complex (Gap Activity TOward Rags 1), a
negative regulator of the mammalian target of rapa-
mycin (mTOR) complex] (mTORC1) (Bar-Peled et al.
2013). Most of the variants described in these genes
are loss of function mutations, with impact on the
protein product and consequent hyperactivation of
mTORC1 pathway (van Kranenburg et al. 2015). In
line with this evidence, so far a wide number of
germline and somatic (brain-only) mutations of the
mTOR-pathway genes have been associated with a
range of lesional and non-lesional FEs. With regards
to lesional cases, mutations in these genes have been
identified in several MCDs and in particular in up to
46% of FCD type IIb (Nakashima et al. 2015; Scheffer
et al. 2014; Lal et al. 2014; Martin et al. 2014; Scerri
et al. 2015; D'Gama et al. 2015; Baulac et al. 2015).

Additional insights into the role of DEDCDS5 in FCD-
related focal epilepsies derive from the rat model (Marsan
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et al. 2016). The heterozygous rats exhibited an altered
cortical neuron excitability and firing patterns and cortical
cytomegalic dysmorphic neurons and balloon-like cells
strongly expressing phosphorylated rpS6, supporting
mTORC1 upregulation. These neuropathological abnor-
malities are reminiscent of the hallmark brain pathology
of human FCD.

These data showed that genetic and structural cause
are not mutually exclusive either and, in particular, SHE
related to GATOR1-complex genes may have a genetic-
structural etiology.

FCDs represent the most common, potentially treat-
able architectural disorder underlying FE, responsible for
up to 42% of drug-resistant cases (Harvey et al. 2008). In
general, epilepsy surgery is a highly effective curative op-
tion in these patients, affording the opportunity to
achieve seizure freedom and potential medication with-
drawal also with improvements in quality of life, employ-
ment rates and school attendance (Wiebe et al. 2001).

Although mutated patients who have undergone epilepsy
surgery are anecdotal, surgery has proved to be curative
in cases with MCD clearly detectable with conventional
neuroimaging (Baulac et al. 2015), suggesting that epi-
leptogenesis is underpinned by a genetically determined,
focal cerebral structural lesion, even in the presence of
germline mutations. On the other hand the role of sur-
gery in non lesion cases with germline mutation is still
controversial/needs to be clarify. In the cited series non
lesional cases who underwent surgery had a worse out-
come compared with the lesional ones (Baulac et al.
2015). Moreover, a SEEG study in a patient carrying
DEPDCS5 truncating mutation failed to identify a defini-
tive epileptogenic zone (Fig. 3a-c). These evidences sug-
gest that DEPDC5 germline mutations could play a role
in non-lesional, refractory focal epilepsies with multiple
independent epileptogenic foci or widespread epilepto-
genic networks (Ferri et al. 2017). According to this
hypothesis the presence of germinal mutations in mTOR
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Fig. 3 a Pedigree of a 57-year-old female with a frameshift mutation of DEPDC5, p.Arg165Tyrfs*14 inherited by her healthy mother. Previously
published in Ferri et al. 2017. b Stereotactic scheme of the patient who at age 43 years underwent stereoelectroencephalography (SEEG) study
with bilateral limbic exploration extended to the inferior parietal lobe. The SEEG exploration shown (lateral view) included 15 intra-cerebral
electrodes implanted mainly on the left. The EEG focus area was mainly explored by electrode H. Black letters with the accent (A", B', C', D', G, H',
N', S', W) indicates left side; red letters (B, G, H, N, S, P) indicated the right. ¢ SEEG ictal recording showing fast polyspike activity over both the
anterior-mid cingulate gyrus preceding a typical nocturnal hypermotor seizure, prevailing on right central-anterior cingulate cortex (H electrode).
Note that interictal activity is recorded also in electrodes remote from ictal onset zone. Although the electrical pattern was suggestive for focal

genes could represent a contraindication not only for
surgery but possibly for presurgical invasive procedures
(i.e. stereoEEQG, corticography). However, given the asso-
ciation of DEPDC5 mutations also with FCD type I le-
sions (Baulac et al. 2015), in these non lesional cases it
cannot be excluded the presence of multiple, diffuse sub-
tle dysplastic areas missed by conventional brain MRI.

CABP4

A novel missense mutation in the CABP4 gene encoding
the neuronal Ca2 + -binding protein 4 (CaBP4) has been
found in a Chinese family including 11 individuals diag-
nosed with ADSHE (Chen et al. 2017).

PRIMA1
In a two-generation Australian family of Italian origin af-
fected with SHE and ID, Hildebrand and coauthors

identified by Whole Exome Sequencing (WES) analysis a
homozygous mutation in PRIMA1 (Hildebrand et al
2015). This gene encodes a transmembrane protein
that anchors acetylcholinesterase (AChE), the enzyme
hydrolyzing Ach to membrane rafts of neurons. The
¢.93 +2 T > C mutation identified leads to knockout of
PRIMA1, with reduction of AChE and accumulation
of acetylcholine at the synapse, as shown in PRIMA1
knockout mice. The authors concluded that, similarly
to the gain of function mutations of the genes coding
for nAChR subunits, the enhanced cholinergic re-
sponses are the likely cause of severe SHE and intel-
lectual disability in this family. However, apart from
this single pedigree, this finding has not been repli-
cated yet, as no other mutations were identified in a
confirmation cohort of hundreds of SHE probands
(Hildebrand et al. 2015).
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Conclusions

SHE is a heterogeneous genetic syndrome, caused by
genes involved in different molecular pathways. Despite
a great effort to study the genetic background of SHE, a
genetic cause may be recognizable in a very low percent-
age of sporadic cases and in less than 30% of ADSHE
families, with incomplete penetrance (Kurahashi H et al,,
2002). This is a cumulative estimate coming from
studies of different case-series (principally families), each
focused on the screening for mutations in a singular
SHE gene. A systematic genetic characterization of a
population of familial and sporadic patients diagnosed
with SHE based on reliable diagnostic criteria is lacking.

Moreover, to date, there are no clear-cut correlations
between disease severity, genetic findings and functional
effects of the known genetic mutations (Tinuper et al.
2016) and further studies focused on genotype-
phenotype correlations in SHE are needed. By now,
KCNTI gene mutated SHE patients seem to present a
more severe form (Heron et al. 2012), whereas muta-
tions in GATOR1-complex genes have been implicated
in genetic-structural etiology of SHE.

Although at present genetic testing has limited useful-
ness in clinical practice, as genetics explain a minority of
SHE patients, from a clinical perspective, analysis of
SHE-related genes is worth even in isolated cases for
whom a genetic aetiology is not primarily considered,
because of possible implications for the diagnostic work-
up and clinical management. In particular, detection of
mutations in GATOR1-complex genes represent a red
flag for FCDs, the most common potentially treatable
architectural disorder underlying refractory FE. In non-
lesional cases carrying pathogenic variants of GATOR1-
complex genes, repeated and careful review of targeted,
high-resolution imaging is needed to highlight subtle
structural abnormalities susceptible of surgery. More-
over, the identification of pathogenic or possibly patho-
genic mutations in GATOR1-complex genes, as well as
in genes coding proteins acting upstream in the mTOR
pathway could have important future therapeutic impli-
cations even in mutated patients considered not eligible
for surgery. In fact, the development of a novel class of
therapies based on mTOR inhibitors, whose prototype is
rapamycin, will improve the treatment and prognosis of
these patients. Both preclinical and clinical trials using
mTOR inhibitors to treat epilepsy, and possibly prevent
it, are currently underway (Citraro et al. 2016).
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