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features of epilepsies featuring absence seizures within monogenic etiology,

Email: r.guerrini@unifi.it Methods: We conducted a retrospective, multicenter study including patients with
monogenic epilepsies and electroencephalography (EEG)-documented absence
seizures. We analyzed clinical data, electroclinical findings, neurodevelopmental
outcomes, and treatment responses through standardized questionnaires and
medical records. We classified genetic variants according to American College of
Medical Genetics and Genomics (ACMG) guidelines and performed univariate
and multivariate analyses to identify predictors of developmental outcomes.

Results: We included 160 patients (111 female; median age at last follow-up:
13years) with absence seizures and confirmed pathogenic or likely pathogenic
monogenic variants. The most frequently implicated genes were SLC2AI,
SLC6AI1, SYNGAP1, CHD2, and SCNI1A. Four genes—HESXI, NCKAPI, SON,
STARD9—had not been previously associated with absence seizures. In 35% of
patients, absence seizures were the only seizure type and in 67% were the initial
manifestation. Atypical features included irregular EEG discharges (56%) eyelid

myoclonia (42%), and automatisms (33%). Early-onset (before age 3) seizures
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occurred in 58% and was significantly associated with atypical features (p <.03).
Using existing International League Against Epilepsy (ILAE) epilepsy syndrome
classification, 60% of patients could not be classified. Developmental delay
occurred in 54%, intellectual disability in 65%, and other neurodevelopmental
comorbidities in 49%. Predictors of poor developmental outcomes included early
developmental delay, drug-resistant epilepsy, and early absence onset. We found
no difference in the prevalence of drug resistance across the various genetic
etiologies. The most effective medications for absence seizures included valproate,
ethosuximide, benzodiazepines, and lamotrigine. Disease-specific therapies (e.g.,
ketogenic diet in SLC2A1, stiripentol/fenfluramine in SCN1A) were effective in
select cases.

Significance: Absence seizures are a common manifestation of different
monogenic epilepsies, often associated with early onset, atypical clinical and/
or EEG features, developmental delay or drug resistance. Classification models
should incorporate genetic data alongside electroclinical features, especially as
next-generation sequencing is increasingly used.

KEYWORDS

sequencing

1 | INTRODUCTION

Absence seizures occur in multiple idiopathic generalized
epilepsy (IGE) syndromes, including childhood absence
epilepsy (CAE), juvenile absence epilepsy (JAE), and
juvenile myoclonic epilepsy (JME).! IGEs comprise about
15%-20% of all epilepsies.” Among IGEs, the frequency of
CAE ranges from 1.5% to 12.1%, JAE from 0.2% to 2.4%,
and JME from 5% to 10%.> Atypical absence seizures occur
in Lennox-Gastaut syndrome and can be present in other
severe epilepsies including developmental and epileptic
encephalopathies (DEEs),’ the most severe group of
epilepsies, with onset typically in infancy or childhood. This
category includes different epilepsy syndromes and patients
who cannot be assigned to any specific syndrome but share
a severe presentation and frequent comorbidities.*

Absence seizures, typical or atypical, are also observed
in the so-called genetic generalized epilepsies (GGEs),
a broad group of generalized epilepsies, with definite or
presumed genetic etiology. Because a severe form of GGE
may also constitute a DEE and within the GGEs also in-
clude the IGE syndromes, among which CAE, JAE, JME,
and epilepsy with generalized tonic-clonic seizures alone
are the most common and usually have a good prognosis
for seizure control, the term GGE is now considered as a
broad category with limited specificity."

Classically, the ictal semiology of typical absence sei-
zures is a brief arrest of activity, accompanied by some

atypical absence, epilepsy classification, monogenic, neurodevelopment, next-generation

Key points

« Absence seizures in monogenic epilepsies
often show early onset, atypical features, drug-
resistance, and poor developmental outcomes.

o SLC2A1, SLC6A1, SYNGAPI, CHD2, and
SCNI1A were the most frequent genes identified.

« Sixty percent of patients could not be classified
within existing International League Against
Epilepsy (ILAE) epilepsy syndromes.

« Genetic testing should be performed when
absence seizures show atypical features, early
onset, developmental delay, or drug resistance.

combination of staring, blinking, or other eyelid move-
ments, and automatisms of the mouth or limbs.” The
latest International League Against Epilepsy (ILAE) clas-
sification has removed the term “nonmotor” to define ab-
sence seizures,® as motor features are at times observed
during them.! Absence seizures are clinically recognizable
but there is variability of individual features between pa-
tients’ and the relationship between the variability in sei-
zure semiology, other clinical features before treatment,
and outcomes is unknown.

Since next-generation sequencing (NGS) has become
available, there has been an exponential growth of genes
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for “genes of major effect” that have been identified to be
causative of monogenic epilepsies. More than 1000 mono-
genic etiologies have been identified, with a detection rate
of potentially pathogenic variants in up to 50% of people
with different types of epilepsy.*’ Almost 90% of mono-
genic etiologies are associated with DEEs. By comparison
only 5% of “epilepsy genes” are associated with mono-
genic causes of “common epilepsies” (i.e., generalized and
focal epilepsy syndromes).’

Although genetic testing is not recommended in most
IGEs, a positive family history, additional symptoms (e.g.
intellectual disability, dysmorphology, etc.), which may be
mild and escape recognition, and atypical features (e.g.,
early onset, drug resistance) may support the search for a
single-gene etiology.'®"?

In this study, we characterized the clinical and EEG
phenotype in a large cohort of patients featuring absence
seizures within a monogenic epilepsy syndrome, with the
aim of better defining the phenotypic spectrum of mono-
genic epilepsies with absence seizures within the wider
GGE category and strengthening the recommendations
for NGS diagnostics in patients with absence seizures. We
hypothesized that atypical features associated with ab-
sence seizures may serve as clinical markers for underly-
ing monogenic etiologies.

2 | PATIENTS AND METHODS

This retrospective, observational study was conducted
across 17 Italian epilepsy centers with the support of the
network of the Genetics Commission of the Italian League
Against Epilepsy (LICE). We included patients according
to the following criteria: typical or atypical absence
seizures recorded on ictal electroencephalography (EEG),
with electrographic confirmation of the seizure pattern,
established monogenic etiology (i.e., likely pathogenic
or pathogenic variant based on the American College of
Medical Genetics and Genomics [ACMG] classification'?).
We excluded patients with variants of uncertain
significance (VUS) or with a genetic etiology that was
not monogenic (i.e., pathogenic copy number variant
[CNV] or chromosomal abnormality). Data collection and
analysis were approved by the local ethics committees of
each participating institution; data were anonymized for
analysis and merged into a single data set.

We defined patients’ phenotypes through a neurolog-
ical and epilepsy history as well as review of medical re-
cords. Using a standardized template, we conducted an
evaluation of all seizure types (i.e., frequency, age at onset,
response to treatment), EEG (i.e., background activity, ep-
ileptiform abnormalities while awake and asleep, photo-
sensitivity, ictal findings), neuroimaging, and cognitive

and behavioral comorbidities. Formal neuropsycholog-
ical assessment was unavailable or not performed in 11
patients (9%), in which case we used clinical criteria to
establish cognitive and neurodevelopmental progress.
We classified seizures and epilepsy syndromes according
to the ILAE criteria."'*® We used the definitions “early-
onset,” when absence seizures onset occurred before
3years of age, and “drug resistance,” as failure of adequate
trials of two tolerated, appropriately chosen and used an-
tiseizure medications (ASMs) to achieve sustained seizure
freedom."’

Genetic analysis was conducted through NGS epi-
lepsy gene panels or whole-exome sequencing. We col-
lected data on each genetic variant, including the gene,
transcript, variant type, inheritance pattern, family segre-
gation, and the reported ACMG classification. Reported
ACMG classifications were verified for consistency using
the VarSome Premium tool (www.varsome.com), which
integrates updated information from population allele
frequency databases (e.g., gnomAD v4.1), disease-related
variant databases (e.g., ClinVar and LOVD), in silico pre-
diction tools (e.g., dbNSFP, REVEL, CADD, SIFT, etc.),
and other datasets.

2.1 | Statistical analysis

We used the Pearson y” or Fisher exact tests, as appropriate,
for binary or categorical variables, and the ¢ test for
continuous variables, to analyze univariate associations.
The outcome variable was intellectual disability or
other neurodevelopmental disorder at last follow-up. To
identify significant independent outcome predictors, we
constructed a multivariable logistic regression model
including the variables that emerged as significant
(p<.05) in the univariate analyses, using a backward-
stepwise approach. We estimated odds ratios (ORs)
and 95% CIs. Variables with high collinearity (variance
inflation factor >5) were excluded from the multivariable
model. No variable had more than 5% missing data:
missing data were therefore omitted, no other correction
or interpolation was undertaken. We set the threshold
for statistical significance at p<.05. We performed data
analysis using the StataNow/MP 18.5 statistical package.

3 | RESULTS

3.1 | Patients and genetic etiologies

We included 160 patients (111 female, 49 male) with a
confirmed genetic etiology and EEG-confirmed absence
seizures.
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We found high genetic heterogeneity with 56 differ-
ent genes involved; among these the most frequent were
SLC2A1 (n=27), SLC6A1 (n=17), SYNGAPI1 (n=15),
CHD2 (n=11), SCN1A (n=11), SETDI1B (n="7), NEXMIF
(n=5), SCNSA (n=4), GABRG2 (n=4), RORB (n=4),
CACNAIA (n=3), SEMA6B (n=3), ATPIA3 (n=2),
GABRA2 (n=2), KIF1A (n=2), KMT2E (n=2), and NUSI
(n=2). All other genetic etiologies accounted for one sin-
gle individual each (Figure 1). Most variants were de novo
(121/160, 76%), whereas 21 of 160 (13%) were heterozy-
gous and inherited from an affected (n=15) or unaffected
(n=6) parent, and 5 (3%) were compound heterozygous or
homozygous. For the remaining 13 (8%) variants, the seg-
regation status could not be determined. According to the
ACMG classification, 111 (69%) were classified as patho-
genic and 49 (31%) as likely pathogenic. One individual
had two de novo pathogenic variants identified, one in
SLC2A1 and one in CACNAIA.

3.2 | Seizure onset and semiology

The median age at any seizure onset was 2years (range
Omonths to 19years), whereas the median age at absence
seizures onset was 3years (range 3months to 21years).
Onset before 1year of age occurred in 12 of 160 patients
(7.5%), most commonly associated with SLC2A1 (n=7),
but also with CHD2 (n=1), MEF2C (n=1), NEXMIF
(n=1), and SCNI1IA (n=1). Representative ictal EEG
traces from children with absence onset before 1year are
provided in Figure S1. Follow-up duration was highly
variable, with age at last follow-up ranging from 1 to
56years (median 13years). Most patients had experienced
absence seizures at onset (107/160, 67%), whereas 25
(16%) had initially experienced febrile seizures, and 28
(18%) other seizure types. In 57 of 160 (35%) of patients,
absence seizures were the only seizure type, whereas 104
of 160 (65%) had multiple seizure types.

In many patients (89/160, 56%), absence seizure semi-
ology frequently extended beyond the typical features of
impaired awareness, staring and interruption of activity,
but included eyelid myoclonia in 67 (42%); other myoc-
lonic components in 36 (23%); and oral, motor automa-
tisms and/or autonomic components in 52 (33%). Ictal
EEG recordings showed atypical features, that is, spike-
and-wave complexes at less than 2.5Hz, with irregular
discharges, often asymmetrical,'® in 90 of 160 patients
(56%). In the same recordings where absence seizures
were captured, EEG background was normal in 105 of 160
(66%), whereas slowing was reported in 55 of 160 (34%).
Interictal abnormalities were generalized (87/160, 54%),
focal (14/160, 9%), or both (50/160, 31%), whereas they
were not observed at all in 9 of 160 (6%).

Epilepsia-”

Early onset of absences occurred in 94 of 160 (58%)
of patients and was more frequently associated with ab-
sences with eyelid myoclonia (p=.004), abnormal EEG
background (p=.011), and atypical ictal EEG features
(p=.023).

Neuroimaging was unremarkable in most patients
(144/160, 90%), whereas abnormal findings were reported
in 6 of 160 (4%) including global cerebral atrophy (CLN35),
lissencephaly (LISI), myelination delay (SETD1B), white
matter or vascular abnormalities (SLC2A1), and arachnoid
cyst of the interpeduncular-prepontine cistern (SON).
Magnetic resonance imaging (MRI) was not performed in
10 of 160 (6%).

Precipitating factors for absences included hyperven-
tilation, intermittent photic stimulation, and eye closure
(Table 1; Figure S2).

In 24 of 160 (15%) patients, there was a history of con-
vulsive status epilepticus (n=2, including the following
etiologies: NHLRC1 and SCN1A), non-convulsive status
epilepticus (n=21, AP2M1, ATP1A3, CHD2, GABRG2,
KCNA2, KMTZ2E, MECP2, NEXMIF, RORB, SCNIA,
SCN8A, SEMA6B, SLC2A1, SLC6A1, STARDY, SYNGAPI)
or both (n=1, POGZ) (Figure S3).

3.3 | Other clinical features

Developmental milestones were delayed in 87 of 160
patients (54%) including global (38%), only language
(16%), or motor (1%) delay. When cognitive assessment
had been performed (n=146/160, 91%), cognitive function
was normal in 32 of 146 (22%), borderline in 20 of 146
(14%), mildly impaired in 29 of 146 (20%), moderately
impaired in 46 of 146 (32%), and severely impaired in 19
of 146 (13%). Other neurodevelopmental disorders were
diagnosed in 78 of 160 patients (49%) including autism
spectrum disorder, behavioral disorders, attention-deficit/
hyperactivity disorder (ADHD), and speech disorders
(Figure 2). Anxiety (3%) and mood disorder (1%) were also
reported.

Six of 160 patients (4%) had microcephaly and two of
160 (1%) macrocephaly at last follow-up.

Facial dysmorphisms were observed in 23 of 160 pa-
tients (14%), ataxia in 27 of 160 (17%), and other move-
ment disorders including tremor in 10 of 160 (6%) and
paroxysmal dyskinesia in 4 of 160 (3%). Additional neu-
rological abnormalities were observed in 66 of 160 (41%)
such as mild motor impairment, strabismus, pyramidal or
extrapyramidal signs, and abnormal muscle tone. Extra-
neurological comorbidities were present in 21 of 160 pa-
tients (13%) including hematological, gastroenterological,
cardiac, ophthalmological, metabolic, endocrinological,
urological, and orthopedic.
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® Patients

3.4 | Syndrome classification

Most patients (106/160, 67%) were classified as having
DEEs or epileptic encephalopathy (EE). Sixty-four patients
(40%) met the criteria for defined epilepsy syndromes, in-
cluding epilepsy with myoclonic-atonic seizures (n=17,
11%), epilepsy with eyelid myoclonia (n=15, 9%), epilepsy
with myoclonic absences (n=7, 4%), childhood absence

FIGURE 1
decreasing frequency order in our cohort.

Genetic etiologies in

25 30

epilepsy (n=7, 4%), Dravet syndrome (n =6, 4%), progres-
sive myoclonic epilepsy (n=5, 3%), juvenile absence epi-
lepsy (n=4, 3%), and juvenile myoclonic epilepsy (n=2,
1%), genetic epilepsy with febrile seizures plus (GEFS+)
(n=1, 1%). However, a significant proportion of patients
(n=96, 60%) could not be classified within the current
ILAE classification framework (Figure 3). Early absence
onset was common in epilepsy with myoclonic-atonic
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seizures (59%), epilepsy with myoclonic absences (67%),
and GEFS+ (100%) (p=.005).

3.5 | Treatment response

Most patients (n =86, 54%) had drug-resistant epilepsy*’
with ongoing absence or other seizures at last follow-
up. The following treatments were reported as effective
in reducing absence frequency: valproate (effective in
102/142, 72%), ethosuximide (in 72/106, 68%), benzo-
diazepines (in 40/82, 49%), lamotrigine (in 26/53, 49%),
ketogenic diet (in 13/23, 57%), stiripentol (in associa-
tion with clobazam; effective in 12/25, 80%), steroids
(in 6/15, 40%), fenfluramine (in 5/7, 71%), levetiracetam
(in 5/63, 8%), phenobarbital (in 4/13, 31%), zonisamide
(in 4/13, 31%) rufinamide (in 4/11, 36%), cannabidiol
(in 2/8, 25%), carbamazepine (in 2/14, 14%), topiramate
(in 2/11, 18%), and cenobamate (in 1/1) (see Table 2).
We note that these medications were often prescribed to
address the full epilepsy syndrome rather than absence
seizures in isolation. Therefore, percentages of effective-
ness may reflect a reduction in overall seizure burden
and not necessarily specific efficacy for absences. We
found no difference in the prevalence of drug-resistant
epilepsy across the various etiologies. We confirmed the
efficacy of specific treatments for absence seizures in
certain genetic etiologies such as ketogenic diet in glu-
cose transporter type 1 (GLUT1) deficiency syndrome
and stiripentol and fenfluramine in SCN1A-related epi-
lepsies (Table 2).

3.6 | Genotype-phenotype correlations
Early-onset absences were observed in 94 (58%), and more
frequently associated with SLC2A1 (n=12), SYNGAPI
(n=10), SLC6A1 (n=8), SCNIA (n=6), CHD2 (n=4),
NEXMIF (n=4), GABRG2 (n=2), KIF1A (n=2), KMT2E
(n=2), and RORB (n=2). Among early-onset seizures,
the majority were classified as atypical in 44 of 67 (65%),
whereas 21 of 67 patients (31%) had typical absences, and
2 of 67 (3%) had both types.

Atypical absences were more common with SLC2AI
(n=15), SYNGAPI (n=9), CHD2 (n=8), SCNIA (n=38),
NEXMIF (n=5), SLC6A1 (n=5), SCN8A (n=3), SEMAGB
(n=3), KMT2E (n=2), and RORB (n=2).

Among absence precipitating factors, hyperventila-
tion was common with variants in CACNA1A, GABRA2,
GABRG2, SETDIB, SLC2A1, SLC6AI1, and SYNGAPI;
intermittent photic stimulation in CACNA1A, CHD2,
GABRA2, KMT2E, RORB, SCN1A, SEMAG6B, SETDIB, and

SYNGAPI; and eye closure in CHD2, GABRA2, NEXMIF,
and SYNGAPI.

We observed genetic heterogeneity across the var-
ious epilepsy syndromes, except obviously for Dravet
syndrome. Epilepsy with myoclonic-atonic seizures
was most frequently (i.e., more than one patient) as-
sociated with pathogenic variants in CHD2, SLC2A1,
and SLC6AI: epilepsy with eyelid myoclonia in CHD2
and SYNGAPI: epilepsy with myoclonic absences in
CHD2 and SLC2A1: progressive myoclonic epilepsy in
SEMAG6B: JAE in SETDI1B, and JME in GABRA2 (Table 1,
Figure 3).

A minority of patients (n=25, 16%) did not have in-
tellectual disability or other neurodevelopmental comor-
bidities, including patients with SLC2A1 (n=4), SCN1A
(n=3), GABRA2 (n=2), GABRG2 (n=2), and SETDIB
(n=2) pathogenic variants (Figure 2). These patients
with favorable neurodevelopmental outcomes had higher
age at seizure onset (mean 56 vs 38 months, p=.039). We
found significant univariate associations between intellec-
tual disability and other neurodevelopmental comorbidi-
ties and early absence onset (p=.002), absences associated
with myoclonic components (p=.045), drug resistance
(p=.003), slow EEG background (p=.017), early devel-
opmental delay (p<.001), and abnormal neurological
examination (p<.001). Syndromic classification was also
associated with neurodevelopmental outcomes, which
were worse in epilepsy with myoclonic-atonic seizures,
epilepsy with eyelid myoclonia, epilepsy with myoclonic
absences, CAE, Dravet syndrome, progressive myoclonic
epilepsy, and unclassified syndromes, whereas better out-
comes were linked to JAE, JME, and GEFS+ (p<.001).
With logistic multivariate regression analysis, we con-
firmed early developmental delay, drug-resistant epilepsy,
and early absence onset as independent predictors of un-
favorable outcomes (Table 3).

3.7 | Novel genes associated with
absence seizures

We identified four genes—HESXI1, NCKAPI1, SON, and
STARD9—not previously associated with absence sei-
zures, including one (STARDY) with limited evidence for
epilepsy and not yet included in the Online Mendelian
Inheritance in Man (OMIM).

HESX]1 is a member of the paired-like class of ho-
meobox genes, essential for early differentiation of the
forebrain and adenohypophysis. The first homozygous
HESX1 pathogenic variant in humans (R160C) was de-
scribed in two siblings of consanguineous background
with septo-optic dysplasia.'”” Subsequently, different
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FIGURE 2

autosomal dominant and recessive variants have been
described in this gene, with phenotypes ranging from iso-
lated growth hormone deficiency to combined pituitary
hormone deficiencies and septo-optic dysplasia with-
out clear genotype-phenotype correlation. Generally,
heterozygous variants produce milder phenotypes,
with isolated growth hormone deficiency and an un-
descended posterior pituitary, although some forebrain
abnormalities have been reported. Penetrance is highly
variable.”> Our patient had a heterozygous frameshift

Intellectual disability and other neurodevelopmental comorbidities across genetic etiologies.

HESX1 variant (NM_003865.2:¢.305_306delAG; p.Glu-
102Valfs*5), inherited from a healthy father. The variant
is reported in 6 of 1613664 alleles (with no homozy-
gotes) in the gnomAD database (v4.1.0). The variant is
predicted to undergo nonsense-mediated RNA decay
(NMD) and is classified as likely pathogenic (ACMG cri-
teria: PVS1, PM2).

The patient began experiencing absence seizures at
26months, initially not controlled with ethosuximide,
but is now (age 7years) seizure-free on valproate and



BALESTRINI ET AL.

* LEpilepsia

GEFS+4 °
PME - ®
= [ ] ® L ] ® [ ] L [ ] [ ] (]
_ c::0c000:-0000-@Q
E IME - ®
]
c%' DS 2
=
1]
‘= EMA ® o ® H e
3
& EEM- = . o e o @ &
2
M EMAs e @ . . e @ e @
JAE ® o .
CAE - e ® ® * ®

T T T T T T T T T T T T T T T T T T 1
ARRUIRNIN O *) SO ® W
.k\ * N l\ . ({\ ARl g RO
> b > (\ i \‘ «z» \?~ &b W oV
ey o“’@%% $FF TN C NP
(. =
Genes (number of patients)

FIGURE 3 Electroclinical syndromes across genetic etiologies.

TABLE 2 Genetic etiology and treatment efficacy.

DRE (%) BDZ CBD CBZ CNB ETS FFA HCT KD

ATP1A3 (n=2) 100% 1(0%) - - - 2(50%) - - -
CACNAIA (n=4) 50% 1(0%) - - - 4 (25%) - - -
CHD2 (n=11) 91% 9 (44%) - 1(0%) - 5 (60%) 10%) - 2(0%)
GABRA2 (n=2) 0% 2 (100%) - = = 2 (100%) = = -
GABRG2 (n=4) 50% 2 (50%) - - - 2 (100%) - - -
KIF1A (n=2) 0% - - - - 1(0%) - - =
KMT2E (n=2) 50% 1 (100%) - - - 2 (100%) - 1(100%) -
NEXMIF (n=5) 80% 5 (40%) - 2(0%) - 4(0%) - - =
NUS1 (n=2) 0% - - - - - - - -
RORB (n=4) 50% 3(0%) = 1(0%) = 3(33%) = 2(0%) =
SCNIA (n=11) 55% 6 (83%) 2(00%)  3(0%) - 9 (78%) 5(80%)  2(0%) 3(0%)
SCNBSA (n=4) 75% 1(0%) - 1(100%) - 2 (100%) - - -
SEMAG6B (n=3) 67% 2 (50%) - - - 1 (100%) - 1(100%) -
SETDIB (n=7) 29% 3(0%) - - - 5 (80%) = = =
SLC2A1 (n=28) 36% 11 (54%) - 2(0%) - 17 (88%) - - 16 (75%)
SLC6A1 (n=17) 53% 8 (50%) - 2(0%) = 11 (73%) = 3(33%)  1(0%)
SYNGAPI (n=15) 60% 7(71%) 1(100%) - - 9 (55%) - 1(0%) -
WDR45 (n=2) 100% 1(100%) - - - 1 (100%) - - -
Others (n=37) 49% 20 (40%) 5(20%) 3(33%)  1(100%) 29 (65%) - 5(60%)  1(0%)

Note: Each row represents a specific genetic etiology. The first column shows the proportion of patients with drug-resistant epilepsy. The remaining columns
indicate the number of patients who tried each treatment, with the percentage of those where treatment was effective shown in parentheses.

Abbreviations: ASMs, antiseizure medications; BDZ, benzodiazepine; CBD, cannabidiol; CBZ, carbamazepine; CNB, cenobamate; ETS, ethosuximide; DR,
drug resistance; FFA, fenfluramine; HCT, hydrocortisone; KD, ketogenic diet; LCS, lacosamide; LEV, levetiracetam; LTG, lamotrigine; n, number; NA, not
available; PB, phenobarbital; PHT, phenytoin; RUF, rufinamide; STP, stiripentol; TPM, topiramate; VPA, valproate; ZNS, zonisamide.
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clonazepam, has mild intellectual disability, and normal
brain MRI. Epilepsy has been reported in septo-optic-
pituitary dysplasia,”® but a specific association with ab-
sence seizure is novel.

The NCKAPI gene (also known as NAPI) encodes for
a protein that regulates neuronal cytoskeletal dynam-
ics and is essential for neuronal differentiation in the
developing brain. Heterozygous de novo and inherited
disruptive rare variants in NCKAP1 have been associ-
ated with neurodevelopmental disorders, with a core
autism spectrum disorder phenotype. Additional fea-
tures include language and motor delay, and variable
degrees of intellectual disability. Seizures or epilepsy
have been reported in only three individuals without
further details.*® Our patient has a de novo heterozygous
missense NCKAPI variant (NM_205842.3:c.2591A>G;
p.His864Arg). The variant is reported in 1 of 1457648
alleles (with no homozygotes) in the gnomAD database
(v4.1.0) and involves an amino-acidic residue located in
a position highly intolerant to missense substitutions

Epilepsia

according to Metadome (https://stuart.radboudumec.
nl/metadome). The ¢.2591A>G variant results in the
p-His864Arg amino-acidic substitution predicted to be
damaging and classified as likely pathogenic (ACMG
criteria: PS2, PM2, PP3). Our patient had absence onset
at 17months, followed by generalized tonic-clonic sei-
zures. Borderline cognitive function and a behavioral
disorder were present at last follow-up at age 3years. He
is seizure-free on valproate, ethosuximide, and clonaze-
pam polytherapy.

The SON gene encodes for a key component of the
spliceosomal complex and a critical mediator of consti-
tutive and alternative splicing. De novo SON pathogenic
variants cause a severe multisystem disorder (Zhu-
Tokita-Takenouchi-Kim syndrome), with developmen-
tal delay, persistent feeding difficulties, and congenital
malformations, also including abnormal gyral pattern,
ventriculomegaly, Arnold-Chiari malformation, arach-
noid cysts, loss of periventricular white matter, and cor-
pus callosum and cerebellar hypoplasia.”* Epilepsy or

LCS LEV LTG PB PHT RUF STP TPM VPA ZNS

- - - - - - - - 2 (50%) -

= = 3(67%) = = = = = 4(75%) =

- 7(0%) 5 (40%) 2(0%) 100%) - - 2(0%) 11 (55%) 2 (50%)
= = = = = = = = 2 (100%) =

- 1(0%) 1 (100%) - - - - 1(0%) 3(67%) -

= = = = = = = = 2 (100%) =

- - - - - 1 (100%) 1(100%) - 1 (100%) -
1(0%) 5(0%) 3(33%) = = 1 (100%) 1 (100%) = 4(100%) =

- 2(0%) - - - - - - 2 (100%) -

= 1(0%) 2(0%) = = = 1(0%) 1(0%) 4(50%) 1(0%)
- 2(0%) 2.(50%) 1(0%) - - 5 (100%) 3(0%) 10 (80%) 3(33%)
1(0%) 2 (50%) 1(0%) 1(0%) = = = 1 (100%) 3(0%) =

- 1(0%) 1(100%) 1(100%) - - 1(100%) 1(0%) 2 (100%) -

= 2.(50%) 2 (100%) = = = = = 6 (83%) =

- 9 (0%) 10 (60%) 2(0%) - - - 2(0%) 24 (79%) -

0 4 (50%) 8 (37%) = = 2(0%) 1(0%) 2 (0%) 16 (87%) 1 (100%)
- 7(0%) 6 (50%) - - 1(0%) 2 (100%) - 14 (57%) -

= 1(0%) = = = = = 1 (100%) 1 (100%) =
3(0%) 19 (5%) 9 (44%) 6 (50%) - 5 (20%) 2 (50%) 7 (0%) 34 (68%) 6 (17%)
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febrile and afebrile seizures have been reported in about
50% of affected individuals, with onset between 1 and
6years, but no further details are available.***> Our pa-
tient had a heterozygous SON in-frame deletion variant
(NM_032195.3:¢.3153_3179del; p.Pro1052_Ser1060del).
The variant causes an in-frame deletion of 9 amino acids
in a SON non-repeat region that is intolerant to variations
according to Metadome (https://stuart.radboudumc.nl/
metadome/). The variant is also present in the patient's
sister, presenting with mild intellectual disability and sco-
liosis. Parental DNA was unavailable because both sisters
were adopted. The variant is reported in 54 of 1613166
alleles (with no homozygotes) in the gnomAD database
(v4.1.0). We classified the variant as likely pathogenic
(ACMG criteria: PM2, PM4, PP4). Our patient began
experiencing febrile and afebrile convulsive seizures
at 30months, and atypical absences at 36 months. Her
brain MRI (age 9years) showed an arachnoid cyst of the
interpeduncular-prepontine cistern, causing splaying of
the cerebral peduncles and oculomotor nerves. At last fol-
low-up at age 10years, she had borderline cognitive func-
tion, ADHD, and was seizure-free on ethosuximide and
lamotrigine. She has mild scoliosis and congenital bilat-
eral esotropia, which was surgically corrected.

The STARD9 gene encodes for the StAR-related lipid
transfer domain-containing protein 9, also known as
KIF16A-related kinesin-like protein, and belonging to
the kinesin superfamily proteins (Torres et al., 2011).
This protein is conserved in vertebrates and contains a
kinesin motor domain, the forkhead-associated (FHA)
domain, and the StAR-related lipid-transfer (START)
domain. STARD9 is ubiquitously expressed in almost
all tissues including skin, heart, and brain. STARD9 is
not yet mentioned in the OMIM database, but a patient
with severe intellectual disability, epilepsy, acquired mi-
crocephaly, and blindness was reported with a homozy-
gous frameshift pathogenic variant in this gene.?® Her
seizures occurred on awakening, with occasional distal
jerking and were controlled on medication. Brain MRI
was normal. Depletion of STARD9 or overexpression of
C-terminally truncated STARD9 mutants induce spindle
assembly defects in cultured human cells*’; accordingly,
mitotic defects were found in the patient's lymphoblast
cells, including multipolar spindle formation, pericen-
triolar material fragmentation, and centrosome ampli-
fication.”® Our patient is compound heterozygous for
two missense variants (NM_020759.3:¢c.2080C>T; p.Le-
u694Phe & NM_020759.3:c.10225A>G; p.Met3409Val).
The STARD9 gene is inferred to follow a recessive pat-
tern of inheritance according to the DOMINO tool
(https://domino.iob.ch/). The c.2080C>T variant, in-
herited from the mother, is reported in 5 of 1384492 al-
leles (with no homozygotes), whereas the c.10225A>G

variant, inherited from the father, is reported in 117 of
1384946 alleles (with no homozygotes) in the gnomAD
database (v4.1.0). Given that STARD9 is not currently
established as a disease-associated gene, it is considered
a gene of uncertain significance (GUS). Consequently,
ACMG variant classification is not applicable to the
identified variants. Our patient experienced febrile sei-
zures at age 14months, followed by atypical absence
seizures at 36months, including absences with eye-
lid myoclonia and negative myoclonus. Her EEG was
consistent with EE with spike-wave activation in sleep
(EE-SWAS), which improved following hydrocortisone
treatment. Her seizures were then controlled with etho-
suximide and valproate. Developmental progress was
not significantly delayed and head circumference was
normal, but minor facial dysmorphisms were present.
EEG showed a photoparoxysmal response. Brain MRI
was normal. At last follow-up at age 9years, the girl was
seizure-free and off antiseizure treatment, and had bor-
derline intellectual function, ADHD, and expressive lan-
guage difficulties.

4 | DISCUSSION

This study of 160 patients with genetically confirmed epi-
lepsy with absence seizures highlights the heterogeneous
clinical and genetic context in which absence seizures
may appear, and how relevant a broad phenotypic recog-
nition is in guiding genetic testing.

Although absence seizures are classically associated
with IGEs, particularly CAE, JAE, and JME, our findings
demonstrate that they frequently occur in the context of
multiple monogenic conditions, with over two-thirds
of our cohort falling within the DEE/EE spectrum. The
semiology of absence seizures often extended beyond
the typical brief behavioral arrest and included features
such as eyelid myoclonia, other myoclonic components,
and automatisms. Atypical EEG features, including back-
ground slowing and irregular spike-and-wave discharges,
were also common, diverging from the classical 3Hz gen-
eralized spike-and-wave ictal pattern of IGEs. These find-
ings emphasize the need for clinicians to maintain a high
index of suspicion for monogenic etiologies when absence
seizures present with early onset, atypical clinical, and/
or EEG features, and when associated with developmental
delay or drug resistance.

Insights from genetic animal models of absence epi-
lepsy, such as genetic absence epilepsy rat from Strasbourg
(GAERS) and Wistar Albino Glaxo from Rijswijk (WAG/
Rij) rats, support a major role of thalamo-cortical circuitry
in absence generation. These models demonstrate sponta-
neous spike-wave discharges with high predictive validity
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TABLE 3 Multivariable logistic
regression model analyzing the
association with unfavorable
neurodevelopmental outcome as outcome
variable.

Variable

Drug-resistance

Early absence onset

Developmental delay

Constant

Epilepsia*

95% confidence
Odds ratio Z p-value interval
5.6 3.08 .002 1.878-16.960
3.3 2.29 .022 1.191-9.331
1.6 2.33 .020 1.073-2.251
.84 —.44 .657 .388-1.819

Note: Pseudo R*=.2228.

to human absence seizures.”® There is evidence that ep-
ileptiform abnormalities originate within the thalamo-
cortical system, with seizure initiation in the deep layers
of the somatosensory cortex (S1), and subsequent rapid
generalization via cortico-thalamic and intracortical path-
ways.” Our findings indicate that a wide range of genetic
alterations can converge on a common pathophysiological
mechanism involving this network, which would under-
lie the shared absence seizure phenotype across different
genetic disorders. Despite genetic diversity, convergence
of absence seizures toward a relatively consistent clini-
cal and EEG phenotype suggests that diverse molecular
disruptions may all impair the thalamo-cortical network
during development, and that absence seizures in child-
hood may represent a final common age-dependent ex-
pression of multiple distinct pathogenic mechanisms.
Neuroimaging was unremarkable in the majority of our
cohort, suggesting that such impairment is not caused by
structural abnormalities in most cases. Absence seizures
occur predominantly in childhood, with earlier onset
often observed in monogenic etiologies and later onset
in presumed oligogenic or polygenic forms. In our mono-
genic cohort, we observed a high proportion with drug-
resistant epilepsy, including the persistence of seizures
into adulthood.

We identified 56 distinct monogenic etiologies,
with SLC2A1, SYNGAPI1, SLC6A1, SCN1A, CHD2, and
NEXMIF being the most frequently implicated genes
(n>4). However, many other genes were rare or unique.
We identified four genes—HESX1, NCKAP1, SON, and
STARD9—not previously associated with absence sei-
zures, one of which (STARD9) is not currently included
in the OMIM database. These novel gene associations ex-
pand the known genetic architecture of absence epilepsy
and further support the concept that absence seizures can
emerge from diverse molecular mechanisms converging
on shared neurodevelopmental pathways. Inclusion of
these novel associations highlights the value of compre-
hensive genetic screening and phenotype-driven variant
interpretation, particularly when clinical features are
atypical or syndromic.

Over half of the patients could not be classified
within the current ILAE syndrome framework,14 illus-
trating the limitations of existing classification systems,

or any effort to define a syndromic framework, in the
context of genetic epilepsy. These limitations underscore
the need for evolving classification models that incor-
porate genetic data alongside traditional electroclinical
features, especially as NGS becomes increasingly used
in clinical practice. Our cohort includes a continuum
of epilepsy phenotypes, ranging from classical IGEs
syndromes to the most varied DEE/EE spectrum. Yet,
they could all still be classified under the controversial
umbrella of GGE.! A large genome-wide association
study identified 19 “GGE” loci*® with a strong contri-
bution from common genetic variation. When analyz-
ing individual syndromes, that study found that up to
90% of liability is attributable to common variants in the
JAE subtype, making it among the highest of over 700
traits reported in a large genome-wide association study
(GWAS) atlas.* These findings suggest that absence sei-
zures exist along a continuum from monogenic to poly-
genic etiologies, further challenging strict dichotomies
in current classifications.

The concept of a rigid, “pure IGE” group risks over-
looking its underlying biological biodiversity, thereby
hindering our understanding of the full clinical spec-
trum, pathophysiologic mechanism, and potential ther-
apeutic approaches.”* We acknowledge that, considering
the population of patients with absence seizures at large,
our cohort is likely biased toward individuals with more
severe phenotypes, developmental comorbidities, and/or
drug resistance, as genetic testing was typically pursued
in these contexts. This ascertainment bias partly explains
the relatively low representation of CAE and JAE in our
study, and therefore the high proportion of DEE and poor
developmental outcomes should not be generalized to all
individuals with absence seizures. The Epi25 analysis of
over 9000 epilepsy individuals and 8000 controls showed
the strongest enrichment of ultra-rare deleterious variants
in DEEs, with more modest enrichment in GGE and the
lowest in non-acquired focal epilepsies, and no single gene
reaching exome-wide significance in GGE.** These find-
ings reinforce that although absence seizures can occur in
monogenic epilepsies, such cases represent a minority of
all GGEs.

Some well-defined disorders such as Dravet syndrome,
showed consistent genotype-phenotype alignment.
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However, other syndromes, such as epilepsy with myoc-
lonic-atonic seizures and epilepsy with eyelid myoclo-
nia, were genetically heterogeneous. In some instances,
the clinical presentation may suggest a specific genetic
etiology: for example, early-onset absences, along with
ataxia, epilepsy with myoclonic-atonic seizures, and
exercise-induced dyskinesia are characteristic of GLUT1
deficiency syndrome.'®**** Similarly, eyelid myoclonia,
myoclonic-atonic seizures, eating-induced reflex sei-
zures, and photosensitivity in the context of a DEE may
point toward pathogenic variants in SYNGAP1.’** On the
other hand, some electroclinical syndromes featuring ab-
sence seizures may be recognizable despite an unknown
or heterogeneous genetic basis, for example, epilepsy
with myoclonic-atonic seizures.®® Despite being classi-
cally associated with atypical absences, no patients with
Lennox-Gastaut syndrome were included in our cohort,
possibly reflecting cohort selection, referral patterns, and
the low rate genetic diagnosis currently achieved in this
condition.">*

A significant proportion of patients in our cohort
exhibited neurodevelopmental comorbidities (84%)
and drug-resistant epilepsy (54%). Early developmental
delay, syndromic classification, and drug resistance were
identified as independent predictors of cognitive and
developmental impairment, whereas absences seizures
only vs multiple seizure types was not associated with
outcomes. These findings provide clinicians with im-
portant early red flags that should prompt comprehen-
sive developmental assessment and genetic testing. A
small subset of patients (16%) had favorable neurodevel-
opmental outcomes, particularly those with later seizure
onset. Even in CAE, considered to be a “benign” disor-
der usually outgrowing epilepsy by adolescence, unfa-
vorable psychosocial outcomes have been reported when
compared with another chronic medical illness or with
self-limited epilepsy with centrotemporal spikes (e.g.,
rates of high school dropout, unplanned pregnancy, psy-
chiatric disorder, unskilled work, or unernployed).“o’41

Although traditional ASMs such as valproate and
ethosuximide were commonly used and often effec-
tive in controlling absence seizures, more than half of
the cohort remained drug-resistant at last follow-up,
with ongoing absence and/or other seizures. Disease-
specific therapies—such as ketogenic diet in SLC2A1-
related epilepsies®* and stiripentol or fenfluramine in
SCN1A*** _—were effective in those select cases. This
specificity highlights the potential of precision medicine
approaches to improve outcomes in monogenic epilep-
sies and further supports early genetic testing, although
treatment specific to the underlying pathophysiological
mechanisms is still available only for a minority of ge-
netic epilepsies.*

This study benefits from a large, multicentric design,
systematic phenotyping, and strict inclusion criteria based
on EEG-recorded absences and confirmed monogenic di-
agnoses. However, it is limited by its retrospective nature,
potential referral bias toward more severe phenotypes,
and the limited longitudinal follow-up for neurodevel-
opmental outcomes. Moreover, the exclusion of patients
with variants of uncertain significance may have underes-
timated the contribution of some genes.

5 | CONCLUSIONS

Our findings demonstrate that absence seizures are a
frequent but clinically and genetically heterogeneous
feature of monogenic epilepsies, often associated with
broader neurological and developmental abnormalities.
Early onset, atypical electroclinical semiology, develop-
mental delay, and drug resistance should prompt con-
sideration of a genetic diagnostic work-up to facilitate
early diagnosis, syndrome clarification, and the adop-
tion of more appropriate or even precision treatment
strategies.
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