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Status epilepticus is a life-threatening medical condition which requires immediate diagnosis and treatment.
In children, it may be a recurrent manifestation in the context of heterogeneous severe developmental genetic en-
cephalopathies, as well as the first neurological manifestation. Mutations in several genes have been consistently
associated with status epilepticus despite none of them can be considered as ‘pure’ Mendelian status epilepticus
gene. Most genetic conditions featuring status epilepticus can be assigned to specific phenotypic subgroups, in-
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Epilepsy and childhood syndromes. Next generation sequencing (NGS) has increased the number of genes associated

Next generation sequencing with, and improved the turnaround time for molecular diagnosis of, status epilepticus, allowing more timely
Gene and rationale management choices for specific conditions. Next generation sequencing might become part of
Mutation the standard of care in the near future for a large subset of patients with status epilepticus, especially in early
life. At present, trios whole exome sequencing, with a first analysis of point and copy number variants of an in silico
panel containing ‘status epilepticus’ genes might represent best choice as it would allow a rapid screening.
This article is part of the Special Issue “Proceedings of the 7th London-Innsbruck Colloquium on Status Epilepticus

and Acute Seizures"

© 2019 Published by Elsevier Inc.

1. Genetic causes of status epilepticus

Status epilepticus (SE) is an important target for genetic studies. The
range of known causes of epilepsy which characteristically result in SE dif-
fers considerably from the range of genes causing genetic epilepsies in
which SE is absent or an occasional feature. Status epilepticus can thus
be considered not just only a more severe form of an ordinary seizure dis-
order but also one that may be favored by a particularly low seizure
threshold, or involve different networks, pathways, biochemical or phys-
iological processes, and mechanisms governing epileptogenesis and its
self-sustaining mode [1].

Genetic mutations associated with SE have been recently listed in a
comprehensive report [1] which reviewed all available literature
where SE had been specifically mentioned as a consequence of the
mutation in standard genetic databases, in case reports, or in review ar-
ticles. Although 122 genes were identified whose mutations have been
consistently associated with SE (i.e., in which SE is a characteristic,
specific, or common feature), none of the genes could be considered

Abbreviations: BENS, benign familial neonatal seizures; CGH, comparative genome
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as ‘pure’ Mendelian SE gene. Most genetic conditions featuring SE
can be assigned to specific phenotypic subgroups, including cortical
dysplasias, inborn errors of metabolism, mitochondrial diseases, or epi-
leptic encephalopathies and childhood syndromes. Almost all the genes
associated with SE are involved in infantile- or childhood-onset forms
and are associated with intellectual disability. Only a minority of genes
are associated with adult-onset status [1].

Arelatively large number of genes cause epileptic encephalopathies or
more specific epilepsy syndromes that are strongly associated with SE
(Table 1). Epileptic encephalopathies are often accompanied by
prolonged periods of electrographic SE in most individuals. However,
the causative genes may also be associated with much less severe
conditions, with clinical or electrographic signs of SE. For example, the
KCNQ2 gene was initially associated with benign familial neonatal sei-
zures (BFNS) [5] and subsequently with a form of early-onset epileptic
encephalopathy [6].

There are various genetic inborn errors of metabolism and other con-
genital conditions strongly associated with SE (Table 2). For some of these
conditions, early diagnosis is of great importance as a specific treatment
option is available. These treatable conditions include GLUT1 deficiency;
disorders of creatine and serine biosynthesis, pyridoxine metabolism, fo-
late transport and metabolism, and nonketotic hyperglycinemia; molyb-
denum cofactor deficiency; Menkes disease; and Wilson disease.

Mitochondrial gene defects are frequently associated with SE
(Table 3). Most patients harbor mutations in nuclear genes causing
multiple respiratory chain defects as is observed in the disorders of
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Table 1
Epileptic encephalopathies and syndromes reported to be strongly associated with status
epilepticus.

Disorder Gene

Migrating malignant partial seizures of infancy KCNT1
Ohtahara syndrome; west syndrome other undefined early onset EE STXBP1
Neonatal onset EE KCNQ2
Infantile onset EE SCN2A?
Infantile onset EE SCN8A®

Infantile onset EE CDKL5

Dravet syndrome SCN1A?
PCDH19-related disorder PCDH19
Infantile onset EE CHD2
Infantile onset EE DNM1
Infantile onset EE GABRB3

EE = epileptic encephalopathy.
2 Early diagnosis in these conditions may entail treatment decisions that may reduce
the number of episodes of status epilepticus [2-4].

mitochondrial Deoxyribonucleic acid (DNA) maintenance because of
mutations in the POLG, PEO1, RRM2B, and MTTL1 genes [7].

Some genes which, when mutated, cause cortical dysplasia and
other structural brain abnormalities, are strongly associated with SE
(Table 4). Status epilepticus can also be caused by other genetic mecha-
nisms including chromosomal abnormalities, such as ring chromosome
20 [8], 4p deletion, 7q11.23 deletion, 1p36 deletion, and inv dup
chromosome 15 [9-11] (Table 5).

2. Next generation sequencing

The advent of next generation sequencing (NGS) has considerably
increased the number of genes associated with epilepsy and, as a conse-
quence, of those associated with SE. Several genes have been identified
not only through international collaborative efforts gathering large co-
horts of sporadic patients but also through the study of small cohorts.
The most successful NGS studies have been performed in sporadic pa-
tients with severe epilepsies (especially the early-onset epileptic en-
cephalopathies) using a trio analysis consisting of whole genome
sequencing (WGS) or whole exome sequencing (WES), sequencing of
the proband, and healthy parents [12].

The scenario of genetic diagnostic workflow has significantly
changed with the application of NGS, including WGS, WES, and gene
panel sequencing, making it possible to simultaneously sequence a

Table 2
Genes causing inborn errors of metabolism and other congenital conditions reported to be
strongly associated with status epilepticus.

Disorder Gene
Pyridoxal-5’-phosphate dependent epilepsies® PNPO
Pyridoxine-dependent epilepsy® ALDH7A1
Hyperprolinemia type II* ALDH7A1
Folinic acid responsive epilepsy® ALDH7A1
Folate transporter deficiency® FOLR1
Glucose transporter 1 deficiency® SLC2A1

Congenital disorders of serine metabolism
(phosphoserine aminotransferase deficiency)®
Congenital disorders of glycosylation

PSAT1, SLC1A4

PIGA, ALG3, ALG1, RFT1

Biotin thiamine disease® SLC19A3
Nonketotic hyperglycinemia AMT, GLDC, GCSH
Neuronal ceroid lipofuscinoses types 3 and 6 CLN3, CLN6
Ornithine transcarbamylase deficiency oTC
Citrullinemia type 11 SLC25A13
Biotinidase deficiency® BTD

Serine biosynthesis disorders® STK11

Glutaric acidemia type I ETFA, ETFB, ETFDH
Creatine synthesis defects® CT1, GAMT

Urea cycle disorders® PCK1

Menkes disease ATP7A
Molybdenum cofactor deficiency® MOCS1

¢ Treatable.

Table 3
Mitochondrial defects strongly associated with status epilepticus.

Disorder Gene

ADCK3, COX10, GTPBP3, PDHX,
PDSS2, PEO1, POLG, RRM2B,
SLC25A13, SLC25A22

Mitochondrial disorder due to nuclear
gene defects including Alpers
syndrome, often manifesting as
epilepsia partialis continua

Disorders due to mitochondrial gene
defects including MELAS and MERRF,
often manifesting as epilepsia
partialis continua

MTCO1, MTND4, MTND4, MTTF,
MTTK, MTTH, MTTL1,
MTTS1, MTTS2

MELAS = mitochondrial myopathy, encephalopathy, lactic acidosis, and stroke-like
episodes; MERRF = myoclonic epilepsy associated with ragged-red fibers.

large number of genes and to obtain, in a short time, a molecular diag-
nosis in an increasing number of patients. Whole genome sequencing
entails the sequencing of the entire genome with a uniform coverage.
Whole genome sequencing has therefore a higher chance to detect
structural rearrangements and copy number variants (CNVs). Whole
exome sequencing is less complex and expensive than WGS since
sequencing the coding regions only reduces wet-lab, computational,
and data storage costs. Whole exome sequencing is not limited to
selected genes, as for gene panels, but includes the coding of almost
all known human genes (about 20.000). However, although a broader
clinical use of WES would be desirable, there are yet limitations that
hamper its use as a clinical tool in several healthcare settings [13,14].
The WGS approach is largely confined to the research field although it
is being progressively considered as a diagnostic asset [15]. While
WES is now used as a diagnostic tool in many centers [16-18], gene
panel sequencing represents, at present, the most widely adopted
method for the clinical diagnosis of genetic disorders, offering a quicker
and cost effective approach to identify mutations. Indeed, several
commercial companies have developed gene panels and offer them
for molecular diagnosis [19].

2.1. NGS panels

The composition of custom-designed gene panels is largely variable,
both in the number of genes (from a dozen to several hundred) and in
the choice of targeted genes, according to whether they have been de-
veloped to study more specific phenotypes or broader disease catego-
ries. Of note, large panels may comprise genes with highly disparate
clinical presentations, and therefore be of use even in cohorts where
phenotypic characterization is scanty, but would be similar in cost to,
and not much different in turnaround times from, smaller panels. The
main advantage of custom panels resides in the possibility of designing
them to achieve complete control and the flexibility on the selection of
both genes and regions of interest to be sequenced, such as coding
sequences, untranslated regions (UTRs), promoter region, etc.

Prior to requesting a panel, a clinician should be aware of the panel's
performance statistics so that this can be reviewed with the patient and
family. In addition, many commercial panels will include NGS-based
testing for exon-level deletions and duplications. However, CNVs detec-
tion is not feasible with all platforms and protocols, and the clinician
should be aware of the benefits and weaknesses of the various methods.
A positive correlation exists between the number of genes included in

Table 4
Genes causing cortical dysplasia and other cerebral structural abnormalities strongly
associated with status epilepticus.

Disorder Gene

ADAR, AKT3, ARX, COL4A, FOXG1,
mTOR, PNKP, QARS, SPTANT, SRPX2,
ST3GAL5, TBC1D24, TSC1, TSC2,
GATOR1 complex genes

Disorders associated with structural
brain abnormalities including
hemimegalencephaly, cortical
dysplasia, tuberous sclerosis




R. Guerrini et al. / Epilepsy & Behavior 101 (2019) 106373 3

Table 5
Other genetic mechanisms associated
with status epilepticus.

Ring chromosome 20
1p36 del syndrome

4p- syndrome
Angelmann syndrome
Inv dup chromosome 15

an NGS panel and its diagnostic yield. However, as the number of se-
quenced genes increases, that of the identified variants scales up too,
resulting in higher complexity of both the bioinformatic filtering pro-
cess and genotype-phenotype interpretation [20]. This increasingly
laborious interpretation process may represent a major drawback
when a specific result may influence treatment choices or carry prog-
nostic implications, as it may be the case in some patients with SE.

Many targeted panels can provide 100% coverage of coding regions.
If the nucleotides are not completely covered, the laboratory may
Sanger “back-fill” the missing sequence to ensure full coverage.
In other instances, the coverage may not be 100% (although usually
quite close >97%), and the missing sequences cannot be interrogated.
This may still be an acceptable approach in relation to the specific
clinical queries and resources available. While some panels have a
targeted set of genes that are enriched prior to sequencing, others
may analyze only the genes of interest sequenced by exome sequencing,
and the laboratory will analyze only the selected genes. This option
might be particularly applicable to conditions with SE for example.
While an exome may also have less than complete coverage, should
the targeted genes be mutation-negative, there may be a benefit to re-
analyze the entire exome on a research basis for novel gene discoveries
[21]. A possible strategy is to perform WES followed by a flexible in silico
gene-panel definition based on the human phenotype ontology terms
(HPO terms) observed in the patients [22,23]. However, exome se-
quencing usually results in only 90-95% of the targeted exons having
sufficient depth of coverage to accurately call variants [24]. A well-
developed custom gene panel would offer a better coverage of the
targeted genes of, or near to, 100%, and this outweighs, at present,
WES potential benefits in a diagnostic setting [25]. The different cover-
age that a targeted panel or WES can provide should also be taken into
account for management purposes. For example, a gene panel with a
limited number of “actionable or treatable” genes (Table 2) covered
at 100% might represent the first choice for critically ill patients
manifesting severe and potentially progressive complex phenotypes,
including SE, and requiring rapid decision-making or benefiting even
indirectly from crucial management choices (Table 1). Should this
panel fail to provide useful information, a larger panel, or a WES
approach, would be the subsequent option.

There are some instances in which the patient's phenotype appears
to be associated with a specific gene. For example, the major contribu-
tion of SCN1A to Dravet syndrome, and the syndrome's actual genetic
homogeneity, should still suggest that in patients with a convincing
phenotype, this gene be involved even when genetic testing proved
negative, especially if it was performed some time ago. It is therefore
likely that considering the improved yield of SCN1A-related diagnostic
procedures, which have evolved from mutation screening methods to
NGS [26], the contribution of genomic rearrangements [27], somatic
mosaicism [28], and poison exon mutations [29], we are not far from
detecting SCN1A abnormalities in all patients with the core Dravet
syndrome phenotype. This end goal can only be achieved using a
diagnostic approach suitable for revealing the molecular mechanisms
mentioned above.

2.2. Whole exome sequencing and whole genome sequencing

The diagnostic yield of WES for suspected monogenic diseases
ranges from 22 to 31% but depends on several factors including

phenotype (with early age of onset, consanguinity, or recurrence in
sibling considerably raising the rate of positive findings) and the se-
quencing strategy used (trios analysis for de novo mutations; quartets
analysis for recessive or compound heterozygous conditions) [30].
In the epilepsies of suspected genetic origin, the yield of WES ranges
from 17% to 72% [12].

The costs of WES and WGS continue to decrease, making access to
these approaches available to a wider population. Studies on cost
effectiveness of comparative genome hybridization (CGH)-array, WES
versus panel testing, and single gene testing show that trio-WES has a
higher diagnostic rate and is best performed early in the diagnostic
odyssey [31,32].

In the near future, the routine use of WES would be expected to
transition to the routine use of WGS. There are definite advantages
to WGS, including CNVs detection, a more uniform coverage across
the genome and, with advancing technologies, a deeper coverage to
detect mosaicism.

Both WES and WGS have proven highly useful in the early diagnosis
of severe infantile neurodevelopmental disorders. In particular, studies
conducted by different groups in neonatal intensive care units in
newborn infants with severe conditions, some of which featuring SE
or severe seizures, have shown that rapid WES or WGS can provide a
diagnosis for as many as half of acutely ill infants informing manage-
ment and reducing costs in around 50% of those to whom a diagnosis
is returned [33-37].

3. Conclusions

Considering how relevant health and cost issues implications are for
early SE and how frequently genetic etiologies underlie it, it is to be
expected that NGS methodologies will become part of the standard of
care in the near future for this category of patients. The ideal would be
to conduct a pilot study capable of producing an exact measure of the
costs/benefit balance when SE is a main presenting manifestation and
in relation to the specific NGS methodology used. Trios WES, with a
first analysis of point and CNVs of an in silico panel containing the
‘status epilepticus’ genes indicated in Tables 1 to 4, represents, in our
opinion, the best choice at present as it would allow a rapid screening
of known genes. Subsequently, the analysis will be extended to genes
not usually associated with SE, if necessary.
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