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Genetic Basis of Early-onset Developmental and Epileptic

Encephalopathies
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Developmental and epileptic encephalopathies are the most devastating early-onset epilepsies, characterized by early-onset sei-
zures that are often intractable, electroencephalographic abnormalities, developmental delay or regression, and various comor-
bidities. A large number of underlying genetic variants of developmental and epileptic encephalopathies have been identified over
the past few decades. However, the most thorough sequencing studies leave 60-65% of patients without a molecular diagnosis.
This review explores the genetic basis of developmental and epileptic encephalopathies that start within the first year of life, in-
cluding Ohtahara syndrome, early myoclonic encephalopathy, epilepsy of infancy with migrating focal seizures, infantile spasms,
and Dravet syndrome. The purpose of this review is to give an overview and encourage the clinicians to start considering genetic
testing as an important investigation along with electroencephalogram for better understanding and management of develop-

mental and epileptic encephalopathies.
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INTRODUCTION

Developmental and epileptic encephalopathies (DEEs) are a rare heteroge-
neous group of neurodevelopmental disorders, characterized by early-onset sei-
zures that are often intractable, electroencephalographic abnormalities, develop-
mental delay or regression, and various comorbidities [1-3]. Previous studies
showed that one-third of children presenting with epilepsy before the age of three
are medically intractable and 36% of epilepsy beginning before the age of two
manifest as epileptic encephalopathy [4,5]. A growing number of genetically de-
termined forms of DEEs have been identified over the past few decades [6]. The
underlying genetic etiology is not only associated with frequent epileptic activity
but also with a developmental delay because their onset coincides with crucial
neurodevelopment [6,7]. Large-scale research has been uncovering numerous
genes associated with DEEs, using chromosomal microarrays, whole exome se-
quencing (WES) and whole genome sequencing (WGS) [8,9]. However, the most
thorough sequencing studies leave 60-65% of patients without a molecular diag-
nosis [9]. In contrast, in smaller studies of neonates and infants with epileptic en-
cephalopathy, 80% or more of the patients had a genetic cause [10,11], which im-
plicates the importance of patient selection and diagnostic methods. Here, we re-
viewed causative genes for early-onset DEEs including Ohtahara syndrome, early
myoclonic encephalopathy (EME), epilepsy of infancy with migrating focal sei-
zures (EIMFS), infantile spasms (West syndrome), and Dravet syndrome that start
within the first year of life. The purpose of this review is to help increase recogni-
tion of early-onset DEEs and encourage the clinicians to start considering genetic
testing as an important investigation along with an electroencephalogram for bet-
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ter understanding and management of DEEs.

AVAILABLE GENETIC TESTING AND
DIAGNOSTIC YIELD

The first recognition of a genetic cause for an epileptic en-
cephalopathy was in 2001, with the finding of de novo SCN1A
variants in Dravet syndrome patients [12]. Genetic testing for
DEEs includes karyotype, chromosomal microarray (CMA),
single-gene sequencing, panel sequencing, whole exome se-
quencing, and whole genome sequencing. Karyotype may be
useful in cases with dysmorphism, multi-organ involvement,
and epilepsy and can help to identify rearrangements such as
translocations, aneuploidy, or ring chromosome [13,14]. Di-
agnostic yield of karyotype remains unclear in DEEs. Copy
number variation is an important molecular cause of epileptic
encephalopathy, with the diagnostic yield from chromosomal
microarray ranges from 5% to 16% [15-17]. Single gene se-
quencing may be useful when the phenotype suggests a specif-
ic syndrome such as Dravet syndrome, tuberous sclerosis com-
plex, or GLUT-1 transporter defect [13,14]. The diagnostic yield
of single gene sequencing depends on genes tested. When the
clinical presentation is undifferentiated and there is phenotyp-
ic variability, gene panels and whole exome sequencing are the
preferred and more efficient tools than single gene sequencing
[6]. Gene panels may allow for the sequencing of hundreds of
genes at once via next-generation sequencing, and their overall
yield is between 15% and 25% in epileptic encephalopathies
[14,18]. The number of genes included in gene panels ranges
from 38 to 327, and whether including more genes would in-
crease the yield of gene sequencing remains unclear, as 93% of
genetically diagnosed patients were identified using 38-gene
panels [19]. When whole exome sequencing is performed ear-
ly in diagnostic evaluation in conjunction with trio-testing, di-
agnostic yield ranges from 20% to 40% [13,14,18].

CAUSATIVE GENES FOR DEES

Table 1 summarizes the phenotype MIM number, gene, lo-
cation, inheritance, and protein function for DEEs. Several
studies uncovered the pathogenic role of genetic variants in-
volved in the synaptogenesis, pruning, neuronal migration
and differentiation, neurotransmitter synthesis and release,
structures, and functions of membrane receptors and trans-
porters [20,21]. In a recent study of 41 infantile-onset DEE pa-
tients, the seven most frequent pathogenic or likely pathogenic

http://isgm.kr

variants were KCNQ2, STXBP1, CDKL5, SCN1A, KCNT1, SC-
N2A, and SCN8A [22]. In another study of 105 patients with
epileptic encephalopathy who underwent genetic testing using
the Tllumina TruSight One panel, a diagnostic panel of 47 epi-
leptic encephalopathy genes, 30 out of 105 patients (28.5%)
were identified with pathogenic variants and likely pathogenic
variants in ALDH7A1, CACNA1A, CDKL5, FOXG1, GABRB3,
GRIN2A, KCNQ2, KCNQ3, PRRT2, SCN1A, SCN2A, SCN8A,
SYNGAP1, UBE3A, and WWOX [23]. In another study of the
68 infants with epileptic encephalopathy, 13 patients (19%)
were identified with pathogenic variants in 7 genes; SCN1A
was the most frequently affected gene accounting for 38.5%,
followed by STXBP1 (15.4%), CDKL5 (15.4%), KCNQ2 (15.4%),
ARX (7.7%), and SCN8A (7.7%) [24].

ELECTROCLINICAL CHARACTERISTICS AND
GENETIC ETIOLOGIES OF DEES

Ohtahara syndrome or early infantile epileptic encephalop-
athy with suppression-burst pattern is age-dependent epileptic
encephalopathy that usually occurs within the first 3 months
of age [20,25]. The most typical seizures are tonic spasms with
or without series formation, although other seizure types can
also be observed [20,26]. Electroencephalogram (EEG) shows
a continuous suppression-burst pattern, higher-voltage bursts
of slow waves mixed with multifocal spikes and alternate with
isoelectric suppression phase in both waking and sleeping
states [27]. Seizure patterns usually change with age, frequent-
ly evolve to West syndrome and further to Lennox-Gastaut
syndrome [28]. The most frequent genetic abnormalities are
found in STXBPI (~30%), KCNQ2 (~20%), SCN2A (~10%);
less common genetic variants are found in AARS, ARX, BRAT1,
CACNA2D2, GNAO1, KCNT1, NECAP1, PIGA, PIGQ, SCN8A,
SIK1, GABRAI, and SLC25A22 [29,30].

Early myoclonic encephalopathy

EME occurs within the first 3 months of age. Seizures are
characterized by fragmentary myoclonic jerks which shift typi-
cally from one part of the body to another in a random, asyn-
chronous pattern; other seizure types including tonic and focal
seizures may also be observed [29-31]. Typical EEG shows a
suppression-burst pattern like that seen in Ohtahara syndrome
which becomes more prominent in sleep and may evolve to
hypsarrhythmia in the middle to late infancy [25,32]. EME
persists for long periods without evolution, except for the oc-
casional transient phase of West syndrome, or changes into
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neuronal and endocrine homeostatic processes
Catalyzes the irreversible transamination of the L-tryptophan metabolite L-kynurenine to form kynurenic acid

Catalyzes the glucose-1-phosphate into UDP-glucose, a crucial precursor for the production of glycogen
Catalyzes the formation of UDP-alpha-D-glucuronate, a constituent of complex glycosaminoglycans

Serves as a scaffold protein for MADD and RAB3GA on synaptic vesicles and plays a role in the brain as a key controller of
Involved in chromosome cohesion during cell cycle and in DNA repair
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AR

16021
2p15

GOT2

618721

DEES82
DEES3
DEE84
DEES5
DEES6

AR

UGP2

618744
618792
301044
618910

AR

4p14
Xp11.22

UGDH
SMC1A
DALRD3

XLD
AR

A tRNA-binding protein that interacts with the methyltransferase METTL2 and facilitates METTL2-catalyzed m3C formation at position 32

3p21.31

in specific arginine tRNAs
In conjunction with its paralog CDK8 and other proteins, form a CDK module which regulates RNA polymerase Il and

618916 CDK19 6g21 AD

DEE87

transcriptional activity
Plays essential roles in the malate-aspartate shuttle and the tricarboxylic acid cycle, important in mitochondrial NADH supply for oxidative

618959 MDH1 2p15 AR

DEESS8

phosphorylation

Catalyzes the production of GABA
XLD  Microtubule-binding protein which directly binds tubulin and is involved in both polymerization and stabilization of microtubules

AR

2q31.1
Xq26.3-927.1

619124 GAD1

DEES9
DEEQO

FGF13

301058

AD, autosomal dominant; AR, autosomal recessive; XL, X-linked; XLD, X-linked dominant; XLR, X-linked recessive; SMo, somatic mosaicism.

partial or severe epilepsy with multiple independent spike foci
[25]. EME usually associated with inherited metabolic disor-
ders, such as nonketotic hyperglycinemia, organic acidemias,
Zellweger syndrome, and molybdenum cofactor deficiency [33].
In patients presenting as EME with negative metabolic workup,
the most common genetic variants are found in ERBB4, PIGA,
SETBP1, SIK1, and SLC25A22 [30].

Epilepsy of infancy with migrating focal seizures

EIMFS begins within the first 6 months of life. Migrating fo-
cal seizures occur usually in clusters lasting a few days followed
by a few weeks or months of recovery. Seizures are very fre-
quent within a cluster, and clusters increase in frequency with-
in the first 2 years of life. EEG is usually normal at onset;
spikes rapidly grow in frequency and develop multifocal with-
in a few months. Multifocal spike-and-wave activities do not
show any specific pattern and are not activated in sleep. The
ictal EEG pattern is characterized by thythmic monomorphic
activity in the alpha-theta frequency range, although, spikes,
and spike-waves can also be observed. It is common for an ep-
ileptic activity to remain limited to one region for a period of
time and then progressively involve an adjacent area [34]. De
novo KCNTI variants (~50%) and SCN2A (~25%); less fre-
quent genetic variants have been reported in PLCBI, QARS, SC-
N1A, SCN8A, SLC25A22, TBC1D24, and SLC12A5 [30,35-37].

Infantile spasms (West syndrome)

Infantile spasms or West syndrome is the most common ep-
ilepsy syndrome in infancy that usually starts in the first year of
life, most frequently between the first 3 and 9 months of life.
Infantile spasms represent a combination of the triad of infan-
tile spasms, developmental deterioration, and hypsarrhythmic
EEG pattern [38,39]. Seizures are characterized by brief sym-
metrical contractions of proximal and truncal muscles, which
frequently occur in clusters [40,41]. Hypsarthythmia, a typical
interictal EEG pattern, consists of high amplitude, disorga-
nized, and chaotic pattern with multifocal spikes and sharp
wave discharges [29]. Ictal EEG activity includes a diffuse high-
amplitude triphasic slow wave, a low-amplitude brief fast dis-
charge, or a short-lasting diffuse flattening of ongoing activity
[42,43]. Genetic variants have been reported in CDKL5 (~10%),
STXBP1 (~2%), ARX, GAMT, ALG13, SCN2A, SCN1A, ALG13,
GABRB3, GNAO1, GRIN1, GRIN2A, GRIN2B, DNM1, DOCK?,
FOXG1 (duplications), SCN8A, MAGI2, MEF2C, NEDDL4,
NDP, NRXN1, ACADS, WDR45, PIGA, PLCB1, PTEN, SCA2,
SCN1A, SETBP1, SIK1, SLC25A22, SLC35A2, SPTAN1, ST3Gal3,
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TBC1D24, TCF4, WWOX, and GABRATI [30,44,45].

Dravet syndrome

Dravet syndrome is a severe epileptic encephalopathy, which
begins in the first year of life in a previously healthy infant.
Seizures are unilateral or generalized clonic or tonic-clonic,
which are commonly prolonged and could be progressed into
status epilepticus. Seizures are usually triggered by fever, im-
munization, or a hot environment but may also be afebrile
[46]. During the second year of life, seizures no longer occur
only when a child has a high temperature, and become more
frequent, persistent, and often more lateralized |31]. EEG
shows generalized focal and multifocal abnormalities, spikes,
and spike-wave or polyspike-wave discharges, symmetric or
not, predominate over the frontal and central areas, but occur
over the temporal and occipital areas, too [47,48]. Channelop-
athy due to variants in the SCN1A gene encoding the alpha 1
subunit of the voltage-gated sodium (Nav1.1) channel has
been reported in 90% of patients, with most de novo and mis-
sense variants. Less frequent genetic variants are found in
PCDH19, GABRA1, GABRG2, HCN1, and STXBP1 [1,30,49].
SCN1A variants have been observed in a spectrum of febrile
epilepsy syndromes, which ranges from genetic epilepsy with
febrile seizures plus (GEFS+) to Dravet syndrome.

DISCUSSION

With shortened time and decrease in cost, next-generation
sequencing has provided earlier diagnosis and earlier appro-
priate treatment in patients with DEEs, especially in those pa-
tients where clinical symptoms are not well-defined. Despite
the increased genetic diagnostic yield, still, a considerable
number of the patients remain undiagnosed. Medically intrac-
table seizures and severe developmental delay are all the more
frustrating when the genetic cause remains unknown. And
thus, discovering the genetic etiology of DEEs has been the
code to be deciphered for pediatric neurologists. Future direc-
tions to increase the diagnostic yield may include whole ge-
nome sequencing, targeted sequencing panels with single-
molecule molecular inversion probes (smMIP), and possibly
brain tissue transcriptome analysis with total RNA sequencing.
Identification of further genes and novel pathways will provide
a clear picture to families and caregivers and may also help in
the development of target-specific therapies in DEEs.
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