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Abstract 

The genetic generalized epilepsies (GGEs) have been proved to generate from genetic impact by twin studies and 
family studies. The genetic mechanisms of generalized epilepsies are always updating over time. Although the genet-
ics of GGE is complex, there are always new susceptibility genes coming up as well as copy number variations which 
can lead to important breakthroughs in exploring the problem. At the same time, the development of ClinGen fades 
out some of the candidate genes. This means we have to figure out what accounts for a reliable gene for GGE, in 
another word, which gene has sufficient evidence for GGE. This will improve our understanding of the genetic mecha-
nisms of GGE. In this review, important up-to-date genetic mechanisms of GGE were discussed.
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Introduction
According to the 2022 International League Against Epi-
lepsy (ILAE) classification recommendations, epilepsies 
with generalized seizure types and generalized spikewave 
are collectively referred to as "genetic generalized epi-
lepsy" (GGEs). Moreover, there are a few of subgroups 
classified as childhood absence epilepsy (CAE), juvenile 
absence epilepsy (JAE), generalized tonic-clonic seizures 
alone (GTCA) as well as juvenile myoclonic epilepsy 
(JME) according to the combination of seizure types and 
the age of onset [1]. There are always overlaps among 
these GGEs. For example, JME patients could manifest 
prominent myoclonic seizures otherwise GTCA as well 
as absence seizures. Moreover, GGE includes individu-
als with generalized seizure types who do not meet the 

criteria for a specific syndrome and less common general-
ized epilepsy syndromes, such as epilepsy with myoclonic 
absences, epilepsy with eyelid myoclonia, myoclonic 
epilepsy in infancy and epilepsy with myoclonic-atonic 
seizures. However, other clinical features including intel-
lectual disability, autism, and abnormal MRI imaging 
make them excluded from this review.

Basically, one typical GGE could be diagnosed correctly 
through typical clinical seizures and electrophysiologi-
cal features followed by successful antiepileptic treat-
ment. However, the hiding etiologies are complicated 
[2]. Twin studies and family studies have promoted the 
idiopathic generalized epilepsy to be renamed as genetic 
generalized epilepsy. Berkovic and collaborators studied 
epilepsies in twins and showed GGE with a concordance 
of 76% vs. 33% for monozygotic twins vs. dizygotic twins 
respectively [3], which was also proved in other stud-
ies [4]. This implies genetic factors should be the most 
important cause of GGE. Besides, family studies sug-
gested siblings had a higher risk of CAE, JAE, and JME 
than in other epilepsies. These are consistent with genetic 
diseases [5]. However, the overall rate of epilepsy in sib-
lings of patients with GGE is much lower than expected 
according to Mendel’s segregation law [6]. Which gives 
us a clue that the genetic mechanisms underline the GGE 
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are complex and this may be a reason why terminology of 
idiopathic generalized epilepsy has been preserved so far. 
This article reviews the articles in the order of summa-
rizing the pathogenesis of common genetic generalized 
epilepsy and the pathogenic variants of common genes, 
to the known causative genes, evidence and treatment of 
specific diseases.

General genetic considerations
Pathophysiological mechanisms in genetic generalized 
epilepsies
GGEs reflect abnormal and highly synchronous neu-
ronal activity in the brain [7]. Where does the devil 
come from? Genetic pathophysiology in the context of 
GGEs is so complicated and not uncovered yet. In Chi-
nese philosophy, there is a Yin and Yang theory, which 
refers to the two opposite and interconnected forces in 
everything in the world, such as light and dark, fire and 
water, expanding and contracting. They are relatively 
connected to each other. The mutual transformation of 
Yin and Yang is based on the change of Yin and Yang 
as the premise, that is, the quantitative change leads to 
qualitative change. As the human body as is concerned, 
any imbalance of each quality will cause disorders [8]. 
That may explain the pathophysiological mechanisms in 
GGEs to some extent, such as the imbalance of depolari-
zation and repolarization, excitation and inhibition. The 
dysfunction of the network within cortical and subcor-
tical structures are thought to be responsible for GGEs 
[9, 10]. Within the brain, many factors can interrupt 
the vulnerable neuronal network which would result in 
an imbalance of excitation and inhibition, such as ion 
channelopathies, disturbance of neurotransmitters and 
receptors. Ion channels dysfunction is the earliest robust 
pathophysiological mechanisms in epilepsy. Defects in 
voltage-gated sodium channel could decrease plasma 
membrane conductance to sodium ions in response to 
depolarizations and decreased the electrical excitabil-
ity of gamma-aminobutyric acid (GABA) interneurons 
which leads to hyperexcitability resulting in epilepsy 
[11, 12]. Voltage-gated K+ channels are important 
for the regulation of neuronal excitability by M-cur-
rent, through which neuronal hyperexcitability will be 
induced and repetitive firing will happen in case of loss 
of function [12]. Voltage-gated Ca2+ channels play a key 
role in controlling diverse biological processes by regu-
lating Ca2+ signaling in excitable cells. Perturbation of 
the thalamocortical circuit is also proved to be impor-
tant in generating spike-and-wave seizures [13]. The 
T-type voltage-gated Ca2+ channels serve pace making 
functions in central neurons and modulate the repetitive 
firing patterns of the thalamocortical network [14, 15]. 
Bomben and collaborators reported that early P/Q-type 

release defect, limited to synapses of a single cell-type 
within the thalamocortical networks, is sufficient to gen-
erate absence epilepsy [16]. As the most important inhib-
itory neurotransmitter in the central nervous system, 
GABA can produce an inhibitory postsynaptic potential 
by activating GABA receptors. It behooves impairment 
of GABAergic inhibition to increase neuronal excit-
ability resulting in seizures [17, 18]. Hyperpolarization-
activated cyclic nucleotide-gated channels (HCN) are 
a group of pacemakers in the brain. Both increase and 
decrease in current mediated by HCN are able to con-
tribute to neuronal excitability [19, 20]. Beyond the ion 
channel reports, there may be other molecular factors 
contribute to the pathophysiology of GGEs. Glucose 
transporter 1 (GLUT1) is the exclusive worker to supply 
glucose to the brain to maintain the physiology of cen-
tral nervous system (CNS). The defect of this transporter 
may generate generalized discharges with a phenotype of 
early-onset absence epilepsy by affecting the vulnerable 
thalamocortical circuitry [21–24].

Types of genetic alterations contributing to the GGE
As the development of genetic epilepsy over the time, 
three main types of genetic alterations contributing to 
the epilepsies were discovered including single gene vari-
ant, copy number variants as well as common variants. 
Single gene variant for GGE means this variant in a spe-
cific gene is sufficient to generate GGE [6]. Phenotypes 
are due to the contribution of the specific single gene var-
iant, without effect from other genes. It can be grouped 
as autosomal dominant (AD), autosomal recessive (AR), 
or X-linked which complies with Mendelian laws. Copy 
number variations are defined as a chromosomal seg-
ment of larger than 1 kb that is present at a variable copy 
number compared with individuals in the human popu-
lation, including small deletions or duplications [25], 
which many genetic architectures of neurological disor-
ders are attributed to with poorly understood complex 
inheritance, including GGE. Common variants are not 
necessarily disease-causing, existing in all human popula-
tions, some of which could result in complex polygenic 
diseases. These variants have an accumulative effect on 
the disease phenotype and will be affected largely by the 
environment.

As we discussed before, there are four distinct phases 
in the gene discovery of the generalized epilepsies [26]. 
During the very beginning of genetic epilepsy, with the 
studies of large families, SCN1A, SCN1B, and GABRG2 
were identified as genes for monogenic epilepsies [27–29]. 
Undoubtedly, which shed a light on the mystery of epi-
lepsy genetic research. That’s where the ion channelopathy 
epilepsies were established. During the last decade, with 
the candidate gene approach, only few epilepsy-associated 
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genes were reported, such as GABRA1, SLC2A1, CAC-
NA1H and EFHC1, of which the latter two remain debat-
able [22, 30, 31]. This is the dark time of gene discovery of 
GGE which implied that the candidate gene approach is 
not efficient for gene discovery. After entering the era of 
copy number variation (CNV) analysis and genome-wide 
association studies (GWASs), microdeletion at 15q13.3, 
16p13.11, and 15q11.2 were identified in GGE [32, 33]. 
Lal et al. have broadened the spectrum of CNV landscape 
in GGE including microdeletions at 1q21.1, 15q11.2, 
15q13.3, 16p11.2, 16p12, 16p13.11 and 22q11.21 [34]. This 
broadened the types of genetic alterations contributing to 
GGE. CNVs usually overlap multiple genes and are  also 
seen in the normal population, which makes them be 
treated as risk factors rather than causative etiologies with 
complex inheritance. Although there are CNVs related 
syndromes presenting GGE features along with autism 
spectrum disorders, intellectual disability, and schizo-
phrenia, which will fail the strict definition of GGE, CNVs 
carriers with GGE frequently were free of neurodevelop-
mental disorders. Genome-wide association studies have 
been applied to investigate common variants contribut-
ing to epilepsies, which has achieved an amazing result 
recently [35]. This tremendous ILAE GWAS published in 
2018 involving 15,212 cases and 29,677 controls, which 
identified that 11 loci were associated with GGE and a 
third of the genetic basis of GGE was explained by com-
mon variants. There were 15 promising candidate genes 
hiding behind these loci such as SCN1A, SCN2A, SCN3A, 
GABRA2, KCNN2, KCNAB1, GRIK1, STX1B, and PNPO 
which can help us understand the causes and novel bio-
logical pathways of common epilepsies. Still, there is a 
lack of sufficient evidence for the definitive risk effect of 
all the common variants, which should not be applied 
for counseling purposes and will not be discussed within 
this review. Nowadays, we have been at the center of the 
era of massive parallel sequencing, which is dedicated to 
discovering more and more causative genetic alternations 
for GGE. Before that, massive exome or genome-sequenc-
ing studies projects are needed to better understand the 
genetic architecture of GGE.

What accounts for a reliable gene for GGE?
As the rapid development of genetic epilepsy and appli-
cation of massive parallel sequencing, we are acquiring 
overwhelming data of genetic studies experimentally 
and clinically. Here comes another problem: how can 
we figure out the suspicious gene is the right gene for 
GGE with clinical validity? What is the sufficient evi-
dence for a reliable gene? No answer may be better than 
even an unreliable one, which is always the solid belief 
in genetic counselors. This is definitely true in case we 
may give the wrong advice on an insufficient gene. If 

variants of a particular gene have been identified not 
in the normal population, but recurrently arrested in 
patients with GGE, this gene should be valid for GGE 
[36]. There is a robust way to address the issue of defining 
disease genes: the Clinical Genome Resource (ClinGen) 
funded by National Institutes of Health (NIH). ClinGen 
is dedicated to identifying the definitive and causative 
genes by reviewing genetic and experimental evidence 
from the scientific literature [37]. It aims at offering an 
open authoritative knowledge base of genes and vari-
ants resources to researchers and clinicians. There are 
six classification categories for gene-disease validity 
including: definitive, strong, moderate, limited, disputed, 
and  refuted, by which clinical testing panels and future 
research studies could be designed. Among the ClinGen 
Gene Curation working groups, the Epilepsy Gene Cura-
tion Expert Panel is one of the earliest approved panels 
which has developed a framework to standardize the 
method to determine the clinical validity of an epilepsy 
candidate gene or variant [38]. This framework is only 
designed for single gene disease, not for the evaluation of 
multifactorial conditions. There are two segments within 
the framework: genetic evidence and experimental evi-
dence. Data of the former one is derived from epilepsy 
patients which could be grouped into case-level data and 
case-control data. When evaluating the case-level data, 
variant evidence and segregation evidence are taken into 
account. Variant scoring includes autosomal dominant 
or X-linked disorder and autosomal recessive disorder 
with different case information considering respectively. 
The quality of case-control study should be evaluated by 
variant detection methodology, statistical power, bias, 
confounding factors and statistical significance. As far 
as experimental evidence curation is concerned, several 
factors will be taken into accounts, such as biochemical 
function, protein interactions, expression, the functional 
alteration in patient and non-patient derived cells, non-
human model, cell culture model as well as rescue by 
exogenous wild-type gene or gene product. Within the 
gene curation framework, genetic evidence and experi-
mental evidence could archive a maximum score of 12 
points and 6 points separately. It always happened that 
gene validity could have been proved by enough genetic 
evidence without experimental evidence, surely which 
will be reviewed by the Epilepsy Gene Curation Expert 
Panel. Meanwhile, there are always genes probably inno-
cent from the crime scene. For example, CACNA1H, cod-
ing for the α-1 subunit of T-type member in voltage-gated 
Ca2+ channels [39], are expressed in cortical neurons and 
reticular thalamic nucleus [40] which were considered as 
a candidate gene for genetic generalized epilepsy, espe-
cially for childhood absence epilepsy due to its physiology 
in central nervous system [14, 15]. GABAergic neurons 
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and NMDA-sensitive glutamatergic receptor are found to 
be related to CACNA1H in the genesis of CAE [41, 42]. 
However, there are no sufficient gene evidence according 
to the ClinGen criteria. Chen and colleagues found 12 
missense pathogenic variants in 14 of the 118 patients in 
a heterozygous state, which were not identified in any of 
230 controls individuals [31]. However, these variants are 
inherited from unaffected parents, which are not found 
in Caucasian European patients with childhood absence 
epilepsy [43]. No de novo variants were reported. Moreo-
ver, recent studies have reported that many CACNA1H 
variants are benign polymorphisms with high frequen-
cies [44, 45]. CACNA1H might archive some points from 
experimental evidence [46–48], however, overall, CAC-
NA1H as a GGE gene may declare acquittal at present. 
As far as the human sodium ion channel family is con-
cerned, the researches found that different pathogenic 
variants in the same gene can lead to different pheno-
types. For example, the autism characteristics of SCN2A 
protein truncated carriers (9/13, 69%) are obvious higher 
than missense pathogenic variant carriers (15/127, 12%, 
P < 0.001), but the timing of seizures was opposite. In 
addition, early-onset epilepsy occurred in SCN2A vari-
ants in the effect of gain-of-function (< 3 months), and 
respond well to sodium channel blockers (SCBs), and in 
the case of loss-of-function (LoF) variants, patients with 
late-onset epilepsy and neurodevelopmental disorders 
(NDDs), are often treatment-resistant. Additionally, in 
the SCN CNV cohort, we observed that patients with 
duplications had overt seizures earlier than those with 
deletions and responded better to SCBs. On the other 
hand, the article compared the variation of conserved 
channel positions of different transmembrane chan-
nels and found that the functional impact of the two is 
similar; but their clinical manifestations are different. For 
example, SCN1A and SCN1B both have LoF mutations 
at the same specific point, and the former manifested as 
degenerative spondylolisthesis, the latter being NDDs/
ASD [49]. These results can help us diagnose epilepsy 
types and identify reliable genes.

Known genetic etiologies for generalized 
epilepsies
Childhood absence seizures: GABRG2
As the most common childhood epilepsy syndrome of 
GGE, childhood absence seizures are brief, frequent epi-
sodes of unconsciousness seizures with possible conse-
quences of impaired attention, mood, and social deficits. 
Encoding GABAA receptors, GABRG2 plays an impor-
tant role in releasing inhibitory neurotransmitters in the 
brain by promoting chloride ions inflow to hyperpolar-
ize neurons (Fig. 1d). It’s mainly expressed in the brain. 
Wallace and colleagues found a heterozygous 245G > A 

pathogenic variant of GABRG2 cDNA from a 4-gen-
eration family study with CAE and febrile seizures (FS) 
[50]. This pathogenic variant caused p.(R43Q) substitu-
tion in the mature GABRG2 protein which contributed 
to the pathogenesis of both FS and CAE. Given the dis-
tinct phenotype and pathophysiology between the two 
syndromes, this pathogenic variationpathogenic variant 
has an age-dependent effect. Kananura et  al., screened 
135 patients with idiopathic absence epilepsy and 154 
unrelated and ethnically matched controls for variants 
of GABRG2 gene. They reported a point pathogenic 
variant, IVS6 + 2 T > G, which interrupt the splicing in 
the mRNA resulting in nonfunctional truncation of the 
GABAA receptor γ-subunit [51]. These studies suggested 
GABRG2 gene pathogenic variant can be a monogenic 
effect to the pathogenesis of CAE, albeit with rare cases. 
A pro83-to-ser (P83S) (Table 1) substitution in GABRG2 
was identified in a French Canadian family with idi-
opathic generalized epilepsy [52]. However, this variant 
was classified as a variant of unknown significance which 
needs further investigation. From the experimental evi-
dence aspect, there are also many supporting arguments. 
By mice models harboring homologous human patients 
genotypic and phenotypic features, genetic mechanisms 
of epileptogenesis could be better investigated. Tan and 
colleagues found a homologous GABRG2 R43Q patho-
genic variation (Table  1) in a knock-in mouse model 
caused the same phenotype observed in the patients of 
Wallace’s study [62], which was the earliest syndrome-
specific model for genetic epilepsy. The spike-and-wave 
epileptiform discharges could be blocked by ethosux-
imide. In heterozygous Gabrg2+/− knockout mouse 
models, haploinsufficiency could result in mild absence 
epilepsy, but not the thermal seizure [63, 64]. Moreover, 
functional alteration of cortical neurons was showed by 
impaired inhibitory potential and decreased protein 
expression. Chiu demonstrated the effect of GABRG2 
R43Q pathogenic variant on the neural network stability 
and structure by a conditional mouse model and enforced 
that conclusion that early treatment was needed for over-
coming the cascade of developmental issues [65]. All 
these data together suggested the GABRG2 R43Q patho-
genic variant may be responsible for the absence epilepsy. 
As treatment is concerned, activators of the GABAA 
receptors are beneficial with early use. Ethosuximide and 
valproate are the first-line choice for CAE which are also 
proved pharmacosensitive in mouse models [62, 66].

Juvenile absence epilepsy: SLC2A1
Age at onset of Juvenile absence epilepsy is typically at 
8–9 years, with a peak approximately around puberty [1, 2]. 
Absences are much less frequent than CAEs, with episodes 
several times per day or less, and loss of consciousness 
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Fig. 1  Pathological mechanism of epilepsy caused by pathological variation. a The CHD2 gene encodes a chromatin remodeling protein, and 
mutations influence the activation of the H3K4me3 gene, which affects chromosome remodeling. b Neurons, astrocytes, pericytes, endothelial cells 
and other structures consists of the neurovascular unit, and each structure is combined with each other to maintain the homeostasis of the central 
nervous system. c GABRG2 and GABRA1 are both the γ-aminobutyric acid (GABA) receptor subunit genes, receptor dysfunction can be caused 
by the genes pathogenic variation, resulting in increased neuronal excitability and epilepsy. The electrical excitability of GABAergic interneurons, 
which causes hyperexcitability, could be lowered by defects in voltage-gated sodium channels in response to depolarizations. This the pathological 
mechanism of SCN1A pathogenic variation leading to epilepsy. d Insufficient glucose delivery to the brain will result in chronic CNS glucose 
deprivation due to haploinsufficiency of SLC2A1 and mild GLUT1 function loss. The deficiency of this transporter may cause widespread discharges 
by disrupting the delicate thalamocortical circuitry with a phenotype of early-onset absence epilepsy. SLC6A1 encodes a GAT1 protein whose 
receptor reabsorbs GABA
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may be less severe [2]. Twin studies have shown that JAE is 
highly hereditary [67]. In addition, the study conducted by 
Carla et  al. found that the genetic relationship of JAE 
probands to CAE was roughly the same as expected, but 
JME was lower than expected. These results support the 
notion that genetically JAE is relatively distinct from JME 
and is close to CAE [68]. SLC2A1, also known as GLUT1, 
encodes a 492-amino acid protein and contains 10 exons 
for producing of the major glucose transporter in the brain 
and erythrocytes [53, 69], which is believed to contrib-
ute to rare and severe epileptic encephalopathy (Fig.  1c). 
However, recent studies have suggested that this gene is 
also associated with JAE [1]. In vitro functional expression 
studies in Xenopus oocytes showed that the pathogenic 
variation resulted in decreased glucose transport or uptake 
[22]. The main energy source of brain comes from glu-
cose which is exclusively transported by GLUT1 to cross 
the blood-brain barrier. Haploinsufficiency of SLC2A1 
and mild loss of GLUT1 function and will provide insuf-
ficient glucose to the brain, causing a chronic CNS glu-
cose starvation [69, 70]. Todor et al. screened 504 patients 
with idiopathic generalized epilepsy (IGEs) and identified 
pathogenic variations of SLC2A1 in 1% (7/504) of patients. 
In addition, 3 of them were diagnosed with JAE (c. 
728A > T, p. 243E > V; c. 652C > A, p. 218R > S; c. 179C > T, 
p. 60 T > M) (Table  1), which confirmed the importance 
of SLC2A1. Studies also have shown that these epilepsies 
cannot be diagnosed with GLUT1 deficiency unless they 
are accompanied by paroxysmal exertional dyskinesia. The 
author recommends a low glycemic index diet for relatively 

mild phenotypes and SCL2A1 genetic screening if encoun-
tering refractory idiopathic epilepsy, with the treatment 
of the ketogenic diet. Alternative energy bypasses genetic 
defect as ketone bodies are independent of GLUT1 for 
membrane transport, which may well treat GLUT1 defi-
ciency caused by SLC2A1 pathogenic variations [70, 71].

Juvenile myoclonic epilepsy: GABRA1
As one of the first phenotypes to be associated with 
GABRA1, juvenile myoclonic epilepsy is the most 
common IGE syndrome in adolescents and adults, 
accounting for approximately 9.3% of all epilepsy types, 
characterized by myoclonic jerks, GTCA, and absence 
seizures [1]. A history of CAE is seen in about 5% JME 
patients. GABRA1, along with GABRG2 harboring a 
gene cluster in chromosome 5q34 (Fig. 1d) [72], encodes 
α1-subunit of the postsynaptic GABA-receptors and 
expresses abundantly in brain [73]. All the known vari-
ants with this phenotype have been inherited from an 
equal or milder affected parent. Patients showed gen-
eralized spike-wave discharges without intellectuality 
affected. Cossette and colleagues reported GABRA1 
with an Ala322Asp variant in a large French Canadian 
family of JME with autosomal dominant inheritance 
and segregation for the first time [30]. By comparing 
with wild-type cells, they found Ala322Asp pathogenic 
variant cells (Table 1) have lower amplitude of GABA-
activated currents, confirming that loss of function of 
the ligate-gated channel may result in JME [30]. Ding 
et al. also found that the Ala322Asp pathogenic variant 

Table 1  Proposed pathogenic gene, genetic function, variation, and therapeutic plan for reference

GGE Pathogenic gene Gene function Variation 
discussed in 
article

Clinical significance Treatment Reference

CAE GABRG2 GABA receptors P83S
R43Q

Likely pathogenic
Pathogenic

Ethosuximide, Valproate [51]
[52]

JAE SLC2A1 GLUT1 receptor c.728A > T
c.652C > A
c.179C > T

Likely pathogenic
Conflicting interpretations of 
pathogenicity conflicting Inter-
pretations of pathogenicity

Ketogenic diet [53]

JME GABRA1 GABA receptor A322D
Phe104Cys
c.-248 + 1G > T

Risk factor
Not provided
Uncertain significance

Valproate, Vigabatrin [54]
[55]

EEM CHD2 Chromatin remodeling protein c.3725delA
c.4173dupA
c.C653T

Pathogenic
Pathogenic
Likely pathogenic

Valproate,
Antisense nucleotides

[56]
[57]

EMAtS SCN1A Voltage-dependent sodium 
channel

c.3925C > T
L433fs*449
c.5104G > T

Conflicting interpretations of 
pathogenicity
Not provided
Likely pathogenic

Clobazam, Stiripentol [58]
[59]
[60]

SLC6A1 GAT1 receptor E16X
G362R
L460R
W495X

Not provided GAT1,
Valproic acid,
Tiagabine, Vigabatrin

[61]
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in M3 transmembrane segment result in GABRA1 pro-
tein being degraded as a heterozygous loss of function 
with an altered electrophysiologic property [74]. More-
over, by stopping the wild-type partnering subunits 
within the endoplasmic reticulum from being trans-
ported to the cell surface, Ala322Asp pathogenic vari-
ant decreased the expression of GABAA which implied 
that besides heterozygous loss of function of haploin-
sufficiency, the Ala322Asp pathogenic variation could 
result in dominant-negative JME [54, 74]. Bradley and 
collaborators made further efforts to illuminate that lys-
osomal degradation and ubiquitin-proteasome system 
intensively decreased the GABA-receptor expression in 
HEK293 cells with Ala322Asp pathogenic variant [55]. 
Johannesen and colleagues reported two JME cases 
with c.-248 + 1G > T and c.311 T > G (p. F104C) patho-
genic variant (Table  1) in GABRA1 respectively [75]. 
Through functional study, they found Phe104Cys patho-
genic variant led to significant loss-of-function in Xeno-
pus laevis oocyte which decreased current amplitudes 
and GABA sensitivity. The overlap of the phenotype of 
JME with CAE is also hinted in the mutated GABRA1 
gene. Maljevic reported a de novo pathogenic vari-
ant in a German boy with CAE and uncovered a loss of 
function and haploinsufficiency of the GABA(A) recep-
tor alpha (1)-subunit contributing to the cause of CAE 
by functional study [76]. Ding and Gallagher studied 
the dynamics of sensorimotor cortex activation dur-
ing absence and myoclonic seizures in a mouse model 
of juvenile myoclonic epilepsy and concluded that 
both absence and myoclonic seizures shared overlap-
ping networks in sensorimotor cortex [77]. Actually, 
the phenotypic spectrum of GABRA1 pathogenic vari-
ant is broadly expanded with JAE, generalized epilepsy 
with febrile seizure (GEFS+) et al. [52, 75]. These find-
ing together demonstrated the contribution of GABRA1 
in GGE. In view of disturbance GABAergic inhibition 
function by GABRA1 pathogenic variants, candidate 
drugs for this defect should aim at increasing the GABA 
concentration in the synaptic gap. Sodium valproate and 
vigabatrin are the qualified first-line drugs which have 
been showed to be able to control seizures of patients 
with GABRA1 pathogenic variants [78].

Generalized tonic‑clonic seizures alone
As a common IGE syndrome, Generalized tonic-clonic 
seizures alone is characterized by sleep deprivation, and 
2 h after waking up, usually generalized tonic-clonic sei-
zures occur, and its EEG usually demonstrate generalized 
spike or multiple spike discharge, with the range from 
3 to 5.5 Hz [1]. The age of onset is 5–40 years old, and 
there is no gender difference [1, 79, 80]. Vorderwülbecke 
et  al. reported that more than 12% (7/57) of first-degree 

relatives of GTCA patients had a history of seizures [79]. 
However, the standard diagnostic assessment for GTCA 
does not include genetic testing. Studies have shown that 
antiepileptic drugs such as sodium valproate and carba-
mazepine are effective in treating children with GTCA 
[80, 81]. Pavlović M et  al. reported that the probability 
of relapse after drug withdrawal in the GTCA group was 
80% (8/10) [82]. A cohort study recruiting all IGE patients 
residing on the Isle of Fuen showed a 0.3% incidence of 
GTCA and a low risk of GTCA resistance (6.3%) [83]. The 
2022 International League Against Epilepsy (ILAE) sug-
gested that doing chromosomal microarray to search for 
recurrent CNVs if seizures are drug-resistant [1].

Epilepsy with eyelid myoclonia: CHD2
Epilepsy with eyelid myoclonia (EEM), also previously 
known as Jeavons syndrome, is characterized by a triad 
of recurrent eyelid myoclonia, either with or without 
absences, caused on by eye closure and photic stimu-
lation and often generalized tonic-clonic seizures. It 
is responsible for 1.2 to 2.7% of all epilepsy cases seen, 
according to several research from epilepsy centers 
[84–88]. Rhys H. Thomas et  al. discovers four cases of 
EEM of ten patients carrying de novo variants of the 
CHD2 (chromo-domain helicase DNA binding protein 
2) gene. Each of them had moderate intellectual disabil-
ity along with photosensitivity, and generalized tonic-
clonic seizures [56]. In more than 500 patients with 
photosensitive epilepsy who performed CHD2 screen-
ings, Galizia et al. discovered a CHD2 pathogenic varia-
tion or deletion; up to 3/36 (8.3%) of these patients went 
on to develop a seizure pattern accompanied with eye-
lid myoclonus (loci c.3725delA, c.4173dupA, c.C653T) 
(Table  1). These results lead the authors to suggest 
that CHD2 is an important contributor to the absence 
seizures with eyelid myoclonia seizure type [89]. The 
CHD2 gene is located on chromosome 15q26.1, con-
tains a total of 39 exons, and is inherited in an autoso-
mal dominant manner. It is thought that CHD2 belongs 
to a member of the sucrose nonfermenting (SNF-2) pro-
tein family of epigenetic regulators that may contribute 
to chromatin remodeling and chromatin-based epige-
netic modifications (Fig.  1a) [90]. Zebrafish knocked 
down CHD2 by using targeted morpholino antisense 
oligomers exhibited altered locomotor activity and sei-
zure-like epileptiform discharges [91]. A recent finding 
has confirmed CHD2 is expressed in the young adult 
(postnatal day 30 (P30)) mouse brains throughout the 
brain, and found CHD2 co-localized in nearly all mature 
neurons, GABAergic interneurons and oligodendro-
cytes [57]. These results imply that epileptogenesis and 
neurodevelopment may be mediated by helicase mal-
function. However, our understanding of the function 
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of CHD2 is still incomplete. In terms of treatment, val-
proate can inhibit histone deacetylase activity, making 
histone highly acetylated, and affecting chromosome 
structure, which may make it an effective drug for dis-
eases related to CHD2 gene variation [92]. For the 
precise treatment of diseases caused on by this gene 
pathogenic variation, thus we need to do numerous 
studies to identify and confirm. A recent study showed 
that increased mRNA and protein expression of CHD2 
can be observed in the absence of Chaserr, and loss of 
CHD2 function can rescue the Chaserr-deficient pheno-
type [93]. The results suggest that new treatment meth-
ods can be used to make Chaserr loss through antisense 
nucleotides to increase expression of CHD2.

Epilepsy with myoclonic‑atonic seizures: SCN1A, SLC6A1
Epilepsy with myoclonic-atonic seizures (EMAtS), also 
known as Doose syndrome, is defined by myoclonic-
atonic seizures in an otherwise normal child who may 
have a history of febrile or afebrile generalized seizures, 
affecting 1–2% of children with epilepsy. In spite of 
the  increase in seizures, children with EMAtS exhibit 
lethargy, fewer social interactions, motor impairments, 
and greater ataxia consistent with an acute epilep-
tic encephalopathy [58, 94]. The prognosis of EMAtS is 
uncertain, with outcomes generally unpredictable during 
the first year of disease. The EEG can be initially normal, 
and then short pulses and waves, multiple pulses and 
wave complexes of 2–5 Hz appear with the disease pro-
gresses [58].

SCN1A
SCN1A gene encodes the α1 subunit of the sodium ion 
channel, is located on chromosome 2q24.3, has a total 
of 26 exons, and is inherited in an autosomal domi-
nant manner (Fig. 1d). Dimova et al. reported a pair of 
brothers with generalized epilepsy with febrile seizures 
plus, one with SCN1A-mutated myoclonic-atonic epi-
lepsy (c.3925C > T) (Table  1), whose father had a his-
tory of one simple febrile seizure in infancy and brother 
was diagnosed with Dravet syndrome. The patient had 
an onset of febrile seizures at the age of 3, followed 
by afebrile generalized tonic-clonic seizures 3 months 
later, followed by multiple myoclonus and myoclonic-
atonic seizures [59]. Ebach et  al. screened 20 children 
with sporadic EMAtS for SCN1A gene variation and 
found that 1 child with EMAS carried SCN1A gene 
variation (L433fs*449) [95] (Table  1). Hinokuma et  al. 
collected 29 patients with Doose syndrome, of which 
1 was confirmed by qPCR to have a 588.7 kb de novo 
deletion involving SCN1A at 2q24.3 [60]. A recent 
study conducted SCN1A gene detection on 55 cases 
of EMAtS, and found a possible pathogenic missense 

variant (c.5104G > T, p.D1702Y) (Table  1). The patient 
had a family history of seizures and a history of febrile 
seizures within 1 year of birth [96]. Not jokingly say-
ing, sodium channel blockers such as lamotrigine and 
oxcarbazepine are still occasionally prescribed by doc-
tors for SCN1A patients. Undoubtedly, the loss-of-
function of Na+ channels will be exacerbated which 
will followed by seizure aggravation. Although many 
disease-target agents have been studying in mouse 
model or clinically, clobazam and stiripentol are first-
line medicine for this issue [97, 98].

SLC6A1
SLC6A1 gene is located on chromosome 3 and encodes 
a voltage-dependent GABA transporter 1 that reabsorbs 
GABA from the synaptic cleft, which is widely expressed 
in the mammalian central nervous system, including 
GABAergic axon terminals astrocytes, oligoden-drocytes 
and microglia (Fig.  1d) [99, 100]. In a study by Carvill 
et al., 4% (6/160) probands with MAE were screened for 
SLC6A1 pathogenic variations, of which 4 cases were de 
novo pathogenic variations. In addition, the study pre-
sents two independent large-exome sequencing studies 
reporting two single de novo pathogenic variations in 
SLC6A1 in a cohort of individuals with intellectual disabil-
ity and autism. The study also found that GAT1-knockout 
mice and GAT-1-inhibitor-based mice exhibited sponta-
neous pulse-wave discharges typical of absence seizures 
similar to individuals with SLC6A1 gene variant. These 
results lead the authors to consider to be an excellent can-
didate gene for epileptogenesis [101, 102]. Subsequently, 
A study describing pathogenic SLC6A1 variants in 
patients with myoclonic atonic epilepsy (MAE) and intel-
lectual disability (ID) found that 16 of 34 probands with 
SLC6A1 pathogenic variation collected were consistent 
with MAE diagnostic criteria. However, further analysis 
of the phenotypes of 16 children revealed other epilepsy 
phenotypes including childhood absence epilepsy, early-
onset absence epilepsy, and other unclassified general-
ized epilepsy disorders [61]. According to a recent study, 
whole-exome sequencing revealed four de novo patho-
genic variations linked to myoclonic atonic epilepsy (loci 
E16X, G362R, L460R, W495X) (Table  1), and validated 
all four variants lead to pathogenic variations in GAT1 
in HEK293T, mouse, and human astrocytes, resulting in 
reduced GABA uptake, by establishing mouse models, 
radioactive 3H-GABA uptake assays and other methods 
[103]. Therefore, GAT1 is a potential candidate for ther-
apeutic development targeting SLC6A1 variant. Well-
known antiepileptic drugs such as valproic acid, tiagabine, 
and vigabatrin improve GABA concentrations [61, 104].
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CNVs: 15q13.3, 15q11.2, 16p13.11
CNVs, which were underestimated before due to the limit 
of testing, are getting more and more attention because of 
the novel technologies development such as array com-
parative genomic hybridization and single nucleotide 
polymorphism arrays [105]. At the very beginning, CNVs 
were always associated with neurodevelopmental disor-
ders with complex inheritance, such as intellectual disabil-
ity, autism, and schizophrenia. Case-control data showed 
recurrent 15q13.3 microdeletion was identified in about 
1% of patients with GGE, including CAE, JME, JAE, GTCS 
[32, 105, 106]. Lal et al. conducted a genome-wide analy-
sis of 1366 European GGE patients and 5234 genetically 
matched control patients, and found that microdeletions 
in the GGE group increased by about 2 times compared 
with the control group, including a 4.6-fold increase of 
microdeletions carrying at least one neurodevelopmen-
tal disorder-related gene [34]. The article also pointed 
out that when GGE is combined with other neurodevel-
opmental disorders, the incidence of recurrent hotspot 
microdeletions is higher, reflecting its diagnostic value. 
Additionally, research revealed that one or more rare 
CNVs were present in 46/517 (8.9%) probands with idi-
opathic epilepsy, result demonstrated that rare CNVs are 
important in many subtypes of idiopathic epilepsy, pro-
viding important evidence for diagnosis [107]. A recent 
study also found that in patients with GGE, large repeats 
were more abundant than large deletions. In addition, 
deletions of epilepsy genes and epilepsy hotspots were 
more enrich in GGE compared with controls, such as a 
deletion on the 15q13.3 recurrent site [108]. One prospec-
tive cohort of GGE patients in Bulgaria demonstrated the 
same frequency of 1% for the 15q13.3 microdeletion [109]. 
This recurrent deletion contains at least seven genes. 
Among these genes, CHRNA7 might be primely respon-
sible for the GGE phenotype, since it plays an important 
role modulating thalamocortical pathway, encoding a syn-
aptic ion channel protein important for neuronal signal-
ing, which is a susceptibility factor for JME and benign 
epilepsy in children [110, 111]. Damiano’s study also sug-
gested the complex inheritance of GGE was due to mis-
sense pathogenic variants in CHRNA7 mimicking the way 
in 15q13.3 microdeletion [112]. These findings point to 
an important association of microdeletions with affected 
genes and genetic susceptibility to common GGEs. There 
are other GGE patients with mild intellectual disability 
reported to carry a 15q13.3 microdeletion in an autoso-
mal dominant pattern [113]. Significant associations with 
GGE were also found for the microdeletions at 15q11.2 
and 16p13.11 [33]. The odds ratio for the three microde-
letions were 68, 4.9, and 7.4 respectively. CYFIP1 as well 
as NIPA2 in 15q11.2 and NDE1 in 16p13.11, like haplo-
insufficiency of CHRNA7 in 15q13.3, may be responsible 

for pathomechanism of GGE [33, 114, 115]. Moreover, 
deletions at 1q21.1, 16p11.2, and 22q11.2 were found 
rare but significant in GGE [33, 116]. Surprisingly, most 
of the GGE patients with these microdeletions harboring 
genomic hotspots did not have neurodevelopmental dis-
orders comorbidity. Fejgin and collaborators recapitulated 
myoclonic and absence-like seizures in a 15q13.3 micro-
deletion mouse model and recorded changes in neuronal 
excitability [110]. This qualified CNVs as a unique novel 
effect in genetic architecture of GGE, comparing with 
monogenetic disease. In a large pediatric cohort, the three 
CNVs were mainly associated with phenotypes of the 
spectrum of GGE. However, keep in mind that there were 
unaffected members also carrying these CNVs and epi-
lepsy patients in the family carrying no CNVs. Moreover, 
there was lack of segregation pattern or only partial segre-
gation in these family studies. Patients with both GGE and 
intellectual disability are more vulnerable to carry these 
CNVs than those with GGE phenotypes alone [117, 118]. 
Nevertheless, these patients fall outside the strict defini-
tion of GGE. All these together, strictly speaking, make 
the CNVs as risk factors rather than sufficient Mendelian 
causes for GGE [106, 117]. Interpretation of genetic varia-
tion should be combined with clinical phenotype to make 
diagnosis and treatment of disease. Recently, Jabbari et al. 
reported 32 in 196 (16%) GGE patients carried rare CNVs 
in a large WES cohort study. By analyzing protein-protein 
interaction network, the authors provided a novel genetic 
bases of GGE by metabolic pathways such as “carbohy-
drate metabolism”, “small molecule biochemistry” and 
“cell signaling” which calls for further validations [119].

Others GGEs: EMA, MEI
Clinically, epilepsy with myoclonic absences is defined 
by absences characterized by distinct, widespread, 
rhythmical myoclonias, frequently accompanied by a 
profound tonic contraction [120]. The average age of 
onset is 7, with usually range from 3 to 12 years of age. 
Myoclonic absences (MA) is often combined with other 
types of epilepsy, particularly with GTCA, and the prog-
nosis will become worse [120, 121]. Myoclonic epilepsy 
in infancy (MEI) is a rare variety of generalized genetic 
epilepsies, characterized by the occurrence of brief, gen-
eralized myoclonic seizures in children under the age of 
3 who are otherwise developmentally normal, without 
any other seizure types [122]. Moreover, MEI affects 
boys more than girls and is easily controlled by valproic 
acid [122–124]. According to the recommendations of 
the International League Against Epilepsy in 2022, EMA 
and MEI are often considered polygenic with only spe-
cific cases reporting pathogenic variants [1, 84]. The 
latter has only a few sporadic TBC1D24 pathogenic 
variation-related family reports [125]. Therefore, this 
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requires a larger cohort study to find reliable genes and 
confirm them through whole genome sequencing, mod-
eling and other methods.

Conclusions
GGEs are very common epilepsies with broad pheno-
type spectrum resulting from genetic etiologies. Com-
pared with the fast development of genetic epilepsy, 
there is a relative stagnation in progress of GGEs. The 
genetic mechanisms underlying GGEs are complicated 
and there are many clinical and genetical overlaps. CAE 
patients are always reported with FS and more vulner-
able to evolve into JAE or JME. GEFS+ can be accom-
panied by FS, CAE, JME, MAE et  al. There are indeed 
many other phenotypes of the genes discussed above, 
such as generalized tonic-clonic, absence, myoclonic, 
and complex partial seizures in patients with SLC2A 
variants; CAE, Dravet syndrome, as well as patients 
with just a few seizures in patients with GABRA1 vari-
ants. Further studies are needed to better understand 
the architecture of GGEs in the future. GWAS and next-
generation sequencing (NGS) offer us broad roads to 
achieve this goal. Recently, a study on associating ultra-
rare coding variants with genetic generalized epilepsy 
through a case-control whole-exome sequencing study 
demonstrated that ultra-rare coding variants (URVs) 
in GABRG2 is an underlying important risk factor for 
GGE. Compared with sporadic GGE, it is more pro-
nounced in familial GGE about the relevancy of URVs 
in genes representing the GABAergic pathway [126]. It 
shows that this technique could help us further under-
stand the genetic heterogeneity and apparently complex 
inheritance of GGEs. We are currently in a phase of 
genomic paradigm shifts from candidate gene approach 
to a hypothesis-free approach, from a data-poor field of 
science to a big data science. As an unbiased, stringent, 
hypothesis-free, and robust method, GWAS provided 
an insight into the common variants of GGE, albeit 
common variants made limit contribution to GGE and 
the outcomes of GWAS were sometimes disappoint-
ing. Large-scale NGS including exome and genome-
sequencing studies will uncover more and more 
pathogenic genes in GGEs, which requires international 
collaboration, data sharing and joint publications in the 
future.
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