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Epilepsy-Dyskinesia Syndromes: The Venn Diagram of Genetic
Epilepsy and Movement Disorders
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ABSTRACT: Epilepsy-dyskinesia syndromes cover a
broad spectrum of neurogenetic disorders defined by the
co-occurrence of epileptic and movement disorder
phenotypes. Advances in next-generation sequencing have
demonstrated more than 100 causative genes converging
on shared molecular pathways regulating neuronal excit-
ability, synaptic transmission, and neurodevelopment.
Despite their clinical relevance, movement disorders in
these conditions remain underrecognized and incom-
pletely characterized. This review integrates recent clinical
and molecular evidence to delineate the landscape of
genetic epilepsy-dyskinesia syndromes, highlighting key
mechanisms, including ion channel dysfunction,
G-protein–coupled signaling, transcriptional regulation,
synaptic vesicle cycling, and autophagy pathways, that
underlie combined epilepsy-movement disorder pheno-
types. We synthesize current knowledge of genotype–
phenotype correlations, emphasizing phenotypic

pleiotropy and recurrent variant hot spots that modulate
disease severity and dominant movement phenomenol-
ogy. Building on this framework, we propose complemen-
tary categorical and phenomenology-based classification
systems to guide diagnosis and management. Finally, we
discuss therapeutic implications, ranging from conven-
tional pharmacological approaches and deep brain stimu-
lation to emerging gene-directed and RNA-based
precision therapies. Recognizing epilepsy-dyskinesia syn-
dromes as a unified nosological spectrum provides a
foundation for mechanistic understanding, improved diag-
nostic accuracy, and the development of targeted inter-
ventions addressing both seizures and movement
disorders. © 2026 International Parkinson and Movement
Disorder Society.
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Epilepsy-dyskinesia syndromes (EDSs) cover a hetero-
geneous group of neurological conditions defined by
the coexistence of both epilepsy and movement disor-
ders.1 Etiologies include acquired central nervous sys-
tem (CNS) disorders and genetic causes.2 Genetic EDSs
comprise a rapidly expanding group of monogenic con-
ditions that, although individually rare, collectively rep-
resent a substantial fraction of patients seen in epilepsy
and movement disorder clinics.3,4 Conceptually, EDSs
can be understood as the overlapping intersection, the

Venn diagram, of two rapidly expanding fields:
the genetics of epilepsy and the genetics of movement
disorders.5-8

EDSs present considerable clinical complexity, driven
by both genetic heterogeneity, where distinct genes
cause similar phenotypes, and phenotypic pleiotropy,
where a single gene gives rise to multiple different clini-
cal manifestations.2 Movement disorders contribute
substantially to the disease burden in EDSs, often
persisting despite adequate seizure control and leading
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to impaired mobility, functional dependence, and
reduced quality of life.9 Yet, movement phenotypes
remain underrecognized and underreported, because
most published cohorts have focused primarily on epi-
leptic manifestations.10,11 Current therapeutic strategies
are limited, and the interaction between antiseizure and
movement disorder treatments is underexplored. How-
ever, the emergence of mechanism-targeting therapies,
including small molecules, antisense oligonucleotides
(ASOs), and gene replacement, has created new oppor-
tunities for disease modification.12,13

This review synthesizes current knowledge on the
clinical and molecular spectrum of genetic EDSs
(Supporting Information Data S1), proposes practical
frameworks for classification, and discusses emerging
therapeutic approaches that bridge the fields of epilepsy
and movement disorders.

Defining Genetic Epilepsy-Dyskinesia
Syndromes

Genetic EDSs represent an expanding group of neu-
rogenetic disorders in which pathogenic variants in a
single gene give rise to both epilepsy and movement dis-
orders. Although the term “dyskinesia” historically
emphasized hyperkinetic movements, the clinical spec-
trum in EDS is broader, encompassing hyperkinetic and
hypokinetic (parkinsonism) movement disorders, in
addition to ataxia and spasticity.14-16 Movement disor-
ders may present with continuous or paroxysmal phe-
nomenology and can precede, coincide with, or follow
the onset of epilepsy. In some patients, movement
abnormalities constitute the predominant neurological
feature, whereas in others, epilepsy dominates the clini-
cal picture. This reflects the shared neurobiological
substrates of cortical excitability and motor circuit reg-
ulation, which translates into the co-occurrence of sei-
zures and movement disorders within the EDS
continuum.2

Key Molecular Mechanisms

The molecular mechanisms of EDSs include multiple
pathways that include regulation of neuronal excitabil-
ity, synaptic transmission, protein degradation, and
protein transport2 (Fig. 1).
Regulation of membrane potential and neuronal

excitability involves genes encoding ion-transporting
proteins that govern action potential generation and
propagation.17 These networks include sodium chan-
nels (SCN1A, SCN2A, SCN8A),18-20 potassium cha-
nnels (KCNT1, KCNQ2, KCNB1, KCNA2, KCNJ10,
KCNMA1, KCND3),21-23 calcium channels (CACN-
A1A, CACNA1B, CACNA1E),24-26 and Na+/K+-ATP-
ases (ATP1A2, ATP1A3).27,28 Pathogenic variants in

these genes disrupt neuronal excitability, producing epi-
lepsy and paroxysmal movement disorders.4

Ionotropic glutamatergic receptor signaling involves
N-methyl-D-aspartate (NMDA) receptor subunits (GRI-
N1, GRIN2A, GRIN2B, GRIN2D)29-31 and α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor subunits (GRIA3, GRIA4), mediating fast excit-
atory neurotransmission and plasticity.32 Dysregulation of
these receptors disrupts excitation–inhibition balance
within cortical and subcortical motor circuits.33

Inhibitory synapse assembly depends on γ-aminobu-
tyric acid type A (GABA-A) receptor subunits (GAB-
RA1, GABRB2, GABRB3, GABRG2)34-37 and
GABAergic scaffolding proteins such as ARHGEF9,38

forming a functionally integrated network critical for
inhibitory signaling and synaptic stability.
Another critical regulatory network consists of cyclic

adenosine monophosphate–mediated signaling through
G-protein–coupled receptors, which affects gluta-
matergic, dopaminergic, and cholinergic transmis-
sion.39-41 This cluster includes heterotrimeric G-protein
subunits (GNAO1, GNB1),42-44 G-protein activators
(SYNGAP1),45 downstream effectors (PLCB1),46 and
cyclic nucleotide-metabolizing enzymes (PDE10A,
PDE2A),47 which collectively modulate intracellular
signaling essential for motor control.
Regulation of neuronal transcription and translation

orchestrates critical aspects of cortical development, includ-
ing neural progenitor proliferation, neuronal migration,
and dendritic spine formation. This regulatory network
includes transcription factors (MECP2, ARX, FOXG1,
MEF2C, SETBP1, MYT1L),48-52 transcriptional modula-
tors (CDKL5, CSTB, WWOX),53,54 chromatin accessibil-
ity regulators (HNRNPU, SMC1A, SETD5),9,55-57 and
mediators of dendritic translation (PURA).58

Synaptic vesicle cycling and synapse organization are
governed by genes regulating neurotransmitter release
and presynaptic architecture.59,60 These networks include
SNARE complex components (STXBP1, PRRT2),61,62

endocytic and vesicle recycling proteins (SYNJ1, TBC1-
D24, DNM1, VAMP2),63-66 and presynaptic cytoskeletal
organization (SPTAN1, PCDH12, PCDH19).67-69 Defe-
cts in these proteins impair the exo-endocytic cycle and
synaptic efficacy.
Macroautophagy and protein degradation pathways

maintain neuronal homeostasis through autophago-
some formation (WDR45, EPM2A),70-72 maturation
(EPG5, SNX14),73,74 substrate targeting (NHLRC1,
UBE3A, UBA5),75-77 and ubiquitin-mediated proteoly-
sis (HACE1).78 Dysfunction in these pathways leads to
impaired cellular homeostasis and accumulation of
misfolded proteins.79,80

Transmembrane transport pathways govern the
movement of essential substrates across membranes,
including carboxylic acids (SLC13A5),63 glucose
(SLC2A1),81 thyroid hormone,82 and neurotransmitters
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(SLC6A1, SLC1A2).83,84 These “transportopathies”
produce combined metabolic and neurophysiological
disturbances resulting in both epilepsy and movement
manifestations.
Finally, additional specialized mechanisms include

transfer RNA aminoacylation,85 globus pallidus internus
(GPI)-anchor biosynthesis (PIGA),86,87 acetyl-coenzyme
A–dependent oxidative metabolism,88 axonal transport,
clathrin-mediated endocytosis,89 and cerebrovascular
basement membrane integrity (COL4A2),90 reflecting
the molecular diversity underlying EDSs.

Phenotypic Pleiotropy, Genetic
Heterogeneity, and Emerging

Genotype–Phenotype Correlations

Phenotypic pleiotropy and genetic heterogeneity
represent fundamental challenges in understanding
EDSs.2,91 Pathogenic variants within a single gene can
produce remarkably diverse clinical manifestations, while

conversely, a single clinical phenotype can arise from vari-
ants in different genes. This makes attributing a specific
phenotype to a genotype and vice versa very challeng-
ing.5,92 For instance, PRRT2-related disorders can present
with one or more features including self-limited infantile
epilepsy (SeLIE), paroxysmal kinesigenic dyskinesia
(PKD), and episodic ataxia, among others.93,94 Abnor-
malities in ATP1A3 can result in at least four distinct phe-
notypes with or without overlapping features alongside
atypical presentations of each phenotype.95 GNAO1-
related disorders similarly represent phenotypic variabil-
ity, including severe dystonia, chorea, and life-threatening
hyperkinetic crises, as well as less severe presentations
with predominant neurodevelopmental disorders with
variable epilepsy.39,43,96 Pathogenic variants in SLC2A1
can result in paroxysmal exercise–induced dyskinesia
(PED), epilepsy syndromes with variable severity, or com-
bined phenotypes,97 and variants in SCN8A are associ-
ated with at least five distinct phenotypes, the milder of
which include SeLIE and paroxysmal dyskinesias with or
without epilepsy, and the most severe being early-onset

FIG. 1. Molecular pathway clusters in epilepsy-dyskinesia syndromes and associated therapeutic targets. Schematic overview of the principal molecu-
lar mechanisms underlying genetic epilepsy-dyskinesia syndromes, organized into nine functional clusters: (A) regulation of membrane potential and
neuronal excitability; (B) ionotropic glutamatergic receptor signaling; (C) inhibitory synapse assembly; (D) cAMP-mediated signaling through G-protein–
coupled receptors; (E) regulation of neuronal transcription and translation; (F) synaptic vesicle cycling and synapse organization; (G) macroautophagy
and protein degradation; (H) transmembrane transport across different cell types: SLC13A5 (neurons), SLC2A1/GLUT1 (endothelial cells, astrocytes,
erythrocytes), SLC16A2/MCT8 (neurons, astrocytes, endothelial cells), SLC6A1 (neurons, astrocytes), and SLC1A2/EAAT2 (astrocytes); (I) and special-
ized mechanisms. Representative disease-associated genes are listed within each cluster. Adjacent treatment boxes indicate pharmacological, dietary,
or neuromodulatory therapies with a mechanistic rationale for the corresponding cluster or gene. AMPA, α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid; cAMP, cyclic adenosine monophosphate; GABA-A, γ-aminobutyric acid type A receptor; GDP, guanosine diphosphate; GPi,
globus pallidus internus; GTP, guanosine triphosphate; NMDA, N-methyl-D-aspartate; TF, transcription factor; tRNA, transfer RNA. [Color figure can be
viewed at wileyonlinelibrary.com]
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epileptic encephalopathy with variable movement
disorders.20,98

Genotype–phenotype correlation remains largely
imprecise in multiple conditions, likely because of sev-
eral factors, including reduced penetrance, variable
expressivity, and other genetic and epigenetic co-
occurrences that are poorly understood to date.
In some genetic conditions, however, clearer correla-

tion has emerged through better understanding of the
wide range of phenotypes and pathophysiology caused
by the genotype. A variant’s functional classifica-
tion can predict the phenotype in several conditions.
Gain-of-function variants in SCN1A are strongly asso-
ciated with an early-onset developmental epileptic
encephalopathy (DEE) different from Dravet syndrome
and with more likelihood of early movement disorders
than loss-of-function variants that are associated with a
spectrum ranging from febrile seizures to Dravet syn-
drome, with the latter being associated with gait disor-
ders and parkinsonism during adolescence and
adulthood.99 SCN8A gain-of-function variants are typi-
cally associated with either SeLIE, moderate DEE, or
severe DEE, with the latter two also demonstrating
early hyperkinetic movements, whereas some loss-
of-function variants are associated with chronic ataxia
and neurodevelopmental disorders, with or without epi-
lepsy.98,100 Some variant type and location further
refine phenotypic expression. CDKL5 missense muta-
tions at the Arg178 hot spot are linked to particularly
severe DEE and poor developmental outcomes.101 In
FOXG1-related disorder, deletions confer a heavier epi-
lepsy burden with medically refractory seizures, whereas
missense variants tend to produce more pronounced
movement disorders and milder or absent epilepsy.102

Recurrent GNAO1 hot spot mutations (p.R209, p.G40,
p.G203R) yield distinct phenotypic profiles ranging from
severe movement disorder–predominant presentations to
developmental and epileptic encephalopathy.43,103,104

Recently, GNAO1 variants causing presumed haploin-
sufficiency have been associated with milder, later-onset
familial dystonia, challenging the earlier gain- versus
loss-of-function dichotomy.104

The Clinical Spectrum of EDS
Epilepsy Spectrum

Several well-defined epilepsy syndromes arise within
the EDS spectrum, and the same etiologies can be asso-
ciated with chronological progression from one syn-
drome to another or with more than one syndrome.
Epilepsy of infancy with migrating focal seizures
(EIMFS) has been reported with KCNT1, GNAO1,
and SCN1A gain-of-function variants.19,40,105 Early-
onset epilepsy presenting with focal, tonic, or myoclonic
seizures, which may progress to infantile epileptic spasms

syndrome (IESS), and subsequently to Lennox-Gastaut
syndrome, is associated with CDKL5, FOXG1,
GNAO1, SCN2A, SCN8A, STXBP1, ARX, GABRB3,
and some of the GRIN genes.29,35,48,106 Dravet syn-
drome is characteristically linked to SCN1A with a phe-
notypically similar presentation reported in homozygous
loss-of-function SCN1B variants.18,20,36,107 Self-limited
familial neonatal and/or infantile epilepsy occurs in
PRRT2, SCN2A, and SCN8A.94,98

Distinct gene–syndrome associations have diagnostic
value: SCN2A, SCN8A, and CDKL5 variants show
particularly strong linkage to IESS,108 and SCN1A loss-
of-function variants are identified in more than 90% of
patients with Dravet syndrome.105 Seizure outcomes
vary markedly by genetic etiology and epilepsy syn-
drome: seizures are self-limited and resolve by age
2 years in PRRT2-related epilepsy93; seizures are refrac-
tory in most cases of CDKL5-deficiency disorder108

and variable in disorders such as MECP2 and ATP1A3,
where a subset of patients might achieve seizure control
or even remission.109,110

Movement Disorder Spectrum
Movement disorders in EDS are predominantly

hyperkinetic, representing cardinal and often the most
functionally disabling features of these conditions. Dys-
tonia and motor stereotypies emerge as the most preva-
lent phenomenologies, followed by chorea, ataxia,
myoclonus, and tremor.3,10 Hypokinetic features, incl-
uding bradykinesia and rigidity, are less common in
childhood but may emerge with disease progression
in specific syndromes.2,72

Importantly, approximately half of all patients
exhibit mixed movement and motor disorders, with
multiple phenomenologies coexisting rather than iso-
lated pure phenotypes. Common combinations include
dystonia with choreoathetosis, dystonia with spasticity,
and ataxia with tremor.5

Dystonia demonstrates remarkable gene-specific clus-
tering, with the strongest associations observed with
GNAO1, ARX, UBA5, and RHOBTB2.104,111-113 It
can present as focal, segmental, or generalized, with
severity ranging from mild posturing to life-threatening
status dystonicus. GNAO1-related disorder characteris-
tically presents with a combination of severe dystonia
and chorea in the majority of patients.103 Dystonia is
also seen in sodium channelopathies (SCN1A, SCN8A),
NMDA-receptor subunit genes (GRIN1, GRIN2B,
GRIN2D),29,114-116 and synaptic vesicle disorders (STX-
BP1), although generally milder.1 Status dystonicus has
been documented with variants in GNAO1, ARX,
GNB1, ATP1A3, MECP2, SCN2A, and UBA5, among
others.2,111,117-120

Motor stereotypies are hallmark features of transcrip-
tional dysregulation disorders, particularly MECP2-,

4 Movement Disorders, 2026

B E R N A R D I E T A L

 15318257, 0, D
ow

nloaded from
 https://m

ovem
entdisorders.onlinelibrary.w

iley.com
/doi/10.1002/m

ds.70403 by D
arius E

brahim
i-Fakhari - U

niversity O
f Iow

a L
ibraries , W

iley O
nline L

ibrary on [03/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



CDKL5-, FOXG1-, and STXBP1-related disorders,
manifesting as characteristic midline hand stereotypies
(hand wringing, hand washing, hand clapping) or stereo-
typies involving the craniocervical region.62,101,102,110

Chorea shows strong gene-specific associations, most
prominently with GNAO1 and FOXG1.102,117 In
FOXG1-related disorder, chorea is the dominant
movement abnormality and often occurs as early as
infancy.102,117

Nonepileptic myoclonus appears as multifocal or
action-induced jerks, often co-occurring with other
movement disorders. It predominates in TBC1D24-
related disease121 and is also seen with variants in
KCNA2, STXBP1, SCN1A, and SCN8A.122-124

Ataxia occurs across several genes, most notably
CACNA1A, SLC2A1, and SCN1A.97,99,125 CACN-
A1A-related disease encompasses a continuum from
episodic ataxia type 2 to progressive cerebellar ataxia
and ataxia associated with DEE.125

Paroxysmal movement disorders occur in several
EDS genes, most characteristically with PRRT2,
SLC2A1, and ATP1A3.126,127

Parkinsonism, characterized by bradykinesia, com-
bined with either rest tremor or rigidity, is uncommon
in childhood but emerges in several disorders, including
in disorders related to DNAJC6, ATP7A, STXBP1,
SYNJ1, DHDDS, and KCNQ2.5,128-130 Hypokinetic
features can evolve over time, as in MECP2-related
Rett syndrome and WDR45-related β-propeller protein-
associated neurodegeneration (BPAN), which transition
from early hyperkinetic phases to dystonia-parkin-
sonism in adolescence or adulthood.71,131 ATP1A3 var-
iants demonstrate exceptional phenotypic diversity,
spanning dystonia, parkinsonism, chorea, ataxia, ste-
reotypies, and myoclonus.28

To systematically delineate this landscape, we clustered
data from the largest published cohorts with detailed
movement disorder phenotyping, encompassing 696
patients across 109 genes and 13 defined movement dis-
order phenomenologies2,3,9,10,124 (Fig. 2).

Temporal Patterns
Across the EDS spectrum, epilepsy often presents dur-

ing the first year of life, whereas movement disorders
are typically recognized later, commonly between 1 and
3 years of age, although considerable variation exists
across genes.3,9,10 The age of movement disorder onset
ranges from the neonatal period to adulthood, reflec-
ting diverse pathogenic mechanisms and developmental
regulation of gene expression.11,92,124

In the majority of conditions, including CDKL5-,
GNAO1-, PRRT2-, WDR45-, and SLC2A1-related disor-
der, seizures manifest before movement disorders, often
with seizure onset clustering in the neonatal or early infan-
tile period, while movement disorders emerge months to

years later.2 Subsets of phenotypes related to ATP1A3,
STXBP1, and FOXG1 might show concurrent onset of
seizures and movement disorders in infancy.102,132,133

With some presentations of ARX, ATP1A3, MECP2, and
CACNA1A-related disorders, movement disorders may
precede or occur independently of seizures, with character-
istic age dependence.125,134

Clinical Classification

We propose two complementary clinical classifica-
tion systems: a categorical classification based on over-
arching clinical trajectories and a phenomenology-based
system centered on the leading motor phenotype.

Categorical Classification
The categorical classification organizes EDS into six

broad groups based on overall clinical syndrome and
disease trajectory, providing a complementary frame-
work to the phenomenology-based approach (Fig. 3).
First, DEE with hyperkinetic movement disorders rep-
resents the largest category, encompassing the majority
of EDS cases where severe early-onset epilepsy co-
occurs with prominent hyperkinetic movement disor-
ders, including dystonia, chorea, stereotypies, and
myoclonus. This heterogeneous group includes genes
affecting diverse molecular pathways: synaptic trans-
mission (STXBP1, TBC1D24, DNM1),64,135,136 tran-
scriptional regulation (MECP2, CDKL5, FOXG1,
ARX, MEF2C, PURA),50,53,108,111,137,138 signal trans-
duction (GNAO1, GNB1, SYNGAP1),47,139 ion chan-
nels (SCN1A, SCN2A, SCN8A, KCNQ2, KCNT1,
CACNA1A),140-142 glutamatergic neurotransmiss-
ion (GRIN1, GRIN2B, GRIN2D),29,114-116 and GPI-
anchor biosynthesis (PIGA).143,144 Patients typically
present with medically refractory epilepsy and signifi-
cant neurodevelopmental impairment. Second, DEE
with parkinsonism represents a smaller but clinically
important category characterized by DEE and hypo-
kinetic phenomenology. This phenotype can emerge in
KCNQ2- and DNAJC6-related disorders, as well as
other rare genetic disorders related to ATP7A, STXB-
P1, SYNJ1, and DHDDS.5,62,145 Importantly, some
conditions show age-dependent evolution from early
hyperkinetic to later hypokinetic features, as exempli-
fied by MECP2-related Rett syndrome and WDR45-
related BPAN.72,134,146 Third, epilepsy with paroxysmal
movement disorders encompasses conditions where par-
oxysmal dyskinesias (PKD, paroxysmal non-kinesigenic
dyskinesia [PNKD], PED) occur alongside epilepsy. This
category includes the classic genetic causes of paroxys-
mal movement disorders (PRRT2, SLC2A1), as well as
KCNMA1 and CACNA1A. ATP1A3-related disorder
can present with paroxysmal hemiplegic or quadriplegic
episodes and dystonic attacks that must be distinguished
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FIG. 2. Gene-specific movement disorder profiles in epilepsy-dyskinesia syndromes. Comprehensive movement disorder landscape across 767 patients with
genetic epilepsy-dyskinesia syndromes from the largest published cohorts to date affecting 121 genes. The bubble plot displays the frequency and statistical
significance of associations between each gene (y-axis) and movement disorder phenomenologies (x-axis). Circle size represents the number of patients with
each gene–phenotype combination; color intensity (red gradient) indicates the frequency of occurrence within each genetic group. [Color figure can be
viewed at wileyonlinelibrary.com]
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from seizures through video-electroencephalogra-
phy (EEG) monitoring.94,126,127 Fourth, progressive
myoclonic epilepsies comprise a distinct group character-
ized by myoclonic seizures, progressive action-induced
myoclonus, and neurological deterioration, including
Unverricht-Lundborg disease (CSTB), Lafora disease
(EPM2A, NHLRC1), and several neuronal ceroid
lipofuscinoses, typically presenting in later childhood or
adolescence with progressive functional decline.147-149

Additional genetic etiologies include GOSR2, KCNC1,

PRICKLE1, SCARB2, and KCTD7.150-154 Fifth, inborn
errors of metabolism includes disorders where EDS
arises from disrupted metabolic pathways, such as glu-
cose transporter deficiency (SLC2A1), mitochondrial dis-
orders, and certain disorders of neurotransmitter
metabolism, often with manifestations beyond the CNS
and potential for targeted metabolic therapies.1,81,155,156

Sixth, neurodegenerative diseases encompass progressive
disorders with characteristic temporal evolution and
often distinctive neuroimaging findings, including BPAN

FIG. 3. Categorical classification of epilepsy-dyskinesia syndromes. Sunburst diagram illustrating the categorical organization of genetic epilepsy-
dyskinesia syndromes into six major groups. The inner ring represents the six broad categories; the outer ring displays individual genes within each cat-
egory. DEE, developmental epileptic encephalopathy. [Color figure can be viewed at wileyonlinelibrary.com]
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(WDR45) with brain iron accumulation, juvenile
Huntington’s disease (HTT) with progressive chorea and
cognitive decline, and various mitochondrial disorders,
distinguished by progressive worsening, accumulation of
pathological substrates, and typically later disease
onset.72,157 Neuronal ceroid lipofuscinoses similarly
present with therapy-resistant myoclonic epilepsy
alongside progressive movement disorders, including
nonepileptic myoclonus, dystonia, chorea, ataxia, and
parkinsonism.158

It is important to acknowledge that the categorical
classification of EDS is not static, because age-
dependent phenotypic evolution may occur in a subset
of patients. For example, patients with SCN1A-related
Dravet syndrome or MECP2-related Rett syndrome
may transition from DEE with hyperkinetic movement
disorders to parkinsonism during adolescence or adult-
hood.99,134 Periodic reassessment is therefore rec-
ommended as phenotypes evolve.

Phenomenology-Based Clinical Classification
Most EDSs present with mixed movement disorder

phenotypes. The differential can be approached
through three sequential bedside questions. First, is the
movement disorder paroxysmal (discrete, often trig-
gered or spontaneous episodes) or continuous (present
throughout wakefulness)? A paroxysmal presentation
should focus attention on PRRT2, SLC2A1, KCN-
MA1, ATP1A3, and CACNA1A, stratified by trigger
and episode character. Second, if continuous, is the
motor phenotype predominantly hyperkinetic or
hypokinetic? Hypokinetic presentations should raise
DNAJC6, ATP7A, SYNJ1, DHDDS, KCNQ2, and
STXBP1, bearing in mind that several predominantly
hyperkinetic disorders (MECP2, WDR45, SCN1A) tran-
sition toward parkinsonism in adolescence or adulthood.
Third, within the hyperkinetic group, what is the leading
phenomenology: dystonia with frequent status dystonicus,
dystonia, chorea, stereotypies, or myoclonus? Each is dis-
cussed in turn in the following sections, and Table 1 pro-
vides a gene-by-gene index organized in the same
phenomenological hierarchy for rapid bedside reference.

Early-Onset DEE with Status Dystonicus

This severe phenotype combines early-onset epileptic
encephalopathy with recurrent episodes of status
dystonicus.159 The epileptic phenotype typically mani-
fests as severe, pharmaco-resistant DEE with onset in
the neonatal period or early infancy, with multiple sei-
zure types often coexisting and evolving over time.
GNAO1-related disorder represents the prototypical

etiology, with hyperkinetic crises as a hallmark feature.
These crises often combine severe dystonia with chorea,
athetosis, and ballismus, frequently triggered by fever,
infection, or stress, and accompanied by dysautonomia.

Treatment in the intensive care unit is often required,
and there is an evolving understanding of the response
to deep brain stimulation (DBS). Epilepsy typically
presents in the first months of life as early infantile
DEE with tonic seizures and suppression-burst EEG
pattern, or as EIMFS. Additional seizure types include
epileptic spasms, myoclonic seizures, and focal seizures
with impaired awareness. The epilepsy is typically
medically refractory, although seizure burden may
not correlate with the severity of hyperkinetic
crises.39,42,103,104,117,160

ARX-related disorder demonstrates progressive dys-
tonia beginning with characteristic hand involvement
evolving to generalized distribution, alongside early
infantile DEE or IESS with predominantly male involve-
ment because of X-linked inheritance. The epilepsy phe-
notype is severe, with seizure onset typically in the
neonatal period or first months of life. Seizure types
include epileptic spasms, tonic seizures, myoclonic sei-
zures, and focal seizures. Many patients have the char-
acteristic triad of infantile spasms, developmental delay,
and hand dystonia. Dystonia may be present from early
infancy, progressing from focal hand dystonia to more
generalized involvement, with status dystonicus docu-
mented in severe cases.48,111,161

UBA5-related disorder is an ultra-rare disease that
can present with severe hyperkinetic crises resembling
those of GNAO1-related disorder, with early-onset
DEE manifesting as multiple seizure types, including
tonic seizures, epileptic spasms, myoclonic seizures, and
focal seizures, typically beginning in the neonatal
period or early infancy. Epilepsy is generally pharmaco-
resistant, and the combination of severe movement dis-
order crises with refractory epilepsy creates substantial
clinical burden.77,112,118,162

DEE with Prominent Dystonia

This category encompasses patients for whom dysto-
nia represents the leading and most disabling movement
disorder. The functional impact ranges from mild
motor impairment to severe disability affecting mobil-
ity, self-care, and communication. Notably, genes previ-
ously discussed in the status dystonicus category (ARX,
GNAO1, STXBP1, RHOBTB2) present with dystonia
as the primary feature when episodes do not reach the
severity of status dystonicus.
MECP2-related disease demonstrates characteristic

age-dependent evolution, with progressive dystonia typ-
ically emerging during late childhood or adolescence
after initial regression and loss of purposeful hand
skills. Epilepsy occurs in 60% to 80% of patients, with
seizure onset typically between ages 2 and 4 years.
Seizure types are variable and may include focal seizures,
generalized tonic-clonic seizures, myoclonic seizures, and
absence seizures. Approximately 40% achieve seizure
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TABLE 1 Phenomenology-based classification centered on the leading motor phenotype

Phenomenology Gene Inheritance
Molecular
mechanism Movement disorder features Epilepsy features

Early-onset EE
with status
dystonicus

GNAO1 AD G-protein signaling Status dystonicus, dystonia, chorea,
orolingual dyskinesia, complex
stereotypies

DEE, EIDEE, EIMFS-like,
early-onset

ARX X-linked Transcription factor Progressive generalized dystonia,
hand dystonia (infancy), status
dystonicus

Early infantile DEE, IESS,
myoclonic seizures

UBA5 AR UFM1 conjugation
pathway

Dystonia, paroxysmal dystonia, status
dystonicus

Early-onset DEE

DEE with
prominent
dystonia

MECP2 X-linked Transcriptional
regulation

Generalized dystonia, hand
stereotypies, bruxism, status
dystonicus (rare)

DEE with multiple seizure
types

CACNA1A AD P/Q-type calcium
channel

Dystonia, torticollis, paroxysmal
tonic upgaze, episodic ataxia

Absence epilepsy, GTCS,
IESS

SCN2A AD Voltage-gated
Na+ channel
(Nav1.2)

Severe dystonia, chorea (especially
neonatal onset), oculogyric crises,
episodic ataxia, status dystonicus
(rare)

DEE, EIDEE, EIMFS, self-
limited familial neonatal-
infantile epilepsy

SCN8A AD Voltage-gated
Na+ channel
(Nav1.6)

Dystonia, choreoathetosis, tremor,
ataxia, paroxysmal dyskinesia

IESS, Lennox-Gastaut
syndrome, Dravet
syndrome, multiple
seizure types

ATP1A3 AD Na+/K+-ATPase Dystonia-parkinsonism, paroxysmal
dystonic episodes, chronic
dystonia, status dystonicus (rare)

Variable epilepsy (AHC,
CAPOS)

STXBP1 AD Synaptic vesicle
trafficking

Truncal and limb dystonia, head
stereotypies, status dystonicus
(rare)

Early infantile
developmental and
epileptic encephalopathy,
IESS, early DEE

RHOBTB2 AD Rho GTPase
signaling

Dystonia, chorea, ataxia Early-onset DEE

DEE with
prominent
chorea

FOXG1 AD Transcription factor Generalized chorea appearing in
infancy, motor stereotypies

DEE (infantile epileptic
spasms, multifocal
seizures)

CDKL5 X-linked Serine/threonine
kinase

Generalized chorea, stereotypies Early-onset DEE, infantile
epileptic spasms,
myoclonic seizures

SCN8A AD Voltage-gated
Na+ channel

Generalized chorea, ataxia, dystonia,
exaggerated startle, hand
stereotypies

DEE, EIMFS, multiple
seizure types

MEF2C AD Transcription factor Chorea, dystonia, dyskinesia,
MECP2-like hand stereotypies

DEE, infantile epileptic
spasms, myoclonic
seizures

KCNB1 AD Voltage-gated K+

channel
Chorea, myoclonus, hand-wringing

stereotypies
DEE

DEE with
prominent
stereotypies

MECP2 X-linked Transcriptional
regulation

Hand stereotypies (hand wringing,
hand-mouthing), bruxism, ataxia,
chorea, dystonia

DEE (focal, generalized
seizures)

(Continues)
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control, and seizure burden may decrease with age even
as dystonia and parkinsonian features worsen during
adolescence and adulthood. Early childhood is domi-
nated by midline hand stereotypies, whereas dystonia
progressively emerges during the second decade, often
with parkinsonian features including bradykinesia and
rigidity.53,110,134,163,164

STXBP1-associated disorders typically present with
early-onset DEE with seizure onset in the neonatal
period or first months of life. The epilepsy phenotype
may include early infantile DEE with suppression-burst
pattern, IESS, or evolution to Lennox-Gastaut syn-
drome. Seizure types are diverse, including tonic sei-
zures, epileptic spasms, focal seizures with or without
impaired awareness, and myoclonic seizures. Dystonia
can be severe and persistent and can occur alongside
other movement features, including ataxia, tremor, and

stereotypies, creating a complex mixed movement
disorder.62,132,136,165-167

RHOBTB2-related disorder presents with paroxys-
mal dystonic episodes and hemiplegic attacks, which
can be severe and recurrent. When epilepsy is present,
seizure types may include focal seizures, generalized
tonic-clonic seizures, or multiple seizure types.113,168,169

CACNA1A-related disorder, particularly in DEE pre-
sentations with haploinsufficiency variants, shows
early-onset seizures, including absence, focal, myo-
clonic, or multiple seizure types occurring alongside
dystonia and developmental impairment.125,170,171

Alternating hemiplegia of childhood (AHC) related to
variants in ATP1A3 presents with epilepsy in approxi-
mately 50% of patients, typically developing after the
onset of hemiplegic episodes and paroxysmal dystonia,
although seizures may occasionally represent the initial

TABLE 1 Continued

Phenomenology Gene Inheritance
Molecular
mechanism Movement disorder features Epilepsy features

CDKL5 X-linked Serine/threonine
kinase

Stereotypies (hand wringing, leg-
crossing)

Early-onset DEE, infantile
epileptic spasms,
myoclonic seizures

STXBP1 AD Synaptic vesicle
trafficking

Hands, trunk, head, and neck
stereotypies (figure-of-eight)

Early infantile DEE, IESS
(formerly West
syndrome), early DEE

SCN1A AD Voltage-gated
Na+ channel

Eyelid stereotypies Dravet syndrome, genetic
epilepsy with febrile
seizures plus (GEFS+),
EIMFS

KCNA2 AD Voltage-gated K+
channel

Stereotypies, generalized myoclonus Childhood-onset epilepsy
GTCS, myoclonic,
absence epilepsy

SYNGAP1 AD Synaptic GTPase-
activating protein

Stereotypies, hand-flapping DEE, infantile epileptic
spasms

Epilepsy with
paroxysmal
dyskinesia

PRRT2 AD Synaptic vesicle
priming

PKD, PNKD Self-limited familial infantile
epilepsy, febrile seizures,
absence epilepsy, GTCS,
photosensitive epilepsy

SLC2A1 AD GLUT1 glucose
transporter

PED, ataxia Absence epilepsy,
myoclonic-atonic seizures

ATP1A3 AD Na+/K+-ATPase Alternating hemiplegia episodes,
paroxysmal dystonia, PED

Variable epilepsy types
(more common in AHC)

KCNMA1 AD BK channel (large
conductance
Ca2+-activated
K+ channel)

PNKD, ataxia, myoclonus Generalized epilepsy

CACNA1A AD P/Q-type calcium
channel

Episodic ataxia type 2, paroxysmal
tonic upgaze

Absence epilepsy, variable

Abbreviations: EE, epileptic encephalopathy; AD, autosomal dominant; EIMFS, epilepsy of infancy with migrating focal seizures; IESS, infantile epileptic spasms syndrome; AR,
autosomal recessive; EIDEE, early infantile developmental epileptic encephalopathy; DEE, developmental epileptic encephalopathy; GTCS, generalized tonic-clonic seizures;
AHC, altering hemiplegia of childhood; PKD, paroxysmal kinesigenic dyskinesia; PNKD, paroxysmal nonkinesigenic dyskinesia; PED, paroxysmal exercise–induced dyskinesia.
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clinical manifestation. When present, seizure types
include focal seizures, generalized tonic-clonic seizures,
or multiple seizure types, with variable severity ranging
from rare seizures to frequent events. Some patie-
nts may present with isolated DEE or isolated
dystonia.27,28,109,172

SCN2A-related DEE is associated with prominent
dystonia and chorea that can appear within the first
weeks of life, at times preceding or coinciding with epi-
lepsy onset. Status dystonicus can occur.19,106,120,173

DEE with Prominent Chorea

FOXG1-related syndrome is the prototypical disor-
der in this category with chorea and seizures typically
emerging concurrently in early infancy. The choreiform
movements are generalized and continuous from early
childhood, often accompanied by dystonia, myoclonus,
and distinctive, often unilateral, hand stereotypies.
Early-onset seizures manifest as infantile spasms. Addi-
tional seizure types include focal seizures and general-
ized seizures (tonic, myoclonic, or tonic-clonic).
Epilepsy may be severe and medically refractory or
show variable response to antiseizure medications. The
combination of prominent early-onset chorea, infantile
spasms, and congenital microcephaly in a male patient
without developmental regression can distinguish
FOXG1-related disorder from other etiologies.11,49,102

CDKL5-related disorder is associated with general-
ized chorea alongside prominent hand and leg stereoty-
pies, bruxism, ataxia, dystonia, and myoclonus, with
seizures typically preceding or coinciding with onset of
movement disorders. Severe early-onset DEE can mani-
fest within the first weeks of life, often progressing into
epileptic spasms and evolving to include other general-
ized seizure types (tonic, myoclonic, tonic-clonic), focal
seizures (with or without impaired awareness), and
myoclonic seizures. The epilepsy burden is among the
highest across all EDS genes, with less than 20% of
patients achieving complete seizure control.101,105

SCN8A-related disorders demonstrate variable cho-
rea severity across its broad phenotypic spectrum.
Severe or intermediate DEE with seizure onset in the
first weeks to months of life is associated with gain-of-
function variants. In these cases, the epilepsy is typically
severe and pharmaco-resistant. Nonepileptic paroxys-
mal manifestations, including nonepileptic myoclonus,
generalized tremor, and hyperekplexia-like startles, are
often seen in early childhood. Loss-of-function variants
can manifest with DEE, although more commonly with
neurodevelopmental disorders with or without later-
onset epilepsy. Movement disorders including chorea,
ataxia, and myoclonus develop variably in patients
with loss-of-function variants, often with less severe
motor impairment compared with gain-of-function
variants.20,98,100

GABA transaminase deficiency, an autosomal reces-
sive disease caused by pathogenic ABAT variants, is
associated with a severe early infantile epileptic enceph-
alopathy and continuous choreoathetosis during
wakefulness.174

GNAO1- and SCN2A-related disorders, as previ-
ously discussed, are also included in this category when
chorea is the predominant movement disorder.

DEE with Prominent Stereotypies

MECP2-related disorder including typical Rett syn-
drome presents with characteristic midline hand ste-
reotypies (hand wringing, washing, or clapping)
representing a cardinal feature occurring in virtually all
patients and persisting throughout life. Additional ste-
reotypies involve trunk, head, and neck. The move-
ments are continuous during wakefulness and increase
with excitement or concentration.175 A similar
spectrum is seen in CDKL5-related disorder where ste-
reotypies are prominent and include characteristic leg-
crossing and hand stereotypies recognized within the
first months to years of life.53 STXBP1-related disorder
demonstrates a distinct set of stereotypies involving
hands, trunk, head, and neck, including the characteris-
tic but nonpathognomonic “figure-of-eight” sequence.
Stereotypies co-occur with additional movement fea-
tures, including ataxia, intention tremor, dyskinetic
movements, and dystonia.62,136

Epilepsy with Paroxysmal Dyskinesia

This group includes paroxysmal dyskinesias, some-
times requiring differentiation from epileptic seizures by
video-EEG. PKD, most strongly associated with vari-
ants in PRRT2, presents with brief episodes (typically
<1 minute) triggered by sudden movement, startle, or
transitions from rest to activity. Episodes manifest as
dystonic posturing or choreiform movements, usually
affecting one side of the body. The epileptic phenotype
with PRRT2 variants most commonly consists of SeLIE
or SeLFIE, with focal seizures that can be generalized
and that are easily controlled with antiseizure medica-
tions, especially sodium channel blockers, and resolve
spontaneously before age 2 years. Importantly, PKD
typically begins years after epilepsy has remitted,
emerging in later childhood or adolescence, and is asso-
ciated with normal cognitive development and an excel-
lent overall response to therapy.61,93,94 Paroxysmal
dyskinesia can also occur in succinic semialdehyde
dehydrogenase deficiency, the most common inherited
disorder of GABA degradation.176

PNKD with epilepsy is found with variants in PRRT2
and KCNMA1. Episodes are typically longer (minutes
to hours) and are triggered by stress, emotional excite-
ment, caffeine, alcohol, or fatigue, or occur spontane-
ously at rest without specific triggers. The movements
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are typically dystonic or choreiform and may be unilat-
eral or bilateral. In KCNMA1-related disorder, epilepsy
may manifest as generalized or focal seizures with vari-
able onset ranging from infancy to childhood.23,126

PED is a hallmark of SLC2A1-related GLUT1 defi-
ciency. Episodes are triggered by sustained exercise and
consist of dystonic posturing or choreiform movements
affecting the exercised limbs. Movements typically
begin during or immediately after exertion, may be uni-
lateral, and gradually resolve with rest. Neonatal and
early infantile seizures are characteristic of the classical
form, as well as paroxysmal eye-head movements. The
latter, representing aberrant gaze saccades, manifest as
episodic multidirectional jerks of the eyes and head that
occur in the same direction and may precede the onset
of seizures. The epilepsy phenotype may also manifest
in early childhood, with focal seizures, early-onset
absence seizures, myoclonic seizures, atonic seizures,
and generalized tonic-clonic seizures. Other paroxysmal
symptoms such as intermittent ataxia, confusion,
altered mental status, or headaches can occur during
fasting, illness, or periods of increased metabolic
demand when cerebral glucose availability is further
reduced. Hypoglycorrhachia (low CSF glucose with
normal serum glucose; CSF-to-blood glucose ratio < 0.4
measured 4 hours postprandial) is a diagnostic feature,
although ratios up to 0.5 have been reported.84,127

Paroxysmal tonic upgaze (PTU), associated with vari-
ants in CACNA1A, consists of recurrent episodes of
sustained upward eye deviation, sometimes occurring
multiple times per day and accompanied by a head tilt
or ataxia during the event. Additional paroxysmal non-
epileptic manifestations in CACNA1A-related disease
include episodic ataxia and hemiplegic migraine.126,170

Therapeutic Approaches

Management of EDSs requires integrated treatment
strategies addressing both epilepsy and movement dis-
orders, with attention to gene-specific responses and
potential therapeutic synergies.2,92

Several medications show distinct gene-specific effi-
cacy profiles. Carbamazepine and other sodium channel
blockers are highly effective for PRRT2-related PKD,
often at low doses.93,177 Acetazolamide reduces epi-
sodic manifestations, including ataxia in CACNA1A-
related disorder.178 The ketogenic diet serves as a
disease-modifying therapy for SLC2A1 deficiency,
improving both seizures and movement disorders.179

Sodium channel blockers can be effective against symp-
toms associated with SCN2A and SCN8A gain-
of-function variants.180

DBS has emerged as an important therapy for medi-
cally refractory movement disorders in EDS, particu-
larly for life-threatening hyperkinetic crises or status

dystonicus.11,181 The strongest evidence supports bene-
fit in GNAO1- and UBA5-related disorders, with mul-
ticenter data demonstrating efficacy across additional
etiologies, including SCN2A, MECP2, ARX, and
GNB1.111,118,120,182 Target selection generally involves
global pallidus interna or the subthalamic nuclei for
movement disorders, whereas alternative targets such
as the anterior or centromedian nuclei of the thalamus
may be considered for epilepsy control when
indicated.183

For patients with coexisting refractory epilepsy and
movement disorders, multitarget DBS, in which two
electrodes per hemisphere are used to modulate both a
movement disorder target (GPi or subthalamic nucleus)
and an epilepsy-directed target (anterior nucleus of the
talamus or centromedian nucleus of the thalamus), is
emerging as a feasible strategy, with early reports
suggesting safety and efficacy in complex cases.184,185

Emerging Precision Medicine Approaches
The treatment landscape for EDSs is rapidly evolving,

with multiple strategies in preclinical or clinical devel-
opment (Table 2). Although not strictly limited to a
precise gene or gene variant, a number of small-
molecule therapies have already reached regulatory
approval for several genetic epilepsies based on efficacy
experienced in these specific conditions.12 For SCN1A-
related Dravet syndrome, stiripentol, cannabidiol, and
fenfluramine demonstrated efficacy in randomized con-
trolled trials.107 Trofinetide received approval for
MECP2-related Rett syndrome186 and ganaxolone for
CDKL5-related epilepsy.187 Additional small-molecule
therapies under investigation include zinc acetate and
caffeine for GNAO1-related disorders.188,189 Sodium
channel modulators for SCN2A- and SCN8A-related
DEEs such as relutrigine are currently in phase 3 clinical
trials, and studies have been extended to other types of
genetic epilepsies.
In terms of precision medicine, ASO therapies repre-

sent one of the fastest-advancing approaches.190 For
gain-of-function mutations such as SCN8A-related
DEE, ASOs downregulating the sodium channel sub-
unit NaV1.6 have shown efficacy in reducing seizures
and mortality in mouse models.191 ASO therapies have
also demonstrated promise in preclinical models of pro-
gressive myoclonic epilepsies, Timothy syndrome
(CACNA1C), and Angelman syndrome (UB3A) both in
preclinical and phase 1/2 trials, with some showing effi-
cacy even with prenatal delivery in animal
models.192-194 Personalized allele-specific ASOs have
been developed for the GNAO1 p.E246K variant,
selectively reducing mutant protein while preserving
wild-type expression.195 A major clinical milestone was
reached with the first ASO therapy administered to
infants with KCNT1-associated EIMFS.196
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TABLE 2 Emerging precision medicine strategies for epilepsy-dyskinesia syndromes

Gene Specific/Novel therapy Indication/Notes

PRRT2 Carbamazepine (low dose) PKD—dramatic efficacy, gold standard

SCN1A Stiripentol, cannabidiol, fenfluramine Dravet syndrome—FDA approved

AVOID: sodium channel blockers Worsen both seizures and movements

Ketogenic diet Effective for seizures and movements

ASO therapy (TANGO)—zorevunersen Phase 1/2 clinical trial

Gene therapy (ETX101) Clinical trial planned

SCN2A Sodium channel blockers Effective for GoF variants

ASO therapy In development for GoF variants

SCN8A Sodium channel blockers (phenytoin) Effective for GoF variants

Topiramate may worsen symptoms Caution in use

ASO therapy Preclinical—downregulates NaV1.6 in
GoF

GNAO1 Zinc acetate, caffeine Under investigation—targeting
downstream signaling

DBS (GPi) Strong evidence for hyperkinetic crises,
status dystonicus

AVOID: levodopa May worsen motor symptoms

MECP2 Trofinetide FDA approved—Rett syndrome

Gene therapy (AAV-miRARE) Clinical trials—with autoregulatory
elements

DBS (GPi) For progressive parkinsonism

AVOID: levodopa May worsen symptoms

CDKL5 Ganaxolone FDA approved—reduces seizure
frequency

Cannabidiol Documented efficacy

Ketogenic diet Documented efficacy

Fenfluramine Documented benefit

Gene therapy (AAV9) Preclinical success—gene replacement

STXBP1 DBS (GPi) For severe dystonia and Lennox-
Gastaut–like parkinsonian symptoms

ATP1A3 Flunarizine (AHC) For hemiplegic episodes

High-flow oxygen (AHC) During hemiplegic attacks

ARX DBS (GPi) For severe dystonia, status dystonicus

UBA5 DBS (GPi) Strong evidence for status dystonicus

SLC2A1 Ketogenic diet Disease modifying—bypasses glucose
transport defect; gold standard
treatment

CACNA1A Acetazolamide Highly effective for EA2, hemiplegic
migraine, paroxysmal tonic upgaze

4-Aminopyridine Alternative for episodic ataxia

Lamotrigine Documented benefit for epilepsy

(Continues)
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ASOs can also increase protein expression in loss-
of-function disorders through a mechanism termed
Targeted Augmentation of Nuclear Gene Output
(TANGO).190 This has shown preclinical and phase 1/2
trials success in Dravet syndrome.197

For monogenic loss-of-function epilepsies, gene replace-
ment has shown success in preclinical models of Lafora
disease (EPM2A) and CDKL5 deficiency using intraven-
tricular AAV9 delivery.198,199 Intrathecal AAV9 gene
therapy is in clinical trials for hereditary spastic paraplegia

type 50 (AP4M1)200 and Rett syndrome.201 For Dravet
syndrome, the large size of SCN1A complicates packaging
in AAV vectors. Solutions include dual-AAV split-intein
systems or transactivation therapy using engineered tran-
scription factors to selectively upregulate endogenous
SCN1A in GABAergic interneurons, a strategy that has
demonstrated safety in nonhuman primates and is now
advancing to clinical trials.107

CRISPR-Cas9 provides the ability to precisely disrupt
pathogenic alleles. Preclinical proof-of-concept studies

TABLE 2 Continued

Gene Specific/Novel therapy Indication/Notes

CACNA1E Topiramate Selective efficacy—AED with consistent
benefit

DBS (GPi) For severe dystonia, status dystonicus

KCNQ2 Sodium channel blockers,
carbamazepine, phenytoin

Can be effective for early onset

KCNMA1 Lisdexamfetamine PNKD—reduces episode frequency

KCNT1 ASO therapy Breakthrough—2 patients successfully
treated (EIMFS)

KCNA2 4-Aminopyridine Promising treatment for GoF
encephalopathy

SLC6A1 Valproate Preferential response

gRIN1, GRIN2B, GRIN2D GoF: memantine, dextromethorphan,
radiprodil

NMDA antagonists—radiprodil is
GluN2B selective

GoF: ketamine, magnesium NMDA modulators

LoF: L-serine NMDA co-agonist

GNB1 DBS (GPi) For severe hyperkinetic movements
with DEE

AP4M1 Gene therapy (AAV9) Phase 1/2 clinical trial demonstrating
safety

AP4B1 Gene therapy (AAV9) Phase 1/2 clinical trial planned to start

EPM2A Gene therapy (AAV9) Preclinical success

POLG AVOID: valproate Can precipitate fatal hepatic failure;
screen POLG before valproate use

UB3A ASO therapy Phase 1/2 clinical trial

Abbreviations: AED, antiepileptic drug; AAV-miRARE, microRNA artifical repressor. Mechanisms of action of non–antiseizure medications listed in this table: trofinetide
(MECP2/Rett): synthetic analog of glycine-proline-glutamate, the N-terminal tripeptide of insulin-like growth factor 1; putative mechanisms include modulation of synaptic sig-
naling and neuroinflammation. Ganaxolone (CDKL5): synthetic analog of the endogenous neurosteroid allopregnanolone; positive allosteric modulator of synaptic and
extrasynaptic GABA-A receptors, with preferential activity at δ-subunit–containing receptors. Zinc acetate (GNAO1): putatively restores GTPase activity of mutant Gαo protein,
thereby normalizing downstream cAMP/G-protein signaling; clinical evidence remains investigational. Caffeine (GNAO1): adenosine receptor antagonist; proposed to modulate
cAMP levels downstream of Gαo dysfunction. Flunarizine (ATP1A3/AHC): calcium channel blocker; proposed to stabilize neuronal membrane excitability and reduce fre-
quency and severity of hemiplegic attacks. High-flow oxygen (ATP1A3/AHC): induces cerebral vasoconstriction, reducing cerebral blood flow and thereby shortening the dura-
tion of hemiplegic attacks. Acetazolamide (CACNA1A): carbonic anhydrase inhibitor; reduces neuronal hyperexcitability, with a probable membrane-stabilizing effect on
calcium channel function. 4-Aminopyridine (CACNA1A, KCNA2-GoF): voltage-gated potassium channel blocker; increases cerebellar Purkinje cell firing rate.
Lisdexamfetamine (KCNMA1): prodrug of dextroamphetamine; proposed to modulate dopaminergic and noradrenergic signaling, reducing paroxysmal dyskinesia episode fre-
quency. Memantine/Dextromethorphan/Radiprodil (GRIN GoF): NMDA receptor antagonists, reducing pathological overactivation of gain-of-function glutamate receptor
variants; radiprodil is GluN2B selective. Ketamine (GRIN GoF): noncompetitive NMDA receptor antagonist acting via open-channel block. Magnesium (GRIN GoF): physio-
logical voltage-dependent blocker of the NMDA receptor channel pore, reducing conductance under conditions of partial depolarization. L-serine (GRIN LoF): NMDA recep-
tor co-agonist at the glycine-binding site, compensating for reduced receptor activity in loss-of-function variants.
Abbreviations: PKD, paroxysmal kinesigenic dyskinesia; FDA, US Food and Drug Administration; ASO, antisense oligonucleotide; TANGO, Targeted Augmentation of Nuclear
Gene Output; GoF, gain of function; DBS, deep brain stimulation; GPi, globus pallidus internus; AHC, altering hemiplegia of childhood; PNKD, paroxysmal nonkinesigenic
dyskinesia; EIMFS, epilepsy of infancy with migrating focal seizures; NMDA, N-methyl-D-aspartate; LoS, loss of function; DEE, developmental epileptic encephalopathy; cAMP,
cyclic adenosine monophosphate.
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have shown seizure reduction in SCN8A-related DEE
models.202 However, challenges include off-target
effects, variable editing efficiency, and delivery con-
straints.203 Alternative approaches using dCas9 fused
to transcriptional activators have successfully restored
interneuron function and reduced seizures in Dravet
models.204 Prime editing rescued clinically relevant phe-
notypes, including ATPase activity, paroxysmal spells,
motor defects, and cognition deficits, and lifespan in a
mouse model of ATP1A3-related disorder.205

Collectively, these emerging therapies represent a par-
adigm shift from symptom-directed treatment toward
disease-modifying and potentially curative approaches
for EDS. Key challenges include achieving therapeutic
CNS exposure, navigating host immune responses,
defining meaningful clinical endpoints for ultra-rare
and heterogeneous disorders, optimizing intervention
timing relative to neurodevelopmental windows, and
addressing the substantial financial costs associated
with individualized genetic therapies.206

Conclusion and Future Directions

EDSs constitute a rapidly expanding group of genetic
disorders that require coordinated, multidisciplinary
care that integrates epilepsy and movement disorder
expertise, leverages synergistic therapies, and targets
shared molecular pathways. Progress hinges on robust
genotype–phenotype correlations from systematic natu-
ral history studies and on validated, disease-specific
outcome measures suitable for ultra-rare conditions.
Although DBS shows promise for severe, refractory
movement disorders and select epilepsy cases, key ques-
tions remain regarding patient selection, targets, timing,
and integration with other surgical approaches. The
growing therapeutic pipeline, spanning gene replace-
ment, ASOs, and precision small molecules, signals a
shift toward disease-modifying interventions. Contin-
ued advances in genetics, mechanisms, and clinical
phenotyping, alongside sustained collaboration among
clinicians, researchers, and patient advocates, will be
essential to translate these gains into improved out-
comes and access to care.
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