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Abstract
This review summarizes the pathogenic mechanisms that underpin the monogenic epilepsies and discusses the potential of 
novel precision therapeutics to treat these disorders. Pathogenic mechanisms of epilepsy include recessive (null alleles), hap-
loinsufficiency, imprinting, gain-of-function, and dominant negative effects. Understanding which pathogenic mechanism(s) 
that underlie each genetic epilepsy is pivotal to design precision therapies that are most likely to be beneficial for the patient. 
Novel therapeutics discussed include gene therapy, gene editing, antisense oligonucleotides, and protein replacement. Dis-
cussions are illustrated and reinforced with examples from the literature.

Keywords Epilepsy · Precision therapies · Genetics · Antisense oligonucleotides · Gene therapy

Introduction

Our understanding of the genetic underpinnings of early-
onset pediatric epilepsies has completely transformed over 
the last decade, driven primarily by high-throughput DNA 
sequencing approaches. Initially, multigene and exome 
sequencing was applied in research cohorts of individu-
als with the developmental and epileptic encephalopathies 
(DEEs), leading to the discovery of multiple novel genes 
that harbor de novo variants [1–3]. In the intervening years, 
exome sequencing became routine in the research setting, 
leading to the identification of hundreds of genes that can 
cause many types of rare monogenic epilepsies that can 
be both inherited in a recessive manner, or arise de novo 
either in the germline or the soma. Nowadays, at least in 
high-income countries, multigene epilepsy gene panels are 

performed in a clinical setting in all new-onset unexplained 
epilepsy cases at large academic institutions [4, 5]. For those 
individuals without a positive diagnosis after initial panel 
testing, clinical exome sequencing is also performed. As a 
result, genetic testing can now lead to a diagnosis in 10–60% 
of individuals [4–8]. Diagnostic yields largely dependent on 
seizure type, onset, and response to therapies and the highest 
yields are in the DEEs and individuals with other neonatal 
or infantile-onset epilepsies.

We focus here on therapeutic approaches in these mono-
genic epilepsies. However, the more common epilepsies, 
including genetic generalized epilepsy (GGE) and non-
lesional focal epilepsies, are enriched for rare variants in 
the same genes and pathways that have been previously 
implicated in monogenic conditions [9, 10]. Moreover, indi-
vidual common variants and loci associated with GGE, focal 
epilepsies, and unclassified epilepsies have been putatively 
linked to known monogenic genes [11]. Collectively, this 
evidence suggests that rare and common variant epilepsy-
risk factors will coalesce onto the same genes/pathways as 
monogenic epilepsies, though with less profound effects on 
individual protein function. Thus, precision therapies devel-
oped in these rarer epilepsies are likely to provide a viable 
avenue for treatment of a much broader spectrum of patients 
afflicted with epilepsy.

In this review, we discuss the recent progress towards preci-
sion therapeutics in the genetic epilepsies. We focus on three 

 * Scott Demarest 
 Scott.Demarest@childrenscolorado.org

1 Departments of Neurology, Pharmacology and Pediatrics, 
Northwestern University Feinberg School of Medicine, 
Chicago, IL, USA

2 Department Biochemistry and Molecular Genetics, School 
of Medicine, RNA Bioscience Initiative, University 
of Colorado, PO Box 6511, Aurora, CO, USA

3 Departments of Pediatrics and Neurology, University 
of Colorado School of Medicine and Children’s Hospital 
Colorado, Aurora, CO, USA

/ Published online: 14 October 2021

Neurotherapeutics (2021) 18:1500–1514

http://crossmark.crossref.org/dialog/?doi=10.1007/s13311-021-01137-z&domain=pdf


types of precision therapies: gene therapies, RNA therapeutics, 
or protein replacement, all of which aim to restore the protein 
levels of an epilepsy-associated gene to that of physiological 
levels that are not associated with disease. We define each of 
these approaches as:

1. Gene therapy, a DNA-based intervention, involves the 
replacement (by gene editing) or addition of the DNA 
sequence that codes for the faulty protein (i.e., the 
cDNA). This can involve delivery of the cDNA directly 
into cells, or editing of a patient’s own DNA to correct 
the disease-causing variant.

2. RNA therapeutics, an RNA-based intervention, most 
popular at the moment, are antisense oligonucleotides 
(ASOs) that can bind mRNA and both enhance or reduce 
the amount of protein that is ultimately generated from 
that mRNA transcript. There are other types of RNA 
therapeutics including RNA silencing (siRNA, RNAi), 
RNA modulation (miRNA, tRNA), and RNA agonists 
and antagonists (aptamers) that we do not discuss in 
depth here.

3. Protein replacement, a protein-based intervention, 
involves the production of a synthetic protein that 
replaces the mutant/absent protein in an individual.

Which of these therapies is most appropriate for a particular 
monogenic precision therapy will be based on a myriad of 
factors, but most importantly, the pathogenic mechanism that 
underpins that particular epilepsy. A pathogenic variant can 
alter protein in numerous ways, but in genetic terms, we con-
sider null alleles (in recessive epilepsies), haploinsufficiency, 
gain-of-function, and dominant negative mechanisms. In this 
review, we describe the most promising precision therapeu-
tic approaches in the genetic epilepsies using the modalities 
described above—gene replacement, editing, ASOs, and 
protein replacement. For each, we provide an overview of 
the basic premise, recent developments, and advantages and 
limitations of these approaches. Importantly, throughout the 
review, we highlight how the choice of precision therapy will 
rely on the pathogenic mechanism that underlies each genetic 
epilepsy and give specific examples from the rare monogenic 
epilepsies. Finally, given that this field is in its relevant infancy, 
we also give examples from other genetic conditions to high-
light salient concepts.

Pathogenic Mechanisms in the Genetic 
Epilepsies

Accelerated gene discovery has enhanced our appreciation 
for the pathogenic mechanisms and myriad of biological 
pathways that can be perturbed in the epilepsies. Initially, 
epilepsy was hypothesized to be a channelopathy, supported 

by the identification of genetic variants in the sodium and 
potassium voltage-gated ion channels. However, unbiased 
gene discovery has now highlighted the disruption of the 
mTOR pathway, synaptic vesicle cycling, metabolism, chro-
matin remodeling, gene expression, and mRNA splicing in 
epilepsy [3]. In this review, we touch on some of these fun-
damental biological mechanisms when highlighting specific 
examples of therapies, but frame much of this review around 
the different pathogenic mechanisms, including null, hap-
loinsufficiency, gain-of-function, and dominant negative 
mechanisms. We define each of these pathogenic mecha-
nisms, with exemplars in epilepsy, but also, importantly, dis-
cuss why it is pivotal to understand which one (ideally) of 
these mechanisms underpin a particular monogenic epilepsy 
in order to develop safe and effective precision therapies.

Recessive Epilepsies Generally Cause Complete Loss 
of Function (Null Alleles)

In recessive epilepsies, pathogenic variants are required 
on both alleles (i.e., biallelic) for the condition to mani-
fest; these variants can be the same (i.e., homozygous) or 
different (i.e., compound heterozygous). While originally 
thought to be rare, and more confined to consanguineous 
or genetically isolated populations, we now know that up 
to 38% of epilepsies can be due to recessive causes in the 
DEEs, though this number is likely to be less in the milder 
and more common epilepsy subtypes [12].

With rare exceptions, recessive pathogenic variants in epi-
lepsy tend to be loss-of-function. These variants are often 
alterations to the amino acid sequence that introduce a pre-
mature truncating codon resulting in a degradation of the 
mRNA transcript in the cell through the process of nonsense-
mediated decay (NMD). Occasionally, NMD may not be acti-
vated, and the transcript can code for a shortened protein that 
is generally non-functional. Truncating variants include non-
sense, frameshifts, and variants at the donor/acceptor splice 
site that generally result in frameshifts. Missense variants 
can also result in loss-of-function if they affect protein func-
tion, often if they occur in a conserved domain, leading to an 
unstable protein or otherwise affects the tertiary structure of 
the protein. The net result of truncating or missense loss-of-
function variants inherited in a recessive manner is that the 
proband essentially has no or very little functional protein, 
while parents with 50% residual protein levels are unaffected. 
Thus, any therapeutic approach that restores protein levels 
to ~50% will be an effective strategy (Fig. 1).

Haploinsufficiency

Loss of function alleles in autosomal dominant or de novo 
genetic models are generally associated with haploinsufficiency 
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where a protein level of 50%, produced from the unaffected 
allele, is insufficient to prevent phenotypic manifestation, in 
this instance, epilepsy. There are a large number of genetic 
epilepsies that are known or hypothesized to cause epilepsy via 
haploinsufficient mechanisms, including a number of the most 
commonly implicated genes (Table 1). The goal of therapeutic 
approaches in haploinsufficient disorders is to restore protein 
levels as close as possible to 100%, i.e., protein levels similar 
to what is produced from two functional alleles (Fig. 1). For 
instance, pathogenic variants in SCN1A cause the DEE, Dravet 
syndrome, which results from haploinsufficiency of the sodium 
channel Nav1.1 [13]. Scn1a targeting ASOs were recently 
shown to effectively restore Nav1.1 in both cellular models 
and a mouse model to levels similar to wild-type cell/animals. 
The restoration of physiological levels of Nav1.1 also rescued 

the phenotypes of Scn1a knockdown in these mice, includ-
ing premature death as well as reduced number and latency of 
spontaneous seizures [14].

Gain‑of‑Function

Pathogenic variants that enhance the activity of a particular 
protein are known as gain-of-function; these types of protein 
alterations are generally associated with de novo/dominant 
disorders, though there are rare examples of putative reces-
sive gain-of-function alleles in the epilepsies [15]. These 
gain-of-function alleles are almost always missense variants, 
for example, SCN8A variants in the voltage-gated sodium 
channel can lead to alterations in this sodium channel elec-
trophysiological properties that shift the neuron to a more 

Fig. 1  Pathogenic mecha-
nisms and precision therapy 
approaches in the monogenic 
epilepsies. Autosomal recessive 
disorders result in no functional 
protein as pathogenic variants 
occur on both alleles (grey). 
Likewise, imprinting disorders 
result in no functional protein 
due to a pathogenic variant on 
one allele, while there is no pro-
tein from the imprinted allele. 
Gain-of-function variants can 
both increase protein function, 
or alter the protein function, 
often in a toxic manner. Domi-
nant negative variants interfere 
with the functional protein made 
from the other allele resulting in 
less than 50% residual protein. 
The viable ASO approach is 
shown as well as whether this 
pathogenic mechanism can be 
targeted using gene replacement 
or editing

Table 1  Pathogenic mechanisms in the genetic epilepsies and therapeutic approaches

Genetic mechanism Examples of genes Therapeutic approaches applied in preclinical models 
(reference)

NIH clinical trial study ID (approach)

Recessive (null) CLN2 ASO targeting a splice variant, upregulation of CLN2 
[86]

Haploinsufficiency SCN1A, CHD2, 
SYNGAP1, 
DEPDC5

SCN1A-ASO targeting an NMD-inducing exon 
(TANGO) [14]

NCT04442295 (TANGO ASO)

Gain-of-function SCN8A, KCNT1 RNAse H1–mediated knockdown of Scn8a [17] and 
Kcnt1 [18]

Dominant negative SMC1A, STXBP1
Imprinted UBE3A ASO reducing the Ube3a-AS, increase paternal Ube3a 

expression [79]
NCT04259281 (UBE3A-AS targeting ASO)

G. L. Carvill et al.1502



hyperexcitable state [16]. In theory, any therapeutic that 
can reduce the protein levels of this aberrant protein, e.g., 
Nav1.6, would be an effective strategy, ideally by targeting 
the mutant protein (Fig. 1). Some proof of principle stud-
ies have been performed with the DEE genes, KCNT1 and 
SCN8A (Table 1) [17, 18]. The Scn8a p.Arg1872Trp mouse 
model recapitulates many of the clinical features of individu-
als with DEE, including spontaneous seizures and premature 
lethality [19]. An Scn8a-targeting ASO that reduced both 
mutant and wild-type levels of the sodium channel Nav1.6 
was recently shown to rescue the phenotypes of these mice; 
providing a proof of principle for this approach may be 
appropriate [17].

Dominant Negative

True examples of dominant negative mechanisms in epilepsy 
are rare, though genes such as STXBP1, KCNQ2, KCNQ3, 
and SMC1A [20–22] can harbor pathogenic missense vari-
ants that act in a dominant negative manner. This patho-
genic mechanism occurs when some property of the mutant 
protein interferes with the function of the wild-type protein 
that is translated from the unaffected allele (Fig. 1). A com-
mon example is mutant proteins that can form aggregates in 
the cell that then sequester the wild-type protein, with the 
net result that protein levels are less than the 50% that one 
would expect from having a pathogenic variant on just one 
of two alleles. Dominant negative mechanisms are also com-
mon in proteins that form homodimers, i.e., the assembly of 
two or more protein monomers that make up a functional 
unit. Therapeutic approaches in dominant negative condi-
tions are complex, in that an approach that simply increases 
the amount of protein will be ineffective, as the presence 
of the mutant protein will continue to interfere with func-
tion and, in the instance of aggregates, may even exacerbate 
the disease mechanism. However, there are some examples 
from animal models where this model may be effective. A 
GABRG2 truncating variant has been observed in individu-
als with febrile sensitive epilepsies, and the mouse model 
of this variant (p.Q390X) recapitulates many of the clinical 
features in humans [23]. Interestingly, this variant escapes 
nonsense-mediated decay and the truncated protein results 
in aggregates, affects trafficking of the GABA subunits, and 
disrupts formation of the GABA receptor, consistent with a 
gain-of-function phenotype. However, overexpression of the 
wild-type subunit was sufficient to rescue these phenotypes 
[23]. In this instance, an ASO that increased the levels of 
protein would theoretically be an effective strategy in indi-
viduals with similar GABRG2 pathogenic variants.

Thus, overall, the most effective strategy will likely 
need to be gene- and/or variant-specific; this could include 
targeting the mutant protein for degradation using allele-
specific ASOs. However, if the cell is also sensitive to 

haploinsufficiency, this approach may need to be combined 
with another therapy that also increases the amount of wild-
type protein. Finally, gene editing of the pathogenic allele 
with reversion to the wild type would be an effective puta-
tive therapy.

Dosage Sensitivity and Copy Number Variants

Copy number variants (CNVs) are regions of the genome > 1 kb 
that are either deleted or duplicated in the genome; they can be 
polymorphic in the population and associated with a variety of 
genetic conditions. Pathogenic CNVs account for an appreci-
able proportion of the genetic epilepsies, including up to 8% 
of DEEs [24], 10% of GGEs with intellectual disabilities [25,  
26], and 1.5–3% of more common epilepsies [27]. These CNVs 
can either occur recurrently, where the size and position of the 
CNVs are the same (e.g., 15q13.3del, 16p13.11del) and non-
recurrently [28, 29]. Precision therapies for CNVs are likely to 
be dependent on two primary factors: (1) whether the CNV is 
either a deletion or duplication, (2) the number of genes encom-
passed by the CNV and whether it is known which one or more 
of the genes primarily drive the clinical features. Whole or partial 
single-gene deletions generally cause haploinsufficiency and can 
be treated with steric blocking strategies as described in the ASO 
section (Fig. 2A), and in theory, reciprocal duplications, which 
lead to increased gene expression, may be treated with any RNase 
H approach that reduces the abundance of that protein (Fig. 2B). 
Gene dosage changes as a result of CNVs disrupting multiple 
genes will be more challenging and will require the identifica-
tion of the “causative” genes driving the phenotype. In instances 
where a known epilepsy gene is encompassed, this gene is a logi-
cal target for modulations. However, for many CNVs, particularly  
recurrent microdeletions, one or more genes may be responsible 
for the phenotype, and will need to be targeted; there has been 
some recent progress in cellular and animal models to tease out 
the impact of gene dosage in multigene CNVs [30].

Imprinting

Angelman syndrome, and more rarely Prader-Willi syn-
drome, is the only imprinting genetic conditions identified 
to date that are associated with seizures. There is a subset 
of genes in the genome that are subject to DNA methyla-
tion and thus gene expression silencing, depending on the 
parent from which that gene is inherited from; these genes 
are said to be “imprinted.” For instance, the UBE3A gene 
is expressed only from the maternally inherited allele, and 
the paternal allele is methylated in a complex process that 
involved expression of a long non-coding RNA (lncRNA) 
called UBE3A-AS (antisense) which ultimately prevents 
UBE3A gene expression. Thus, if UBE3A pathogenic vari-
ants, either deletions, truncations, or missense variants, are 
inherited from the mother, the individual has essentially no 
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functional UBE3A and will manifest with Angelman syn-
drome, which can include a variety of seizure types [31]. 
Precision therapies are likely to target the process of gene 
repression from the paternal allele, leading to its expres-
sion of the paternal allele and thus physiological UBE3A 
expression.

Considerations for X‑Linked Disorders

Historically, disorders associated with genes on the 
X-chromosome have been referred to as dominant and 
recessive, based on whether the condition manifests in 
both sexes or males only, respectively. However, the use-
fulness of this categorization is disputed as pathogenic 
variants in X-linked genes are now known to be associated 
with a variety of clinical features in both sexes. Rather, 
here we highlight some of the more common X-linked 
epilepsy disorders and appropriate therapeutic approaches.

1. MECP2: Pathogenic loss-of-function variants in this 
gene cause Rett syndrome in females, a progressive neu-
rodevelopmental disorder characterized by a period of 
normal development, followed by regression, seizures, 
and stereotypies. Males with loss-of-function MECP2 
variants generally are less frequently observed, but are 

generally identified in individuals with severe DEE 
and early lethality [32]. Any therapeutic approach that 
increases MECP2 to physiological levels is likely to be 
effective. However, the amount of MECP2 protein that 
is produced will need to be tightly regulated as too much 
MECP2 is also pathogenic, evidenced by the severe ID 
and seizures that are evident in males with MECP2 
duplication syndrome [33]. A similar sex-specific effect 
is observed for loss-of-function CDKL5 variants associ-
ated with DEE in females and a more severe phenotype 
in males [34].

2. PCDH19: Pathogenic variants in this gene exclusively 
affect females, while carrier males are unaffected. 
Females have an epilepsy characterized by focal seizures 
that tend to occur in clusters and are often precipitated 
by fever, as well as intellectual disability. This unusual 
inheritance pattern is owing to the random X-inactiva-
tion in females as a means of dosage compensation for 
genes on the X-chromosome. As a result, in females, 
some cells express wild-type PCDH19, while others 
either no PCDH19 (truncations) or mutant PCDH19 
(missense); this is thought to cause cellular interference 
and ultimately seizures. In carrier males (truncations 
and pathogenic missense variants), all cells express the 
mutant allele, and thus, there is no cellular interference 

Fig. 2  Mechanisms of gene regulation by ASOs. Left: RNase H–
mediated regulation occurs by ASO binding and RNase H recruit-
ment which cleaves the RNA component of DNA:RNA duplexes. 
The products of this cleavage are then further degraded by exonucle-
ases, leading to reduced RNA and protein levels. Top right: General 
mechanism of steric blocking ASOs. ASOs compete for regulatory 
motifs that serve as RNA-binding protein (RBP) recruitment sites. 

ASO binding inhibits binding of regulatory RBPs by masking the rec-
ognition sequence. Bottom right: Examples of mechanisms by which 
ASOs can promote exon inclusion by masking silencer regions (left), 
or promote exon skipping by masking splicing enhancer regions 
(right). Bottom left: Applications of RNase H and steric blocking 
ASOs

G. L. Carvill et al.1504



and males are unaffected [35]. Treatment options in 
females are likely to be complex but may theoretically 
involve silencing of the wild-type PCDH19 allele, or 
more challenging, reactivation of the silent PCDH19 on 
the inactive X in individuals with truncations.

Considerations for Gene‑Level vs Variant‑Level 
Therapeutic Approaches

While the field has made impressive progress of the last dec-
ade in understanding how pathogenic variants in epilepsy-
associated genes affect protein function, we are also begin-
ning to appreciate the complexities. For instance, genes can 
harbor pathogenic variants that can cause both gain- and 
loss-of-function, depending on the type and/or position of 
the variant in the protein, and both scenarios are associated 
with neurological conditions. The genes KCNQ2, SCN2A, 
and SCN8A, three of the genes most commonly implicated in 
genetic epilepsies, are good examples of this phenomenon.

1. KCNQ2: Loss-of-function pathogenic variants in this 
gene cause early-onset (first days of life) seizures that 
generally resolve by the first year of life. This condition is 
called benign familial neonatal epilepsy, though the use 
of the word “benign” is debated as 10–15% of individu-
als develop epilepsy later in life and can exhibit learn-
ing difficulties. Conversely, pathogenic gain-of-function 
missense variants are associated with seizure onset in the 
first weeks/months of life that do not resolve but rather 
evolve to a DEE [36]. However, as genetic testing has 
become more widespread, the clinical features associated 
with KCNQ2 pathogenic variants is evolving and can 
involve gain-of-function missense variants in individuals 
with neonatal encephalopathy without neonatal seizures, 
but can include non-epileptic myoclonus, hypomyelina-
tion, and infantile spasms [37, 38].

2. SCN2A: Pathogenic variants in this gene also exhibit a 
strong genotype–phenotype correlation. Gain-of-function 
missense variants are associated with infantile-onset sei-
zures that can either evolve to DEE or resolve as in the 
case of benign infantile seizures. Meanwhile, pathogenic 
loss-of-function variants are one of the most common 
causes of autism spectrum disorder, and a small group 
of individuals also have childhood-onset epilepsy [39].

3. SCN8A: Gain-of-function pathogenic missense variants 
in this gene are associated with DEE, while loss-of-func-
tion variants are associated with intellectual disability 
and movement disorders [16].

It is highly likely that many epilepsy-associated genes 
will exhibit this scenario, and it is of the utmost importance 
that precision therapies are designed such that protein levels 
can be fine-tuned, as both too much and too little protein 

can be associated with poor clinical outcomes, including 
seizures. Similarly, we do not currently have a good grasp 
of just how much change to protein levels nor the number 
of neurons or cells that need to have physiological protein 
levels is required to rescue a phenotype in humans. These 
two considerations are likely to be one of the biggest chal-
lenges facing precision therapies in the future.

Therapeutic Approaches

Here we discuss each of the major therapeutic approaches 
that are being explored to correct the various pathogenic 
mechanisms underlying monogenic epilepsies including 
gene replacement and editing, ASOs, and protein replace-
ment. For each therapeutic approach, a basic description 
of the technology and mechanisms, as well a discussion of 
advantages and disadvantages of the technology, is provided 
as well as an exploration of which pathogenic mechanism 
might be addressed by a particular therapeutic approach 
(Table 2).

Gene Replacement

Gene replacement is the process of inserting an extra copy 
of a defective gene into a cell through a viral vector to allow 
generation of a working protein [40]. Gene replacement has 
been successfully employed to significantly alter the course 
of numerous systemic and organ-specific monogenic condi-
tions including the neurologic disorders, spinal muscular 
atrophy [41], and aromatic l-amino acid decarboxylase defi-
ciency (AADC) [42]. There are four critical components of 
a successful gene replacement: the vector, the promotor, the 
gene, and the route of administration.

Viral vectors are required to transfer the gene of interest 
to the cells of interest. The viral vector, therefore, deter-
mines many critical properties of any gene transfer treat-
ment. Most viral vectors being used clinically are non-inte-
grating (DNA delivered to the cells are not integrated into 
the host genome), thus reducing the risk of adverse safety 
events such as cancer. The longevity of non-integrating gene 
replacement is suggested to be years based on many pre-
clinical models [43], but exactly how long an effect will last 
in humans remains an open question [44] The vector also 
determines the cell-specific tropism (which cell types are 
targeted by the viral vector) and efficiency of gene transfer, 
issues that are particularly critical for neurologic diseases 
that may require transduction to specific neuronal or glial 
cell types. For some genes such as channelopathies, the 
number of cells that must be transfected could be relatively 
high [45]. Additionally, the vector should not be cytotoxic 
and in the case of neurologic diseases must be able to infect 
non-replicating cells. Finally, the viral vector will ideally 
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have low immunogenicity to improve the overall safety of a 
potential gene replacement. Adeno-associated virus (AAV) 
is a commonly utilized class of viral vectors for neurologic 
diseases due to favorable qualities in each of these domains. 
The vector also determines the size of the genetic payload 
that can be delivered, generally less than 5 kb for AAV vec-
tors [46]. In addition to viral vectors, non-viral, nanobio-
technology gene transfer technologies are being developed 
but have not yet been established as viable alternatives [47].

Promoters, attached to transduced gene, ensure that the 
gene is expressed in the cell of interest. In some cases, 
gene-specific promoters are used to allow for more natu-
ral endogenous regulation of the transduced gene; this can 
be very important in genes known to have tightly regulated 
expression such as MECP2 with both deficiency and overex-
pression syndromes [48]. In other cases, the approach is to 
utilize pan-neuronal promotors [49]. The promoter may also 
be important to ensure that the wrong cells do not express 
the transduced cell which may be toxic. The importance of 
this is influenced by the gene of interest, vector tropism, and 
route of administration [48]. Promotor choices are also influ-
enced by the size of the gene of interest and vector choice as 
it influences the overall size of the payload [49, 50]. While 
promoters are required to get gene expression, they can be 
combined with inhibitors to more precisely regulate gene 
expression.

The gene of interest is perhaps the most straightforward 
part of development of a gene replacement; however, when 
the gene of interest is too large for most vectors, this becomes 
more complicated. Duchenne muscular dystrophy (DMD) 
gene replacement has focused extensively on this problem 
given the 2.6 Mb size of the dystrophin gene [51]. Most 
efforts have focused on symptom improvement with trans-
duction of a portion of the gene, a micro-dystrophin gene 
replacement [52, 53]. While a micro-dystrophin replacement 
may not function as well as the full dystrophin gene, there 

could be significant amelioration of symptoms for some 
DMD patients [51]. Other large genes may not be as ame-
nable to microgene development which would significantly 
limit the likelihood of successful gene replacement with cur-
rent vector technology.

The route of administration is of particular importance 
for neurologic disorders. For most neurologic disorders, 
the goal is to transfer the replacement gene into as many 
cells in the central nervous system (CNS) as possible. In 
the case of epilepsy, the goal is likely to specifically include 
the majority of cortical cells (though some disorders may 
require cell-type-specific transduction). Direct CNS injec-
tion via lumbar puncture, intracerebroventricular, or intra-
parenchymal routes will often achieve higher rates of gene 
transfer by avoiding the blood–brain barrier. Additionally, 
higher doses of gene therapies seem to be better tolerated 
with injection directly into the CNS presumably by reducing 
the systemic exposure to both the viral vector and gene that 
may be toxic outside the CNS. Intraparenchymal injections 
can successfully transduce high percentages of cells in a 
relatively small area directly around the injection [54]. How-
ever, there is very limited diffusion outside that local area. 
This approach is likely to be most successful for disorders 
where the target cells are highly localized as seen in AADC 
deficiency [55, 56]. Clinical trials using intraparenchymal 
injections of the DDC gene into the bilateral putamina have 
been successful [42].

Advantages and Disadvantages of Gene Replacement

Gene replacement has several advantages over other thera-
peutic strategies. Gene replacement does not require an 
existing copy of the gene to be effective. Because gene 
replacement is providing a new copy of the gene of interest 
rather than manipulating the gene, the specific variant is less 
relevant and gene replacement could be effective for full 

Table 2  Advantages and 
disadvantages of various 
therapeutic approaches

Therapeutic approach Gene replacement Gene editing ASOs Protein 
replacement

Variant-specific ✓ ✓
Gene-specific ✓ ✓ ✓ ✓
Advantages

  One-time dose ✓ ✓
  Effective for truncated/deleted genes ✓ ✓
  Uses natural cell regulation ✓ ✓

Disadvantages
  Recurrent dosing ✓ ✓
  Artificial regulation ✓ ✓ ✓
  Vector-based limitations ✓ ✓
  Off-target effects ✓ ✓
  High manufacturing cost ✓ ✓ ✓

G. L. Carvill et al.1506



gene deletions, gene truncating variants, or missense vari-
ants resulting in loss of function. In other words, as long as 
the pathogenic mechanism is null or haploinsufficiency, gene 
therapy could be effective. This makes gene replacement 
approaches potentially relevant to hundreds of monogenic 
causes of epilepsy and neurodevelopmental disorders. Addi-
tionally, as our understanding and technological advance-
ments in vector and promotors improves, gene transfer will 
be increasingly applicable to a diverse set of genetic etiolo-
gies. Furthermore, gene therapy is attractive as it typically 
only requires a single treatment for long-lasting replacement 
of the gene of interest.

The disadvantages of gene therapy mostly stem from 
limitations of the vectors and promotors. Current vectors 
while promising still have limitations in terms of capacity, 
tropism, and transfer efficiency and immunogenicity. These 
limitations have reduced the impact of gene therapy in epi-
lepsies compared to other conditions like SMA and AADC 
deficiency. Many genetic epilepsies have narrow gene dos-
ing ranges and are associated with both loss- and gain-of-
function phenotypes. For this reason, the goal of gene transfer 
in genetic epilepsies will often be widespread transfer of the 
gene of interest to most cortical neurons with a single new 
copy of the gene. Achieving sufficient cortical distribution 
safely with a single copy has proved challenging. Finally, 
gene replacement in many cases does not rely on the naturally 
occurring regulator mechanism of the gene being replaced. 
This is in part due to the space available to attach promotor 
and inhibitors to the gene being replaced. However, this can 
create challenges for dose-sensitive genes such as ion chan-
nel genes. On the other hand, this could be an advantage for 
many recessive conditions where a small dose increase may 
produce a large functional impact. Finally, it is worth noting 
that all vector-based therapies have a potential disadvantage 
of patients not being eligible for treatment if they have high 
baseline titers due to prior exposure to that family of viral 
vectors. Undoubtedly, many of these gene therapy limitations 
will be overcome in time with ongoing advancements in vec-
tor technology and improved understanding of the regulatory 
mechanisms of epilepsy-related genes.

Gene Editing

Gene or genome editing, also called as gene/genome engi-
neering, is the process of adding, replacing, deleting, or oth-
erwise altering the DNA sequence at a particular position in 
the human genome. In general, in this review, we concen-
trate on two different kinds of gene edits:

1. Correction of a single DNA nucleotide (the pathogenic 
variant) back to the reference allele (i.e., the wild-type 
or “normal” allele). This approach has been used for 
treatment of some disorders such as sickle cell disease, 

a form of beta thalassemia, and Leber congenital amau-
rosis, a form of retinal dystrophy [57, 58]. This is the 
more likely long-term approach that will be pursued in 
precision therapies as it is applicable to both loss- and 
gain-of-function mechanisms, as well as dominant nega-
tive.

2. Disruption: Creating a new mutation in the DNA 
such that the coding sequence of a particular gene is 
disrupted, effectively creating a truncating variant. In 
general, this approach is likely to only be used in cel-
lular and animal models to study the effects of loss-of-
function variants, and is not really being pursued as an 
effective therapeutic strategy as there are few instances 
where one would want to permanently delete a copy of 
a gene, except perhaps in the instance of dominant nega-
tive or gain-of-function alleles, but then specific target-
ing of the mutant allele is challenging

There are a number of different ways to perform gene 
editing; here we concentrate on the three most common 
methods:

1. Clustered regularly interspaced short palindromic 
repeats (CRISPR-Cas systems): The most popular of 
these systems is the CRISPR-Cas9 system that has 
revolutionized molecular biology and the biomedical 
sciences [59, 60]. CRISPR-Cas9 can induce double-
stranded DNA breaks that are repaired naturally by the 
cell using non-homologous end-joining (NHEJ); this 
process often leads to insertions/deletions that result in 
a truncation and can be used to study gene disruption. 
Of greater relevance in therapeutics is repair of dou-
ble-stranded breaks using homologous-directed repair 
(HDR) which leads to incorporation of a specific DNA 
sequence using a donor strand; this can be used for cor-
rection of a pathogenic variant. There are many differ-
ent Cas systems that can recognize a variety of DNA 
sequences and induce DNA cleavage at those sites [61].

2. Prime editing does not rely on double-stranded breaks; 
rather, this technique makes use of a Cas protein that nicks 
the DNA on one strand, then uses an engineered reverse 
transcriptase and a guide RNA to introduce the desired 
edit. These edits can encompass both single nucleotide 
corrections and insertions/deletions less than 60 bp [62].

3. Base editing, likewise, does not rely on double-stranded 
breaks; rather, this system makes use of a Cas that does 
not cut DNA (dead-Cas) but targets the complex which 
includes a DNA-modifying enzyme (the base editor) to 
the target DNA sequence. Base editors can either modify 
cytosine or adenine residues and thus induce all DNA 
transitions, i.e., C > T, A > G, T > C, and G > A [63–65]. 
Other base editors are also under development to edit 
transversions (C > G, G > C).
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The majority of gene editing systems are likely to be 
delivered using the same viral vectors described for gene 
replacement strategies. One of the unique challenges is the 
size of these gene editing systems, which, together with Cas-
targeting, guide RNAs and repair/modify enzymes which 
are in the range of 6–8 kb, which are at or above most viral 
vector or other delivery systems. Thus, efforts are ongoing 
to slim down the size of these systems to carry only the most 
essential components and increase AAV efficiency. Moreo-
ver, a number of groups have used split approaches, where 
the different gene editing components are loaded into two 
separate AAVs for dual delivery, though the limitation of 
this approach is its reliance on dual delivery to the same 
cell [66].

There are very few examples of clinical use of gene edit-
ing in humans to date, though there are thousands of labs 
developing and implementing these systems in cellular and 
animal models. The first successful use of gene editing in 
humans was ex vivo in sickle cell anemia and in vivo for 
retinal dystrophy [57, 58]. In vivo CRISPR-based gene edit-
ing for hemophilia has also been achieved in mice [67] and 
pigs [68]. Base editing was also recently used to correct a 
dominant negative LMNA variant in mice; this pathogenic 
variant is causative of progeria, a monogenic disorder asso-
ciated with accelerated aging and early death [69].

While more technically challenging and still in its infancy 
compared to ASOs, gene editing offers significant advan-
tages, not least because this would be, in theory, a long-term 
and permanent therapeutic. Moreover, there would be no 
introduction of foreign DNA, and ideally, the only change to 
the individual’s DNA would be the correction of that specific 
pathogenic variant. However, currently, major limitations, 
not least concerns of off-target effects. Moreover, as with 
gene replacement approaches, delivery is still a challenge, as 
well as how many cells and of which type need to be targeted 
and “treated” to ameliorate symptoms. In the long term, it is 
likely that base and prime editors, and their next-generation 
iterations, are more likely to be used in therapeutics given 
the elimination of the concern of inducing double-stranded 
breaks with traditional CRISPR-Cas technologies. Finally, 
there are serious ethical considerations surrounding gene 
editing and the ability to permanently alter the DNA of an 
individual. As such, many oversight committees have been 
set up in the USA and across the world to develop guidelines 
on the use of these technologies, including a call for a mora-
torium on heritable (oocyte/sperm) genome editing [70].

ASOs

ASOs have recently been used in the treatment of genetic 
diseases such as spinal muscular atrophy [71, 72] and Duch-
enne muscular dystrophy [73]. ASOs are short synthetic 

oligonucleotides (usually 15–30 nucleotides) that intervene 
at the RNA level by base pairing with targets of interest. 
Since ASOs bind through complementarity with their tar-
get RNAs, they facilitate rapid, rational, personalized drug 
design, and have even been used to treat incredibly rare 
(n-of-1) diseases for which no suitable treatments exist.

ASOs function through two major mechanisms: (1) ASOs 
can downregulate target mRNA transcripts through recruit-
ment of RNase H [74], which degrades the RNA target, 
and (2) ASOs can modulate mRNA processing by mask-
ing sequences that are recognized by RNA-binding proteins 
(RBPs) or RNA-RNA interactions [75]. Through these two 
modes of action, ASOs can either upregulate, downregulate, 
or alter the isoform of protein products in genes of interest. 
Here we consider the different mechanisms by which ASOs 
can regulate their targets, providing examples for how each 
strategy has been used in the development of therapies for 
patients with epilepsy (and other diseases).

Upregulation/Alteration of Gene Expression 
for Treatment of Loss of Function Disorders 
(Haploinsufficiency, Recessive, and Imprinting 
Disorders)

ASOs can upregulate target protein levels through a variety 
of mechanisms. ASOs have been shown to upregulate pro-
tein products of target transcripts by inhibiting translation of 
upstream open reading frames [76], by targeting translation 
inhibitory elements in 5′ UTRs [77], by increasing the levels 
of productive splicing [78], and by downregulation of silenc-
ing antisense long non-coding RNAs [79]. The latter two of 
these mechanisms have been used in developing ASOs for 
epileptic conditions and will be our primary focus.

Inhibition of Regulators ASOs can achieve upregulation 
of genes of interest through RNAse H–mediated cleavage 
of repressive regulators of target genes. For example, this 
strategy has been used to develop therapeutics for Angelman 
syndrome. As mentioned above (see the “Imprinting” sec-
tion), an ASO screen targeting UBE3A-AS was performed in 
mice and identified an ASO capable of downregulating the 
antisense silencer and restoring UBE3A levels [79]. Moreo-
ver, this ASO partially rescued cognitive defects associated 
with the disease in mouse models. Based on this success in 
preclinical models, several ASOs have moved to early phase 
clinical trials.

Splice‑Switching ASOs Splice-altering ASOs can be thought 
of as an upregulation mechanism since they lead to increased 
functional protein targets by promoting exon inclusion or 
exclusion. ASOs alter splicing of transcripts by targeting 
regions at or near splice sites on pre-mRNAs. Splicing is a 
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complicated process regulated by the spliceosome, 5′ and 
3′ splice sites, and cis-elements that can either enhance or 
limit exon inclusion [80]. Cis-elements are 4–8 nucleotide 
motifs that serve as binding sites for various RNA-binding 
proteins such as SR proteins and hnRNP proteins, and can 
either act as enhancers, which facilitate exon recognition, or 
silencers, which inhibit exon recognition by the spliceosome 
machinery. ASOs can directly mask splice sites or mask the 
enhancer and silencer regions by competing with the RBPs 
that normally bind these regions [75]. Thus, ASOs can both 
limit exon inclusion, by targeting enhancer regions, or pro-
mote inclusion, by targeting silencer regions.

Given the complexities associated with splicing, it is diffi-
cult to computationally predict the outcome of a single ASO 
event on splicing. Therefore, unbiased oligo walks have been 
utilized to simplify the design process by synthesizing and 
screening several ASOs that target many different sequences 
within the vicinity of a splice site [81].

Clinical Use Eteplirsen and nusinersen are two splice-switch-
ing ASOs that highlight the power of ASOs in treatment of 
disease. These ASOs have been used in the treatment of 
DMD and SMA, respectively. Eteplirsen binds to exon 51 
in dystrophin and promotes skipping of this exon, thereby 
correcting the reading frame in patients with a variety of 
frameshift (truncating) variants. Nusinersen, on the other 
hand, compensates for loss of SMN1 by promoting inclusion 
of exon 7 in SMN2, a homolog of SMN1. Exon 7 is normally 
skipped in mature SMN2 transcripts, and is unable to com-
pensate for loss of SMN1. By promoting exon 7 inclusion, 
nusinersen can help SMN2 compensate for loss of SMN1.

TANGO Targeted Augmentation of Nuclear Gene Output 
(TANGO) was recently developed to increase protein expres-
sion of target genes [78]. Aberrant RNAs that are the prod-
uct of unproductive splicing events are rapidly degraded via 
nonsense-mediated decay (NMD). The prevalence of unpro-
ductive splicing events has been largely underappreciated 
due to low steady-state levels of these transcripts. Recent 
work has been able to uncover many of these “hidden” 
unproductive splicing events by stabilizing NMD targets by 
treating cells with cycloheximide, which inhibits translation 
and NMD. From this experimental approach, unproductive 
splicing events were found to occur in a substantial num-
ber of protein coding genes (> 7500 genes). Moreover, over 
1200 of these genes were disease-associated.

In order to increase productive splicing, ASO walks 
were performed to identify ASOs that increased productive 
splicing events and functional protein levels. Indeed, using 
TANGO, researchers were able to increase protein levels by 
anywhere from 1.5- to 2.6-fold.

Clinical Use Recently, researchers used TANGO to explore 
the efficacy of ASO therapeutics in Dravet syndrome caused 
by SCN1A haploinsufficiency [14]. An ASO screen identi-
fied ASOs that increase SCN1A levels by increasing produc-
tive splicing events in mice. Moreover, the ASO decreased 
the occurrence of seizures in these mice as well as sudden 
unexpected death in epilepsy (SUDEP). This study provides 
proof of principle in using ASOs to shift unproductive splic-
ing events (the levels of which have been underappreciated), 
towards productive splicing events and correcting disease 
phenotypes. Given the prevalence of haploinsufficiency in 
the genetic epilepsies and the large number of genes that 
undergo unproductive splicing events, this strategy could 
pave the way for many new ASO drugs.

Downregulation of Gene Expression to Treat 
Gain‑of‑Function Disorders

Target downregulation is perhaps the most conceptually 
straightforward ASO mechanism. ASOs can downregulate 
target protein levels by selectively degrading target RNAs 
through RNase H–mediated cleavage or by functioning as 
a steric block to translation by binding near the start codon 
[82]. RNase H–mediated degradation is achieved through 
DNA-RNA duplex formation and selective cleavage of the 
phosphodiester backbone of the duplexed RNA [83]. RNase 
H shows both nuclear and cytoplasmic localization and can 
effectively target pre-mRNAs in the nucleus, as well as 
mature RNAs in the cytoplasm [84]. RNAse H is largely 
indiscriminate towards the exact sequence of DNA-RNA 
duplexes (so long as they are complementary) and specific-
ity is conferred by the ASO, making this system modular and 
widely applicable to a number of diseases in which target 
downregulation is desired.

Clinical Use RNase H–mediated cleavage is particularly well 
suited for targeting gain-of-function pathogenic variants in 
which target downregulation could rescue disease pheno-
types. Indeed, recent work has shown that an ASO targeting 
SCN2A is capable of downregulating SCN2A and rescuing 
disease phenotype by reducing seizures and expanding life 
expectancy in a mouse model of SCN2A pathology [85]. 
Similarly, in the context of another DEE, an ASO targeting 
SCN8A reduced levels of Nav1.6 and ameliorated disease 
phenotype in a mouse model [17].

Advantages of ASO Therapies

Design ASOs are attractive drug candidates due to their ease 
of design. Since ASOs rely on complementarity with the 
RNAs that they target, designing an ASO with high degrees 
of substrate specificity is much simpler than the rationale 
design of other small molecule drugs. The design and testing 
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of ASOs has generally involved performing ASO “walks” in 
which several ASOs are designed to tile a region of interest.

Versatility The general mechanisms of ASO treatment are 
versatile and can be applied to a wide range of diseases, as 
highlighted in the previous sections. GOF mutations can be 
treated through RNAse H–mediated cleavage. Haploinsuf-
ficiency can be addressed by promoting productive splicing. 
LOF mutations have also been treated by modulating splic-
ing. The versatility of ASOs in treating many different types 
of diseases makes them attractive.

Cost Due to their simple design, ASOs are cost-effective in 
comparison to vector-based approaches or enzyme replace-
ment strategies. However, there remains a burden for patients 
with extremely rare genetic diseases who receive these treat-
ments. While ASOs provide an ideal platform for treatment, 
the financial burden that these drugs place on families is 
a major challenge that requires creative solutions between 
funding agencies, researchers, companies, and families. 
Many biotech companies are understandably hesitant to 
develop n-of-1 therapeutics. However, the value gained in 
understanding better delivery and design approaches and how 
these translate from model systems to actual patients would 
likely provide value far greater than the money lost on devel-
oping n-of-1 therapeutics. If the insights gained from n-of-1 
therapies can be translated into therapies that affect larger 
populations, mutually beneficial scenarios might be created 
in which the cost for the patient is reduced and, in return, 
drug developers gain valuable data and insights that would 
translate into better design principles for widely used drugs.

Rare Diseases ASOs are ideal candidates for extremely rare 
genetic diseases due to their ease of design, low cost, and 
versatility. The most extreme example of this is milasen, an 
n-of-1 treatment used correct a pathologic splicing pattern 
in an individual with CLN7 Batten disease [86]. While there 
are still many barriers to widespread use of ASOs designed 
for a single patient, this case and others provide a path to 
individualized therapeutics (n-of-1).

Limitations of ASO Therapies

Off‑Target Effects Off-target effects can present challenges 
when designing ASOs. Counterintuitively, longer ASOs do 
not necessarily decrease off-target effects of RNAse H, in 
spite of their increased number of base pairing interactions 
due to RNAse H only needing 5 base pairs of complementa-
rity to show enzymatic activity [87]. Moreover, other studies 
have shown that ASOs with imperfect complementarity to 
off-target transcripts can still downregulate these transcripts 
[88].

Splice-switching ASOs can be also prone to off-target 
effects. Recent work has shown a splice-switching ASO 
targeting PKM1 can produce mis-splicing events in 17 
off-target transcripts [89]. Moreover, these mis-splicing 
events are difficult to predict and the choice of ASO chem-
istry can influence the extent of mis-splicing. The extent to 
which splice-switching ASOs modulate splicing of unin-
tended target may present a hurdle in ASO design, and 
should be carefully considered and tested when designing 
ASOs.

A final concern is that off-target effects cannot be ade-
quately tested in mouse models. While many mouse tran-
scripts show large amounts of conservation to human tran-
scripts, there are many differences across the transcriptome 
of mouse vs human. Similarly, since many transcripts show 
tissue-specific expression, choosing cell lines that accurately 
reflect the RNA composition of the tissue of interest (in this 
case brain) will improve the assessment of the off-target 
effects of ASOs. Therefore, special care should be taken in 
choosing the right model system when assessing on-target 
vs. off-target effects.

Delivery Effective delivery of ASOs to the brain remains 
a key challenge in making effective ASO therapies. In gen-
eral, intrathecal injections of ASOs seem to have fairly wide-
spread distribution and uptake throughout the central nerv-
ous system in non-human primates and potentially humans 
[90–92]. What data is available suggest that ASOs may have 
better distribution than what is often achieved by current 
gene therapy vectors; however, it is not clear whether this is 
true across all neuronal and glial cell types and in all brain 
regions. It is also unclear to what degree this is impacted by 
the ASO sequence and backbone structure.

Repeat Doses and ASO Stability

Since ASO therapies modulate the expression of mutated 
genes, rather than correcting the mutation (as in CRISPR-
based approaches), repeat treatments are necessary. In 
the case of nusinersen, 4 loading doses are administered, 
with the first three doses being administered in 14-day 
intervals and the fourth dose occurring 30 days after the 
third dose. Subsequent maintenance dosing is performed 
at 4-month intervals for the remainder of the patient’s 
life. Eteplirsen, on the other hand, is administered on a 
weekly basis.

In order to improve drug stability, numerous backbone 
modifications, such as phosphorothioate modifications, 
aim to improve the stability of ASOs, generating drugs 
that will maintain efficacy over time and limit the number 
follow-up treatments. A host of stabilizing modifications 
have been incorporated into ASO designs, making them 
resistant to cellular nucleases. Since RNAse H–mediated 
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cleavage relies upon DNA-RNA duplex formation, stabi-
lizing modifications cannot be incorporated throughout the 
entirety of the ASO sequence because they reduce RNAse 
H activity. Therefore, “gapmer” ASOs are widely used 
that contain an internal unmodified DNA region, flanked 
by regions that contain stabilizing modifications such as 
LNAs and phosphorothioate modifications. The inter-
nal unmodified DNA bases are sufficient for conferring 
enough DNA-RNA complementarity for RNAse H cleav-
age, while the flanking-modified bases make the gapmer 
resistant to cellular nucleases and add additional comple-
mentarity for target specificity.

dCas9‑Based Alternatives to ASO Therapies

In this review, we have primarily focused on ASO thera-
peutics; however, the dCas9 and dCas13 proteins have 
also been leveraged for their regulatory abilities. These 
enzymes are catalytically inactive and therefore are not 
used for their gene editing capabilities, but rather as a 
means of targeting fusion proteins to targets of inter-
est. For example, in the treatment of a mouse model, 
Dravet syndrome (SCN1A haploinsufficiency), a dCas9-
VP160 (transcriptional activator) fusion, was targeted to 
the SCN1A promoter region via guide RNAs [93]. This 
experimental approach (1) robustly upregulated SCN1A 
expression, (2) rescued excitability in cortical interneu-
rons, and (3) protected mice from hypothermia-induced 
seizures. Taken together, these results highlight the power 
of the dCas9 system, particularly in cases of haploinsuf-
ficiency, to upregulate genes of interest. Indeed, similar to 
ASOs, this system could be used in many different ways to 
modulate gene expression and/or RNA processing.

Protein Replacement

The goal of all the therapies discussed is to restore physi-
ologic levels of protein in the relevant tissue and cell types. 
Protein replacement also known as enzyme replacement 
therapy (ERT) seeks to achieve this with direct injection of 
the protein. While there is a relatively strong track record 
of successful ERTs in lysosomal storage disorders (muco-
polysaccharidosis types I, II, IV, and VI, as well as Fabry, 
Pompe, and Gaucher disease), one of the challenges has 
been getting the right amount of enzyme to the right tis-
sues [94]. Historically, most ERTs have been administered 
via intravenous infusions with significant challenges getting 
the proteins past the blood–brain barrier. However, in 2017, 
the FDA approved the ERT cerliponase alfa for the treat-
ment of neuronal ceroid lipofuscinosis type 2 (CLN2) which 
addresses this issue by direct intracerebroventricular admin-
istration of the recombinant enzyme tripeptidyl peptidase-1 
(TPP1) [86].

Direct administration of the protein of interest bypasses 
some of the complicated processing and regulatory ele-
ments of our biology and may have advantages in some 
cases. There is also a strong historical knowledge of the 
manufacturing, delivery, and safety profile of ERTs that 
can be utilized. Additionally, similar to gene replacement, 
ERTs can be effective for recessive conditions even with full 
gene deletion. A challenge of ERTs is precision of dosing 
to particular tissues or cell types. While ERTs have been 
very successful for recessive degenerative conditions, there 
is often a reasonably large physiologic window in these 
conditions, and in some cases, a modest increase in protein 
levels may have a substantial impact on cell survival. While 
ERT has not been utilized for haploinsufficiency disorders 
to date, it is theoretically possible. However, many of these 
conditions have more tightly regulated physiologic expres-
sion and proper cell function would require more precise 
ERT dosing. Protein replacement has been explored in the 
preclinical space for conditions such as CDKL5 deficiency 
disorder, a disorder where some precision of dosing would 
likely be required. Future clinical trials of protein replace-
ment in these types of disorders will be highly informative. 
ERT is unlikely to be a viable solution for dominant nega-
tive or gain-of-function mechanisms of disease, though it is 
possible that in some conditions an improvement could be 
derived from statistically overwhelming the proportion of 
protein that is dysfunctional.

Safety Considerations

There is still much that is not known about the safety profiles 
of these relatively new therapeutic classes. However, the evi-
dence available to date does give us some patterns that are 
worth noting. As discussed throughout the manuscript, there 
are potential concerns regarding “off-target” effects of these 
therapies. Non-integrating gene replacement and enzyme 
replacement likely have the lowest concern in this regard, but 
dosing is the larger concern in this case. Off-target effects are 
a concern for ASOs and must be evaluated during the develop-
ment phase but this concern is tempered by the non-permanent 
nature of the therapy. Gene edit has the highest standards in 
this regard as any off-target effects are likely permanent.

All vector-based technologies have safety considerations 
related to the vectors themselves and the generation of human 
immune response. Intravenous infusions of onasemnogene 
abeparvovec (gene replacement for SMA using AAV9) 
demonstrated a substantial risk for hepatotoxicity with 90% 
of patients demonstrating elevated liver enzymes and up to 
34% classified as adverse events. Management generally 
involves prolonged courses of steroids which ranged from 1 
to 8 months, resulting in significant morbidity. All patients 
recovered, and a minority were considered severe adverse 
reactions (> 20 × upper limit of normal). Steroid treatment is 
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often prophylactic now for IV gene therapy protocols. There 
does seem to be a correlation between rising AAV titers and 
transaminitis [95]. It is not clear how variable this will be 
across different viral vectors and different routes of adminis-
tration. Intraputaminal gene replacement for AADC deficiency 
also demonstrates the potential for serious adverse events 
including pyrexia requiring hospitalization, and transient dys-
kinesias but had less concern for hepatotoxicity [42]. Much 
remains to be learned regarding the ideal route of administra-
tion to maximize gene transfer to target tissues, minimizing 
safety concerns.

ASOs also likely have a different side effect profile depend-
ing on the route of administration, and we will focus on 
intrathecal injection as the most likely for epileptic disorders. 
Preclinical toxicity testing of ASOs via intrathecal admin-
istrations has demonstrated hindlimb weakness and loss of 
reflexes across a variety of animal models (rodent and non-
human primate). The potential for this adverse effect does not 
seem to be ASO sequence-specific but more likely a poten-
tial adverse reaction to ASOs more generally with intrath-
ecal administration [96]. Thus far, this has been reported 
less in human trials [41, 86], but this data remains limited, 
though there are several trials currently in progress that may 
be informative. This remains a potential adverse event that 
should be monitored closely. In general, ASOs seem to be 
well tolerated with intrathecal administration in humans but 
this remains a novel class of medications requiring vigilance 
to any potential side effects.

Conclusions

Over the last 20 years, the genomic revolution has uncov-
ered thousands of single-gene neurogenetic disorders. Our 
increased understanding of the mechanisms of these dis-
eases, as well as the fundamental principles and mechan-
ics of the central dogma, has led to an explosion of novel 
strategies with the potential to cure or dramatically improve 
genetic epilepsies. Each of these strategies has advantages 
and disadvantages that may be better suited to specific path-
ogenic mechanisms. While many of these novel therapies 
remain in their infancy, they clearly have the potential to 
revolutionize the treatment of rare genetic epilepsies.
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