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Abstract: mTORopathies represent a group of neurodevelopmental disorders linked to
dysregulated mTOR signaling, resulting in conditions such as tuberous sclerosis complex,
focal cortical dysplasia, hemimegalencephaly, and Smith-Kingsmore Syndrome. These dis-
orders often manifest with epilepsy, cognitive impairments, and, in some cases, structural
brain anomalies. The mTOR pathway, a central regulator of cell growth and metabolism,
plays a crucial role in brain development, where its hyperactivation leads to abnormal
neuroplasticity, tumor formation, and heightened neuronal excitability. Current treatments
primarily rely on mTOR inhibitors, such as rapamycin, which reduce seizure frequency
and tumor size but fail to address underlying genetic causes. Advances in gene editing,
particularly via CRISPR/Cas9, offer promising avenues for precision therapies targeting
the genetic mutations driving mTORopathies. New delivery systems, including viral and
non-viral vectors, aim to enhance the specificity and efficacy of these therapies, potentially
transforming the management of these disorders. While gene editing holds curative poten-
tial, challenges remain concerning delivery, long-term safety, and ethical considerations.
Continued research into mTOR mechanisms and innovative gene therapies may pave the
way for transformative, personalized treatments for patients affected by these complex
neurodevelopmental conditions.
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1. Introduction to the mTOR Complex and Its Relevance
in Neurodevelopment

The PI3K/AKT/mTOR signaling pathway (Figure 1) is a fundamental intracellular
network that integrates multiple other signaling pathways. Together, these pathways are
crucial for maintaining homeostasis by regulating key metabolic and cellular processes
such as growth, proliferation, and autophagy across various tissues. Additionally, they are
involved in broader physiological functions, including the organism’s adaptive response to
stress [1]. Among the key components of this network, the mechanistic target of rapamycin
(mTOR) [2] pathway stands out for its central role in controlling cellular metabolism. It
regulates essential processes like catabolism, immune responses, autophagy, survival,
proliferation, and migration—all of which are vital to preserving cellular and systemic
equilibrium [3].
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Figure 1. The mTOR pathway. mTORCI1 regulates nutrient and energy levels, lipid metabolism, au-
tophagy, and cell growth, while mTORC2 integrates extracellular signals, regulating cell proliferation
and survival. Little is known about mTORC3; however, ETV7 expression stimulates its transcription.
The figure demonstrates the complexity of mTOR signaling and its central role in coordinating cellular
responses to both internal and external stimuli.

The mechanism of action of the mTOR pathway is intricately tied to its target protein,
rapamycin, a compound discovered during research on a strain of Streptomyces isolated
from soil samples collected on Easter Island (Rapa Nui), specifically from the mycelium
of Streptomyces hygroscopicus [4]. The discovery of rapamycin and its corresponding target
of rapamycin (TOR) was pivotal in advancing the molecular and physiological under-
standing of what is now known as the mTOR pathway. This pathway is defined by three
distinct complexes: mTORC1, mTORC2, and mTORCS3 [5]. Despite their differing func-
tions, mMTORC1 and mTORC?2 share the common kinase mTOR and its constitutive binding
partner mLST8, resulting in similar regulatory mechanisms [6]. mTORC1 plays a crucial
role in coordinating cellular growth and tissue development by regulating nutrient and
energy levels within the cell and orchestrating both catabolic and anabolic processes [7].
The activity of mTORC1 is highly responsive to nutrient availability, particularly amino
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acids, while glucose, lipids, hormones, and growth factors also serve as critical regulators
of its function [8,9].

Rapamycin has been shown to act as a specific inhibitor of the mTORC1 complex, a
characteristic not observed in the mTORC2 and mTORC3 complexes, which do not exhibit
an affinity for rapamycin [10]. mTORC2 plays a distinct role by integrating extracellular
signals, such as growth factors and cytokines, to promote the activation of mTORC], cellu-
lar proliferation, and survival. This is achieved through the direct phosphorylation of Akt,
a protein kinase that, once activated, regulates cellular metabolism, survival, and stress
responses [11]. Research into the regulatory mechanisms of the mTOR pathway has been
critical for understanding how disruptions in this pathway contribute to various physiolog-
ical processes, and how they are associated with a wide range of diseases, including cancer,
diabetes, Parkinson’s disease, and Alzheimer’s disease [12-14].

mTOR inhibitors also play a crucial role in treating the neuropsychiatric symptoms of
mTORopathies, such as tuberous sclerosis, by modulating the mTOR pathway, which is
dysregulated in these conditions. Studies involving children aged 12 to 24 months, using
the Bayley Scales of Infant and Toddler Development III (BSID-III), have shown significant
improvements in the severity of neuropsychiatric disorders [15]. These inhibitors are par-
ticularly relevant because the mTOR pathway is involved in processes such as synaptic
plasticity, autophagy, and cell growth regulation, whose dysregulation is associated with
neurological and psychiatric disorders. Evidence suggests that modulating this pathway
can be beneficial in conditions such as epilepsy, autism, mood disorders, schizophrenia, and
even drug addiction, as in the case of methamphetamine. By restoring normal mTOR path-
way function, these inhibitors can alleviate neuropsychiatric symptoms, improve cognitive
function, and reduce neurodegenerative processes, thus emerging as a promising therapeutic
approach [16]. Studies conducted in murine models demonstrate that the use of mTORC1
inhibitors, such as sirolimus and everolimus, significantly improves clinical symptoms associ-
ated with autism, while also enhancing cognitive function and reducing neuropsychological
deficits [17]. Furthermore, antipsychotic drugs, including olanzapine, aripiprazole, and sertin-
dole, have been observed to exert mTOR inhibitory effects, which might contribute to their
therapeutic efficacy by maintaining mTOR pathway stability [18,19]. In addition, mTOR
inhibitors modulate synaptic plasticity and cognitive function in a dose-dependent man-
ner [20], whereby moderate inhibition may enhance learning and memory [21], while
excessive suppression can disrupt synaptic homeostasis [22], underscoring the need for
further clinical research.

First proposed by Luo et al. (2015) [23] and later characterized by Harwood et al.
(2018) [24], mTORCS3 is a novel mTOR complex that emerges in response to ETV7 ex-
pression, which plays a crucial role in its assembly and activation. This complex exhibit
heightened kinase activity, promoting cellular proliferation and contributing to rapamycin
resistance, although the precise molecular mechanisms driving this resistance remain to be
fully elucidated [5,25]. Despite these initial insights, information regarding other functional
and structural characteristics of mMTORC3 remains limited. Further investigation into this
complex could be crucial for advancing our understanding of mTORopathies, particu-
larly in uncovering new therapeutic targets or mechanisms underlying drug resistance in
these disorders.

In the nervous system, mTOR plays pivotal roles at crucial stages of neural develop-
ment and regulation. Molecules such as brain-derived neurotrophic factor (BDNF), insulin,
insulin-like growth factor 1 (IGF-1), vascular endothelial growth factor (VEGF), ciliary
neurotrophic factor (CNTF), and glutamate serve as key modulators of the mTOR path-
way in this context. These molecules influence neuronal electrophysiological activity and
regulate the synthesis of dendritic proteins [26,27]. The activation of the mTOR pathway
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by brain-derived neurotrophic factor (BDNF) occurs due to the phosphorylation of the
proteins 4EBP, p70S6K, and S6, which promotes the production of local proteins and the
activation of neuronal dendrites [26]. Another similar process occurs in the presence of
IGF-1. When insulin-like growth factor 1 (IGF-1) binds to its receptors (IGF1R), a series of
cascades occur that result in the activation of the mMTORC2 complex, which regulates the
cell cycle [28].

Excessive activation of the mTOR pathway is associated with a cascade of detrimental
effects, including structural alterations and neuronal damage, inhibition of autophagy, in-
creased neuroinflammation, and heightened neuronal excitability—all of which are strongly
linked to epilepsy [29]. Elevated mTOR signaling, due to the loss of TSC1/2 or PTEN, in-
duces significant changes in neuronal architecture and differentiation, a hallmark associated
with the development of primary central nervous system lymphoma [30,31]. Neurons lack-
ing TSC1/2 exhibit defects in cellular maturation, characterized by the abnormal formation
of multiple axons. Patients with loss-of-function mutations in the PTEN gene, a nega-
tive regulator of mTOR signaling, are predisposed to developing macrocephaly, autism
spectrum disorder (ASD), seizures, and intellectual disability [32]. PTEN regulates the
PI3K/AKT/mTOR pathway by dephosphorylating PIP3 to PIP2, thereby reducing levels
of activated AKT. The pathway is further modulated by mTORC2, which phosphorylates
AKT. PTEN is essential for maintaining cellular homeostasis [33].

These findings have sparked extensive research into the connection between the
mTOR pathway and neurological diseases, with the goal of uncovering the mechanisms
driving these disorders and identifying novel therapeutic strategies to target and treat these
conditions. The dysregulation of the mTOR pathway can have profound consequences,
leading to abnormal neurodevelopment and metabolic disturbances, which are linked to a
group of neurological disorders known as mTORopathies [34].

2. mTORopathies: mTOR-Related Disorders

mTORopathies are disorders influenced by the mTOR pathway, particularly through
its hyperactivation. Many of these conditions are related to neurodevelopmental disor-
ders such as tuberous sclerosis complex (TSC), focal cortical dysplasia type 2 (FCD2),
hemimegalencephaly (HME), Smith-Kingsmore Syndrome (SKS), POLR2A-related syn-
drome associated with epilepsy and mental retardation, polyhydramnios, megalencephaly,
symptomatic epilepsy (PMSE), PTEN syndrome, DEPDC5-related syndrome, and PI3K-
related overgrowth syndrome (PROS). Dysregulation of mTOR signaling can lead to aber-
rant neuroplasticity, resulting in pathological changes in the structure and function of
neural networks, which contribute to the formation of epileptogenic circuits. Hyperactiva-
tion of the mTOR pathway may cause neuronal hyperexcitability, increasing the likelihood
of seizures in affected individuals. Additionally, mTORopathies are associated with tumor
formation and malformations, which can give rise to cortical lesions, leaving focal areas
prone to seizures [35].

Tuberous sclerosis complex (TSC) is a genetic disorder that arises from dysfunction in
the mTOR pathway, and it is marked by the development of benign tumors in multiple
organs, particularly in the brain. Histological examination of cortical tubers in individuals
with TSC mutations reveals the presence of dysmorphic and giant cells [36]. The predomi-
nant pathophysiological mechanism involves mutations in the TSC1 or TSC2 genes, which
disrupt the TSC complex’s ability to inhibit mTOR signaling. This loss of inhibition leads to
a range of neurological manifestations, including seizures, refractory epilepsy, developmen-
tal delays, and behavioral issues [35]. Importantly, mTOR inhibitors have demonstrated
efficacy in treating such tumors and reducing their size, as well as in alleviating neurologi-
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cal symptoms in TSC patients [37], thereby improving clinical outcomes and enhancing the
quality of life for those undergoing such treatments.

Smith-Kingsmore Syndrome (SKS) is a rare genetic disorder resulting from either
de novo or inherited gain-of-function mutations in the mTOR pathway [38], which in-
terfere with the packing of the alpha-helix inhibitory domains and the FAT and kinase
domains [39]. SKS is associated with megalencephaly and exhibits neuroanatomical abnor-
malities such as macrocephaly, epilepsy, intellectual disability, neurocognitive decline, and
sleep disturbances. Extra-cerebral manifestations, including hypoglycemia, may also be
present [40]. The variability in patient outcomes is influenced by the origin of mutations
(somatic versus germinal), the extent of mosaicism, and the presence of extra-cerebral
features [41]. These genetic variations can lead to diverse responses to pharmacological
treatments, with some cases exhibiting refractory characteristics [38].

Focal cortical dysplasia type II (FCDII) is linked to somatic mutations in the mTOR
pathway [42] and is characterized by disrupted cortical lamination and the presence of
dysmorphic neurons [36]. Notably, subtype IIB displays balloon cells, which bear a re-
semblance to the cortical tubers found in TSC [36]. Patients with FCDII often experience
refractory epilepsy and may present with autistic features [42]. In many cases, surgical
resection of the affected cortical areas at an early age is necessary to effectively manage
seizure activity [43].

Hemimegalencephaly (HME) is a malformation that histopathologically resembles
FCD [44] and is defined by the presence of anomalous neuronal and glial cells within one
hemisphere of the brain [45]. Histopathological features commonly include cytomegalic
and dysmorphic neurons, along with balloon cells [46]. MRI findings typically reveal
abnormalities such as pachygyria, polymicrogyria, ventricular dilation, and periventricular
hyperintensities [46]. Clinically, HME is associated with epilepsy, intellectual disability,
autistic features, and systemic disorders, including various dysplasias [47]. Additionally,
HME can occur in conjunction with TSC, often resulting in a more severe clinical course
and earlier onset of epilepsy [48].

PI3K-related overgrowth syndrome (PROS) is a group of diseases characterized by
a gain of function in the PI3K gene, leading to hyperactivation of the PI3K/Akt/mTOR
pathway [49]. PROS affects multiple systems, including vascular, musculoskeletal, and
neurological systems. Neurological manifestations include megalencephaly syndromes,
such as Megalencephaly—Capillary Malformation (MCAP or M-CM) and Dysplastic Mega-
lencephaly (DMEG) [49,50]. The overlapping clinical features pose a diagnostic challenge,
and genetic testing is further complicated by the involvement of multiple tissues [50].

PMSE syndrome, also known as Pretzel Syndrome, is caused by a homozygous trun-
cating germline mutation in the STE20-related kinase adaptor alpha (STRADA) gene, an
upstream regulator of mTORC1 [51,52]. An increased pool of radial glia associated with
dysregulation of the mTOR pathway may contribute to the megalencephaly observed with
this syndrome [51]. The CNS findings include macrocephaly, cognitive disability, epilepsy,
subependymal dysplasias, and ventriculomegaly [53,54].

POLR2A-related syndrome associated with epilepsy and mental retardation is caused
by specific variants of a mutation in the largest subunit of RNA polymerase II [55]. Common
neurological phenotypes in affected patients include hypotonia, cerebellar and behavioral
abnormalities, severe epilepsy, sleep disorders, and neurodevelopmental delay [55,56].
POLR2A and mTOR can be dysregulated simultaneously [57]; however, further investiga-
tions are needed to elucidate their mutual impact on their respective pathways.

Phosphatase and tensin gene (PTEN) plays a crucial role in various neuronal pro-
cesses, including synaptic plasticity, NMDA / AMPA receptor responses, spine morphology,
nuclear mechanisms, axon guidance, and neurite outgrowth regulation [58]. Loss-of-
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function mutations in PTEN lead to hyperactivation of both mTORC1 and mTORC2, which
can contribute to epileptic activity [59,60]. Additionally, PTEN dysfunction is associated
with clinical conditions such as autism spectrum disorder, Alzheimer’s and Parkinson’s
diseases, and macrocephaly, highlighting its critical and complementary role within the
PI3K/Akt/mTOR signaling pathway in neurons [58,60].

DEPDC5-related syndrome is an autosomal dominant disorder associated with
epilepsy syndromes, developmental delays, intellectual disability, and autism spectrum dis-
order [61]. Its pathogenesis involves mTORC1 hyperactivation, as DEPDC5 is a component
of the GATOR1 complex, which functions as a negative regulator of mTORC1 [62]. Dys-
plastic and ectopic neurons may also be present in this syndrome [63]; however, brain MRIs
appear normal in approximately 80% of cases [62], making clinical diagnosis challenging
and necessitating molecular testing and precision medicine approaches.

3. Gene Editing in the Treatment of mTORopathies

Gene therapies represent medical interventions that modify a patient’s genetic material
to prevent or treat diseases. These therapies aim to directly alter the gene responsible for
a given condition, and their development has accelerated significantly since the advent
of CRISPR/Cas9 gene-editing technology nearly a decade ago [64]. Since then, numerous
studies have been conducted to explore gene therapies for various genetic disorders, with
several receiving regulatory approval [65,66].

Despite its recent rise in prominence, gene therapy is a concept that dates back decades.
The first recognized genetic therapy for a molecular disease was proposed by Linus Pauling
and Harvey Itano in 1949, marking the beginning of the gene therapy era [67]. Their
gene therapy for sickle-cell disease, known as CASGEVY, involved the ex vivo conversion
of erythroid stem-cell 3-globin subunits into y-globin [67] by inactivating the BCL11A
gene [66]. Following the discovery of DNA’s structure and functions [68,69], research
groups began experimenting with the mechanisms used by viruses and bacteria to transfer
genetic material. In 1973, the idea of using viral vectors to alter cellular function was first
explored, and soon after, these approaches were tested in human patients [70,71]. The
first attempt to use gene therapy with recombinant DNA in humans occurred in 1990 [72],
followed by the approval of a clinical protocol in 1992 to introduce a foreign gene into
humans, where tumor-infiltrating lymphocytes combined with interleukin-2 were used to
suppress tumor growth [73].

China became the first country to approve gene therapy for clinical use in 2003, with
Gendicine™ and Oncorine™ distributed without phase III clinical trial data. By 2008,
Cerepro® became the first adenoviral vector to complete a phase III trial, and in 2012, the
European Medicines Agency (EMA) recommended Glybera, marking the first gene therapy
product approved by the agency [74]. Today, numerous Advanced Therapy Medicinal
Products (ATMPs) have received clinical approval. The EMA has approved 15 gene therapy
ATMPs [75], while the U.S. Food and Drug Administration (FDA) has approved 38 cellular
and gene therapy products [76].

Gene editing, once considered a novel therapeutic avenue, has now become a
well-established tool for modeling diseases both in vitro and in vivo. In particular,
mTORopathies—disorders arising from mutations in the mTOR pathway—have been
extensively studied through these techniques, with tuberous sclerosis complex (TSC) serv-
ing as a prominent model. Mutations in TSC1 and TSC2, leading to loss of function,
have prompted numerous research groups to develop knockout models targeting these
genes [77]. Furthermore, Polyhydramnios—-Megalencephaly-Symptomatic Epilepsy Syn-
drome (PMSE) has been modeled by silencing STRADA [78] and focal cortical dysplasia
type II (FCDII) through a Depdc5 knockout [79]. Some autism spectrum disorder models
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have also explored PTEN knockout to replicate the Purkinje cell phenotype [80]. However,
despite these advancements, no mTORopathy model fully captures the complete phenotype
of a specific disease.

The development of these models typically begins with the patient’s genotype. For
example, sequencing patient samples to identify specific mutations, such as those in TSC1
or TSC2, enables the creation of cell lines or animal models carrying the same mutation.
Another promising approach in gene therapy is the use of induced pluripotent stem cells
(iPSCs) derived from patients with the target disease, which retain the patient’s entire
genotype [81].

Knockout mouse models for TSC1 and TSC2 have been extensively studied due to
their effectiveness in replicating the TSC phenotype in select brain regions. One study
on the TSC1 knockout mouse model investigated gene therapy to restore TSC1 activity,
highlighting the potential of this therapeutic approach [82] (Table 1). Additionally, several
research groups have examined gene therapy to assess its ability to improve mutant pheno-
types in animal models of mTORopathies. For instance, TSC1 knockout models have shown
amelioration following gene therapy targeting Rictor expression [32] and hamartin replace-
ment [82,83]. Similarly, TSC2 knockout models have demonstrated positive outcomes with
tuberin replacement [84].

Viral vectors (VVs), which deliver the desired genetic material, have been central
to gene therapy since its inception, particularly for somatic modifications. These vectors
remain among the most commonly used tools in gene editing due to their ability to provide
long-term expression. However, long-term expression can sometimes lead to unintended
consequences, such as off-target cleavage. As a result, gene-editing tools designed for
short-term expression are often preferred to mitigate the risk of such effects [85].

Lipid-based delivery platforms, such as cell-derived vesicles, offer a shorter-term
expression alternative compared with VVs. These platforms also reduce direct degradation
and immune recognition, allowing them to circulate throughout the body until they are
internalized by target cells [86]. Despite these advancements, concerns persist regarding
the integration of genetic material from vectors, off-target effects, and long-term risks,
which continue to make gene therapy a technique that requires careful consideration for
safety [71,76].

In conclusion, gene therapy within the context of mTORopathies has been explored
through various gene-editing methods, both for the development of disease models and
for the investigation of novel therapeutic strategies.

Table 1. Gene therapy studies: organisms, targets, and editing methods across time.

Organism/Cell Type Target Editing Method Year Reference
Mice STRADA shRNA 2013 [78]
Mice Depdc5 TALEN 2016 [79]
Mice PTEN Cre-Lox recombination 2016 [80]
Mice Depdc5 Cre-Lox recombination 2018 [63]

Rat Depdc5 CRISPR 2018 [87]
Mice Depdc5 Cre-Lox recombination 2020 [88]
Mice STRADA shRNA 2010 [54]
Mice TSC1 Rous sarcoma virus-based retroviral vectors 2001 [89]
Mice TSC1 Cre-Lox recombination 2007 [90]
Mice TSC1 Cre-Lox recombination 2012 [91]
Mice TSC1 Cre-Lox recombination 2013 [92]
Mice Rictor Cre-Lox recombination 2020 [32]
Mice TSC2 Cre-Lox recombination 2013 [93]
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Table 1. Cont.
Organism/Cell Type Target Editing Method Year Reference
Mice TSC1 Cre-Lox recombination 2011 [94]
Mice RHEB Plasmid construct 2019 [95]
hiPSCs TSC2 CRISPR 2018 [96]
hiPSCs TSC2 ZFN 2016 [97]
hESCs PTEN CRISPR 2019 [98]
N2a TSC2/Depdc5 CRISPR 2021 [99]
Mice TSC2 Cre-Lox recombination 2021 [84]
Mice TSC1 Cre-Lox recombination 2019 [83]
Mice TSC1 Cre-Lox recombination 2016 [82]

4. Available Types of Gene Editing

CRISPR-Cas9 is a groundbreaking genome-editing tool derived from a bacterial adap-
tive immune system that has been repurposed for precise genetic modifications in various
organisms [100]. The system consists of two key components: a guide RNA (gRNA), which
directs the Cas9 nuclease to a specific DNA sequence, and the Cas9 protein, which intro-
duces a double-strand break at the targeted site [101]. This break is then repaired by the
cell’s endogenous DNA repair mechanisms, either through error-prone non-homologous
end joining (NHE]) or high-fidelity homology-directed repair (HDR) [102]. The simplicity,
efficiency, and specificity of CRISPR-Cas9 have revolutionized its application in biological
research, enabling gene knockouts, insertions, and corrections, with profound implications
for genetics research, disease modeling, and the development of gene therapies.

In the context of mTORopathies, CRISPR-Cas9 can be employed to either repair or
knock out specific genes involved in the hyperactivation of the mTOR pathway. Gain-of-
function mutations result in proteins that are overactive or hyper-responsive, leading to
continuous stimulation of the mTOR pathway, which causes abnormal cell growth and
other disease manifestations [3]. CRISPR-Cas9 can address these mutations by selectively
targeting and either knocking out or precisely editing the mutated genes responsible
for mTOR overactivation. In cancers with mTOR gain-of-function mutations, such as
glioblastoma or renal cell carcinoma [103], CRISPR-Cas9 can be used to selectively knock
out the mutated allele, thereby reducing excessive mTOR signaling, which could help
control tumor growth driven by mTOR overactivation.

PIK3CD encodes the p1106 subunit of phosphoinositide 3-kinase delta (PI3K5?), a key
regulator in the PIBK-Akt-mTOR signaling pathway [104]. While PI3K5 is predominantly
expressed in immune cells, gain-of-function mutations can cause hyperactivation of the
mTOR pathway, contributing to disorders like activated PI3K-5 syndrome (APDS) and
certain cancers [105]. CRISPR-Cas9 knockout of PIK3CD in U87-MG cells has been shown
to reduce migration, invasion, and colony formation abilities compared with parental
cells [106]. Additionally, PIK3CD knockout has been shown to diminish tumorigenesis in
nude mice [106]. RHEB encodes a GTPase that directly activates mTORC1 [107]. Targeting
RHEB for knockout in cases of tuberous sclerosis or other neurological mTORopathies
could prevent mTORC1 overactivation and slow the abnormal growth associated with these
disorders. Furthermore, AKT1 encodes a protein kinase that acts upstream of mTOR and is
activated in response to growth factors [108]. These examples illustrate how CRISPR-Cas9
knockout strategies can be applied to target hyperactive genes driving mTORopathies,
offering potential avenues to restore normal mTOR signaling and reduce disease pathology.

As an alternative to traditional CRISPR-Cas9 technologies, the Base Editing technique,
introduced in 2016, represents a promising approach for precise gene editing. This system
employs a modified version of the Cas9 protein, termed Cas9 nickase, which induces a
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single-strand break in the DNA. Cas9 nickase is fused to a deaminase enzyme, which
performs direct modifications of individual nucleotides, enabling the conversion of one
base to another with high specificity [109]. Prime Editing, first introduced in 2019, also
relies on Cas9 nickase, which is guided by the guiding RNA (pegRNA) to the target site.
This pegRNA contains the sequence to be incorporated, serving as a template for the
desired genetic modification. Additionally, a reverse transcriptase enzyme is fused to the
Cas9 complex, facilitating the incorporation of the new genetic sequence by replacing the
original DNA strand [110]. Due to the generation of a single-strand break, these editing
tools minimize the risk of off-target mutations or large insertions and deletions (indels),
a limitation commonly observed with CRISPR/Cas9 [111]. Furthermore, Prime Editing
enables precise base substitutions, insertions, or deletions without requiring an external
donor template for homologous recombination, as necessitated by homology-directed
repair (HDR) [112].

The precision and versatility of Base Editing and Prime Editing offer new therapeutic
possibilities for treating mTORopathies. Mutations in genes such as TSC1, TSC2, and
MTOR itself, which lead to hyperactivation of the mTOR pathway, are central to the
pathogenesis of diseases like tuberous sclerosis complex (TSC) and certain forms of cancer.
By leveraging the ability of Base Editing to convert single nucleotide mutations and Prime
Editing to introduce precise genetic modifications, it is possible to directly target and correct
disease-causing mutations within these key regulatory genes. For instance, correcting
loss-of-function mutations in TSC1 or TSC2 through these techniques could restore the
proper inhibition of mTOR signaling, reducing aberrant cell growth and proliferation.
Likewise, Prime Editing’s capacity for performing precise edits without inducing double-
strand breaks or relying on homology-directed repair offers a safer and more efficient
alternative to traditional gene-editing approaches. This targeted therapeutic potential
could be transformative for individuals with mTORopathies, where current treatments
often rely on symptom management rather than addressing the underlying genetic cause.

5. Current Advances in mTOR Gene Therapies

The treatment of pathologies associated with the mechanistic target of rapamycin (mTOR)
remains challenging, primarily due to the limited efficacy of rapamycin [113-115], the standard
inhibitor used for this pathway. Additionally, the inhibition of mTOR is complex because its
activity depends on the formation of distinct protein complexes—mTORC1, mTORC2, and
mTORC3—with each playing unique roles in cellular processes and responding differently
to rapamycin. This complexity, coupled with mTOR’s critical involvement in various
diseases such as cancer and epilepsy, underscores the need for alternative therapeutic
approaches, including gene therapy.

Focal cortical dysplasia (FCD) is one of the primary causes of refractory epilepsy in
children, with disruptions in the mTOR pathway playing a significant role in the epilepto-
genesis of these disorders. Recently, Barbanoj et al. (2024) [116] developed a viral vector
therapy aimed at treating FCD. The researchers utilized a mouse model where they over-
expressed the Ras homolog enriched in brain (RHEB), an mTORC1 activator, to mimic
FCD. Using in utero electroporation, they introduced an RHEB plasmid into frontal lobe
neural progenitors. The therapeutic intervention involved injecting a modified adeno-
associated viral vector (AAV9) carrying an engineered potassium channel (EKC) transgene,
which effectively reduced the seizure frequency by 64% without directly targeting an
mTOR mutation.

Another promising approach is highlighted by Lee et al. (2021) [117] who designed an
adeno-associated viral therapy (rAAV2-shmTOR-SD) to inhibit mTOR in mouse models of
diabetic retinopathy (DR). By delivering a short-hairpin RNA (shRNA) to reduce mTOR
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expression, they observed a reduction in DR-related symptoms, including the preservation
of retinal structure and decreased vascular leakage. Cha et al. (2022) [118] further demon-
strated in an in vitro model that this therapy could inhibit neovascularization by blocking
VEGEF, a process regulated by mTOR [119].

As gene-editing technologies like CRISPR/Cas9 and Prime Editing continue to evolve,
genetic therapies targeting mTOR-related conditions may soon become more common.
However, while RNA-based therapies provide temporary effects due to the transient nature
of RNA, DNA-editing therapies offer the potential for permanent genetic modifications.
Both strategies face the significant challenge of delivery efficiency—how many cells can be
reached and successfully modified? Achieving effective transfection, even in controlled
in vitro environments, remains difficult, and scaling this up to the human body poses
additional hurdles. Ultimately, the most effective genetic therapy will be one that provides
long-lasting effects with minimal side effects.

6. Vectors for Gene-Editing Tool Delivery: Innovations in Precision and
Targeted Therapeutics

Gene delivery vectors (Figure 2), whether viral or non-viral, are engineered to transport
genetic materials such as genes, exons, or gene expression modulators—to specific regions
in the body to enable the modulation of protein production essential for various cellular
functions. These vectors, paired with technologies like CRISPR-Cas9, allow for targeted
gene silencing, activation, or modification in specific organs, such as the central nervous
system (CNS), ensuring precise delivery of the therapeutic material.

Viral Vectors Non-Viral Vectors

Synthetic

Adeno-associated Lentivirus
virus

Macrophage

Transcription

Extracelullar vesicles

Figure 2. Viral and non-viral vectors can be employed to deliver siRNAs, microRNAs, and drugs to
cells. Once in the bloodstream, these vectors extravasate into the extracellular matrix and undergo
endocytosis. Inside the cell, the vectors may transport their cargo to the nucleus or ribosomes or
simply release the siRNA.
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6.1. Viral Vectors

Viral vectors are derived from non-pathogenic viruses. The most studied vectors are
adeno-associated viruses (AAVs) and lentiviruses [120,121]. AAVs can package around
~4.7 kb of DNA [122], whereas lentiviruses can carry larger amounts of genetic material,
approximately ~9.8 kb [123]. However, lentiviruses are significantly larger (~100 nm
compared with AAV’s ~20 nm), which can hinder their diffusion through the extracellular
matrix, limiting their effectiveness in reaching target tissues [124].

A key challenge with AAV vectors is the presence of antibodies in humans against
adenoviruses, which are naturally present in the microbiota. To overcome this, studies
have explored AAV capsids derived from non-human vertebrates, such as porcine sources.
These capsids evade neutralization by human IgG antibodies and have the ability to cross
the blood-brain barrier (BBB) [120]. Hybrid AAVs, which are recombinantly engineered,
are also being developed to improve immune evasion and vector delivery [120]. The
production of these recombinant AAVs (rAAVs) is typically done using HEK293 cells [125],
which are co-transfected with plasmids containing viral proteins and genomes. A notable
advantage of lentiviruses is that, unlike AAVs, they generally do not elicit significant
immune responses [124].

Studies show that different AAV serotypes can effectively modulate gene expression in
specific tissues under pathological conditions. For instance, one study used AAV1 to deliver
neuropeptide Y (NPY) and its receptor (Y2) to the CNS of rats with induced seizures [126].
This treatment increased the seizure latency and reduced the seizure duration, highlighting
AAV’s potential in treating epilepsy. Another example involves the use of AAV9 to enhance
the expression of the SCN1A gene [122] in a model of Dravet syndrome, a refractory
epilepsy caused by heterozygous loss-of-function mutations in the gene [127,128]. This
treatment increased sodium channel expression and significantly reduced the seizure
frequency, with 68% of the treated animals becoming seizure-free.

In the context of mMTORopathies, viral vectors can be utilized to replace dysfunctional
proteins. For example, in a study involving a model of tuberous sclerosis complex 1
(TSC1) [83], AAVs were used to replace hamartin, a protein critical for mTOR regulation.
The treatment with AAV9-hamartin significantly extended survival in the animal model,
demonstrating the efficacy of viral vectors in studying and treating diseases involving the
mTOR pathway.

In understanding the biological mechanisms behind seizure manifestation, re-
searchers [129] have explored the role of LRP4, a protein primarily expressed at neu-
romuscular junctions that shows altered expression during seizure events. In a key study,
silencing LRP4 in rodent models of pilocarpine-induced epilepsy using lentiviral vectors
demonstrated a neuroprotective effect. Injection of a lentivirus containing an RNA silencer
targeting LRP4 transcription into the hippocampal molecular layer led to increased seizure
latency, meaning that higher doses of pilocarpine were required to induce seizures in the
treated animals. These findings suggest that LRP4 silencing could offer neuroprotection
and contribute to the development of novel therapeutic strategies for controlling seizures,
especially in pharmacologically resistant cases such as those seen in mTORopathies. This
line of research supports the potential of gene therapy, particularly the delivery of lentiviral
vectors, as an alternative approach to treating epilepsy, which is refractory to conven-
tional treatments.

Recent research has increasingly focused on gene therapies as a viable strategy for
treating neurodegenerative diseases. A notable study by Ng et al. (2021) [130] investi-
gated induced pluripotent stem cells (iPSCs) derived from patients with a homozygous
loss-of-function mutation in the SLC6A3 gene, which encodes the dopamine transporter
responsible for the reuptake of dopamine in presynaptic dopaminergic neurons. The
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absence of this transporter can lead to symptoms resembling Parkinson’s disease. The
researchers demonstrated that by introducing a lentivirus carrying the complementary
DNA of SLC6A3, it was possible to improve dopamine reuptake, effectively halting neu-
rodegeneration, even in the presence of ongoing dysregulation of the MAO-A and MAO-B
enzymes. Furthermore, the team delivered AAV2 containing the SLC6A3 gene directly
into the substantia nigra, specifically targeting the dopamine-deficient region. Remark-
ably, the group receiving the highest viral dose (2 x 10'° vg) exhibited motor behaviors
indistinguishable from those of the non-mutated control group, even after 8§ weeks. These
findings not only underscore the potential of both lentiviruses and AAVs in delivering gene
therapies but also highlight their role in addressing secondary conditions like neurode-
generation in patients with mutations affecting the mTOR pathway. Such advancements
could pave the way for new therapeutic avenues in managing neurodegenerative disorders
associated with dysfunctions in dopamine signaling and mTOR regulation.

Despite the promising potential of adenoviruses and lentiviruses as vectors for delivering
gene therapies, there remain relatively few clinical trials focused on central nervous system
(CNS) diseases utilizing these systems (Table 2). Moreover, there are no suspended trials at
present; however, it is important to note that detailed information regarding trial suspensions
is not always publicly disclosed. In contrast, oncology—a field frequently impacted by
dysregulation of the mTOR pathway in various cancers [131]—has witnessed numerous
successful trials employing viral vectors. These successes highlight the effectiveness of
such vectors in targeting cancerous cells and managing tumor growth [132-134]. While the
application of viral vectors in CNS diseases is still evolving, their established efficacy in
oncology underscores their potential as a viable therapeutic option for gene delivery.

Table 2. Clinically approved treatments with viral vectors for CNS diseases (2000-2024).

Approval Year Virus/Serotype Clinical Application Drug/Cargo Type Reference
. Human aspartoacylase
2000 pPAAV Canavan disease DNA [135]
2004 AAV2 Late infantile neuronal ceroid o N2 cDNA [136]
lipofuscinosis
. Human aspartoacylase
2006 AAV2 Canavan disease DNA [137]
2008 AAV2 Late 1nfelapt11e ne.uror.lal ceroid Human aspartoacylase [138]
ipofuscinosis cDNA
2014 Lentivirus neuroAIDS human (h)BDNF [139]
2016 Lentivirus Metachromatic Human ARSA cDNA [140]
leukodystrophy

However, the treatment of CNS diseases with viral vectors faces significant challenges,
with the blood-brain barrier (BBB) being a major obstacle as it restricts vector penetration
into the brain circulatory system [141]. Additionally, immune responses against the vector
can compromise its efficacy, particularly with repeated administrations [142]. The distribu-
tion of viral vectors within the CNS is also limited due to the dense extracellular matrix,
hindering diffusion and restricting transgene expression to localized regions [143]. On the
other hand, in tumor models, viral vectors offer advantages such as selective tropism for
neoplastic cells, the ability to deliver pro-apoptotic genes, and their application in oncolytic
therapies due to their ability to promote tumor destruction and to activate an immune
response against cancer [144,145]. An alternative to mitigate these limitations is the use of
non-viral vectors.



Cells 2025, 14, 662

13 of 25

6.2. Non-Viral Vectors

Nanomedicine-based non-viral vectors, whether synthetic or natural, represent a
promising advancement in precision medicine, providing a targeted and efficient means for
gene editing and modification [146-149]. In the realm of modern medicine, nanomedicine
has already made significant strides, utilizing synthetic non-viral vectors such as polymers,
liposomes, lipid carriers, and inorganic nanomaterials for the diagnosis, prevention, and
treatment of a diverse array of diseases in clinical practice [150,151]. Additionally, there
remains substantial potential for growth in this area through the exploration of natural
non-viral vectors, such as extracellular vesicles (e.g., exosomes), which show promise
as therapeutic delivery systems in preclinical settings [152-155]. This shift could greatly
advance the field of gene therapy [149].

The application of non-viral vectors, particularly synthetic nanoparticles, has attracted
considerable attention in both preclinical and clinical environments due to their ability to
enhance drug delivery and therapeutic effectiveness [156,157]. Nonetheless, concerns about
their safety and long-term impacts continue to pose challenges [158]. Preclinical research
indicates that nanoparticles can effectively target specific tissues while minimizing off-target
effects. However, issues surrounding their biocompatibility, biodistribution, and clearance
mechanisms necessitate further investigation to ensure their safe clinical applications [159,160].
Although some nanoparticle-based therapies have received clinical approval, hurdles
remain, including the potential toxicity, immune responses, and risks of nanoparticle
accumulation in critical organs, which may impede their broader implementation [161].

Over the last three decades, significant advancements have been made in developing
synthetic nanoparticle-based non-viral vectors aimed at overcoming the limitations of
traditional treatments for various conditions [150,161]. These vectors are engineered to
reduce side effects and toxicity while enhancing therapeutic precision, stability, solubil-
ity, biodistribution, and controlled drug release [162,163]. Their ability to address these
limitations broadens their potential applications across multiple medical domains.

In oncology, nanoparticles have had a profound impact, effectively addressing key
challenges such as therapy resistance, limited therapeutic effects on target tissues, and
collateral damage to healthy tissues [164,165]. Despite these advancements, much of the
nanoparticle research remains in preclinical phases due to the need for thorough safety and
efficacy validation before transitioning to clinical applications [166,167]. Nonetheless, a
select few nanomedicines have advanced to clinical trials, highlighting both the potential
and challenges that persist in the development of nanoparticle-based therapies (Table 3).

Table 3. Clinically approved nanomedicine-based non-viral vectors (2011-2021).

Approval Year Nanoparticle Type Clinical Application Drug/Cargo Type Reference

mRNA-1273

2021 Liposome COVID-19 Nucleoside-modified RNA [168,169]
(modRNA)

2019 Metal nanoparticle Advanced soft-tissue sarcoma Hafnium oxide [170]

2018 Liposome 0 ATTR amylordonis SRNA 171)

2018 Nanocrystals Schizophrenia Aripiprazole lauroxil [172]

2017 Liposome Acute myeloid leukemia Daunorubicin and cytarabine [173]

2015 Liposome Metastatic pancreatic cancer Irinotecan chemotherapy [174]

2015 Polymeric Ovarian cancer Paclitaxel chemotherapy [175]

nanoparticle
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Table 3. Cont.
Approval Year Nanoparticle Type Clinical Application Drug/Cargo Type Reference
Polymeric . . Polymer-protein conjugate
2014 nanoparticle Multiple sclerosis (PEGylated IFN beta-1a) [163]
Crohn’s disease;
2013 Polymeric Rheumatoid arthritis; PEGylated antibody [163]
nanoparticle Psoriatic arthritis; fragment (Certolizumab) :
Ankylosing spondylitis
Breast cancer; . .
2013 Protein nanoparticles Non-small-cell lung cancer; Albumin-bound paclitaxel [176]
. chemotherapy
Pancreatic cancer
2011 Liposome Bupivacaine Pain treatment [177]

Synthetic non-viral vectors have emerged as a significant tool in clinical medicine, fa-
cilitating the treatment of various diseases, including COVID-19, cancer, schizophrenia, and
multiple sclerosis [163,168,172,176], and their ability to deliver molecular cargo, such as
nucleoside-modified messenger RNA (modRINA), has shown considerable therapeutic po-
tential [169]. However, gene therapy poses unique challenges, necessitating vectors with
highly specific recognition capabilities to accurately target cells within particular tissues—an
ability that current synthetic vector technologies still struggle to fully achieve [178-180]. In
this context, natural non-viral vectors, such as, are emerging as promising candidates for
localized gene therapy, offering enhanced biocompatibility and target specificity [181,182].
These natural vectors may help overcome the limitations associated with synthetic vectors
and offer safer delivery of genetic material to diseased tissues.

When selecting the most appropriate non-viral vector for a specific therapeutic appli-
cation, several key parameters must be considered [183]. The route of administration is
critical; for instance, vectors delivered via intravenous injection must navigate challenges
such as rapid clearance from the bloodstream and immune recognition, while localized de-
livery requires vectors with high tissue specificity [156,184,185]. Also, in pathologies such
as mTORopathies, it is important to ensure the use of vectors that cross the blood-brain
barrier, a characteristic naturally found in extracellular vesicles (EVs) [186]. The pathology
of the target disease also plays a significant role, as different tissues and cell types have
unique characteristics that influence the vector’s efficiency in reaching and penetrating
target cells [187]. Additionally, the desired therapeutic effect—be it increased circulation
time, enhanced drug stability, or precise targeting of specific tissues—will dictate the vector
design [85,188,189]. These parameters must be meticulously optimized to ensure that the
chosen vector delivers the therapeutic payload effectively while minimizing off-target
effects and toxicity.

Non-viral vectors offer several advantages that enhance their reliability as drug de-
livery systems [161]. Synthetic vectors, including lipid nanoparticles and polymer-based
carriers, can be engineered with tunable properties such as size, surface charge, and
biodegradability, making them versatile across a range of applications [161]. Natural non-
viral vectors, such as extracellular vesicles and exosomes, provide high biocompatibility
and can evade immune detection due to their endogenous origin [154,155,161]. Both types
of vectors exhibit low immunogenicity compared with viral vectors, making them safer for
repeated administration. Moreover, non-viral vectors can accommodate large genetic pay-
loads, including plasmids, RNA, small molecules, and even gene therapy components like
CRISPR/Cas9, which are critical for the success of gene therapy and targeted treatments.

Despite existing technological limitations in the design and engineering of non-viral
vectors [85], significant advancements have been made over the last few decades [161].
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Progress in nanotechnology, molecular biology, and materials science has led to the de-
velopment of more sophisticated delivery systems with improved targeting, stability, and
efficiency. These ongoing advancements highlight the potential of non-viral vectors as
vehicles for gene therapy as these systems continue to evolve. While challenges persist
in enhancing tissue specificity and payload capacity, the progress achieved thus far un-
derscores the promising role that non-viral vectors are poised to play in the future of
personalized medicine and targeted therapies.

7. The Future of Gene Editing for nTORopathies

Advances in gene-editing technology, particularly for mTORopathies, are poised to
revolutionize the treatment landscape for these complex disorders. mTORopathies, charac-
terized by dysregulation of the mTOR signaling pathway, present unique challenges due to
the pathway’s integral roles in cell growth, proliferation, and metabolism [43,190,191]. As
tools like CRISPR-Cas9 evolve [190], their precision in modulating mTOR-related pathways
becomes increasingly feasible, potentially allowing for tailored interventions that target the
specific genetic mutations underlying these conditions [192]. While CRISPR-Cas9-based
treatments for mTORopathies are not yet available, this technology has been instrumental
in elucidating the molecular mechanisms underlying these disorders. Recent genome-wide
screenings have identified key regulators of the mTORC1 pathway, highlighting the role
of mitochondrial function and cellular stress in its activation. Additionally, studies have
demonstrated the significance of mTORCI in glucocorticoid sensitivity in leukemia cells,
revealing potential therapeutic targets [193,194]. These advances underscore the poten-
tial of CRISPR-Cas9 in deepening our understanding of mTORopathies and guiding the
development of future therapeutic strategies.

One of the most promising avenues for advancing treatment is the development of tar-
geted delivery mechanisms, such as non-viral vectors and nanotechnology. These innovations
can enhance the specificity of gene-editing therapies, minimizing off-target effects and ensur-
ing that therapeutic interventions are efficiently delivered to affected cells. This is especially
important given the diverse phenotypic manifestations associated with mTORopathies, which
range from neurological symptoms to metabolic dysregulation [192,195]. By addressing the
full spectrum of these phenotypes, gene-editing technologies could significantly improve
patient outcomes.

However, alongside the potential benefits of these technological advancements are
significant ethical and regulatory challenges. The complexity of mTOR signaling raises
concerns about unintended consequences from gene editing, such as off-target effects that
could disrupt other critical cellular processes. The long-term implications of editing such
a central regulatory pathway remain largely unknown, necessitating rigorous preclinical
testing and ongoing monitoring [191].

Furthermore, the ethical debate intensifies in the context of germline modifications,
which could impact future generations. Regulatory frameworks must evolve to keep
pace with these advances, ensuring safety, equity, and access to these technologies while
addressing their broader societal implications [196,197]. Establishing clear guidelines and
ethical standards will be essential as gene editing for mTORopathies moves closer to
clinical application, ensuring that the promise of these technologies is realized responsibly
and effectively.

8. Conclusions

mTORopathies, characterized by dysregulation of the mTOR signaling pathway, have
emerged as a critical focus in the study of neurodevelopmental disorders and refractory
epilepsy. The strong connection between hyperactivation of this pathway and conditions
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such as TSC, FCD2, HME, SKS, POLR2A-related syndrome associated with epilepsy and
mental retardation, PMSE, PTEN syndrome, DEPDC5-related syndrome, and PROS un-
derscores the central role of mTOR in neurodevelopmental and epileptogenic processes.
Current therapeutic strategies, particularly the use of mTOR inhibitors, have demonstrated
significant efficacy in controlling tumor growth, reducing seizure frequency, and improving
the quality of life for affected individuals.

However, the limitations of these treatments in addressing the underlying genetic
mutations necessitate more targeted approaches. The rapid advancements in gene-editing
technologies, notably CRISPR/Cas9, offer a promising avenue for precision therapies aimed
at correcting the genetic abnormalities that drive mTORopathies. While gene therapies
hold transformative potential, they also present challenges related to delivery specificity,
long-term safety, and ethical considerations, particularly in the context of germline editing.

Recent advances in nanomedicine have underscored the potential of non-viral vectors
in gene therapy. Among these, extracellular vesicles (EVs) have garnered significant
interest due to their natural origin, excellent biocompatibility, and inherent ability to
traverse the blood-brain barrier. EVs, including exosomes, offer targeted delivery of gene-
editing tools with minimal immunogenicity and a reduced risk of off-target effects. Their
unique properties position them as a promising platform for precision therapies aimed
at correcting the genetic mutations underlying mTORopathies. This evolving landscape
represents a transformative frontier in neurodevelopmental and neurological therapeutics,
with the promise of more personalized and effective treatment strategies for patients
affected by mTORopathies.

Looking forward, continued research into the molecular mechanisms of mTORopathies
and the development of innovative gene therapies will be pivotal in shifting the paradigm
from symptomatic treatment to curative interventions. This evolving field stands at the
intersection of molecular genetics, neurology, and therapeutic innovation, offering hope for
more effective and personalized treatments for these complex disorders.
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