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Abstract: The mechanistic target of rapamycin (mTOR) pathway serves as a master regulator of cell
growth, proliferation, and survival. Upregulation of the mTOR pathway has been shown to cause
malformations of cortical development, medically refractory epilepsies, and neurodevelopmental
disorders, collectively described as mTORopathies. Tuberous sclerosis complex (TSC) serves as the
prototypical mTORopathy. Characterized by the development of benign tumors in multiple organs,
pathogenic variants in TSC1 or TSC2 disrupt the TSC protein complex, a negative regulator of the
mTOR pathway. Variants in critical domains of the TSC complex, especially in the catalytic TSC2 sub-
unit, correlate with increased disease severity. Variants in less crucial exons and non-coding regions,
as well as those undetectable with conventional testing, may lead to milder phenotypes. Despite the
assumption of complete penetrance, expressivity varies within families, and certain variants delay
disease onset with milder neurological effects. Understanding these genotype–phenotype correlations
is crucial for effective clinical management. Notably, 15% of patients have no mutation identified by
conventional genetic testing, with the majority of cases postulated to be caused by somatic TSC1/TSC2
variants which present complex diagnostic challenges. Advancements in genetic testing, prenatal
screening, and precision medicine hold promise for changing the diagnostic and treatment paradigm
for TSC and related mTORopathies. Herein, we explore the genetic and molecular mechanisms of
TSC and other mTORopathies, emphasizing contemporary genetic methods in understanding and
diagnosing the condition.

Keywords: genetic epilepsies; mTORopathies; tuberous sclerosis complex; precision medicine; focal
cortical dysplasia; genetic testing; malformations of cortical development; mosaicism

1. Introduction

Tuberous sclerosis complex (TSC) is a multisystemic genetic disorder characterized
by the development of benign tumors in various organs, stemming from overactivation of
the mechanistic target of rapamycin (mTOR) pathway. TSC is inherited in an autosomal
dominant pattern in approximately one third of cases. De novo and/or mosaic pathogenic
variants in TSC1 and TSC2 account for the other two thirds of TSC genetic etiology. The
incidence of TSC ranges between 1:5800 to 1:13,520 live births [1,2].

The condition is marked by the development of non-cancerous growths or hamartomas
in multiple organs, with particular clinical attention given to neurological presentations
such as epilepsy and neuropsychiatric disorders that vary from infancy to adulthood [3].
TSC-related mortality is predominantly linked to epilepsy-related complications, particu-
larly status epilepticus and sudden unexpected death in epilepsy, as well as TSC-associated
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renal complications [4,5]. Clinical presentation is complex where inter-individual variabil-
ity in phenotypic severity contributes to gaps in understanding the natural progression of
TSC. Even within families, there can exist a phenotypic range from normal cognitive devel-
opment and well-managed epilepsy to instances of severe intellectual disability, medically
refractory epilepsy, and autism spectrum disorder (ASD) [6]. A major key to understanding
the variable clinical spectrum of TSC is through continuing to elucidate the mechanistic
roles of TSC1/TSC2 in the mTOR pathway and the genotype–phenotype correlations of
associated genetic variants.

Pathogenic variants in TSC1 or TSC2 inactivate key inhibitors of the mTOR pathway,
which mediate cell growth and metabolism. Consequently, upregulated mTOR leads to
cellular overgrowth and tumor formation, and the brain is often the most severely affected
organ [2]. More generally, pathogenic variants in other mTOR regulators can lead to similar
neurodevelopmental disorders, as in TSC, collectively known as mTORopathies. To date,
over 16 causative genes are known, including TSC1 and TSC2 [7,8]. This review discusses
the genetic and molecular mechanisms of TSC and mTORopathies, with a particular
focus on contemporary genetic methods to identify and manage the neurological and
neurodevelopmental aspects associated with the condition.

2. Overview of the Genetics of mTORopathies

mTORopathies encompass a spectrum of neurodevelopmental disorders including
TSC, focal cortical dysplasia type II (FCD II), hemimegalencephaly (HME), and Pretzel syn-
drome (polyhydramnios, megalencephaly, and symptomatic epilepsy; PMSE syndrome) [9].
Next-generation sequencing platforms have led to the identification of a common genetic
etiology to a subset of malformations of cortical development—upregulation of the mTOR
signaling pathway [10]. Notably, recent findings have distinguished FCD I from FCD II
and other mTORopathies in which FCD I was found to be associated with glycosylation
defects of SLC35A2 rather than the mTOR pathway [11]. mTORopathies share common
neuropathological findings including abnormal cellular morphology and cytomegaly, dis-
organized cortical lamination, and neuronal hyperexcitability resulting from constitutive
mammalian target of rapamycin complex 1 (mTORC1) signaling [8].

Although the exact pathobiology of mTORopathies has yet to be elucidated, mTOR is
known to play a role in the brain in controlling cortical development and neural-specific
functions including synaptic plasticity, learning, and memory. Thus, mTOR dysfunction
is implicated in several neurodevelopmental, neurodegenerative, and psychiatric disor-
ders [9]. With regard to epileptogenesis, mTORC activation is thought to disrupt the
formation of proper neural circuits by altering normal neural networks, resulting in excita-
tory/inhibitory imbalance and net synaptic hyperexcitability [8,12]. Notably, in a rodent
biallelic model of TSC1 deletion, mTORC activation alone without significant cortical
malformations was sufficient to generate seizures [13].

The mechanistic target of rapamycin complex (mTORC) serves as a master regulator
of cell growth, proliferation, and survival, ultimately governing cell fate decisions and regu-
lating biomass accumulation and cellular metabolism processes [14]. The mTOR protein is
part of both mTORC1 and mTORC2 complexes, serving as the central node that integrates
information regarding availability of energy and nutrients to coordinate the synthesis (an-
abolism) or breakdown (autophagy) of the essential cellular building blocks [14]. mTORC1
is nucleated by three core components, mTOR, mLST8, and RAPTOR, while mTORC2 is
composed of mTOR, mLST8, and RICTOR. During times of abundance, mTORC1 phospho-
rylates downstream substrates that increase production of lipids, proteins, nucleotides, and
ATP while inhibiting catabolism and autophagy pathways [15].

The canonical mTORC1 signaling pathway involves upstream signaling from extra-
cellular growth factors binding to their respective receptor tyrosine kinases (RTKs) and
initiating downstream signaling pathways (i.e., PI3K-AKT and ERKs). Upon activation,
AKT and ERKs phosphorylate TSC2 to release it from the TSC1/TSC2 complex, preventing
TSC2 from inhibiting RHEB, a direct activator of mTORC1. Following mTORC1 activation,
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pivotal signaling effectors such as S6K and 4EBP1 are phosphorylated to drive cellular
response such as protein synthesis, energy metabolism, and inhibition of autophagy [9].
mTORC1 is also negatively regulated by an upstream protein complex GATOR1, composed
of three subunits DEPDC5, NPRL2, and NPRL3, that represses the mTORC1 complex in
response to amino acid depletion. Similarly, the KICSTOR complex, composed of KPTN,
ITFG2, C12orf66, and SZT2, recruits the GATOR1 complex to the lysosomal surface to
inhibit mTORC1 [16]. Pathogenic variants in any of the GATOR1 or KICSTOR subunits can
also contribute to mTORopathy development and manifestation of neurological symptoms,
such as epilepsy, malformations of cortical development (i.e., FCDs), and neurodevelop-
mental disorders [8].

mTORC signaling plays a large role in neural development and regulation; therefore,
pathogenic variants along the mTOR pathway have profound effects on the central nervous
system. mTORopathies generally stem from pathogenic variants in the activators of the
mTOR pathway (PI3KCA, AKT3, RHEB, MTOR) or loss of function variants in inhibitors of
mTOR (TSC1, TSC2, DEPDC5, NPRL3, NPRL2, PTEN, STRADA) that result in constitutive
activation of the mTORC1 complex [8] (Table 1).

Both somatic and germline pathogenic variants have been implicated in the devel-
opment of mTORopathies and can define the extent of clinical manifestations depending
on the origin of the variant along the embryological timeline [17]. For instance, HME
and FCD II are thought to exist on the same disorder continuum with their distinction
defined by the relative size/volume of affected lesions. HME stems from an earlier onset of
the postzygotic somatic variant (thereby affecting a greater number of subsequent clones)
during neuroepithelium maturation, resulting in the involvement of an entire hemisphere
or even including the ipsilateral cerebellar hemisphere and brainstem in “total HME” [12].
On the other hand, FCD II involves more focal lesions often involving a single gyrus or
several adjacent gyri or part of one hemisphere, stemming from genetic variants occurring
at later mitotic stages (fewer subsequent clones thereby spanning fewer developmental
regions) [12].

Due to the diverse phenotypic heterogeneity between mTORopathy subtypes and even
within specific disorders, magnetic resonance imaging (MRI) findings can vary widely [8].
HME and megalencephaly (ME) show distinct cortical abnormalities as they involve whole
brain (ME) and hemispheric (HME) abnormalities, while FCD can be missed on initial MRI
and often requires high-resolution scanning [3]. The pathobiology behind the involvement
of multiple organs (i.e., TSC) or brain-specific disorders (i.e., FCD II, HME) is not as clearly
defined but may relate to organ-specific gene expression, timing of the mutagenesis, and
the nature of each unique molecular driver [8]. While some mTORopathies can affect
multiple organs in patients, neuropsychiatric disorders, including epilepsy, intellectual
disability, and autism spectrum disorder, resulting from the cortical malformations tend to
have the most impact on quality of life.
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Table 1. Genes associated with mTORopathies, their role in the mTOR pathway, variant type, and clinical manifestations.

Gene Major Affected Sensing Arm(s) of
mTOR Pathway

Previously Reported Genetic
Variant Type(s) CNS Pathological Manifestations Reported Clinical Manifestations and

Syndromes
Systemic Features
Present *

Variants of mTOR Activators

MTOR [18,19]
Amino acid, growth factor, cytokine
signaling, cellular energy, and
oxygen stress [20]

Somatic and germline
FCD
Hemimegalencephaly
Megalencephaly

Epilepsy
Smith–Kingsmore syndrome
Intellectual disability

(+)

AKT1 [21,22] AKT family: growth factor [23] Somatic Hemimegalencephaly

Epilepsy
Motor weakness
Intellectual disability
Somatic Proteus syndrome

(+)

AKT3 [24,25] AKT family: growth factor [23] Somatic and germline
Hemimegalencephaly
Megalencephaly
Polymicrogyria

Epilepsy
MPPH syndrome
Intellectual disability

(-)

PIK3CA [21,26] PI3K family: growth factor [20] Somatic and germline

Hemimegalencephaly
Megalencephaly
Dysplastic megalencephaly
FCD

Epilepsy
PIK3CA-related overgrowth spectrum
Intellectual disability

(+)

PIK3R2 [25,27] PI3K family: growth factor [20] Somatic and germline Megalencephaly
Epilepsy
MPPH
Intellectual disability

(-)

RHEB [28] Amino acid, growth factor [29] Somatic FCD
Hemimegalencephaly Epilepsy (-)

Loss of Function Variants of mTOR Inhibitors

TSC1/TSC2 [2]
TSC complex: amino acid, growth
factor, cytokine signaling, cellular
energy and oxygen, stress [20,30]

Somatic and germline

Cortical tubers
SEN
SEGA
Hemimegalencephaly
FCD

Epilepsy
Tuberous sclerosis complex
Intellectual disability

(+)

TBC1D7 [31,32] Forms part of TSC complex Germline Macrocephaly/megalencephaly Intellectual disability (+)

DEPDC5 [33–36] GATOR1 complex: amino
acid [20,37] Somatic and germline

Hemimegalencephaly
Megalencephaly
FCD

Epilepsy
Intellectual disability
Psychiatric comorbidities

(-)
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Table 1. Cont.

Gene Major Affected Sensing Arm(s) of
mTOR Pathway

Previously Reported Genetic
Variant Type(s) CNS Pathological Manifestations Reported Clinical Manifestations and

Syndromes
Systemic Features
Present *

NPRL2 [38,39] GATOR1 complex: amino acid
[20,37] Somatic and germline FCD

Epilepsy
Intellectual disability
Psychiatric comorbidities

(-)

NPRL3 [38–40] GATOR1 complex: amino acid
[20,37] Somatic and germline FCD

Epilepsy
Intellectual disability
Psychiatric comorbidities

(-)

PTEN [41–44] Growth factor, cellular metabolism
[45] Somatic and germline

FCD
Hemimegalencephaly
Megalencephaly
Polymicrogyria

Focal epilepsy
ASD
Neurodevelopmental disorders
Cowden syndrome

(+)

STRADα [46,47] Cellular energy [20] Germline Megalencephaly
Focal epilepsy
Pretzel syndrome
Intellectual disability

(+)

SZT2 [48,49] KICSTOR complex: amino acid [50] Germline Megalencephaly Developmental delay
Epileptic encephalopathy (-)

KPTN [51–53] KICSTOR complex: amino acid [50] Germline Macrocephaly/Megalencephaly Epilepsy
Intellectual disability (-)

* (+) denotes the report of at least one systemic feature (beyond CNS manifestations) in at least one individual; (-) denotes no non-CNS manifestations. (-) could include reports of facial
dysmorphisms and minor skeletal dysplasias but were generally reported to be non-syndromic. Abbreviations: FCD: focal cortical dysplasia. SENs: subependymal nodules. SEGA:
subependymal giant cell astrocytoma. MPPH: megalencephaly-polymicrogyria-polydactyly-hydrocephalus. ASD: autism spectrum disorder.
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3. Overview of Genetics of TSC

TSC is the prototypical mTORopathy, caused by inactivating pathogenic variants in
the TSC1 and TSC2 genes. TSC1 occurs on the distal q-arm of chromosome 9 (9q34) and
includes 23 exons (hg38: g.9:132891348-132946874; NM_000368.5). TSC1 codes for the TSC1
protein (or hamartin), which is 1,164 amino acids long (130 kDa) [54]. TSC1 comprises an
N-terminal α-helical ‘core’ domain and a coiled coil located at the C-terminus, essential
for its interaction with TSC2 [55]. Functional studies have demonstrated the importance
of coding regions in the N-terminal domain, specifically exons 4–9, as well as exon 18, for
TSC1 function and stability. Conversely, exons 10, 12, 14, and 16 have been shown to have
the least effect on stability [56]. This aligns with up-to-date reports of pathogenic or likely
pathogenic missense variants in TSC1, where TSC causative missense variants cluster on
exons 2, 3, 7, and 8 encoding the N-terminal domain, as opposed to the latter exons [57].
However, it should be noted that missense variants account for only 6% of TSC1 pathogenic
variants. Small indels account for over 57% of all pathogenic variants [2], while nonsense
variants, splice variants, large deletions, and rearrangements account for the remaining
37%. Overall, while most pathogenic variants are distinct, those in specific codons of exon
15 have been known to recur [2].

TSC2 is located on the distal p-arm of chromosome 16 (16p13.3) and includes 42 exons
(hg38: g.16:2047985-2089491; NM_000548.5). TSC2 (or tuberin) is 1807 amino acids long
(200 kDa), comprising an N-terminal α-solenoid domain that binds to TSC1, as well as a
coiled coil at the C-terminal domain with important functional motifs [55]. These motifs
include the GAP domain, estrogen receptor- and calmodulin-binding domains, and multi-
ple signal pathway kinase targets [2]. Pathogenic missense variants are more frequent in
TSC2 compared with TSC1, accounting for approximately 26% of all pathogenic variants.
Approximately half of reported pathogenic missense variants encode the C-terminal do-
main [2,58,59]. Small indels account for 38% of pathogenic variants, while nonsense and
splice variants, large deletions, and rearrangements account for the remaining 36% [2,58].

To date, 984 unique pathogenic or likely pathogenic variants in TSC1 and 2832 in
TSC2 have been reported in the Leiden Open Variation Database version 3 [60]. These
variants are estimated to be inherited in an autosomal dominant manner in one-third of
TSC patients and arise de novo in the remaining two-thirds [58]. While pathogenic variants
are found through conventional genetic testing in approximately 85% of individuals with
TSC, no mutations are identified (NMI) for 10-15% of TSC patients who are diagnosed
by clinical criteria [6,61–64]. Hypothesized reasons for NMI are (1) mosaicism in TSC1 or
TSC2, (2) pathogenic variants in deep intronic regions, or (3) variants in an unknown gene
(i.e., TSC3) [65].

Genetic mosaicism is caused by postzygotic somatic pathogenic variants that arise after
fertilization. These variants impart genomic diversity across tissues, with the coexistence
of genetically distinct cell populations within the organism. If a subset of somatic tissues
is affected, the variant is termed a “somatic mosaic variant” or “somatic variant”; if a
subset of germline cells is affected, the variant is termed a “germline or gonadal mosaic
variant”. A “gonosomal mosaic variant” affects both somatic and germline cell types [66,67].
The number of tissues affected depends on the timing of the initial variant: pathogenic
variants occurring early in embryonic development are likely to affect more tissues, while
those occurring later are likely to be localized to a single organ. For example, mosaic
variants found in both brain and blood may have arisen prior to ectoderm and mesoderm
formation [68]. In the context of TSC, mosaicism presents a challenge for genetic testing
as the genetic variant responsible for the condition may not be present in all clinically
accessible tissue. Relying solely on a blood or skin sample may result in false negatives if
the pathogenic variant is confined to specific tissues (e.g., skin, brain) and not represented
elsewhere. Even if the mosaic variant is present in blood, the variant may still not be
detected, due to technical limitations of the genetic tests used [69]. This is particularly true
if the mosaic cell population only comprises a small proportion of the sample, namely, if
the variant allele frequency (VAF) is low. A high read depth, or more sequencing reads per
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base, is required to detect variants with low VAF. Sequencing pipelines to detect variants
with VAF of <10 to 20% are not typically available in the clinical setting [70].

Pathogenic variants in deep intronic regions are also suspected to contribute to NMI
status. Clinical genetic testing typically includes only cytogenetic tests, such as chro-
mosomal microarrays, gene panels catered to specific phenotypes, and next-generation
sequencing (NGS) approaches, such as exome sequencing (ES) and genome sequencing
(GS). At the present, ES is more commonly used in the clinic compared with GS, leading to
variants in non-coding sequences being missed. While GS has the ability to detect intronic
variants, the increase in diagnostic yield has remained modest for many patient cohorts [71].
This can be attributed to challenges in interpreting intronic variants and in identifying
candidate genes that they are likely to affect. While splicing prediction tools are avail-
able for use, they are best for identifying the impact of canonical splice site variants [72].
Newer tools, such as SpliceAI, are proving to be more sensitive for detecting deep intronic
variants [73]. Many recent studies have also shown the utility in re-phenotyping and
re-genotyping cases with NMI, where deep intronic variants have improved the diagnostic
yield, including a recent study on TSC1/TSC2 [74–76]. Most deep intronic variants will
require functional studies for their pathogenicity to be evaluated as per guidelines from
the American College of Medical Genetics and Genomics (ACMG) and Association for
Molecular Pathology (AMP) [71,77,78].

Multiple studies have been reported in support of the two aforementioned hypotheses.
Mosaic and intronic TSC1/TSC2 variants have been identified in up to 58% and 40% of NMI
individuals, respectively [65,79]. While most studies do not support the presence of a third
TSC gene, a recent case study has proposed that variants in RHEB may explain some NMI
cases. A study described a child meeting the clinical criteria for a TSC diagnosis without
pathogenic variants in TSC1/TSC2 but with a pathogenic somatic variant in RHEB at 13%
VAF in a brain-derived sample [28]. He presented with focal seizures, tubers with radial
migration lines, subependymal nodules (SEN), and a subependymal giant cell astrocytoma
(SEGA), wherein three major criteria were met (only two are required) for the diagnosis of
TSC. While many genes in the mTOR pathway, including RHEB, have been shown to cause
other malformations of cortical development (MCDs) [11], they have not been associated
with the TSC phenotype until this report. Although this patient may have an additional
undetected germline variant, such as a deep intronic variant affecting TSC1/TSC2, this
report suggests the importance of continuing to explore other mTOR pathway genes to
understand their contribution to the TSC phenotype.

4. Summary of Genotype–Phenotype Correlations for TSC

Both TSC1 and TSC2 are essential for the optimal functioning of the TSC protein com-
plex. From a structural perspective, genetic variants affecting important protein domains,
such as those in the catalytic TSC2 subunit, are likely to correlate with greater disease
severity. Conversely, variants in less critical exons and non-coding regions, as well as those
unidentifiable with conventional genetic testing, are likely to present with a less severe
phenotype [80]. While variants are thought to display complete penetrance, their expressiv-
ity can differ greatly between individuals, even within the same family [6]. There is also
thought to be a subset of variants where the time of disease onset is delayed and neurologi-
cal effects are milder [81–83]. Thus, a more nuanced understanding of genotype–phenotype
correlations in TSC is valuable for clinical management.

Several important genotype–phenotype correlations have been observed for TSC. First
and foremost, TSC2 pathogenic variants have been shown to result in more severe phe-
notypic outcomes compared with those in TSC1 [62,64,84]. This phenotypic correlation is
consistent with TSC2 being the catalytically active subunit and TSC1 being the stabilizing
subunit with proposed functions such as prevention of TSC2 ubiquitination [56,85,86].
In addition, simplex cases are more likely to involve TSC2 pathogenic variants, while
inherited pathogenic variants are more evenly split between TSC1 and TSC2 [64]. Fur-
thermore, TSC2 pathogenic variant carriers are at greater risk for renal malignancies, car-
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diac rhabdomyomas, intellectual disability, infantile epileptic spasms, and drug-resistant
epilepsy [81,87–89]. In infancy, up to 24 months of age, TSC2 pathogenic variant carriers
are at higher risk for significant developmental delays [90]. TSC2 pathogenic variants
are also more frequently associated with positive TSC-associated neuropsychiatric disor-
ders (TAND) such as attention deficit hyperactivity disorder (ADHD) [91] and ASD [92].
TSC-associated ASD has been shown to be associated with SEGA and cystic tuber for-
mation [92,93]. The frequency, severity, and age of onset of epilepsy is also higher and
younger in TSC2 patients [94], and these findings have been replicated in mouse mod-
els [95]. Likewise, the surgical outcomes of epilepsy are less responsive in those with TSC2
compared with TSC1 variants [96]. While mitochondrial DNA (mtDNA) variants were
initially hypothesized to be a potential cause of phenotypic variability in TSC, a recent
study showed that the mitochondrial genome is highly stable across tissues and within
TSC-associated tumors, without correlations to any TSC clinical features [97].

The types of genetic variants in TSC1/TSC2 also correlate with clinical severity. There
are many instances of milder phenotypes occurring in either gene [17]. A study showed
that patients with premature protein truncations were more likely to manifest major symp-
toms of the diagnostic criteria (SEN, cortical tubers, and renal cysts) than patients without
premature protein truncations [98,99]. As NGS approaches have become more widespread,
a growing proportion of pathogenic variants have been reported as copy number variants
(CNVs). In particular cohorts, this represents up to 10% of variants [100,101]. In neu-
rological tissue, intronic pathogenic variants that cause aberrant exonization have been
associated with milder phenotypes (sometimes with only one clinical feature present in a
systemic disease) hypothesized to be explained by significantly abrogated, but not elimi-
nated, canonical transcript expression [76,102,103]. In a recent cohort study reevaluating
NMI TSC patients with a definite or possible clinical TSC diagnosis, 19/155 individuals
presented with deep intronic variants; of these intronic carriers, several of them did not
have a definite clinical diagnosis nor did they display as many systemic features as did the
rest of the cohort [74].

5. Updates to Genotype–Phenotype Correlations in TSC: Mosaicism and the
Two-Hit Hypothesis

TSC patients with NMI and mosaic variants have been found to have a milder clinical
phenotype compared with those with constitutional germline variants [64,65,104]. In
a study of 53 NMI TSC patients, those with previously missed germline variants were
found to have an average of six major TSC symptoms, while those with mosaic variants
and persistent NMI presented, on average, with only four and three major symptoms,
respectively [65]. Similarly, a recent study of 95 NMI individuals showed that the total
number of TSC clinical features was lower in those with mosaicism compared with those
with previously missed germline variants, as well as those in an age- and sex-matched
cohort from the TSC Natural History Database (NHD) [105]. No differences were found in
the numbers of total or organ-specific clinical features in individuals with mosaic variants
in TSC1 versus TSC2. Interestingly, fibrous cephalic plaques and renal angiomyolipomas
(AMLs) were both significantly more common in mosaic individuals compared with those
with germline variants [105]. A significant positive correlation was also found between
median VAF in blood and/or saliva and the number of TSC clinical features, for both
TSC1 and TSC2. Namely, those with higher VAF in clinically accessible samples were more
likely to present with a greater number of TSC features [105]. However, the opposite was
found in another study of 31 NMI TSC patients, where blood, saliva, and buccal VAF in the
16 mosaic patients were not associated with the number of major clinical features [106]. Yet,
the study did find that VAFs from saliva and buccal samples correlated with tuber load.

Limited evidence exists as to whether there is a VAF threshold for clinical manifesta-
tions of TSC to become evident. Overall, for mTORopathies causing MCD, there does not
seem to be a clear threshold, based on the current limits of detection. Variants affecting
the mTOR pathway have been found with VAFs of as low as 1% in brain tissue resected
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from individuals with epilepsy and are thought to be a cause of disease [107,108]. However,
it is unclear whether mosaicism in isolated brain cell populations or even lower VAFs in
the brain cause MCD or associated symptomatology [66]. In clinically accessible samples,
VAFs do not always correlate with those in affected tissue such as the brain, as organs
affected depend on the embryonic lineage affected as well as the timing of the initial vari-
ant [65,106,109–111]. This can be exemplified by a case study in which two individuals with
TSC2 VAFs of ≤25% in blood showed severe, multiorgan TSC phenotypes [112]. Addition-
ally, TSC patients with TSC2 mosaic variants were found to have VAFs of as low as 0.21%
in clinically accessible samples [65]. Interestingly, for TSC1, there is evidence suggesting
that a VAF threshold exists in clinically accessible samples for the manifestation of TSC,
potentially due to the milder effect of TSC1 variants overall. Klonowska and colleagues
proposed that TSC1 individuals with VAF < 3% in blood or saliva could be less likely to
meet clinical diagnosis criteria. This is due to their findings that (1) individuals with mosaic
TSC1 variants had higher VAFs (median of 7.74%) compared with those with mosaic TSC2
(median of 1.93%) and (2) the proportion of mosaic TSC1 to TSC2 variants in their cohort
was lower than that seen in the general TSC population [105].

Another complexity arising from the interpretation of mosaic pathogenic variants is
their role in the diagnosis of TSC. Currently, a diagnosis of TSC can be established using
clinical diagnostic criteria, namely, whether the individual presents with a minimum of
two major features or one major feature with two minor features [2]. A molecular diagnosis
can also be established if a heterozygous pathogenic variant is detected in TSC1/TSC2,
regardless of clinical findings. Mosaic variants have been detected in individuals with
clinical TSC diagnoses as aforementioned and have been assumed to be the cause of
the disease. However, the line becomes blurred when mosaic pathogenic variants are
detected in TSC1/TSC2 and the individual does not meet clinical diagnostic criteria for
TSC. Isolated mosaicism in TSC1/TSC2 in the brain has been shown to result in FCD or
HME without systemic manifestations of TSC, or neurologic manifestations typical of
TSC such as SENs and SEGAs [11,28,107,113,114]. Similarly, patients with a progressive
lung disease, lymphangioleiomyomatosis (LAM), can have sporadic LAM (S-LAM) with
TSC1/TSC2 variants, probably two somatic hits, isolated to the affected tissue [115–117].
The two-hit hypothesis, first described by Dr. Alfred Knudson in 1971, claims that both
alleles of a tumor suppressor gene must be inactivated for the initiation and subsequent
formation of tumors or lesions. In the case of an inherited germline variant present in
one allele, the second copy must also then be somatically mutated (loss of heterozygosity)
for the formation of the tumor or phenotypic expression of the lesion [118]. Cases with
two somatic hits do not warrant a diagnosis of TSC, as surveillance for other progressive
systemic manifestations that comes with the diagnosis is less necessary.

However, care must be taken to ensure that the mosaic variant is truly isolated within
the organ affected. A recent case study showed that three individuals thought to have
S-LAM were diagnosed with mosaic TSC-associated LAM upon finding TSC variants in
an angiofibroma, cutaneous hamartoma, and a digit affected by macrodactyly, respec-
tively [117]. These individuals probably had systemic mosaicism in TSC1/TSC2 and a
second hit in LAM tissue. They were therefore subsequently diagnosed with TSC due to
the importance of surveillance for progressive systemic TSC traits. Conversely, an individ-
ual with widespread clinical manifestations of TSC (renal AMLs, angiofibromas, fibrous
cephalic plaque, enamel pits, retinal hamartomas, cortical tubers, and SEN) was found
to have an isolated somatic TSC2 pathogenic variant in renal AML tissue, with none in
skin fibroblasts or saliva [116]. This could be explained by the two-hit hypothesis, where
another systemic mosaic variant or germline variant was present but undetected. This
demonstrates that even if a mosaic TSC1/TSC2 variant is thought to be isolated within a
specific tissue type, additional undetected variants could affect the individual’s phenotype.
Systemic manifestations cannot be fully ruled out in individuals with an initial presentation
of isolated TSC1/TSC2 somatic pathogenic variants.
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The situation is further complicated by the debate as to which TSC manifestations
require two hits or loss of heterozygosity to occur. In a study of 111 TSC-associated tissues,
two-thirds of hamartomas were found to contain two hits to TSC1/TSC2, including most
SEGAs, SENs, and renal angiomyolipomas, as well as 35% of tubers [119]. The two-hit
model has also been reported in two TSC patients with HME, where a germline variant in
TSC1/TSC2 was found in blood and a second somatic variant in the same gene was found
in brain-derived samples [107]. Similar findings have also been reported for facial angiofi-
bromas, where half of individuals with TSC1/TSC2 pathogenic variants also presented with
a second hit in the affected tissue as well as renal AMLs and LAM [116,120,121].

While the two-hit hypothesis is the prevailing model, not all TSC-associated hamar-
tomas have been found to contain dual inactivating variants in TSC1/TSC2. Most of the
debate surrounds whether the model applies to cortical tubers, which are thought to be
epileptogenic foci in TSC. Multiple studies have proposed that while a second inactivating
variant contributes to tuber pathology, it is not necessary for tuber formation. For example,
Zhou and colleagues identified a single TSC2 somatic variant in a cortical tuber in an
individual with refractory epilepsy, consistent with the aforementioned finding by Martin
and colleagues that only 35% of tubers were affected by second-hit variants [61,119]. While
epigenetic silencing and methylation of TSC1/TSC2 have been proposed as explanations for
one-hit tumors, Martin and colleagues did not find any evidence of promoter methylation
in 63 TSC-associated tissue samples [119]. They postulated that monoallelic inactivation
may be sufficient for cortical tuber formation, as tubers develop prenatally and do not grow
appreciably over time. However, in a study of children with surgically resected mild MCD,
FCD I, FCD II, or HME, VAFs of TSC1/TSC2 in those with FCD IIb cases were found to be
strongly enriched in pools of dysmorphic neurons and balloon cells (up to 45%) compared
with glial cells and morphologically normal neurons (down to 1.4%) [11]. Furthermore, the
wild-type allele was nearly undetectable in a pool of 250 DNs, while both wild-type and
mutant variants were clearly detected in pools of 300 morphologically normal neurons and
300 glial cells [11]. This could suggest that the inability to detect a second hit may be due to
a low density of dysmorphic neurons and balloon cells in the sequenced sample.

As for other mTORopathies, dual hits in DEPDC5 have been found in six patients with
FCD [11,68,122–125]. A dual-pathway two-hit genetic model has also been proposed for
FCD type IIa and drug-resistant epilepsy, where an individual presented with a germline
variant in NPRL3 and an additional somatic variant in WNT2 in brain-derived tissue [126].
If found in other cases of MCDs, this could extend the two-hit model to genes in different
but intersecting pathways and potentially explain the origin of some one-hit cases in
which only TSC1/TSC2 were sequenced. Another proposed cause for the lack of a second
inactivating variant is the loss of heterozygosity due to nonhomologous recombination,
an event which may be difficult to detect if tumor cell enrichment is low in the sequenced
sample [117]. Overall, mosaic variants are thought to explain some of the differences in
expressivity in TSC, potentially explaining a portion of milder NMI phenotypes.

6. Advances in Detection of Pathogenic Variants in TSC and mTORopathies

In recent years, significant strides have been made in the detection of pathogenic
variants associated with TSC and mTORopathies, owing to the rapid advancements in
genomic technologies and bioinformatics tools. While clinically accredited genetic labo-
ratories report only variants with VAF greater than 10 to 20%, research laboratories have
developed tools and pipelines to accurately detect mosaic variants with VAF < 1%. This
is important, as TSC samples with low VAF (<5%) have been frequently reported in NMI
samples [110,127]. Novel samples have also been tested with the goal of maximizing VAFs
and ensuring that they represent those of the underlying pathology. Together, improved
samples and detection methods have been integrated into workflows that are better able to
detect mosaicism, CNVs, intronic variants, and assess the impact of these variants.

Blasco-Pérez and colleagues developed such a pipeline for the identification of pathogenic
variants in TSC [128]. The first step involved multiplex ligation-dependent probe ampli-
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fication (MLPA) for the identification of CNVs, and NGS using capture sequencing of
TSC1/TSC2 exons and introns, with an average coverage of >400×. Capture sequencing
involves the fragmentation and capturing of target areas of interest using probes, while
amplicon sequencing involves amplification of DNA fragments of interest using custom
primers prior to sequencing [129,130]. In addition to variant validation with Sanger se-
quencing, candidate CNVs were tested for their breakpoints using long-range polymerase
chain reaction (PCR), candidate splicing variants were investigated through complemen-
tary DNA (cDNA) studies, and mosaic variants with VAF < 20% were validated using
amplicon-based deep sequencing (ADS) with a minimum coverage of 7000×. It should be
noted that typical ES and GS use 100–150× and 30–60× read depths, respectively [68,131].
The key highlights of this workflow are the increased sequencing depths for the detection
of low VAFs at both the initial and validation steps, as well as the inclusion of CNVs and
intronic variants.

Other studies of TSC and mTORopathies have developed similar pipelines with
technical variations (Table 2). For example, Baldassari and colleagues also used a capture
sequencing method to detect mosaicism in TSC1 and TSC2 [11]. However, droplet digital
PCR (ddPCR), a sensitive and specific technique that allows absolute quantification of DNA,
was also carried out in addition to ADS to improve estimates of low VAF [132]. Another
proposed method for mosaic variant confirmation is allele-specific oligonucleotide PCR
(ASO-PCR), a method which has better sensitivity than Sanger sequencing but is unable
to quantify variants like ddPCR [133,134]. Klonowska and colleagues recently developed
multiplex high-sensitivity PCR amplification (MHPA), an ultra-sensitive amplification
method with a median read depth of 100,000× enabling detection of VAF < 0.1% [105].

Over the years, different tissue samples have also been used for the detection of mosaic
variants in patients affected by mTORopathies. Overall, greater success has been achieved
detecting mosaic variants in affected samples, such as resected brain, LAM, angiofibroma,
or AML tissue [11,105,116,120]. Patients do not always receive surgical intervention, and
even if they do, it is useful to identify pathogenic variants prior to surgery. Thus, the
detection of variants in other samples is valuable for clinical applications. While blood,
saliva, and buccal samples can be used to detect mosaic variants affecting multiple systems,
isolated mosaic variants, particularly those in the brain, are unlikely to be detected using
these methods. Cell-free DNA from cerebrospinal fluid (CSF) as well as DNA from trace
brain tissue on stereo-electroencephalogram (SEEG) electrodes have been proposed as less
invasive methods in these cases [135,136]. However, they are both still likely to be affected
by low DNA yield [66]. Generally, it should be emphasized that sequencing at a high depth
can result in false positives due to the higher sensitivity of the method. Methods used to
preserve tissues, such as those in full-thickness frozen (FFZ) and formalin-fixed paraffin-
embedded (FFPE) tissue can also lead to the generation of artifactual low VAF variants.
Thus, it is important to perform technical replicates, most ideally, or orthogonal validation
methods such as ddPCR or site-specific ADS to improve positive predictive value [68].

With the inevitable lowering of the mosaic reporting threshold in the clinic, multi-
ple implications will result for TSC patients. Firstly, the number of TSC1/TSC2 variants
reported is likely to increase in TSC patients as well as non-TSC patients. A recent study
with 100 controls not suspected to have TSC identified four mosaic variants in TSC1/TSC2
above 3% VAF [137]. While not suspected to be pathogenic using the ACMG guidelines for
germline variants, this suggests that an increased number of variants in non-TSC individu-
als will arise, requiring more work for their interpretation. Additionally, the ACMG/AMP
guidelines do not fully address the interpretation of mosaic variants, and guidelines have
only recently been released by the Clinical Genome Resource Brain Malformation Variant
Curation Expert Panel for AKT3, MTOR, PIK3CA, and PIK3R2 [66,138]. Mosaic variants in
these genes are frequently detected in FCD II, HME, and related epilepsy conditions. The
researchers found that 24 of the 28 ACMG/AMP criteria needed to be modified, taking
into account VAFs and both somatic and germline evidence, as well as the delineation of
phenotypic manifestations based on variable tissue expression [138].
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Table 2. Selected studies highlighting the use of different DNA sources and assay types for the detection of mosaic variants in mTORopathies with a focus on TSC.

Study Summary of Relevant Methodologies for the Detection for
Mosaicism Sample Type Advantages of Method and/or Sample Used

An Integral Approach to the Molecular Diagnosis of
Tuberous Sclerosis Complex: the role of mosaicism
and splicing variants [128]

Three NGS panels: (1) a panel of amplicons with TSC1 and TSC2
exons, exon–intron boundaries, and intronic pathogenic variants,
(2) an exonic capture panel, and (3) another similar in-house
panel. Average coverage of >400×. Confirmation of mosaic
variants by ADS at >7000× coverage.

Blood, buccal swab, saliva, or affected
tissue from skin

NGS panels were able to detect variants with
>1% VAF and incorporate intronic variants.

Dissecting the genetic basis of focal cortical
dysplasia: a large cohort study [11]

Hybrid capture sequencing of coding exons and exon-flanking
junctions in three panels with mTOR pathway and FCD
candidate genes. Confirmation of pathogenic variants with ADS
at ≥9000× mean read depth and ddPCR for low-VAF variants.

Affected brain tissue and blood
Two methods of orthogonal validation were
used for mosaic variants, where ddPCR
allowed better quantification of DNA.

Low-level mosaicism in tuberous sclerosis complex
in four unrelated patients: comparison of clinical
characteristics and diagnostic pathways [133]

Coding exons and flanking intronic sequences were sequenced
with >30-fold coverage. ASO-PCR and ddPCR were used to
confirm detected mosaic variants.

Blood, buccal mucosa, unaffected skin,
and angiofibroma

ASO-PCR was found to be able to be used in
place of ddPCR if unavailable, as it has similar
sensitivity. However, it does not
allow quantification.

Comprehensive genetic and phenotype analysis of
95 individuals with mosaic tuberous sclerosis
complex [105]

Deep MPS with a ≥500× median read depth. Validation by
amplicon MPS or MHPA assay with a median read
depth 100,000×.

Buccal sample, saliva, blood, normal skin,
normal kidney, normal lymph node, fetal
tissue, urine, semen, SEGA, angiofibroma,
fibrous cephalic plaque, angiomyolipoma,
shagreen patch, ungual fibroma,
hypomelanotic macule

Use of many sample types and high read depth
of the MHPA assay allowed the detection of
variants with <0.1% VAF.

Precise detection of low-level somatic variants in
resected epilepsy brain tissue [68]

Deep sequencing of up to 28 epilepsy-related genes with average
read depth of 1112× followed by site-specific ADS and
deep-sequencing technical replicates.

Brain samples from intractable
epilepsy patients

Deep sequencing technical replicates were
shown to improve positive predictive values
and limit false positives, especially in processed
brain-derived tissue.

Detection of TSC1/TSC2 mosaic variants in patients
with cardiac rhabdomyoma and tuberous sclerosis
complex by hybrid-capture next-generation
sequencing [139]

Hybrid capture sequencing of coding sequences and 10 kb
upstream and downstream, with mean sequencing depth of
7423× in target regions. Confirmation of detected variants
by ddPCR.

Umbilical cord and fetal cardiac
rhabdomyoma tissue

Utilization of cord blood and fetal tissue
allowed improved accuracy of prenatal
TSC diagnosis.

Somatic mosaic variant gradient detected in trace
brain tissue from stereo-EEG depth electrodes [136]

Trace DNA from SEEG electrodes pooled into three spatial brain
groups. VAF in each group quantified with 200-fold exome
sequencing and ddPCR (controlled with brain-specific glial
fibrillary acidic protein) to correlate mosaic gradients
with epileptogenicity.

Trace brain tissue from SEEG
depth electrodes

Utilization of small amounts of DNA from
electrode tissue traces allowed a molecular
diagnosis and the mosaic gradient to be
determined in individuals with TSC-epilepsy.

Cerebrospinal fluid liquid biopsy for detecting
somatic mosaicism in brain [135]

ddPCR was employed to quantify brain-derived cell-free DNA.
CSF cell-free DNA was compared to brain-specific DNA
methylation patterns to determine their origin.

Cell-free DNA from CSF
Utilization of a CSF liquid biopsy is less
invasive and more accessible compared with
samples from neurosurgery or autopsy.

Abbreviations: VAF: variant allele frequency. MLPA: multiplex ligation-dependent probe amplification. NGS: next-generation sequencing. ADS: amplicon-based deep sequencing. ddPCR:
droplet digital PCR. ASO-PCR: allele-specific oligonucleotide PCR. MPS: massive parallel sequencing. MHPA: multiplex high-sensitivity PCR amplification. SEGA: subependymal giant
cell astrocytoma. CSF: cerebrospinal fluid. EEG: electroencephalogram. SEEG: stereo-electroencephalogram.
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7. Genetic Counseling/Reproductive Counseling and Management in TSC

Genetic counseling plays a pivotal role in the comprehensive management of indi-
viduals with TSC. Employing minimally invasive diagnostic techniques ideally facilitates
early genetic testing and result disclosure, thereby concluding the prolonged genetic di-
agnostic journey that some patients and their families undergo over months to years [66].
Furthermore, patients with a confirmed genetic diagnosis may become eligible for partici-
pation in clinical trials for emerging precision therapies [66]. For example, several mTOR
inhibitors are currently in clinical trials for use in TSC [140,141], such as the RaRE-TS trial
investigating the efficacy of rapamycin in drug-resistant epilepsy associated with TSC [142],
the TSC-STEPS trial addressing sirolimus use to delay seizure onset in TSC infants [143],
and the PRECISION I trial exploring the efficacy and safety of albumin-bound sirolimus in
patients with malignant solid tumors harboring TSC1 or TSC2 alterations [144]. Under the
six-tier approach for precision therapies proposed by Byrne and colleagues [145], mTOR
inhibitors for the treatment of TSC-associated epilepsy and solid tumors fall within Tier 3,
wherein the therapy directly targets gene dysfunction. As precision therapies belonging to
higher tiers such as mRNA and gene replacement therapies become available, obtaining a
confirmed genetic diagnosis will become even more important.

Despite the importance of genetic counseling for patients, in one study, only 66% of
TSC patients received genetic counseling [146]. Genetic counseling assists in navigating
the complex landscape of available treatments and facilitates the selection of interven-
tions that align with the individual’s unique genetic profile. As previously discussed,
evidence suggests mosaic patients generally experience less severe disease with fewer
organs affected [65,79], which could inform management. For instance, individuals with
predominantly neurological manifestations may benefit from targeted therapies aimed at
managing cognitive and behavioral symptoms, with specialized neurological assessments
and surveillance to obviate the need for extensive planned workup. For instance, serial elec-
troencephalography (EEG) monitoring is becoming an increasingly used care strategy for
infantile TSC-associated epilepsy, although it is not yet universal [147,148]. The EPISTOP
and PREVeNT trials aimed to evaluate the impact of early antiseizure medication (i.e.,
vigabatrin) guided by EEG monitoring in infants with TSC. EPISTOP revealed a significant
reduction in drug-resistant epilepsy and infantile spasms, emphasizing the potential of
preventive strategies in altering the natural history of severe infantile epilepsy [149]. In
contrast, the PREVeNT trial reported a reduced incidence of infantile spasms but did not
observe a significant impact on other seizure types or drug-resistant epilepsy [150]. Neither
trial demonstrated a significant impact on developmental outcomes [149,150]. Neverthe-
less, both trials demonstrate the utility of early diagnosis and monitoring for TSC patients,
driven by advances in genetic testing.

Understanding the origin of a TSC pathogenic variant is paramount for accurate
genetic counseling and reproductive management. Tissue-specific somatic variants in TSC
may result in localized manifestations, such as cortical tubers and SEN, without affecting
other organs. This subset of individuals may exhibit milder symptoms and face a lower risk
of transmitting the disorder to their offspring [64,65,104]. In contrast, those with germline,
germline mosaic, and gonosomal mosaic variants are at a higher risk of passing TSC to
their children, necessitating more comprehensive genetic counseling and family planning
strategies [64,65,104]. The distinction between somatic variants with minimal potential for
transmission and heritable germline variants holds profound implications for reproductive
counseling. In cases where the affected individual harbors a brain-only somatic variant, the
risk of recurrence in subsequent pregnancies is significantly reduced.

For parents with germline variants, the genetic counseling process becomes more
complex. Firstly, a germline mosaic parent may be only mildly affected or unaffected by the
TSC variant [17]. For example, Tutschek and colleagues report a case in which the father of
a baby born with TSC was negative for TSC variants in blood, saliva, and skin, but positive
for a pathogenic TSC2 variant in 10% of tested sperm DNA [151]. Chen and colleagues
report a similar case where a fetus developed rhabdomyoma from an inherited TSC2 variant
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with a paternal VAF of 7% in blood leukocytes and 20% in sperm [152]. Evidently, the
risk of transmitting a pathogenic allele depends on the gonadal variant allele frequency,
which can be highly variable and testable only in males through sperm analysis [109],
further complicating transmission risk estimates and reproductive counseling. Genetic
counselors and geneticists play a crucial role in helping parents understand the implications
of germline variants, providing information about prenatal testing options, and assisting in
making informed decisions regarding reproductive choices.

Prenatal testing, such as chorionic villus sampling (CVS) or amniocentesis, can be
offered to parents with germline variants to determine whether the fetus has inherited
the TSC-causing variant. Moreover, advancements in assisted reproductive technologies,
such as preimplantation genetic testing (PGT), offer additional options for those aiming to
conceive without passing on the TSC variant [116,153,154].

8. Future Directions and Conclusions

In conclusion, the elucidation of the genetic intricacies underlying TSC and related
mTORopathies has undergone remarkable strides, augmenting our understanding of
the molecular etiology and clinical heterogeneity associated with these disorders. The
identification of TSC1 and TSC2 as primary causative genes has paved the way for a
deeper comprehension of mTOR pathway dysregulation; further genotype–phenotype
correlations have revealed nuanced associations, underscoring the importance of individual
genetic profiles in prognostication and clinical management. Moreover, the recognition of
mosaicism and somatic variants has added a layer of complexity to the genetic landscape
of TSC, challenging conventional diagnostic paradigms and necessitating the integration of
advanced sequencing technologies for comprehensive evaluation. The expanding repertoire
of mTOR pathway genes implicated in TSC-related phenotypes underscores the need for a
broader genetic testing framework to encompass the full spectrum of genetic contributors.
As we contemplate the future directions of research in this field, a pivotal avenue lies in
refining diagnostic strategies through the integration of cutting-edge genomic technologies
to detect low-frequency mosaic variants and unravel the full genetic architecture of TSC.

However, challenges persist, including the interplay of genetic and environmental
factors influencing clinical variability, necessitating large-scale collaborative efforts and
multi-omics approaches to unravel the full complexity of TSC and related mTORopathies.
While many studies have focused on a select number of genes in the mTOR pathways, new
collaborations have embraced exome-wide and genome-wide strategies for exploration [66].
As we traverse the evolving landscape of TSC genetics, the translation of genetic discoveries
into precision medical applications will continue to shape the trajectory of advancements
in this field, ultimately improving the lives of individuals affected by TSC.
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