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Tuberous Sclerosis Complex (TSC) is an autosomal dominant disorder characterized by widespread
hamartomas and prominent neurological involvement. It results from pathogenic variants in the
TSC1 or TSC2 genes, leading to hyperactivation of the mTOR pathway and consequent dysregulation
of cell growth. These tumor suppressor genes encode hamartin and tuberin, proteins critical for
regulating cell proliferation, neuronal excitability and synaptogenesis. In this retrospective study,

we analyzed clinical, genetic and radiological features of 81 TSC patients from Sicily, focusing on
genotype-phenotype correlations and intergroup comparisons. Pathogenic TSC2 variants were more
common than pathogenic TSC1 variants (61.7% vs. 38.3%). Patients with pathogenic TSC2 variants
tended to exhibit a higher frequency of weekly seizures, a higher prevalence of infantile spasms and
hypsarrhythmia compared to those with pathogenic TSC1 variants, consistent with a more severe
phenotype. Interestingly, TSC1 patients exhibited a higher incidence of radial bands, while TSC2
patients harbored a larger average size of tubers and subependymal nodules. Cognitive and behavioral
disorders were similarly distributed, although TSC1 patients had higher rates of normal or borderline
cognitive function, while TSC2 patients had more severe neuropsychiatric profiles compared to TSC1.
To our knowledge, this is the first comprehensive TSC1 and TSC2 mutational analysis and genotype-
phenotype correlation study carried out in a large cohort of Sicilian patients affected by TSC. Our
findings contribute to regional and global data on TSC, emphasizing the utility of genotype-informed
management strategies.
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Tuberous Sclerosis Complex (TSC) (OMIM #191100; #613254) is a rare genetic disorder affecting approximately
1:6,000-1:10,000 live births'. First described by de Bourneville, TSC manifests with a wide clinical spectrum,
including cutaneous, cardiac, renal, and neurological involvement, alongside neuropsychiatric manifestations
known as TAND (Tuberous Sclerosis-Associated Neuropsychiatric Disorders)>. The disease is caused by
pathogenic heterozygous variants in either the TSCI gene (OMIM *605284) on chromosome 9 or the TSC2 gene
(OMIM *191092) on chromosome 16*°. About two-thirds of cases result from de novo pathogenic variants,
especially in TSC2 gene, while familial cases show a more balanced distribution of variants between the two genes.
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Notably, a subset of patients who meet clinical diagnostic criteria for TSC do not have identifiable pathogenic
variants in TSCI or TSC2 through conventional genetic testing, with somatic mosaicism and intronic variants
implicated in these cases®.

The hamartin-tuberin complex, encoded by TSCI and TSC2, acts as a negative regulator of the mechanistic
target of rapamycin (mTOR) pathway. Dysfunction in this complex due to inactivating mutations leads to
constitutive mTOR activation, resulting in cellular hyperproliferation and aberrant growth’. Clinical diagnostic
criteria for TSC, first established in 2012 and revised in 2021, now encompass 11 major and seven minor features!©.
Histopathologically, TSC is marked by benign tumors (hamartomas) affecting multiple organs and cortical brain
lesions termed “tubers”, which disrupt synaptic networks and contribute to its neurological manifestations.
Despite nearly complete penetrance, the clinical presentation of TSC is highly variable. Neurological symptoms
such as epilepsy, cognitive impairment, and autism spectrum disorder (ASD) are predominant and significantly
impact patients’ quality of life!"!2. Recent studies, including data from the TOSCA registry, consistently show
that pathogenic TSC2 variants are associated with a more severe clinical phenotype than pathogenic TSCI
variants'®13,

However, it is now well recognized that much of the clinical heterogeneity in TSC is likely attributable to the
stochastic nature of postzygotic “second-hit” mutations, which are required for the development of most—if not
all—organ-specific manifestations. These somatic events vary widely in timing, location, and extent, contributing
significantly to the phenotypic variability observed among individuals with the same germline mutation. As
such, while several genotype—phenotype studies have attempted to link specific germline variants to clinical
features, the strength and consistency of these associations remain limited across diverse cohorts®-$13-18,

This study analyzes the genotype-phenotype relationship in a Sicilian cohort, and evaluates the alignment of
these findings with global research, with particular regard to epilepsy and neurological comorbidities.

Patients and methods

Patients and clinical assessment

This study included 81 patients (mean age 26 years, range 2-71) from four Italian centers (Unit of Pediatric Clinic
and Unit of Rare Diseases of the Nervous System in Pediatric Age - “Policlinico-San Marco” University Hospital,
Catania; Clinical and Instrumental Neurology and Neurophysiopathology Unit — L. R.C.C.S. Oasi Troina; Regional
Reference Center for Rare Genetic and Chromosomal Diseases — Maternal and Child Department, “Villa Sofia-
Cervello” Hospital, Palermo; Child Neuropsychiatry Unit, Santa Marta and Santa Venera Hospital, Acireale).
Patients were required to present with a definite clinical diagnosis of TSC and a confirmed genetic alteration in
TSCI or TSC2, including pathogenic and likely pathogenic exonic variants. Patients harboring intronic variants
with unknown or unpredictable effects at the protein level were included only if they had a definitive diagnosis
of TSC, established according to the revised 2021 diagnostic criteria’. Retrospective analysis used data from
existing medical records, supplemented by additional studies and follow-up during the period of the study.
Collected data covered clinical, genetic, and radiological information. Regarding the epilepsy phenotype, for
each patient, data included age at onset (in months), seizure type, frequency (seizures per week, averaged over
the most recent 12-month period), EEG findings, and treatment history. Seizure outcome was categorized based
on response to treatment as follows: remission (> 75% reduction in seizure frequency), good control (50-75%),
partial control (25-50%), and drug-resistant epilepsy (< 25%). Data were obtained through clinical records and
follow-up evaluations. Classifications were made in accordance with standard clinical definitions. All patients
underwent an EEG, a brain MRI and a neuropsychiatric evaluation in the last three years. Clinical investigation
included a review of medical history and a careful physical examination by clinicians experienced in the
manifestations of TSC. Brain MRI reports were collected and analyzed to identify specific patterns associated
with cortical tubers, subependymal nodules (SENs), sub-ependymal giant cell astrocytoma (SEGA), and radial
bands. Details on clinical signs and symptoms were obtained from the physicians who were sent a standardized
clinical evaluation form. Family members were consulted when necessary. In addition, a range of standardized
and validated psychological measures were used to assess intellectual level, autistic disorder, anxiety, depression,
and behavioral disorders. All manifestations were graded according to a binary scale (present or absent), but
several features were graded in severity using numbers and words (characteristics of seizure, drug resistance,
severity of intellectual disability, for example). Although complete phenotype information was collected,
neurological and neuropsychiatric characteristics were the primary focus of analysis (Supplementary Tables 1
and 2). All TSC patients included in the study provided informed consent and had molecular diagnostic analysis
for variants in TSCI or TSC2. The study protocol was approved by the Ethical Committee of the University of
Catania, Italy. All methods were performed in accordance with the relevant guidelines and regulations.

Mutational analysis

Genetic analysis was conducted to identify pathogenic variants in TSCI and TSC2 through combination of
multiplex ligation-dependent probe amplification (MLPA), denaturing high-performance liquid chromatography
(DHPLC), and next-generation sequencing (NGS).

MLPA (MRC-Holland, SALSA P124/P046) was used as the primary method to detect large deletions or
duplications in TSCI and TSC2, as NGS is not optimized for the reliable identification of copy number variants.
DHPLC was initially employed as a screening method to identify potential sequence variants, which were
subsequently confirmed by Sanger sequencing (list of primers Supplementary Table 3).

Next-generation sequencing (NGS) was the preferred approach for patients born after 2016, enabling
comprehensive mutation screening. Targeted NGS was carried out using a custom gene panel that included the
entire coding regions and exon-intron boundaries of TSCI (9q34.13) and TSC2 (16p13.3). The target regions
encompassed all exons and at least 20 base pairs of flanking intronic sequences to facilitate the detection of
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splicing-affecting variants. Sequencing was performed on the Illumina MiSeq or NextSeq platform, achieving a
mean coverage of > 200x and ensuring a minimum of 30x for reliable variant calling.

Raw sequence reads were processed using BWA-MEM for alignment to the hg19 or hg38 reference genome,
and variant calling was performed using the GATK HaplotypeCaller. Identified variants were annotated using
ANNOVAR, with pathogenicity assessed based on data from ClinVar, gnomAD, and the ACMG guidelines.
When indicated, MLPA was also used to complement NGS in detecting copy number changes not adequately
captured by sequencing data.

Patients in whom no pathogenic variants were identified in TSCI or TSC2, and individuals who did not meet
the revised 2021 clinical diagnostic criteria, were excluded from the study.

Neuropsychological evaluation

Neuropsychiatric characteristics and cognitive impairment were evaluated using standardized neuropsychological
tests administered by trained clinicians. Cognitive functioning was assessed using the Wechsler Preschool and
Primary Scale of Intelligence (WPPSI-IIT or WPPSI-IV) for children aged 2 years to 7 years, and the Wechsler
Intelligence Scale for Children (WISC-IV) or the Wechsler Adult Intelligence Scale (WAIS-IV), depending on
patient age. Full-scale IQ (FSIQ) was classified according to standard cut-off values: Normal cognitive function:
FSIQ 2 85; Borderline cognitive function: FSIQ 70-84; Mild intellectual disability (ID): FSIQ 55-69; Moderate
ID: FSIQ 40-54; Severe ID: FSIQ < 40. For neuropsychiatric comorbidities, the presence of autism spectrum
disorder (ASD) was determined using the Autism Diagnostic Observation Schedule-2 (ADOS-2) and the
Autism Diagnostic Interview-Revised (ADI-R), with classification based on DSM-5 criteria. Attention-deficit/
hyperactivity disorder (ADHD) was diagnosed using the Conners Rating Scale and DSM-5 clinical criteria.
Behavioral disorders, including oppositional defiant disorder (ODD) and anxiety disorders, were assessed using
the Child Behavior Checklist (CBCL) and clinical interviews. For sleep disorders, a structured sleep history was
taken, and the Pittsburgh Sleep Quality Index (PSQI) and the Sleep Disturbance Scale for Children (SDSC) were
used to classify sleep disturbances.

Specific Learning Difficulties (SLD), including dyslexia, dyscalculia, and dysgraphia, were assessed using
standardized academic achievement tests appropriate for age and national guidelines. The following assessments
were employed: Reading and dyslexia: Batteria per la Dislessia e Disortografia Evolutiva (DDE-2) for Italian-
speaking children. Mathematics and dyscalculia: Test AC-MT (Test di Abilita di Calcolo e Matematica) for
evaluating mathematical abilities. Writing and dysgraphia: BVSCO-2 (Batteria per la Valutazione della Scrittura
e della Competenza Ortografica) for assessing handwriting and spelling difficulties.

All assessments were conducted at specialized centers with expertise in TSC, ensuring standardized
evaluation across the cohort.

Statistical analysis

Quantitative data were analyzed using the Student’s t-test, while categorical variables were assessed using the
Chi-square test. Statistical significance was determined for variables including age, age at epilepsy onset, and
frequencies of neurological manifestations. Percentages and proportions were calculated for categorical data,
with significance assessed through a 2 x 2 contingency table analysis.

Results

TSC1 patients

The TSCI group included 31 patients (15 males, 16 females), with a mean age of 25.1 years (range: 2-60 years).
Of these, 45.1% had inherited variants, while 54.9% were sporadic or de novo. Pathogenic TSCI variants were
widely distributed throughout the gene, involving in particular exons 4, 5, 6, 10, 15, 17, 18, 21 and 22. One
patient carried an intronic variant (intron 1). Variants were intragenic deletions (48.4%), nonsense (38.7%),
missense (9.6%), and in one patient a duplication (3.2%) (Supplementary Table 1). Among these patients, six
came from the same family and were affected by the already reported ¢.1498 C > T, p.(Arg500Ter) pathogenic
variant (Fig. 1a).

TSC1 patients were affected by different types of seizures, differing in EEG findings, clinical course, age
of onset and type of seizures. Epileptic seizures were present in 64.5% of patients, with a mean onset at 35.4
months. Seizure types were both generalized and focal seizures and some patients experienced multiple seizure
types throughout life. More in detail, two patients (6.4%) presented infantile spasms, 12 (38.7%) had focal
seizures (three with impaired awareness), six (19.3%) patients experienced generalized tonic clonic seizures,
four (12.9%) suffered absence, one (3.2%) presented gelastic seizures, one (3.2%) reported seizures with fever,
three (9.6%) suffered hypertonic seizures and one (3.2%) experienced atonic seizures. Their frequency ranged
from 1 per lifetime to 28 per week (mean: 10.4 weeks, SD: 9.2). Severity and duration of seizures varied among
patients and in the same patient. EEG abnormalities included spikes, waves, and hypsarrhythmia. Particularly,
11 patients (35.5%) had normal EEG, one (3.2%) presented hypsarrhythmia, 13 (41.9%) were reported to have
spikes and waves (unilateral or bilateral), 11 (35.5%) had synchronous or asynchronous focal spikes, one (3.2%)
had “arceau-like” pattern, four (12.9%) presented a theta wave pattern. Epilepsy course varied from spontaneous
remission to drug resistance, with valproic acid and carbamazepine being the most common treatments: ten out
of 20 patients (50%) achieved remission (complete response), while one (5%) had a good response, two (10%) a
partial response, and the other and seven other (35%) showed a drug-resistant epilepsy.

Cognitive impairment levels of TSCI patients ranged from mild to severe: 51.6% had normal cognitive
functions, 9.7% had cognitive function near lower limit (borderline), 19.3% presented mild intellectual disability,
3.2% suffered from moderate intellectual disability and 16.1% had severe cognitive deficit. Autism spectrum
disorder (ASD) was observed in four patients (12.9%), with only one patient showing Level 2 autism. Behavioral
disorders (e.g., ADHD, anxious-depressive syndrome, borderline personality disorder) affected eight patients
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Fig. 1. Genealogic tree of the three large families reported in the present study. (A) A family affected by
mutation ¢.1498T > C of TSCI; (B) A family showing ¢.1096 G > T mutation of TSC2; (C) A large family
affected by mutation ¢.3693_3696delGTCT of TSC2. Patients affected by TSC are marked in black.

(25.8%), while 12 (38.7%) experienced learning disabilities. Sleep disorders were reported in only three patients
(9.7%). Brain abnormalities of TSCI group included cortical tubers (67.8% with > 5 tubers, mean size 8 mm) and
subependymal nodules (51.6% with > 5 SENs, variable in size). Subependymal giant cell astrocytomas (SEGAs)
were rare, found in only two patients (6.5%). White matter abnormalities and cerebral cysts were uncommon
in our group of TSCI patients, only one patient (3.2%) carrying the nonsense mutation ¢.2293 C > T, had many
cerebral cysts.

Some pathogenic variants were associated with specific clinical patterns. The mutation c.1888_1891delAAAG,
identified in two patients, was associated in both patients with numerous bilateral tubers and SENs, while
epilepsy and neuropsychiatric disorders were heterogeneous, suggesting a potential role of other modifying
factors. The pathogenic variants c.1004del and ¢.2111_2112del were linked to minimal neurological symptoms
and a good quality of life, indicating a milder impact. The ¢.1498T mutation (associated to a common specific
EEG pattern and many brain hamartomas) was found in 6 patients of the same family (Fig. 1a) and five of them
showed the same EEG pattern (sharp theta waves and spikes in the left temporal lobe or bilateral). Notably, in
this family, not all the patient showed epilepsy, and some of those affected were partial responders to drugs,
while other drug-resistant. Cognitive functions and behavioral disorders were variable, with different grade of
intellectual disability (absent to moderate/severe).

TSC2 patients

This study analyzed 50 patients with pathogenic TSC2 variants, comprising 21 males (42%) and 29 females
(58%), with a mean age of 27.1 years (SD = 18.6, range 2-71 years). Variants were classified as familial (23
cases, 46%) or sporadic or de novo (27 cases, 54%) and showed extensive distribution across exons and included
deletion (60%), nonsense (26%), missense (10%), and splicing mutations (6%). Furthermore, four intragenic
deletions were detected in this group (one spanning from intron 1 to exon 8), as well as somatic mosaicism for
the TSC2 ¢.3598 C > T (p.Argl200Trp) variant, identified with a variant allele fraction of 11.4%. Among these
patients, two large families were included: one (five members) harbored the ¢.1096G > T; (p.Glu366*) mutation
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(Fig. 1b). The other one comprised 16 members (among the 50 known members of this family), and presented
the already reported c.3693_3696del (p.Ser1232Thrfs*92) mutation (Fig. 1c).

Of the 50 patients, 36 (72%) experienced seizures, with a mean onset age of 29.45 months (SD = 66.3, range
one month to 23 years). Seizure types varied, with 32% experiencing infantile spasms, 30% focal seizures (16%
with impaired awareness) and 22% generalized tonic-clonic seizures. The frequency and severity of seizures
varied widely, ranging from two lifetime episodes to as many as 42 episodes per week (mean: 18.3; SD: 24.5).
EEG patterns were varied, including theta waves, spikes, hypsarrhythmia, and focal spikes. Eighteen patients
(36%) had normal EEG results, while focal and generalized spikes were more frequently observed. EEG patterns
fluctuated over time within individual patients. The clinical course of epilepsy in TSC2 group of patients was
variable, going from remission to multidrug resistance. Different antiseizures medications were used, including
valproic acid, vigabatrin, carbamazepine, ACTH, topiramate, phenobarbital, levetiracetam, oxcarbazepine,
lamotrigine, everolimus. Among them the most used were valproic acid and carbamazepine. TSC2 patients
had been divided according to drug response into complete responder, (13 out of 36 patients, 36.1%), good
responders (four patients, 11%), partial responders (six patients, 16.6%) and non-responders (nine patients,
25%).

Cognitive impairment was prevalent among TSC2 patients, with 24%, 10%, and 24% exhibiting mild,
moderate, and severe intellectual disability, respectively, while 42% displaying normal cognitive function. ASD
was diagnosed in 12% of patients, while 48% had learning disabilities. Behavioral issues were present in 30%
of patients, predominantly ADHD (20%), irritability (10%), and oppositional behavior (10%). It should be
noted that many patients presented more than one behavior disorder. Sleep disorders were rare, with only a
few cases of insomnia or enuresis reported. MRI analyses revealed that 10% of TSC2 patients had no detectable
cortical tubers, while 74% had multiple tubers (> 5). The average tuber sizes was 17 mm (SD = 18.3 mm), with
some patients presenting cerebellar or cystic tubers. Subependymal nodules (SENs) were identified in 86% of
patients, with dimensions varying widely (average size = 9.4 mm; SD = 0.9 mm). SEGAs were less common,
found in 14% of patients. The average size of SEGAs was 13 mm (SD = 15 mm), ranging from 1 cm to 1.5 cm.
In our cohort SEGAs were associated with different genotypes, in particular the pathogenic variants ¢.3094 C
> T, ¢.5201_5216dup and c.1283_1285del. One patient harboring 2 SEGAs carried a large intragenic deletion
(spanning from exon 3 to 9). Radial bands were noted in 12% of cases, mostly in parietal and temporal regions.
Most patients (74%) had no white matter abnormalities, the remaining cases ranged from multiple to unspecified
abnormalities. Only 3 patients (6%) had brain cysts and 2 (4%) had atrophy or hypoplasia of the corpus callosum.

Regarding the specific pathogenic variant ¢.3693_3696del, (p.Ser1232Thrfs*92), it was found in one of the
biggest family of TSC patients in Italy. The family is made up of at least 43 members (Fig. 1c), of whom at least
25 members are affected by tuberous sclerosis. Complete information about genotype and phenotype of all the
members was impossible to collect for many reasons (for example, some of them died without certain diagnosis,
others refused clinical and genetic investigations, data were stored in different hospitals): for this reason, a
total of 16 family members have been included in this study. Although they all carry the same mutation, an
intrafamilial variable clinical presentation was observed, going from mild cutaneous phenotype to severe mental
retardation and drug-resistant epilepsy. Nine patients from this family presented epilepsy. The median age of
onset of epilepsy was 6 years old, ranging from birth to 23 years. Types of seizures and frequency were variable,
but the most frequent were infantile spasms, tonic clonic and focal crises with impaired awareness. Regarding
the EEG, the most frequent patterns were hypsarrhythmia and focal spikes (with secondary generalization) in
the left frontal temporal lobes: it must be underlined that all the normal EEGs found in TSC2 epileptic patients
were observed in this family. Drug response was different among the members of this family, and the biggest
group is made up of good/partial responders, although there were four cases of remission. All the levels of
cognitive impairment severity were present in this family, although the most frequent was mild intellectual
disability. ASD was rare and none of the individuals met the full diagnostic criteria for confirmed diagnosis, only
some of them had a subclinical features of ASD with limited social difficulties. Learning disability was present
mainly in patients with moderate-severe intellectual disability, who were the minority of the family. The most
frequent behavior disorders were ADHD and oppositional disorder. Sleep disorders were basically absent. Many
bilateral tubers and SENs were reported in all the members of the family, while none of them presented SEGAs.
Cerebral cysts and white matter abnormalities were absent, while some of them presented radial bands. To
sum up the common characteristics of this family members were multiple tubers and SENs, absence of SEGAs,
attention deficit disorder, mild developmental delay (that could explain why they managed to reproduce), partial
epilepsy control, infantile spasms and focal impaired awareness seizures.

The pathogenic variant ¢.1096G > T (p.Glu366Ter) was present in another family (patients 69,70,71,72,73)
(respectively a father and his two sons and two daughters). The types of seizures described in this family were
focal with impaired awareness and infantile spasms. All patients also shared severe intellectual and learning
disability. ASD, behavior and sleep disorders were absent. Brain MRI reports revealed the presence of few to
many tubers and SEN, but no-one showed SEGA.

TSC1vs. TSC2 patients
The study cohort included 81 patients, divided into TSCI and TSC2 groups. Tables 1, 2 and 3 summarize
comparisons between the two groups and the statistical data.

The proportion of TSC2 patients (61.7%) was higher than TSCI ones (38.3%). There was no statistically
significant difference between the two groups with respect to sex (TSCI: male 48.4%-female 51.6%; TSC2: male
42%-female 58%) or mean age. In our cohort, the distribution of familial versus sporadic or de novo pathogenic
variants was comparable between the TSCI and TSC2 groups. There was no statistically significant difference
for types of mutations, which included intragenic deletions, duplications, missense and nonsense mutations.
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TSCI1 patients | TSC2 patients | p value

Number of patients 31(38,3%) 50 (61.7%) -

Females 16 (51.6%) 29 (58%) NS
Average age (Standard dev) [Years] | 25.1 (16.9) 27.1(18.6) NS
Age range [Years) 2-60 2-71 NS
De Novo variants 18 (58.1%) 27 (54%) NS
Familial variants 13 (41.9%) 23 (46%) NS
Intragenic deletions 15 (48.4%) 30 (60%) NS
Intragenic duplications 1(3.2%) 2(3.3%) NS
Missense mutations 3(9.6%) 5(10%) NS
Nonsense mutations 12 (38.7%) 13(26%) NS

Table 1. Main clinical characteristics of the two groups of patients.

‘ TSC1 patients ‘ TSC2 patients | p value

Seizures

Mean age at epilepsy onset (SD) [Months] 35.4 (25.8) 29.45 (66.3) <0.01
Age range of epilepsy onset [Months] 1-96 1-276 NS
Patients without seizures 11(35.5%) 14 (28%) NS
Infantile spasms 2 (6.4%) 16 (32%) 0.016
Focal seizures 12 (38.7%) 15 (30%) NS
Focal seizures with impaired awareness 3(9.6%) 8 (16%) NS
Generalized tonic-clonic seizures 6 (19.3%) 11 (22%) NS
Absence seizures 4 (12.9%) 4 (8%) NS
Hypertonic seizures 3(9.6%) 5(10%) NS
Seizure frequency (SD) [episodes per week] 10.4 (9.1) 18.3 (24.5) NS (0.089)
Range of seizures per week 1-28* 1-42* NS
Remission of Seizures [> 75% of reduction] 10 (50%) 13 (36.1%) NS
Partial/ good response (25 to 74.9% of reduction) | 3 (15%) 10 (27.6%) NS
Drug resistant patients 7 (35%) 9 (25%) NS
EEG findings

Normal 11 (35.5%) 18 (36%) NS
Hypsarrhythmia 1(3.2%) 5(10%) NS
Bilateral spikes and waves pattern 7 (22.6%) 12 (24%) NS
Focal anomalies 8 (25.8%) 15 (30%) NS
Theta waves pattern 4 (12.9%) 6 (12%) NS
Neuropsychiatric comorbidities

Normal cognitive functions 16 (51.6%) 21 (42%) NS
Mild intellectual disability 6(19.3%) 12 (24%) NS
Moderate intellectual disability 1(3.2%) 5(10%) NS
Severe intellectual disability 5(16.1%) 12 (24%) NS
Patients without autism spectrum disorder 27 (87.1%) 44 (88%) NS
Autism level 1 and 2 4(12.9%) 6 (12%) NS
No learning disability 19 (61.3%) 26 (52%) NS
Learning disability 12 (38.7%) 24 (48%) NS
Absence of behavior disorders 23 (74.2%) 35 (70%) NS
ADHD 3(9.7%) 10 (20%) NS
Irritability and agitation 3(9.7%) 5(10%) NS
Oppositional disorder/Aggression 0 5(10%) NS
Absence of sleep disorders 28 (90%) 48 (96%) NS

Table 2. Epilepsy and neuropsychiatric comorbidities of the two groups of patients (included if at least 5
individuals presented the specific feature) * Patient 9, 44 and 49 - experiencing only one to two seizures in their
lifetime - are excluded from this range.
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TSCI1 patients | TSC2 patients | p value

Tubers

Absence of tubers 5(16%) 5(10%) NS

1 to 5 tubers 5(16.1%) 7 (14%) NS
More than 5 tubers 21 (67.8%) 36 (72%) NS
Mean size of tubers (SD) 8 mm (3.9) 17 mm (18.3) | <0.01
Tubers dimensions range (95% C.1.) 5-20 mm 4-30 mm NS
Subependymal nodules

Absence of subependymal nodules 5(16.1%) 11(22%) NS

1 to 5 subependymal nodules 10(32.3%) 2(4%) NS
More than 5 subependymal nodules 16(51.6%) 31(62%) NS
Average size of subependymal nodules (SD) 3.87 mm (2.09) | 9.4 mm (0.9) <0.01
Subependymal nodules dimensions range (95% C.I.) | 2-10 mm 5-12 mm NS
Subependymal giant-cell astrocytomas

Patients without SEGA 29 (93.6%) 43 (86%) NS

1 SEGA 2 (6.4%) 6 (12%) NS

2 or more SEGA 0 1(2%) NS
Patients underwent SEGA surgery 1(50%) 4 (57%) NS
Average size Of SEGAs (SD) 1.1 cm (0.2) 1.3 cm (0.15) NS
SEGA dimensions range (95% C.1.) 1-1.2cm 1-1.5cm NS
Radial bands

Presence of radial bands 12 (38.7%) 6 (12%) 0.011
1 radial band 3(9.7%) 2 (4%) NS

2 or more radial bands 9 (29%) 4 (8%) 0.028
Cerebral cysts

Absence of cerebral cysts 30 (96.7%) 47 (94%) NS

1 cerebral cyst 0 2 (4%) NS

2 or more cerebral cysts 1(3.2%) 1 (2%) NS
White matter abnormalities

Absence of white matter abnormalities 22 (71%) 37 (74%) NS
Limited white matter abnormalities 4 (12.9%) 5(10%) NS
Diffuse white matter abnormalities 5(16.1%) 8 (16%) NS

Table 3. MRI finding of the two groups of patients. SD: standard deviation; SEGA: subependymal giant cell
astrocytoma.

TSC2 patients exhibited a greater variability in clinical manifestations, seizure types, cognitive outcomes,
and behavioral disorders. There was no statistically significant difference in the overall prevalence of epilepsy
between the two groups (72% in the TSC2 group vs. 64.5% in TSCI), but infantile spasms were significantly
more frequently in TSC2 patients (p = 0.016). For other seizure types (focal, focal dyscognitive, tonic-clonic,
atonic, hypertonic, myoclonic, gelastic) no statistically significant differences were observed. EEG findings were
comparable between TSCI and TSC2 patients, with a similar proportion showing normal patterns. Pathological
findings - such as focal or generalized spike-and-wave discharges and hypsarrhythmia — were also observed at
similar rates in both groups, with no significant differences in their prevalence.

Both groups showed similar responses to antiseizure medications, with no significant difference in rates
of remission, partial or good response, or drug-resistance. Cognitive and behavioral disorders were similarly
distributed. Importantly, seizure remission was associated with a higher likelihood of normal cognitive function.
Among the TSCI patients with seizure remission, 70% had normal cognition (90% if those with mild impairment
were included). Among TSC2 patients with remission, 28.6% had normal cognitive profile, rising to 78.6% when
including those with mild intellectual disability.

Tubers, SENs, and radial bands occurred at comparable frequencies, although TSC2 patients slightly more
likely to have multiple and larger tubers (p < 0.01) and larger SENs (p < 0.01), while TSCI patients were more
likely to present radial (p < 0.05) and multiple radial bands (p < 0.01).

Discussion

This study presents a comprehensive genotype—phenotype analysis of a Sicilian cohort of patients with Tuberous
Sclerosis Complex (TSC), offering a broad overview of the clinical and genetic landscape of TSC in the region.
The cohort includes 81 patients, representing approximately 15% of the estimated TSC population in Sicily,
based on a prevalence of 1 in 8,000 individuals. This substantial proportion lends statistical and clinical weight
to our findings. Nevertheless, challenges in diagnosis persist, particularly in cases with milder manifestations
or limited healthcare access. Patients with subtle dermatological signs or well-controlled epilepsy may remain
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undiagnosed, highlighting the importance of increasing awareness and access to genetic testing across all
provinces.

The distribution of mutations was consistent with global data, with a predominance of TSC2 pathogenic
variants (approximately two-thirds) and fewer TSCI pathogenic variants (approximately one-third)!%. Gender
distribution and mean age were similar between the two groups, echoing previous studies'>!®. Interestingly, our
cohort showed a higher proportion of familial cases (45.6%) than reported in the literature, which often shows
a 2:1 ratio of de novo to familial mutations'’~2°. This discrepancy may reflect more thorough family screening
in our clinical setting or regional variations in reproductive behavior and healthcare practices. No statistically
significant difference was observed between TSCI and TSC2 regarding inheritance pattern, contrasting with
prior findings that more sporadic cases are associated with TSC2 mutations!>*1-23,

Regarding the distribution of variant types, we found an equal spread of intragenic deletions, duplications,
missense, and nonsense mutations across both genes. This contrasts with previous reports that TSCI variants
are more frequently nonsense or deletions, while TSC2 variants are more commonly frameshift or nonsense
mutations'®?*?>, These differences may be due to sample size, ethnic background, or referral bias. Nevertheless,
other reports have also shown balanced variant types in TSC2, supporting the heterogeneity we observed®.

Consistent with previous literature, TSC2 patients were more likely to experience seizures than TSCI
patients, although the difference did not reach statistical significance (72% vs. 64.5%)'°. Notably, infantile spasms
occurred significantly more frequently in the TSC2 group (p = 0.016), in line with previous studies reporting
rates of 19% in TSCI and 41% in TSC2 patients?>~*%. The age of epilepsy onset was comparable between groups,
although TSC2 patients tended to have a higher seizure burden. Drug responsiveness was also similar between
groups, though seizure remission was more common in TSCI patients (50% vs. 36.1%), while TSC2 patients had
a higher rate of partial responders (27.6% vs. 15%). These findings partly contradict studies showing that TSC2
mutations are associated with more severe and drug-resistant epilepsy?*=°.

EEG findings were broadly similar between groups. However, hypsarrhythmia was more common in TSC2
patients, albeit without statistical significance. This may reflect more extensive cortical dysplasia in TSC2, which
aligns with theories of greater mTOR pathway dysregulation in these patients.

Intellectual disability rates did not significantly differ between TSCI and TSC2 patients. Severe intellectual
disability was more frequent in TSC2 patients, as documented in previous studies*’~3*. Some pathogenic
variants in both genes were associated with variable cognitive outcomes and these differences may relate to the
functional domain affected. For example, truncating mutations in the tuberin-interacting domain of TSCI and
the hamartin-binding domain of TSC2 are often associated with more severe phenotypes?:30:35-44,

Seizure control correlated with cognitive outcomes. Among TSCI patients achieving seizure remission,
70% had no intellectual disability, rising to 90% when including those with mild impairment. In contrast,
only 28.6% of seizure-free TSC2 patients had normal cognition, increasing to 78.6% when mild disability was
included. Among drug-resistant patients, severe intellectual disability was present in 57.1% of TSCI and 66.6%
of TSC2 individuals. These results are in line with evidence that early seizure control is a key determinant of
neurodevelopment in TSC*-47.

No significant differences were observed in ASD, ADHD, learning disabilities, or behavioral disorders.
This contrasts with prior studies suggesting higher rates of ASD and behavioral issues in TSC2 patients*”. Our
findings may reflect the small number of patients with these specific comorbidities in our cohort.

Neuroimaging findings were generally consistent between groups, with a few exceptions. While cortical
tuber prevalence was similar, TSCI patients were more likely to have smaller tubers (p < 0.01). SENs, SEGAs,
and white matter abnormalities occurred with equal frequency. However, TSCI patients showed a significantly
higher prevalence of radial bands (p = 0.011), and were more likely to exhibit more than two bands (p = 0.028).
This is a novel observation and may warrant further investigation in larger studies.

Although the prevailing view is that TSC2 mutations confer a more severe clinical phenotype, our data
demonstrate considerable overlap between TSCI and TSC2 patients. Several TSCI individuals exhibited
severe neurocutaneous manifestations, and some TSC2 patients had mild disease. Therefore, while genotype is
informative, it should not be the sole factor guiding clinical counseling or prognostication.

Genotype-phenotype correlations remain challenging due to phenotypic variability, age-dependent
manifestation, and the influence of mosaicism or unknown modifiers contributing to postzygotic “second-hit”
mutations, which are required for the development of several organ-specific manifestations®®!3-18. Nonetheless,
our findings emphasize the clinical relevance of integrating genetic data into personalized care strategies. The
four familial observations have highlighted the complexity and intra-familial variability of TSC, underscoring
the need for further research to clarify possible mutation-specific patterns.

The association between TSC2 mutations and a higher epilepsy burden, particularly infantile spasms and
EEG abnormalities, supports the hypothesis that TSC2 dysfunction results in greater mTOR hyperactivation
and neural excitability”’. These findings highlight the need for early genotype-informed treatment strategies,
including the use of vigabatrin, cannabidiol, or mTOR inhibitors*®-34. EEG findings such as hypsarrhythmia and
focal spikes, especially in TSC2 patients, may reflect perituberal cortical dysfunction not visible on conventional
MRI49‘53.

The neuropsychiatric profile of TSC2 patients, particularly the higher prevalence of ADHD and cognitive
impairment, may reflect greater disruption of fronto-striatal and fronto-temporal circuits**°. Our findings
confirm earlier reports linking pathogenic TSC2 variants to ASD severity, reinforcing the importance of early
neurodevelopmental assessment and intervention32-3>4,

Conclusions
This study represents the first comprehensive TSC mutational analysis and genotype-phenotype correlation
conducted in a cohort of Sicilian patients with TSC. Our findings reinforce the established association of
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pathogenic TSC2 variants with more severe neurological manifestations, including infantile spasms and related
EEG abnormalities. Conversely, patients harboring pathogenic TSCI variants demonstrated a higher prevalence
of radial bands, and milder cognitive involvement, emphasizing the nuanced heterogeneity of TSC.

Our findings highlight the broad variability of TSC manifestations, even among members of the same
families, and underscore the need for personalized management approaches. Our results support the importance
of early genetic testing to guide treatment strategies, particularly for TSC2 patients who may benefit from mTOR
inhibitor therapy and proactive epilepsy management. In this context, additional or alternative genetic testing
methods should be employed to effectively detect somatic mosaicism through minimally invasive approaches,
such as liquid biopsy, thereby enhancing the accuracy of genotype-phenotype correlations.

Larger, multicenter, and longitudinal studies are essential to confirm these correlations, refine genotype-
specific therapeutic guidelines, and assess the long-term outcomes of early interventions. By leveraging genetic
insights, clinicians can further advance precision medicine in TSC, improving both clinical outcomes and
quality of life for affected individuals.

Data availability
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15234045; 15234142; 15234050; 15234063; 15233951; 15234070; 15234109 15234148; 15234153; 15234159;
15234185; 15234192; 15234203; 15237360; 15234242; 15234212; 152342205 15234224; 15234375; 15234222
15234237; 15234362; 15237397; 15234207; 15234240; 15237421, which will be linked to public variant acces-
sion numbers upon final processing. The data can be accessed upon reasonable request from the corresponding
author.
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