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ABSTRACT 
 

Tuberous sclerosis complex (TSC) is an autosomal dominant multisystem disorder characterized by 

development of hamartomas, intellectual disability, seizures and autism. TSC is caused by 

inactivating mutations in either the TSC1 or the TSC2 genes. A pathogenic variant is not identified 

in up to 10% of the patients with a clinical diagnosis of TSC despite full molecular assessment. 

These individuals are referred to as NMI (No Mutation Identified), and it is not clear if they should 

be monitored and/or treated in similar fashion to those with known etiology of TSC. 

To identify the genetic cause of TSC in these patients, we selected ten individuals with a definite 

clinical diagnosis of TSC and NMI and performed a pilot study. Three different technologies were 

used and their results were compared: chromosomal microarray, trio whole genome sequencing, 

and targeted deep-coverage next generation sequencing of TSC1 and TSC2. We identified mosaic 

variants in TSC1/TSC2 in six patients. No variants in other genes were detected in the remaining 

individuals. 

Based on the results of the pilot study and on recent literature, we then performed targeted deep-

coverage TSC1/TSC2 sequencing on 200 affected individuals using peripheral blood DNA and 

saliva or other tissue samples where available. We identified 24 patients with mosaic pathogenic 

variants in TSC1 (n=2) or TSC2 (n=22), defining a rate of mosaicism of 12%. Mosaic variant allele 

frequency (VAF) ranged from 2% to 32% in blood and from 2% to 35% in saliva. Most affected 

individuals had low-level mosaicism (VAF ≤10%). We performed an extensive analysis of the 

phenotype, and show that individuals with a mosaic variant in TSC1/TSC2 often display normal 

cognitive functioning, although other TSC-associated neuropsychiatric disorders (TAND) are seen 

in 62% of the patients. Cortical tubers are invariably present and seizures are diagnosed in 54% of 

the cohort, but infantile spasms are rare. The number of cutaneous manifestations in these patients 

is often insufficient to meet diagnostic criteria, except for facial angiofibromas. We observed a high 

frequency of pulmonary and renal manifestations in our mosaic cohort, which are as severe as those 

seen in the general TSC population. None of the patients who have reproduced transmitted the 

variant to their offspring. 

In conclusion, our study shows that genome sequencing fails to identify rare variants in new genes 

related to TSC, and a third gene is therefore unlikely to exist. We demonstrated that at least one out 

of 10 patients with a clinical diagnosis of TSC carries a mosaic pathogenic variant in TSC1 or 

TSC2. We also showed that individuals with mosaic variants have a distinctive phenotypic severity, 

with important implications for surveillance. 
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RIASSUNTO 
 

La sclerosi tuberosa è una malattia multisistemica autosomica dominante caratterizzata dalla 

presenza di amartomi, disabilità intellettiva, epilessia e autismo. E’ causata da mutazioni inattivanti 

nel gene TSC1 o TSC2. In circa il 10% dei pazienti con una diagnosi clinica certa non è possibile 

identificare una variante patogenetica nonostante l’utilizzo dei test genetici appropriati, e non è 

chiaro se questi pazienti debbano essere monitorati e/o trattati allo stesso modo di coloro nei quali è 

stata identificata una mutazione. 

Al fine di individuare la causa genetica della sclerosi tuberosa in questi pazienti, abbiamo 

selezionato dieci individui con una diagnosi clinica certa e senza mutazione identificata, e abbiamo 

eseguito uno studio pilota. Abbiamo applicato tre differenti tecnologie genetiche e ne abbiamo 

confrontato i risultati: array-CGH, sequenziamento del genoma del trio (probando e genitori), e 

sequenziamento di nuova generazione ad alta profondità di lettura targettato per i geni TSC1 e 

TSC2. Le analisi hanno permesso di identificare mutazioni a mosaico in TSC1/TSC2 in sei pazienti. 

Non sono state identificate varianti in ulteriori geni nei rimanenti pazienti. 

Sulla base dei risultati dello studio pilota e dei dati recentemente pubblicati nella letteratura 

scientifica, abbiamo quindi eseguito il sequenziamento di nuova generazione ad alta profondità di 

lettura targettato per i geni TSC1/TSC2 in 200 pazienti con sclerosi tuberosa, su DNA estratto da 

sangue periferico e saliva o campioni di un ulteriore tessuto se disponibili. Abbiamo identificato 24 

pazienti con mutazioni a mosaico nel gene TSC1 (2 pz) o TSC2 (22 pz), definendo un tasso di 

mosaicismo pari al 12%. La frequenza allelica della variante a mosaico era del 2-32% nel sangue 

periferico e del 2-35% nella saliva, e la maggior parte dei pazienti presentava mosaicismo a basso 

livello (frequenza allelica ≤10%). L’analisi del fenotipo ha permesso di dimostrare che i pazienti 

con mutazioni a mosaico nei geni TSC1/TSC2 presentavano frequentemente un livello cognitivo 

nella norma. Tuttavia, altre problematiche neuropsichiatriche sono state riscontrate nel 62% degli 

affetti. I tuberi corticali erano presenti in quasi tutti i pazienti e l’epilessia nel 54%, ma gli spasmi 

infantili erano rari. Le manifestazioni cutanee spesso non raggiungevano il numero sufficiente per 

soddisfare i criteri diagnostici. Al contrario, abbiamo osservato un’elevata frequenza di 

manifestazioni polmonari e renali gravi nella coorte di pazienti con mutazioni a mosaico. Nessuno 

dei pazienti con mutazioni a mosaico ha trasmesso la mutazione alla propria prole.  

Il presente studio permette di concludere che è improbabile che esista un terzo gene responsabile 

della sclerosi tuberosa, e dimostra che almeno un paziente su dieci con una diagnosi clinica di 

questa malattia presenta una mutazione a mosaico in TSC1 o TSC2. Infine, i risultati dimostrano 

che i pazienti con mutazioni a mosaico presentano un fenotipo caratteristico, con importanti 

implicazioni per la presa in carico ed il follow-up personalizzati.  
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1 INTRODUCTION 
	

1.1 TUBEROUS SCLEROSIS COMPLEX 

Tuberous Sclerosis Complex (TSC, OMIM #191100, #613254) is an autosomal dominant 

neurocutaneous condition, caused by loss-of-function variants in either the TSC1 (OMIM #605284) 

or TSC2 (OMIM #191092) gene (Northrup et al., 2011). Its incidence is estimated to be 1:6,000-

1:10,000 new live births, and the prevalence is thought to be 1:20,000 (O’Callaghan et al., 1998; 

Henske et al., 2016; Hong et al., 2016).  

TSC is a multisystem condition characterized by development of benign tumors (hamartomas) in 

the central nervous system, eyes, heart, lungs, kidneys, and skin. Additional common 

manifestations are intellectual disability (ID), seizures, and autism spectrum disorder. There is 

complete penetrance in TSC, but a great clinical intra- and interfamilial variability is observed.  

In 1862 German physician Friedrich Daniel von Recklinghausen recognized for the first time 

cardiac tumors and brain calcifications in a newborn who died soon after birth (von 

Recklinghausen, 1862). However, TSC was initially named after French neurologist Désiré-

Magloire Bourneville, who identified a girl with infantile spasms, epilepsy, skin findings, and brain 

tumors (Bourneville, 1880). The term “tuberous sclerosis complex” was coined by Moolten in 1942 

to better describe the multisystemic nature of the disease (Moolten, 1942), but the causative genes 

were discovered only in the 1990’s (European Chromosome 16 Tuberous Sclerosis Consortium, 

1993; van Slegtenhorst et al., 1997). 

 

1.2 DIAGNOSTIC CRITERIA, PHENOTYPE, AND TREATMENT 

Diagnostic criteria for TSC were established in 1998 (Roach et al., 1998) and updated in 2013 

during the Tuberous Sclerosis Consensus Conference to include the genetic criteria (Northrup e 

Krueger, 2013). A new update was published in September 2021 together with recommendations 

on surveillance and management, and includes minor changes compared to the 2013 criteria 

(Northrup et al., 2021). The TSC diagnostic criteria include the most specific clinical 

manifestations of TSC and are summarized in Table 1. A definite diagnosis of TSC is given when 2 

major features or 1 major feature with 2 minor features are present. A patient has a possible 

diagnosis of TSC when she/he has either 1 major feature or ≥2 minor features. 
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A. Genetic diagnostic criteria 

A pathogenic variant in TSC1 or TSC2 is diagnostic for TSC. 
Most TSC-causing variants are sequence variants that clearly prevent TSC1 or TSC2 protein production. 
Some variants compatible with protein production (e.g. some missense changes) are well established as 
disease-causing; other variant types should be considered with caution. 
 

B. Clinical diagnostic criteria 

Major criteria 

1. Hypomelanotic macules (≥3, at least 5 mm diameter) 
2. Angiofibroma (≥3) or fibrous cephalic plaque 
3. Ungual fibromas (≥2) 
4. Shagreen patch 
5. Multiple retinal hamartomas 
6. Multiple cortical tubers and/or radial migration lines 
7. Subependymal nodule (≥2) 
8. Subependymal giant cell astrocytoma (SEGA) 
9. Cardiac rhabdomyoma 
10. Lymphangioleiomyomatosis (LAM)* 
11. Angiomyolipomas (≥2)* 
* a combination of LAM and angiomyolipomas without other features does not meet criteria for a 
definite diagnosis 
 
Minor criteria 

1. “Confetti” skin lesions 
2. Dental enamel pits (≥3) 
3. Intraoral fibromas (≥2) 
4. Retinal achromic patch 
5. Multiple renal cysts 
6. Non-renal hamartomas 
7. Sclerotic bone lesions 

Table 1: TSC diagnostic criteria. Definite TSC: 2 major features or 1 major feature with 2 minor features. Possible TSC: 
either 1 major feature or ≥2 minor features. [adapted from Northrup et al., 2021] 

 

Hypomelanotic macules are the most common cutaneous findings. They are seen in >90% of 

affected individuals, and are usually present at birth or in the first months of life, thus representing 

one of the first findings that lead to the diagnosis (Northrup and Krueger, 2013). In some patients, 

hypomelanotic macules are difficult to detect on physical exam and can only be seen using the 

Wood’s lamp (Figure 1).  

	

	

Figure 1: Example of a hypomelanotic macule difficult to detect (left). 
The same macule seen with Wood’s lamp (right). [re-use not permitted] 
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Facial angiofibromas are common (75% of patients) and usually occur between age 2 and 5 years 

(Jozwiak et al., 2000). The other cutaneous and oral manifestations are much less common and 

highly age-dependent. Figure 2 shows examples of the cutaneous manifestations in individuals with 

TSC from the TSC Clinic at San Paolo University Hospital in Milan (Italy), and highlights the 

clinical variability with regard to severity. 

 

 

Figure 2: Skin and oral findings in individuals with TSC from our TSC clinic. A and B: hypomelanotic macules. C: 
fibrous cephalic plaque. D: diffuse facial angiofibromas. E: minimal facial angiofibromas on the nose. F: dental enamel 
pit (white arrow). G: shagreen patch in the lumbar region (white arrow). H: bilateral ungual fibromas. I: single periungual 
fibroma (white arrow). [re-use not permitted] 

 

 

Cortical and sub-cortical tubers are glioneuronal hamartomas located in the grey matter and 

adjacent white matter. They typically appear as hyperintense lesions on T2-weighted brain MRI 

scans, and are invariably present in almost all affected individuals. Subependymal nodules (SENs) 

are asymptomatic areas of heterotopia usually located in the lateral ventricles and present in >80% 

of patients. When SENs are located near the foramen of Monro, have a size of more than 1 cm in 

any direction or show serial growth on consecutive imaging regardless of size, they are called 
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subependymal giant cell astrocytomas (SEGAs) (Roth et al., 2012). SEGAs can lead to 

hydrocephalus and cause life-threatening consequences. 

The eye findings consist of retinal hamartomas and retinal achromic path, which are the ocular 

equivalent of cortical tubers and hypomelanotic macules, respectively. They are seen in 30-50% of 

affected individuals and are usually asymptomatic, but are extremely useful for diagnosing TSC 

(Aronow et al., 2012). 

Cardiac rhabdomyomas are benign tumors highly specific to TSC. They can be detectable in utero 

from the 20th gestational week. In fact, when a cardiac rhabdomyoma is detected on prenatal 

ultrasound in the general population, the likelihood that the fetus has TSC is 75%–80% (Harding et 

al., 1990). They are usually asymptomatic and tend to regress spontaneously with age, but in 2% of 

the patients cardiac rhabdomyomas can cause arrhythmia (Black et al., 1998).  

Lymphangioleiomyomatosis (LAM) is a multiple cystic lung disease caused by abnormal growth of 

smooth muscle cells (Gupta and Henske, 2018). LAM affects almost exclusively adult women (up 

to 80% by age 40 years). It can be asymptomatic, but can also progress, and represents one of the 

causes of death in females with TSC. Multifocal micronodular pneumocyte hyperplasia (MMPH) is 

seen in 40-60% of patients of both sexes and is benign (Gupta and Henske, 2018). 

Angiomyolipomas are benign tumors of the kidney composed of vessels, muscle, and fat. They are 

present in up to 80% of patients and are highly age-dependent. The major risks associated with 

renal angiomyolipomas is severe bleeding and loss of renal function (Bissler and Kingswood, 

2018). 

In addition to the clinical features mentioned in the diagnostic criteria, individuals with TSC can 

exhibit other neurologic and neuropsychiatric manifestations. 

Epilepsy is frequently seen (60-80% of patients), and is refractory to treatment in 40-60% of 

affected individuals. Infantile spams and focal-onset seizures are the most common types of 

seizures, and are often the first sign leading to further evaluation and diagnosis of TSC in infants 

(Nabbout et al., 2018). Early-onset seizures, especially if not controlled by anti-seizure 

medications, are associated with poor neurological outcome. Developmental delay (DD) and ID are 

seen in half of the patients with TSC. Up to a third of the patients have severe ID, and those with 

normal cognitive functioning often have a lower IQ than the general population (de Vries et al., 

2007). Autism spectrum disorder is more frequent in TSC patients than in the general population 

(Vignoli et al., 2015; Jeste et al., 2016). Additional neuropsychiatric manifestations are observed in 

up to 90% of patients and are grouped under the umbrella term Tuberous sclerosis-Associated 

Neuropsychiatric Disorders (TAND, de Vries et al., 2015).  

Sclerotic bone lesions are observed in some patients and should not be misdiagnosed with 

metastases (Northrup et al., 2021). As a matter of fact, malignancies in TSC are rare, except for 

renal carcinomas (Peron et al., 2018; Sauter et al., 2021). 
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For a more detailed description of the clinical manifestations please refer to the articles in the 

special issue on TSC in the American Journal of Medical Genetics, part C: 

https://onlinelibrary.wiley.com/toc/15524876/2018/178/3 

It must be noted that the clinical manifestations associated with TSC are highly age-dependent, as 

shown in Figure 3. 
 

 

Figure 3:  Age-dependency of the main clinical manifestations of TSC. [Modified from Henske et al., 2016] 

 

Surveillance and management should follow the international recommendations (Northrup et al., 

2021). With regard to therapies, mTOR inhibitors (Everolimus and Sirolimus) have shown to 

reduce tumor size of certain manifestations. They have been approved by the Food and Drug 

Administration (FDA) and by the European Medical Agency (EMA) for the treatment of SEGAs in 

pediatric and adult patients, LAM and renal angiomyolipomas in adults, and as an adjunctive 

treatment for patients aged ≥ 2 years with refractory focal-onset seizures. Treatment for the other 

clinical manifestations is symptomatic.  

 

1.3 GENETIC ASPECTS 

1.3.1 THE TSC1 AND TSC2 GENES 

TSC is caused by heterozygous pathogenic loss-of-function variants in TSC1 (chr. 9q34.13) or 

TSC2 (chr. 16p13.3). TSC1 and TSC2 consist of 23 and 42 exons, respectively (Figure 4).  

Modified	from	Henske	et	al.,	Nat	Rev	Disease	Primers,	2016		

SEGA	
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Figure 4:  The TSC1 and TSC2 genes. [Peron et al., 2018] 

 

 

At the time of writing, more than 4,000 variants in TSC1 (of which almost 1,000 unique) and more 

than 12,000 variants in TSC2 (of which almost 4,000 unique) have been identified, with only few 

mutational hotspots as per the Leiden Open Variation Database 

(http://chromium.lovd.nl/LOVD2/TSC/home.php). Most TSC1 variants are nonsense and small 

insertions and deletions (indels), although a few splice and missense variants have been reported 

(Hoogeveen-Westerveld et al., 2012). The mutational spectrum of TSC2 comprises all types of 

variants mentioned above and large genomic deletions, including the TSC2-PKD1 contiguous gene 

deletion syndrome (Northrup et al., 2018).  

Two-thirds of the patients have pathogenic variants in TSC2, whereas 1/3 of affected individuals 

have pathogenic variants in TSC1 (Au et al., 2007). 

1.3.2 PATHOGENESIS: THE mTOR PATHWAY  

TSC1 and TSC2 encode for hamartin and tuberin, respectively. Hamartin and tuberin interact with 

each other through their hamartin and tuberin interaction domains and with the protein product of 

TBC1D7 to form the TSC complex (Peron et al., 2018). The TSC complex negatively regulates the 

mechanistic (or mammalian) target of rapamycin (mTOR) signaling pathway (Dibble et al., 2012).  
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Under physiological conditions, the TSC complex converts RHEB-GTP to the inactive GDP-bound 

form, and blocks the activation of mTOR. On the contrary, in TSC, loss-of-function pathogenic 

variants cause RHEB to be bound to GTP (the active form), thus leading to hyperactivation of the 

mTOR pathway (Figure 5). Hyperactivation of the pathway leads to constitutive deregulation of 

protein synthesis and consequent cell growth (Henske et al., 2016). The development of 

hamartomas in TSC requires a second somatic hit (e.g. loss of heterozygosity) and follows 

Knudson’s two-hit hypothesis. 

Figure 5:  the mTOR pathway. [Peron et al., 2018] 

 

1.3.3 MOLECULAR TESTING 

Molecular diagnosis was introduced as an independent diagnostic criterion in 2013 (Northrup and 

Krueger, 2013), highlighting the importance of a positive genetic test in facilitating the diagnosis 

especially in individuals who would otherwise remain undiagnosed, such as infants or individuals 

with insufficient clinical manifestations to meet the clinical criteria. It is important to note that a 

negative genetic test result does not exclude a TSC diagnosis, and only means that a causative 

variant could not be identified. 

The molecular diagnostic assessment comprises analyses for the detection of point mutations in 

TSC1 and TSC2  and tests for the detection of large deletions/duplications in the same genes. 

Historically, analysis of the coding regions and intron/exons boundaries of TSC1 and TSC2 was 



	
13	

carried out using Denaturing High Performance Liquid Chromatography (DHPLC) and Sanger 

sequencing, and del/dup analysis was done through multiplex ligation-dependent probe 

amplification (MLPA) (Peron et al., 2018). The two techniques together had a diagnostic yield of 

75-90%, leaving 10-25% of affected individuals with no mutation identified (NMI). The lack of 

identifiable mutations in TSC1/TSC2 could be due to the presence of somatic mosaicism, mutations 

in introns or regulatory regions of TSC1/TSC2 (not routinely sequenced), pathogenic variants in a 

different gene that has not yet been identified, or structural variants. 

Concurrently to the starting of the present study, two independent groups demonstrated that 

targeted TSC1/TSC2 panels through Next Generation Sequencing (NGS) were able to identify 

pathogenic variants in a higher number of patients, including some individuals with mosaicism and 

deep intronic variants (Nellist et al., 2015; Tyburczy et al., 2015). As stated in Peron et al. (2018), 

mosaicism is defined as “the presence of two or more cell populations with different genetic 

composition within an individual, and it may or may not include the germline (gonadal) cells”. 

Deep intronic variants are single nucleotide variants located in the intronic regions that are not 

usually covered by conventional testing. Yet, a non-negligible proportion of affected individuals 

who meet the diagnostic criteria has negative genetic testing even after targeted NGS (Peron et al., 

2018). The relatively high number of patients with NMI represents an important challenge and 

highlights the need of exploring new technologies to try and detect the molecular cause of TSC in 

these patients. 

2 AIMS OF THE STUDY 

The aims of the present study were: 

1. To investigate the molecular basis of TSC in a systematically phenotyped and homogeneous 

cohort of TSC patients with no mutation identified on conventional genetic testing. 

2. To evaluate the rate of mosaicism in a real-world setting and delineate the phenotype of patients 

with mosaic TSC1 or TSC2 pathogenic variants. 
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3 MATERIALS AND METHODS 

This work consisted of two phases: a pilot study aimed at exploring the molecular cause of TSC in 

affected individuals with no mutation identified in the TSC1 or TSC2 genes, and a full study aimed 

at better characterizing the results of the pilot study in a large cohort of patients. 

3.1 PILOT STUDY 

3.1.1 PATIENTS 

We included a cohort of individuals with a definite clinical diagnosis of TSC based on the most 

recent diagnostic criteria at the time of enrollment (Northrup and Krueger, 2013), who had no 

mutation identified (NMI) on conventional genetic testing. Exclusion criteria were a possible 

clinical diagnosis and incomplete conventional molecular testing. All the patients had been 

followed at the TSC clinic of San Paolo Hospital in Milan from January 2001 to February 2015. 

The TSC clinic is a multidisciplinary center where more than 400 pediatric and adult TSC patients 

from the Lombardy region and Italy in general have been referred to thus far. It provides both 

diagnosis and care to these patients, as described in Peron et al. (2018a). 

An in-depth analysis of the phenotype of these patients with NMI is reported in Peron et al. 

(2018b). In brief, we previously found that the phenotype of TSC individuals with NMI is milder 

than that of patients with a pathogenic variant in TSC2, and does not differ from that of patients 

with a pathogenic variant in TSC1 except for renal and pulmonary problems, TSC patients with 

NMI being significantly more affected (Peron et al., 2018b). Conventional genetic tests had been 

previously performed on DNA extracted from peripheral blood and included the following: 

DHPLC (Transgenomic, Crewe, UK) and Sanger sequencing to assess single nucleotide variants in 

the coding regions and intron/exon boundaries of TSC1 and TSC2, and MLPA (MRC-Holland, 

Probemix TSC2 P046, Probemix TSC1 P124) to investigate large deletions in the two genes (Peron 

et al., 2018b; Peron et al., 2018c).  

From this group of extensively phenotyped patients, we selected the affected individuals for whom 

trios were available (proband, mother, father) for further clinical evaluation and genetic analyses: 

the pilot cohort (10 patients). Individuals whose parents were deceased or not available for testing 

were excluded. 

We evaluated all the individuals of the pilot cohort during several encounters, collected their 

pedigree, family and patients’ history, and reviewed all available medical records and imaging data 

from birth to the time of assessment. The clinical manifestations of each affected individual were 

recorded during each visit using a standardized examination form, as shown in figure 6. The TSC 

examination form was adapted from the Neurofibromatosis type I examination form used at the 

Division of Medical Genetics at the University of Utah in Salt Lake City (US), which was kindly 
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provided by Prof. David Viskochil. The data collected were then transferred into the database used 

for TSC research at San Paolo Hospital in Milan (Italy). The clinical manifestations were annotated 

using the Human Phenotype Ontology (HPO) terms wherever possible, to aid bioinformatic 

analyses (Kohler et al., 2014). 

 

 

 

 
 

  

Physician: ________              TSC EXAMINATION FORM                          Registry #__________ 
 

Name (Subject):            DOB:                        Date of Exam:           Age at Exam   
 

Proband:   Y   N    Name of Proband:   Relation to Examinee:    (if other than patient) 
Gender:    M   F    Ethnicity:   American Indian/Alaska Native      Asian      Black/African America      Native Hawaiian/Pacific Islander      White                                             
                                                                             More Than One Race    Unknown/ Unreported 
 

TSC Inheritance    Sporadic           Familial:   mother    father                Unknown                  Sib(s)_________ 
Ascertainment         Primary care Dr.                Specialist               Self Referral                    TSC Support Group 
Ht:   _________(     %) Wt:__________(      %)            
Head Circum: ________(       %)   Blood Pressure:         /       
 
Clinical diagnosis of TSC   definite       possible Age at Dx: 
 
M = Major diagnostic feature (Northrup and Krueger, 2013) 
m = minor diagnostic feature 
Definite diagnosis: 2 M, or 1 M and ≥2 m, or pathogenic mutation found 
Possible diagnosis: 1 M or 2 or more m 
 
 
DERMATOLOGY 

 

 
ORAL FINDINGS 

 
 
 
 
 
 

OCULAR ABNORMALITIES 
 

 
 
BRAIN ABNORMALITIES (age of brain MRI: _________) 

 
 
 
 
 
 
 
 
 

 
CARDIAC FINDINGS 
M Cardiac rhabdomyoma Present       Regressing No longer present Never 
 Arrythmia - + Treatment:  

M Hypomelanotic macules ≥ 5 mm - + 
 Number 1        2         3-10        >10 
M Angiofibromas  - + 
 Number 1-10 11-100 >100 
 Fibrous cephalic plaque - + 
M Shagreen patch - + 
m Confetti skin lesions - + 
M Ungual fibromas - + 
 Hands, number Left:  Right: 
 Feet, number Left: Right: 

m Dental enamel pits (>3) - + 
 Number  
m Intraoral fibromas (≥2) - + 
 Number  

M Retinal hamartomas - +  
 Number  Bx: Y  N 
m Retinal achromic patch - +  
 Number  Bx: Y  N 

M Cortical tubers - +  
 Number  Bx: Y  N 
 White matter radial migration 

lines 
- +  

M SENs - +  
M SEGA - + Age at onset: Stable   Growing  Regress 
 Hydrocephalus - +   
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Figure 6: TSC examination form [download and re-use NOT PERMITTED]. 

 

 

3.1.2 MOLECULAR ANALYSES 

For each patient of the pilot cohort and her/his parents, blood and saliva samples were collected by 

the clinical geneticist during each encounter. In the pilot study we applied the following three 

different genetic technologies and compared their results and diagnostic yield with respect to the 

identification of pathogenic variants in patients with TSC and NMI. 

 
 
 
RENAL ABNORMALITIES 

 
 
 
 
 
 
 
 
 
 
 
 

PULMONARY FINDINGS 
 
 
 
 
 

 
PSYCHOLOGY/INTELLECTUAL DEVELOPMENT 
TAND -    + 
Behavior: ADHD           Autism           Behavior Problems          Comments: 
Cognition: Normal                  Mild Delay                Moderate Delay               Severe Delay                Unknown   

IQ (age ___)  Full____  Verbal ____   Perform____ 
Testing:    Yes     No     Type:__________________  Edu. Completed:_____________________ 

Learning Problems: None   Unknown     Present  Type:            Coordination Prob    Y / N        Speech Prob    Y / N 
 
NEUROLOGY 
Seizures: -                 +                   in the past (stopped at age:_____)            febrile only     
 Spasms:    +          -      
Age of Seizure Onset: _________________                 NA              <1 y                 1-3 y                  3-18 y                  >18 y       
Type of seizure at onset: Spasms          focal seizures          focal+spasms           generalized          unknown 
Current type of seizures: None          Spasms          focal seizures          focal+spasms            generalized           unknown 
 
ADDITIONAL PROBLEMS 
Problem - + unknown age 
GI problems     
Endocrine     
Bone issues     
Neoplasm     
Other:  

 
 
MEDICATIONS 
Everolimus/Sirolimus Y/N                                  dose:                                              started at age: 
 
GENETICS 
Mutation - +      TSC1      TSC2 Not tested unknown 
Type of test done mut del/dup NGS  
Type of mutation deletion SSV missense nonsense 
Exact mutation  
 
 
IMPRESSIONS/RECOMMENDATIONS: 
 
 
 
 

M Renal angiomyolipomas - +  
 Number  Bx: Y  N 
 Size <3 cm             >3 cm Stable   Growing   Regress 
 Hepatic angiomyolipomas - +  
m Renal cysts - + Bx: Y  N 
 Renal Cell Carcinoma - + Age at diagnosis: 
 Renal function normal insuff  
 Kidney transplant - + Unilateral   Bilateral Age at transplant: 
 Embolization - + Age:  

M LAM - + Age at onset: 
 Symptoms - + Age at onset:  
 Pneumothorax - + Number:                       Age:  
 MMPH - +  
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Chromosomal microarray (CMA) 

Array-based comparative genomic hybridization (array-CGH) analysis on DNA extracted from 

peripheral blood of each proband was performed at the cytogenetics laboratory of the Istituto 

Auxologico Italiano (Italy) using the Agilent SurePrint G3 Human CGH Microarray kit 8x60K 

(Agilent technologies, Santa Clara, CA, USA), with an average resolution of 130 kb. Nucleotide 

designations were assigned according to the hg19/GRCh37 assembly of the human genome. 

Whenever copy number variants (CNVs) were detected, CMA was performed on both parents for 

segregation analysis of the variant. Detected CNVs were classified based on population frequency 

(GnomAD-SV, Database of Genomic Variants – DGV), previous reports of overlapping variants, 

gene content, and segregation analysis. Each CNV was re-evaluated in 2021 using the 

ACMG/ClinGen recommendations (Riggs et al., 2020).  

Whole Genome Sequencing (WGS) 

Genomic DNA of the trios (proband, mother, father) was extracted from both peripheral blood and 

saliva at the genetics laboratory of the Department of Health Sciences at the University of Milan 

(Italy) and shipped to the University of Utah, Salt Lake City (USA) as part of an international 

collaboration. Whole-genome libraries were prepared using the KAPA Hyper Prep kit, and trio 

short-read genome sequencing with a median read depth of 60X was performed on DNA extracted 

from blood at the NantOmic Facility (Culver City, CA, USA) using the Illumina X Ten platform. 

We chose this innovative approach, attempted for the first time ever in TSC, because WGS is 

currently the only method capable of identifying single nucleotide variants and short insertions and 

deletions (indels) in coding and especially in non-coding regions, and structural variants within the 

same experiment. 

Raw data files were stored in GNomEx (Nix et al., 2010), while variant analysis and filtering was 

performed using Omicia’s (now Fabric Genomics) Opal platform (Coonrod et al., 2013). Using the 

Variant Annotation Analysis and Search Tool (VAAST, Hu et al., 2013) and a custom filtering 

strategy (coverage ≥15X, quality score ≥30, MAF ≤5% in 1KG, ExAc and EVS) implemented in 

the Fabric Genomics Opal framework, we evaluated prioritized genes with genetic damage 

consistent with both recessive and de novo inheritance models in the TSC trios. In addition we used 

PHEVOR to rerank VAAST gene list according to the HPO terms generated by the clinical team 

(Kennedy et al., 2014; Kohler et al., 2014). We designed a virtual panel of 55 genes belonging to 

the mTOR pathway, as we hypothesize that, if a third TSC gene exist, it ought to interact with that 

pathway, and we evaluated impact of de novo variants generated by the Rufus reference-free 

variant calling tool on these genes. Based on our phenotypic assessment of TSC individuals with 

NMI (Peron et al., 2018b) and two recent studies from Nellist and Tyburczy (2015), we redirected 

our analyses of WGS data to specifically address mosaicism. We used Freebayes (Garrison&Marth, 

2012) for variant calling customized to find de novo mosaic variants in the probands (filtering to 
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variants with at least 3 alternate reads in the proband and none in the parents). We further limited to 

variants annotated to have a functional impact on protein sequence and those with a maximum 

allele frequency (AF) in GnomAD of <0.001. Finally, we annotated variants with the Ensembl 

Variant Effect Predictor (VEP, McLaren et al., 2016). Only variants possibly related to the 

phenotype were assessed, and secondary findings were neither reviewed nor reported, as per the 

study protocol. 

The same physician who had clinically assessed the patients enrolled in the pilot study evaluated 

also the WGS data, with the help and assistance of the bioinformatics team of the Utah Center for 

Genetic Discovery (https://ucgd.genetics.utah.edu), namely Drs. Barry Moore and Brent Pedersen. 

This permitted a unique analysis of the possible candidate genes, e.g. the physician knows exactly 

what the phenotypic manifestations of each patient are and does not base the analysis on HPO 

terms only, allowing for identification and further analysis of genes that may otherwise be not 

prioritized (Basel-Salmon et al., 2019). 

Deep coverage targeted next generation sequencing (NGS) of the coding regions of TSC1 and 

TSC2 

Genomic DNA of each proband was extracted from peripheral blood (QIAmp, DNA mini kit, 

Qiagen, Germany) and saliva (Oragene Saliva kit, DNA Genotek) following the manufactorer's 

protocol at the molecular genetics laboratory of San Paolo Hospital in Milan (Italy). DNA 

concentration was measured by Qubit fluorometer (Thermo Fisher Scientific, USA).  

Massively parallel sequencing was performed at the molecular genetics laboratory of San Paolo 

Hospital in Milan (Italy) using the Miseq platform (Illumina, San Diego, CA, USA). From January 

2016 to April 2018 TrueSeq Custom amplicon sequencing TSCA (Illumina, San Diego, CA, USA) 

was used to amplify all exons and intron-exon boundaries of TSC1 and TSC2. Sequencing of exon 

15 of TSC1 and exons 18, 36, 38 of TSC2 - which are not covered by the TrueSeq Custom 

amplicon sequencing TSCA - was performed using the NGS-NEXTERA XT (Illumina, San Diego, 

CA, USA) with a read depth >5000X, thus covering the entire coding regions of both genes.  

After April 2018 libraries were prepared using the Nextera DNA Flex Enrichment custom kit 

(Illumina, San Diego, CA, USA) and sequenced to generate 151 bp paired-end reads. Sequencing 

reads were aligned to the hg19 genome reference, and secondary analysis was performed using the 

standard MiSeq Reporter software (Illumina, San Diego, CA, USA). The BAM files were uploaded 

onto the Integrative Genome Viewer (IGV), and prioritization of variants was performed using the 

Illumina Variant Studio and Illumina Variant Interpreter software. Read depth ranged from 2159X 

to 8659X. 

The functional impact of all variants was inspected using different in silico tool (SIFT: 

http://sift.jcvi.org/; Polyphen-2: http://genetics.bwh.harvard.edu/pph2; Mutation Taster 

http://www.mutationtaster.org/; fathmm: http://fathmm.biocompute.org.uk/). Exome aggregation 
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consortium (ExAC, now dismissed), gnomAD, 1000 Genomes database, and the Leiden Open 

Variation Database (LOVD: http://chromium.lovd.nl/LOVD2/TSC/home.php) were checked to 

assess the presence/absence of all identified variants. The variants were then classified according to 

the ACMG guidelines (Richards et al., 2015) and the LOVD. 

Mosaic variants with variant allele frequency (VAF) <20% were validated with NGS-NEXTERA 

XT (Illumina, San Diego, CA, USA); the other mosaic variants and all heterozygous variants were 

confirmed by Sanger sequencing. 

 

3.2 FULL STUDY 

3.2.1 PATIENTS AND PHENOTYPING 

We included in the full study all individuals with a definite or possible clinical diagnosis of TSC 

(Northrup and Krueger, 2013) for whom deep-coverage TSC1 and TSC2 NGS was requested and 

performed at the genetics laboratory of San Paolo Hospital in Milan (Italy) between January 1, 

2016 and July 8, 2021. This cohort includes: 1. individuals who were referred to the TSC clinic of 

the same university hospital for the first time (all found to have a definite clinical diagnosis except 

for <10); 2. TSC patients with a definite clinical diagnosis who had received genetic tests before 

NGS became available and were thus re-sequenced with the new technology, including the patients 

from the pilot study; 3. individuals with a definite or possible diagnosis whose testing was 

requested from physicians from a different institution (<5%). 

Based on the results of the genetic tests, we selected those who resulted to have a mosaic variant in 

either TSC1 or TSC2. Mosaic patients followed at the TSC clinic of San Paolo Hospital were 

evaluated clinically by a clinical geneticist and a pediatric neurologist with expertise in TSC. For 

the mosaic patients referred for testing by outside our Institution, referring physicians were asked 

to provide detailed de-identified medical records. The medical records and imaging data from birth 

to the time of assessment of each affected individual were retrospectively reviewed, and the clinical 

manifestations of each affected individual were recorded by the clinical geneticist using the 

standardized examination form as described above and shown in figure 6, and then transferred in an 

ad-hoc database. 

For each patient we evaluated more than 50 clinical variables, including the following: 

demographic data (sex, age, age at clinical diagnosis, age at molecular diagnosis, age at last 

evaluation); presence/absence, exact number and localization of each diagnostic criterion as per 

Northrup and Krueger (2013) and updated in Northrup et al. (2021); additional manifestations that 

are not included in the diagnostic criteria (cognitive level, seizures, TAND, bone lesions, 

malignancies).  
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The frequencies of each clinical manifestation were calculated using as the denominator the 

number of individuals for whom clear evidence of presence/absence of each manifestation was 

available. For clinical features known to be age-dependent, the frequencies were calculated using 

as the denominator the number of patients older than the lowest age of onset for a specific feature. 

Qualitative data were described as numbers and percentages. Quantitative data were described as 

median and ranges. Differences between two groups were calculated using the unpaired T test. A p 

value <0.05 was considered significant.  

3.2.2 MOLECULAR ANALYSES 

Deep coverage targeted NGS of the coding regions and intron-exon boundaries of TSC1 and TSC2 

was performed as described above on DNA extracted from peripheral blood and saliva (please see 

methods of the pilot study for this specific test). DNA extracted from additional tissues (i.e. skin 

biopsy, SEGA, renal angiomyolipoma) was sequenced whenever needed to confirm mosaicism.  

If  deep-coverage targeted NGS resulted normal, MLPA of TSC1 and TSC2 was carried out using 

the MRC Holland Probemix TSC2 P046 and Probemix TSC1 P124 kits (MCR Holland, 

Amsterdam, the Netherlands). 

The reports of each patient found to have a mosaic variant were reviewed by the clinical geneticist, 

and each variant was classified based on the LOVD 

(http://chromium.lovd.nl/LOVD2/TSC/home.php) and according to the ACMG guidelines 

(Richards et al., 2015). Median read depth and mosaic variant allele frequency (VAF) were 

calculated for the full study cohort. Mosaicism was defined as follows: 1. low-level mosaicism, 

when VAF was ≤10%; 2. extremely low-level mosaicism, when VAF was <1%. 
The workflow of the present study (pilot study and full study) is presented in Figure 7. 
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Figure 7:  Study workflow. TSC: tuberous sclerosis complex. HPO: Human phenotype ontology. NMI: no mutation 
identified. CGH: comparative genomic hybridization. WGS: whole genome sequencing. NGS: next generation 
sequencing. 

 

 

3.3 ETHICS STATEMENT 

For the pilot study, all the patients and/or their legal guardian provided written informed consent to 

participate in the research. The study was approved by the San Paolo Hospital Ethics Committee 

Review of clinical and genetic data of TSC patients using HPO terms        
(240 patients) 

genotype-phenotype correlations (Peron et al., 2018) 

Deep coverage TSC1/TSC2 NGS                                                                      
(200 patients) 

DNA from blood, saliva and additional tissue when available 

Selection of patients with NMI and available trios    
(10 patients) 

1.  Deep phenotyping 
2.  Collection of blood and saliva samples of the trios 

WGS                         
(60X) 
trios 
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proband only 
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Array-CGH                          
(130 kb) 

proband + segregation 

Selection of patients with pathogenic mosaic variants                                   
(24 patients) 
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(Comitato Etico Milano Area 1): Protocollo NGS TSC – Identificazione della causa genetica della 

Sclerosi Tuberosa in pazienti senza mutazione nei geni TSC1 e TSC2, registro sperimentazioni 

n.2016/ST/179, protocollo n°14156/2017. 

For the full study, all genetic analyses were performed in a diagnostic setting based on the new and 

current clinical practice (Tyburczy et al., 2015; Peron et al., 2018c). All the patients and/or their 

legal guardians provided written informed consent for genetic analyses. Phenotyping was 

performed as part of the TSC study approved by the San Paolo Hospital Ethics Committee 

(Comitato Etico Milano Area 1): protocollo n°9570/2013/rev2020. 
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4 RESULTS 

4.1 PILOT STUDY 

Ten affected individuals were included in the pilot study and received CMA, trio WGS and 

TSC1/TSC2 targeted deep sequencing. The results of the genetic analyses for each patient are 

summarized in Table 2. 

Patient CMA1 Trio WGS (VAF) Blood NGS (VAF) Saliva NGS (VAF) 

TSC001  NMI NMI 
 

NMI NMI 

TSC002 NMI*  NMI TSC2: c.1831C>T; 
p.Arg611Trp (4%) 

TSC2: c.1831C>T; 
p.Arg611Trp (4%) 

TSC004  NMI TSC1: c.1442_1443ins; 
p.Ile482LeufsTer4 (het) 

NMI NMI 

TSC005  NMI NMI* NMI 
 

NMI 

TSC007 NMI NMI TSC2: c.2356-1G>A;  
p.? (2%) 

TSC2: c.2356-1G>A;  
p.? (2%) 

TSC008 NMI TSC2: c.1372C>T; 
p.Arg458Ter (12.7%) 

TSC2: c.1372C>T; 
p.Arg458Ter (16%) 

TSC2: c.1372C>T; 
p.Arg458Ter (35%) 

TSC009 NMI NMI NMI 
 

NMI 

TSC011 NMI TSC2: c.4129C>T; 
p.Gln1377Ter (7.4%) 

TSC2: c.4129C>T; 
p.Gln1377Ter (7%) 

TSC2: c.4129C>T; 
p.Gln1377Ter (5%) 

TSC013 NMI NMI TSC2: c.826_827delAT; 
p.Met276ValfsTer61 (4%) 

TSC2: c.826_827delAT; 
p.Met276ValfsTer61 (4%) 

TSC015 NMI NMI* TSC2: c.2098-1G>A;  
p.? (5%) 

TSC2: c.2098-1G>A;  
p.? (5%) 

Table 2: Results of the genetic analyses for each patient. 1 genomic coordinates given according to human assembly 
hg19/GRCh37. CMA: chromosomal microarray; WGS: whole genome sequencing;  VAF: variant allele frequency; NGS: 
next generation sequencing; NMI: no mutation identified, refers to the absence of pathogenic variants related to the TSC 
phenotype. het: heterozygous. *variants of unknown significance were identified, see main text. 

	

4.1.1 CHROMOSOMAL MICROARRAY 

CMA failed to identify pathogenic microdeletions or microduplications that could explain the 

patients’ phenotype. It did not detect any chromosomal imbalances leading to breakage of any 

TSC-related genes either. However, a 565 kb microduplication on the long arm of chromosome 19 

(19q13.41) was identified in patient TSC002: arr19q13.41 (52,616,637-53,181,882)x3. Segregation 

analysis showed that the duplication was inherited from the patient’s healthy father. The duplication 

contains several Zinc Finger Protein genes, and the PPP2R1A gene (OMIM #605983). De novo 
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missense mutations of PPP2R1A – but not whole gene duplications – have been reported in five 

individuals affected by autosomal dominant intellectual disability (OMIM # 616362) (Deciphering 

Developmental Disorders Study 2015; Houge et al., 2015). The duplication was inherited from the 

healthy father and the TSC patient does not exhibit intellectual disability although he presents with 

severe behavioral problems. Based on the ACMG/ClinGen recommendations on CNV 

classification, the 19q13.41 duplication identified in patient TSC002 was therefore classified as a 

variant of unknown clinical significance (VUS) and deemed not to be causative of the TSC 

phenotype. Of note, this variant is currently being studied as part of a different research project 

aimed at identifying gene modifiers of the TSC-related neuropsychiatric phenotype. 

4.1.2 TRIO WHOLE GENOME SEQUENCING 

Through trio WGS we were not able to identify pathogenic variants in genes outside TSC1 and 

TSC2 that could be related to the patients’ phenotype. No pathogenic variants were found in any of 

the AKT/PI3K/mTOR pathway genes. We further reviewed the following candidate genes for each 

patient on the Integrative Genomic Viewer (IGV) and found no pathogenic variants: FLCN 

(folliculin, known to cause Birt-Hogg-Dubè syndrome, a differential diagnosis of TSC); G3BP1 

and G3BP2, as kindly suggested by Prof. Kathrin Thedieck (recently found to be related to 

mTORC1 signaling in Prentzell et al., 2021), and TBC1D7, which encodes for the third subunit of 

the TSC protein complex (although its pathogenic variants are known to cause a different syndrome 

characterized by ID, macrocrania, patellar dislocation, and celiac disease (Alfaiz et al., 2014)). 

We also manually reviewed the TSC1 and TSC2 genes on the IGV to look for variants possibly 

missed by previous genetic tests or variants in the non-coding regions of TSC1 and TSC2 (i.e. deep 

intronic variants). No pathogenic variants were identified. 

In two affected individuals (TSC005 and TSC015) two heterozygous VUSs were detected in the 

PHF20 and FLNA genes, respectively: 

PHF20 [NM_016436.5]: c.870A>G;p.Ile290Met, maternally inherited; 

FLNA [NM_001110556.2]: c.1406C>T;p.Pro469Leu, maternally inherited. 

The PHF20 variant was not seen in population databases (1000 Genomes and GnomAD), has a 

CADD score of 16, and is predicted as deleterious by several in silico tools (MutationTaster, 

Polyphen-2, SIFT). However, PHF20 has not been associated with disease thus far and the variant 

was therefore not pursued further. The FLNA variant is rare (GnomAD allele frequency: 

0.00002520), has a CADD score of 15, and is reported in ClinVar as a VUS. FLNA variants are 

associated with a wide range of heterogeneous diseases including neuronal migration disorders, 

namely X-linked periventricular nodular heterotopia, which is usually lethal in males (Chen and 

Walsh, 2015). Moreover, patient TSC005 was later found to have a mosaic pathogenic variant in 

TSC2, and the FLNA variant was therefore disregarded. 

Interestingly, WGS data analysis of patient TSC004 showed a 62 nucleotide insertion in the TSC1 
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gene causing frameshift and leading to a truncated protein. The variant was inherited from an 

affected parent. However, multiple assays performed to validate this variant with a different 

technology did not confirm its presence. The result was not returned to the family as we are 

currently unable to determine whether the variant detected on WGS is real or is an artifact/false 

positive. The patient’s sample is now being analyzed by Dr. Mark Nellist in the Netherlands with a 

different technology. 

When we performed FREEBAYES-NF analysis of WGS data to specifically look for mosaic 

variants, we identified two mosaic TSC2 pathogenic variants in patients TSC008 and TSC011 at an 

allele frequency of 12.7% and 7.4% respectively, which were confirmed by deep coverage NGS 

and are discussed below. 

4.1.3 DEEP COVERAGE TARGETED TSC1 AND TSC2 NGS 

Median read depth for targeted sequencing of the TSC1/TSC2 coding regions and intron-exon 

boundaries was 2903X for DNA extracted from peripheral blood (range 1545-6111X) and 2409X 

for DNA extracted from saliva (range 1043-4298X). 

Targeted sequencing identified mosaic pathogenic variants in TSC2 in six affected individuals in 

DNA from both peripheral blood and saliva (table 2). The results were confirmed with NEXTERA 

XT. All mosaic variants are classified as pathogenic and have been previously reported in the 

LOVD as pathogenic when heterozygous. Mosaic VAF ranged from 2% to 16% in DNA extracted 

from peripheral blood and from 2% to 35% in DNA extracted from saliva. No extremely low-level 

mosaicism (VAF<1%) was identified.  

Four affected individuals resulted as having NMI after deep coverage sequencing of the 

TSC1/TSC2 coding regions and intron-exon boundaries. 

We then calculated and compared the mean read depth of deep sequencing for all tissues (blood and 

saliva) for the patients who were found to have a mosaic pathogenic variant (3248.75X ± 1105.09) 

and for those who remained with NMI (1330.80X ± 216.97). The mean read depth was 

significantly different between the two groups: p=0.0018. The clinical manifestations of the 

patients with mosaic variants and of those remaining with NMI did not differ (data not shown). 
 

4.2 FULL STUDY   

We performed targeted deep-coverage TSC1 and TSC2 NGS on 200 patients with a definite or 

possible diagnosis of TSC between 1st January 2016 and 8th July 2021. Affected individuals who 

received testing on DNA extracted from multiple tissues were counted only once. Breakdown of 

numbers per year was the following: 2016 (38 tests); 2017 (51 tests); 2018 (35 tests); 2019 (31 

tests); 2020 (29 tests); 2021 (16 tests). 
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4.2.1 RATE OF MOSAICISM IN TSC 

Out of the 200 patients who were tested, 25 were found to have a mosaic variant in either TSC1 or 

TSC2. Of the mosaic variants, 24 were classified as pathogenic (P) or likely pathogenic (LP) 

according to the ACMG criteria and records found in the LOVD; one was classified as a VUS and 

excluded. The rate of confirmed mosaicism in our cohort was 12% (24/200). Table 3 shows the 

P/LP variants identified in each patient and the allele frequency in each tissue that was tested.  

Patient 
ID Gene1 Mosaic variant 

Blood VAF 
(average read 
depth) 

Saliva VAF 
(average read 
depth) 

Other tissue 
VAF (average 
read depth) 

P1 TSC2 c.521C>A;p.Ser174Ter 10% (na) NP NP 

P2 TSC1 c.2293C>T;p.Gln765Ter 4% (3312X) NP NP 

P3 TSC2 c.1372C>T;p.Arg458Ter 16% (6111X) 35% (3903X) NP2 

P4 TSC2 c.2098-1G>A;p.? 5% (2377X) 5% (2561X) NP3 

P5 TSC2 c.1831C>T;p.Arg611Trp  4% (2955X) 4% (2955X) NP 

P6 TSC2 c.1600-1G>A;p.? 8.5% (na) NP NP 

P7 TSC2 c.4129C>T;p.Gln1377Ter 7% (2903X) 5% (2257X) NP 

P8 TSC2 c.2356-1G>A;p.? 2% (2159X) 2% (3342X) NP 

P9 TSC2 c.826_827delAT;p.Met276ValfsTer61 4% (3164X) 4% (4298X) NP 

P10 TSC2 c.1769_1776del;p.Leu590ProfsTer24 not detected 2% (921X) 4.5% (1288X)4 

P11 TSC2 c.5044del;p.Leu1682TrpfsTer144 32% (5181X) NP NP 

P12 TSC2 c.4871delT:p.Leu1624ArgfsTer48 NP 2% (1409X) NP 

P13 TSC2 c.4620C>G;p.Tyr1540Ter 30% (1873X) NP NP 

P14 TCS2 c.4620C>A;p.Tyr1540Ter 4% (2033X) 4% (1879X) NP 

P15 TSC2 c.3094C>T;p. Arg1032Ter 4% (1464X) NP NP 

P16 TSC2 c.770G>A;p.Trp257Ter 3% (1871X) NP NP 

P17 TSC2 c.187C>T;p.Gln63Ter 4% (1756X) NP NP3 

P18 TSC2 c.3442C>T;p.Gln1148Ter 5% (1478X) 5% (1478X) NP 

P19 TSC2 c.268C>T;p.Gln90Ter 4% (1510X) 3% (514X) NP 

P20 TSC2 c.4660C>T;p.Gln1554Ter 3% (na) NP NP 

P21 TSC1 c.2299C>T;p.Gln767Ter 7% (1543X) 8% (21422X) NP 

P22 TSC2 c.2251C>T;p.Arg751Ter 9% (2017X) NP NP 

P23 TSC2 c.5228G>A;p.Arg1743Gln 5% (1995X) NP NP 

P24 TSC2 c.5228G>A;p.Arg1743Gln 3% (1843X) pending NP 

Table 3: Patients with TSC who have a mosaic pathogenic/likely pathogenic variant in TSC1 or TSC2. Patients included 
in the pilot study and respective corresponding IDs: P3-TSC008; P4-TSC015; P5-TSC002; P7-TSC011; P8-TSC007; P9-
TSC013. 1 TSC1 [NM_000368.4], TSC2 [NM_000548.3]. 2 Formalin-Fixed Paraffin-Embedded renal tissue was 
available, but DNA could not be obtained despite attempting extraction from multiple blocks. 3 Formalin-Fixed Paraffin-
Embedded cerebral tissue (cortical tuber) was available, but DNA could not be obtained. 4 skin. VAF: variant allele 
frequency; NP: not performed; na: not available. 
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Twenty-two individuals (92%) carried a TSC2 P/LP mosaic variant, and 2 (8%) had a TSC1 P/LP 

mosaic variant. With regard to the types of variant, most mutations identified were nonsense (14 

patients), whereas a minority were small indel causing frameshift and resulting in premature 

protein termination (4 patients), variants affecting splicing (3 patients), and missense mutations (3 

patients), as illustrated in Figure 8.    

Figure 8:  Types of identified pathogenic/likely pathogenic variants. 

 

 

Median VAF in blood was 4.5% (range 2%-32%). Most patients had low-level mosaicism (VAF 

≤10%; n=19). Three individuals had variants with VAF >10%. In one patient the variant seen on 

other tissues was not detected in blood. In another individual analysis on blood was not performed. 

Median VAF in saliva was 4% (range 2%-35%). The majority of patients had low-level mosaicism 

(VAF ≤10%; n=11/12). One individual had a variant with VAF >10%. No extremely low-level 

mosaicism (VAF<1%) was detected in any of the patients on either peripheral blood DNA or saliva 

DNA. Testing on both tissues was available for 10 affected individuals: VAF did not differ 

between the two tissues in nine of them (Table 3). In one patient (P3) the VAF in saliva was much 

higher than the VAF in blood (35% vs 16%, respectively). Unfortunately, DNA could not be 

extracted from available Formalin-Fixed Paraffin-Embedded (FFPE) renal tissue of P3 to evaluate 

the VAF in a different tissue. Testing on three different tissues was available for one affected 

individual (P10): the molecular diagnosis in this patient was reached thanks to the analysis on 

saliva, as NGS on blood did not detect any variant. In this patient, the VAF detected on DNA 
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extracted from two different skin samples (hypomelanotic macule and unaffected skin) was higher 

than the VAF detected on DNA on saliva (4.5% vs 2%, respectively). 

As stated above, an additional patient was found to have a VUS in TSC2 [NM_000548.3]: 

c.1027A>C;p.Thr343Pro, with VAF of 17% (median read depth: 1175X). This variant lies in the 

hamartin binding domain, is absent in the general population (GnomAD VAF=0), has not been 

reported in the LOVD or in ClinVar, and is predicted as deleterious by in silico tools 

(MutationTaster, SIFT, Polyphen-2). Although these pieces of evidence together with the patient’s 

phenotype suggest pathogenicity, functional studies were not available, and the variant was 

therefore classified as a VUS according to the ACMG criteria (Richards et al., 2015). 

In addition to the patients with mosaic single nucleotide variants or indels, we identified also an 

affected individual with a mosaic large deletion encompassing exon 41 and the 3’ UTR of TSC2 

and part of the PKD1 gene (contiguous gene deletion) through DHPLC that was previously done at 

a different laboratory in Turin (Italy). We then reviewed all the MLPA tests performed at the 

genetics laboratory of San Paolo Hospital (Milan, Italy) between 1st January 2016 and 8th July 2021 

(n=69), and found no other patients with mosaic large deletions. 

4.2.2 DEEP PHENOTYPING OF MOSAIC PATIENTS 

Twenty-four patients had a mosaic P/LP single nucleotide variant in TSC1 or TSC2: 11 males, and 

13 females. None of them had a positive family history for TSC. Median age at last follow-up was 

24+6/12 years (range 10 m - 55+7/12 yrs), with 15 adult individuals and 9 children. 

With regard to the clinical diagnosis of TSC, 22 patients had a definite clinical diagnosis, whereas 

two individuals had a possible diagnosis prior to genetic testing (P21 and P23), according to the 

diagnostic criteria used at the time of enrollment (Northrup and Krueger, 2013). Median age at 

clinical diagnosis (or suspicion of diagnosis for P21 and P23) was 18 years (range 5 m - 55 yrs). 

Median age at molecular diagnosis (= date when the genetic report was issued) was 24+6/12 years 

(range 1+6/12 - 55+6/12 yrs). The median difference between the age at clinical diagnosis and the age 

at molecular diagnosis was 7 years (range 1 m - 24+4/12 yrs). 

Figure 9 shows the presence of clinical manifestations for each of the 24 individuals with a P/LP 

mosaic variant and the sum of all manifestations.  
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Figure 9: Clinical manifestations of each patient, grouped by major and minor diagnostic criteria (Northrup et al., 2021) 
and additional common features. White cells: absent; turquoise cells: present; light blue cells: 1-8 manifestations; 
medium blue cells: 9-15 manifestations; dark blue cells: 16-22 manifestations (no patients in this group). * the 
manifestation is present, but insufficient in number to meet the specific diagnostic criterion. N/A: information is not 
available. N/R: information, when absent, is not relevant because the patient was a male (with regard to LAM) or was 
younger than the age of onset of specific manifestations (16 yrs for LAM, 18 yrs for ungual fibromas, 6 yrs for shagreen 
patch and dental enamel pits, 2.5 yrs for autism spectrum disorder). 
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Table 4 reports the frequencies of each clinical manifestation in the present cohort. 

Phenotype 
Frequency in mosaic 
patients (%) 

Frequency in the general 
TSC population1 

Skin 
  Hypomelanotic macules >5mm 15/24 (63%) 

 Hypomelanotic macules ≥3  3/24 (12.5%) 77% 
Hypomelanotic macules <3 12 

 Facial angiofibromas (age >2 yrs) 19/22 (86%) 82% 
Unilateral angiofibromas 3 

 Fibrous plaque 7/23 (30%)  
Fibrous cephalic plaque 5/23 (22%) 

 Shagreen patch (age >6 yrs) 3/20 (15%) 48% 
Ungual fibromas (age >18 yrs) 8/14 (57%)  

Ungual fibromas ≥2 4/14 (29%) 23% 
Ungual fibromas <2 4  

“Confetti” skin lesions 2/23 (9%) 
 Dental enamel pits (age >6 yrs) 2/13 (15%) 
 Dental enamel pits <3 1 
 Intraoral fibromas 2/13 (15%) 
 Intraoral fibromas <2 1 
 Neuroradiology 

  Cortical tubers 22/23 (96%) 
 Multiple cortical tubers 19/23 (83%) 95% 

Single cortical tuber 3  
Radial migration lines 6/23 (26%) 

 Subependymal nodules 13/23 (57%) 
 Subependymal nodules ≥2 12/23 (52%) 94% 

Subependymal nodules <2 1  
SEGA 2/23 (9%) 40% 

Ophthalmology  
  Retinal hamartomas 2/12 (9%) 

 Multiple retinal hamartomas 1/12 (8%) 18% 
Single retinal hamartoma 1 

 Retinal achromic patch 1/23 (4%) 
 Cardiology  

  Cardiac rhabdomyoma 9/22 (41%) 40% 
Cardiac arrhythmia 0 

 Pulmonology  
  LAM (women, age ≥16 yrs) 3/7 (43%) 37% 

MMPH (age ≥16 yrs) 2/8 (25%) 
 Nephrology 

  Renal angiomyolipomas 17/23 (74%) 
 



	
31	

Bilateral renal angiomyolipomas 14/17 (82%) 
 Renal angiomyolipomas ≥2 16/23 (70%) 68% 

Renal angiomyolipomas <2 1 
 Renal cysts 7/23 (30%) 
 Bilateral renal cysts 4/7 (57%)  

Multiple renal cysts 5/23 (22%) 50% 
Single renal cyst 2  

Renal embolization 0 
 Nephrectomy 2 
 Hepatic angiomyolipomas 5/23 (22%) 
 Neuropsychiatric manifestations 

  Normal cognitive level 18/22 (82%) 
 Borderline intellectual functioning 1/22 (4%) 
 DD/ID 3/22 (14%) 50%2 

Autism spectrum disorder 2/21 (10%) 19% 
Other TAND  13/21 (62%) 

 Epilepsy 13/24 (54%) 88% 
Infantile spams 3/24 (13%)  
Seizure-free at last observation 7/12 (58%)  

Other manifestations 
  Sclerotic bone lesions 1 

 Malignancies  1/23 (4%) 6%3 

Table 4: Frequencies of the clinical manifestations in the patients with mosaic pathogenic variants and frequencies in the 
general TSC population (assumed to be non-mosaic). 1 from a cohort of 240 adult patients from the Natural History 
Database, in Giannikou et al. (2019). 2 from the TOSCA study in Kingswood et al. (2017). 3 from Peron et al. (2016). 
SEGA: subependymal giant cell astrocytoma; LAM: lymphangioleiomyomatosis; MMPH: Multifocal micronodular 
pneumocyte hyperplasia; DD: developmental delay; ID: intellectual disability; TAND: tuberous sclerosis associated 
neuropsychiatric disorders. 

 

 

Cutaneous and oral findings 

Hypomelanotic macules larger than 5 mm were seen in more than half of the patients. However, 12 

individuals had less than three macules, thus not reaching the cut-off number to be counted has a 

diagnostic criterion. They all had one or two hypomelanotic macules. In one individual the lesion 

was seen only after performing skin examination with a Wood’s lamp. Facial angiofibromas were 

observed in the majority of affected individuals. Three of them presented with unilateral 

angiofibromas. When present, fibrous plaques were located mainly in the cephalic area, but were 

observed also on the trunk, and on the upper and lower limbs in two affected women. Ungual 

fibromas were present in eight adult patients, but four of these individuals exhibited only a single 

fibroma, thus not reaching the cut-off number to be counted has a diagnostic criterion. The same 

was observed for dental enamel pits and for intraoral fibromas, where one patient had only one pit 
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and another patient had only one fibroma. Three individuals exhibited also café-au-lait macules.  

Neuroradiological manifestations 

All patient except for one presented with cortical tubers. However, three individuals had one single 

tuber. With regard to subependymal nodules, one of the patients had one single SEN. Two patients 

presented with a SEGA, of neonatal onset and at the age of 17 years, respectively. Close follow-up 

in the first one showed that the astrocytoma was stable over time, thus not requiring surgery or the 

use of mTOR inhibitors for the time being. The second patient received surgery at the same time of 

epilepsy surgery. 

Eye findings 

Three affected individuals showed ocular manifestations on eye exam. As seen for skin and brain 

findings, there was a patient with a single retinal hamartoma, thus not reaching the cut-off number 

to be counted has a diagnostic criterion. 

Cardiac manifestations 

Less than half affected individuals had cardiac rhabdomyoma/s. In five patients a single tumor was 

detected, whereas in four patients multiple cardiac tumors were seen. In four patients a cardiac 

rhabdomyoma was observed in the past and was no longer present at the time of last evaluation. 

Five individuals (aged 5, 22, 1+5/12, 24, and 9 years) had a rhabdomyoma on last cardiac ultrasound, 

and in two of them the tumor was regressing. 

Pulmonary findings 

Three women exhibited LAM. They were diagnosed with LAM at the age of 26 and 35 years; in 

one patient the exact age at diagnosis was unknown. Two of them were asymptomatic. Of these, 

one patient had normal pulmonary function tests (PFTs), normal diffusing capacity for carbon 

monoxide (DLCO) testing, and oxygen saturation >99% at last evaluation; she was on Everolimus. 

The other patient had PFTs and DLCO testing within the normal limits, though slightly worse than 

the previous exam; she was not on mTOR inhibitors. The third woman with LAM has emphysema; 

her DLCO testing worsened over time, whereas PFTs remained normal; high resolution CT scan 

(HRTC) showed progression of the disease from age 45 to 50 years, with stable radiographic 

findings thereafter; she was a smoker, and was not on mTOR inhibitors. No patient with mosaic 

variants was known to have had a pneumothorax. 

Nephrological manifestations 

Kidney manifestations varied widely among the affected individuals. One adult male patient had a 

single small renal angiomyolipoma, whereas three women exhibited large, bilateral and growing 
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angiomyolipomas that resulted in nephrectomy in two of them, at the age of 19 and 27 years. One 

of these women has later been started on an mTOR inhibitor (Everolimus) following evidence of 

progressively increasing size of the angiomyolipomas in the remaining kidney. Although renal 

cysts were often multiple, two patients had one single cyst. 

Neuropsychiatric manifestations 

The majority of individuals had normal cognitive functioning. Where available, total IQ ranged 

from 85 to 119. One patient presented with borderline functioning, and three showed ID (1 mild, 2 

moderate). None of the affected individuals exhibited severe ID. More than half of the patients 

presented with a TAND other than ID or autism spectrum disorder. They consisted of: anxiety 

disorder (5 patients), sleep problems (4 patients), eating disorder (3 patients), dyscalculia and/or 

dysgraphia (2 patients), attention deficit hyperactivity disorder (1 patient), and depressed mood (1 

patient).  

Half of the patients had epilepsy, with a median age of onset of 26 months (1 m – 28 yrs). Three 

had infantile spasms. Focal seizures were the predominant seizure type in 10 individuals. Of the 

patients with epilepsy, 58% were seizure-free at the time of last assessment. Four affected 

individuals received epilepsy surgery, and three have been seizure-free since then (Vannicola et al., 

2021). Of the affected individuals without epilepsy, two patients exhibited a single febrile seizure 

with no further episodes, and one patient had a single seizure and was not started on anti-seizure 

medications.  

Other findings 

Sclerotic bone lesions of the spine were detected in an adult woman on abdominal CT scan. We are 

not aware of any other patient with sclerotic bone lesions after reviewing the available imaging. 

One patient was diagnosed with cancer, namely carcinoma in situ of the uterine cervix, and was 

reported in Peron et al. (2016). All the individuals with mosaic pathogenic variants were alive at the 

time of writing. 

Table 5 shows the frequencies of the clinical manifestations in the patients with mosaic pathogenic 

variants in different studies. 

 

 

 

 

 

 

 



	
34	

 

Phenotype of mosaic patients 
 

Present cohort, 
age 1-55 yrs (%), 

n=24 

Giannikou et al 2019, 
age >18 yrs (%),  

n=24 

Ogòrek et al 2020, 
age ≤2 yrs (%), 

n=9 

Hypomelanotic macules ≥3  3/24 (12.5%) 8/24 (33%) 3/8 (38%) 

Facial angiofibromas 19/22 (86%) 22/24 (92%) 1/8 (13%) 

Shagreen patch 3/20 (15%) 4/23 (17%) 1/8 (13%) 

Ungual fibromas ≥2 4/14 (29%) 3/24 (13%) N/A 

“Confetti” skin lesions 2/23 (9%) N/A 0/8 (0%) 

Multiple cortical tubers 19/23 (83%) 14/24 (58%) 7/8 (88%) 

Radial migration lines 6/23 (26%) N/A 3/8 (38%) 

Subependymal nodules ≥2 12/23 (52%) 14/24 (58%) 8/8 (100%) 

SEGA 2/23 (9%) 0/24 (0%) 2/8 (25%) 

Multiple retinal hamartomas 1/12 (8%) 4/21 (19%) 0/5 (0%) 

Retinal achromic patch 1/23 (4%) N/A 1/6 (17%) 

Cardiac rhabdomyoma 9/22 (41%) 2/17 (12%) 7/8 (88%) 

LAM (women, age ≥16 yrs) 3/7 (43%) 1/22 (5%) N/A 

Renal angiomyolipomas ≥2 16/23 (70%) 20/24 (83%) 1/8 (13%) 

Multiple renal cysts 5/23 (22%) 9/24 (38%) 2/8 (25%) 

DD/ID 3/22 (14%) N/A 1/8 (13%) 

Autism spectrum disorder 2/21 (10%) 4/24 (17%) 0/8 (0%) 

Epilepsy 13/24 (54%) 7/24 (29%) 3/8 (38%) 

Table 5: Frequencies of the clinical manifestations in the patients with mosaic pathogenic variants in different studies. 
SEGA: subependymal giant cell astrocytoma; LAM: lymphangioleiomyomatosis; DD: developmental delay; ID: 
intellectual disability; N/A: not available. 

 

Number of clinical manifestations and asymmetry of manifestations 

By analyzing each affected individual, a trend regarding number and location of the clinical 

manifestations emerged. If we look at each clinical manifestation, there are 14 patients who 

presented with a single lesion instead of multiple lesions, as opposed to what is seen in the majority 

of patients with heterozygous variants. In other words: although individuals with mosaic variants 

exhibit several clinical features related to TSC, the manifestations are often single in number or 

unilateral and not bilateral. This was seen mostly with regard to cutaneous manifestations, 

especially hypomelanotic macules and ungual fibromas (12 patients), but was noted also for 

cortical tubers (3 patients), renal cysts (2 patients), and retinal hamartomas (1 patient). 

An example of this is represented by patient P15. He presented with multiple cortical tubers 

exclusively on the left side, a single hypomelanotic macule on the left arm, angiofibromas on the 
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left side of his face (Figure 10A), a shagreen patch, a single ungual fibroma on his left hand, a 

retinal achromic patch on the right eye, a cardiac rhabdomyoma, bilateral renal angiomyolipomas 

that were more numerous and larger on the left kidney. He was found to carry the c.3094C>T;p. 

Arg1032Ter mosaic variant in TSC2, with VAF of 4% in DNA extracted from blood. 

However, it must be noted that other patients with mosaic variants of the same type (i.e. truncating 

variants) and detected at a similar VAF in blood (i.e. ≈4%) presented with a more generalized 

and/or bilateral phenotype, as seen in patients P9 and P18 for instance (Figure 10B and 10C). 

 

 

Figure 10: Photographs of selected individuals with mosaic truncating variants in TSC2 with VAF 4-5% in DNA 
extracted from blood, showing a different pattern of facial angiofibromas with regard to number, size, and location 
(unilateral vs. bilateral). A: P15, showing small unilateral angiofibromas on the left cheek; B: P9, showing bilateral 
angiofibromas of the nose and cheeks; C: P18, showing bilateral angiofibromas of the nose. 

 

As mentioned above, we identified an additional patient with a mosaic large deletion in addition to 

the 24 individuals with mosaic single nucleotide variants. Since the large deletion encompasses 

both the TSC2 and the PKD1 genes, which is known to cause a contiguous gene syndrome with 

clinical manifestations of both TSC and polycystic kidney disease, this patient is discussed 

separately. This patient is an adult male with normal cognitive functioning and no seizures. He was 

diagnosed with TSC at the age of 12 months, and received the molecular diagnosis at the age of 

6+4/12 years. His phenotype consists of: bilateral facial angiofibromas, bilateral cortical tubers, a 

subependymal nodule of 10 mm detected at the age of 17 years and stable in size over time, a 

cardiac rhabdomyoma that spontaneously regressed, unilateral renal angiomyolipoma on the left 

kidney that required embolization, and bilateral renal cysts. 

4.2.3 TRANSMISSION OF MOSAIC VARIANTS TO THE OFFSPRING 

TSC patients with heterozygous variants have a 50% risk of passing the mutation to their offspring 

at each pregnancy and regardless of the fetus’ sex. For TSC patients with a mosaic pathogenic 

variant, a recurrence risk of up to 50% is given, since it is impossible to calculate the exact 

recurrence risk because the VAF in the gonads is unknown (Peron et al., 2018). 

We therefore sought to evaluate the risk of disease transmission of individuals with a mosaic 

variant. Four patients from the present cohort had pregnancies. They were all women. One patient 

had a single pregnancy, which resulted in the birth of an unaffected baby; prenatal diagnosis 

through chorionic villi sampling was performed following the recent molecular diagnosis in the 



	
36	

woman. Another patient had two pregnancies, which both resulted in early miscarriages, prior to 

the molecular diagnosis in the woman. Another patient had a son, who was tested after the 

molecular diagnosis in the mother and has not inherited the pathogenic variant. Another woman 

had two children, who both tested negative for the variant after the molecular diagnosis was 

reached in the mother. No male patients from our cohort are known to have yet reproduced. 
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5 DISCUSSION 

A significant proportion of individuals with a clinical diagnosis of TSC have NMI despite full 

diagnostic workup. It is not clear if these patients should be monitored and/or treated in similar 

fashion to those with known etiology of TSC. This highlights the need of exploring new 

technologies to try and detect the molecular cause of TSC in these patients and, once identified, to 

better delineate their phenotype.  

In the pilot study we compared three different genetic technologies to answer this question. 

Chromosomal microarray was not useful in identifying the genetic cause of TSC. Whole genome 

sequencing was able to detect a mutation in 2 out of 10 affected individuals. No pathogenic 

variants were identified in genes other than TSC1 and TSC2. This supports the hypothesis that a 

third gene causing TSC (i.e. TSC3) is extremely unlikely to exist. If pathogenic variants were 

discovered in other genes by future reanalysis of genome data, a careful re-evaluation of the 

phenotype would need to be carried out, as the patients may have a different though overlapping 

disease. To the best of our knowledge, there are no other research groups that have been able to 

identify a third gene thus far, and all attempts have resulted in the identification of pathogenic 

variants in TSC1 or TSC2 that had been previously missed by conventional testing (Qin et al., 2010; 

Tyburczy et al., 2015). A recently published study claimed to have identified pathogenic variants in 

genes other than TSC1/TSC2 in three patients with TSC by applying exome sequencing (Kovesdi et 

al., 2021). However, a critical review of the study reveals that the variants in two of those genes are 

more likely to be risk factors for certain manifestations exhibited by the patients and that the 

biallelic pathogenic variants in the third gene explain only part of the patient’s phenotype.  

Going back to WGS, the only two patients with a molecular diagnosis obtained through WGS were 

found to have mosaic pathogenic variants in TSC2, which were confirmed using targeted deep-

sequencing. We were able to identify these two mosaic variants only when applying FREEBAYES-

NT, whereas VAAST failed to detect them as it is not designed for mosaicism. WGS - performed at 

a read depth of 60X instead of the conventional 30X - was able to identify mosaic variants with 

VAF of at least 7% and missed the mosaic variants with a lower VAF (5% and lower) detected on 

deep-coverage TSC1/TSC2 sequencing. We did not identify any deep intronic pathogenic variant in 

either TSC1/TSC2 or other genes. 

The pilot study showed that deep-coverage TSC1/TSC2 sequencing had the highest diagnostic 

yield, and confirmed that mosaic variants in TSC1 or TSC2 explain the majority of patients with 

NMI on conventional genetic testing, as found in the pivotal studies by the Kwiatkowski and 

Nellist groups (Nellist et al., 2015; Tyburczy et al., 2015). We can therefore conclude that targeted 

TSC1 and TSC2 deep sequencing is the preferable genetic test for TSC, and WGS - or exome 

sequencing - should not be used to diagnose TSC patients in clinical practice, as stated in current 

recommendations (Peron et al., 2018c; Ogòrek et al., 2020; Northrup et al., 2021). 



	
38	

As nicely explained by Prof. Leslie Bieseker during his lecture at the latest European Society of 

Human Genetics Conference, when aiming at reaching a molecular diagnosis and a high diagnostic 

yield, one should balance breadth (number of genes or regions analyzed, i.e. with exome or genome 

sequencing) versus depth (i.e. deep sequencing), depending on the most likely mechanism of 

disease in a certain condition. It is now clear that clinicians and laboratories should prefer depth 

when testing individuals with TSC. In this regard, it must be noted that the four patients who 

remained with NMI in the pilot study received TSC1/TSC2 deep sequencing prior to the 

introduction of the improved enrichments kits at our laboratory, and that the read depth for their 

sequencing was statistically significantly lower than the read depth obtained for the other patients. 

Therefore, it is possible that mosaic variants in these patients may have been missed if they were in 

a region with poor coverage. Looking at this subject from a different perspective, our results 

suggest that not all deep sequencing panels are suitable for TSC testing. They need to be 

specifically designed and have an adequate read depth to detect low-level mosaicism, and the 

requesting physician should pay attention to this aspect when ordering TSC1 and TSC2 testing, 

especially if the phenotype suggests that the affected individual may be a mosaic. A limitation of  

our targeted panel is that it only covers coding regions and intron-exon boundaries of TSC1 and 

TSC2, thus missing deep intronic pathogenic variants. Deep intronic variants have been reported 

(Tyburczy et al., 2015). However, based on the previously published studies, this occurrence seems 

to be rare. Furthermore, the specific analysis of genome data to look for TSC1 and TSC2 non-

coding variants in the 10 trios from the pilot study did not identify any deep intronic pathogenic 

variant. 

Based on the results of the pilot study and of the literature, we proceeded with the full study, aimed 

at characterizing the molecular and clinical characteristics and risk of transmission in patients with 

mosaic TSC1 or TSC2 pathogenic variants.  

In the full study, we used deep-coverage sequencing of the coding regions and intron-exon 

boundaries of TSC1 and TSC2, and identified 24 patients with mosaicism. The rate of mosaicism is 

12%, which is surprisingly high for a rare Mendelian multisystem disease. Clinicians should be 

aware of the fact that at least 1 in 10 patients with TSC have mosaic pathogenic variants and should 

request the most appropriate test for these patients, ensuring that sequencing at a high read depth is 

available in the laboratory. Regarding the mosaicism rate, we want to disclose that there may be a 

possible ascertainment bias in our study since the patients included in our cohort were evaluated in 

a reference center for TSC, with a specific expertise in individuals whose previous genetic testing 

had resulted as negative. Nevertheless, we retrospectively reviewed the reasons of referral, and 

only a minority of patients were referred specifically because of NMI while the majority were 

patients already known and followed on a regular basis at our TSC clinic, thus ensuring that the 

rate of mosaicism is actually not biased.  
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Mosaicism is an emerging topic in TSC and, to the best of our knowledge, there are only three 

research groups who are currently studying mosaicism in TSC: the group led by Prof. David 

Kwiatkowski in Boston (USA), the group led by Dr. Mark Nellist in the Netherlands, and our 

group.  

Most patients from our cohort were mosaic for a TSC2 variant, but mosaic variants in TSC1 were 

found as well. The mutational spectrum included all types of variants, with a prevalence for 

nonsense mutations, as seen for heterozygous TSC1/TSC2 pathogenic variants. The majority of  

mosaic variants that we detected in our cohort are among those most commonly found in TSC in a 

heterozygous state as per the LOVD (http://chromium.lovd.nl/LOVD2/TSC/home.php). 

Interestingly, ten variants (P3, P5, P6, P13, P14, P15, P19, P22, P23 and P24) were found in a 

mosaic state also in the three previously published studies that evaluated TSC mosaicism 

(Tyburczy et al., 2015; Giannikou et al., 2019; Ogòrek et al., 2020). This could reflect an 

enrichment of these recurrent variants in mosaic patients, thus suggesting that particular attention 

be paid to these regions when performing TSC1/TSC2 deep sequencing.  

Mosaic VAF varied widely, from 2% to 35%. The majority of the patients in our cohort had low-

level mosaicism (VAF ≤10%.), and three had variants with higher VAF (>10%). We did not 

identify any individuals with extremely low-level mosaicism (<1%), as opposed to the previous 

studies, despite applying deep sequencing with a similar read depth. We could not perform a 

comparison between the groups with higher and lower VAF due to the small sample size, but we 

would like to note that a lower VAF does not necessarily reflects the presence of a milder 

phenotype, as described by Byers and colleagues (2018) and seen in several patients from our 

cohort (P12, P18, and P22). 

Since the cohort was heterogeneous with regard to age and the clinical manifestations of TSC are 

known to be highly age-dependent, we could not evaluate possible phenotypic differences between 

the two groups. As noted by Giannikou et al. (2019), also in our cohort the mosaic VAF did not 

differ among different normal tissues (blood and saliva DNA), except for one patient. In P10 

analysis on saliva and skin was necessary to identify a mosaic variant that was not seen on blood, 

and the VAF in the skin tissue sample was higher than the VAF in saliva. So did Giannikou et al. 

(2019) in six individuals. These observations argue in favor of choosing saliva as the preferred 

sample to analyze in affected individuals with suspected mosaicism, provided the laboratory has 

validated the test on saliva. In fact, buccal swabs are easy to obtain, not invasive, and could be 

applied broadly in any genetics clinic. It must be noted that Giannikou et al. (2019) found a 

significantly higher VAF in skin DNA than in blood and saliva DNA, whereas we did not have the 

opportunity to test this difference except for P10. Since the diagnostic yield of deep sequencing in 

our study is in line with that of Giannikou et al. (2019), we posit that skin biopsy can reasonably be 

reserved to unsolved cases that should be referred to centers with great expertise in assessing these 

type of individuals. Nevertheless, we highlight the need of proceeding with testing on different 
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tissues when sequencing on blood/saliva is negative and large deletions have been ruled out by 

MLPA. In the future, improved or different technologies could be applied to identify the missing 

causative variants in the patients who remain with NMI, and the raw data generated with genome 

sequencing could be re-analyzed to search for structural variants or in cis-regulatory elements 

outside the coding genome that interfere with the mTOR pathway gene regulation. Another option 

could be to analyze cell-free DNA using droplet digital polymerase chain reaction (ddPCR), as 

recently applied to vascular malformations (Zenner et al., 2021). 

We performed an extensive analysis of the phenotype of the patients with a mosaic variant, and 

evaluated all clinical manifestations in detail for the first time. We found that the majority of them 

have a mild neurodevelopmental phenotype despite having a high frequency of multiple cortical 

tubers, and often have cardiac, pulmonary and renal findings. Since our cohort includes both 

children and adults, our results likely represent the true spectrum of clinical variability of TSC 

patients with mosaic variants. For the same reason however, it was impossible to compare 

statistically our cohort with the previously published studies evaluating selected manifestations, 

which include only adults (Giannikou et al., 2019; Treichel et al., 2019) or only children younger 

than 2 years of age (Ogòrek et al., 2020). The differences we observed (Table 5) in the three studies 

reflect the age-dependency of the clinical manifestations. Our results show that individuals with a 

mosaic variant in TSC1 or TSC2 have often normal cognitive functioning, although other TANDs – 

especially anxiety and behavioral problems – are seen in more than half of the patients and should 

therefore be investigated and treated. Seizures are diagnosed in about half of the cohort. They 

infrequently involve infantile spams and are more commonly focal-onset seizures that can have an 

onset in adulthood. Although cortical tubers are invariably present, SENs were detected in only half 

of the patients in our cohort. Interestingly, cutaneous manifestations - especially hypomelanotic 

macules - are present in almost all the affected individuals, but their number is often insufficient to 

meet each diagnostic criterion, except for facial angiofibromas. This was observed also for retinal 

hamartomas and renal cysts. We hypothesize that, for certain clinical manifestations, the difference 

between the phenotype of individuals with mosaic and germline mutations does not lie in the 

presence/absence of clinical features but in the number of single lesions that are present for each 

feature. Mosaicism depends on the timing of the mutational event in embryonic life (Nathan et al., 

2017). It is generally accepted that the earlier the event the more generalized the phenotype (i.e. 

several different tissues affected), and the later the event the more confined the phenotype (only 

one or two tissues affected). As discussed by Treichel and colleagues (2019), a lower proportion of 

cells with the mutation in mosaic patients intuitively suggests that fewer cells are potentially 

subject to a second hit event following Knudson’s hypothesis. This could explain the lower 

frequency of ID, autism and epilepsy in our cohort of individuals with mosaic variants. However, 

we observed a high frequency of LAM and renal manifestations in our mosaic cohort, which is at 

least comparable to and as severe as that seen in the general TSC population, leading to life-
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threatening consequences and nephrectomy in two adult women. Similarly, a SEGA was diagnosed 

in two individuals with mosaic variants. Therefore, TSC patients with a mosaic pathogenic variant 

should continue surveillance throughout their life. This is especially important for those individuals 

without neurodevelopmental manifestations who may be inclined to loosen the frequency of their 

medical appointments in adolescence and adulthood, when pulmonary and renal findings manifest 

and whose outcome can be dramatically changed by the use of FDA- and EMA-approved mTOR 

inhibitors (Everolimus and Sirolimus). Of note, all previous studies that evaluated the phenotype of 

mosaic TSC patients were published by the most experienced research group on this subject 

(Kwiatkowski lab) with or without the collaboration of the National Institutes of Health. This is the 

first independent study originating from a different research group. As more individuals with 

mosaic variants are identified and more research is done on this subject, it is likely that we will 

gain detailed information about genotype-phenotype correlations to formulate anticipatory 

guidelines, especially for patients diagnosed prenatally or in the first years of life. This will ideally 

result in a tailored surveillance and more personalized and cost-effective medicine. 

With regard to risk of disease transmission to the offspring, none of the patients in our cohort had 

affected children or pregnancies with affected fetuses. Other studies have documented the presence 

of affected children born to mosaic TSC individuals (Giannikou et al., 2019; Treichel et al., 2019), 

though significantly less frequently than patients with germline TSC (Treichel et al., 2019). As of 

today and based on the current knowledge about transmission of mosaic variants to the offspring, 

identifying a patient with a mosaic pathogenic variant in TSC1 or TSC2 would not change their 

recurrence risk (Peron et al., 2018), but would certainly open up a series of different options for 

future pregnancies for the couple. For these reasons, genetic counselling should always be offered 

to patients with mosaic variants, and preimplantation/prenatal options should be discussed. 

6 CONCLUSIONS 

In conclusion, our study shows that genome sequencing fails to identify rare variants in new genes 

that cause TSC, and a third gene is therefore unlikely to exist. We confirm that the gold standard 

molecular analysis for TSC is deep-coverage targeted sequencing of the TSC1 and TSC2 genes, and 

tissues different from blood may be needed to find a pathogenic variant. 

We demonstrated that mosaicism for TSC1 or TSC2 accounts for 12% of the molecular diagnoses 

of TSC. This is the highest rate of mosaicism seen in a genetic condition thus far, where at least 

one patient out of ten is a mosaic. We also showed that individuals with mosaic variants in TSC1 or 

TSC2 have a distinctive phenotypic severity, with important implications for surveillance. The 

identification of larger numbers of patients with mosaicism will likely help elucidate the numerous 

nuances of mosaicism. 
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