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Introduction

 Natural history - timeline

Systematic phenotype description

Genotype identification

 from Sanger sequencing to NGS

Genotype - Phenotype correlation

« Unusual genotype » 

from non penetrance to mosaïc

Therapeutic approach

Dedicated multidisciplinary clinic

 Patient association

Learning objectives

- Learn the clinical presentations (of the groups of hereditary 

skin disorders and vascular malformations)

- Understand molecular genetic diagnosis (of hereditary skin 

disorders and vascular malformations)

- How to collaborate with dermatologists (genodermatoses

consultation) and neurologists, nephrologists, 

pneumologists, ophthalmologists – multi disciplinary

- To be aware of rare skin syndromes/vascular malformations 

and evolution in experimental/targeted treatment



Introduction

Original description in adult patients

  « Tuberous Sclerosis of cerebral circonvolutions, idiotism and hemiplegic epilepsy »
  

   Désiré Magloire Bourneville Archives Neurologie Paris 1880;1:81-91

Triad of features « mental retardation » , seizure and facial, phakoma/ angiofibroma

    Vogt H. Zur Diagnostik der tubereusen sclerose 1908;2:1-16
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‘Epidemiology’
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Source: 

Multi-systemic condition 

 Multiple Hamartoma

Prevalence: 1/6.000 - 1/10.000

    

    2/3 sporadic  1/3 familial



Natural history – adapted from Davis PE. et al. Pediatrics 2017;140(6)

AdultChildhoodNew bornPrenatal
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• Cardiac 
rhabdomyoma

• Infantile spasms
• Hypomelanotic macules

• Others cutaneous manifestations
• Epilepsy

• Cognitive and behavioural difficulties
• TAND ‘tuberous sclerosis associated neuro-

developpemental disorder’ 

• Renal manifestations
• LAM



Features prevalence related to age 
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Cardiac rhabdomyomas - CR

Natural history -  Prenatal presentation

« Range of prevalence » 
   50 to 90%  Jozwiak 2006
   86% Harding et al. Am J Med Genet 1990
   87% Davis et al. Ped 2017
 
if present  - postulate inside ‘diagnostic setting’ - ‘TSC unless proven otherwise’
       look for presence of criteria brain, kidney

Jozwiak S. Ped  2006;118:1148

Most frequent findings 
Prenatal (if sporadic)
22nd weeks: Intra cardiac auricular and/or right ventricular mass (es)  
(tumor)  
Appearance may lead to the diagnosis of rhabdomyoma



Dermatologic involvement
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Roach J Child Neurol 

2004;19:643-649 

Achromic lesion 
  (‘ash leaf shape’)

Angiofibroma of alae nasi or nails area

Kuehne lesion
Shagreen plaque

Look for
- Gingival fibroma
- Enamel pit(s)

Angiofibroma of nails area



Skin phenotype - Penetrance -  Evolving phenotype
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Natural history - Neurologic features
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Seizures: up to 85% of patients

Onset: during first year of life

Presentation: Focal epilepsy, Infantile spasms/West 

Leading to wide range of cognitive and development delay 



The largest natural history study of TSC to date – the TOSCA (TuberOus Sclerosis registry to 
increase disease Awareness) study is a multi-centre, international disease registry 
designed with the aim of providing deeper insights into the manifestations of TSC and its 
management

Narbbout R. et al Epilepsia Open 2019;4:73–84  

Example: Epilepsy in tuberous sclerosis complex:



Cliniques universitaires Saint-Luc – Yves Sznajer  11 03 2025
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Secondarily to brain lesions 
Typically: « tubers », sub ependymal giant astrocytic lesion(s) (SEGA)

NEUROLOGIC FEATURES

Kalantari and 
Salamon 
Am J R 
2008;190:304-309



Distinctive neuro – psychiatric phenotype

In spite of the high rates and burden of neuropsychiatric manifestations in individuals with TSC, a 2010 study 
from the UK reported that only 18% of all families had ever received any of the recommended evaluations or 
treatments for the range of neuropsychiatric 
manifestations

TSC-associated neuropsychiatric disorders 
(TAND)is an umbrella term coined by the 
Neuropsychiatry Panel of the 2012 
International Consensus Conference 
for TSC and encompasses a range of 
neuropsychiatric manifestations
across various levels of investigation

In a previous publication outlining baseline findings  from the TOSCA cohort of 2093 individuals, we presented
topline findings of TAND features in the largest TSC cohort reported globally to date [28]. Results showed that ID
was observed in 54% of the evaluated participants and suggested that psychiatric disorders were typically diagnosed
late. We also identified significant non-reported or missing data, which suggested that even in expert TSC
centres around the globe, TAND may be underdiagnosed and therefore under-treated



Genotype - phenotype

TAND variables into 6 clusters: a scholastic cluster (reading, writing, spelling, mathematics, 
visuo-spatial difficulties, disorientation), a hyperactive/impulsive cluster (hyperactivity, 
impulsivity, self-injurious behavior), a mood/anxiety cluster
(anxiety, depressed mood, sleep difficulties, shyness), a neuropsychological cluster 
(attention/concentration difficulties, memory, attention, dual/multi-tasking, executive skills 
deficits), a dysregulated behavior cluster (mood swings, aggressive outbursts, temper 
tantrums), and an autism spectrum disorder (ASD)-like cluster (delayed language, poor eye 
contact, repetitive behaviors, unusual use of language, inflexibility, difficulties associated 
with eating)

de Vries et al. Journal of Neurodevelopmental Disorders 2020:24(12):1-13



To more recent 

Approximately 90% of people with TSC evidence 
TAND manifestations at some point in their lives
and TAND has been identified by families 
as the greatest clinical burden of the disorder



Ophthalmic phenotype
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Retinal hamartoma



Diagnostic Criteria
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‘certain’ IF: 2 major criteria
   1 major + 2 minor criteria
‘probable’ IF : 1 major + 1 minor
‘possible’ IF :  1 major

Roach et al. 1998

Major criteria Minor criteria

Dermatology 1) Facial angiofibroma or frontal plaque

2) Fibroma of  nail ( non traumatic)

3) ≥3 hypomelanic macules ( amelanotic 

spots)

4) “Shagreen” plaque 

Ski lesions “in confetti” 

Ophthalmology Multiple retinal nodular hamartoma Amelanotic retinal pellet

Cerebral 1) Cortical tuber

2)  Subependymal nodule

3) Giant cells astrocytoma (SEGA)

Abnormal migration of white 

matter (neuronal migration 

anomaly)

Cardiac Rhabdomyoma ( single or multiple)

Renal Renal angiomyolipoma or 

lymphangiomyomatosis

Multiple cyst 

Teeth / oral cavity 1) Enamel tooth anomalies ( 

multiple pits)

2) gingival fibroma

Digestif Colon hamartomatous 

polyposis 

Bone Bone cyst

Vascular Hamartoma 

(other than renal)



Synthesis…
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Intra familial variability
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Genotype, on the way
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Genotype identification on the way…
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We have used fingerprinting methods and hybridization to produce a 1.7-Mb 
overlapping clone map covering the TSC1 candidate region, with a single gap of 20 
kb. We have localized 12 previously cloned genes and 17 genetic markers on this 
map and have confirmed the order of the genetic map 

This deep set of overlapping clones is now ready to be used for candidate gene 
isolation, for transcription studies, or for sequencing



Genotype, on the way (ct’d)
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Genotype identification on the way…
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…TheTSC1 gene was identified from a 900-kilobase region containing at least 30 genes 

The 8.6-kilobase TSC1 transcript is widely expressed and encodes a protein of 130 
kilodaltons – hamartin - that has homology to a putative yeast protein of unknown 
function

In one of these six: a somatic mutation in the wild-type allele was found in a TSC-
associated renal carcinoma, which suggests that hamartin acts as a tumor suppressor



Genotype evidence
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TSC1 encoding for the protein Hamartin - 21 exons 

Slentghorst Science 1997;277:855-858



Genotype identification on the way
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Our results support a model with two different loci independently causing the disease :

- one locus (TSC1) maps in the vicinity of the Abelson oncogene (ABO) at 9q34 

a second locus (TSC2) maps in the region of the anonymous DNA marker Lam L7 and 
the dopamine D2 receptor gene at 11q23



Genotype, on the way (ct’d)

26



The secund locus

TSC2 - GenBank NG 005895.1 GI:125662814 – 42 exons
http://ftp.ebi.edu.au/pub/ databases/lrgex/LRG_487.xml] 

Cell 1993;75(7):1305-15
Identification and characterization of the tuberous sclerosis gene on chromosome 16
European Chromosome 16 Tuberous Sclerosis Consortium.               PMID: 8269512

https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=European+Chromosome+16+Tuberous+Sclerosis+Consortium%5BCorporate+Author%5D


28

TWO genes - ONE disease

• TSC1 encoding for Hamartin on chromosome 9q34

21 coding exons / c-DNA of 3.4kb/ 1164 amino acids

• TSC 2 encoding for Tuberin on chromosome 16p13.3

41 coding exons / c-DNA of 5.6 kb / 1807 amino acids

1 2 3 // 22215 23// 8 //

ATG TAA

1 2 3 // 39385 41// 17 //

ATG TGA

6 7 85 9 4033 // 38

promoter

promoter
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Functions of the TSC1/TSC2 gene products

• Hamartin and Tuberin are ubiquitously expressed

• Expression: predominantly localized in cells with a rapid mitotic rate 
and turnover, e.g., epithelia, lymphocytes, heart, skin, kidney, lung, 
eyes 

functions as a tumor/growth suppressor
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Evidence : TSC1/TSC2 gene products

• Tuberin and Hamartin expression: reduced in Subependymal Giant Cell 
Astrocytomas (SEGA) by immunohistochemistry

Sergiusz J et al. Journal of Child Neurology 2004; 19:102-106

• Loss of heterozygosity (LOH) of  both TSC1 and TSC2 in hamartomas 
from TS patients

van Slegtenhorst et al. Science 1997; 277:805-808

• Loss of a single TSC gene allele is sufficient to disrupt neuronal 
morphology and function in mouse models 

Tavazoie SF et al, Nat Neurosci. 2005; 8:1727–1734

• High frequency of LOH in renal angiomyolipoma, cardiac rabdomyoma 
and lymphangioleiomyomatosis but low frequency in cortical tubers

Henske et al. Am J Pathol. 1997; 151:1639-1647 / Chan JA et al. J Neuropathol Exp Neurol. 2004 63:1236-42

• Methylation of promotor described in renal angiomyolipoma
Lesma E et al. Am J Pathol. 2009; 174:2150–2159



Expression studies of hamartin - tuberin

Evidence for population variation in TSC1 and TSC2 gene expression 

Jentarra GM et al. BMC Med Genet. 2011; 12: 29

first evidence that TSC1 and TSC2 genes exhibit allele-specific differences in 
mRNA expression in blood leukocytes isolated from normal individuals

difference between 10 to 20% for TSC1 and TSC2 mRNA expression
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Data interpretation

Ekong et al. Hum Mutation 2016

- Database on nucleotidic changes in TSC1 and TSC2 genes 
 
 Leiden Open Variation Databases publicly (2006)

 https://databases.lovd.nl/shared/genes/TSC1
 https://databases.lovd.nl/shared/genes/TSC2

https://databases.lovd.nl/shared/genes/TSC1
https://databases.lovd.nl/shared/genes/TSC2
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Genotype deciphering

- 



34 Genetic testing: number of mutation reported for Tuberous Sclerosis in 
LOVD (Leiden Open Variation Database)

mutation in TSC2

No hotspot for the two genes:
Substitutions represents nonsense, splice site 
mutations and misssence mutations in TSC2 gene



Result -  detection yield
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Database…
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Database…
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Genotype – Phenotype Correlation ?

First large cohort studies

Jones et al. (1997)  9/24 familial and only 13/147: sporadic

Kwiatkowska et al. (1998)  13 families link to TSC1 gene – 126 sporadic

    22 ‘limited’ families without haplotype linkage to TSC1 gene

Jones et al. (1999) 150 unrelated patients 

   120/150  (80%) mutation : 22  in TSC1 gene  - 98  in TSC2 gene

Ali et al. (1998) 83 unrelated - link to TSC1 gene: mutations 16/ 83 - 19% ‘ins or small del’ 
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http://www.ncbi.nlm.nih.gov/pubmed/9328481
http://www.ncbi.nlm.nih.gov/pubmed/9328481
http://www.ncbi.nlm.nih.gov/pubmed/9924605
http://www.ncbi.nlm.nih.gov/pubmed/10205261
http://www.ncbi.nlm.nih.gov/pubmed/9863590


Genotype – Phenotype Correlation ?

First large cohort studies

Mayer et al. (1999) all identified mutations (TSC1 ; TSC2)  responsible for truncated protein 
  (either hamartine or tuberin) PTT

Niida et al. (1999) 126 patients unrelated  

   (40 familial and 86 sporadic): mutation detection rate: 59%

Cheadle et al. (2000) 154 patients identified carrier of a  mutations in TSC1 gene

   292 in TSC2 gene

   47% TSC1: single-base substitutions - 82% ‘nonsense’ mutations

39

http://www.ncbi.nlm.nih.gov/pubmed/9328481
http://www.ncbi.nlm.nih.gov/pubmed/10533067
http://www.ncbi.nlm.nih.gov/pubmed/11030407


Genotype – Phenotype Correlation ?

First large cohort studies

Dabora et al. (2001) 224 index patients : 

mutations in 186 (83%): 138 small TSC2 gene mutations

20 large TSC2 gene mutations and 28 small TSC1 gene mutations 

Both germline and somatic mutations appear to be less common in TSC1 gene  (vs TSC2)

Au et al. (2007) 325 individuals

72% (199/257) ‘de novo’ and 77% (53/68) familial 

17% of mutations in the TSC1 gene 

50% in the TSC2 gene

Patients with TSC2 gene mutations:  more frequent: hypomelanosis - learning disability

40

http://www.ncbi.nlm.nih.gov/pubmed/17304050


Correlation…PHENOTYPE AND GENOTYPE IN TUBEROUS 
SCLEROSIS COMPLEX
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 -  TSC2 gene mutations are more frequently identified in prenatal setting 
when Rhabdomyoma is noted on ultrasound 54% vs 20% for TSC1 gene 

  



Genotype - phenotype

At the psychiatric level, ASD was observed at significantly higher frequency in participants 
with TSC2 gene than those with TSC1 gene mutations (28.6% vs 12.2%, P < 0.001)

ADHD, anxiety disorder and  depressive disorder were not significantly different between 
the two genotypes, but it was interesting to observe that all three showed higher absolute 
frequencies in association with TSC1 rather than TSC2 (ADHD
TSC1 = 17.6%; TSC2 = 16%, P = 0.6881)

More individuals with TSC2 gene mutation had neuropsychological performance scores 
falling below the 5th percentile compared to those with TSC1 gene mutation (63% vs 
38.8%, P = 0.0024)



Correlation…PHENOTYPE AND GENOTYPE IN TUBEROUS 
SCLEROSIS COMPLEX
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- Large phenotypic diversity -  high variability in the clinical manifestations among patients 
with same pathogenic variant
Grossly : « pathogenic variants in TSC2 gene responsible for a more severe phenotype  
 (than variants in TSC1 gene) »

 - Neurologic manifestations
 -  TSC2 gene variants are associated with 
  - earlier onset of seizures
  - seizures are often more refractory and harder to treat 
  (than those of patients with TSC1 variants) 
  - a higher percentage with infantile spasms then with TSC1 gene 
  - one study has shown that missense variants in exons 23-33  
 decrease the risk for development of infantile spasms (to be  
 confirmed)
  - a higher rate of ASD as well as intellectual disability



Correlation…PHENOTYPE AND GENOTYPE IN TUBEROUS 
SCLEROSIS COMPLEX
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The differences in phenotype between TSC1 and TSC2 genes variants seem to result from 
two main effects

- First as germline pathogenic variants are less common in TSC1 than TSC2 gene, the 
frequencies of second-hit events - that are crucial for the development of tumors and 
cortical tubers in TSC - are less common in TSC1 than TSC2. Indeed, tumor in multiple 
organs and cortical tuber counts are lower in TSC1 than they are in TSC2 disease

- « Second it appears that loss of a single allele of TSC1 has less effect on the functional 
activity of the TSC protein complex in the cell than does loss of an allele of TSC2 ». 

     Although there is a difference in phenotype in population cohorts, it is not a major      
distinction, such that one cannot guarantee that a TSC1 phenotype will be milder than 
that of TSC2. Hence, consensus guidelines for surveillance of developmental issues and 
tumor development in TSC do not depend on the gene or variant identified or level of 
mosaicism



To keep in mind !
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LARGE DELETIONS IN TSC1 or TSC2 gene

- will not be picked up by sequencing 
- MLPA/Shallow sequencing

- accounting for 
 2.8% of all TSC1 gene disease causing variants
 6.4% of all TSC2 gene disease-causing variants

…often extend into adjacent genes

 deletions at the 3 end of TSC2 gene often extend to the closely adjacent PKD1 gene 
(contiguous gene syndrome) : cause a unique clinical phenotype of accelerated 
polycystic kidney disease:  Such individuals may have multiple renal cysts identified at 
birth (early onset and ‘severe’ ) - tend to progress to renal failure by the teenage years



Lead to …precise genetic counselling
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 autosomal dominant trait – if parent carrier of a mutation 
- transmission risk 50%

80%  yield for the detection of a mutation 

   inside one of the 2 genes 

 Mutation/deletion: inactivation of TSC1 or TSC2

15% - 20%             somatic/ mosaïc

    genetic heterogeneity?

   other ?
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UNDETECTABLE MUTATION ALL AROUND THE STUDIES

Molecular genetic testing of TSC1 and TSC2 by sequence and deletion/duplication
analysis identifies a causal mutation in approximately 85% of individuals with a
definite diagnosis of TSC.

Approximately 15% of persons with TSC have no mutation identified – NMI

Limited genetic counselling

no access to reproductive choices – PGD

no access to Prenatal Diagnosis
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Three novel types of splicing aberrations in the tuberous 
sclerosis TSC2 gene caused by mutations apart from 

splice consensus sequences
Karin et al Biochimica et Biophysica Acta 1502 (2000) 

495-507

Hypothesis for ‘inability to detect molecular mechanism’ 

New Engl J Med 1999
‘’ We describe a patient with severe tuberous 
sclerosis in whom a mutated TSC1 allele was 

present in only one third of leukocytes 
and in different proportion in other tissues ’’

Splice site mutations
IVS38-18A-->G
IVS8+281C-->T 
IVS9-15G-->A



Mosaïc…
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Interestingly, TSC patients from our cohort with the lowest MVAF in normal tissues 
(<0.63%, lowest) had fewer TSC clinical features in comparison with patients with higher 
MVAF (0.67–7.2%) 

We found that there is a deficit in the observed number of TSC individuals at very low 
MVAF, in comparison with the number predicted by genome-wide studies and theoretical 
modeling (Fig. 2b, c). There is a substantial number of individuals in the population with 
low-level mosaicism for a pathogenic variant in TSC2 who are not recognized clinically due 
to minimal or no TSC clinical manifestations

Unrecognized low-level mosaic individuals may contribute to the known recurrence risk 
for parents of a sporadic TSC child, usually estimated as 1–2% 

Volume 21 | Number 11 | 2019 



Mosaïc
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Volume 21 | Number 11 | November 2019 



Mosaïc…
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Functional study

- 
Hum Mut 2013;34(1):167–175 
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Functional study

- 

Hum Mut 2013;34(1):167–175 
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Functional study

- 
 2013;34(1):167–175 



‘mTOR opathies’ - related conditions

The term  mTOR pathway related malformations - has been introduced to define a 
spectrum of MCDs characterised by altered cortical architecture, abnormal neuronal/glial 
morphology and intractable seizures as a consequence of a deregulation of the mTOR 
signalling - mTOR is a serine/threonine protein kinase - hyperactivation of the mTOR signaling cascade

A. Muhlebner J Anat 2019;235:521--542



mTORopathies - mTOR pathway related conditions

Smith Kingsmore syndrome SKS (OMIM #616638)
macrocephaly, (hemi-)megalencephaly, intellectual disability, seizures, facial dysmorphic  features that include curly /wavy hair, 
frontal bossing, midface hypoplasia, small chin, and hypertelorism

germinal MTOR variants, mosaicism confined to the brain usually results 
in isolated focal cortical dysplasia (FCD) without  additional SKS features



mTORopathies - mTOR pathway related malformation



And from cellular pathway…to treatment
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Functions of the TSC1/TSC2 gene products
Negative regulators of the mTOR signaling pathway

Model for regulation of tuberin under conditions of mitogenic sufficiency.

 (A) Tuberin normally functions as a GAP for Rheb within an intracellular membrane compartment, inhibiting Rheb 

and mTOR signaling, which suppresses cell growth. 

(B) Upon stimulation by growth factors, AKT is activated, leading to phosphorylation and cytosolic sequestration of 

tuberin by 14-3-3 proteins. This cytosolic translocation relieves tuberin repression of the Rheb-mTOR signaling, 

stimulating cell growth.



From pathway to treatment…
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From gene to treatment
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Synthesis…
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Doloney et al. 2021 doi:10.1093/braincomms/fcab222



http://www.institutdesmaladiesrares.be
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➢ Altogether > 20.000 patients

➢ One dedicated clinic for Tuberous 
sclerosis patients (CMNCC)

➢ 1) referal to confirm the 
phenotype

➢ 2) molecular genotype 
identification 

      sequencing and MLPA since             
1997… as more recent NGS 
technology (somatic)

➢ offer Genetic counselling
➢ Work in progress: Guidelines - 

Genetic Centers - Marije 
Meuwissen - Mark NellistReference Genodermatosis (‘CMNCC – centre 

des maladies cutanées congénitales’)

http://www.institutdesmaladiesrares.be/


National Patient’s
association

https://www.betsc.be
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Synthesis…

66

Learning objectives

- Learn the clinical presentations of the groups of hereditary skin disorders and vascular malformations

- Understand molecular genetic diagnosis of hereditary skin disorders and vascular malformations

- How to collaborate with dermatologists (genodermatoses consultation) and neurologists, nephrologists, 

pneumologists, ophthalmologists – multi disciplinary

- Understand guidelines for diagnosis and surveillance of the relevant conditions: 7 workgroups - in progress 

Coordinator Peter Janssens - UZ Brussel

- To be aware of rare skin syndromes/vascular malformations and evolution in experimental/targeted treatment



Thank you for your attention

Open to your question

yves.sznajer@uclouvain.be



Complexity  Non penetrance
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Osborne Lancet 2000;355:1698
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