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1. INTRODUCTION

1.a. Historical Overview

Tuberous Sclerosis Complex (TSC, OMIM  #191100) is an autosomal dominant, multi-system 
disorder, first described with neurological and dermatological signs and symptoms. 

Pierre François Olive Rayer published an atlas of skin diseases in 1835 [1], depicting a young 
man with small, erythematous papules in characteristic distribution on his face and with similar 
appearance to what Balzer and Ménétrier reported as adenomas sébacés (adenoma sebaceum) 
50 years later [2], lesions closely resembling the facial angiofibromas often seen in patients with 
TSC. 

In 1862, Friedrich Daniel von Recklinghausen presented a newborn infant who had died shortly 
after birth with cardiac tumors labeled as “myomata” and added briefly that the infant’s brain 
contained “great number of scleroses” [3]. This brief report contained the first description of two 
major pathologic lesions in newborn infants with TSC, as we now call them, cardiac rhabdomyomas 
and cortical tubers. 

Désiré-Magloire Bourneville (1840-1909) gave the name still in use – tuberous sclerosis of the 
cerebral convolutions – to the cerebral pathology [4]. He described a 15-year-old female patient 
with first partial, and then generalized seizures accompanied by frequent episodes of status 
epilepticus and right spastic hemiplegia. The patient had skin tags (molluscum pendulum) of the 
neck and “confluent vesiculo-papular eruption on her nose, cheeks and forehead”. Pathologic 
examination of the brain disclosed raised, opaque, and sclerotic areas in some of the cerebral 
convolutions. Bourneville used the term tuberous sclerosis of the cerebral convolutions for the 
white nodular tumors embedded in the corpus striatum and protruding into the lateral ventricles 
he found on sectioning the brain sagitally. 

A year later Bourneville and Brissaud reported another patient with the disease, a 4-year-old 
patient with right-sided seizures who died in status epilepticus and had similar cerebral pathology 
[5]. 

Hartdegen reported a 2-day-old infant who had died in status epilepticus. The case had spina 
bifida, purulent meningitis, areas of sclerosis throughout the cerebral cortex, and several small 
tumors protruding into the lateral ventricles of the brain containing hyperplastic glia and large 
cells that looked like neurons. Hartdegen called the cerebral lesion “glioma gangliocellulare 
cerebri congenitum” and suggested a neoplastic etiology which was also supported by Vogt 
and Bielschowsky later [6, 7]. In the mean time, dermatologists in France and Great Britain 
recognized and named “adenoma sebaceum” accompanied by seizures and mental retardation 
in some patients [2, 8].

In 1905 Campbell described ocular pathology [9] while in 1908, Vogt suggested the well-known 
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clinical triad of seizures, mental retardation and “adenoma sebaceum” as diagnostic for cerebral 
tuberous sclerosis [6]. Vogt also noted the cardiac and renal tumors as parts of the disease. 
Pellizzi studied the cerebral histopatologies associated with the disease, emphasizing the 
dysplastic nature of the cerebral lesions [10]. He noted the disordered cortical architecture, 
embryonic appearance of the abnormal cells, neuronal heterotopia, and defective myelination. In 
1905, Perusini followed by publishing a report on the microscopy of the cortical tubers including 
atypical neurons, subcortical areas of hypomyelination, and subependymal nodules also noting 
the association of cerebral, renal, and cardiac lesions with facial angiofibromas [11]. 

Kirpicznik [12], Berg [13], and Schuster [14] reported on the hereditary nature of the disease. 
The latter also described a case with only “adenoma sebaceum” and called this phenotype forme 
fruste, which was used as an indication of reduced phenotypic expression of the disease. 

In 1920, van der Hoeve [15] noted the well-circumscribed lesions, the similarities between TSC, 
neurofibromatosis and von Hippel-Lindau disease in the patchy distribution of these lesions and 
their tendency to grow as benign tumors and introduced the terms phakoma and phakomatosis.  

In 1924 Marcus [16] and in 1935 Dalsgaard-Nielsen [17] described intracranial calcifications as a 
clinical sign. With the introduction of pneumoencephalography, the intraventricular subependymal 
nodules on the walls of lateral ventricles could be demonstrated for the first time in 1934 [18].

In 1932, Critchley and Earl published the very first cohort, a cohort of 29 cases, with very detailed 
clinical descriptions and for the first time emphasized the diagnostic value of hypomelanotic 
macules as well as the presence of psychiatric disorders and autism [19]. 

Moolten, in 1942, renamed the disease as “the Tuberous Sclerosis Complex” with the appreciation 
of the complexity and the multiple organ involvement in this disorder [20]. 

In 1967, in a series of 71 TSC cases, 38% were found to have no mental retardation forcing the 
clinicians to question the validity of the Vogt triad as diagnostic criteria [21]. In the same report, a 
striking correlation was found between the presence of epilepsy and mental retardation. 

With the improvement of imaging technology, including computed tomography, echocardiography, 
renal ultrasound and magnetic resonance imaging, came new and more extensive diagnostic 
criteria for diagnosis of TSC [22]. The estimated prevalence of TSC raised from 1:100,000 in 
the first half of the 20th century to 1:10,000 [23] and even to 1:5,800 [24]. Among the newly 
recognized cases were some with few or no clinical features of the previously used diagnostic 
criteria, the Vogt triad. 

Gomez was the first person to describe the full clinical spectrum of TSC. In 1979, he published 
a monogram attracting the interest of both clinicians and genetic researchers to the field [25]. In 
1992 and 1993 new guidelines for the diagnosis of TSC patients were established and definitive 
and presumptive TSC diagnosis classification was introduced [26, 27]. According to these 
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diagnostic criteria, facial angiofibromas, multiple ungual fibromas, cortical tubers, subependymal 
nodules, subependymal giant cell astrocytomas and multiple retinal astrocytomas were accepted 
as pathognomonic manifestations of TSC. In addition, having an affected family member was one 
of the diagnostic criteria. 

In 1998 the diagnostic criteria for TSC have been revised and have taken its present form [28]. In 
its current form, no clinical sign or symptom is accepted as pathognomonic for TSC, and having 
an affected family member is no longer a diagnostic criterion. The present day diagnostic criteria 
are discussed in the following paragraphs.

1.b. Clinical Manifestations and Diagnostic Criteria of Tuberous Sclerosis Complex

Tuberous Sclerosis Complex is characterized mainly by the presence of three types of lesions 
proposed by Moolten [20]. Hamartias are well-circumscribed, misaligned or misarranged groups 
of dysplastic cells that nevertheless are appropriate for the organ or tissue involved. These 
undifferentiated cells do not multiply or grow more rapidly than the normal cells of the affected 
organ. Hamartomas, on the other hand, have a propensity to multiply excessively, growing as 
benign tumors. Hamartoblastomas are rare malignant tumors derived from hamartomas. 

The phenotype of patients with TSC depends on the organ or organs involved, the number and 
size of the lesions as well as the location of the lesions. While some lesions do not appear until 
a certain age (i.e., angiomyolipomas), others may disappear with age (i.e., rhabdomyomas). The 
phenotypic heterogeneity of TSC is well documented, even within families [29-31]. 

The five main characteristics of TSC are (1) autosomal dominant inheritance; (2) age-dependent 
phenotypic expression (table 1); (3) characteristic lesions visible directly or indirectly; (4) lesions 
that are often multiple in the affected organ(s); and (5) well-circumscribed (benign) lesions in 
the affected organ(s) surrounded by normal parenchyma, except where a hamartoma causes 
mechanical displacement or compression. 

Characteristic Lesions, Signs and Symptoms of TSC

Central Nervous System
Cortical tubers, subependymal nodules (SENs), subependymal giant cell astrocytomas (SEGAs), 
radial migration lines in cerebral white matter are the main signs of TSC in the central nervous 
system. Epilepsy and mental retardation are the most severe and incapacitating manifestations of 
TSC also associated with the expression of TSC in the central nervous system. Cranial imaging 
is recommended when a diagnosis of TSC is made or suspected. Neurological disorders in TSC 
are proposed to result from defects in cell migration, proliferation and differentiation. An abnormal 
population of neuroepithelial cells generated by the germinal matrix of TSC patients forms 
primitive, poorly differentiated cells expressing both neuronal and astrocytic features. Some 
of these cells remain in the germinal matrix zone leading to SENs and SEGAs, some migrate 
partially forming heterotopia in the subcortical white matter, while yet others migrate to the cortex 
forming the cortical tubers. Cortical tubers and SENs are present in 90-100% of the TSC patients. 
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SEGAs, although rarely seen in the general population (1.4%), is seen in approximately 15% 
of TSC patients. Although benign, these tumors can be locally invasive leading to progressive 
neurological dysfunction. SEGAs are almost always located near the foramen of Monro and 
therefore result in symptoms related to increased intracranial pressure. Herniation due to 
increased intracranial pressure may result in sudden deaths. Epilepsy is proposed to be caused 
by the architectural disturbances in the brain, the mass effect of the lesions or the increased 
excitability of some cell types typical to TSC lesions. Epilepsy is the most common neurological 
symptom of TSC, occurring in almost all TSC patients. In some patients, mapped epileptogenic 
lesions using a combination of electroencephalogram (EEG) and magnetic resonance imaging 
(MRI) data can be removed successfully. IQs of TSC patients are bimodally distributed, one 
group with severe mental disability and one with normal intelligence, although even the ones 
with normal intelligence have slightly lower IQ scores compared to their siblings. The degree of 
mental disability has been shown to be associated with the age of onset of seizures, presence 
of infantile spasms, and the number and localization of tubers. In addition to epilepsy and mental 
disability multiple behavioral problems including sleep disorders, hyperactivity, attention deficit, 
aggressiveness and autism have been reported in children with TSC. Good seizure control early 
in life is believed to reduce the mental and behavioral disabilities. 

Skin
Skin manifestations of TSC can include hypomelanotic macules, shagreen patches, facial 
angiofibromas, fibrous forehead plaques and ungual (periungual or subungual) fibromas. 
Hypomelanotic macules are one of the most common lesions observed in TSC patients. 97% 
of the TSC patients have hypomelanotic macules compared to 4.7% in the general population.  
These lesions have normal number of melanocytes but show reduced number, melanization, 
and size of the melanosomes within the melanocytes and keratinocytes. Facial angiofibromas 
result from dermal fibrosis and vasodilation seen in approximately 75% of TSC patients. Fibrous 
forehead plaques, on the other hand, are fibromas without the vascular component. Shagreen 
patches, reported in 21-80% of the TSC patients depending on the age of the patients studied, 
are connective tissue hamartomas without increased vasculature, mainly located on lumbosacral 
region. Ungual fibromas, reported in 15-55% of TSC patients, are fibromas or angiofibromas 
histopathologically resembling facial angiofibromas or fibrous forehead plaques. Skin 
manifestations of TSC mainly raise cosmetic concerns and are treated accordingly. 

Eyes
Astrocytic retinal hamartoma, also called retinal phakoma, is often located in the periphery of 
the retina and hence is mostly asymptomatic. They are seen in up to half the cases and can 
be bilateral in TSC patients. Other ophthalmologic lesions reported in association with TSC are 
retinal pigment alterations, strabismus, coloboma of the iris and angiofibromas of the eyelids. 
Most retinal lesions can be seen with direct or indirect fundoscopy and require no treatment.

Kidneys
After the central nervous system and skin, kidneys are the third most commonly involved organs 
in patients with TSC. Eventually, more than 80% of TSC patients will be found to have renal 
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involvement. Renal angiomyolipomas (AMLs) and multiple kidney cysts constitute the main 
manifestations in kidneys, although clear cell carcinomas can rarely be present. In a small 
proportion of TSC patients, adult type autosomal dominant polycystic kidney disease (ADPKD) 
is also present as a part of contiguous gene syndrome caused by the deletion of the TSC2 gene 
and the neighboring PKD1 gene [32]. Renal AMLs, either as a sporadic condition or as a TSC 
manifestation, are more frequent among female patients. Although mostly benign, malignant AML 
with invasive growth may occur in TSC patients. Up to 80% of TSC patients might harbor renal 
AMLs, although the condition is not uncommon in the general population and is found in up to 
2.1% of post-mortem examinations and only 2% of all AMLs are actual TSC patients. Kidney cysts 
observed in TSC patients have hypertrophic and hyperplastic cells lining the cyst wall, a distinct 
feature associated with only TSC. The renal manifestations of TSC may lead to hypertension, 
flank pain, hemorrhage and renal failure. The treatment of these lesions is mainly angiographic 
embolization for symptomatic lesions but may require surgical intervention including complete 
nephrectomy.

Heart
Cardiac rhabdomyomas are the most common congenital cardiac tumors, the majority of which 
are associated with TSC [33]. This condition can be the earliest sign of TSC in utero. 50-80% of 
the cases with multiple cardiac rhabdomyomas are associated with TSC. They are noninvasive, 
mitotically inactive and non-metastasizing overgrowths of cardiac muscle. Rhabdomyoma cells 
have numerous vacuoles filled with glycogen. They are large cells with small central nuclei and 
a thin peripheral rim of cytoplasm and are called “spider cells” for the delicate radiating strands 
connecting the nucleus with the cell membrane. Although they are benign and mostly regress 
during the first year of life, cardiac rhabdomyomas may severely compromise blood flow, interfere 
with myocardial function, and cause arrhythmias, and might lead to stillbirth or sudden death. 
Symptomatic cases where the tumor does not regress may require surgical intervention. 

Lungs
Lymphangioleiomyomatosis (LAM), the lung manifestation of TSC, occurs almost solely in female 
TSC cases above 20 years of age. Recent reports indicate that LAM has a prevalence as high 
as 39% in TSC patients [34-36]. Pathologically it is characterized by the abnormal proliferation 
of immature smooth muscle-like cells that grow aberrantly in the lung. However, LAM is not 
necessarily limited to the lung but can also involve lymph nodes, kidney and colon. In patients 
with sporadic LAM, identification of the same mutations in renal AMLs and LAM cells led to 
the hypothesis that these two conditions are genetically interrelated. Although pathologically 
benign, LAM can cause severe complications including pneumothorax or chylothorax and may 
require surgical intervention and even lung transplantation. Two lesions believed to be malignant 
precursors of lung carcinoma, atypical adenomatous hyperplasia and multifocal micronodular 
pneuomocyte hyperplasia, have also been described in TSC patients.

Oral Cavity
Gingival fibromas and multiple enamel pits are the oral manifestations of TSC. Dental enamel 
pitting is seen in 90% of the TSC patients compared to 9% of the general population. Gingival 
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fibromas are usually located on the anterior gingival border, lips, dorsum of the tongue, palate, 
and other parts of the buccal mucosa and may be obscured by gingival hyperplasia.

Diagnostic Criteria of TSC
The criteria for the diagnosis of TSC are based on clinical and pathological examinations, and 
several imaging methods. Since the clinical spectrum of TSC is very diverse and variable, even 
within families, the clinical diagnostic criteria were divided in two groups: major and minor features 
(table 2). 

Age Lesion/Sign

Between 20th week of gestation and birth Cardiac rhabdomyoma

Perinatal period Subependymal nodule/tumor

Multiple renal cysts

Hydrops fetalis

Seizures in utero

Wolf-Parkinson-White syndrome

Newborn period Fibrous forehead plaque

Partial seizures with or without generalization

Abdominal distention/uremia

Infancy Infantile spasms/West syndrome

Hypomelanotic macules

Retinal hamartomas

Regression of social-adaptive behaviour

Delayed motor development

Early childhood Seizures/Lennox-Gastaut syndrome

Autism/atypical autism/mental handicap

Facial angiofibromas

Aberrant behavior/learning disability

Late childhood Mental retardation/autism/intractable seizures

Subependymal nodules/giant cell astrocytoma

Status epilepticus

Adulthood Late-onset seizures; status epilepticus

Facial angiofibromas

Renal AML causing hematuria or sudden bleed

Pulmonary LAM

Pneumothorax/chylothorax/respiratory failure/hypoxemia/
hypercarbia

Ungual fibromas

Table 1: The relative age at which different types of TSC lesions and signs are most likely to be manifest 
clinically or by imaging methods [37]
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A definite diagnosis of TSC can be made by the presence of either two major features or one 
major and two minor features (table 3). With this revision of the diagnostic criteria, no single 
feature of TSC is treated as pathognomonic. 

In the majority of cases, these diagnostic criteria will be sufficient to make a definite diagnosis 
of TSC. In some relatives of the index case however, the phenotypic expression of TSC might 
be minimal (Chapters 2.d and 2.e). Furthermore in some families TSC might have very mild 
expression (Chapter 2.d). Somatic mosaicism might, in addition, be responsible for a milder 
phenotype in some cases. The highly variable phenotypic expression of TSC raises the possibility 
that a proportion of TSC patients may be missed using these strict diagnostic criteria and the 
actual incidence of the disorder may be higher.

Mutation analysis might shed light on cases where the clinical picture is not completely clear 
(Chapters 2.a, 2.d and 2.e) and functional assays might aid in differentiating polymorphisms and 
pathologic mutations in more complicated situations (Chapter 2.e). 

Definitive TSC

2 major features, or

1 major and 2 minor features

Probable TSC

1 major and 1 minor features

Possible TSC

Either 1 major feature, or

2 or more minor features

Table 3: Diagnostic classification of TSC [38]

Major Features

Facial angiofibromas or forehead plaques

Ungual or periungual fibromas

Hypomelanotic macules

Shagreen patch

Multiple retinal nodular hamartomas

Cortical tuber

Subependymal nodule

Subependymal giant cell astrocytoma

Cardiac rhabdomyoma

Lymphangiomyomatosis

Renal angiomyolipomas

Minor Features

Pits in dental enamel

Hamartomatous rectal polyps

Bone cysts

Cerebral white matter radial migration lines

Gingival fibromas

Nonrenal hamartomas

Retinal achromic patch

“Confetti” skin lesions

Multiple renal cysts

Table 2: Clinical features of TSC [38]
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1.c. Genetics of TSC

The TSC1 and TSC2 genes

Until the end of 1980s, very little progress was made toward discovering the molecular basis 
of TSC. For many years, researchers tried to determine the biochemical defect in patients, to 
uncover the missing or malfunctioning protein with no success. Many genes have been cloned 
using their protein sequences to design probes for isolating cDNAs from libraries (e.g. the gene 
encoding α glucosidase, the lysosomal enzyme that was known to be deficient in Glycogenosis 
type II). Unfortunately, in many genetic diseases, the malfunctioning or missing protein is not 
known before the identification of the causative gene(s), as was the case for TSC. To circumvent 
this problem, new techniques were developed based on the physical location of genes in the 
genome, which is called positional cloning. 

In positional cloning, the rough location of a disease gene on a chromosome, locus, must 
first be determined. Sometimes, cytogenetic studies reveal a chromosomal translocation or 
deletion, giving a clue as to where the disease-causing gene can be located. When there is no 
cytogenetic starting point, DNA from multiple affected and unaffected individuals from multi-
generation families are tested for polymorphisms with a known localization for linkage analysis. 
Polymorphisms linked to the disease causing gene will be passed from one generation to the next 
in such a way that polymorphisms shared by all the affected members in a family and not shared 
by the unaffected individuals will point to the location of the disease causing gene.

Fryer et al. performed such a linkage analysis in 19 multigenerational TSC families establishing 
the linkage between the ABO blood group gene on chromosome 9q34 and a TSC causing gene 
[39]. However, there were families that did not show linkage to the same locus. Furthermore, 
there was some evidence for a TSC gene on chromosome 11 [40, 41]. In 1989 and 1990, a study 
of several families indicated locus heterogeneity as the cause of inconsistency [42-45]. In 1991, 
multiple investigators formed a collaboration to study five large multigenerational families that 
were not linked to 9q34. A genome wide search revealed linkage between a TSC gene and a 
polymorphic marker near the PKD1 gene on chromosome 16 [46]. The loci were named TSC1 
(9q34) and TSC2 (16p13.3). 

In 1993, one year after the establishment of linkage between the TSC2 and PKD1 genes, an 
unbalanced translocation in a family with TSC and ADPKD, and a few large deletions involving 
the tip of the short arm of chromosome 16 in non-TSC patients accelerated the cloning of the 
TSC2 gene and the adjacent PKD1 gene [47].

The hunt for the TSC1 gene, on the other hand, was a laborsome process and proved difficult due 
to lack of large genomic rearrangements and conflicting positional information. It took researchers 
some 10 years to identify the gene: development of contigs of the candidate region, verification 
of positional information, systematic gene identification throughout the entire region, large-scale 
genomic sequencing of the contig and finally comprehensive mutational analysis of the candidate 
genes led to the identification of the TSC1 in 1997 [48]. 
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The 55 kb TSC1 gene has 23 exons, of which 21 encode a 130 kDa protein named hamartin 
through an 8.6 kb mRNA. The 41 coding exons of the TSC2 gene encode a 200 kDa protein 
named tuberin through a 5.4kb mRNA.

Inheritance of TSC
TSC is an autosomal dominant disorder, which means an affected individual has a 50% chance 
of having an affected offspring. However, in most cases neither parent has the disorder nor the 
faulty gene, and the faulty gene is first detected in the affected individual. Such cases are either 
caused by a de novo mutation that happens early in the embryonic development or through 
a de novo mutation resulting in gonadal mosaicism in one of the parents (figure 1). Gonadal 
mosaicism is the result of an early embryonal mutation in the parent that occurs either in a 
germ cell predecessor that continues to divide or before the germ cell commitment resulting 
in a combination with somatic mosaicism (also called gonosomal mosaicism).  Since very few 
cells are destined to form the embryo early in development, a mutation occurring before the 
blastocyst stage may appear as a complete mutant. Mutations occurring at a later stage of 
embryogenesis will appear as somatic mosaics that may or may not be accompanied by gonadal 
mosaicism. Individuals with a mutation in a portion of their reproductive cells, who have no signs 
or symptoms of TSC, have an increased risk of having an affected offspring compared to the risk 
of the population, and mosaicism, both somatic and gonadal, has to be taken into account in risk 
assessment of TSC patients and families. 

Another factor that needs to be addressed in the risk assessment of TSC patients and families is 
the penetrance. Penetrance is defined as the probability that an individual who has the pathogenic 
genotype will have the clinical manifestations of the disease [49]. TSC is considered to have a 
near complete penetrance [50]. However, the highly variable and age-dependent phenotypic 
expression of the disease make it difficult to determine the exact penetrance of TSC. 

Approximately two thirds of the TSC cases are sporadic and this high proportion of de novo 
mutations reflects high mutation rates in the TSC genes [51], mutation rates comparable to those 
of the genes involved in Duchenne muscular dystrophy [52] and neurofibromatosis [53]. 
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1.d. Mutation Analysis and Genotype-Phenotype Correlations in TSC
After the identification of the TSC1 and TSC2 genes, there has been a tremendous effort to 
identify disease causing mutations in both genes yielding a broad spectrum of mutations [47, 
48, 54-60]. Interestingly, large rearrangements, missense mutations and in-frame deletions in 
the TSC1 gene have rarely been reported (figure 2). Approximately 20% of the patients have a 
mutation in the TSC1 gene and 80% in the TSC2 gene. In de novo cases, TSC1 mutations are 
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Figure 1: Inheritance of TSC. In the upper part of the figure, a mutation inherited from one of the parents is 
passed on to the offspring. In this case, all the cells of the offspring carry the germline mutation. In the lower 
part of the figure, a mutation arising during embryonal development is depicted. In this case, depending on 
how early the mutation arises, the mutation can affect virtually all the cells or result in somatic and/or gonadal 
mosaicism.
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found two to ten times less often than TSC2 mutations [57-60]. In contrast, in multi-generation 
families segregating TSC, approximately half show linkage to TSC1 and half to TSC2 [61]. A 
summary of the major mutation identification efforts is given in table 4 and types and frequencies 
of mutations identified in the reports, in which both TSC1 and TSC2 mutation analyses were 
performed, are shown in figure 2.

Figure 2: Types and frequencies of mutations identified in the reports in which both TSC1 and TSC2 mutation 
analyses were performed [57-60].

Pathogenic mutations can be identified in more than 80% of the cases using comprehensive 
mutation analysis. Different techniques have been used by different laboratories around the globe, 
including the protein truncation test (PTT), denaturing high-performance liquid chromatography 
(DHPLC), denaturing gradient gel electrophoresis (DGGE), single strand conformational 
polymorphism (SSCP), direct sequencing, fluorescent in situ hybridization (FISH) and Southern 
blot analysis. A combination of different techniques to detect small nucleotide changes as well as 
large genomic rearrangements is necessary to achieve high mutation detection rates. 

Truncating nucleotide changes along both the TSC1 and TSC2 genes are accepted as pathogenic 
mutations. Non-truncating nucleotide changes on the other hand are not always pathogenic. Such 
mutations are predominantly found along the TSC2 gene and it has proven difficult to establish 
their pathogenicity. Since approximately two thirds of the cases are caused by de novo mutations, 
the absence of a non-truncating nucleotide change in the unaffected parents of a TSC patient is a 
strong indication of pathogenicity. However, the presence of a non-truncating nucleotide change 
in one of the parents may or may not be an indication of an innocent polymorphism. 

Somatic mosaicism and phenotypic heterogeneity within families might make it difficult to diagnose 
TSC in very mildly affected parents in some cases. 
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TSC1        TSC2
Total Number

of patients Methods UsedFirst Author Year Journal Familial de novo Total Familial de novo Total

Wilson, P.J. 1996 Hum Mol Genet - - - 2 7 9 30 SSCP

Au, K. 1997 Hum Mut - - - 2 - 2 88 SSCP, SB

van Bakel, I. 1997 Hum Mol Genet - - - 1 4 5 18 PTT

Jones, A.C. 1997 Hum Mol Genet 9 13 22 2 47 49 171 PFGE, SB, SSCP, HA

Au, K. 1998 Am J Hum Genet - - - 3 18 21 90 SSCP

Kwiatkowska, J. 1998 Ann Hum Genet 8 13 21 - - - 161 SSCP, HA, SB

Beauchamp, R.L. 1998 Hum Mut - - - 10 11 21 40 SSCP

Gilbert, J.R. 1998 Neurogenetics - - - 5 11 16 42 SSCP, PTT

Jones, A.C. 1999 Am J Hum Genet 9 13 22 9 88 98 150 SSCP, HA, SB, PFGE

Mayer, K. 1999 Hum Mut 4 5 9 1 18 19 48 PTT

Benit, P. 1999 Hum Mut 3 2 5 - - - 15 SSCP, PTT

van Slegtenhorst, M. 1999 J Med Genet 13 16 29 - - - 225 SSCP, SB

Niida, Y. 1999 Hum Mut 11 5 16 16 42 58 126 SSCP

Dabora, S.L. 2001 Am J Hum Genet 5 22 28 22 129 158 224 DHPLC, LR-PCR, 
Q-PCR

Sancak, O.* 2005 Eur J Hum Genet 20 22 82 43 115 280 490 SSCP, DGGE, SB, 
FISH, DS

Table 4: Largest mutation analysis reports published to date. (SSCP: Single strandconformational 
polymorphism, SB: Southern blotting, PTT: Protein truncation test, PFGE: Pulsed-field gel electrophoresis, 
HA: Heteroduplex analysis, DHPLC: Denaturing high-performance liquid chromatography, LR-PCR: Long-
range PCR, Q-PCR: Quantitative PCR, DGGE: Denaturing gradient gel electrophoresis, FISH: Fluorescence 
in situ hybridization, DS: Direct sequencing, *: Chapter 2.a. of this thesis)
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TSC1        TSC2
Total Number

of patients Methods UsedFirst Author Year Journal Familial de novo Total Familial de novo Total

Wilson, P.J. 1996 Hum Mol Genet - - - 2 7 9 30 SSCP

Au, K. 1997 Hum Mut - - - 2 - 2 88 SSCP, SB

van Bakel, I. 1997 Hum Mol Genet - - - 1 4 5 18 PTT

Jones, A.C. 1997 Hum Mol Genet 9 13 22 2 47 49 171 PFGE, SB, SSCP, HA

Au, K. 1998 Am J Hum Genet - - - 3 18 21 90 SSCP

Kwiatkowska, J. 1998 Ann Hum Genet 8 13 21 - - - 161 SSCP, HA, SB

Beauchamp, R.L. 1998 Hum Mut - - - 10 11 21 40 SSCP

Gilbert, J.R. 1998 Neurogenetics - - - 5 11 16 42 SSCP, PTT

Jones, A.C. 1999 Am J Hum Genet 9 13 22 9 88 98 150 SSCP, HA, SB, PFGE

Mayer, K. 1999 Hum Mut 4 5 9 1 18 19 48 PTT

Benit, P. 1999 Hum Mut 3 2 5 - - - 15 SSCP, PTT

van Slegtenhorst, M. 1999 J Med Genet 13 16 29 - - - 225 SSCP, SB

Niida, Y. 1999 Hum Mut 11 5 16 16 42 58 126 SSCP

Dabora, S.L. 2001 Am J Hum Genet 5 22 28 22 129 158 224 DHPLC, LR-PCR, 
Q-PCR

Sancak, O.* 2005 Eur J Hum Genet 20 22 82 43 115 280 490 SSCP, DGGE, SB, 
FISH, DS
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Determining the pathogenicity of non-truncating nucleotide changes identified in a TSC patient, 
where the parents are not available or where one of the parents carries the same nucleotide change, 
is not possible based on genetic data and will require the use of more sophisticated measures to 
investigate if the change/loss/addition of the amino acid(s) leads to protein dysfunction. 

When a pathogenic mutation is identified in an index patient, testing the other family members 
becomes feasible and may reveal very mildly affected, seemingly healthy relatives unaware of 
their condition. Identification of a pathogenic mutation will also help make a definite diagnosis in 
cases of doubt. A correct diagnosis is vital for TSC patients, mildly or severely affected alike, for 
appropriate medical care and follow-up, genetic counseling and the option of prenatal testing. 

Many studies have focused on the phenotypic expression of the TSC1 and TSC2 gene mutations. 
Although initially the broad phenotypic and genotypic spectra of TSC made it difficult to establish 
an association, studies of larger cohorts indicated differences between TSC caused by TSC1 and 
TSC2 mutations. Jones et al. reported more frequent intellectual disability in sporadic patients 
with TSC2 mutations compared to those with TSC1 mutations, and provided the first reliable data 
on genotype-phenotype correlation in TSC [57]. A few years later, Dabora et al., published a more 
detailed report on a larger cohort of TSC patients [58]. In this study, clinical manifestations were 
found to be more frequent and/or more severe in patients with de novo TSC2 mutations compared 
to those with de novo TSC1 mutations. Seizures were significantly more common, average tuber 
and SEN counts were higher and on average, mental retardation was more severe in patients with 
TSC2 mutations. In addition, the groups of patients with TSC1 and TSC2 mutations differed in the 
severity of dermatological manifestations and the frequency of renal AMLs, retinal hamartomas 
and LAM. The authors also showed that although the patients with de novo TSC1 mutations had 
similar ages (range, average and median) to those with de novo TSC2 mutations, patients with 
de novo TSC1 mutations who had renal cysts, ungual fibromas, or facial angiofibromas were 
older compared to patients with de novo TSC2 mutations with the same conditions. This was 
also the first extensive report to highlight possible correlations between different clinical features, 
including mental retardation – seizures, tuber count – mental retardation and renal AMLs – mental 
retardation.

The conflicting results of smaller and larger cohorts, and the lack of reliable and detailed 
genotype-phenotype correlations were the incentive to study a large independent TSC cohort 
(Chapter 2.a).

1.e. Functions of the TSC1 and TSC2 gene products

Hamartin and tuberin have been shown to associate physically and form a functional complex 
[62, 63]. Hamartin, the protein product of the TSC1 gene, has a transmembrane domain (amino 
acids 127-144) and a large coiled-coil domain (amino acids 730-996) and has no homology to 
any other known protein (figure 3). Tuberin, the protein product of the TSC2 gene, has a leucine 
zipper (amino acids 81-98), two coiled-coil domains (amino acids 346-371 and 1008-1021) and 
a GTPase activating protein (GAP) homologue domain (amino acids 1517-1674) (figure 4). Both 
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proteins act as tumor suppressors, since loss of heterozygosity (LOH) has been shown in many 
-but not all-  TSC associated lesions. Tumor development results from the loss of the wild-type 
allele through a somatic “second hit” mutation according to Knudson’s model. Many proteins 
have been shown to interact with either one of the proteins or with the hamartin-tuberin complex 
(table 5).

Recent research linked the TSC gene products to the insulin/mTOR signaling pathway, one of the 
central pathways regulating cell size in response to growth factors, cellular energy and nutrient 
levels (figure 5) [64-66]. The activation of the pathway through growth-promoting stimuli results 
in increased translation of mRNAs that are specifically regulated via the translation initiation 

Tuberin (aa.320-430) ERM (aa.881-1084)

Merlin (aa.881-1084)

NF-L (aa.764-1164)

TM (aa.127-144) CC (aa.730-996)

Hamartin

Hamartin (aa.1-418)

Smad2, Smad3 (aa.1-440)

Pam (aa.914-1000) HPV16 E6 (aa.1315-1560) CaM (aa.1740-1807)

14-3-3 (aa.1101-1320) Rabaptin-5 (aa.1668-1726)

ER a (aa.1135-1807)

AMPK (aa.1005-1765)

Rheb, Rap1A, RalA (aa.965-1807)

RXR a , VDR (aa.1147-1807)

LZ (aa.81-98) CC (aa.346-371) CC (aa.1008-1021) GAP (aa.1517-1674)

Tuberin

Figure 3: Hamartin: Structure 
and protein interactions. 
Hamartin, the product of 
TSC1 gene, consists of 1164 
amino acids. It has a potential 
transmembrane domain 
(TM, amino acids 127-144) 
and a coiled-coil domain 
(CC, amino acids 730-996). 
Proteins known to interact 
with hamartin are depicted 
below the figure. Figure is 
drawn to proportion. 

Figure 4: Tuberin: Structure 
and protein interactions. 
Tuberin, the product of 
TSC2 gene, consists of 1807 
amino acids. It has a leucine 
zipper region (LZ, amino 
acids 81-98), two coiled-coil 
domains (CC, amino acids 
346-371 and 1008-1021), 
and a GTPase activating 
protein (GAP) homology 
region (GAP, amino acids 
1517-1674). Proteins known 
to interact with tuberin 
are depicted below the 
figure. Figure is drawn to 
proportion. 



26

Chapter 1

factor eIF4E in addition to phosphorylation and activation of the 40S ribosomal protein (S6) also 
facilitating the translation of specific mRNAs. The key players of this cascade involve PI3K, the 
Akt kinase (PKB), and the mammalian target of rapamycin (mTOR). 

The hamartin-tuberin complex is inhibited by the phosphorylation of tuberin by Akt [67] and is 
activated by the phosphorylation of tuberin by AMP-activated protein kinase (AMPK) [68] (see 
also Chapter 2 appendix). The complex, when active, acts as a GAP against Ras homolog 
enriched in brain (Rheb) and Rheb [66, 69, 70], when loaded with GTP, turns on mTOR kinase 
activity. Activated mTOR then phosphorylates p70S6 kinase (S6K), which in turn phosphorylates 
and activates S6, and 4E-binding protein (4EBP-1) which dissociates and thereby activates eIF4E 
(figure 5).

                 binds to suggested
Protein hamartin tuberin binding site(s)

14-3-3 
isoforms

- + Akt-phosphorylated tuberin

MK2-phosphorylated tuberin

TSC2 S1210

Akt Protein kinase B - + ?

AMPK 5’-AMP-activated protein kinase - + tuberin amino acids 1005-
1765

CaM Calmodulin + tuberin amino acids 1740-
1758

Cdk1 Cyclin-dependent kinase 1 complex ?

Cyclin B1 complex ?

Cyclin A + ?

ER a Estrogen receptor a + tuberin amino acids 1135-
1807

ERM Ezrin, Radixin, Moesin + hamartin amino acids 881-
1084

HPV16 E6 Huma papilloma virus E6 protein + tuberin amino acids 1315-
1560

Merlin Moesin-ezrin-radixin-like protein + hamartin amino acids 881-
1084

mTOR Mammalian target of rapamycin complex ?

NF-L Neurofilament light chain + - hamartin amino acids 674-
1164

Pam Protein associated with Myc - + tuberin amino acids 914-1000

Rabaptin-5 Rab GTPase binding effector 
protein 1 

+ tuberin amino acids 1668-
1726

Rheb, Rap1A, 
RalA

small GTPase proteins + tuberin amino acids 965-1807

RXR a, VDR Retinoic acid receptor a, Vitamin 
D3 receptor

+ tuberin amino acids 1147-
1807

Smad2, 
Smad3

Homologs of Mad2 and Mad3 + tuberin amino acids 1-440

Table 5: Proteins shown/hypothesized to be interacting with tuberin and/or hamartin
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The proteins involved in other hamartomatous syndromes have been mapped to the very same 
pathway[71]. LKB1, the tumor suppressor gene responsible for Peutz-Jeghers syndrome, 
phosphorylates and activates AMPK [72], which in turn phosphorylates and activates tuberin. On 
the other hand, PTEN, another tumor suppressor gene involved in several different hamartomatous 
syndromes, is a lipid phosphatase that negatively regulates the cell survival through the PI3K/Akt 
signaling [73]. 

Besides the role of hamartin-tuberin complex in cell size control, the complex also seems to be 
involved in cell cycle control. Cells lacking either protein have shortened G1 phase, and antisense 
inhibition of TSC2 expression induces quiescent fibroblasts to enter cell cycle[74-77]. In addition, 
over-expression of TSC1 or TSC2 negatively regulates cell cycle progression. The complex has 
been shown to negatively regulate cdk2 activity and, when inactivated, decrease the stability of 
p27. Hamartin and tuberin have been postulated to interact with many proteins involved in cell 
cycle regulation involving cdk1, cyclin B, cyclin A, and p27. The hamartin-tuberin complex seems 
to be centrally located in different signaling pathways to help synchronize cell size control and 
cell cycle regulation. 

Growth 
factors

Akt

PTEN

LKB1

AMPK

TSC1-TSC2

rheb

mTOR

S6K 4EBP-1

AMP/ATP

rapamycin

S6 eIF4E

Protein synthesis
Cell growth
Cell survival

Figure 5: mTOR signaling pathway. 
Hamartin (TSC1: the product of TSC1 
gene) and tuberin (TSC2: the product 
of TSC2 gene) form a complex that is 
inhibited by Akt and activated by AMPK. 
The hamartin-tuberin complex functions 
as a GTPase activating protein (GAP) 
complex towards rheb, and rheb, when 
loaded with GTP, activates mTOR to 
facilitate protein synthesis. 
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1.f. Scope of this Thesis
The TSC research group at the Erasmus Medical Center, formed originally to identify the 
responsible genes for this disorder, has become one of the major referral sites in the world for 
mutation analysis of the TSC1 and TSC2 genes. First aim of this thesis was to develop and apply 
a comprehensive mutation analysis strategy to analyse patients’ DNA that has been referred to 
our center for over a decade and to perform a systematic study of genotype-phenotype correlation 
in the largest patient cohort known to date. 

Mutation analysis in a disorder with high spontaneous mutation rate and no mutation hotspots, 
as is the case for TSC, will result in the identification of numerous different nucleotide changes. 
Characterization of such changes and determining whether such changes are pathogenic can 
be difficult, or impossible at times, based on genetic data only. The recent advances in our 
understanding of the functions of the tuberin-hamartin complex in the signaling cascade enabled 
biochemical assays to analyze non-truncating mutations. Second aim of this thesis was to develop 
and apply reliable functional assays for the characterization of such mutations in the TSC2 gene 
and to determine if it is feasible to use such assays in a diagnostic manner. 

Third aim of this thesis was to gain a deeper understanding of the functions of the tuberin-hamartin 
complex, how the complex is activated and what the consequences of this activation are. 

The research presented in this thesis is intended to help clinicians, researchers, and individuals 
and families with TSC, by providing deeper insights into the mutational spectrum of the TSC1 and 
TSC2 genes, phenotypic variability, disease penetrance, and functions of the hamartin-tuberin 
complex. 
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ABSTRACT

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder characterised by the 
development of hamartomas in multiple organs and tissues. TSC is caused by mutations in 
either the TSC1 or TSC2 gene. We searched for mutations in both genes in a cohort of 490 
patients diagnosed with or suspected of having TSC using a combination of denaturing gradient 
gel electrophoresis, single-strand conformational polymorphism, direct sequencing, fluorescent 
in situ hybridisation and Southern blotting. We identified pathogenic mutations in 362 patients, 
a mutation detection rate of 74%. Of these 362 patients, 276 had a definite clinical diagnosis of 
TSC and in these patients 235 mutations were identified, a mutation detection rate of 85%. The 
ratio of TSC2:TSC1 mutations was 3.4:1. In our cohort, both TSC1 mutations and mutations in 
familial TSC2 cases were associated with phenotypes less severe than de novo TSC2 mutations. 
Interestingly, consistent with other studies, the phenotypes of the patients in which no mutation 
was identified were, overall, less severe than those of patients with either a known TSC1 or TSC2 
mutation.

Keywords: TSC1 and TSC2; tuberous sclerosis complex; genotype–phenotype correlation

INTRODUCTION

Tuberous sclerosis complex (TSC, MIM #191,100), affecting between 1/6,000 and 1/10,000 
individuals, is an autosomal dominant disorder characterised by seizures, mental retardation and 
the development of hamartomas in multiple organs and tissues[1]. In approximately two-thirds 
of cases neither parent has signs of TSC and the disease is caused by a de novo mutation, 
indicating a high rate of spontaneous mutation in the causative genes, TSC1 and TSC2.

The TSC1 gene consists of a 3.4-kb open reading frame encoded by 21 exons, whereas the 
5.4-kb open reading frame of the TSC2 gene is encoded by 41 exons. Loss of heterozygosity 
across the TSC1 and TSC2 loci in TSC-associated lesions indicates that TSC1 and TSC2 are 
tumor suppressor genes[2]. The TSC1 and TSC2 gene products, hamartin and tuberin, form 
a complex[3] that activates the GTPase activity of rheb, preventing the rheb-GTP-dependent 
stimulation of cell growth through mTOR[4].

A broad spectrum of mutations has been identified in both genes[5-10]. Interestingly, large 
rearrangements, missense mutations and in-frame deletions are very rare in the TSC1 gene. 
The majority of TSC patients have a mutation in the TSC2 gene. In de novo cases, mutations in 
the TSC2 gene are found two to ten times more often than TSC1 mutations[9-12]. In contrast, in 
multi-generation families segregating TSC, approximately half show linkage to TSC1 and half to 
TSC2[13]. It has been suggested that this may be because TSC patients with a TSC1 mutation are 
less likely to be severely affected and therefore more likely to have offspring[12]. Although initially 
the broad phenotypic and genotypic spectra of TSC made it difficult to establish an association[7, 
11], studies of larger cohorts indicated that patients with a TSC1 mutation were less likely to be 
mentally retarded[9], while patients with a TSC2 mutation had a higher number and/or severity 
of clinical features[10].
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We have performed a comprehensive screen for mutations at the TSC loci and compared the 
phenotypes within a large unrelated TSC patient cohort including the previously described group 
of patients[7]. The majority of TSC patients in our cohort have a mutation in the TSC2 gene, 
and, overall, TSC2 mutations are associated with a more severe TSC phenotype. Our analysis 
confirms and extends the findings of previous studies.

MATERIALS AND METHODS

Patients
Samples from patients with a (putative) diagnosis of TSC were obtained via several specialists in 
the Netherlands and abroad. A standardised clinical evaluation form was sent to all the referring 
clinicians. In familial cases, only index patients were used for phenotypic comparisons.

Mutation analysis
DNA was extracted from peripheral blood cells using standard techniques. Mutation analysis was 
performed using a combination of single-strand conformational polymorphism (SSCP), denaturing 
gradient gel electrophoresis (DGGE), direct sequencing, Southern blotting and fluorescence in 
situ hybridisation (FISH). 

SSCP, Southern and FISH analyses were performed as described previously[14, 15]. For DGGE, 
primers were designed using the Ingeny DGGE Primer Design program (primer sequences 
available upon request), and pooled PCR products were run on urea/formamide denaturing 
gradient polyacrylamide gels at 60°C for 17 h (Ingeny phorU DGGE system). SSCP was performed 
on 50% of the patients and DGGE on 75% of the cohort. One exon in TSC1 and five exons in 
TSC2 were not suitable for DGGE and were sequenced. If no mutation was identified, Southern 
blotting and FISH analysis were undertaken. Direct sequencing of M13-tagged PCR products 
was carried out on an ABI3100 capillary sequencer using Big Dye Terminator v 3 chemistry 
(Applied Biosystems). A nucleotide change was classified as a polymorphism when this change 
was present in the patient together with a pathogenic mutation, when it was present in the DNA 
of the unaffected parent of the patient or when it had been classified as a polymorphism in the 
literature. A complete overview of our mutation analysis strategy is available upon request. 

Total RNA was isolated from cultured patient fibroblasts. RT-PCR was performed according 
to standard procedures. Functional analysis of the effect of TSC2 missense changes on the 
tuberin–hamartin complex was performed as described previously[16, 17].

Statistical analysis
Statistical comparisons were performed using the SPSS version 11.0 package for PC. Pearson χ2 
or Fisher’s exact test was used for comparisons of categorical data and Mann–Whitney test was 
used for the comparison of median age at referral.
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RESULTS

Patient characteristics
Mutation analysis of the TSC1 and TSC2 genes was performed on 490 patients with a (putative) 
diagnosis of TSC (Table 1). In 276 cases, sufficient clinical information was obtained to make a 
definite diagnosis of TSC according to the criteria defined by Roach et al[18]. In 15 cases there 
was insufficient data for a definite diagnosis and in 199 cases we did not receive any clinical data. 
The 291 patients with clinical information were between 0 and 60 years old at the time of referral, 
with a median age of 13.0. 

Total 
Mutation 
identified 

Unclas-
sified 

variant

No 
mutation 
identified

TSC1
mutation

TSC2
mutation de novo familial

Patients with
clinical information

Def. TSC 276 235 14 27 53 182 92 50
Insuf.
information

15 4 1 10 1 3 1 1

Total 291 239 15 37 54 185 93 51

No clinical
information

199 123 14 62 28 95 44 12

Total 490 362 29 99 82 280 137 63

Table 1: Overview of the TSC patient cohort. Groups with a definite diagnosis of TSC (Def. TSC), insufficient 
clinical information for a definite diagnosis (Insuf. information) and without any clinical information (No clinical 
information) are shown. For each group, patients with mutations in the TSC1 and the TSC2 genes in addition 
to patients with nucleotide changes that could not yet be classified as pathogenic (unclassified variant) are 
depicted. The number of patients with de novo mutations and of patients of familial cases (based on molecular 
analysis) are also shown. 

We examined the correlation between different clinical features in the 276 definitive TSC patients. 
The majority of the patients were mentally retarded (166/276; 60%), and 163 of these patients 
(98%) had seizures. In contrast, only 37 of the 63 patients without mental retardation had seizures 
(59%). This difference was significant (P<0.001). Seizures were present in 86% of the patients 
with (sub)-cortical tubers and in 56% of the patients free of tubers (P=0.004). The presence of 
(sub)cortical tubers also correlated with the presence of mental retardation. Of the patients with 
(sub)cortical tubers 82% had mental retardation, while only 33% of the patients without tubers 
were mentally retarded (P=0.002). Subependymal nodules were noted in 88% of the patients with 
(sub)cortical tubers and in 63% of the patients without tubers (P=0.013). In addition, there was 
a significant correlation between the incidence of renal angiomyolipomas and mental retardation 
in patients above the age of 6 years at referral. The patients with renal angiomyolipoma (82%) 
had more frequently mental retardation compared to the patients without renal angiomyolipoma 
(64%)(P=0.041).

Comparison of the clinical features between male and female subjects showed no significant 
difference in the median age of the two groups (P=0.467) (Table 2). However, 75% of the clinical 
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features analysed were more frequent in males. Mental retardation (P=0.012), facial angiofibromas 
(P=0.050), retinal phakomas (P=0.025), retinal depigmentations (P=0.005) and gingival fibromas 
(P=0.019) were noted significantly more frequently in males. Lymphangioleiomyomatosis (LAM) 
was only detected in females (four cases). However, due to the low numbers of patients examined 
for LAM (12 males and 21 females), this difference was not significant (P=0.146). 

Male Female

P/N % P/N % p values
Mental retardation 89/108 83 63/93 68 0.012*
Seizures 110/121 91 90/104 87 0.204
Cortical tubers 56/63 89 56/62 90 0.512
SEN 84/93 90 73/82 89 0.485
SEGA 9/30 30 13/37 35 0.429
Renal AML 31/74 42 33/70 47 0.321
Renal cysts 22/67 33 12/62 19 0.062
Shagreen patch 30/56 54 30/61 49 0.386
Hypomelanotic 
macules

94/102 92 80/90 89 0.299

Forehead plaque 23/53 43 17/50 34 0.219
Facial 
angiofibromas

82/97 85 61/83 74 0.050*

Ungual fibroma 28/64 44 17/59 29 0.063
Retinal phakoma 26/69 38 11/55 20 0.025*
Retinal 
depigmentation

11/20 55 2/18 11 0.005*

Gingival fibroma 10/17 59 5/23 22 0.019*
Dental pits 20/32 63 19/37 51 0.246
Cardiac 
rhabdomyoma

23/58 40 20/53 38 0.495

LAM 0/19 0 4/21 19 0.146

Table 2: Comparison of the clinical features of TSC associated with gender. For each group, the first column 
shows the number of patients with the feature (P) and the total number of patients examined (N) and the 
second column shows the frequency of each clinical feature (%).  * Indicates statistically significant values. 
Median age was 14.0 yrs for males and 13.0 yrs for females (p=0.467). (SEN; subependymal nodules, 
SEGA; subependymal giant cell astrocytoma, AML; angiomyolipoma, LAM; lymphangioleiomyomatosis).

Mutation analysis
We identified pathogenic mutations in 362 patients (74% of the total cohort), 82 mutations in the 
TSC1 gene and 280 in the TSC2 gene (23% vs 77%). The different types of TSC1 and TSC2 
mutations are shown in Figure 1. In addition, we identified 20 different polymorphisms in the TSC1 
gene and 56 in the TSC2 gene. In 29 cases (6% of the total), we detected nucleotide changes in 
the TSC2 gene, but were unable to establish whether they were pathogenic. A complete overview 
of all the changes identified at both loci is available on request.
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When possible, the parents of the patient were tested for the presence of a (putative) pathogenic 
mutation (Table 1). In 137 cases (22 TSC1 and 115 TSC2), the change identified in the patient 
was not present in the DNA of either parent. We defined these cases as de novo TSC. In 63 
cases (20 TSC1 and 43 TSC2) the same pathogenic change was identified in the affected parent 
of the patient. In 10 cases, we could not rule out the possibility that a change identified in both 
the patient and another affected parent was nonpathogenic. In 181 cases the parents were not 
available for testing.

Four nucleotide changes in the TSC2 gene showed a possible effect on RNA splicing using three 
different splice-site prediction programs (www.fruitfly.org/seq_tools/splice.html; www.cbs.dtu.dk/
services/NetGene2 and www.genet.sickkids.on.ca/~ali/splicesitefinder.html). RTPCR analysis 
showed an incorrectly spliced TSC2 mRNA in three cases, confirming that the changes were 
pathogenic. In one case (IVS5+4A>G) we were unable to detect any abnormally spliced variant. 
However, further investigation revealed that the expression of the mutant allele was severely 
reduced. In several cases the effects of TSC2 missense mutations on tuberin function were 
investigated. Missense changes that inactivated tuberin in vitro were classified as pathogenic. In 
cases where we could not demonstrate that missense and intronic changes were de novo or had 
an effect on splicing or the function of the tuberin–hamartin complex, we designated the changes 
as ‘unclassified variants’.

Previously we described two cases of mosaicism at the TSC1 locus and four cases at the TSC2 
locus in the parents of TSC patients[14]. We have identified two additional cases of mosaicism 
in the TSC2 gene, one large de novo deletion in a patient (80% of the cells) and one nonsense 
mutation (3112C4T (R1032X)) in the father of a familial case of TSC. 

In 94 patients where both SSCP and DGGE were performed and a mutation was identified, 87 
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mutations (93%) were identified by DGGE, and 79 mutations (84%) were identified by SSCP. In 
71 (76%) cases the mutation was identified by both techniques. In the TSC2 gene, seven changes 
were detected by SSCP but not by DGGE, while seven changes in the TSC1 gene and eight 
changes in the TSC2 gene were detected by DGGE but not by SSCP. Large rearrangements of 
the TSC2 gene were identified by FISH and/or Southern blotting in 20 patients, accounting for 
7% of the TSC2 mutations. Of these, three were complete gene deletions, 12 were on one end 
of the gene, four were intragenic and one was an intragenic duplication. In 50% of cases the 
rearrangement was detected by both techniques.

Recurrent mutations were identified at both loci. The most common mutation was the 1850G>A 
(R611Q) missense mutation in exon 16 of the TSC2 gene which was detected in 10 unrelated 
patients and, together with the adjacent 1849C>T (R611W) mutation that was detected in an 
additional four cases, accounted for 3.8% of the mutations identified. The most frequently occurring 
TSC1 mutation, 1719C>T (R500X), was detected in six cases (1.7% of the total mutations).

The distributions of small mutations within the TSC1 and TSC2 genes are shown in Figure 2. The 
most mutations in the TSC1 gene were identified in exon 15 (19/362; 5.2% of total mutations) 
and in the TSC2 gene in exon 32 (32/362; 8.8% of total mutations). No mutations were identified 
in exons 3, 19, 22 and 23 of the TSC1 gene or in exon 30B of the TSC2 gene. We calculated 
the mean number of mutations (including splice site changes) per nucleotide for each exon of 
both genes. The overall mutation frequency was higher at the TSC2 locus (0.045 mutations 
per nucleotide) than at the TSC1 locus (0.020 mutations per nucleotide). However, as shown in 
Figure 2, there was considerable variation in the frequency of mutations per exon. Exons 16 and 
39 of the TSC2 gene had the highest frequency of mutations.

Exons 35–39 of the TSC2 gene encode the GTPase activating-protein (GAP) domain which is 
essential for tuberin function. We identified 64 small nucleotide mutations within these five exons, 
accounting for almost 18% of all the mutations identified. Interestingly, 46% of all the missense 
mutations and 93% of all the in-frame deletion mutations identified in the TSC2 gene were in this 
region.

Phenotypic comparisons
We obtained clinical information on 291 patients, of which 276 (95%) fulfilled the definite TSC 
diagnostic criteria. In these 276 patients we identified 235 mutations; 53 in the TSC1 gene and 
182 in the TSC2 gene, a mutation detection rate of 85%. In 15 individuals where there was 
insufficient clinical evidence for a definite diagnosis of TSC, we identified four mutations. In two 
cases mutations: TSC1 903C>T (R228X) and TSC2 4324delC), the patients were mentally 
retarded, had seizures, radiological brain abnormalities and hypomelanotic macules; in one case 
(mutation TSC2 1135C>T (Q373X)) dental pits and facial angiofibroma were noted in combination 
with epilepsy and mental retardation; and in one case (mutation TSC2 4324C>T (R1436X)), 
subependymal nodules were the only clinical feature noted.

We compared patients with a TSC1 mutation to those with a TSC2 mutation (Tables 3a and 
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3b). The median age of the patients with a TSC1 mutation was not significantly different from 
the median age of those with a TSC2 mutation (P=0.321). However, individuals with a TSC1 
mutation were less often mentally retarded (P<0.001), and renal angiomyolipomas (P<0.001), 
renal cysts (P=0.050), retinal phakomas (P=0.003) and retinal depigmentations (P=0.073) were 
all less frequent in the TSC1 mutation group. In contrast, shagreen patches occurred significantly 
more frequently in patients with a TSC1 mutation (P=0.031). Interestingly, although the incidence 
of mental retardation was lower in the group of patients with a TSC1 mutation, the incidences of 
seizures (P=0.595) and (sub)cortical tubers (P=0.299) were not significantly different between 
the two groups.

We compared the phenotypes of individuals with a TSC2 (i) nonsense or frameshift mutation; 
(ii) missense mutation; (iii) large abnormality; and (iv) mutation in exons 35–39 (encoding the 
GAP domain). Both renal angiomyolipomas and renal cysts were more frequent in the group with 
nonsense and frameshift mutations (64% and 37%, respectively) than in the group with missense 
mutations (38% and 24%, P=0.050 and 0.367), or mutations in the GAP domain (39% and 10%, 
P=0.032 and 0.018). Shagreen patches, forehead plaques, facial angiofibromas and ungual 
fibromas also occurred more often in the group of patients with a nonsense or frameshift mutation. 
The incidence of renal cysts was highest in the group of patients with large abnormalities of the 
TSC2 gene (out of 10 patients with clinical information, three patients with a whole gene deletion 
and one patient with an intragenic duplication had renal cysts). Mental retardation, seizures and 
subependymal nodules occurred most frequently in the group of patients with a mutation in the 
GAP domain.

Next, we compared the clinical features in the 50 familial cases to the clinical features in the 
91 individuals with a de novo mutation (Tables 3a and 3b). The median age was higher in the 
familial cases (P=0.226) and many clinical manifestations were less frequent. For subependymal 
nodules (P=0.001) and retinal phakomas (P=0.030) the differences were significant. In contrast, 
hypomelanotic macules were significantly more frequent in the familial cases (P=0.034).

In our cohort, TSC2 mutations were associated with a more severe phenotypic spectrum than 
TSC1 mutations (see above and Tables 3a and 3b). In addition, the proportion of de novo cases 
with a TSC2 mutation (115/137; 84%) was higher than the proportion of familial cases with a 
TSC2 mutation (43/63; 68%) (P=0.125), consistent with the more severe phenotypic spectrum 
observed in the de novo group. We compared the clinical features of familial and de novo cases 
with either a TSC1 or a TSC2 mutation. As shown in Tables 3a and 3b, 14 out of 17 clinical 
features were more frequent in the group of patients with a de novo TSC2 mutation, than in the 
group with a familial TSC2 mutation. Seizures and subependymal nodules occurred significantly 
more frequently in the de novo group (P=0.013 and P<0.001, respectively). The median age 
at referral was not significantly different between patients with a de novo TSC2 mutation and 
familial cases (P=0.921). In contrast, patients with a familial TSC1 mutation were referred for 
DNA testing at a significantly older age than patients with a de novo TSC1 mutation (P=0.027). 
Subependymal nodules, forehead plaques, retinal phakoma and cardiac rhabdomyoma were 
more frequent in the group with a de novo TSC1 mutation compared to the group with a familial 
TSC1 mutation.
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Next, we compared the clinical features in the group of patients with a de novo TSC1 mutation 
to the group with a de novo TSC2 mutation. The majority of clinical features (14/17) were seen 
at a lower frequency in the group with a de novo TSC1 mutation. Notably, mental retardation 
(P=0.055), renal angiomyolipomas (P=0.011) and renal cysts (P=0.048) were less frequent in the 
group with a de novo TSC1 mutation. The median age at referral was not significantly different 
(P=0.364).

The phenotypic differences between the familial cases with TSC1 and TSC2 mutations were less 
pronounced. The only significant difference was the higher frequency of shagreen patches in the 
group with TSC1 mutations (P=0.035). The median age at referral was not significantly different 
between these two groups (P=0.119). 

TSC1 TSC2
Mutations      

Total familial de novo
No Mutation 

IdentifiedTotal familial de novo Total familial de novo

P/N % P/N % P/N % P/N % P/N % P/N % P/N % P/N % P/N % P/N %

Mental 
retardation 19/39 49 8/12 67 7/12 58 129/156 83 20/27 74 53/63 84 148/195 76 28/39 72 60/75 80 8/22 36

Seizures 42/46 91 13/13 100 13/15 87 159/175 91 28/34 82 69/71 97 201/221 91 41/47 87 82/86 95 17/25 68

Cortical tubers 20/24 83 6/6 100 7/8 88 93/104 89 14/18 78 37/39 95 113/128 88 20/24 83 44/47 94 14/18 78

SEN 34/37 92 10/11 91 11/12 92 125/138 91 16/22 73 58/58 100 159/175 91 26/33 79 69/70 99 18/22 82

SEGA 5/13 39 2/3 67 1/4 25 17/58 29 2/6 33 7/19 37 22/71 31 4/9 44 8/23 35 1/14 7

Renal AML 2/27 7 0/5 0/11 57/114 50 10/23 44 19/51 37 59/141 42 10/28 36 19/62 31 9/16 56

Renal cysts 3/28 11 1/5 20 0/11 27/98 28 5/20 25 12/44 27 30/126 24 6/25 24 12/55 22 5/16 31

Shagreen patch 22/31 71 7/9 78 5/9 56 42/85 49 3/11 27 22/39 56 64/116 55 10/20 50 27/48 56 3/16 19

Hypomelanotic 
macules 41/44 93 12/12 100 15/17 88 134/146 92 30/30 100 60/66 91 175/190 92 42/42 100 75/83 90 17/23 74

Forehead 
plaque 6/22 27 2/8 25 2/6 33 35/78 45 3/13 23 15/31 48 41/100 41 5/21 24 17/37 46 2/15 13

Facial 
angiofibromas 27/38 71 8/12 67 4/8 50 111/135 82 17/22 77 43/55 78 138/173 80 25/34 74 47/63 75 14/22 64

Ungual fibroma 14/31 45 2/8 25 1/6 17 30/89 34 4/15 27 15/39 39 44/120 37 6/23 26 16/45 36 4/15 27

Retinal 
phakoma 3/30 10 0/9 2/11 18 34/92 37 4/21 19 16/41 39 37/122 30 4/30 13 18/52 35 2/16 13

Retinal 
depigmentation 0/8 0/1 0/2 11/35 31 1/4 25 6/17 35 11/43 26 1/5 20 6/19 32 1/10 10

Gingival fibroma 5/10 50 2/2 100 1/2 50 10/36 28 0/1 6/19 32 15/46 33 2/3 67 7/21 33 2/5 40

Dental pits 10/19 53 2/4 50 2/5 40 27/54 50 4/7 57 14/27 52 37/73 51 6/11 55 16/32 50 1/4 25

Cardiac 
rhabdomyoma 10/24 42 1/3 33 6/11 55 37/89 42 7/17 41 17/39 44 47/113 42 8/20 40 23/50 46 5/15 33
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The clinical manifestations in 27 individuals with clinically definite TSC, without an identified 
pathogenic mutation, were compared to patients with definite TSC and an identified pathogenic 
mutation (Tables 3a and 3b). Although the median age at referral in the two groups was not 
significantly different (P=0.795), many of the clinical features including mental retardation 
(P<0.001), seizures (P=0.001), shagreen patches (P=0.006), hypomelanotic macules (P=0.006) 
and forehead plaques (P=0.033) occurred at a significantly lower frequency in the group without 
an identified mutation. Other symptoms were also observed less frequently in this group, although 
the differences were not statistically significant (p>0.05). Since the group of patients with a TSC1 
mutation was also associated with a less severe phenotype, we compared the clinical features 
in the group without an identified mutation to the group with a TSC1 mutation. Most clinical 

Table 3a: Comparison of the clinical features 
in TSC patients with and without mutations. 
Familial represents the index patients of familial 
cases. For each group, the first column shows 
the number of patients with the feature (P) and 
the total number of patients examined (N) and 
the second column shows the frequency of 
each clinical feature (%). The median age was 
14.0 for TSC1 familial, 4.0 for TSC1 de novo, 
15.0 for TSC1 total, 11.0 for TSC2 familial, 
10.0 for TSC2 de novo, 12.0 for TSC2 total, 
13.0 for mutations total, 9.5 for de novo, 11.5 
for familial and 12.0 for no mutation identified 
groups. (SEN; subependymal nodules, SEGA; 
subependymal giant cell astrocytoma, AML; 
angiomyolipoma.)

TSC1 TSC2
Mutations      

Total familial de novo
No Mutation 

IdentifiedTotal familial de novo Total familial de novo

P/N % P/N % P/N % P/N % P/N % P/N % P/N % P/N % P/N % P/N %

Mental 
retardation 19/39 49 8/12 67 7/12 58 129/156 83 20/27 74 53/63 84 148/195 76 28/39 72 60/75 80 8/22 36

Seizures 42/46 91 13/13 100 13/15 87 159/175 91 28/34 82 69/71 97 201/221 91 41/47 87 82/86 95 17/25 68

Cortical tubers 20/24 83 6/6 100 7/8 88 93/104 89 14/18 78 37/39 95 113/128 88 20/24 83 44/47 94 14/18 78

SEN 34/37 92 10/11 91 11/12 92 125/138 91 16/22 73 58/58 100 159/175 91 26/33 79 69/70 99 18/22 82

SEGA 5/13 39 2/3 67 1/4 25 17/58 29 2/6 33 7/19 37 22/71 31 4/9 44 8/23 35 1/14 7

Renal AML 2/27 7 0/5 0/11 57/114 50 10/23 44 19/51 37 59/141 42 10/28 36 19/62 31 9/16 56

Renal cysts 3/28 11 1/5 20 0/11 27/98 28 5/20 25 12/44 27 30/126 24 6/25 24 12/55 22 5/16 31

Shagreen patch 22/31 71 7/9 78 5/9 56 42/85 49 3/11 27 22/39 56 64/116 55 10/20 50 27/48 56 3/16 19

Hypomelanotic 
macules 41/44 93 12/12 100 15/17 88 134/146 92 30/30 100 60/66 91 175/190 92 42/42 100 75/83 90 17/23 74

Forehead 
plaque 6/22 27 2/8 25 2/6 33 35/78 45 3/13 23 15/31 48 41/100 41 5/21 24 17/37 46 2/15 13

Facial 
angiofibromas 27/38 71 8/12 67 4/8 50 111/135 82 17/22 77 43/55 78 138/173 80 25/34 74 47/63 75 14/22 64

Ungual fibroma 14/31 45 2/8 25 1/6 17 30/89 34 4/15 27 15/39 39 44/120 37 6/23 26 16/45 36 4/15 27

Retinal 
phakoma 3/30 10 0/9 2/11 18 34/92 37 4/21 19 16/41 39 37/122 30 4/30 13 18/52 35 2/16 13

Retinal 
depigmentation 0/8 0/1 0/2 11/35 31 1/4 25 6/17 35 11/43 26 1/5 20 6/19 32 1/10 10

Gingival fibroma 5/10 50 2/2 100 1/2 50 10/36 28 0/1 6/19 32 15/46 33 2/3 67 7/21 33 2/5 40

Dental pits 10/19 53 2/4 50 2/5 40 27/54 50 4/7 57 14/27 52 37/73 51 6/11 55 16/32 50 1/4 25

Cardiac 
rhabdomyoma 10/24 42 1/3 33 6/11 55 37/89 42 7/17 41 17/39 44 47/113 42 8/20 40 23/50 46 5/15 33
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TSC1 vs TSC2 Familial vs de 
novo

TSC2 familial vs 
TSC2 de novo

TSC1 de novo vs 
TSC2 de novo

Mental retardation <0.001* 0.322 0.203 0.055

Seizures 0.595 0.090 0.013* 0.139

Cortical tubers 0.299 0.169 0.072 0.436

SEN 0.550 0.001* <0.001* 0.171

SEGA 0.368 0.454 0.637 0.565

Renal AML <0.001* 0.634 0.399 0.011*

Renal cysts 0.050* 0.829 0.553 0.048*

Shagreen patch 0.031* 0.637 0.085 0.623

Hypomelanotic macules 0.527 0.034* 0.098 0.519

Forehead plaque 0.107 0.095 0.110 0.413

Facial angiofibromas 0.102 0.908 0.576 0.104

Ungual fibroma 0.178 0.430 0.315 0.292

Retinal phakoma 0.003* 0.030* 0.094 0.177

Retinal depigmentation 0.073 0.538 0.593 0.456

Gingival fibroma 0.172 0.308 0.700 0.567

Dental pits 0.528 0.795 0.571 0.500

Cardiac rhabdomyoma 0.586 0.648 0.552 0.380

Median age 0.321 0.226 0.921 0.364

features (13/17) were less frequent in the no mutation group. In particular, seizures (P=0.016), 
shagreen patches (P=0.001) and hypomelanotic macules (P=0.037) occurred less frequently. In 
contrast, renal angiomyolipomas (P=0.001) and renal cysts (P=0.100) were more common in the 
no mutation group.

DISCUSSION

Using a combination of DGGE, SSCP, FISH and Southern analysis, a total of 362 mutations were 
identified in 490patients (74%); of these, 235 mutations were present in 276 patients fulfilling the 
TSC definitive diagnostic criteria (85%), comparable to earlier studies[9, 10, 19]. The detection 
rate dropped to 62% in the group of patients without any clinical information and to 27% in patients 
where the clinical evidence was not sufficient for a definitive diagnosis. This suggests that our 
cohort contains individuals that have been misdiagnosed with TSC and that, in many patients, 
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TSC1 familial vs 
TSC2 familial

TSC1 familial vs 
TSC1 de novo

No mutation vs 
Mutations total

No mutation vs 
TSC1 Total

0.456 0.500 <0.001* 0.351

0.125 0.780 0.001* 0.016*

0.288 0.571 0.188 0.473

0.232 0.739 0.168 0.227

0.405 0.371 0.066 0.067

0.087 ** 0.270 0.001*

0.657 0.313 0.515 0.100

0.035* 0.310 0.006* 0.001*

** 0.335 0.006* 0.037*

0.656 0.594 0.033* 0.277

0.390 0.388 0.086 0.552

0.666 0.615 0.324 0.190

0.218 0.289 0.113 0.576

0.800 ** 0.273 0.556

0.333 0.500 0.546 0.573

0.652 0.643 0.317 0.329

0.656 0.500 0.541 0.603

0.119 0.027* 0.795 0.484

TSC1 vs TSC2 Familial vs de 
novo

TSC2 familial vs 
TSC2 de novo

TSC1 de novo vs 
TSC2 de novo

Mental retardation <0.001* 0.322 0.203 0.055

Seizures 0.595 0.090 0.013* 0.139

Cortical tubers 0.299 0.169 0.072 0.436

SEN 0.550 0.001* <0.001* 0.171

SEGA 0.368 0.454 0.637 0.565

Renal AML <0.001* 0.634 0.399 0.011*

Renal cysts 0.050* 0.829 0.553 0.048*

Shagreen patch 0.031* 0.637 0.085 0.623

Hypomelanotic macules 0.527 0.034* 0.098 0.519

Forehead plaque 0.107 0.095 0.110 0.413

Facial angiofibromas 0.102 0.908 0.576 0.104

Ungual fibroma 0.178 0.430 0.315 0.292

Retinal phakoma 0.003* 0.030* 0.094 0.177

Retinal depigmentation 0.073 0.538 0.593 0.456

Gingival fibroma 0.172 0.308 0.700 0.567

Dental pits 0.528 0.795 0.571 0.500

Cardiac rhabdomyoma 0.586 0.648 0.552 0.380

Median age 0.321 0.226 0.921 0.364

Table 3b: Significance 
(p) values of the compar-
isons made between the 
different groups depicted 
in table 3a. * Indicates 
statistically significant 
values. Familial repre-
sents the index patients 
of familial cases. (SEN; 
subependymal nodules, 
SEGA; subependymal 
giant cell astrocytoma, 
AML; angiomyolipoma.) 
** Indicates where sta-
tistical analysis could not 
be performed since the 
patients in both groups 
were either all positive 
or all negative for the 
analysed feature.

good clinical work-up will be sufficient to make a definite diagnosis of TSC. However, in some 
cases, molecular genetic screening of patients with an incomplete clinical evaluation can assist 
in establishing the diagnosis.

We identified significant correlations between the presence of mental retardation and seizures 
and the presence of (sub)cortical tubers and mental retardation similar to previous studies[10]. In 
addition, we identified significant correlations between the presence of seizures and (sub)cortical 
tubers, and between the presence of (sub)cortical tubers and subependymal nodules. Consistent 
with earlier work, we found a correlation between the incidence of renal angiomyolipomas and 
mental retardation in patients above 6 years of age[10, 20].

In our cohort, males with TSC were more likely to be mentally retarded and to have renal cysts, 
retinal lesions, facial angiofibromas, and gingival and ungual fibromas. Sex-linked differences 
in TSC-associated features have been described previously in humans and in animal models of 
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the disease. For example, males with TSC have a greater risk of learning disorders and autism 
than females with the disease[21]. In addition, sex hormones have been shown to affect the 
behaviour of cells derived from TSC-associated lesions[22] and in a mouse model of TSC, liver 
hemangiomas were more common and more extensive in female than in male mice[23]. It will be 
interesting to investigate in more detail how sex hormones regulate the functions of tuberin and 
hamartin, and to determine how hormonal changes influence the TSC phenotype.

Previous studies of large numbers of TSC patients have used denaturing high-performance liquid 
chromatography (DHPLC) for the detection of small nucleotide changes in the TSC1 and TSC2 
genes[10, 19]. Although we used a different approach, we detected a similar spectrum of small 
TSC1 and TSC2 mutations. In 94 cases where both SSCP and DGGE were performed and a 
mutation was identified, DGGE had a slightly higher mutation detection rate (93%) than SSCP 
(84%). For various technical reasons, a small number of mutations at the TSC1 and TSC2 loci 
are likely to be missed by either SSCP or DGGE. Due to its higher capacity and sensitivity, 
DGGE is now the method of choice in our laboratory. Exons not amenable to DGGE analysis, are 
directly sequenced. To detect larger rearrangements at the TSC2 locus, we performed FISH and 
Southern blotting. Neither technique alone detected all of the rearrangements in our cohort and 
therefore we are currently developing a multiplex ligation-dependent probe amplification assay 
(MLPA).

We found a similar predominance of TSC2 mutations in both de novo and familial cases as previous 
studies[9-11, 24]. We also confirmed the lower frequency of de novo TSC1 mutations compared to 
de novo TSC2 mutations, which has been attributed to the smaller size and less complex structure 
of the TSC1 genomic locus, and the rarity of large DNA rearrangements, missense and splice site 
mutations at this locus[24]. It has also been suggested that TSC1 mutations are associated with a 
less severe TSC phenotype[9, 10]. In our cohort, individuals with a TSC1 mutation were less likely 
to be mentally retarded than patients with a TSC2 mutation, even though the incidence of tubers 
and seizures in the group of patients with a TSC1 mutation was not significantly lower. Previous 
studies have suggested that there is a correlation between tuber number and mental retardation 
in TSC patients and that, on average, fewer tubers and subependymal nodules are found in 
patients with a TSC1 mutation[10]. We were unable to obtain data on the number of tubers to 
determine whether this could explain the lower incidence of mental retardation in the patients 
with a TSC1 mutation in our cohort. Renal and retinal abnormalities occurred less frequently in 
the group of patients with a TSC1 mutation, consistent with other studies[9, 10]. Although the 
incidence of dermatological abnormalities was not significantly reduced in this group, shagreen 
patches were present significantly more often. The lower incidence of renal abnormalities in this 
group, in contrast to the approximately equal incidence of brain and skin lesions, is consistent 
with the proposal that at least some of the phenotypic differences between these two groups is 
due to a differential role of tuberin and hamartin in renal cell growth control[25]. 

We identified a lower proportion of TSC2 mutations in familial cases of TSC than in de novo 
cases (68 vs 84%). We compared the clinical features of both familial and de novo cases of TSC 
caused by mutations to either gene. Similar to the comparison of the cohort as a whole (see 
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above), de novo TSC1 mutations were associated with a lower frequency of clinical features 
than de novo TSC2 mutations. In familial cases, however, there was less difference between the 
clinical features of the groups of patients with a TSC1 or TSC2 mutation. This suggested that 
familial cases with a TSC2 mutation are associated with a milder TSC phenotype than de novo 
TSC2 cases, which was supported by a comparison of the frequencies of their clinical features. 
We did not detect any significant phenotypic differences between familial and de novo cases with 
a TSC1 mutation.

The mutation frequency, as calculated per exonic nucleotide, at the TSC2 locus was higher 
compared to that at the TSC1 locus and, not surprisingly, the exons with the highest frequencies 
of mutation (TSC2 exons 16 and 39) both contained recurrent mutations. The high proportion of 
nontruncating mutations in exons 35–39 of the TSC2 gene supports previous findings that the 
GAP domain of the TSC2 gene is a target for missense mutations[26]. 

The frequencies of neurological symptoms and some brain lesions were slightly higher and the 
incidence of renal abnormalities was lower in patients with mutations in exons 35–39 than in other 
groups. These differences were not significant. Overall, we could not confirm that mutations to 
the tuberin GAP domain are associated with a more severe phenotype[26]. The high incidence of 
renal cysts in the group with large abnormalities is consistent with the disruption of the adjacent 
PKD1 gene in several of these cases[1]. 

In 27 patients with definite TSC, we did not identify a mutation in either the TSC1 or TSC2 gene. 
Most clinical features, with the exception of renal abnormalities and gingival fibromas, occurred 
less frequently in this group of patients compared to the group with a mutation. It is possible 
that mutations in regulatory regions that impair gene transcription or translation account for the 
milder phenotypes of these cases. Somatic mosaicism may also explain why in some patients no 
mutations were detected[10]. Recently, Roberts et al[27] reported somatic mosaicism in 3% of 
patients diagnosed with definite TSC. We have identified eight cases of somatic mosaicism: only 
one patient and seven parents of a patient. Since we stopped using an allele specific method for 
family studies, it is possible that some mosaic parents have been missed. It is likely that there are 
more mosaic patients in our cohort with a degree of mosaicism below the detection limit of the 
current screening protocol.

In summary, in our diagnostic setting of TSC mutation analysis an overall mutation detection 
rate of 74% was obtained; a pathogenic mutation was identified in 85% of definite TSC patients. 
Our study reveals that several clinical manifestations of TSC occur more frequently in males. In 
addition, TSC2 mutations are associated with a more severe phenotype than TSC1 mutations, 
and the group of patients with a de novo TSC2 mutation have a more severe phenotypic spectrum 
than the group of patients with a familial TSC2 mutation. The identification of a TSC1 or a TSC2 
mutation will not only confirm the diagnosis of TSC but will also be important for both clinical 
management and possible therapeutic or preventive measures.
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ABSTRACT

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder characterized by seizures, 
mental retardation and the development of hamartomas in a variety of organs and tissues. The 
disease is caused by mutations in either the TSC1 gene on chromosome 9q34, or the TSC2 gene 
on chromosome 16p13.3. Here we describe a deletion encompassing the TSC1 gene and two 
neighbouring transcripts on chromosome 9q34 in 6 affected individuals from a family with TSC. 
To our knowledge, this is the first report of such a large deletion at the TSC1 locus and indicates 
that screening for similar mutations at the TSC1 locus is warranted in individuals with TSC.

INTRODUCTION

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder characterized by seizures, 
mental retardation and the development of hamartomas in a variety of organs and tissues. The 
disease is caused by mutations in either the TSC1 gene on chromosome 9q34, or the TSC2 gene 
on chromosome 16p13.3. Loss of heterozygosity studies at the TSC1 and TSC2 loci in TSC-
associated lesions indicate that TSC1 and TSC2 are tumour suppressor genes [1]. 

The TSC1 gene consists of 23 exons that span 50 kb of genomic DNA. The 3.4 kb open reading 
frame of the 8.5 kb TSC1 mRNA encodes a 1,164 amino acid protein called hamartin. The TSC2 
gene consists of 41 exons that span 40 kb of genomic DNA, and the 5.5 kb TSC2 mRNA encodes 
a 1,807 amino acid protein called tuberin. Hamartin and tuberin form a complex that directly 
activates the GTPase activity of rheb, and thereby prevents the rheb-GTP-dependent stimulation 
of cell growth through mTOR [2].

In four different studies of large cohorts of TSC patients, multi-exon and whole gene deletions, 
involving up to several hundred kilobases (kb) of genomic DNA, accounted for 17% (78/452) of all 
the mutations identified at the TSC2 locus [3-6]. Methods such as pulsed field gel electrophoresis, 
fluoresence in situ hybridisation (FISH), Southern blotting and long-range or quantitative PCR 
are therefore essential for mutation screening of the TSC2 gene. In the same four studies, only 3 
multi-exon deletions at the TSC1 locus were identified, accounting for 2.8% (3/107) of the TSC1 
mutations identified. In each of these cases, the deletion involved less than 10 kb of genomic 
DNA and did not affect any of the genes adjacent to the TSC1 locus [5]. Here we describe a 
large kindred segregating TSC and a large (>40 kb) deletion affecting not only TSC1 but also 
two neighbouring genes. To our knowledge this is the first example of a multi-gene deletion at 
the TSC1 locus and indicates that screening for large deletions at the TSC1 locus is warranted 
in individuals with TSC.

MATERIALS AND METHODS

DNA was extracted from peripheral blood cells using standard techniques. Linkage analysis 
was performed using microsatellite markers spanning the TSC1 and TSC2 loci, as described 
previously [7]. The TSC1 gene was screened for mutations using a combination of single-
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strand conformational polymorphism analysis, denaturing gradient gel electrophoresis, direct 
sequencing and Southern blotting [6]. Single nucleotide polymorphisms were amplified by PCR 
(primers available on request) and typed by sequencing. FISH was performed on cultured skin 
fibroblasts following a standard protocol [8] and the exact extent of the deletion was determined 
by PCR, followed by sequencing.

RESULTS

Clinical investigations 
The pedigree is shown in Figure 1 and the results of the clinical investigations are summarised in 
Table 1. Individuals II-2, II-4, II-5, III-2, III-3 and III-4 fulfilled the criteria for a definitive diagnosis 
of TSC. Individuals II-3, II-6, II-7 and III-6 were investigated but did not have any signs of TSC. 
Individuals II-1, II-8, II-9, II-10, II-11, II-12, III-1, III-5, III-7, III-8 and III-9 were not available for a 
detailed clinical assessment but had no medical history of TSC.

Figure 1. Haplotypes for markers extending distal from the TSC1 locus in a chromosome 9q34-linked family 
with TSC. The alleles for the intragenic TSC1 polymorphisms 1556A-G and 3050C-T, 12 SNPs and the 
microsatellite markers D9S2126 and D9S1830 are indicated for each individual from distal (top) to proximal 
(bottom). Inferred haplotypes are in italics.
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TSC features II.2 II.4 II.5 III.2 III.3 III.4

Facial angiofibroma/ 
forehead plaque

+ + + + + +

Ungual fibroma + + + + + +
Hypomelanotic maculae + + + +
Shagreen patch + + + + + +
Cortical tuber + +
Subependymal nodule + + + + + +
Subependymal giant
cell astrocytoma

+

Dental pits + + +
Bone cysts + +
Gingival fibroma + +
Epilepsy + + + + +
Mental retardation + + +

Table 1. Results of the clinical investigations. The diagnostic signs of TSC present in the affected individuals 
in the family are indicated.

Mutation analysis
There was no evidence for linkage to the TSC2 locus in the family (LOD score = 0.00). However, 
the LOD score for markers surrounding the TSC1 locus was suggestive for linkage (maximum 
LOD = 1.81). Imaginary chromosome analysis indicated that TSC was genetically linked to the 
TSC1 locus (probability >0.999; Janssen et al., 1994) and a comprehensive mutation screen 
of the TSC1 gene was performed. No pathogenic nucleotide changes or abnormal restriction 
fragments were detected. However, several informative intragenic polymorphisms were identified 
and one of these, TSC1 3050 C-T in exon 22, showed an inheritance pattern consistent with 
the presence of a deletion in the affected individuals in the pedigree. Subsequently, 12 single 
nucleotide polymorphisms (SNPs) mapping close to the TSC1 locus (rs4275332, rs2097817, 
rs2771994, rs214634, rs2526004, rs929293, rs2072058, rs2519760, rs2073869, rs1050700, 
rs2809243 and rs2809244) were typed (Figure 1). All the affected individuals were hemizygous 
across a region extending from exon 22 until at least 36 kb distal of the TSC1 gene. The presence 
of a deletion was confirmed by FISH analysis in fibroblasts derived from individual II-5 using 
cosmids 115B2 and 250B9 that map to the 3’ end of the TSC1 gene [9] (Figure 2A), and by PCR 
amplification of the deletion breakpoint fragment in all the affected individuals (not shown). To 
identify the deletion breakpoint, patient DNA was amplified by PCR using one primer mapping just 
5’ to exon 20 of the TSC1 gene in combination with a series of primers mapping at appoximately 
2 kb intervals between rs2771994 and rs214634. Sequence analysis of the breakpoint fragment 
indicated that the deletion encompassed 43 kb (42 985 nucleotides), extending from intron 20 of 
the TSC1 gene to intron 4 of the c9orf98 gene and encompassing the complete c9orf9 (Figure 
2B and C).
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DISCUSSION

The identification of the TSC2 gene was facilitated by the presence of multi-exon and whole gene 
deletions across the TSC2 locus [10]. It has been suggested that the absence of similar large 
deletions at the TSC1 locus may reflect selection against deletions involving genes adjacent to 
TSC1 [11] and, perhaps as a consequence, not all studies of mutations in TSC patients have 
screened for large deletions at the TSC1 locus [4]. Here we report a large deletion that not only 

Figure 2. Characterisation of the deletion. (A) FISH analysis of individual II-5 with TSC1 cosmid clone 
250B9 (labelled in green) and the control 9p telomere probe RP1-43N6 (labelled in red). The abnormal 
chromosome 9, lacking the TSC1 signal, is indicated with an arrow. (B) Schematic diagram indicating the 
genomic extent of the deletion. The region of chromosome 9q34 investigated as part of this study, extending 
from the distal microsatellite marker D9S1830 (left) to the proximal intragenic TSC1 1556A-G polymorphism 
(right) is shown. Individual exons, and all the markers tested as part of this study are indicated. Horizontal 
arrows indicate the extent and orientation of the TSC1, c9orf9 and c9orf98 transcripts. The extent of the 
deletion is indicated by the solid bar. (C) Sequence across the deletion breakpoint. The TSC1 intron 20 and 
c9orf98 intron 4 sequences in the region of both deletion breakpoints are shown, as well as the breakpoint 
sequence in the affected individuals.     
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inactivates the TSC1 gene, but also disrupts two neighbouring genes, c9orf9 and c9orf98. c9orf9 
lies in a tail to tail orientation with TSC1 and encodes a homolog of rsb-66, a small protein that 
is expressed specifically in the testis [12]. c9orf98 lies distal to c9orf9, in the same orientation as 
TSC1, and encodes a putative adenylate kinase.

Comparison of large numbers of TSC patients with known TSC1 or TSC2 mutations indicates 
that, overall, TSC1 mutations are associated with less severe disease [4]. However, individuals 
with a TSC1 mutation can still be severely affected. The individuals in this family were clearly 
affected with TSC. Interestingly, no renal symptoms were noted (see Table 1), in line with the 
finding that renal lesions occur less often in patients with a TSC1 mutation than in patients with a 
TSC2 mutation [6]. Although the precise functions of the c9orf9 and c9orf98 protein products are 
still unclear, the phenotypes of the affected individuals in this kindred suggest that loss of either 
gene does not severely aggravate the TSC phenotype. 

Previously, Longa et al. reported three intragenic TSC1 deletions [5]. These deletions were 
significantly smaller than the mutation described here and did not affect the neighbouring gene 
loci. In our case, as well as those described by Longa et al, the deletion breakpoints involved 
sequences in intron 20 of the TSC1 gene. This intron contains a long terminal repeat (LTR) 
class repetitive element. Interestingly, a cluster of similar repeats in intron 4 of the c9orf98 gene 
lie close to the breakpoint in our family and, although it is not clear how the deletion arose, one 
possibility is that the LTR-class repeats were involved.

Closer inspection of the haplotypes in the pedigree indicated that individual II-1 had inherited the 
same chromosome 9 haplotype as the affected individuals II-2, II-4 and II-5, but was heterozygous 
for the TSC1 3050 C-T polymorphism and the rs1050700 and rs2809243 SNPs. Although 
individual II-1 suffered from epilepsy and hydrocephalus, cranial imaging studies indicated that 
this was not due to the presence of either subependymal nodules or a subependymal giant cell 
astrocytoma. We concluded that the 43 kb deletion was not present in individual II-1, and that the 
epilepsy and hydrocephalus in this individual was unlikely to be due to TSC. Our data indicate 
that one of the parents of II-1 (individual I-1 or I-2) was a germ-line mosaic for the 43 kb deletion 
identified in the affected individuals II-2, II-4, II-5, III-2, III-3 and III-4.

In previous work, no large deletions were identified at the TSC1 locus in a cohort of 225 TSC 
patients screened by Southern blotting [13]. The case reported here is the only large TSC1 
deletion identified in this cohort. Most molecular diagnostic screens fail to identify TSC1 or TSC2 
mutations in all the TSC patients tested [4, 6]. Therefore, large deletions at the TSC1 locus may 
be under-represented partly because the appropriate diagnostic tests have not been performed. 
It is possible that there are more, as yet undetected, mutations in the TSC patient population that 
affect multiple exons of the TSC1 gene.  

The mutation in this family indicates that to detect all the possible mutations in TSC patients, it will 
be necessary to screen both the TSC1 and TSC2 loci for multi-exon and whole gene deletions. 
Screening for large deletions at the TSC1 locus is therefore warranted in individuals with TSC.
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ABSTRACT

Tuberous sclerosis is an autosomal dominant human disorder caused by inactivating mutations 
to either the TSC1 or TSC2 tumour suppressor gene. Hamartin and tuberin, the TSC1 and TSC2 
gene products, interact and the tuberin–hamartin complex inhibits cell growth by antagonising 
signal transduction to downstream effectors of the mammalian target of rapamycin (mTOR) 
through the small GTPase rheb. Previously, we showed that pathogenic tuberin amino-acid 
substitutions disrupt the tuberin–hamartin complex. Here, we investigate how these mutations 
affect the role of tuberin in the control of signal transduction through mTOR. Our data indicate that 
specific amino-acid substitutions have distinct effects on tuberin function.

Keywords: tuberin; hamartin; tuberous sclerosis

INTRODUCTION

Tuberous sclerosis (TSC) is an autosomal dominant disorder caused by inactivation of either 
the TSC1 gene on chromosome 9q34 or the TSC2 gene on chromosome 16p13.3[1, 2]. TSC 
is characterised by the development of hamartomata in many tissues and organs. Brain and 
skin involvement results in the classic phenotype of seizures, mental retardation, and facial and 
ungual fibromas[3]. 

The TSC1 and TSC2 gene products, hamartin and tuberin, interact to form a complex that inhibits 
cell growth by antagonising signal transduction through the mammalian target of rapamycin 
(mTOR)[4]. Inactivation of the tuberin–hamartin complex results in phosphorylation of the 
downstream effectors of mTOR, p70 S6 kinase (S6K), ribosomal protein S6 and the elongation 
factor binding protein 4E-BP1[5-7]. The tuberin–hamartin complex antagonises mTOR through 
activation of the GTPase activity of rheb[8, 9]. 

In a mutation screen of 490 TSC patients, 22% of the pathogenic changes we identified were 
truncating TSC1 mutations (O Sancak, manuscript in preparation). We did not find any TSC1 
missense mutations. In contrast, TSC2 missense mutations accounted for 15% of all the 
mutations detected in our cohort. In some cases, due to the unavailability of parental DNA and/
or the lack of sufficient clinical data, we have not yet been able to determine whether specific 
missense changes are pathogenic. We are interested in characterising how missense changes 
affect tuberin function to help establish whether specific missense changes are pathogenic. 

Previously, we found that the tuberin amino-acid substitutions R611Q, R611W, A614D, F615S, 
C696Y and V769E disrupted the interaction between tuberin and hamartin, destabilising the 
tuberin–hamartin complex and resulting in the loss of hamartin from preparations of cytosol. 
The R611Q, R611W, A614D, F615S, C696Y and V769E substitutions also prevented tuberin 
phosphorylation. In contrast, the N525S, K599M and R905Q substitutions did not affect the 
tuberin–hamartin interaction and did not prevent tuberin phosphorylation[10]. We compared the 
effects of these substitutions and six additional aminoacid changes (R367Q, A607T, 609insS, 
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L826M, P1202H and G1556S) on the tuberin–dependent phosphorylation of S6K and S6 and on 
the stimulation of the in vitro GTPase activity of rheb by tuberin.

Our analysis indicates that amino-acid changes have distinct effects on tuberin function. We 
show that some missense mutations outside the tuberin GAP domain completely inactivate the 
tuberin–hamartin complex, inhibiting the tuberin GAP activity and permitting phosphorylation of 
the downstream effectors of mTOR.

MATERIALS AND METHODS

Generation of constructs and antisera
Full-length TSC1 and TSC2 expression constructs have been described previously[11]. Truncated 
TSC2 cDNAs encoding amino acids 1–1240 (Eco47III truncation), 1–1099 (XmaI truncation), 
1–607 (NruI truncation), 607–1099 and 1125–1784 (NruI-XmaI fragments) and 1–252 plus 1536–
1784 (SacI internal in-frame deletion) were cloned behind an amino-terminal polyhistidine epitope 
tag derived from the pQE series of vectors (Qiagen) in the pSG5 expression vector. Expression 
constructs encoding the R367Q, N525S, K599M, A607T, 609insS, R611Q, R611W, A614D, 
F615S, C696Y, V769E, L826M, R905Q, P1202H and G1556S tuberin variants were derived by 
site-directed mutagenesis using the Stratagene QuickChange kit. All constructs were sequenced 
completely. Amino-acid residues are numbered according to reference 2.

An expression construct for the production of GST-rheb in bacteria was provided by M van 
Slegtenhorst (Fox Chase Cancer Center, Philadelphia, USA) and the 2B4 construct, encoding 
S6K, was provided by T Nobokuni (Friedrich Miescher Institute, Basel, Switzerland). Expression 
constructs encoding activated and dominant-negative isoforms of PKB were purchased from 
Upstate Biotechnology. The rap1GAP expression construct was obtained from Invitrogen.

Polyclonal rabbit antisera specific for human tuberin and hamartin have been described 
previously[11]. Mouse monoclonal antibodies against the polyhistidine epitope tag were purchased 
from Qiagen. All other antibodies were purchased from Cell Signaling Technology.

Immunocytochemistry
The Tsc1 -/- and Tsc2 -/- mouse embryo fibroblasts (MEFs) were provided by H Onda (Brigham 
and Women’s Hospital, Boston, USA;[5, 7]). Transfections were performed using lipofectAMINE 
and PLUS reagent, as recommended by the supplier (Invitrogen). Growth medium was replaced 
with DMEM without additives 24 h after transfection and after 24 h of serum starvation, cells 
were fixed in 3% paraformaldehyde for 10 min and permeabilised with 0.2% Triton X-100 for 
5 min. Antibodies against epitope-tagged tuberin or hamartin, and S6 or phosphorylated S6, 
were incubated with the coverslips overnight at 4°C. Finally, the coverslips were incubated with 
fluorescein isothiocyanatecoupled and Texas Red isothiocyanate-coupled secondary antibodies 
against mouse or rabbit immunoglobulins, respectively (both obtained from DAKO) and studied 
using a LeicaDM RXA microscope. In each experiment, at least 50 transfected cells were 
analysed per coverslip. 
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Immunoblotting and immunoprecipitation
Cells (6cm dishes) were transfected using lipofectAMINE and PLUS reagent (Invitrogen). After 
2 days, the cells were lysed in 0.5 ml TNE (50mM Tris-HCl, pH 8.0, 150mM NaCl, 50mM NaF, 
0.5mM EDTA, 1% Triton X-100) for 10 min on ice and cleared by centrifugation at 10 000 g 
for 10 min at 4°C. Supernatants were analysed by SDS-PAGE followed by immunoblotting and 
enhanced chemiluminescence detection (Amersham). 

For immunoprecipitations, 2 ml of the appropriate antibody was added to 400 ml of the supernatant 
and incubated on ice for 90 min before addition of 20 ml of a 50% suspension of Protein A-
Sepharose beads. After gentle rotation for 90 min at 4°C, the beads were washed with TNE, 
resuspended in Laemmli loading buffer and analysed by immunoblotting. 

To analyse the phosphorylation of exogenous S6K, human embryonal kidney 293 cells (3.5cm 
dishes) were cotransfected with 2B4, the S6K expression construct, and the TSC2 and TSC1 
expression constructs. After 2 days, the cells were harvested directly in Laemelli loading buffer 
and analysed by immunoblotting.

In vitro assay of rheb GTPase activity
Recombinant GST-rheb was purified from Escherichia coli BL21 cells after induction with 0.5mM 
isopropyl-B-Dthiogalactopyranoside for 2 h at 28°C. The bacteria were lysed in 50mM Tris-HCl 
(pH 7.6), 1mM DTT, 150mM NaCl and 1% Triton X-100 containing 0.1 mg/ml lysozyme and, after 
sonication, GST-rheb (B10 mg) was purified on glutathione–agarose beads and incubated with 50 
mCi [α32P]-GTP for 15 min at room temperature. After washing extensively with 20mM Tris-HCl 
(pH 7.6), 10mM MgCl2, 100mM NaCl, 0.1 mg/ml BSA, 4mM DTT to remove excess [α32P]-GTP, 
the GTP-bound GST-rheb was eluted in 100 ml PBS containing 30mM glutathione (pH 8.0).

Tuberin and hamartin were immunoprecipitated from 293 cells (6cm dishes). Immunoprecipitates 
were washed twice with 500 ml reaction buffer (20mM Tris-HCl (pH 7.6), 10mM MgCl2, 100mM 
NaCl, 0.1 mg/ml BSA, 4mM DTT), resuspended in 8 ml reaction buffer and mixed gently at room 
temperature with 2 ml of the eluted GST-rheb. At appropriate time points, 5 ml of the reaction 
mixture supernatant was transferred to 2 ml of dissociation buffer (150mM EDTA, 5mM GTP, 
5mM GDP, 50mM DTT, 2% SDS) and incubated at 68°C for 10 min prior to loading 1 ml on a PEI-
cellulose thin-layer chromatography plate. Chromatography was performed in 0.75M KH2PO4 
(pH 3.4) and the plates scanned on a Molecular Dynamics phosphorimager. Signal intensity was 
calculated using the ImageQuant software package.

RESULTS

We investigated the effects on tuberin function of 15 different amino-acid changes: R367Q, 
N525S, K599M, A607T, 609insS, R611Q, R611W, A614D, F615S, C696Y, V769E, L826M, 
R905Q, P1202H and G1556S. In previous work, we studied the effects of the N525S, K599M, 
R611Q, R611W, A614D, F615S, C696Y, V769E and R905Q substitutions on the tuberin–hamartin 
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interaction, but not on the role of the proteins in the regulation of the mTOR signalling pathway[10]. 
The G1556S substitution has recently been described elsewhere[12]. The 609insS change (TSC2 
1828insGCA) was identified in three affected members of a two generation TSC family and the 
P1202H substitution (TSC2 3623 C>A) was identified in a parent and child with TSC. The R367Q, 
A607T and L826M substitutions are nonpathogenic changes identified in unaffected relatives of 
TSC patients (Hodges et al[13]; O. Sancak, manuscript in preparation). The relative positions of 
the changes studied here are shown in Figure 1a.

Effect of tuberin amino-acid changes on the tuberin–hamartin interaction
Previously, we demonstrated that the R611Q, R611W, A614D, F615S, C696Y and V769E 
substitutions disrupted the tuberin–hamartin interaction[10]. Hamartin expression was reduced 
in the presence of these tuberin variants compared to the wild-type protein and tuberin and 
hamartin could not be coimmunoprecipitated. The G1556S substitution also destabilised the 
tuberin–hamartin interaction, although expression of the G1556S tuberin variant did not reduce 
hamartin expression in cytosol[12]. 

The R367Q, A607T and L826M substitutions did not affect the tuberin–hamartin interaction. In 
each case, we were able to immunoprecipitate the tuberin–hamartin complex (Figure 1b). The 
609insS tuberin variant had the same effect on the interaction as the R611Q, R611W, A614D, 
F615S, C696Y and V769E substitutions. As shown in Figure 1c, hamartin expression was 
reduced, and we were unable to coimmunoprecipitate hamartin and the 609insS tuberin variant. 
The P1202H substitution reduced, but did not prevent, coimmunoprecipitation of the tuberin–
hamartin complex. 

Figure 1 (next page): Effects of single amino-acid 
changes on the tuberin–hamartin interaction. 
(a) Schematic diagram of tuberin indicating the 
relative positions of the 15 different amino-acid 
changes. The region of tuberin between amino 
acids 598 and 616 is shown in more detail. The 
positions of the K599M, A607T, 609insS, R611Q, 
R611W, A614D and F615S amino-acid changes 
are indicated. (b) Tuberin–hamartin complexes 
were immunoprecipitated with hamartin-specific 
antibodies from COS cells expressing exogenous 
hamartin, and tuberin (TSC2) or the R367Q, 
A607T or L826M variants. Hamartin and the 
tuberin variants were detected by immunoblotting. 
Mock-transfected cells were used as a control 
(control). (c) Hamartin, tuberin (TSC2) and the 
tuberin R611Q, 609insS and P1202H variants 
were overexpressed in COS cells. The expression 
of the proteins in the soluble fractions of the cell 
lysates was investigated by immunoblotting 
(lysate; left panel). Tuberin–hamartin complexes 
were immunoprecipitated with hamartin-specific 
antibodies (hamartin IP; right panel).
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Single amino-acid changes affect the phosphorylation of tuberin by PKB
We coexpressed the tuberin variants with active and inactive PKB isoforms. As shown in Figure 
2a, expression of active PKB resulted in the appearance of low mobility isoforms of the N525S, 
K599M, R905Q, P1202H and G1556S tuberin variants. As shown in Figure 2b, only these low 
mobility tuberin isoforms were recognised by an antibody specific for the phosphorylated PKB 
target sites on tuberin (Phospho-(ser/thr) akt substrate antibody; Cell Signaling Technology[14]). 
We did not detect phosphorylation of the PKB target sites of the 609insS, R611Q, R611W, A614D, 
F615S, C696Y and V769E variants and we concluded that these amino-acid changes inhibit the 
phosphorylation of tuberin by PKB. 

Figure 2: Single amino-acid changes 
affect the phosphorylation of tuberin 
by PKB. (a) The tuberin variants and 
either an active isoform of PKB (+) or a 
dominant-negative PKB isoform (-) were 
coexpressed in COS cells and in each 
case, the electrophoretic mobility of 
tuberin was assayed by immunoblotting. 
(b) The tuberin variants and an active 
PKB isoform were coexpressed 
in COS cells. The tuberin variants 
were immunoprecipitated and their 
electrophoretic mobilities compared 
by immunoblotting (upper panel). 
Phosphorylated PKB target sites on 
the immunoprecipitated tuberin variants 
were detected with the phospho-(ser/thr) 
akt substrate antibody (Cell Signaling 
Technology) (lower panel).
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Effect of tuberin amino-acid changes on the tuberin–dependent inhibition of 
S6K phosphorylation
We overexpressed tuberin, hamartin and S6K in human embryonal kidney 293 cells, and analysed 
S6K phosphorylation by immunoblotting. As shown in Figure 3a, coexpression of tuberin and 
hamartin inhibited phosphorylation of the linker domain (T389) of the exogenous S6K. Next, 
we investigated the effect of expression of the tuberin variants on S6K T389 phosphorylation. 
As shown in Figure 3b, equal levels of the tuberin variants were expressed but S6K T389 
phosphorylation was only reduced in cells overexpressing wild-type tuberin or the R367Q, N525S, 
K599M, A607T and L826M tuberin variants. Phosphorylation of S6K within the pseudosubstrate 
region (T421/S424) was unaffected by overexpression of hamartin and the tuberin variants. 

The expression of hamartin was also dependent upon coexpression of the tuberin variants. 
A broad, diffuse band was detected when hamartin was expressed alone, or in the presence 
of the 609insS, R611Q, R611W, A614D, F615S, C696Y and V769E tuberin variants that do 
not form a complex with hamartin. This could be due to either increased ubiquitination[15] or 
phosphorylation[16] of hamartin when it is not bound to tuberin.

Figure 3:
Effect of tuberin and hamartin 
on the phosphorylation of S6K. 
(a) S6K was overexpressed in 
293 cells alone, with tuberin, 
or with tuberin and hamartin. 
Phosphorylation of the 
linker domain (T389) of the 
exogenous S6K was assayed 
by immunoblotting. (b) S6K and 
hamartin were overexpressed 
in 293 cells together with 
wild-type tuberin and the 
15 tuberin variants. Cells 
overexpressing hamartin and 
S6K only were included as a 
control (control). Expression of 
hamartin, S6K and the different 
tuberin variants, as well as 
the phosphorylation status of 
the overexpressed S6K was 
analysed by immunoblotting. 
Wild-type tuberin and the 
R367Q, N525S, K599M, A607T 
and L826M tuberin variants 
inhibited T389 phosphorylation 
of S6K but not T421/S424 
phosphorylation. The 609insS, 
R611Q, R611W, A614D, F615S, 
C696Y, V769E, R905Q, P1202H 
and G1556S did not affect S6K 
phosphorylation.
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Effect of tuberin amino-acid changes on the inhibition of S6 phosphorylation in 
Tsc2 -/- MEFs
After serum-starvation, the downstream effectors of mTOR (S6K, S6 and 4E-BP1) are 
phosphorylated in cells lacking either tuberin or hamartin, but not in wild-type cells[5-7]. We 
expressed tuberin and hamartin in Tsc2 -/- and Tsc1 -/- MEFs and assayed the phosphorylation 
of S6 in transfected, serum-starved cells by double-label immunofluorescent microscopy, as 
described previously by others[6, 17]. Transfected cells expressing either tuberin or hamartin, 
with a clear reduction in S6 phosphorylation, were counted ‘blind’ by two independent observers. 
Approximately 80% of the Tsc2 -/- MEFs expressing exogenous tuberin and approximately 
60% of the Tsc1 -/- MEFs expressing exogenous hamartin had no detectable phosphorylated 
S6 (pS6), compared to less than 10% of control cells. We concluded that the inhibition of S6 
phosphorylation in the Tsc2 -/- and Tsc1 -/- MEFs was due to the exogenous expression of tuberin 
and hamartin, respectively. Expression of both tuberin and hamartin together was more effective 
than expression of either protein alone; pS6 was detected in less than 20% of the transfected 
cells.

Next, we investigated whether coexpression of hamartin and the tuberin variants inhibited S6 
phosphorylation in the Tsc2 -/- MEFs, and whether expression of the tuberin variants alone was 
sufficient to inhibit S6 phosphorylation. As shown in Figure 4b, in cells expressing hamartin 
and the R367Q, N525S, K599M, A607T and L826M tuberin variants pS6 was not detected in 
approximately 90% of the transfected cells. There was no significant difference between wild-type 
tuberin and the R367Q, N525S, K599M, A607T and L826M variants in this assay (paired t-test 
P>0.05 in each case). In contrast, pS6 was detected in significantly more of the cells expressing 
the 609insS, R611Q, R611W, A614D, F615S, C696Y, V769E, R905Q, P1202H, and G1556S 
tuberin variants (paired t-test P<0.05 compared to wild-type tuberin in each case). These are 
the same amino-acid changes that prevented the tuberin–dependent inhibition of S6K T389 
phosphorylation in the human 293 cells.

As shown in Figure 4c, expression of the tuberin variants alone (without hamartin) in the Tsc2 
-/- MEFs had slightly different effects on S6 phosphorylation. In approximately 70% of the Tsc2 
-/- MEFs expressing wildtype tuberin and the N525S and K599M tuberin variants, pS6 was not 
detectable, while in cells expressing the R611Q, R611W, A614D, C696Y, V769E, R905Q, P1202H 
and G1556S variants, pS6 was detected in <30% of the transfected cells (paired t-test P<0.05 in 
each case). Surprisingly however, in approximately half the cells expressing the tuberin 609insS 
and F615S variants, S6 phosphorylation was reduced. This was not significantly different to wild-
type tuberin (paired t-test P>0.05 in each case) and suggested that the 609insS and F615S 
amino-acid changes did not inactivate the tuberin–dependent inhibition of S6 phosphorylation 
completely. 
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Figure 4: Tuberin and hamartin-dependent inhibition of S6 phosphorylation in Tsc1 -/- and Tsc2 -/- MEFs. 
(a) Tsc1 -/- (open bars) and Tsc2 -/- (solid bars) MEFs were transfected with expression constructs encoding 
myctagged hamartin (TSC1), polyhistidine-tagged tuberin (TSC2), both proteins (TSC1-TSC2) or V5-
tagged rap1GAP. After serum starvation, double-label immunofluorescent microscopy was performed to 
assess S6 phosphorylation in the transfected cells. Phosphorylated S6 was detected using the phospho-
S6 (S235/236) antibody from Cell Signaling Technology; the exogenous proteins were detected using 
antibodies against the different epitope tags. Cells expressing the exogenous proteins with detectable pS6 
(no inhibition) or without detectable pS6 (inhibition) were counted. In each case, at least 50 cells were 
counted per transfection. The percentages of transfected cells expressing exogenous proteins and without 
detectable pS6 are indicated (pS6-negative cells). (b) Tsc2 -/- MEFs were cotransfected with expression 
constructs encoding epitope-tagged hamartin and tuberin (TSC2), as before, and 15 epitope-tagged tuberin 
variants (R367Q, N525S, K599M, A607T, 609insS, R611Q, R611W, A614D, F615S, C696Y, V769E, L826M, 
R905Q, P1202H, and G1556S). After serum starvation, double-label immunofluorescent microscopy was 
performed to detect pS6 in the transfected cells, as described in (4a). The analysis was repeated five times. 
The mean values for the proportion of transfected MEFs without detectable pS6 are shown (pS6-negative 
cells). The proportion of MEFs overexpressing rap1GAP without detectable pS6 is also shown (control). (c) 
Tsc2 -/- MEFs were transfected with expression constructs encoding epitope-tagged tuberin (TSC2) and 
12 pathogenic epitope-tagged tuberin variants (N525S, K599M, 609insS, R611Q, R611W, A614D, F615S, 
C696Y, V769E, R905Q, P1202H, and G1556S). After serum starvation, double-label immunofluorescent 
microscopy was performed to detect pS6 in the transfected cells, as described in (4b). (d) Tsc2 -/- MEFs 
were transfected with expression constructs encoding epitope-tagged tuberin (TSC2) and truncated tuberin 
proteins (1240X, 1099X, 607X, 1125-1784, 607-1099 and 1-252+1532-1784). After serum starvation, double-
label immunofluoresent microscopy was performed to detect pS6 in the transfected cells, as described in 
(4b). (e) Representative examples of the inhibition of S6 phosphorylation in Tsc2 -/- MEFs. Cells expressing 
epitope-tagged wild-type tuberin (TSC2) and a tuberin truncation protein (1240X) are shown in the top left 
and top right panels, respectively. Phosphorylated S6 (pS6) in the same cells is shown in the central panels 
and the bottom left and bottom right panels show the combined images. Phosphorylated S6 is not detectable 
in the cell expressing wild-type tuberin (left), unlike in the cell expressing the 1240X truncation protein (right) 
or the untransfected cells (both panels).
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Effect of tuberin truncation on the inhibition of S6 phosphorylation in Tsc2 -/- MEFs
We investigated whether expression of a specific tuberin domain would be sufficient to inhibit S6 
phosphorylation in Tsc2 -/- MEFs. As shown in Figure 4d, pS6 was detected in 90% of the Tsc2 
-/- MEFs expressing the 607X (amino acids 1–607), 1099X (amino acids 1–1099) and 1240X 
(amino acids 1–1240) N-terminal domains of tuberin, a central domain of tuberin (amino acids 
607–1099), or an in-frame deletion protein (amino acids 1–252 plus 1532–1784). In contrast, pS6 
was detected in only 60% of the cells expressing the tuberin C-terminal domain (amino acids 
1125–1784). This difference was significant (paired t-test P<0.05), indicating that expression 
of the tuberin C-terminal domain was sufficient to inhibit S6 phosphorylation in Tsc2 -/- MEFs, 
although less effectively than full-length tuberin.

Effect of tuberin amino-acid changes on rheb GTPase activity in vitro
To investigate whether the tuberin amino-acid changes affected the rhebGAP activity of the 
tuberin–hamartin complex directly, we assayed the rhebGAP activity of the complex in vitro. 
Tuberin and myc epitope-tagged hamartin were coexpressed in 293 cells and tuberin–hamartin 
complexes immunoprecipitated with antibodies specific for the myc epitope, as shown in Figure 
5a. As shown in Figure 5b, immunoprecipitates of the wild-type complex increased the rheb 
GTPase activity compared to immunoprecipitates from untransfected cells, or cells expressing 
exogenous hamartin only. Immunoprecipitates of hamartin with the tuberin N525S and K599M 
variants caused a similar increase in rheb GTPase activity. In contrast, immunoprecipitates from 
cells expressing the R611Q, R905Q, P1202H and G1556S variants did not increase the rheb 
GTPase activity above control levels.

Figure 5: Effect of tuberin–hamartin 
complexes on in vitro rheb GTPase 
activity. Tuberin-hamartin complexes were 
immunoprecipitated from 293 cells with an 
antibody against the hamartin myc epitope tag 
and incubated with GST-rheb preloaded with 
[α-32P]GTP. GTP and GDP were resolved by 
thin-layer chromatography and the GTP:GDP 
ratio determined by phosphoimaging. After 
the GTPase assay, the immunoprecipitates 
were analysed by immunoblotting. Each 
tuberin variant was assayed at least 3 times. 
(a) Immunoblot of the immunoprecipitated 
tuberin-hamartin complexes used for the 
assay of rheb GTPase activity shown in 
(b). (b) Representative example of in vitro 
rheb GTPase activity measured in the 
presence of tuberin-hamartin complexes. 
The GDP:GTP ratios after incubation with 
the immunoprecipitates from untransfected 
cells (0), from cells overexpressing hamartin 
only (control), and from cells overexpressing 
hamartin and wild-type tuberin (TSC2), or 
the N525S, K599M, R611Q, P1202H and 
G1556S variants, are shown. 
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Some reports suggest that hamartin is necessary for the optimal GAP activity of tuberin[18-20]. 
However, other studies found that hamartin was not required for the stimulation of rheb GTPase 
activity by tuberin[21, 22]. To investigate whether the R367Q, N525S, K599M, 609insS, R611Q, 
R611W, A614D, F615S, C696Y, V769E, L826M, R905Q, P1202H and G1556S amino-acid 
changes affected the GAP activity of tuberin, the variants were overexpressed in 293 cells and 
immunoprecipitated with antibodies specific for tuberin. As shown in Figure 6a, equal amounts of 
the variants were immunoprecipitated. The wild-type tuberin immunoprecipitate caused a modest 
increase in rheb GTPase activity compared to the control immunoprecipitate of endogenous 
tuberin (Figure 6b). The R367Q, N525S, K599M, A607T, 609insS, F615S and L826M tuberin 
variants also increased the rheb GTPase activity. In contrast, the R611Q, R611W, A614D, C696Y, 
V769E, R905Q, P1202H and G1556S tuberin variants were unable to stimulate rheb GTPase 
activity above the control value (Figure 6c).

Figure 6: Effect of the tuberin variants on in vitro rheb GTPase activity. Immunoprecipitated tuberin variants 
were incubated with GST-rheb preloaded with [α-32P]GTP. GTP and GDP were resolved by thin-layer 
chromatography and the immunoprecipitates were analysed by immunoblotting. Each tuberin variant was 
assayed at least 3 times. (a) Immunoblot analysis of the immunoprecipitated tuberin variants used for the 
rheb GTPase activity assay shown in (b). (b) Representative example of an in vitro rheb GTPase assay in 
the presence of tuberin and the tuberin 609insS, R611Q, R611W, A614D and F615S variants. The GDP:
GTP ratios after incubation with protein A beads only (0), from untransfected cells (control), and from cells 
overexpressing wild-type tuberin (TSC2), or the 609insS, R611Q, R611W, A614D and F615S variants, are 
shown. (c) GTPase activity of GST-rheb in the presence of the tuberin R367Q, N525S, K599M, A607T, 
609insS, R611Q, R611W, A614D, F615S, C696Y, V769E, L826M, R905Q, P1202H and G1556S variants. 
The fold differences in the GTP:GDP ratio in the presence of exogenous wild-type tuberin and tuberin variants 
compared to endogenous tuberin (control) are shown. Each tuberin variant was tested at least three times.
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DISCUSSION

We compared tuberin to 15 variants, each differing from the wild-type protein by a single amino-
acid change. Three substitutions, R367Q, A607T and L826M, were identified in individuals without 
TSC and served as additional positive controls for tuberin activity. The K599M, R611Q, R611W, 
A614D, V769E and R905Q substitutions were originally identified as de novo changes in sporadic 
TSC patients[10]. The N525S, 609insS, P1202H and G1556S changes were identified in familial 
cases of TSC and cosegregated with the disease. The F615S and C696Y substitutions were also 
identified in TSC patients, although in these cases, DNA analysis of the parents could either not 
be performed, or could not establish whether the identified change was pathogenic[10].

We investigated the effects of the amino-acid changes on the tuberin–hamartin complex, tuberin 
phosphorylation, S6K phosphorylation and S6 phosphorylation. Finally, we assayed the effects 
of the changes on the in vitro stimulation of rheb GTPase activity by tuberin and the tuberin–
hamartin complex. Our results are summarised in Table 1. 

Tuberin 
variant BLOSUM

Interaction 
with 

hamartin
Inhibition of
pS6K (T389)

Inhibition
of pS6

rheb GAP 
activity

Phosphorylated
by PKB

Wild type n/a Yes Yes Yes Yes Yes
R367Q 1 Yes Yes Yes Yes Not done
N525S 1 Yes Yes Yes Yes Yes
K599M -1 Yes Yes Yes Yes Yes
A607T 0 Yes Yes Yes Yes Not done
609insS n/a No No Yes Weak No
R611Q 1 No No No No No
R611W -3 No No No No No
A614D -2 No No No No No
F615S -2 No No Yes Weak No
C696Y -2 No No No No No
V769E -2 No No No No No
L826M 2 Yes Yes Yes Yes Not done
R905Q 1 Yes No No No Yes
P1202H -2 Weak No No No Yes
G1556S 0 Weak No No No Yes

Table 1: Comparison of the effects of amino-acid changes on tuberin function. Scores according to the 
BLOSUM 62 matrix25 are indicated

Results are detailed in the text and Figures 1,2,3,4,5,6.

Consistent with the identification of the R367Q, A607T and L826M substitutions in individuals 
without TSC, these changes did not adversely affect the tuberin–hamartin interaction, the 
stimulation of rheb GTPase activity or the inhibition of S6K and S6 phosphorylation. There was 
no evidence that the R367Q, A607T and L826M substitutions disrupted tuberin function and we 
concluded that they are nonpathogenic changes.

The R611Q, R611W, A614D, C696Y and V769E substitutions disrupted the tuberin–hamartin 
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interaction, and prevented the phosphorylation of tuberin by PKB, the inhibition of S6 and S6K 
phosphorylation, and the stimulation of rheb GTPase activity. All five substitutions inactivated 
tuberin completely in all our assays. We concluded that the R611Q, R611W, A614D, C696Y 
and V769E substitutions cause TSC because they result in major conformational changes to 
tuberin.

The 609insS and F615S amino-acid changes disrupted the tuberin–hamartin interaction, prevented 
phosphorylation of tuberin by PKB and prevented the inhibition of S6K phosphorylation. However, 
overexpression of the 609insS and F615S variants reduced S6 phosphorylation to almost the 
same extent as wild-type tuberin when overexpressed (in the absence of overexpressed hamartin) 
in Tsc2 -/- MEFs, suggesting that the 609insS and F615S changes do not completely inactivate 
tuberin. The inability to form a stable complex with hamartin explains why the 609insS and F615S 
variants were less effective at inhibiting S6 phosphorylation in the cotransfection experiments 
(Figure 4b) than when overexpressed alone (Figure 4c). Interestingly, overexpression of the 
tuberin C-terminal domain in the Tsc2 -/- MEFs, also reduced S6 phosphorylation in some cells, 
consistent with the suggestion that the tuberin C-terminal GAP domain is critical for tuberin 
activity[23, 24]. Our data suggest that the 609insS and F615S substitutions prevent tuberin 
activity in vivo because tuberin cannot be stabilised by the interaction with hamartin. The rheb 
GTPase activity measured in the presence of the 609insS and F615S variants was intermediate 
between the wild-type protein and the control values, suggesting that the 609insS and F615S 
variants retain some rhebGAP activity, consistent with the partial inhibition of S6 phosphorylation 
in the Tsc2 -/- MEFs.

The R905Q, P1202H and G1556S substitutions did not prevent formation of the tuberin–hamartin 
complex, or the PKB-dependent phosphorylation of tuberin. However, the R905Q, P1202H and 
G1556S tuberin variants did not inhibit S6K phosphorylation in 293 cells, were less effective 
than wild-type tuberin at inhibiting S6 phosphorylation in the Tsc2 -/- MEFs, and were unable to 
stimulate rheb GTPase activity. Our analysis indicates that although the R905Q, P1202H and 
G1556S substitutions do not prevent the formation of the tuberin–hamartin complex or tuberin 
phosphorylation, none of these variants increased the GTPase activity of rheb or inhibited S6 and 
S6K phosphorylation. 

The N525S and K599M substitutions did not affect either the tuberin–hamartin interaction or 
tuberin phosphorylation[10]. Both variants inhibited the phosphorylation of S6K and S6, and 
increased the GTPase activity of rheb. We were unable to differentiate between wild-type 
tuberin and the N525S and K599M variants. Analysis of the respective nucleotide substitutions 
(TSC2 1292A4G and TSC2 1814A4T) with three different splice site prediction programs 
(http://www.genet.sickkids.on.ca/ali-cgi-bin/splicesitefinder; http://www.cbs.dtu.dk/cgi-bin/nph-
webface?jobid¼netgene2 and http://www.fruitfly.org/cgi-bin/seq_tools/splice.pl) indicated that 
the mutations were unlikely to affect splicing of the TSC2 transcript. As shown in Table 1, the N525S 
substitution had a neutral score in the BLOSUM 62 matrix[25] and was found to cosegregate 
with TSC in an affected family[26]. It is possible that this amino-acid change cosegregates with 
another (unidentified) TSC2 mutation. Our analysis does not support the finding that the N525S 
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substitution is a pathogenic mutation. The K599M substitution is a de novo mutation[26] and has 
been shown to reduce the tuberin–dependent inhibition of phosphorylation of overexpressed 4E-
BP1[20]. However, this effect is weak compared to the V769E tuberin variant[27]. Our analysis 
is consistent with the K599M substitution having a weak effect on tuberin function and it will be 
interesting to determine whether this mutation is associated with a mild TSC phenotype. It is 
possible that more sensitive assays will be required to distinguish some tuberin mutants from the 
wild-type protein. One way to do this would be to (stably) express endogenous levels of these 
variants in tuberin–deficient cells.

Our study indicates that nontruncating TSC2 mutations can have distinct effects on tuberin 
function. It remains to be shown, however, whether these differences will correlate with differences 
in the phenotypes of TSC patients. In an earlier study, no evidence for a correlation between 
missense mutations to the tuberin GAP domain and a severe TSC phenotype was found[28]. Our 
study supports these findings. Amino-acid substitutions outside the GAP domain were sufficient 
to completely inactivate tuberin. 

In summary, we have investigated the effects of pathogenic and nonpathogenic amino acid 
changes on tuberin function. We analysed the effect of the changes on the tuberin–hamartin 
interaction, on the phosphorylation of tuberin by PKB, and on the tuberin–dependent inhibition 
of S6 phosphorylation. Amino-acid changes to the central region of tuberin inactivated tuberin 
completely. Our data show that this central domain is necessary for formation of the tuberin–
hamartin complex and indicates that missense mutations outside the tuberin GAP domain can 
completely inactivate the complex. 
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ABSTRACT

OBJECTIVE: To report the clinical manifestations and functional aspects of codon 905 mutations 
in the TSC2 tumor suppressor gene involved in tuberous sclerosis complex (TSC).
BACKGROUND: TSC is an autosomal dominant disorder characterized by hamartomatous 
growth in various organs, including the brain, and caused by mutations in the TSC1 (9q34) or 
TSC2 (16p13) genes. Overall, TSC2 mutations have been associated with a more severe disease 
phenotype than TSC1 mutations.  
DESIGN/METHODS: We carried out a detailed study of the TSC phenotype in a large French-
Canadian kindred (Family A). Linkage analysis of the TSC loci and mutation analysis of the TSC2 
gene were performed. In addition, clinical and molecular data on three families and six sporadic 
patients with mutations at the same codon were collected. Functional studies were performed on 
the codon 905 missense changes and related to the phenotypes.
RESULTS: A 2714G>A (R905Q) missense mutation in exon 23 of TSC2 was identified in 25 
individuals in Family A. The mild TSC phenotype in this family was characterized by absence of: 
visible cortical tubers, intractable epilepsy, disfiguring skin lesions, severe mental retardation or 
other major organ involvement. Diagnostic criteria were met in only a minority of family members, 
delaying diagnosis. Three other families with the same mutation were found to have a similar mild 
phenotype. Six unrelated TSC patients with a different mutation at the same codon (2713C>T or 
R905W) had a more severe phenotype. Both amino acid substitutions affected tuberin function 
and the results were consistent with the R905W substitution having a more severe effect on 
tuberin function than the R905Q substitution.
CONCLUSIONS: We have described ten new families with codon 905 missense changes in 
TSC2. In the R905Q families, the TSC phenotype was unusually mild, characterized mainly by 
depigmented skin lesions and by seizures that remitted spontaneously or that were easily controlled 
with anti-epileptic drugs. Functional studies showed both 905 codon mutations to be pathogenic 
without disrupting tuberin function completely. The finding of a more severe phenotype associated 
with the sporadic R905W mutation as compared to the familial R905Q mutation was consistent 
with the functional studies. Our findings support the observation that familial TSC is less severe 
than sporadic TSC, even when it is due to a TSC2 mutation. Genotype-phenotype correlations 
indicate that mild TSC phenotypes may be associated with specific TSC2 mutations.
 
Key words:  tuberous sclerosis, genotype/phenotype correlations, mild phenotypes, functional 
studies
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Abbreviations

AED   anti-epileptic drug
AML  angiomyolipoma
CS  confetti spots
CT  computed tomography
CTB  cortical tuber
DGGE  denaturing gradient gel electrophoresis
DHPLC  denaturing high-performance liquid chromatography
DNA  deoxyribonucleic acid
EEG  electroencephalogram
FAF  facial angiofibroma
FISH  fluorescent in-situ hybridization
FLAIR  fluid attenuated inversion recovery
FP  forehead plaque
GAP GTPase activating protein
GDP  guanosine diphosphate
GFP  green fluorescent protein
GTP  guanosine triphosphate
HEK  human embryonic kidney
HMM  hypomelanotic macule
LAM  lymphangioleiomyomatosis
LOD  logarithm of the odds
MEF  mouse embryo fibroblast
MRI  magnetic resonance imaging
mTOR  mammalian target of rapamycin
rheb   ras homolog enriched in brain
SSCP  single stranded conformational polymorphism
SEGA  subependymal giant cell astrocytoma
SEN  subependymal nodule
SP  shagreen patch
TSC  tuberous sclerosis complex
UF (sub)ungual fibromas

Introduction

Tuberous sclerosis complex (TSC) is a multisystem disorder characterized by the development 
of hamartias and hamartomas in various organs. Skin, brain, kidney, heart and eyes are most 
frequently involved, but virtually every organ may be affected [1]. The resulting phenotype is highly 
variable and can range from mild forms with skin lesions limited to hypomelanotic macules (HMM), 
normal intelligence, no or well controlled seizures and absence of other major organ involvement, 
to severe forms with disfiguring skin lesions, severe mental retardation, intractable epilepsy, 
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renal failure or lymphangioleiomyomatosis (LAM). Involvement of the brain is associated with 
some of the most severe clinical manifestations of TSC, including cognitive impairment, epilepsy 
and a variety of behavioral disorders such as autism and attention deficit with hyperactivity [2-
5]. Life-threatening complications can be caused by respiratory insufficiency due to pulmonary 
lymphangioleiomyomatosis (LAM) or by subependymal giant cell astrocytoma (SEGA), renal 
cell carcinoma and renal angiomyolipoma (AML), depending on their size, location, and risk of 
spontaneous rupture or hemorrhage in the latter [6]. 

Tuberous sclerosis is estimated to occur in 1/6.000 - 1/10.000 live births [7, 8]. It is inherited as an 
autosomal dominant trait [9], and penetrance is considered to be complete [10]. Approximately 
60%-70% of cases are sporadic, reflecting a high spontaneous mutation rate [7].

Linkage studies have shown locus heterogeneity for TSC [11-14], with disease determining genes 
on chromosomes 9q34 (TSC1: MIM *605284, 23 exons, gene product hamartin) [15] and 16p13 
(TSC2: MIM *191092, 41 exons, gene product tuberin) [16]. TSC1 mutations consist mainly of 
small deletions, insertions and nonsense mutations, as compared to TSC2 mutations that also 
include missense mutations and large deletions and rearrangements [17]. TSC1 mutations are 
less frequent than TSC2 mutations, both in sporadic and familial cases [18]. Frequent loss of 
heterozygosity for alleles in 16p13.3 and rare loss in 9q34 have been observed in hamartomas 
from TSC patients, indicating that a second somatic mutation may be required to produce the TSC 
phenotype at the cellular level [19-21]. This observation is consistent with the TSC1 and TSC2 
genes acting as growth suppressors. Hamartin and tuberin form a complex [22] that  antagonizes 
mTOR (mammalian target of rapamycin)-mediated signalling [23]. 

Genotype/phenotype correlations in TSC have previously been addressed with partly conflicting 
results [18, 24, 25]. The phenotype is highly variable, both within and between families [7], and 
it is impossible to distinguish an individual patient with a TSC1 mutation from a patient with a 
TSC2 mutation on a clinical basis. Overall, TSC2 mutations are associated with a more severe 
phenotype than TSC1 mutations [18]. To date, the large majority of studies that have addressed 
genotype/phenotype correlations included only individuals that fulfilled the diagnostic criteria for 
TSC. This approach excludes individuals or relatives with possibly milder phenotypes due to 
either TSC1 or TSC2 mutations.

We report detailed phenotypic descriptions of a large French-Canadian kindred with a 2714G>A 
(R905Q) missense mutation in exon 23 of the TSC2 gene, resulting in very mild phenotypes and 
little intrafamilial variability. Functional studies were consistent with the 2714G>A mutation being 
a mild mutation. In addition, we report three further families with the same 2714G>A mutation as 
well as six sporadic patients with a different mutation at codon 905 of TSC2. Genotype/phenotype 
correlations in TSC are discussed in the light of these findings.
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Methods

Family A

Phenotypic characterization
Family A was ascertained at the Montreal Neurological Hospital and Institute. The proband 
presented with epilepsy and a detailed family history was obtained. The family included 220 
individuals related to the proband. Two field trips were carried out to interview and examine 
the family members and collect blood samples on individuals who gave their informed consent 
according to a protocol approved by the Research Ethics Boards of the Montreal Neurological 
Hospital and Institute and the Centre Hospitalier de l’Université de Montréal. Medical records and 
brain imaging data were reviewed. Sixty individuals, 49 related to the proband, were examined. 
Forty-six had neurological examinations, 9 had neuropsychiatric and cognitive evaluations, 53 
Woods lamp examinations, 26 ophthalmological examinations, 17 abdominal ultrasounds, 17 
echocardiograms, 11 had electroencephalograms (EEG), 14 had both magnetic resonance 
imaging (MRI) and computed tomography (CT) scans, 4 had only CT and 2 had exclusively MRI. 
Of those who had MRI, fluid attenuated inversion recovery (FLAIR) sequences were obtained in 
7. All imaging data were reviewed by DM. White matter lesions (WML) were classified either as 
TSC-related or as non-specific. 

The revised diagnostic criteria for TSC [26] were applied to score 15 patients who had a full 
diagnostic work-up including brain imaging, dermatological, neurological and ophthalmological 
examinations, as well as abdominal and cardiac ultrasounds. The majority of family members 
were only partially examined and diagnostic criteria could not be fully scored. Partial examinations 
most often included a Woods lamp examination with in addition, either fundoscopy, brain imaging 
or renal ultrasound. Even if only one examination was missing, individuals were still reported as 
having a partial work-up. Fifteen individuals directly related to the proband were evaluated based 
on family history alone. 

Linkage and mutation analyses 
Linkage and mutation analyses were performed on 54 individuals. Genomic DNA (deoxyribonucleic 
acid) was isolated from venous blood leukocytes by phenol-chloroform extraction [27]. Linkage 
analysis was performed with the aim of determining whether the family linked to the TSC1 or the 
TSC2 locus. Microsatellite markers spanning the TSC1 locus on chromosome 9q34 (D9S1847, 
D9S179, D9S1793) and TSC2 locus on chromosome 16p13 (D16S3065, D16S3027, D16S3128) 
were utilized. Two-point lod (logarithmic odds) scores were calculated using the MLink program 
[28], Version 5.1. A single autosomal dominant model with 60% penetrance and 0.0001 disease 
allele frequency was used. Affected status was defined as the coexistence of skin lesions and 
epilepsy.
Mutation analysis was performed using denaturing high-performance liquid chromatography 
(DHPLC) screening for TSC2 [29, 30] or a combination of denaturing gradient gel electrophoresis 
(DGGE), single stranded conformational polymorphism (SSCP), Southern analysis and fluorescent 
in-situ hybridization (FISH) [31]. Amino-acid residues were numbered according to the European 
Chromosome 16 Tuberous Sclerosis guidelines [16]. 
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Additional patients and families
Family B and patients P1-P5 were ascertained at the Department of Clinical Genetics of the 
Erasmus Medical Centre of Rotterdam. The clinical data on these patients were obtained via a 
questionnaire on tuberous sclerosis. 

Family C and patient P6 were seen by KS at the Department of Neurology, Massachusetts 
General Hospital (MGH), Harvard Medical School. 

Family D was referred to the DNA diagnostic lab at the MGH.

Functional analysis
Full-length TSC1 and TSC2 expression constructs have been described previously [22]. 
Expression constructs encoding the tuberin R905Q and R905W variants were derived by site-
directed mutagenesis using the Stratagene QuickChange kit. All constructs were sequenced 
completely. TSC2 and TSC2-variants were also cloned into a pEGFP-C2 expression vector 
(Clontech).

Polyclonal rabbit antisera specific for human tuberin and hamartin have previously been described 
[22]. All other antibodies were purchased from Cell Signaling Technology.

Functional analysis of the tuberin R905Q and R905W mutants was performed in human 
embryonic kidney (HEK) 293 cells as described previously [32], except that S6 phosphorylation 
was determined in Tsc2 -/- mouse embryo fibroblasts (MEF) expressing green fluorescent protein 
(GFP) -tagged tuberin variants.
 

Results

Family A (Table 1, Figure 1a)
Case illustrations   
The proband, V-15, a 25-year-old man, started having seizures at age 8 years. Attacks consisted 
of brief episodes of altered consciousness with eye-lid flickering, often preceded by a sense 
of vibration in the head. Seizures were mainly diurnal, precipitated by sleep deprivation. Initial 
treatment with carbamazepine failed, but after introduction of phenytoin at age 12 years he had only 
occasional seizures. Because of gingival hyperplasia, he was switched back to carbamazepine 
at age 21. In the last 2 years, he has had a few small tonic attacks at night. He usually wakes 
up because of a strange sensation, after which he sits up and stiffens for 30 seconds. He has 
had one generalized tonic clonic seizure in the context of stress and non-compliance with his 
treatment. Early EEGs showed epileptiform activity over the left parieto-occipital head regions at 
age eight years. More recently, EEGs have been normal or showed mild generalized slowing. He 
has discrete left facial atrophy, mild slowing of rapid alternating movements of the fingers, and 2 
HMM on the trunk. CT scan of the brain and eye exam were normal. He attended special classes 
in a regular school until grade 8, after which he started working in a sawmill. 
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Figure 1a: Pedigree of Family A

His mother, IV-14, a 41-year-old woman, attended school to grade 7, and later worked as a nanny. 
She never had seizures. She has 12 HMM scattered from shoulders to ankles. Brain CT and MRI, 
including FLAIR sequences, abdominal and cardiac ultrasound, as well as eye examination were 
normal. 

The maternal grandfather, III-10, died in his late seventies. He started having seizures at age 16 
years, with an average of 2 attacks per week. Seizures were mainly nocturnal, could be preceded 
by a sensation of dizziness or vertigo, and were characterized by chewing and swallowing during 
sleep, sometimes with secondary generalization. Attacks were fully controlled with phenobarbital. 
Treatment was progressively diminished and he was seizure free without antiepileptic medication 
for 28 years. He left school at a young age, was aggressive and suffered from anxiety. He had a 
single HMM on the trunk. CT and MRI of the brain, cardiac and abdominal ultrasound, as well as 
eye exam were strictly normal. 

Additional case reports are available in Appendix.

Molecular results
In Family A, linkage to TSC1 was excluded by recombination and highly negative lod scores (data 
not shown). Linkage was demonstrated with markers spanning the TSC2 locus on chromosome 
16p13.3. The maximum lod score was 4.044 with marker D16S3027. Mutation analysis of the TSC2 
gene was performed. Twenty-five individuals were found to harbor a 2714 G>A substitution in 
exon 23 of TSC2, resulting in an arginine to glutamine missense change at codon 905 (R905Q).
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Diagnostic work-up (Table 1)
Of the 25 mutation carriers, 12 had a complete diagnostic work-up. Five fulfilled criteria for definite 
TSC (III21, IV20, V23, V25, V27), 4 had probable TSC (III17, IV34, V1, V22), and 1 had possible 
TSC (IV14). The mutation was found in 2 individuals who did not fulfill any of the current criteria 
(III2 and III10), but who each had fewer than 3 HMM and epilepsy which remitted spontaneously. 
In 2 of 12 (IV14, V22), skin lesions consisting of  >3 HMM and confetti spots (CS) were the only 
manifestation of the disease. 

Work-up was incomplete in the remaining 13 mutation carriers, based on history in 1, skin exam in 
8, skin-eye exam in 2, and skin-eye-brain exam in the remaining 2. Although not fully examined, 2 
patients fulfilled criteria for probable TSC (IV3, IV24) and 2 had possible TSC (IV21, V19). 

Twenty-nine individuals tested negative for the mutation. Of the 18 individuals related to the 
proband, five individuals had atypical skin lesions consisting of 1 to 3 hypopigmented spots (IV8, 
V4, V8, V11, V28), and one had seizures (IV29). Other investigations were normal. In the 11 
individuals not related to the proband, no abnormalities were found. 

Mutational status was not determined in 21 individuals related to the proband, on which information 
was available based on examination (9) or history (12). Patients IV-1 and IV-2 had a complete 
screening for TSC and fulfilled criteria for definite and probable TSC respectively. The remaining 
patients were only partly screened.

In summary, only 5 out of 12 mutation carriers who had a complete diagnostic work-up fulfilled 
the current diagnostic criteria for definite TSC, and the mutation was found in 2 individuals who 
did not fulfill any of the criteria. Mutational status was not determined in 5 relatives with possible 
or probable TSC based on skin lesions, and in 1 with definite TSC based on skin lesions and 
subependymal nodules (SEN). Epilepsy was present in 27 individuals, but is not part of the criteria 
for TSC. However, of 16 individuals with epilepsy who had molecular testing, 15 were positive for 
the mutation.

Clinical features of mutation carriers
Table 1 summarizes the clinical features in Family A. Mean age at last examination in the mutation 
carriers was 37.16 years (median 37; range 6-73).

1. Epilepsy
Fifteen mutation carriers (60%) had seizures. Detailed seizure history was available in 13. Age at 
seizure onset ranged from 15 months to 37 years, with a mean of 12 years. Nine (69%) became 
seizure free: 7 became seizure free without treatment and 2 were controlled with anti-epileptic 
drugs (AEDs). Age at seizure remission ranged from 4 to 49 years, with a mean age at remission 
of 26 years (median 34). There was partial seizure control with AEDs in the remaining 4.

Seizures were always focal in 4 (31%), focal with secondary generalization in 6 (46%), and 
generalized in 3 (23%). Infantile spasms were absent in all. 
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Family A

Ped Num
Age (y) last 

exam 2714G>A Criteria Brain CT/MRI Epilepsy Skin lesions Kidney cyst/AML Liver AML Rhabdo-myoma
Retinal 

hamartoma
Cognitive 
function

III:2 61 + no normal / normal remitted 2HMM -/- - - - -
III:5 50 + no-pt n/a remitted 2HMM n/a n/a n/a - -
III:7 58 + no-pt n/a remitted - n/a n/a n/a - -
III:10 73 + no normal / normal remitted 1HMM -/- - - - LD
III:11 70 + no-nt n/a never HMM-nt n/a n/a n/a n/a -
III:13 67 + no-nt n/a never no-nt n/a n/a n/a n/a LD
III:15 n/a nt no-nt n/a y-ns no-nt n/a n/a n/a n/a n/a
III:17 42 + probable normal / WML never 6HMM -/- - - - -
III:18 41 - no-nt n/a never no-nt n/a n/a n/a n/a n/a
III:20 n/a - no-pt n/a never - n/a n/a n/a n/a n/a
III:21 56 + definite normal / WML never >3HMM, >3CS -/- - - - -
III:23 n/a nt no-nt n/a y-ns no-nt n/a n/a n/a n/a n/a
IV:1 28 nt definite 2 SEN / n/a never 1HMM, >3CS -/- - - + -
IV:2 27 nt probable normal / normal never >3HMM, >3CS -/- - - - n/a
IV:3 28 + probable-pt n/a never >3HMM, >3CS n/a n/a n/a n/a LD
IV:5 31 nt no-nt n/a y-ns no-nt n/a n/a n/a n/a LD
IV:8 44 - no-pt n/a never 1HMM n/a n/a n/a n/a n/a
IV:10 42 - no-pt n/a never - n/a n/a n/a n/a n/a
IV:11 39 - no-pt n/a never - n/a n/a n/a n/a n/a
IV:14 37 + possible normal / normal never 12HMM -/- - - - LD
IV:15 36 + no-pt n/a never 2HMM n/a n/a n/a n/a -
IV:17 29 + no-pt n/a never 2HMM n/a n/a n/a n/a LD
IV:20 43 + definite normal / WML remitted >3HMM, >3CS -/- - - - -
IV:21 38 + possible-pt n/a y-ns 3HMM, 2CS n/a n/a n/a n/a LD
IV:23 n/a nt possible-pt n/a never >3HMM n/a n/a n/a n/a LD
IV:24 33 + probable-pt n/a y-ns >3HMM, >3CS n/a n/a n/a n/a LD
IV:26 40 + no-pt normal / n/a active >3HMM n/a n/a n/a n/a MCI
IV:27 36 nt possible-pt n/a remitted 2HMM, >3CS n/a n/a n/a n/a LD
IV:28 n/a nt no-nt n/a y-ns no-nt n/a n/a n/a n/a n/a
IV:29 37 - no normal / normal y-ns - -/- - - - MCI
IV:30 33 nt no-nt n/a / normal y-ns yes-nt n/a n/a n/a n/a n/a
IV:31 35 nt no-nt n/a y-ns yes-nt n/a n/a n/a n/a n/a
IV:32 n/a nt no-nt n/a y-ns no-nt n/a n/a n/a n/a n/a
IV:34 38 + probable n/a / normal remitted >3HMM, >3CS -/- - - - LD
V:1 6 + probable normal / normal active >3HMM, >3CS -/- - - - MCI
V:2 7 nt no-nt n/a y-ns no-nt n/a n/a n/a n/a n/a
V:4 25 - no-pt n/a never 1HMM n/a n/a n/a n/a n/a
V:6 23 - no-pt n/a never - n/a n/a n/a - LD
V:7 19 - no-pt n/a never - n/a n/a n/a n/a n/a
V:8 16 - no-pt n/a never 1HMM n/a n/a n/a n/a n/a
V:9 23 nt no-nt n/a never no-nt n/a n/a n/a n/a n/a
V:10 17 - no-pt n/a never - n/a n/a n/a - LD
V:11 16 - possible-pt n/a never 3HMM n/a n/a n/a - LD
V:12 17 - no-pt n/a never - n/a n/a n/a - LD
V:13 13 nt no-nt n/a never no-nt n/a n/a n/a n/a n/a
V:14 10 nt no-nt n/a never no-nt n/a n/a n/a n/a LD
V:15 21 + no-pt normal / n/a active 2HMM n/a n/a n/a - LD
V:16 19 - no-pt n/a never - n/a n/a n/a - LD
V:17 18 nt no-pt n/a never - n/a n/a n/a n/a LD
V:18 15 - no-pt n/a never - n/a n/a n/a n/a LD
V:19 11 + possible-pt n/a never >3HMM n/a n/a n/a n/a -
V:20 9 nt possible-pt n/a never 2HMM, 2CS n/a n/a n/a n/a n/a
V:21 8 + no-pt normal / n/a remitted 1HMM, >3CS n/a n/a n/a - -
V:22 22 + probable normal / normal never >3HMM, >3CS -/- - - - -
V:23 17 + definite normal / WML remitted >3HMM, >3CS cyst/- - - - LD
V:24 9 - no-pt n/a never - n/a n/a n/a n/a n/a
V:25 24 + definite SEGA / SEGA+WML active >3HMM, >3CS -/- - - - MCI
V:27 18 + definite R PV calc / 2 SEN remitted >3HMM, >3CS -/AML - - - -
V:28 13 - no-pt n/a never 2HMM - - n/a n/a n/a
V:29 n/a nt no-nt n/a never no-nt n/a n/a n/a n/a n/a
VI:1 8 nt no-pt n/a never - n/a n/a n/a - LD
VI:2 5 - no-pt n/a never - n/a n/a n/a n/a n/a
VI:3 2 nt no-pt n/a never - n/a n/a n/a n/a n/a
VI:4 4 nt possible-pt normal / normal never 2HMM, >3CS n/a n/a - - n/a

Table 1: Clinical features in family A
age = age at last examination; AML = angiomyolipoma; criteria = diagnostic criteria for tuberous sclerosis (Roach et al. 1998); CS = 
confetti spot; HMM = hypomelanotic macule; LD = learning difficulties; MCI = mild cognitive impairment; n/a = not available; nt = not 
tested; oc = obligate carrier; Ped Num = pedigree number; pt = partially tested; R PV calc = right periventricular calcification; SEGA 
= subependymal giant cell astrocytoma; SEN = subependymal nodule; WML = white matter lesions; y = years; - no abnormality
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Family A

Ped Num
Age (y) last 

exam 2714G>A Criteria Brain CT/MRI Epilepsy Skin lesions Kidney cyst/AML Liver AML Rhabdo-myoma
Retinal 

hamartoma
Cognitive 
function

III:2 61 + no normal / normal remitted 2HMM -/- - - - -
III:5 50 + no-pt n/a remitted 2HMM n/a n/a n/a - -
III:7 58 + no-pt n/a remitted - n/a n/a n/a - -
III:10 73 + no normal / normal remitted 1HMM -/- - - - LD
III:11 70 + no-nt n/a never HMM-nt n/a n/a n/a n/a -
III:13 67 + no-nt n/a never no-nt n/a n/a n/a n/a LD
III:15 n/a nt no-nt n/a y-ns no-nt n/a n/a n/a n/a n/a
III:17 42 + probable normal / WML never 6HMM -/- - - - -
III:18 41 - no-nt n/a never no-nt n/a n/a n/a n/a n/a
III:20 n/a - no-pt n/a never - n/a n/a n/a n/a n/a
III:21 56 + definite normal / WML never >3HMM, >3CS -/- - - - -
III:23 n/a nt no-nt n/a y-ns no-nt n/a n/a n/a n/a n/a
IV:1 28 nt definite 2 SEN / n/a never 1HMM, >3CS -/- - - + -
IV:2 27 nt probable normal / normal never >3HMM, >3CS -/- - - - n/a
IV:3 28 + probable-pt n/a never >3HMM, >3CS n/a n/a n/a n/a LD
IV:5 31 nt no-nt n/a y-ns no-nt n/a n/a n/a n/a LD
IV:8 44 - no-pt n/a never 1HMM n/a n/a n/a n/a n/a
IV:10 42 - no-pt n/a never - n/a n/a n/a n/a n/a
IV:11 39 - no-pt n/a never - n/a n/a n/a n/a n/a
IV:14 37 + possible normal / normal never 12HMM -/- - - - LD
IV:15 36 + no-pt n/a never 2HMM n/a n/a n/a n/a -
IV:17 29 + no-pt n/a never 2HMM n/a n/a n/a n/a LD
IV:20 43 + definite normal / WML remitted >3HMM, >3CS -/- - - - -
IV:21 38 + possible-pt n/a y-ns 3HMM, 2CS n/a n/a n/a n/a LD
IV:23 n/a nt possible-pt n/a never >3HMM n/a n/a n/a n/a LD
IV:24 33 + probable-pt n/a y-ns >3HMM, >3CS n/a n/a n/a n/a LD
IV:26 40 + no-pt normal / n/a active >3HMM n/a n/a n/a n/a MCI
IV:27 36 nt possible-pt n/a remitted 2HMM, >3CS n/a n/a n/a n/a LD
IV:28 n/a nt no-nt n/a y-ns no-nt n/a n/a n/a n/a n/a
IV:29 37 - no normal / normal y-ns - -/- - - - MCI
IV:30 33 nt no-nt n/a / normal y-ns yes-nt n/a n/a n/a n/a n/a
IV:31 35 nt no-nt n/a y-ns yes-nt n/a n/a n/a n/a n/a
IV:32 n/a nt no-nt n/a y-ns no-nt n/a n/a n/a n/a n/a
IV:34 38 + probable n/a / normal remitted >3HMM, >3CS -/- - - - LD
V:1 6 + probable normal / normal active >3HMM, >3CS -/- - - - MCI
V:2 7 nt no-nt n/a y-ns no-nt n/a n/a n/a n/a n/a
V:4 25 - no-pt n/a never 1HMM n/a n/a n/a n/a n/a
V:6 23 - no-pt n/a never - n/a n/a n/a - LD
V:7 19 - no-pt n/a never - n/a n/a n/a n/a n/a
V:8 16 - no-pt n/a never 1HMM n/a n/a n/a n/a n/a
V:9 23 nt no-nt n/a never no-nt n/a n/a n/a n/a n/a
V:10 17 - no-pt n/a never - n/a n/a n/a - LD
V:11 16 - possible-pt n/a never 3HMM n/a n/a n/a - LD
V:12 17 - no-pt n/a never - n/a n/a n/a - LD
V:13 13 nt no-nt n/a never no-nt n/a n/a n/a n/a n/a
V:14 10 nt no-nt n/a never no-nt n/a n/a n/a n/a LD
V:15 21 + no-pt normal / n/a active 2HMM n/a n/a n/a - LD
V:16 19 - no-pt n/a never - n/a n/a n/a - LD
V:17 18 nt no-pt n/a never - n/a n/a n/a n/a LD
V:18 15 - no-pt n/a never - n/a n/a n/a n/a LD
V:19 11 + possible-pt n/a never >3HMM n/a n/a n/a n/a -
V:20 9 nt possible-pt n/a never 2HMM, 2CS n/a n/a n/a n/a n/a
V:21 8 + no-pt normal / n/a remitted 1HMM, >3CS n/a n/a n/a - -
V:22 22 + probable normal / normal never >3HMM, >3CS -/- - - - -
V:23 17 + definite normal / WML remitted >3HMM, >3CS cyst/- - - - LD
V:24 9 - no-pt n/a never - n/a n/a n/a n/a n/a
V:25 24 + definite SEGA / SEGA+WML active >3HMM, >3CS -/- - - - MCI
V:27 18 + definite R PV calc / 2 SEN remitted >3HMM, >3CS -/AML - - - -
V:28 13 - no-pt n/a never 2HMM - - n/a n/a n/a
V:29 n/a nt no-nt n/a never no-nt n/a n/a n/a n/a n/a
VI:1 8 nt no-pt n/a never - n/a n/a n/a - LD
VI:2 5 - no-pt n/a never - n/a n/a n/a n/a n/a
VI:3 2 nt no-pt n/a never - n/a n/a n/a n/a n/a
VI:4 4 nt possible-pt normal / normal never 2HMM, >3CS n/a n/a - - n/a
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Information on EEG was not available in most individuals from generations II and III. In the younger 
generations, EEGs showed epileptiform abnormalities in 6 and were normal in 5. 

Of the 15 mutation carriers with seizures, 11 had brain imaging, which was normal in 7. Two had 
WML, 1 had SEGA and WML, and 1 had SEN.

2. Imaging
Brain imaging was available in 15 of 25 mutation carriers (60%). Three were evaluated by CT, 1 
by MRI, and 11 had both CT and MRI, including FLAIR sequences in 7. Imaging abnormalities 
were present in 6 (40%). Four had TSC-related WML, which were exclusively frontal in 3 and 
more diffuse in 1. Patient V-25 had a single frontal WML and a left frontal SEGA in association 
with focal ventricular enlargement. Patient V-27 had 2 subependymal nodules. Four of 5 patients 
with definite TSC had WML.

Imaging was also performed in 4 individuals whose mutational status had not been determined 
(IV1, IV2, IV30, VI4). Two subependymal nodules were detected in patient IV-1; exams were 
normal in the other 3. 

Cortical tubers were absent in all tested individuals.

Of the 6 mutation carriers with imaging abnormalities, 4 had epilepsy and all 4 fulfilled criteria for 
definite TSC. Two individuals with TSC-related WML (III7, III21) and 1 patient with 2 SEN (patient 
IV-1, mutational status unknown) did not have seizures. 

Of the 9 mutation carriers with normal imaging, 7 had epilepsy.

3. Skin lesions
Skin lesions were present in 92% of mutation carriers and consisted only of hypomelanotic macules 
or confetti spots. Shagreen patches (SP), forehead plaques (FP), facial angiofibromas (FAF), and 
subungual fibromas (UF) were absent in all. Fifteen mutation carriers (60%) had 3 HMM or more, 
as is required for inclusion according to the latest diagnostic criteria. Confetti spots were present 
in 12 (48%). Apart from learning difficulties, skin lesions were the only abnormality found in 7 
mutation carriers, but only 2 of these underwent complete screening. One to 3 hypomelanotic 
skin lesions were identified in 5 individuals who did not carry the mutation.

4. Renal and hepatic findings
Abdominal ultrasound was performed in 12 mutation carriers (age range 13 – 73) and was 
normal in 10. Patient V-22 had a single renal cyst; patient V-27 had a small renal AML. Abdominal 
ultrasounds were normal in 4 individuals related to the proband, whose mutational status was 
either undetermined (IV1, IV2) or negative (IV29, V28). The liver was free of lesions in all tested 
patients.
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5. Cardiac findings
Cardiac ultrasound was performed in 12 mutation carriers and in 4 individuals related to the 
proband (mutational status unknown in 3, negative in 1). The investigations were performed 
during adolescence or in adulthood, except in patients V-1 and VI-4 who were examined at ages 
6 and 4 respectively. No lesions were identified.

6. Ocular findings
Sixteen mutation carriers and 10 other family members (mutational status unknown in 4, negative 
in 6) had an ophthalmological examination including fundoscopy. Except for patient IV-1, who had 
a minor anomaly of the right optic nerve, which could represent a glial fold or a small hamartoma, 
all were within normal limits.

7. Learning difficulties and mild cognitive impairment
 Learning difficulties defined as problems with normal schooling leading to failure of one or more 
grades or requiring special classes, were present in 10 mutation carriers (40%), as well as in 
12 other family members (mutation status negative in 6). Three mutation carriers showed mild 
cognitive impairment, but all 3 were able to function in a sheltered environment and none lived in 
an institution. 

In summary, despite incomplete work-up in 13 mutation carriers, skin lesions (HMM or CS) 
were present in 92%, epilepsy in 60%, learning difficulties or mild cognitive impairment in 52%, 
imaging abnormalities (WML, SEN or SEGA) in 24%, renal lesions (cyst, AML) in 8% and retinal 
abnormalities in 4%. 

Families B to D and Patients 1 to 6

Clinical features of Families B, C, and D who carry the same mutation as Family A (2714G>A, 
R905Q, missense mutation in TSC2 - exon 23), and of patients P1-P6 who have a different 
mutation in the same codon (2713C>T, R905W, missense mutation in TSC2 - exon 23) are 
summarized in Table 2.
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Family ID Patient ID F/S Mutation Criteria Brain CT/MRI Epilepsy Skin lesions Kidney LAM 
Rhabdo-
myoma Eyes CI

Family B I:1 F 2714G>A definite CTB remitted HMM, FAF n/a n/a n/a normal no

II:1 F 2714G>A definite CTB never HMM n/a n/a n/a normal mild

II:2 F 2714G>A possible-pt normal remitted HMM n/a n/a n/a normal mild

Family C II:2 F 2714G>A possible-pt n/a never HMM n/a n/a n/a n/a no

III:2 F 2714G>A definite CTB remitted HMM, UF n/a n/a n/a n/a no

III:5 F 2714G>A possible-pt n/a remitted HMM n/a n/a n/a n/a no

III:7 F 2714G>A possible-pt n/a remitted HMM n/a n/a n/a n/a no

IV:2 F 2714G>A definite n/a remitted HMM, FAF, UF n/a n/a + normal no

IV:3 F 2714G>A possible-pt n/a remitted HMM n/a n/a n/a n/a severe

IV:5 F 2714G>A n/a n/a n/a n/a n/a n/a n/a n/a n/a

IV:7 F 2714G>A definite n/a never HMM, SP n/a n/a n/a n/a no

IV:9 F 2714G>A possible-pt n/a remitted HMM n/a n/a n/a n/a impaired-ns

Family D - S-nc 2714G>A definite normal active HMM, SP n/a n/a n/a n/a normal

P1 3925 S-c 2713C>T definite CTB, SEN never HMM, FAF n/a n/a n/a normal n/a

P2 2193 S-c 2713C>T definite CTB, SEN remitted HMM, FAF, SP, 
FP

normal n/a - ret ham mild

P3 16365 S-nc 2713C>T definite CTB, SEN active HMM normal n/a + normal moderate

P4 11489 S-c 2713C>T definite CTB, SEN active (LG) HMM normal n/a - n/a severe

P5 21196 S-nc 2713C>T definite CTB, SEGA never HMM, FAF, FP cysts n/a - n/a normal

P6 V S-nc 2713C>T definite CTB, SEN remitted (IS) HMM,FAF, SP, 
UF

AML a-sx n/a n/a mild

Table 2: Clinical Features in Other Families with Mutations of Codon 905. AML = angiomyolipoma; a-sx = 
asymptomatic; CI = cognitive impairment; CTB = cortical tubers; criteria = diagnostic criteria for tuberous sclerosis 
(Roach et al. 1998); FAF = facial angiofibroma; FP = forehead plaque; F = familial; HMM = hypomelanotic 
macule; (IS) = infantile spasms; (LG) = Lennox Gastaut syndrome; n/a = not available; ns = not specified; pt = 
partially tested; ret ham = retinal hamartoma; S-c = sporadic, parents clinically unaffected, do not carry mutation; 
SEGA = subependymal giant cell astrocytoma; SEN = subependymal nodule; S-nc = sporadic, parents clinically 
unaffected, no molecular testing; SP = shagreen patch; UF = peri/subungual fibroma
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Family ID Patient ID F/S Mutation Criteria Brain CT/MRI Epilepsy Skin lesions Kidney LAM 
Rhabdo-
myoma Eyes CI

Family B I:1 F 2714G>A definite CTB remitted HMM, FAF n/a n/a n/a normal no

II:1 F 2714G>A definite CTB never HMM n/a n/a n/a normal mild

II:2 F 2714G>A possible-pt normal remitted HMM n/a n/a n/a normal mild

Family C II:2 F 2714G>A possible-pt n/a never HMM n/a n/a n/a n/a no

III:2 F 2714G>A definite CTB remitted HMM, UF n/a n/a n/a n/a no

III:5 F 2714G>A possible-pt n/a remitted HMM n/a n/a n/a n/a no

III:7 F 2714G>A possible-pt n/a remitted HMM n/a n/a n/a n/a no

IV:2 F 2714G>A definite n/a remitted HMM, FAF, UF n/a n/a + normal no

IV:3 F 2714G>A possible-pt n/a remitted HMM n/a n/a n/a n/a severe

IV:5 F 2714G>A n/a n/a n/a n/a n/a n/a n/a n/a n/a

IV:7 F 2714G>A definite n/a never HMM, SP n/a n/a n/a n/a no

IV:9 F 2714G>A possible-pt n/a remitted HMM n/a n/a n/a n/a impaired-ns

Family D - S-nc 2714G>A definite normal active HMM, SP n/a n/a n/a n/a normal

P1 3925 S-c 2713C>T definite CTB, SEN never HMM, FAF n/a n/a n/a normal n/a

P2 2193 S-c 2713C>T definite CTB, SEN remitted HMM, FAF, SP, 
FP

normal n/a - ret ham mild

P3 16365 S-nc 2713C>T definite CTB, SEN active HMM normal n/a + normal moderate

P4 11489 S-c 2713C>T definite CTB, SEN active (LG) HMM normal n/a - n/a severe

P5 21196 S-nc 2713C>T definite CTB, SEGA never HMM, FAF, FP cysts n/a - n/a normal

P6 V S-nc 2713C>T definite CTB, SEN remitted (IS) HMM,FAF, SP, 
UF

AML a-sx n/a n/a mild
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In Family B (Figure 1b), 2 of 3 mutation carriers had cortical tubers. Epilepsy was present in 2, 
with normal brain imaging in 1. Seizures were well controlled. Skin lesions were present in all and 
consisted of HMM, with additional FAF in 1. Two had learning difficulties. No retinal hamartomas 
were detected.

Figure 1b: Pedigree of Family B

In Family C (Figure 1c), cortical tubers were present in the single patient in whom brain imaging 
was performed. Six of 9 had epilepsy, which remitted spontaneously in all. HMM were found in all 
mutation carriers except in 1 (data not available), and 3 had additional skin lesions including FAF, 
UF and SP. One had cardiac rhabdomyoma. Two had cognitive impairment, which was severe 
in 1.

Figure 1c: Pedigree of Family C
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In family D, the proband had normal brain imaging, epilepsy, HMM and SP. General intellectual 
functioning was normal. The paternal grandfather’s half-sister had epilepsy but was never 
diagnosed to have TSC. The parents have not yet been tested for the mutation.

All 6 patients with the 2713C>T (R905W) mutation (P1-P6) had cortical tubers on brain imaging, 
with in addition SEN in 5 and SEGA in 1. Four of 6 had epilepsy, including 1 patient with Lennox-
Gastaut syndrome and 1 with infantile spasms. Seizures remitted in 2. All patients had HMM 
with or without FAF, FP, SP, or UF. Additional organ involvement was present in 4 of 6. Four 
had cognitive impairment (1 not evaluated) ranging from learning difficulties to severe mental 
retardation. In the 3 R905W patients whose parents had mutation studies (P1, P2 and P4) the 
results were negative, confirming the de novo nature of the R905W mutation.

Functional studies
We compared the activity of wild type tuberin with the R905Q (2714G>A) and R905W (2713C>T) 
variants. We have previously studied the effects of the R905Q mutation on tuberin function [32, 
33]. We now compared the effects of the R905Q and R905W substitutions on tuberin function.
 
Co-immunoprecipitation of tuberin and hamartin was not affected by the R905Q mutation, 
consistent with earlier results, but was reduced by the R905W substitution (Figure 2a). To 
investigate whether the R905Q and R905W substitutions affected the rhebGAP (ras homologue 
enriched in brain GTPase activating protein) activity of the tuberin-hamartin complex, the ability 
of immunoprecipitated wild type and mutant tuberin-hamartin complexes to stimulate the GTPase 
activity of rheb was tested in vitro. As shown in Figure 2b, the rheb-dependent conversion of 
guanosine triphosphate (GTP) to guanosine diphosphate (GDP) was reduced by both R905Q 
(GDP/GTP 0.6) and R905W (0.4) compared to wild type tuberin (1.9). The difference between 
R905Q and R905W was consistent in 3 independent experiments.

Earlier studies demonstrated that the tuberin R905Q mutant was less able to inhibit mTOR-
mediated phosphorylation of p70 S6 kinase (S6K) and the S6K substrate, ribosomal protein S6 
than wild type tuberin [32]. We compared the effect of expression of hamartin and either wild-type 
tuberin, or the R905Q and R905W mutants, on coexpressed S6K in HEK 293 cells. As shown in 
Figure 2c, the R905Q and R905W mutants inhibited S6K phosphorylation, but were less effective 
than wild-type tuberin. Consistent with the reduced inhibition of S6K phosphorylation by the 
tuberin R905Q and R905W mutants, expression of either mutant in Tsc2 -/- MEFs was less able 
to inhibit phosphorylation of endogenous S6 than wild type tuberin (Figure 2d).

Table 3 contains a literature review of patients with either a 2714G>A or a 2713C>T missense 
mutation or with a mild TSC phenotype due to mutations other than 2714G>A/2713C>T, including 
Family E in our series.
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Figure 2: Effects of the R905Q and the R905W amino acid substitutions on tuberin function. (a) Tuberin-
hamartin interaction: Tuberin-hamartin complexes were immunoprecipitated with hamartin-specific antibodies 
from 293 cells expressing exogenous hamartin (TSC1) and wild-type tuberin (wt), or the R905Q or R905W 
variants. Hamartin and the coimmunoprecipitated tuberin variants were detected by immunoblotting. (b) 
In vitro rheb GTPase activity of the tuberin-hamartin complex: Myc-tagged hamartin and wild-type tuberin 
(wt), the R905Q or the R905W tuberin variants were expressed in 293 cells. Tuberin-hamartin complexes 
were immunoprecipitated with an antibody against the myc epitope tag and incubated with GST-rheb 
preloaded with [α-32P]GTP. GTP and GDP were resolved by thin-layer chromatography and detected by 
phosphoimaging. (c) Effect of tuberin and hamartin on linker domain (T389) phosphorylation of S6K: S6K and 
hamartin together with wild-type tuberin (wt) or the tuberin R905Q and R905W variants were overexpressed 
in 293 cells along with S6K and hamartin (S6K+TSC1), S6K only or empty vector (controls). (d) Tuberin 
and hamartin-dependent inhibition of S6 phosphorylation: GFP-tagged tuberin (wt) or the tuberin R905Q 
and R905W variants were overexpressed in Tsc2 -/- MEFs either with or without hamartin. After serum 
starvation, S6 phosphorylation was determined in GFP positive cells by immunofluorescent microscopy. In 
each case, at least 50 cells were counted and the experiment was repeated six times. Cells expressing only 
GFP were used as control. 
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Table 3: Literature Review. AML = angiomyolipoma; CI = cognitive impairment; CM = cortical malformation; (complic) = 
complicated; criteria = diagnostic criteria for tuberous sclerosis (Roach et al. 1998); CS = confetti spots; CTB = cortical tuber; 
f = female; FAF = facial angiofibroma; F/S = familial/sporadic; gm = germline mosaicism; HMM = hypomelanotic macule; 
(IS) = infantile spasms; m = male; MR/DD = mental retardation/developmental delay; mod = moderate; mth = months; N/A = 
not available; ns = not specified; rhabdo = cardiac rhabdomyoma; S-c = sporadic, parents clinically unaffected, do not carry 
mutation; SEN = subependymal nodule; S-nc = sporadic, parents clinically unaffected, no molecular testing; SP = shagreen 
patch; UF = peri/subungual fibroma; (West) = West syndrome; y = years

Reference ID F/S Mutation Age-Sex Criteria
Brain 
CT/MRI Epilepsy

Skin 
lesions Kidney

Rhabdo-
myoma Eyes CI

Dental 
Pits LAM 

Table 3A: Other families with codon 905 mutations

Dabora et al. 2001 ONK921 S-nc 2714G>A 16y - n/a definite CTB ? y HMM, CS, 
FAF

n/a n/a n/a no n/a n/a

Au et al. 1998 TS95-12 S-c 2713C>T 42mth 
- n/a

definite SEN, 
CTB

yes - ns HMM normal no n/a MR/DD n/a n/a

Jones et al. 1999 362 sib-gm 2713C>T n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Yamashita et al. 2000 1 S-c 2713C>T n/a definite n/a yes (IS) HMM, FAF n/a n/a n/a yes (mod) n/a n/a

Yamamoto et al. 2002 8 S-nc 2713C>T 21y - f definite SEN, 
CTB

yes 
(complic)

HMM, FAF AML n/a n/a IQ 40 n/a n/a

Yamamoto et al. 2002 7 S-nc 2713C>G 3y - m definite SEN, 
CTB

yes 
(West)

HMM n/a yes n/a n/a n/a n/a

Table 3B: Other families with mild TSC2 phenotypes

Family E II-3 F 4662G>A n/a - f definite CTB never HMM,FAF, 
UF

AML n/a n/a no n/a n/a

(Present study) III-3 F 4662G>A n/a - m definite CTB never HMM,FAF n/a n/a n/a no n/a n/a
III-5 F 4662G>A n/a - m definite CTB never HMM,FAF n/a n/a n/a no n/a n/a
IV-3 F 4662G>A n/a - f definite CTB yes - ns HMM,FAF n/a n/a n/a no n/a n/a
IV-4 F 4662G>A n/a - m definite CTB never HMM,FAF n/a n/a n/a no n/a n/a
IV-7 F 4662G>A n/a - f definite CTB, 

SEGA
never HMM,FAF n/a n/a n/a no n/a n/a

IV-8 F 4662G>A n/a - f definite CTB never HMM,FAF n/a n/a n/a no n/a n/a
IV-9 F 4662G>A n/a - m definite CTB never HMM,FAF n/a n/a n/a no n/a n/a
V-3 F 4662G>A n/a - m possible-

pt
CTB yes - ns no n/a n/a n/a no n/a n/a

V-4 F 4662G>A n/a - m possible-
pt

CTB never no n/a n/a n/a no n/a n/a

Khare et al. 2001 F1 F 4508A>C possible-
pt

n/a n/a HMM n/a n/a n/a yes n/a n/a

Khare et al. 2001 F2 F 4508A>C possible-
pt

n/a n/a HMM n/a n/a n/a n/a n/a n/a

O’Connor et al. 2003 II-6 F 3106T>C 52y - m definite CM yes - ns 6HMM normal no normal no n/a n/a
O’Connor et al. 2003 III-2 F 3106T>C 21y - m no normal yes - ns 1HMM normal no normal no n/a n/a
O’Connor et al. 2003 III-5 F 3106T>C 20y - m possible CM yes - ns 1HMM normal no normal no n/a n/a
O’Connor et al. 2003 III-6 F 3106T>C 9y - f definite CM yes - ns 5HMM normal no normal no n/a n/a
O’Connor et al. 2003 III-1 F 3106T>C 12y - f no normal yes - ns no normal no normal no n/a n/a
O’Connor et al. 2003 III-4 F 3106T>C 22y - f no normal never no normal no normal no n/a n/a
O’Connor et al. 2003 II-2 F 3106T>C 32y - f no normal never no normal no normal no n/a n/a

Mayer et al. 2004 III-2 F 4684G>A 36y - f definite normal never HMM, 
SP<2mm

normal n/a normal n/a n/a n/a

Mayer et al. 2004 III-3 F 4684G>A 35y - m possible normal never <3 HMM AML n/a normal n/a n/a n/a
Mayer et al. 2004 IV-1 F 4684G>A 11y - m possible normal remitted HMM normal n/a normal n/a n/a n/a
Mayer et al. 2004 IV-3 F 4684G>A 2mth - m definite normal never HMM n/a yes n/a no n/a n/a
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Discussion

Mild phenotypes in TSC can be characterized by absence of: disfiguring skin lesions, intractable 
epilepsy, mental retardation and severe organ involvement. It is generally believed that TSC2 
mutations are associated with a more severe phenotype than TSC1 mutations [18, 34]. However, 
patients with TSC2 mutations may be mildly affected and may not even fulfill the current diagnostic 
criteria. In this paper, we present 10 new families or index patients with mild expression of TSC 
and mutations in the TSC2 gene.

Previous work has addressed the phenotypic differences between familial and sporadic TSC, and 
between patients with TSC1 and TSC2 mutations, as well as the possible relationship between 
the phenotype and the type of mutation, and intra- and interfamilial variability.

In a study of 123 TSC families, Au et al. found less severe neurological findings as compared to 
studies focused on sporadic patients [24]. Sancak et al. reported a less severe phenotype for 
both TSC1 mutations (familial and sporadic) and familial TSC2 mutations, as compared to de 
novo mutations in TSC2 [31]. An earlier study [18] found only a  lower frequency of seizures (P = 
0.055) and HMM (P = 0.02)  in familial as compared to sporadic TSC patients, and these findings 
could not be reproduced when considering (familial and sporadic) cases with TSC2 mutations 
exclusively. A less severe phenotype in familial versus sporadic TSC cases does seem likely 
however, since this is in keeping with a higher reproductive fitness in mildly affected individuals 
[35]. The study by Dabora et al. compared the clinical features in sporadic patients with those 
seen in index members of familial cases, and patients in both groups by definition had to fulfill the 
diagnostic criteria for TSC [26]. This study [18] did not examine or include affected family members, 
excluding individuals with a possibly milder phenotype who did not fulfill the diagnostic criteria. 
The different study designs can account for the differing results among the three studies. 

The phenotypes associated with TSC1 mutations were found to be less severe than the   
phenotypes associated with TSC2 mutations, considering either the frequency of mental disability 
[34, 36, 37] or the TSC phenotype as a whole [18, 31, 38], in 6 studies with a total of 134 patients 
with TSC1 mutations and 519 patients with TSC2 mutations. However, no significant phenotypic 
differences were found in three smaller studies  (41 patients with a TSC1 mutation and 64 with a 
TSC2 mutation) [39-41]. Most likely, this discrepancy results from ascertainment bias (including 
the age-dependent nature of many TSC manifestations) or from the small number of patients 
included in some of the studies. Since all patients in the above-mentioned studies fulfilled the 
criteria for definite TSC; individuals with milder phenotypes were excluded. 

TSC1 mutations are underrepresented in both sporadic and familial TSC patients [34, 37, 40]. In 
familial TSC, early linkage studies [42] reported a fifty-fifty distribution between the TSC1 and 
TSC2 loci, although more recent studies have shown underrepresentation of TSC1 mutations in 
familial TSC as well [18, 31]. 

Several hypotheses have been put forward to explain the milder phenotype in patients with 
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mutations in TSC1. The underrepresentation of TSC1 mutations is likely due to the higher germ-
line mutation rate at the TSC2 locus than at the TSC1 locus [34]. If the phenotype is in part related 
to the frequency of the second hit, the milder phenotype in patients with mutations in TSC1 can 
be explained by the lower somatic mutation rate at the TSC1 locus than at the TSC2 locus [18, 
31]. In addition, tuberin may have functions that are not shared by hamartin [34]. Both the lower 
mutation rate and the milder phenotype in TSC1 disease may result in higher reproductive fitness 
and consequently a higher proportion of familial cases with a TSC1 mutation.

No correlation was identified between the type of mutation and the phenotype for either TSC1 
or TSC2, except for increased severity of renal symptoms related to large deletions at the TSC2 
locus which disrupt the neighbouring gene PKD1 as well [18, 25, 31, 34, 36, 37, 39, 40, 43-46]. 
In addition, there is extensive phenotypic variability for identical mutations, as illustrated by the 
high inter- and intrafamilial variability [18, 40, 44, 45], as well as by the discordant phenotypes 
described in monozygotic twins [47, 48]. It therefore seems likely that the nature of the second 
hit [21], somatic mosaicism [49], modifying genes, and environmental factors may have a major 
impact on the phenotypic expression of the germline mutation.

The proband in Family A presented with epilepsy and the family was first labeled as having 
familial partial epilepsy. The presence of skin lesions then led to the diagnosis of TSC, but since 
the epilepsy phenotype was very mild, the involvement of a third TSC locus was considered. 
The mild TSC phenotype in this family was characterized by the complete absence of disfiguring 
skin lesions in all affected family members. Fewer than 2/3 had epilepsy, which in the majority 
remitted spontaneously or was easily controlled by AEDs, and infantile spasms were absent. 
Cortical tubers were absent in all family members studied. It is not excluded however, that 
subtle lesions might be present in these patients and could be demonstrated using 3 Tesla MRI 
with surface coils or other imaging techniques, including post-processing techniques such as 
curvilinear reformatting or diffusion tensor analysis. A single AML and an isolated renal cyst were 
the only renal abnormalities detected. Since 80% of children with TSC have kidney lesions by 
the age of 10.5 years [50], it is unlikely that additional patients in the studied sample (mean age 
at examination 37 years) will develop TSC related renal abnormalities. Only 3 had mild cognitive 
impairment, and none were mentally retarded (Full Scale IQ level <70).

The presence of a mild phenotype in a pedigree of this size challenges the notion of extensive 
clinical variation in TSC. Possibly, this reputation is derived, at least in part, from studying severely 
affected index patients with mildly affected parent pairs without further familial context. Mild 
intrafamilial variability was however documented in Family A, ranging from phenotypes limited 
to isolated HMM, to phenotypes including SEGA, epilepsy, mild cognitive impairment and renal 
AML.  

Patient III-13 was apparently non-penetrant for the phenotype, but since he did not have a 
complete work-up for TSC, no final conclusion can be drawn in this case.

The mutation was absent in patient IV-29 who had epilepsy and mild cognitive impairment, as well 
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as in patients IV-8, V-4, V-8, V-11, and V-28 who had 1 to 3 depigmented skin lesions, though 
not of classical ash-leaf configuration. These findings are not surprising considering the relatively 
high prevalence of both epilepsy and depigmented skin lesions in the general population, and 
their occurrence in Family A might well be related to chance.

On the other hand, only a minority of mutation carriers fulfilled diagnostic criteria for definite TSC 
(Table 1, and Figure 1a). However, when features such as seizures or having a family member 
with TSC were taken into account as well, a diagnosis of presumptive TSC could have been made 
in all mutation carriers. If mutation analysis had been restricted to the individuals who fulfilled the 
criteria for definite TSC, many family members would still be uncertain about the possibility of 
developing the disease or passing it on to their offspring. They would also have to face regular 
clinical check-ups with the associated stress and extra costs. Screening family members of 
individuals with a known TSC mutation regardless of the criteria will reduce the uncertainty in 
these families and will also save the costs of yearly check-ups. This test should be offered in 
the context of genetic counseling, and appropriate follow-up should be provided. Changing the 
diagnostic criteria in order to facilitate testing of family members at risk does not seem advisable. 
The criteria have been developed in order to make a correct clinical diagnosis and not to select 
individuals for molecular testing. Including a first degree relative with a molecular diagnosis of 
TSC as a diagnostic criterion will result in an increase of false positive TSC patients. In Family A, 
this would be the case for patient IV-29 who had epilepsy and mild cognitive impairment, as well 
as for patients IV-8, V-4, V-8, V-11, and V-28 who had 1 to 3 depigmented skin lesions.

We studied 3 additional families with the R905Q mutation and six patients with the R905W 
mutation (Table 2, Figures 1b and 1c). 

With respect to the R905Q families (Families B, C, and D), the overall phenotype was mild, 
consistent with the phenotype described in Family A. Seizures had been present in 2/3 of patients 
in Families B, C, and D, which is similar to Family A (60%). Cortical tubers were present in 2 of 
the 3 families and disfiguring skin lesions were present in a minority of patients, in contrast to 
Family A. In the literature, 1 more patient with an R905Q mutation and a relatively mild phenotype 
(cognitively normal, no SEN or SEGA, epilepsy phenotype not available) has been mentioned. 
The patient was reported as sporadic, but mutational status was not determined in the parents 
[18] (Table 3A). 

The sporadic R905W patients (Patients 1-6) had more severe phenotypes. All patients had 
cortical tubers (CTB), and SEN or SEGA. Seizures were present in 4 out of 6 as compared to 
approximately 60% of the R905Q cases, and were more difficult to control. HMM were more 
frequently associated with more severe skin lesions including FAF, SP, FP and UF. Cognitive 
impairment was present in 4 of 5 evaluated patients and ranged from mild to severe. Four of 5 
patients had additional TSC features.

In the literature, 4 more patients with R905W [34, 38, 39, 43] and one patient with R905G [38] 
have been described (Table 3A). Despite incomplete information, phenotypes closely resemble 
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the ones described in P1-6, and appear more severe than the   phenotypes of the familial cases 
with R905Q.

The identification of R905Q and R905W as recurrent mutations in 4 families and 11 sporadic 
cases, as well as the cross-species conservation of arginine at codon 905 (Figure 3), illustrate 
the importance of this amino acid for the function of tuberin. In order to better understand the 
relationship between the 2714G>A (R905Q) and 2713C>T (R905W) mutations and the TSC 
phenotype, the effects of the R905Q and R905W substitutions on tuberin function were studied.  
Unlike some other pathogenic amino acid substitutions, R905Q and R905W did not prevent 
formation of the tuberin-hamartin complex [33]. However, the R905W mutation destabilized 
the complex as compared to both wild type tuberin and R905Q. In addition, although the in 
vitro rhebGAP activity of the tuberin-hamartin complex was inhibited by both the R905Q and 
R905W changes, the R905Q mutant protein had slightly more rhebGAP activity than the R905W 
mutant. In two separate assays, both substitutions reduced the tuberin-dependent inhibition of 
signal transduction through mTOR. In conclusion, both changes clearly affected tuberin function 
confirming their pathogenicity. However, neither mutation seemed to inhibit tuberin function 
completely. The less severe effect of R905Q in our in vitro assays of tuberin-hamartin complex 
formation and rhebGAP activity is consistent with the association between the R905Q substitution 
and mild TSC phenotypes, enabling its familial presentation. These studies would suggest that 
different missense mutations in the same codon resulting in a different amino acid change can 
modify the severity of TSC.

Figure 3: Evolutionary conservation of TSC2 exon 23. Amino acids that are conserved in 3 or more species 
are shown with a black background and white letters. Codon R905 is indicated with an arrow.
 
Although, in general, TSC2 mutations are associated with more severe disease than TSC1 
mutations, mild phenotypes in patients with TSC2 mutations do exist and are not limited to 
codon 905 changes (Table 3B). Family E (Figure 1d) demonstrates an exceptionally mild TSC2 
phenotype in ten individuals, caused by a 4662G>A splice site mutation in exon 35 of the TSC2 
gene. All patients were cognitively normal, and seizures were present in only 20%. However, all 
patients had cortical tubers and eight had FAF, as opposed to the R905Q families. This would 
indicate that, in contrast to some previous studies, the type and location of the mutation can 
influence the phenotype. In Family E, 8 out of 10 patients fulfilled the current diagnostic criteria 
for TSC because of the presence of HMM, FAF and CTB, although very few had epilepsy and 
all were cognitively normal. This is in contrast to Family A, in which 60% had epilepsy, 40% had 
learning difficulties, but only a few fulfilled the criteria.
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Figure 1d: Pedigree of Family E

Khare et al. described two families with a 4508A>C (1503Q>P) missense mutation in exon 34 of 
the TSC2 gene and, as far as details were available, a phenotype consisting mainly of HMM with 
in addition psychiatric features in 1 of the families [51]. O’Connor et al. reported a three generation 
family in which seven individuals had a 3106T>C (1036S>P) missense mutation in exon 26 of the 
TSC2 gene. All were cognitively normal, skin lesions were limited to HMM and seizures were 
controlled either by AED or surgery [52]. Mayer et al. identified a family in which a very mild TSC 
phenotype was segregating with a 4684G>A (1556G>S) missense mutation in exon 36 of TSC2. 
Functional studies supported the pathogenic character of the substitution [53].

In conclusion, we report a large TSC family in which epilepsy was the only burden of disease. The 
epilepsy phenotype was very mild and was characterized by focal seizures that often remitted 
spontaneously or were easily controlled by AEDs. The family was first considered to have benign 
familial epilepsy, delaying diagnosis. Clinical variability within the family caused a number of family 
members to escape from the strict man-made diagnostic criteria for TSC. Physicians should be 
aware that patients who do not fulfill the diagnostic criteria may still have TSC.

In this family, no cortical tubers were detected by high quality MRI imaging. However, 60% of 
mutation carriers had seizures. Further investigations are required to determine the origin of the 
seizures in these individuals.
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We have identified 10 new families with changes at codon 905 of TSC2. The R905Q change 
constitutes an example of a TSC gene mutation associated with a low probability of developing 
a severe TSC phenotype, which can be helpful in counseling. However, the possibility of clinical 
variation should still be considered.

The finding of a more severe phenotype associated with the sporadic R905W mutation as 
compared to the familial R905Q mutation was consistent with the functional studies, since R905W 
was less stable or active in 2 assays. Our findings support the observation that familial TSC, even 
when it is due to a TSC2 mutation, is less severe than sporadic TSC [24, 31]. 

This report illustrates how difficult establishing a definite diagnosis of TSC can be. Functional 
studies can help to understand the impact of a given mutation on hamartin/tuberin function. 
Therefore, refining the diagnosis of TSC based on mutation analysis and functional studies can 
contribute to counseling individual patients and families.
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Appendix: Case Reports Family A

A younger brother of the maternal grandfather, III-11, a 74-year-old man, has some well defined 
white skin spots, but never had seizures. 

His daughter, IV-20, a 43-year-old woman, had 5 to 10 focal seizures during one week at age five 
years, fully controlled after treatment was started. Medication was discontinued at age 11 and she 
remained seizure free. She has multiple small hypomelanotic macules and confetti spots (CS). 
MRI of the brain showed TSC related white matter lesions in the left frontal lobe. Cardiac and 
abdominal ultrasound as well as ophthalmological examination, were entirely normal. 

Her 22-year-old daughter, V-22, had several hypomelanotic macules and confetti spots. She never 
had seizures and was a good student. A full diagnostic work-up for TSC remained negative. 

Her 17-year-old son, V-23, was born after normal pregnancy and had two episodes of apnea 
shortly after birth. Convulsions occurred on days 2 and 3. He was treated with phenobarbital and 
remained seizure free after treatment was discontinued. At age 13 years, he had a generalized 
tonic-clonic seizure for which he was treated with valproic acid. He had another generalized 
attack at age 15, after the medication had been reduced. A single focal seizure occurred at age 
16.  He also had migraine. At school, he started having difficulties after he began to have seizures 
and had to repeat grade 9. He had multiple hypomelanotic macules and several confetti spots. 
MRI of the brain showed left parietal white matter lesions compatible with perinatal damage, as 
well as TSC-related white matter lesions in both frontal lobes. He had a single small renal cyst. 
Eye exam and cardiac ultrasound were normal. 

Another brother of the proband’s maternal grandfather, III-13, a 71-year-old man, did not have 
seizures or skin lesions based on history.

His daughter, IV-26, a 44-year-old woman, started having generalized seizures at age 15 months 
and is partially controlled with antiepileptic drugs. She has mild cognitive impairment and attended 
a special school. 

Her daughter, V-25, a 24-year-old woman, has had focal seizures with secondary generalization 
since age 17 years, partially controlled with AEDs. In addition, she has non epileptic seizures as 
well as migraine. She had several hypomelanotic macules and confetti spots. Full scale IQ ratings 
were in the borderline range. Brain imaging showed a single left frontal partly calcified SEGA with 
focal ventricular enlargement due to compression of the left Foramen of Monroe, as well as one 
TSC-related white matter lesion in the left frontal lobe. Cardiac and abdominal ultrasound as well 
as eye exam were normal. 

Her 9-year-old daughter, VI-4, has two hypomelanotic macules and several confetti spots, but 
further work-up was negative. 
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The youngest sister of the proband’s maternal grandfather, III-21, a 60-year-old woman, has 
several hypomelanotic macules and confetti spots, as well as a TSC related white matter lesion 
in the right frontal lobe. She never had seizures and further work-up was normal. 

Her daughter, IV-34, a 42-year-old woman, developed seizures at age four years. Attacks were 
focal with secondary generalization, and could be precipitated by stress or strong emotions. 
Seizures disappeared at age seven and treatment was discontinued at age 11. She studied until 
grade 11 and had some difficulties with language. She has several HMM and CS. Brain, kidneys, 
heart and eyes were normal. 

Her 22-year-old daughter, V-27, started having focal attacks with secondary generalization at age 
3.5 years. Seizures were difficult to control but finally responded to clonazepam and valproic acid. 
She then showed developmental regression and self-mutilating behavior, which improved when 
medication was switched to carbamazepine. She has been well controlled since and did well in 
her studies. She has several HMM and CS, two subependymal nodules (SEN) projecting in the 
left and right lateral ventricle, and a single renal AML. 

A first cousin of the proband’s maternal grandfather, III-5, a 54-year-old woman, had focal seizures 
with secondary generalization between ages 20 and 40, and afterwards remained seizure free 
without treatment. She has two hypomelanotic macules.

Her daughter, IV-3, a 32-year-old woman, has several HMM and CS but never had seizures.

Her 10-year-old daughter, V-1, had refractory epilepsy. She started having focal seizures at age 
22 months and would have up to 15 attacks per day. Partial control was obtained with phenytoin 
and clobazam. Early development was normal but slowed after the onset of seizures. She has 
several hypomelanotic macules and confetti spots. Brain CT and MRI, cardiac and abdominal 
ultrasound, as well as eye examination were normal. 
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ABSTRACT

Tuberous Sclerosis Complex (TSC) is an autosomal dominant disorder caused by mutations in 
either the TSC1 or TSC2 gene. A pathogenic mutation can be identified in approximately 85% of 
definite TSC cases. In the majority of cases, the result of the mutation analysis is straightforward. 
However, establishing the pathogenicity of a non-truncating sequence change to confirm or 
ascertain the diagnosis, particularly where there is insufficient genetic or clinical data, can be 
difficult or impossible. Here we describe two families with index cases not fulfilling the diagnostic 
clinical criteria of definite TSC. Mutation analysis resulted in the identification of two non-truncating 
changes, one from each parent, in both index patients. We characterized these changes using 
functional assays and identified pathogenic mutations in both families facilitating the diagnosis of 
affected family members. Here we discuss the use of functional assays as a diagnostic tool and 
the consequences of the identification of pathogenic mutations in these families. 

INTRODUCTION

Tuberous Sclerosis Complex (TSC, MIM 191100) is an autosomal dominant disorder characterized 
by hamartomas and hamartias in multiple organs and tissues, affecting 1 in 6000-10000 
individuals [1]. TSC is caused by mutations in either the TSC1 gene on chromosome 9q34 or the 
TSC2 gene on chromosome 16p13 [2, 3]. In approximately two-thirds of the cases TSC is caused 
by a de novo mutation indicating a high spontaneous mutation rate. 

A broad spectrum of mutations has been identified in both genes [2-8]. There are recurrent 
mutations, however, many of the mutations are unique to the families they are identified in. The 
majority of TSC patients have a mutation in the TSC2 gene. In de novo cases, mutations in the 
TSC2 gene are found two to ten times more often than TSC1 mutations [4, 7-10]. In contrast, in 
multi-generation, informative families segregating TSC, approximately half show linkage to TSC1 
(9q34) and half to TSC2 (16p13) [11]. 

Loss of heterozygosity across the TSC1 and TSC2 loci in TSC-associated lesions indicates 
that TSC1 and TSC2 are tumour suppressor genes [12]. The TSC1 and TSC2 gene products, 
hamartin and tuberin, form a complex [13] that activates the GTPase activity of rheb, and inhibits 
the rheb-GTP dependent stimulation of cell growth through mTOR [14]. It is now possible to study 
functional aspects of the tuberin-hamartin complex in vitro, including complex formation, in vitro 
rheb GAP activity, and the phosphorylation status of p70S6K and S6, the downstream effectors 
of the signalling pathway through mTOR [15]. 

TSC diagnosis is based on clinical criteria that are categorized as major and minor features [16]. 
The presence of two major features or one major and two minor features is sufficient for a definite 
diagnosis. However, the phenotypic expression of TSC is highly variable, even within families, 
making it difficult to establish a diagnosis in some cases.  In recent years, mutation analysis has 
become an additional diagnostic tool in familial TSC as well as in sporadic cases. 
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The utility of mutation analysis for diagnosis and genetic counselling requires the correct 
differentiation between (rare) polymorphisms and pathogenic mutations, which may be very 
complicated for non-truncating sequence changes in particular. In familial cases where a non-
truncating nucleotide change cosegregates with TSC or in cases where key relatives are not 
available for testing, this distinction cannot be made on genetic grounds only.

Here, we describe two families with index cases not fulfilling the diagnostic clinical criteria of definite 
TSC. The index case of family 1 had cardiac rhabdomyomas and deceased postpartum, without 
any other signs or symptoms of TSC. The index case of family 2 had epilepsy, hypomelanotic 
macules and dental pits also not fulfilling the criteria for a definite diagnosis of TSC. In both index 
cases two non-truncating changes in the TSC2 gene, one from each parent, were identified. 
We characterized the changes using genetic and biochemical analyses and determined the 
disease-causing mutations in both families. The consequences of the identification of pathogenic 
mutations in these families and the diagnostic use of functional analyses in the characterization 
of previously unpublished nucleotide changes will be discussed.

MATERIALS AND METHODS

DNA was extracted from peripheral blood using standard techniques. Mutation analysis was 
performed using a combination of single-strand conformational polymorphism (SSCP), denaturing 
gradient gel electrophoresis (DGGE) and direct sequencing. Both the TSC1 and the TSC2 genes 
were analysed completely. To detect larger rearrangements in the TSC2 gene, in addition to 
Southern blotting and fluorescence in situ hybridisation (FISH) [8], a Multiplex Ligation-dependent 
Probe Amplification (MLPA) assay (MRC, Holland) was performed . Numbering of the sequence 
changes is according to the accession numbers: AF013168 (TSC1) and X75621 (TSC2).

Amino acid substitutions were evaluated using BLOSUM 62, PAM 250 and Grantham score 
matrices. In order to investigate if any of the nucleotide changes had an effect on RNA splicing, 
these were tested using three different splice-site prediction programs (www.cbs.dtu.dk/services/
NetGene2, www.genet.sickkids.on.ca/~ali/splicesitefinder.html, and www.fruitfly.org/ seq_tools/
splice.html).

Full-length TSC1 and TSC2 expression constructs have been described previously [15, 17]. 
Expression constructs encoding tuberin variants were derived by site-directed mutagenesis 
using the Stratagene QuickChange kit. All constructs were sequenced completely. 

Polyclonal rabbit antisera specific for human tuberin and hamartin have been described previously 
[18]. All other antibodies were purchased from Cell Signaling Technology. 

Transfections, immunocytochemistry, immunoblotting, immunoprecipitation assays and the in 
vitro assay of rheb GTPase activity were performed as described previously [15]. 
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RESULTS

Cases and Family Characteristics

Family 1:

The index case (figure 1a, III:3) of family 1 was diagnosed with a solitary rhabdomyoma in the right 
ventricle of the heart and signs of heart failure in utero and deceased postpartum. Post-mortem 
examination showed no other findings indicative of TSC. Both parents underwent a full clinical 
evaluation. Dermatological, cardiological, ophthalmological, neurological as well as radiological 
examinations were negative for signs and symptoms of TSC with the exception of one nail groove 
and one hypomelanotic macule in the father (II:3), which was insufficient for a diagnosis of TSC.  
The older brother of the index case (III:2) was healthy, but was not investigated further. At the first 
trimester of the third pregnancy, mutation analysis of the index case had not been completed and 
prenatal DNA testing could not be offered. Subsequent fetal echocardiography during pregnancy 
revealed no heart tumours. The pregnancy resulted in the birth of a healthy boy (III:4) but follow 
up of the family was not possible. 

Family 2:

The index case (figure 1b, III:4) of family 2 had five hypomelanotic macules and multiple dental 
pits accompanied by epilepsy and EEG abnormalities. The patient was diagnosed with ‘probable 
TSC’. The mother (II:10) of the index case had multiple dental pits, which is considered a ‘minor 
feature’ of TSC, and two small calcifications in the nucleus caudatus on CT scan, which are 
not typical for TSC. MR imaging was performed and showed no additional abnormalities. Her 
brother (II:11), deceased at the age of 13, had mental retardation, epilepsy, neurologic and 
ophthalmologic problems. He died of status epilepticus. The father (II:9) had one 2-cm cyst in the 
left kidney and an ash leaf-shaped area of hypopigmentation. Some time after the referral of the 
index case to our centre for mutation analysis, the older half sister (III:1) of the index case by the 
same father was seen by another genetic counsellor. She presented at the age of 12 years with 
epileptic seizures. A full diagnostic work-up showed that she (III:1) had cortical tubers and seven 
hypomelanotic macules, fulfilling the diagnostic criteria for definite TSC. She had no further signs 
or symptoms related to TSC. Her mother (II:8) was found to have multiple dental pits and ten 
irregular areas of hypopigmentation, atypical for TSC, without further signs of the disease. 

See figure 1 next page 
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I:1

A Family 1

B Family 2

R1772C
I820del

R1772C
I820del

T993M
L1511H

T993M
L1511H

R1772C
I820del

II:1 II:2 II:3 II:4

III:2III:1 III:3 III:4

I:2

I:1 I:2

II:8II:1-7 II:9 II:10 II:11

III:5III:4III:3III:2III:1

I:3 I:4

No clinical feature of TSC or clinically not investigated
One minor feature
Possible TSC
Probable TSC
Definite TSC

+
– –

–

+
– +

–

–
– –

–

T993M
L1511H +

– –
–

T993M
L1511H –

+ –
–

T993M
L1511H +

+ –
–

–
+ –

–

–
+ –

–

L1511H + –

7

Figure 1: Pedigrees of the investigated families, family 1(a) and family 2(b). Arrows indicate the index cases. 
Clear symbols indicate no signs or symptoms of TSC; ¼ full symbols indicate one minor feature of TSC, 
½ full symbols indicate possible, ¾ full symbols indicate probable and full symbols indicate definite TSC. 
Results of the mutation analysis are indicated where available.
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Mutation analysis

The index case of family 1 was found to be heterozygous for both 2476delATC (deletion of amino 
acid isoleucine at position 820, I820del) (of paternal origin) and 5332C>T (arginine to cysteine 
amino acid substitution at position 1772, R1772C) (of maternal origin) in the TSC2 gene. No 
DNA was available from other relatives. In the index case of family 2, the 2996C>T (threonine to 
methionine amino acid substitution at position 993, T993M) and the 4550T>A (leucine to histidine 
amino acid substitution at position 1511, L1511H) heterozygous missense changes in the TSC2 
gene were identified. T993M was of maternal origin and L1511H was of paternal origin. The 
maternal grandparents (I:3 and I:4) of the index case were also tested for the aforementioned 
nucleotide changes and the maternal grandmother (I:4) was found to be heterozygous for 
the missense change T993M. Subsequently, a complete mutation screen of both genes was 
performed on DNA of the half sister of the index case and she was found to be heterozygous 
for L1511H only. We compared the allele ratios of the index cases and (grand-) parents by direct 
sequencing of leukocyte DNA and found no evidence for somatic mosaicism of the (grand-) 
parents in either family. None of the changes showed an effect on splicing according to the splice-
site prediction programs used. 

Amino acid conservation

The amino acids I820, T993, L1511 and R1772 are all conserved in tuberin orthologues in different 
species including mus musculus, rattus norvegicus, fugu rubripes, gallus gallus and xenopus 
tropicalis. The amino acid substitutions were evaluated using the BLOSUM 62, PAM250 and 
Grantham score matrices. The BLOSUM 62 and PAM250 matrices gave negative results and 
the Grantham score matrix gave high scores for the three amino acid substitutions indicating that 
these changes were non-conservative changes.  Therefore, the in silico analyses suggested that 
any of these non-truncating nucleotide changes might have functional implications and might be 
a pathogenic mutation (table 1). 

Family Codon
Amino Acid 
Substitution

BLOSUM
62

PAM
250

Grantham
score

Family 1 820 del I N/A N/A N/A

Family 1 1772 R>C -3 -4 180

Family 2 993 T>M -1 -1 81

Family 2 1511 L>H -3 -2 99

Table 1: Scores of the BLOSUM 62, PAM 250 and Grantham score matrices. Theoretical scores for 
BLOSUM 62 are between -4 and 11, and for PAM 250 between -8 and 17. The more negative the scores 
for BLOSUM 62 and PAM 250 matrices, the less conserved the amino acid change. Theoretical Grantham 
scores are between 5 and 205 and the higher the scores, the less conserved the amino acid change. (N/A: 
not applicable)
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Functional Analysis

Tuberin variants containing I820del, R1772C, T993M and L1511H changes were compared with 
wild-type tuberin and a known pathogenic missense variant, R611Q, using assays of tuberin-
hamartin complex formation, rheb GAP activity of the complex and the phosphorylation status of 
p70S6K (S6K) and S6 (figure 2). 

I820del clearly reduced coimmunoprecipitation of the tuberin-hamartin complex (figure 2a), while 
R1772C, T993M and L1511H did not have visible effects indicating that the I820del tuberin variant 
can less efficiently bind to and form a (stable) complex with hamartin. 

To investigate whether the tuberin amino acid changes affected the GTPase rate of rheb, 
we assayed the rhebGAP activity of the tuberin-hamartin complexes. As shown in figure 2b, 
immunoprecipitated wild-type complex facilitated the GTPase activity of rheb. The GAP activities 
of tuberin I820del, L1511H and R611Q variants were reduced compared to those of the wild-type 
tuberin, and the R1772C and T993M variants.

We overexpressed wild-type tuberin or the tuberin variants together with hamartin and S6K in 
human embryonal kidney 293 cells, and compared the phosphorylation status of the linker domain 
(T389) of exogenous S6K by immunoblotting. As shown in figure 2c, coexpression of hamartin 
and either wild-type tuberin or the R1772C and T993M variants inhibited S6K phosphorylation. 
The inhibition of S6K phosphorylation by the I820del, the L1511H and the R611Q variants, on the 
other hand, was reduced.  

Tsc2 - / - mouse embryo fibroblasts (MEFs), which have constitutively phosphorylated S6, were 
transfected with tuberin or tuberin variants together with hamartin to determine their ability to 
reduce S6 phosphorylation. We assayed the phosphorylation of S6 in transfected, serum-starved 
cells by double-label immunofluorescent microscopy as described previously (figure 2d) [15]. 
Wild-type tuberin as well as the R1772C and the T993M tuberin variants were able to suppress 
S6 phosphorylation in more than 90% of the cells when coexpressed with hamartin. In contrast, 
the I820del, the L1511H and the R611Q variants could not inhibit S6 phosphorylation efficiently 
compared to wild-type tuberin or the R1772C and T993M variants. 

We classified the I820del and L1511H changes as pathogenic mutations and R1772C and T993M 
as non-pathogenic amino acid substitutions. 
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Figure 2: Results of the functional assays. (a) Interaction between hamartin (TSC1) and tuberin (TSC2) 
variants. TSC1-TSC2 complexes were immunoprecipitated with TSC1-specific antibodies from COS cells 
expressing exogenous TSC1 and wild-type TSC2 (wt) or TSC2 variants. (b) In vitro rhebGAP activity of 
immunoprecipitated TSC1-TSC2 complexes. Rheb-bound GDP/GTP ratios were determined after 90 
minutes incubation with the wild-type TSC1-TSC2 complex (wt), protein A beads only (control), TSC1 only, 
or TSC1-TSC2 variant complexes. (c)TSC2-dependent inhibition of S6K-T389 phosphorylation. S6K, TSC1 
and wild-type TSC2 (wt), or TSC2 variants, were co-expressed in HEK293 cells. Phosphorylation of S6K at 
T389 position was determined by Western blotting. (d) Inhibition of S6 phosphorylation. Average inhibition 
of S6 phosphorylation in Tsc2 - / - mouse embryo fibroblasts transfected with TSC1 and wild-type TSC2 or 
TSC2 variants from three different experiments are shown. 
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DISCUSSION

We demonstrated that our mutation analysis strategy enables us to determine pathogenic 
mutations in approximately 85% of definite TSC patients [8]. However, in cases where there is 
insufficient clinical and/or genetic data, the establishment of the pathogenicity of identified genetic 
variants, particularly of non-truncating changes, is difficult. In selected cases, where amino acid 
matrix scores for the identified amino acid substitutions suggest biochemical consequences and 
where DNA is available from family members, we apply functional assays to determine the nature 
of these sequence variants. 

Here, we describe two families with symptomatic index patients, who did not fulfil the criteria for 
definite TSC, and apparently unaffected parents, four of which had insufficient or ambiguous 
signs of the disease after clinical evaluation (figure 1). Both index patients inherited two non-
truncating nucleotide changes, one from each parent. 

We characterized the effects of the identified changes on the function of the tuberin-hamartin 
complex in order to determine whether any of these changes were disease-causing mutations. 
The I820, R1772, T993 and L1511 amino acids are all conserved in tuberin orthologues and amino 
acid substitution matrices indicated that the R1772C, T993M and L1511H amino acid changes 
might all have functional implications. Functional analysis of these changes showed that the 
I820del variant formed a complex with hamartin less efficiently than the R1772C, T993M, L1511H 
variants or the wild-type tuberin, suggesting that the I820del variant might be pathogenic. Both 
the I820del and L1511H variants had less in vitro GAP activity towards rheb and, consistent with a 
dysregulating effect on the mTOR signalling pathway, both variants were less efficient in inhibiting 
S6K and S6 phosphorylation. These results showed that the non-truncating changes I820del and 
L1511H had similar effects to the known pathogenic missense mutation R611Q and disrupted the 
function of the tuberin-hamartin complex in vitro. Therefore, we classified I820del and L1511H as 
pathogenic mutations and R1772C and T994M as rare polymorphisms. 

Confirmation of the pathogenicity of the I820del mutation meant that a diagnosis of TSC could 
be assigned to the index patient of family 1, who had only cardiac rhabdomyoma in utero.  
Rhabdomyoma is the most common foetal and neonatal cardiac tumour. It can be associated 
with several genetic disorders, but TSC has been implicated in as many as two-thirds of the 
cases [19]. Although the majority of these cases appear to be sporadic, careful evaluation of 
the parents for signs and symptoms of TSC is recommended. In family 1, the father’s very mild 
presentation of the disease was not even sufficient for a diagnosis of ‘possible TSC’. Although 
somatic mosaicism was not rigorously excluded, since only leukocyte DNA was analysed, the 
recurrence risk for this couple is considered to be 50%. Since the other children (figure 1a; III:2 
and III:4) were not available for DNA testing or clinical evaluation, at the moment it cannot be 
excluded that either one of them is also carrying the familial mutation.  

After mutation analysis of the index patient’s DNA in family 2 resulting in the identification of both 
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T993M and L1511H, her half sister (III:1 in fig 1b) was diagnosed with definite TSC on the basis 
of clinical criteria. The half sister’s DNA was subjected to a complete mutation screen of both 
genes and she was shown to carry L1511H only. This excluded T993M as the common cause 
of disease in the half-sisters, but it did not establish the pathogenicity of L1511H, which could 
be a cosegregating rare polymorphism. The presence of multiple dental pits in both mothers of 
the affected individuals in family 2 (II:8 and II:10) might indicate that TSC in individuals III:1 and 
III:4 are caused by two different mutations inherited from their respective mothers. However, the 
functional tests confirmed the pathogenic nature of L1511H.

BLOSUM 62, PAM 250 and Grantham score matrices give indications if an amino acid substitution 
might have a significant biochemical effect. Although these matrices might give a clue, the 
same amino acid substitution might have different consequences depending on the surrounding 
amino acids and the domain it is located at. For example, while R>Q amino acid substitution 
results in complete loss of function at position 611 of tuberin, it has no detectable functional 
consequences at position 367 [15] (and unpublished data, 2005). The use of these functional 
assays to differentiate between polymorphisms and pathogenic mutations facilitates not only the 
identification of pathogenic mutations in difficult cases but also might help identify functionally 
important domains and explain in part the phenotypic heterogeneity. Comparison of the effects 
of I820del and L1511H suggests that these two amino acids are involved in different aspects of 
tuberin function. I820del disrupts the formation of a functional hamartin-tuberin complex, makes 
tuberin less stable, or causes a conformational change prohibiting hamartin-tuberin binding. 
L1511H, on the other hand, does not disrupt complex formation. However, the complex formed 
with this tuberin variant has reduced GAP activity and is less able to inhibit phosphorylation of 
the downstream effectors of the mTOR signalling pathway. It should be noted that L1511 may be 
located within the GAP domain, the borders of which have not been defined consistently [3, 4, 
20] (http://www.expasy. ch/cgi-bin/nicesite.pl?PS50085, http://www.sanger.ac.uk/cgi-bin/Pfam/
getacc ?PF02145).

The use of functional assays in characterization of non-truncating nucleotide changes is limited 
by time and resources. To minimize repetition and unnecessary work, international collaboration 
through an up-to-date database with all the mutations and polymorphisms identified in the TSC1 
and the TSC2 genes worldwide is necessary for diagnostic facilities as well as for researchers. 

Genetic testing was not included in the revised diagnostic criteria of TSC. However, an individual 
with a pathogenic mutation in the TSC1 or TSC2 gene who does not fulfil the clinical diagnostic 
criteria, which is the case for both of the fathers in these two families, has up to a 50% risk of 
having affected offspring and an increased risk of developing various TSC associated lesions. 
Such an individual should carefully be followed-up since while some TSC associated lesions do 
not appear until a certain age, others may disappear with age, complicating diagnosis. 

Our results illustrate the phenotypic variability of TSC, even within families.  A non-truncating 
change identified in an index patient as well as in a “seemingly unaffected” parent is not necessarily 
an innocent polymorphism.  Functional assays have proven to be an important diagnostic tool 
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that complements mutation analysis. Identification of pathogenic mutations in the families we 
described here enables not only genetic counselling and prenatal testing for future pregnancies 
but also diagnosis of affected family members for critical clinical care. 
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APPENDIX

Preliminary data on the activation of the Hamartin-Tuberin Complex

by AMPK Phosphorylation

INTRODUCTION

The major function of the hamartin-tuberin complex has been shown to be the inhibition of mTOR. 
The mTOR signaling pathway is one of the central pathways regulating cell size [1-3]. When 
activated, mTOR turns on protein synthesis by at least two mechanisms: 1- the phosphorylation 
of 4EBP-1 and the subsequent release and activation of translation initiation factor eIF4E, and 
2- the phosphorylation and activation of S6K and, subsequently, of the 40S ribosomal protein S6. 
Tight regulation of this pathway by cellular energy and nutrient levels is essential since protein 
synthesis utilizes approximately 20-25% of the total cellular energy. 

However, the biological basis of this regulation was not known until recently. It was first suggested 
that mTOR, through its high Km for ATP, could function as a sensor for cellular ATP levels [4]. But 
since the ATP concentration is significantly higher than mTOR’s Km for ATP, drastic decreases in 
ATP levels are required to bring about changes in mTOR activity [5]. AMP, on the other hand, is 
a much better indicator of cellular energy levels because of its lower concentration. A relatively 
small decrease in ATP concentration will result in a relatively large increase in AMP levels [6] 
and therefore 5’-AMP-activated protein kinase (AMPK), which is sensitive to increased AMP 
levels, has been proposed as a physiological cellular energy regulator. AMPK has been shown to 
regulate mTOR signaling [7, 8], and tuberin was identified as the molecular link between AMPK 
and mTOR [9]. AMPK phosphorylates tuberin at two sites, amino acids T1271 and S1364, thereby 
activating it (see figure 5 on page 27).

Phosphorylation of tuberin by Akt, on the other hand, has an inhibitory effect through destabilization 
and/or disruption of the hamartin-tuberin complex. In addition to this direct effect, Akt also 
phosphorylates and inhibits AMPK, thereby reducing the activation of tuberin by AMPK [10]. The 
activating mechanism of AMPK phosphorylation on tuberin function remains to be elucidated and 
we started to investigate it. 

EXPERIMENTAL WORK – PRELIMINARY RESULTS

As a first step to understand how hamartin-tuberin function is regulated by AMPK biochemically, 
we introduced the T1271A and S1364A mutations to the full-length wild-type tuberin construct. 
These tuberin variants are thought to be resistant to AMPK phosphorylation. Using our in vitro 
assays [11], the tuberin variants T1271A and S1364A and the variant carrying both mutations 
(“double A” variant) were found to retain rheb-GAP activity and were able to inhibit S6K and S6 
phosphorylation (data not shown). Therefore, in contrast to previous reports [9, 12], our results 
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did not show that AMPK phosphorylation was necessary for tuberin function. However, it must 
be noted that our in vitro assays rely on protein overexpression and may lack the sensitivity to 
distinguish between the presence and absence of activation.  

We did, however, observe an effect of the disruption of both the T1271 and S1364 phosphorylation 
sites. Using double-label immunofluorescent microscopy we found that hamartin staining was 
abnormal when hamartin was coexpressed with the tuberin “double A” variant (data not shown). 
Many cells exhibited a punctate hamartin staining pattern. Previously, we observed such hamartin 
staining in cells without exogenous coexpression of tuberin or coexpression of tuberin variants 
that are unable to form a complex with hamartin, e.g. the R611Q variant [11]. This observation 
suggests either that AMPK phosphorylation is necessary for complex formation, or that AMPK 
phosphorylation is important for the solubility/localization of the complex.

Next, we investigated the effect of 2-deoxyglucose (2-DG), a potent AMPK activator, and serum, 
an activator of mTOR signaling through growth hormone receptors. It was shown that, when 
cells expressing the wild-type hamartin-tuberin complex were treated with 2-DG, ~65% of them 
exhibited the punctate hamartin staining pattern compared to ~25% of those treated with serum 
(figure 1.) On the other hand, approximately 50% of the cells expressing the T1271A, S1364A,  
“double A” or R611Q variants, exhibited a punctate pattern, irrespective of the treatment. This 
suggests that the difference in the staining pattern of wild-type complex using 2-DG and serum is 
dependent on the phosphorylation of tuberin on both sites by AMPK. 

Figure 1: The effects of AMPK phosphorylation on hamartin staining. Cells expressing wild-type hamartin-
tuberin (78) complex when treated with 2-DG exhibit 65% punctate hamartin staining pattern, while when 
treated with serum exhibit only 25% punctate hamartin staining pattern. Cells expressing hamartin with 
tuberin variants resistant to AMPK phosphorylation or with the R611Q variant, irrespective of treatment, 
show 50% punctate hamartin staining pattern. Empty vector (EV) with hamartin was used as a negative 
control.

0

10

20

30

40

50

60

70

80

90

100

G
D2

M
U

R
E

S

G
D2

M
U

R
E

S

G
D2

M
U

R
E

S

G
D2

M
U

R
E

S

G
D2

M
U

R
E

S

G
D2

M
U

R
E

S

78 78DM 78-1271 78-1364 78-611 EV

nretta
P

etatcn u
P

%



Activation of hamartin-tuberin complex

125

Subsequently, we used a co-immunoprecipitation assay to determine whether the abnormal 
staining pattern was due to disrupted hamartin-tuberin complex. Using antibodies against 
hamartin, we were able to immunoprecipitate wild-type tuberin as well as the T1271A, S1364A 
and “double A” tuberin variants. This strongly suggests that the hamartin-tuberin interaction does 
not require phosphorylation of tuberin by AMPK. In other words, AMPK phosphorylation does 
not seem to enhance hamartin-tuberin complex formation, but presumably activates the complex 
after its formation.

In order to explore whether AMPK phosphorylation affects the solubility of the complex, we 
performed fractionation experiments. In these experiments, we showed that the ratio of insoluble 
to soluble hamartin-tuberin complex was increased for the wild-type tuberin when cells were 
treated with the AMPK activator 2-DG. On the other hand, addition of 2-DG had no effect on the 
ratio of insoluble to soluble complex for the tuberin variants T1271A, S1364A or “double A”. This 
suggests that AMPK phosphorylation helps to relocate - or change the solubility of - the hamartin-
tuberin complex. 

PRELIMINARY CONCLUSIONS AND FUTURE DIRECTIONS

Protein synthesis is a vital cellular process that needs to be tightly coordinated with various 
other cellular processes and physiological conditions. Inhibition of translation is a major 
physiological response under energy starvation conditions to maintain cellular homeostasis. Yet, 
the biochemical mechanism of this response is poorly understood. Recent research has placed 
AMPK in the mTOR signaling pathway, upstream of the hamartin-tuberin complex. The complex 
is activated by AMPK under energy starvation conditions, and consequently inhibits the mTOR 
signaling pathway. However, the precise biochemical mechanism of how AMPK phosphorylation 
leads to complex activation is not yet known. 

Our results suggest that the phosphorylation of tuberin by AMPK does not have an effect on 
hamartin-tuberin complex formation, but it seems to facilitate the migration of the already formed 
complex to the membrane. It may be of relevance that rheb, the molecular target of the tuberin 
GAP activity, is located on the membrane [13]. 

If phosphorylation by AMPK does have an effect on migration of the complex, tuberin variants 
that behave as if they were phosphorylated by AMPK are expected to be predominantly present 
in the insoluble fraction and cells expressing these tuberin variants along with hamartin are 
expected to exhibit a predominantly punctate hamartin staining pattern, irrespective of treatment. 
We introduced the phosphomimetic T1271D and S1364D mutations into the full-length wild-type 
tuberin construct to investigate their effects. Another interesting step in this line of research would 
be to investigate the effect of AMPK activation on green fluorescent protein (GFP)-labeled tuberin 
or hamartin localization. The main advantage of using such a tag is the possibility of performing 
experiments in live cells. Other proteins regulating the hamartin-tuberin complex could also 
function by relocating the complex to or away from its cellular site of action.
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Further studies of the hamartin-tuberin complex and its regulation will result in a better 
understanding of the pathogenesis of various lesions and developmental abnormalities observed 
in TSC and many other disorders, and will yield better therapeutic options.
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3. DISCUSSION

3.a. Mutation Analysis

Mutation Detection Rates

The identification and characterization of the responsible genes, the TSC1 and TSC2 genes, 
enabled the determination of the mutation spectra of the TSC1 and TSC2 genes [1-10]. Mutations 
were found more frequently at the TSC2 locus. In de novo cases TSC2 mutations are 2-10 times 
more frequent [6-8, 10, 11]. In familial cases, the numbers are closer to each other, but TSC2 
mutations are still more common [7, 8, 10]. 

The size, complexity of structure and chromosomal location of a gene all play roles in whether a 
locus is more prone to replicative errors. The average number of mutations per nucleotide for TSC2 
gene is more than two times higher than that for TSC1 [10]. This simple observation indicates 
that the difference in the mutation frequencies of the two genes is not only a matter of gene size. 
The lower number of mutations in the TSC1 gene is also partly related to the reported absence or 
the very low frequency of large DNA rearrangements, missense and splice site mutations. Such 
replicative errors in the TSC1 gene do not happen frequently, do not result in protein dysfunction, or 
may have an embryonic lethal effect. The resulting phenotype in case of no or mild effect on protein 
function could be missed using the current clinical diagnostic criteria. 

For a comprehensive mutation analysis of the TSC1 and TSC2 genes, it is necessary to use 
a combination of methods to cover the detection of small nucleotide changes as well as larger 
rearrangements. For the detection of small nucleotide changes in our large cohort, we used DGGE 
because of its high sensitivity and high throughput. For exons for which DGGE was not possible 
due to technical difficulties, we used either SSCP or direct sequencing. SSCP had been in use 
for mutation screening since the identification of the TSC1 and TSC2 genes in our laboratory and 
therefore some samples were screened by both DGGE and SSCP. For the detection of larger 
rearrangements affecting more than one exon of the TSC2 gene, we used FISH and Southern 
blotting.

Different laboratories used different combinations of techniques and those reporting on larger 
cohorts consistently have a mutation detection range of 80-90% in patients with definite TSC [6, 
7, 10]. There may be several reasons why we are unable to identify mutations in 10-20% of the 
patients. 

Missed Mutations?
Technical difficulties related to mutation analysis, medium size deletion mutations missed by both 
PCR-based and probe-related screening techniques such as long-range PCR, FISH and Southern 
analysis, mutations within the promoter/enhancer or intronic regions, and somatic mosaicism 
probably all contribute to mutation detection failure [12]. For the detection of small nucleotide 
changes we used a combination of DGGE, SSCP and direct sequencing on our large cohort [10]. In 
patients with known mutations and where both SSCP and DGGE were performed, we have shown 
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a higher sensitivity of DGGE (84% vs. 93% respectively). However, none of the techniques has a 
sensitivity of 100%. 

In contrast to other studies, Longa et. al. reported three large deletions in the TSC1 gene in a cohort 
of 202 patients, accounting for 1.5% of all the mutations identified in the TSC1 and TSC2 genes [13]. 
The same group continued their efforts searching for large rearrangements, and identified seven 
additional deletions involving one or more exons of the TSC1 gene, four of which also included the 
promoter region (Nicola Migone, personal communication). According to their results, the ratios of 
large deletions to the total number of mutations in both genes are similar, approximately 10%. We 
have identified and characterized such a large deletion in the TSC1 gene after the coincidental 
finding of an informative intragenic polymorphism that showed an inheritance pattern consistent 
with the presence of a deletion in the affected individuals in the family (Chapter 2.b). Since the TSC1 
gene is not screened for large rearrangements in routine diagnostic mutation analysis, several of 
these mutations may have been missed.

For the detection of larger rearrangements affecting more than one exon of the TSC2 gene, we used 
a combination of FISH and Southern blotting. In only 50% of the cases with larger rearrangements 
both techniques were able to detect the abnormality. At the moment a new technique, the Multiplex 
Ligation-dependent Probe Amplification (MLPA), is being evaluated for the detection of medium-
large deletion mutations. This relatively new technique is a fast and efficient PCR-based system to 
determine the copy number of up to 45 different sequences of interest. However, since polymorphisms 
or single base mutations in the probe binding regions may affect MLPA results, single base changes 
may appear as exon deletions. For this reason, all simple fragment deletions indicated by MLPA 
should be confirmed by an independent method [14]. MLPA can also yield inconclusive results 
when performed on old and low-quality DNA samples. In our laboratory, MLPA on 119 informative 
samples that had been prescreened for small mutations yielded 21 aberrant patterns. Two of these 
have been confirmed to be large deletions using FISH analysis, one encompassing TSC2 exons 
21-41 and the other one a whole TSC2 gene deletion (van den Ouweland, unpublished data). At the 
moment, new FISH probes are being evaluated for the confirmation of the deletions identified in the 
N-terminal part of the TSC2 gene by MLPA. 

Splicing abnormalities due to sequence changes distant from exon-intron boundaries seem to 
happen infrequently in TSC genes.  However, Mayer et al identified eight aberrant polypeptides 
(one in the TSC1 and seven in the TSC2 gene) using an RNA-based protein truncation test (PTT) 
in 48 patients prescreened for large intragenic TSC2 rearrangements [11]. The causative mutations 
for the aberrant polypeptides could not be determined. These might lay deep within introns or 
might as well be false positives related to the PTT technique. The 28 mutations these authors did 
identify were either truncating mutations in the coding region or mutations affecting splicing, all but 
one would also have been detected by genomic screening techniques on exons and exon-intron 
boundaries [15]. Mutations in the enhancer/promoter regions also seem to be infrequent. Large 
deletions however, frequently include the promoter as well (4 of 10 TSC1 deletions and 19 of 33 
TSC2 deletions) (Nicola Migone, personal communication). 
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Somatic mosaicism, on the other hand, as in other syndromes related to tumor suppressor genes 
[16, 17], is well documented in TSC in both probands and parents of TSC patients [18-23]. In a 
recent study, somatic mosaicism was identified in 3% of the patients diagnosed with definite TSC 
[19]. In our cohort, we have detected only one case of somatic mosaicism in an index case [10]. The 
patient had retinal phakomas and depigmentations, subependymal nodules, kidney cysts, facial 
angiofibromas, hypomelanotic macules, seizures and borderline mental retardation. The deletion 
was present in 80% of the leukocytes investigated, which suggests high-grade mosaicism, although 
no other tissues were available for examination. Kwiatkowska et al illustrated that a patient with 
30% somatic mosaicism can also be severely affected [23]. This patient had epilepsy, multiple 
SENs and tubers, severe mental retardation and facial angiofibromas, whereas the results of renal 
ultrasonography, echocardiography, and retinal examination were all normal. Jones et al described 
somatic mosaicism in two index cases who were mildly affected and in one parent who had only 
minor skin signs of TSC [22]. The mutations involved escaped detection by regular sequencing 
and could be identified at low frequency (6-17%) after cloning of the appropriate amplicons. In a 
previous study, our group showed somatic mosaicism in approximately 10% of the parents (6/62) 
and these parents were diagnosed after identification of the mutation in the proband’s DNA, had 
normal intelligence and no history of epilepsy. In addition to six previously reported parental somatic 
mosaicism cases and the aforementioned somatic mosaicism in an index case, we identified 
somatic mosaicism in one more parent [10]. Since the use of labor-intensive allele specific methods 
is no longer included in our diagnostic routine, it is possible that we were unable to identify all the 
somatic mosaic parents in our latest study. However, a recent study by Roberts et al showed that 
somatic mosaicism is rare in unaffected parents of TSC patients [19]. The debate whether somatic 
mosaic mutations are associated with milder phenotypes will require clinical investigation of more 
TSC patients with such mutations and quantification of the degree of mosaicism in these patients. 
However, mathematically the hypothesis seems probable. If the number of cells carrying the first 
mutation is lower, the chance that those cells will acquire a second hit will also be lower, thus 
limiting the number of possible TSC associated lesions. The patients in our cohort with no identified 
mutations had milder phenotypes. At least a proportion of these patients could be somatic mosaics, 
since it is technically difficult to show low-level somatic mosaicism. Moreover, the available DNA 
was from leukocytes or cultured fibroblasts and mosaicism that was limited to specific organs and 
tissues would escape detection altogether (see Chapter 3.b.). 

Or a Third Locus?

Does a third locus exist for TSC? This question has been asked since the first half of the 1990s. Prior 
to the identification of the chromosome 16 locus, linkage analysis revealed loci on chromosomes 
11 and 12 in addition to the chromosome 9 locus but the linkage was weak and not reproducible 
[24-26]. Current evidence does not support an additional gene that might cause TSC. However, 
the main functions of the protein products of the TSC1 and TSC2 genes seem to be related to the 
signaling through the mTOR pathway and this pathway involves many other proteins (see Chapter 
3.e.). 

After the identification of rheb as the direct target of the tuberin GAP activity, it was suggested that 
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mutations in rheb could result in phenotypes similar to that of TSC [27, 28]. In 24 index cases with a 
definite clinical diagnosis of TSC where we were unable to identify a pathogenic mutation in either the 
TSC1 or the TSC2 gene, we screened the rheb gene by SSCP and direct sequencing (unpublished 
data). We identified 4 previously unreported nucleotide changes in the intronic sequences of the 
rheb gene, IVS1+60C>T, IVS5-7G>A, IVS6+59del3 and IVS7-35T>C. Splice site prediction analysis 
indicated that none of the changes were likely to have an effect on splicing and were therefore 
unlikely to be responsible for TSC in these patients. We concluded that rheb is not a good candidate 
disease gene for TSC. However, as of yet, the guanine nucleotide exchange factor(s) for rheb is not 
identified. Even if mutations in genes encoding such proteins would be unlikely to cause TSC, the 
activity of these could play a role in the phenotypic expression of the disease. 

The question then becomes “Could specific mutations in other genes regulating the same pathway 
result in similar phenotypes?”. To answer this question one has to look at the phenotypes resulting 
from mutations in these genes and have a good understanding of the functions of the network of 
pathways involved. 

There are several disorders characterized by familial hamartomas. Peutz-Jeghers syndrome (PJS) 
in particular, has striking resemblances to TSC [29, 30]. Patients with PJS have predominantly 
gastrointestinal hamartomatous polyps, however histopathologically these hamartomas are 
strikingly similar to hamartomas seen in TSC. This syndrome is caused by mutations in the LKB1 
(also known as STK11) gene. The protein product of the gene is a serine/threonine kinase, the best-
known substrate of which is AMPK, which in turn phosphorylates and activates tuberin. Activation of 
the mTOR signaling pathway has been shown in cell biological systems as well as hamartomatous 
polyps from mouse models of PJS [31, 32]. 

Activation of the mTOR signaling pathway has also been shown for hamartomatous syndromes 
related to the tumor suppressor gene PTEN (Cowden disease, Bannayan-Riley-Ruvalcaba 
syndrome, Lhermitte-Duclos disease and Proteus syndrome) [33-37]. PTEN is a phosphatase 
specific for 3’ phosphoinositides and loss of PTEN leads to an increase in membrane concentrations 
of these chemicals. Among other effects, this leads to increased activation of AKT, which in turn 
phosphorylates and negatively regulates tuberin. 

In short, dysregulation of the mTOR signaling pathway seems to play a central role in hamartomatous 
tumor growth [30]. Both LKB1 and PTEN are involved in regulating other pathways, which may in part 
help explain the phenotypic differences and tissue distribution seen in these disorders compared 
to TSC [38, 39]. However, specific mutations in these genes, involving specific amino acids that 
are only necessary for interacting with the mTOR signaling pathway could theoretically result in 
a phenotype similar to TSC. Other genes involved in the pathway may be candidates as well. For 
example a mutation in the gene encoding AMPK that causes only a failure to activate tuberin or that 
hinders the AMPK-tuberin interaction might have a similar effect as a missense mutation in TSC2 
resulting in tuberin with some residual activity.
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Rare Polymorphism or Pathogenic Mutation?

Not every abnormal pattern, nucleotide change or small deletion identified using mutation analysis 
is necessarily a pathogenic mutation [10](Chapter 2.e). The utilization of mutation analysis as a 
diagnostic and counseling tool requires a rigorous protocol to distinguish between rare polymorphisms 
and pathogenic mutations. 

A sequence change found can be an already known pathogenic mutation or polymorphism (see 
figure 1). Several recurrent mutations and common polymorphisms have been published for both 
the TSC1 and TSC2 genes. Although not updated, a database with mutations and polymorphisms 
accompanied by the references and the supporting evidence is available on the internet (http://
tsc-project.partners.org/index.htm). If the aberration identified is previously unpublished, and is 
causing a shift in the reading frame (frameshift), or a premature stop codon (nonsense) or is a large 
rearrangement (duplication, inversion, large deletion, translocation) the aberration is designated 
a disease-causing mutation. However, if the identified aberration is an amino acid substitution, a 
nucleotide change possibly affecting splicing or an in-frame nucleotide change (deletion or insertion 
of nucleotides in an order of 3), the pathogenicity of the aberration has to be established. Since 
two-thirds of the cases have a de novo mutation, the first step in determining the nature of such an 
aberration is to analyze parents of the affected individual. In the mean time, as much clinical data as 
possible is gathered about the family. If the aberration is de novo, with clinically unaffected parents, 
it is accepted as the pathogenic mutation for the individual. If the aberration is not de novo however, 
the change is classified as an unknown nucleotide change. 

Mutation
analysis

Change
Identified

No Change
Identified

Previously
Unknown

Previously
Known

Missense
Splice

In-frame

Nonsense
Frameshift

Large del/ins

Polymorphism Pathogenic
Mutation

de novo/familial
hypothetical effect
experimental effect

Figure 1: Decision making in 
mutation analysis. A sequence 
change identified could be a 
previously known polymorphism 
or pathogenic mutation. If the 
identified sequence change is not 
previously published though, and 
is causing a premature stop or 
frameshift, the change is accepted 
as a disease causing mutation. 
For large rearrangements it is 
preferable to show the breakpoints, 
whether the rearrangement leads to 
frameshift and whether it is de novo. 
Splice-site changes that involve the 
conserved nucleotides in splice-
sites (-1, -2, +1 and +2 positions) are 
accepted as pathogenic mutations. 
For missense, other splice-site and 
in-frame sequence changes, first 
parental analysis is performed and 
de novo changes are accepted as 
pathogenic mutations. If not, in silico 
analysis is performed followed by 
biochemical assays where indicated 
and possible. 
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We analyze the unknown nucleotide changes with 3 different splice site analysis programs (www.
fruitfly.org/seq_tools/splice.html; www.cbs.dtu.dk/services/NetGene2 and www.genet.sickkids.
on.ca/~ali/splicesitefinder.html). In addition, for missense changes, we calculate the three amino 
acid substitution matrix scores and investigate whether the amino acid in question is evolutionarily 
conserved (see Chapter 3.b). If there are no theoretical effects using these computational analyses, 
the nucleotide change cannot be classified as either a pathogenic mutation or a rare polymorphism. 
Even when the parent carrying the nucleotide change is clinically disease-free, because of the 
highly variable phenotypic expression of TSC, the nucleotide change must still be considered as a 
potentially pathogenic mutation. Conversely, even if the parent carrying the nucleotide change is a 
symptomatic TSC patient, the nucleotide change can simply be a rare polymorphism cosegregating 
with the disease. If a hypothetical effect is found, on the other hand, the effect needs to be proven 
before diagnostic application is considered. For an effect on splicing, mRNA from cultured fibroblasts 
of the affected individual is isolated and tested for aberrant splice forms. For missense and in-frame 
changes, the nucleotide change is cloned into a mammalian expression vector, and the effects of 
the change on protein function using biochemical assays are tested (see Chapter 3.b). 

3.b. Functional Analysis 

In Silico Analysis
Making the distinction between (rare) polymorphisms and pathogenic mutations, especially for non-
truncating nucleotide changes, can be very difficult. We analyze the segregation of such nucleotide 
changes found in the TSC2 gene in families since a de novo change in the absence of another 
possible pathogenic mutation is highly indicative of a pathogenic mutation. Where this information 
is not available (e.g. where key relatives are not accessible), or where the nucleotide change co-
segregates with TSC in the family, the distinction between a polymorphism and a pathogenic 
mutation cannot be made on genetic grounds only. 

For such cases, evolutionary conservation of the amino acid in different species is investigated 
in addition to evaluating if amino acid substitutions might have functional consequences using 
amino acid substitution matrices. Evolutionary conservation of an amino acid is a good indication 
of whether an amino acid is located in a functionally important domain and whether it is important 
for the function of the protein. Log-odds amino acid substitution matrices, which are point/percent 
accepted mutation matrix (PAM) and block substitution matrix (BLOSUM), are based on the 
observed frequencies of amino acid substitutions in alignments of related proteins. PAM matrix 
is calculated by observing the differences in closely related proteins. PAM1 matrix measures the 
substitution rates when 1% of the amino acids have changed and PAM250 matrix is calculated by 
extrapolation of this data. Theoretical scores for PAM250 matrix are between –8 and 17. BLOSUM 
series of matrices are calculated using homologous regions of multiple alignments of evolutionarily 
divergent proteins. The most frequently used BLOSUM62 matrix includes only blocks of sections 
of proteins that share at least 62% sequence identity. Theoretical scores for  BLOSUM62 are 
between –4 and 11. The higher the value for PAM250 and BLOSUM62 matrices, the more likely 
a substitution is found in natural proteins, and the less likely such a substitution is a pathogenic 
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mutation. Grantham matrix on the other hand, uses chemical properties of amino acid side chains 
(composition, polarity and molecular volume) to calculate the overall difference between any two 
amino acids. For this matrix, theoretical scores are between 5 and 205, and the higher the Grantham 
scores, the less similar the amino acids compared and hence the more likely that the amino acid 
substitution has functional consequences. Amino acid substitution matrices indicate that arginine 
to glutamine change (R>Q) is a conservative change and unlikely to have functional implications 
(PAM250 score=1, BLOSUM62 score=1, Grantham score=43) for example. However, this amino 
acid substitution is found both as pathogenic mutation and as polymorphism along the TSC2 gene. 
Interestingly, the arginines at positions 367 and 917 are evolutionarily conserved in vertebrates, but 
R>Q substitutions at these positions are polymorphisms. However, arginines at positions 611, 905 
and 1720 are evolutionarily conserved in vertebrates as well as in Drosophila melanogaster and 
Anopheles gambiae, and R>Q substitutions at these positions are pathogenic mutations. Although 
amino acid substitution matrices give an idea whether two amino acids are chemically similar and/or 
conserved, and evolutionary conservation of amino acids give an idea whether an amino acid is 
indispensable for the function of the protein, it must be noted that the same amino acid substitution 
might have different consequences depending on the surrounding amino acids and the domain it is 
located at (Chapter 2.e). 

Biochemical Analysis

In selected cases with non-truncating nucleotide changes in the TSC2 gene, where the family 
members are available and/or where the in silico analyses indicate a possible effect, we perform 
biochemical assays in order to determine whether such a change has functional implications. In 
addition, biochemical assays make it possible to determine what kind of functional consequences a 
mutation has and they allow the effects of different mutations to be compared. For these purposes, 
missense or in-frame nucleotide changes are introduced into a mammalian expression vector and 
these constructs are transfected into various cell types for different types of functional assays.

The biochemical assays we use address:
1- Complex formation
2- Rheb-GAP activity of the complex
3- Inhibition of S6K phosphorylation
4- Inhibition of S6 phosphorylation

The results of biochemical assays should be carefully interpreted because of limiting factors and 
(dis-)advantages related to each assay. Since the phenotypes associated with mutations in the 
TSC1 and TSC2 genes are so similar, it was hypothesized and shown that hamartin and tuberin 
bind to each other and form a functional complex in vivo [40, 41]. Amino acid substitutions that do 
not cause TSC (polymorphisms) do not decrease hamartin-tuberin binding [42](Chapter 2.d and 
2.e). On the other hand, the majority of the studied disease-causing missense mutations in the 
TSC2 gene have been shown to disrupt this interaction. Therefore, amino acid substitutions and 
deletion/insertion of amino acids that disrupt hamartin-tuberin interaction are highly likely to be 
pathogenic mutations, but the result of the binding assay alone is not conclusive. 
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The three other assays are to test whether the mutation in TSC2 gene decreases the efficiency 
of tuberin in inhibiting the mTOR signaling pathway, in other words, whether the mTOR pathway is 
activated in the presence of the mutant tuberin variant. Activation of the mTOR signaling pathway 
has been shown in various cell types in TSC associated lesions, including giant cells of tubers, 
renal angiomyolipomas and cardiac rhabdomyomas. Tuberin regulates mTOR and the downstream 
effectors of mTOR via its GAP activity towards rheb. To measure this activity, immunoprecipitated 
complex is incubated with rheb preloaded with radioactively labeled GTP and subsequently the 
GDP/GTP ratio is measured. It must be noted, however, that the GAP activity measured will be 
substantially lower when the complex cannot be formed, or substantially higher if endogenous 
complex from the transfected cells is co-precipitated. 

Inhibition of S6K phosphorylation is a semi-quantitative assay where S6K along with TSC1 and 
TSC2 is transfected into cells. For this purpose, we use 293 human embryonal kidney (HEK) cells 
in which the expression of endogenous S6K is negligible. The expression of the endogenous TSC1 
and TSC2 on the other hand should always be kept in mind. Under certain circumstances (prolonged 
serum starvation, addition of AMPK activators or inhibitors of Akt) the activity of the endogenous 
complex could be sufficient to inhibit phosphorylation of the exogenous S6K up to a level. Therefore, 
the results of such experiments should be interpreted using proper internal positive and negative 
controls for each experiment. 

The assay to investigate the inhibition of S6 phosphorylation is a semi-quantitative method, 
performed on Tsc2 -/- mouse embryo fibroblasts (MEFs) in which S6 is constitutively phosphorylated. 
In this case, TSC1 and TSC2 are cotransfected into MEFs and the phosphorylation status of S6 
is investigated under fluorescence microscopy in transfected cells exclusively, minimizing the 
background.  

In order to use functional assays to determine whether a nucleotide change identified in mutation 
analysis is pathogenic or not, the results of the functional analysis have to be reproducible and inter-
experimental differences have to be minimal. Clinical, genetic and functional analysis data should 
be combined and carefully reviewed. 

Functional assays also provide a means of comparing the effects of different pathogenic mutations 
in the TSC2 gene. While some mutations disrupt hamartin-tuberin interaction and show deleterious 
effects in the other assays (e.g. the R611Q mutation) [43], others may affect tuberin GAP activity 
only (e.g. the L1511H mutation) (Chapter 2.e). There might yet be other mutations, which only 
prevent AMPK activation of the complex (see Chapter 2 appendix). Studying different non-truncating 
mutations located along the TSC2 gene will help identify domains and amino acids important for 
different aspects of the hamartin-tuberin complex function. 

Functional Analysis in Practice

Functional assays complement the existing diagnostic tests and enable identification and 
characterization of pathogenic mutations in difficult cases. However, functional assays are very 
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time-consuming and expensive for routine use. Therefore, at present, the use of functional analysis 
is restricted.

We performed functional assays for over 20 non-truncating nucleotide changes in the TSC2 gene. 
We were able to show the dysregulation of the mTOR signaling pathway for pathogenic mutations 
and at present the results of various functional assays for each pathogenic mutation tested have 
been in agreement with each other. 

In order to speed up the process of testing possible pathogenic mutations, a high throughput 
functional assay is being developed in our laboratory. S6K phosphorylation status has been shown 
to be the simplest and most reliable assay for hamartin-tuberin function by our group and others 
[43, 44]. This new approach will make use of co-expression of S6K, hamartin and tuberin variants 
in 293 cells in multi-well culture plates and will enable simultaneous testing of multiple variants. This 
will reduce the time required for the functional assays and the costs significantly. 

Other Possible Assays for the Functions of the Hamartin-Tuberin Complex

For diagnostic purposes, hamartin-tuberin complex formation and the main pathway involved in the 
pathogenesis of the TSC associated lesions, which is the mTOR signaling pathway, are investigated 
in our laboratory. However, for a better understanding of the functions of the hamartin-tuberin 
complex and in which ways non-truncating mutations disrupt these functions, there are a variety of 
biochemical assays that can be applied now or in the future. 

We have shown that various tuberin variants were not detected by the antibody specific for the 
recognition site of the Akt kinase [43]. In addition, while expression of the active Akt isoform resulted 
in the appearance of low mobility isoforms of the wild-type tuberin and tuberin variants that were 
recognized by the Akt-substrate antibody, it resulted in no change in mobility for various tuberin 
variants. It must be noted however, that the tuberin variants that were not recognized by the antibody 
and that did not demonstrate a mobility shift in the presence of an active Akt isoform, were unable to 
form a complex with hamartin and unable to prevent activation of the mTOR signaling pathway. This 
suggests that such amino acid substitutions disrupt the correct conformation of the protein. Since 
phosphorylation of tuberin by Akt has an inhibitory effect on the function of the complex, an amino 
acid variation that only prevents phosphorylation of tuberin by Akt would not be expected to disrupt 
the inhibitory function of the complex on mTOR signaling pathway. 

It has recently been shown that AMPK directly phosphorylates tuberin. This phosphorylation 
activates the hamartin-tuberin complex and in turn the complex inhibits signaling through mTOR. 
Specific antibodies can be used to determine which tuberin variants can be recognized by AMPK 
and phosphorylated. Amino acid substitutions that only prevent this activation without further 
interfering with the functions of the hamartin-tuberin complex could result in less drastic functional 
loss and may lead to a milder phenotype in patients (Chapter 3.c). 

Other possible functional assays might include a binding assay for tuberin-rheb interaction, a 
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phosphorylation assay for 4EBP-1, a stability assay of the hamartin-tuberin complex, and assays 
measuring cell size. As we learn more about the functions of the hamartin-tuberin complex, there 
will be a growing list of assays applicable to TSC variants, which might possibly affect different 
aspects of their functions. 

3.c. Phenotypic Expression of TSC

Development of TSC Associated Lesions 

The TSC1 and TSC2 genes are considered to be tumor suppressor genes. In accordance with this, 
second hit events have been demonstrated in many lesions associated with TSC, e.g. renal AMLs, 
cardiac rhabdomyomas and SEGAs [45-53]. However, at present it is still uncertain whether all TSC 
associated lesions are caused by second hit events. It may be difficult to detect the presence of 
second hits in some lesions. In cortical tubers for example, activation of the mTOR signaling pathway 
has been demonstrated in giant cells, but it was not rigorously proven that this was due to a second 
hit [54, 55]. In some lesions, other pathogenic mechanisms may be at work. Phosphorylation of 
tuberin has been suggested as a pathogenic mechanism in tubers [56, 57]. Another possibility for 
the development of lesions is haploinsufficiency. At critical developmental stages, one normal copy 
of TSC1 or TSC2 may be insufficient for the normal functioning of the cell.  

TSC1 vs. TSC2

Whether there was a difference between the phenotypes associated with mutations in the TSC1 
gene and those associated with mutations in the TSC2 gene has been a question studied by many 
researchers over the years. Although the differences in the first couple of studies were not concrete, 
larger cohorts were able to show that patients with mutations in the TSC2 gene were more likely 
to have a higher number and/or severity of clinical features compared to those with mutations in 
the TSC1 gene [6, 7]. In this thesis, the largest TSC cohort reported to date is presented [10]. 
Compared to previous studies, we have shown a similar distribution of mutations along the TSC1 
and TSC2 genes and similar spectra of mutations. Mutations in the TSC2 gene were predominant 
both in de novo and in familial cases and these led to more frequent and more severe clinical 
manifestations. However, the spectrum of lesions and symptoms associated with mutations in the 
TSC1 and TSC2 genes are similar and there are no clinical manifestations specifically associated 
with either of the genes.

There are several hypotheses why TSC1 mutations may result in less severe phenotypes compared 
to TSC2 mutations. First, it is possible that second-hit events occur less often in the TSC1 gene 
than in the TSC2 gene. The lower number of lesions seen in patients with TSC1 germline mutations 
implies a lower frequency of somatic mutations in the TSC1 gene compared to TSC2, in parallel with 
the observed lower mutation frequency of germline mutations. 

Another possibility is that the effects of complete loss of hamartin and tuberin are different. If tuberin 
and/or hamartin, besides forming a functional complex with each other, have independent roles 
in separate cellular processes in different tissues, loss of one or the other might have different 
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consequences. Tuberin, for example might have a yet to be discovered function in brain development 
independent of hamartin, and for this reason, loss of tuberin may result in more severe mental 
retardation. Conversely, hamartin might have an important role for cell survival, and loss of hamartin 
might result in cell death or early embryonic lethality.  The main function of the hamartin-tuberin 
complex, however, seems to be regulation of the mTOR signaling pathway [30]. Tuberin via its 
GAP-domain seems to be the functionally active participant of the complex. Although the function of 
hamartin is not completely understood, current evidence indicates either a regulating or a chaperone 
role on tuberin function. In vitro assays demonstrate that in the absence of hamartin, tuberin has 
GAP activity towards rheb and can inhibit, although less efficiently, S6 phosphorylation (unpublished 
data). It is possible that loss of hamartin, in vivo, may also have less drastic consequences. 

TSC2 Mutations with Milder Phenotypic Effects

Although in general more severe phenotypes are associated with mutations in the TSC2 gene, some 
specific mutations in the TSC2 gene are associated with milder phenotypes [58, 59] (Chapter 2.d 
and 2.e). Almost all the mutations identified in the TSC1 gene are truncating mutations. Conversely, 
approximately 20% of the mutations identified in the TSC2 gene are missense mutations and 
7% are in-frame mutations [10] (Chapter 1.d). We have shown that some of these changes are 
inactivating mutations [43]. However, some mutations do not seem to cause a complete loss of 
tuberin function in vitro [43] (Chapter 2.d). In two families, where two non-truncating nucleotide 
changes were identified in each family, we used functional assays to determine whether any of the 
nucleotide changes was pathogenic. In one of these families, the index case, who had deceased 
postpartum, was diagnosed with a solitary cardiac rhabdomyoma without any further signs of TSC. 
The functional assays indicated that the pathogenic mutation (2476delATC in TSC2 gene resulting 
in the deletion of isoleucine at position 820) was inherited from the father who had one nail groove 
and one hypomelanotic macule, which was insufficient for a clinical diagnosis of TSC. In the other 
family, the index case had hypomelanotic macules, multiple dental pits and epilepsy, and her half 
sister had cortical tubers, hypomelanotic macules and epilepsy. Both girls inherited the pathogenic 
mutation (4550T>A in the TSC2 gene resulting in L1511H) from their father, who had only a 2-cm 
kidney cyst and an area of ash leaf-shaped hypopigmentation (Chapter 2.e) and did not meet the 
diagnostic criteria for TSC.  Functional analyses revealed in the latter case that the mutant tuberin 
was able to form a complex with hamartin, which indicated that at least some tuberin function is 
preserved. In an extended family, the missense mutation 2714G>A in the TSC2 gene, resulting in 
the R905Q amino acid substitution was identified in 25 mildly affected individuals (Chapter 2.d). 
In this particular family, diagnostic criteria for TSC were met in only a minority of the cases. We 
have shown that, compared to other mutations, the R905Q mutation had a milder effect on tuberin 
function [43] (Chapter 2.d). In short, there are mutations in the TSC2 gene that have milder effects 
on tuberin function. In cells of the patients with such mutations, also after a second hit event, the 
residual activity of the tuberin variant containing the primary mutation might result in a milder 
phenotype. The association of particular mutations with mild phenotypes might be useful in genetic 
counseling of families with such mutations.
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Phenotypic Differences Between Patients with and without Mutations

Another important observation was the reproducible and significant phenotypic differences between 
patients in whom no mutation could be identified and those with identified mutations [7, 10]. In our 
cohort, the group of patients with no identified mutations had lower frequencies in 15 of the 17 
investigated clinical features of TSC, compared to those with an identified mutation. The differences 
were statistically significant for mental retardation, seizures, shagreen patches, hypomelanotic 
macules and forehead plaques. Failure of mutation detection in at least a portion of these patients 
may be attributed to somatic mosaicism. Many lesions associated with TSC have been shown to 
have lost the wild-type allele in addition to inherited or de novo germline mutation in the other allele. 
Depending on the developmental stage when the mutation arises, some tissues and organ systems 
might be completely spared. Since only a proportion of the cell population carries a mutation in 
somatic mosaicism, we can hypothesize that patients with somatic mosaicism might have a milder 
phenotype. Failure of mutation detection can also be attributed to mutations in regulatory regions of 
the genes. Mutations that alter gene expression, regulation, or mRNA stability rather then inactivate 
the protein might have less drastic phenotypic effect. Such mutations are not screened for in 
routine diagnostic mutation analysis. As discussed in Chapter 3.a. specific mutations in other genes 
involved in the mTOR signaling pathway might also result in similar phenotypes. Such mutations 
would dysregulate the hamartin-tuberin complex rather than inactivate the complex completely 
presumably resulting in milder phenotypes. 

de Novo vs. Familial

We showed more severe and/or more frequent clinical manifestations associated with de novo 
cases compared to familial cases [10]. Eleven of the 17 investigated clinical features had lower 
frequencies in familial cases. Although in de novo cases, TSC1 mutations were associated with 
milder phenotypes, in familial cases there was less difference between the clinical features of the 
groups of patients with a TSC1 or TSC2 mutation, suggesting that familial cases with a TSC2 
mutation are associated with a milder TSC phenotype than de novo TSC2 cases. Phenotypes 
associated with TSC1 mutations did not significantly differ in familial and de novo cases however. 
Interestingly, the proportion of TSC1 mutations in familial cases was also higher than in de novo 
cases. In summary, mutations with milder phenotypic effects have less effect on reproductive 
fitness. Individuals carrying these mutations have a higher chance of reproduction and passing on 
the mutation, which also helps explain the higher proportion of TSC1 mutations in familial cases. 

Phenotypic Variability in TSC 

Another important aspect that has to be covered under the title phenotypic expression of TSC is 
the broad phenotypic variability among TSC patients. Even within families the expression of the 
disease can be highly variable [60]. Studies conducted on monozygotic twins who carry the exact 
same genetic information and the exact same germline mutation suggest that TSC phenotype is 
not solely determined by genetic factors (the germline mutation, modifying genes, etc.) [61-64]. 
Although monozygotic twins carry the exact same genetic information, most are not identical due 
to intrinsic and extrinsic factors, including: differences in placenta and amniotic sac, vascularization 
of the separate cell masses, genetic modifications that occur after the separation of twins and 
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epigenetic modifications [65]. Epigenetic information consists mainly of DNA methylation and 
histone modifications, and controls heritable states of gene expression. A recent study revealed 
that the patterns of epigenetic modifications were different in monozygotic twins who were older, 
had different lifestyles, and had spent less of their lives together, owing both to environmental 
factors (smoking, physical activity, diet, etc.) and to a process called “epigenetic drift” which is 
the accumulation of small defects in transmitting epigenetic information through successive cell 
divisions, or maintaining it in differentiated cells. 

Another factor that plays a role in phenotypic variability is probably the effects of disease modifying 
genes [66]. Modifier genes are genes other than the disease-causing gene(s), which influence the 
expression of a disease. Products of modifier genes can affect splicing, transcription, translation, 
protein trafficking, posttranslational processes, degradation or secretion, functioning primarily in 
cells where the casual or primary gene(s) is expressed. Alternatively, modifier genes may regulate 
responses like inflammation, fibrosis, host defense, synaptic excitability, vascularization or virtually 
any other response to a disturbance of homeostasis, in this case functioning in cells other than 
those primarily affected. 

One of the best-studied diseases for the effects of modifying genes is cystic fibrosis (CF) [67]. 
CF is an autosomal recessive single-gene disorder caused by mutations in the Cystic Fibrosis 
Transmembrane Conductance Regulator (CFTR) gene. The gene encodes a multi-domain protein, 
a small chloride channel that is found at the apical border of epithelial cells lining the airways, 
pancreatic ducts, sweat ducts, intestines, biliary tree and vas deferens. Although correlation 
between some types of mutation and disease severity is evident, there is substantial phenotypic 
variability even between patients who have identical CFTR mutations. Environmental factors as 
well as many disease modifying genes (1-acting on the basic molecular level, such as providing 
alternative chloride conductance, and regulating splicing and expression of the CFTR gene, 2-
modulating susceptibility to infection and inflammatory response, 3-regulating mucociliary 
clearance and epithelial tissue damage repair, or 4-modulating proteolysis and fibrosis) have been 
shown to be associated with the phenotype [66]. In a recent study, more than 800 patients who 
were homozygous for the ∆F508 mutation were genotyped for 16 polymorphisms in 10 genes that 
were reported by others as modifiers of disease severity in cystic fibrosis [68]. Significant allelic 
and genotypic associations with phenotype were only seen for TGFβ1. This study illustrates that 
a very large number of patients with the same genotype is necessary to demonstrate significant 
associations between disease modifiers and phenotypes. 

Neurofibromatosis type 1 (NF1), an autosomal dominantly inherited disorder that closely resembles 
TSC and is caused by mutations in the tumor suppressor gene NF1, has also variable phenotypic 
expression and lacks clear genotype-phenotype correlations [69]. The protein product of the NF1, 
neurofibromin functions as a GAP towards the small GTPase Ras. LOH and mutation analysis 
for somatic “second hit” mutations revealed that while in some patients there are predominantly 
large rearrangements leading to LOH, in others there are predominantly point mutations and 
small deletions and insertions [70, 71]. The finding that the same type of second hit mechanism is 
frequently involved in the same patient suggests that these mechanisms are controlled by genetic 
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factors influencing somatic recombination and mismatch repair [70]. Genes regulating these 
pathways might be disease modifying for NF1. A patient with a germline NF1 mutation in addition to 
decreased mismatch repair capability or increased mutation rate during mitotic recombination due to 
less thorough recombination machinery might have a more severe phenotype compared to another 
patient with the same mutation but a higher mismatch repair capability or more efficient mitotic 
recombination. Similar to NF1, the efficiency of mismatch repair as well as somatic recombination 
rate and accuracy undoubtedly play a role in the frequency of somatic “second hit” events and 
hence in phenotypic expression of TSC. 

One of the most striking observations from our cohort was maybe the phenotypic difference 
between males and females [10]. Fourteen of 17 clinical manifestations of TSC were more frequent 
in males. Males were more likely to be mentally retarded. In addition, facial angiofibromas, retinal 
phakomas, retinal depigmentations and gingival fibromas were significantly more frequent among 
males. Smalley et al. have shown that males with TSC are more likely to be autistic or have learning 
disability compared to females with TSC [72]. In addition, estrogen receptor α (ERα), ERβ and 
androgen receptor have been shown to be expressed on cells derived from LAM-associated AML 
[73]. Sex hormones have been shown to stimulate the growth of these cells and activate both 
genomic and nongenomic signaling pathways. A mouse model of TSC1 revealed more common, 
more severe liver hemangiomas and higher mortality in females [74]. Expression of both ERα and 
PR was found in the liver hemangiomas of this TSC1 mouse model [75]. In addition, estrogen 
treatment increased frequency and severity of liver hemangiomas in both female and male mice. 
On the other hand, tamoxifen significantly reduced the incidence and severity of liver hemangiomas 
in female mice. In line with these data, lymphangioleiomyomatosis affects exclusively females. This 
condition is either a rare sporadic disease or a clinical manifestation of TSC [76]. Primary mutations 
in sporadic LAM are almost exclusively somatic TSC1 or TSC2 mutations (except one apparently 
sporadic LAM case with a germline TSC1 mutation [77]), while TSC associated LAM is the result of 
germline TSC mutations. The occasional improvement of clinical symptoms of LAM by oophorectomy, 
progesterone, or tamoxifen [78, 79], the detection of estrogen and progesterone receptors in LAM 
tissues [80], and the development or worsening of LAM during pregnancy or exogenous estrogen 
therapy [78], all suggest that female sex hormones have a role in the pathogenesis of LAM. These 
differences in phenotypic expression of TSC between males and females might be associated with 
a disease modifying effect of sex hormones or cellular pathways involving steroid hormones. 

Finding disease modifying genes for TSC will not be an easy task. Even for a disease like CF where 
there are many patients with the same homozygous mutation, the majority of the studies were 
conducted on rather small numbers of cases. Most of these studies were not repeated and, if they 
were, often led to conflicting results [66]. One of the major problems is collecting sufficient numbers 
of patients with comparable genotypes and adequately classified phenotypes for a whole genome 
type of scan [81]. “Candidate gene” strategies, which search for associations between relevant 
genes and disease phenotypes, will be the preferred method for identifying disease modifying genes 
in TSC. However, since the candidate gene approach is one of association and not of “cause and 
effect”, there will be associations by chance because of the huge number of comparisons required. 
Candidate genes will probably include the genes encoding proteins involved in the mTOR signaling 
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pathway. In addition, genes specifically up- or down-regulated in TSC-associated lesions, found 
using genomic and/or proteomic approaches [82-86], might also be involved in overall phenotypic 
expression of TSC.  

In short, phenotypic expression of TSC is probably the product of the gene involved (TSC1 vs. 
TSC2), the nature, type and effect of the primary mutation (germ-line mutation vs. somatic mosaic 
mutation, truncating mutation, missense mutation with residual activity, large rearrangement, etc.), 
the nature, type and effect of the second hit (LOH, point mutations, small deletions, 5’ end mutation, 
3’ end mutation, large deletion involving other genes, etc.), modifying genes (genes involving 
mismatch repair or mitotic recombination efficiency and accuracy, transcription factors, genes 
involved in sex hormone-related pathways, etc.) and environmental factors (radiation, smoking, 
eating habits, alkylating agents, oxidative stress, etc.).

3.d. Genetic Counseling and Prenatal Diagnosis in TSC

TSC is an autosomal dominantly inherited disorder with highly variable clinical expression, which 
seriously complicates genetic counseling. Penetrance is considered to be complete, although 
recently mutation carriers have been identified who do not meet the formal diagnostic criteria 
[87] (Chapters 2.d and 2.e; further discussed under Chapter 3.c and below). Apparently, some 
mutations are associated with a clinical spectrum that differs from the average. These mutations 
may confer a (relatively mild) TSC phenotype to some and only minor signs to others. Clinical follow 
up of patients and presently unaffected mutation carriers will be needed to confirm this, which 
may lead to a different assessment of TSC penetrance. These developments will assist genetic 
counseling in some families. However, approximately two thirds of the cases are caused by de 
novo mutations, which are often unique and knowledge on their effects is not available. In addition, 
germline mosaicism with or without accompanying somatic mosaicism is well documented for TSC. 
The risk of a healthy couple with an affected offspring to have another child with TSC is calculated to 
be approximately 2% when germline mosaicism is taken into account, while in case of parents with 
signs and symptoms of the disease the risk of having an affected child increases substantially, up to 
50%. TSC patients have an inherent 50% probability of passing on the disease to their offspring. 

There are eight clinical genetic centers / academic Departments of Clinical Genetics in the 
Netherlands and in all these centers genetic counseling for every genetic disease is given. For TSC, 
individuals are referred to these centers by either their general practitioners or specialists, in case 
TSC is diagnosed or suspected in them or their families. Patients and their relatives are informed 
about the genetic aspects of TSC and are presented with the possibility and the consequences of 
mutation analysis. The Department of Clinical Genetics, Erasmus MC, has the only DNA diagnostic 
laboratory in the Netherlands that offers mutation analysis of the TSC genes. We receive genetic 
material for TSC mutation analysis from these centers as well as the specialized TSC outpatient 
clinic in Utrecht, specialists from the Netherlands and many other countries.

At present, a pathogenic mutation can be identified in approximately 85% of the definite TSC 



144

Chapter 3

patients, facilitating diagnosis of other affected relatives and tailored genetic counseling for these 
families [10]. In cases where the clinical information is doubtful or unavailable, mutation analysis 
(in combination with functional analysis) may also assist in establishing the diagnosis in an index 
patient (Chapters 2.d and 2.e). In addition to mutation analysis, detailed TSC clinical work-up on 
parents is also routinely performed to optimize risk calculations for the family.  

In a genetic disorder with complete penetrance, like TSC is suggested to be, one would expect all 
individuals carrying a pathogenic mutation to be affected. However, we have shown in a large family 
that many individuals carrying a pathogenic mutation did not fulfil the clinical diagnostic criteria for 
TSC (Chapter 2.d) and would not have been diagnosed as TSC patients if a pathogenic mutation was 
not identified or TSC did not segregate in the family. In order to minimize false negative diagnosis, 
“having an affected family member” could have been included in the clinical diagnostic criteria. 
However, this would have resulted in the false diagnosis of six individuals as TSC patients in the 
very same family (Chapter 2.d). In another family (family 2), this would have led to false diagnosis 
of two individuals (II:8 and II:10) as TSC patients and would have excluded the pathogenic mutation 
in the family as the disease-causing mutation (Chapter 2.e). On the other hand, in this family (family 
2) and in yet another family (family 1) the fathers shown to be carrying pathogenic mutations were 
unaffected by TSC (Chapter 2.e). 

It must be noted that a mutation in either TSC gene is a genetic defect that might lead to signs 
and symptoms of the disease and that the disease TSC is a clinical entity characterized by the 
occurrence of certain signs and symptoms. Hence, it is possible to identify a pathogenic mutation in 
an apparently unaffected individual during mutation analysis of a family with a symptomatic proband. 
Such an individual, although unaffected at the time of identification of the mutation, might have an 
increased risk of developing various TSC-associated lesions and have an up to 50% risk of having 
affected offspring. However, when the current diagnostic criteria are used, such individuals are 
considered to be unaffected by TSC. Either such individuals are presymptomatic TSC patients or 
the penetrance of TSC is not complete. Another possibility is that the currently used clinical criteria 
are not sufficient to diagnose all affected cases. No matter how these individuals are classified 
clinically, they have to be monitored as if they were TSC patients. Identification of a mutation in an 
apparently unaffected individual can have social and legal consequences as well. Fortunately, in the 
Netherlands, the rights of the individual are protected by law and the results of a genetic test cannot 
be requested by employers or insurance companies. If the results however are made available, it 
must be made clear that the individual was not affected by the disease at the time of the genetic 
test.

On the other hand, approximately 15% of the TSC patients seem to have no mutation in the 
TSC1 or TSC2 genes [6, 7, 10]. As previously discussed (Chapter 3.1, ‘Missed Mutations?’), it 
might be difficult or even impossible to detect all the mutations. Another possibility is, however, 
that a proportion of these cases are misdiagnosed as TSC patients. None of the TSC-associated 
lesions are pathognomonic for TSC and these can have a diverse etiology. Although many are not 
frequently seen in the general population, combinations of lesions that are accepted as diagnostic 
of TSC will appear in some individuals by chance. In addition, as discussed previously (Chapter 
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3.a, ‘Or a Third Locus?’), specific mutations in genes encoding different components of the mTOR 
signaling pathway may result in similar phenotypes. Although the molecular defect in cases where 
no mutation could be identified is elusive, these individuals show signs and symptoms of the clinical 
entity and require clinical management accordingly. 

One of the goals of genetic counseling is prognostic evaluation. Studies on genotype-phenotype 
correlations have shown that mutations in the TSC2 gene compared to mutations in the TSC1 
gene, de novo mutations compared to familial mutations, male gender compared to female gender 
are associated with more severe phenotypes for example [6, 7, 10]. In addition, there are already a 
growing number of mutations that are associated with milder phenotypes [58, 59] (Chapters 2.d and 
2.e). These data might in the future be used to calculate individuals’ risks for developing particular 
manifestations of the disease. However, the phenotypic variability within families, even between 
monozygotic twins, suggests that we need a better understanding of the factors determining the 
severity of the disease. 

Cardiac rhabdomyomas, intrauterine seizures and some cerebral lesions can be detected in utero 
using ultrasound examination (USG). However, it must be noted that a negative USG result does 
not exclude the diagnosis of TSC, which limits its applicability in pregnancies known to be at risk for 
TSC. When these ultrasound abnormalities are observed during routine prenatal screening, in the 
absence of a family history of TSC, they may not be sufficient for a diagnosis of TSC in the fetus. 
Prenatal mutation analysis has been advocated in such cases [88]. However, the absence of an 
index patient with a certain diagnosis of TSC, the chance of finding a sequence variant of unknown 
significance and the restricted availability of time complicate this approach.  

In families where a mutation has been identified in the index patient or where linkage analysis can 
be performed, prenatal DNA diagnosis can be offered for future pregnancies. In our center we 
received prenatal testing requests from 16 TSC families for a total of 23 pregnancies. In one of these 
families the prenatal tests were done before the identification of the pathogenic mutation and linkage 
analysis was applied. In five pregnancies the fetus was found to be carrying the disease-causing 
mutation/allele. In two of these cases the pregnancy was terminated, however the follow-up data for 
the other three cases was not available.  Except a few centers in Europe including our department, 
prenatal DNA testing for TSC is not routinely offered. For disorders with wide phenotypic variability 
such as TSC, the decision to terminate a pregnancy could be very difficult for the parents, especially 
if the parent who carries the mutation is only mildly affected. On the other hand, having a severely 
affected child might influence the parents against another pregnancy. 

Although termination of a pregnancy is socioeconomically and medically justified when a fetus 
affected with TSC is identified by prenatal testing, the burden of therapeutic abortion on the 
family is immense and even unacceptable for some religious/ethnic groups. In addition, the risk 
of having an affected fetus for each pregnancy is independent of each other. Because of these 
reasons, preimplantation genetic diagnosis (PGD) might be an alternative for TSC families. In PGD, 
genetic testing is performed on single blastomeres obtained from 3-day-old embryos after in vitro 
fertilization (IVF) and only embryos diagnosed as disease-free are transferred to the mother in order 
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to avoid therapeutic abortion. There are disadvantages associated with PGD as well, such as the 
requirement for IVF and subsequent embryo biopsy. In addition, an efficient and reliable single-cell 
PCR-based assay for PGD is labor-intensive and expensive. For disorders with common mutations, 
mutation specific assays can be developed which is impractical for TSC. Multiplex PCR based 
protocols for closely linked genetic markers seem to be more appropriate for the TSC1 and TSC2 
loci. This approach would require the previous identification of the disease causing (TSC1 or TSC2 
gene) mutation in most families, because TSC families are rarely large enough to allow a reliable 
locus assignment by linkage analysis. Some of the technical difficulties related to PCR on single 
cells are allele-specific amplification failure or allele drop-out (ADO), recombination events and 
contamination, which may all theoretically lead to misdiagnosis. The misdiagnosis rate related to 
these problems can be minimized by the simultaneous amplification of highly polymorphic markers 
linked to the genes and/or analyzing two blastomeres instead of one. In cases where a mutation-
specific protocol is necessitated, to prevent misdiagnosis in addition to exclusion of the mutant 
allele, the presence of the normal alleles has to be shown using linked polymorphic markers as 
well [89]. For maternally derived mutations, testing of the first and second polar bodies will also 
increase the reliability of PGD. Recently, Spits et al published their PGD protocols for six families 
with neurofibromatosis type 1 [90]. The authors used multiplex PCR for informative markers in four 
families and a mutation-specific protocol in combination with an informative marker in the other two 
families. 

3.e. Functions of the TSC1 and TSC2 Gene Products

Tuberous sclerosis complex (TSC) is an autosomal dominant, multi-system disorder characterized 
by hamartias, hamartomas and hamartoblastomas. The hallmarks of these lesions are the dysplastic, 
undifferentiated cells. 

The recognition of these cells have led to the hypothesis that the TSC1 and TSC2 gene products, 
hamartin and tuberin respectively, have important cellular functions in division, size control, 
differentiation and/or migration.

The similar phenotypes associated with mutations in the TSC1 or TSC2 genes have led to the 
hypothesis that hamartin and tuberin might form a complex. Subsequently, hamartin and tuberin 
were shown to interact with each other in vivo. Both genes act as tumor suppressor genes as 
shown by LOH in many TSC-associated lesions. Until recently, the cellular functions of hamartin 
and tuberin and the cellular pathway(s) they are involved in remained a mystery.  

In Drosophila, TSC1 was uncovered in several genetic screens aimed at identifying regulators of 
cell size [91, 92]. Other studies confirmed that hamartin-tuberin complex acts upstream of mTOR 
and downstream of PI3K and Akt/PKB [35, 36, 93-96]. Shortly thereafter, the direct target of the 
complex, rheb, was also placed in the growing mTOR pathway [27, 28, 97], a more detailed overview 
of which is presented in figure 2. Dysregulation of the mTOR signaling pathway has been shown in 
various cell types in TSC associated lesions, in TSC animal models, and in TSC1 -/- or TSC2 -/- 
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cells. In addition to PI3K and Akt/PKB pathway, protein kinase C (PKC)/MAPK signaling pathway 
has also been shown to relay its input through the hamartin-tuberin complex [98, 99].

Besides S6K and 4EBP-1, the well-known effectors of the mTOR signaling pathway, it has recently 
been shown that mTOR-mediated signaling also enhances the expression of HIF-1α [100-102], a 
transcription factor that is normally expressed and becomes more stable under hypoxic conditions 
[103], which in turn results in the concomitant increase in the production and secretion of vascular 
endothelial growth factor (VEGF), a cytokine that induces angiogenesis. The angiogenic response 
induced by VEGF is a common effect observed in many tumors, also tumors not associated with 
TSC, and is necessary for tumor growth [104].  

The hamartin-tuberin complex also seems to couple translation and cell size regulation to cell 
cycle progression (See Chapter 1, table 5). In addition, tuberin has been shown to interact with all 
isoforms of 14-3-3 proteins [105-111], which are abundant, widely expressed acidic polypeptides 
that bind to phosphoserine-/ phosphothreonine-containing motifs in a sequence-specific manner 
and function as adaptor molecules modulating interactions/functions of components involved in 
signal transduction and in cell cycle control [112]. 

It was recently noted that rapamycin, a potent inhibitor of mTOR (see Chapter 3.f., ‘Clinical 
Management’), had limited effect on VEGF secretion in Tsc2 -/- cells [113], on cyclin D1 and β-
catenin expression in the Eker rat renal tumors [114] and on reducing the number of precursor lesions 
during the initiation phase of renal tumorigenesis in the Eker rat [115] suggesting the involvement 
of β-catenin signaling pathway in TSC-associated pathology. This pathway has been implicated in 
multiple cellular processes such as cell proliferation, survival, differentiation, polarity, and migration, 
all of which are relevant to TSC pathology. Biochemical analyses revealed that the hamartin-tuberin 
complex regulates β-catenin stability and protein expression, inhibits Wnt-induced β-catenin-
dependent transcriptional activity, and interacts with the GSK3-degradation complex [116]. 

Another interesting finding was the interaction between tuberin and the E6 oncoprotein of the human 
papillomavirus (HPV16 E6) which leads to the proteasome mediated degradation of tuberin and to 
activation of mTOR signaling pathway [117]. Human papillomaviruses infect epithelial cells, induce 
epithelial tumors and benign lesions, and the E6 protein is required for this process [118, 119]. 
Tuberin and/or hamartin could be the target of other (viral) oncoproteins as well, since adjustments 
in cellular processes and extensive resources are necessary for tumor growth and maintenance, 
including protein synthesis, (neo-)angiogenesis, uncoupling of cell growth and cell cycle. The 
hamartin-tuberin complex is involved in many of these processes and deactivation of the complex 
could be a prerequisite for oncogenic transformation.

Hamartin has also been shown to interact specifically with neurofilament light chain (NF-L) [120]. 
NF-L is an intermediate filament, initially expressed early in neuronal differentiation [121]. The co-
localization of hamartin and tuberin with NF-L is particularly enriched in the proximal and central 
regions of neuronal growth cones [122]. An earlier study showed that the interaction of hamartin with 
the ERM (ezrin/radixin/moesin) family of actin-binding proteins was necessary for Rho activation 
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[120, 123]. The ERM family of proteins has been shown to regulate important aspects of growth-
cone development and maintenance, modulating neurite formation and polarity [124, 125]. The 
interaction of hamartin with NF-L suggests that hamartin could function as a novel integrator of the 
neuronal cytoskeleton [122]. It is possible that through its interactions with NF-L and ERM proteins, 
hamartin plays an important role in neuronal migration, which could explain certain neuronal 
differentiation and migration defects observed in TSC patients. 

In summary, the hamartin-tuberin complex through its regulatory role in different signaling pathways 
seems to be of significant importance for the orchestrating of various cellular processes. In addition 
to their role in TSC-associated pathology, TSC genes can also be involved in various tumors that 
are not associated with TSC and in various developmental lesions. A better understanding of the 
functions of hamartin and tuberin and the cellular pathways they are involved in might yield many 
positive results including better treatment of various tumor types, insight into neuronal development, 
differentiation and migration, and the pathologies associated with these processes.

Figure 2: mTOR signaling pathway 
revisited. Figure depicts various 
signaling pathways converging on TSC1 
(hamartin) and TSC2 (tuberin). 
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3.f. Concluding Remarks and Future Directions
Mutation Analysis
To minimize human-error and increase throughput, automated systems are becoming more 
common in diagnostic facilities around the world. In our laboratory as well, instead of the labor-
intensive prescreening tests like DGGE and SSCP, we now use semi-automated direct sequencing 
to search for small nucleotide changes. For larger rearrangements, we have started using MLPA 
as a screening test, which is also a semi-automated PCR-based system. However, a copy number 
change identified by this assay needs to be confirmed by another, independent method, such as 
long-range PCR, FISH or Southern blotting. 

For cases where we fail to identify a pathogenic mutation, since somatic mosaicism might be 
responsible for at least a proportion of these cases, mutation analysis can be applied to DNA isolated 
directly from TSC-associated lesions. Detecting the expression of hamartin and tuberin and/or the 
levels of TSC1 and TSC2 transcripts could also give an impression as to where the pathogenic 
mutation is located. In addition, in larger families with multiple affected members, linkage analysis is 
recommended to point the search for the pathogenic mutation in the right direction. 

In addition to routine mutation analysis, prenatal DNA testing should be accessible for all TSC 
families. Preimplantation genetic diagnosis (PGD) strategies should be developed for TSC and 
patients should be informed about the possibility of PGD. 

The Hamartin-Tuberin Complex
The hamartin-tuberin complex acts as a GTPase activating protein (GAP) towards rheb to regulate 
mTOR signaling pathway and this pathway plays a major role in TSC-associated pathology. However, 
the guanine-nucleotide exchange factor (GEF) for rheb has not yet been identified. Recently, Nellist 
et al. using mass spectrometry, showed that DOCK7 interacts with hamartin [126]. DOCK7 is a 
240kDA member of CDM protein family of GEFs, the molecular target of which is not yet known. 
Further research will clarify whether DOCK7 acts as a GEF for rheb, and if proven, DOCK7 might 
be another molecular target for the therapy of TSC-associated lesions. 

Another important functional aspect that needs to be addressed is the molecular pathogenesis 
of cortical tubers. It is still uncertain whether a second hit event is necessary for the development 
of cortical tubers. Genetic material isolated from a tuber, however, also contains genetic material 
from the surrounding normal tissue. Isolation of single giant cells with microdissection microscopy 
will help determine whether second hits play a role in the pathogenesis. It is also possible that 
haploinsufficiency is the cause of such lesions. Another possibility is the inactivation of the hamartin-
tuberin complex through another mechanism (e.g. phosphorylation) [56, 57]. In addition, the possible 
signaling pathways that lead to the formation of cortical tubers when dysregulated are also not yet 
known. To investigate the roles of hamartin and tuberin in vertebrate embryonal development, a 
new TSC animal model is being developed in our department. The zebrafish, Danio (D.) rerio, is a 
tropical freshwater fish with external, transparent embryos that allow visual screening at both micro- 
and macroscopic levels. The short generation time of the fish and the highly conserved cellular 
processes make D. rerio an excellent model organism to study early vertebrate development.
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Clinical Management

As discussed earlier (Chapter 3.d. Genetic counseling and prenatal diagnosis in TSC), TSC is a 
clinical entity characterized by the occurrence of certain signs and symptoms. The TSC diagnosis is 
made, not to stigmatize individuals, but to identify those who need medical attention. In this respect, 
not all individuals carrying a pathogenic mutation in either TSC1 or TSC2 gene we have identified 
are TSC patients (Chapters 2.d and 2.e). A change in the diagnostic criteria is not proposed, 
since this will only lead to further confusion and falsely diagnosed TSC cases. Importantly, the 
current criteria seem adequate to identify TSC patients in need of medical attention. On the other 
hand, an apparently unaffected individual carrying a pathogenic mutation, no matter how such 
an individual is classified clinically (presymptomatic TSC patient, asymptomatic TSC carrier, etc.) 
needs to be monitored regularly for signs and symptoms of the disease. Such individuals might have 
an increased risk of developing various TSC-associated lesions and an up to 50% risk of having 
affected offspring. On the other side of the spectrum are the TSC patients where we are unable to 
identify disease-causing mutations. Some of these cases probably have somatic mosaicism, the 
rate of which is below our current detection limits. However, others might have mutations in other 
genes related directly or indirectly to TSC. Although the exact molecular defect in such cases is not 
known, such patients are TSC patients and should be treated accordingly. 

The next step in the clinical research will be to determine the factors that affect the clinical outcome 
besides the primary mutation. What is the biological basis of the phenotypic heterogeneity in 
TSC? Answering this question will require even larger cohorts, patients with adequately defined 
phenotypes and similar genotypes, investigations of the nature, type and effect of the second hit, 
and study of the effects of possible modifier genes. 
 
After the role of the hamartin-tuberin complex was identified in the mammalian target of rapamycin 
(mTOR) signaling pathway, rapamycin immediately became the focus of attention for researchers 
and clinicians working on TSC. 

Rapamycin is an antifungal agent, a macrocyclic lactone, produced by the Streptomyces 
hygroscopicus [127]. This drug has been used in transplantation medicine as an immunosuppressive 
agent to treat acute rejection episodes for over a decade now. Rapamycin binds to the cytosolic 
immunophilin FKBP12, forming a complex that specifically inhibits mTOR [128]. The inhibition of 
mTOR results in inhibition of proliferative and differentiation signals delivered by cytokines including 
interleukins (IL)-2, -3, -5, -6, and -15, as well as the hematologic and vascular families of humoral 
growth factors. In addition, rapamycin interrupts B cell responses, reducing immunoglobulin 
production [129-131]. 

Besides its use in transplantation medicine, rapamycin is also an attractive anti-cancer agent since 
the mTOR signaling pathway is constitutively activated in many types of human cancer [132, 133]. 
However, many cancer cells are resistant to rapamycin and its derivatives. Recently it was shown 
that rapamycin treatment results in the phosphorylation and activation of Akt and eIF4E, which may 
contribute to this resistance [134]. The activation of S6K leads to a feedback inhibition of PI3K/
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Akt through phosphorylation and degradation of IRS-1, while inhibition of S6K phosphorylation 
by rapamycin breaks this negative feedback loop [135, 136]. Using a PI3K inhibitor (LY294002) 
in combination with rapamycin greatly enhances the inhibitory effects on the growth and colony 
formation of cancer cells [134]. 

Rapamycin is also suggested as a therapeutic agent for the tumor predisposition syndrome, 
neurofibromatosis type 1 (NF-1) [137]. Although activation of PI3K/Akt has previously been shown 
in NF-1 associated tumors, the exact pathogenic targets of this pathway were unknown until recently 
[138, 139]. Shortly after the demonstration of hyperactivation of the mTOR signaling pathway using a 
proteomic approach [140], NF1 deficient malignant human tumor cell lines were shown to be highly 
sensitive to rapamycin treatment [137]. Neurofibromin, the protein product of the NF1 gene, is a Ras 
GTPase activating protein (GAP). The activation of the mTOR signaling pathway in NF1 deficient 
cells is suggested to be the result of increased Ras activation, which in turn activates PI3K and 
Akt. The mTOR signaling pathway is also an attractive therapeutic target for other hamartomatous 
diseases including Cowden disease and Peutz-Jeghers syndrome.

After studies in animal models, clinical trials with rapamycin have been initiated in TSC and LAM 
patients [114, 115, 141-143]. In the Eker rat, a very well-studied Tsc2 animal model, administration 
of rapamycin and its analogs resulted in induction of apoptosis and reduction of cell proliferation 
in renal tumors [114]. Rapamycin has also improved the clinical state and survival associated with 
pituitary tumors seen in Eker rats [115]. In addition, it has been shown effective in reducing the 
severity and number of renal cystadenomas in Tsc2+/- mice [144]. Embryonic fibroblast cell lines 
prepared from Tsc1 and Tsc2 null mice also show a dramatic normalization of mTOR signaling after 
treatment with rapamycin [145]. 

During the TSC International Research Conference (2004, Cambridge, UK) preliminary information 
about clinical trials on TSC and LAM patients was presented. One patient with two renal AMLs, one 
of constant size and one that increased in volume over four years, was treated with rapamycin and 
the active AML has been shown to be 71% reduced in size within six months [141]. However, no 
changes were observed in the AML of constant size. At the same conference, preliminary data of 
larger clinical trials with rapamycin were also presented showing promising results, which include 
improvement in the vital lung capacity of patients with LAM and reduction of AML tumor volume in 
both LAM and TSC patients [142, 143]. 

However, rapamycin does not cross the blood-brain barrier, and the benefit of rapamycin or rapamycin 
analogs in the treatment of developmental, cognitive and psychiatric manifestations of TSC needs 
yet to be investigated. Early intervention and symptomatic treatment (e.g. seizure control) might be 
more important and help decrease the burden of the disease for such manifestations. In addition, 
prolonged rapamycin administration might result in drug resistance [115]. Although only seen in a 
minority of lesions, the mechanism of drug resistance and ways to circumvent this problem require 
immediate scientific and clinical attention. Using rapamycin in combination with other chemical 
agents could help circumvent this particular problem.
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IFN-γ-Jak-STAT signaling has also been shown to be perturbed in TSC-associated lesions and 
cell lines [145], and recently it was shown in Tsc2+/- mice that IFN-γ treatment can reduce the 
severity of kidney cystadenomas and liver hemangiomas [144]. Importantly, rapamycin and IFN-γ 
have different mechanisms of action and the combination of rapamycin and IFN-γ may have additive 
beneficial effects. 

In addition to the mTOR signaling pathway, there are as yet therapeutically unexplored signaling 
pathways in which hamartin-tuberin complex plays a role. However, the relevance of these pathways 
to TSC-associated pathology remains to be elucidated. 

Further studies of the pathways that include the hamartin-tuberin complex and its regulation will 
yield better therapeutic options for a growing number of disorders. 
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In this thesis, research into the autosomal dominant disorder Tuberous Sclerosis Complex (TSC) 
has been presented.  TSC is characterized by hamartomas and hamartias in multiple organs and 
tissues, affecting 1 in 5800-10000 individuals. This disorder is caused by mutations in one of two 
tumor suppressor genes, the TSC1 gene on chromosome 9q34 or the TSC2 gene on chromosome 
16p13. The major function of the protein products of the TSC1 and TSC2 genes, hamartin and 
tuberin respectively, is to form a complex that inhibits mammalian target of rapamycin (mTOR) 
dependent cell growth in response to various stimuli. 

The diagnosis of TSC is based on clinical and pathological examinations, and several imaging 
methods. The criteria for the diagnosis have changed immensely over the years and have taken 
its present form in 1998. The severity of the disease depends on the organ or organs involved, 
and the number, size and the location of the lesions. Phenotypic variability, even within families, 
is well documented. Although the majority of the lesions observed are benign in nature, patients 
may suffer from serious medical complications related to the disease including epilepsy, mental 
retardation, autism, disfiguring skin lesions, hypertension, renal failure and pneumothorax.

The phenotypic expression of TSC is probably the product of the gene involved, the nature, type 
and effect of the primary mutation, the nature, type and effect of the second hit, modifying genes 
and environmental factors. In Chapter 2.a of this thesis, the largest cohort of TSC patients to date 
is presented. We showed that TSC1 mutations compared to TSC2 mutations, familial mutations 
compared to de novo mutations, and female gender compared to male gender are associated with 
milder TSC phenotypes. Furthermore, in the group of patients where we did not identify a mutation 
in either the TSC1 or TSC2 gene most clinical features occurred less frequently compared to the 
group of patients with mutations. In this cohort, we were able to determine pathogenic mutations 
in 85% of the definite TSC patients. The main reasons, why we could not identify a mutation 
in the remaining 15%, include technical difficulties related to mutation analysis, medium size 
deletions missed by both PCR-based and probe-related screening techniques, mutations within 
the promoter/enhancer or intronic regions, and somatic mosaicism.

In approximately two-thirds of the cases TSC is caused by a de novo mutation. Many mutations 
are unique to the families they are identified in and the majority of TSC patients have a mutation 
in the TSC2 gene. A broad spectrum of mutations has been identified in both genes; however 
large rearrangements, missense mutations and in-frame deletions are very rare in the TSC1 
gene. A large deletion we characterized, involving the TSC1 gene and two neighbouring genes, 
is described in Chapter 2.b. This is the first example of multi-gene deletion at the TSC1 locus and 
indicates that large deletions at this locus could be more frequent than currently estimated. 

In order to determine the distinct effects of single amino acid changes to tuberin on the function 
of the hamartin-tuberin complex, we developed and applied functional assays. Chapter 2.c shows 
that pathogenic mutations in the TSC2 gene affect the function of the hamartin-tuberin complex. 
Clinical manifestations associated with codon 905 missense mutations in the TSC2 gene and the 
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functional analyses of these mutations are presented in Chapter 2.d. The mild disease phenotype 
discussed in this chapter highlights the effect of the primary mutation on the disease phenotype, 
raises the possibility of non-penetrance, challenges the notion of extensive clinical variation, and 
shows how difficult establishing a definite diagnosis of TSC can be. In Chapter 2.e the use of 
functional assays as a diagnostic tool is described. In two families, the index cases who did not 
fulfill the clinical diagnostic criteria inherited two non-truncating changes, one from each parent. 
We used functional assays in order to characterize these changes and identified pathogenic 
mutations in both families. This chapter emphasizes the complementary role of functional assays 
in the interpretation of mutation analysis results.

Chapters 2.d and 2.e illustrate the occurrence of ‘mild’ or ‘greyzone’ mutations.  Some mutations 
do not seem to disrupt hamartin-tuberin complex function completely and are associated with 
milder phenotypes that can even escape a clinical diagnosis of TSC. However, the clinical 
diagnostic criteria currently in use seem to be adequate in identifying the patients that require 
medical attention and changing these criteria is not suggested. For patients with mild phenotypes 
or only minor signs, longitudinal clinical studies will be necessary to determine the natural disease 
course and allow a more accurate assessment of the penetrance of TSC.

Finally, preliminary work on the regulation of the hamartin-tuberin complex in the mTOR signaling 
pathway is presented in the Appendix. The 5’-AMP-activated protein kinase (AMPK) has been 
shown to phosphorylate tuberin at two sites, thereby activating it. We disrupted these sites by 
introducing mutations to them and studied the effects with our functional assays.  Possibly, the 
activation of the hamartin-tuberin complex by AMPK involves positioning it in the vicinity of its 
molecular target. These and other studies on the function and regulation of the hamartin-tuberin 
complex will be continued and extended in our laboratory. Such studies will be indispensable for 
a full understanding of the molecular pathogenesis of TSC and several other disorders and will 
hopefully increase the scope of therapeutic intervention. 
 
The research presented in this thesis will help clinicians to give better and tailored genetic 
counseling in the families we studied, enable prenatal testing in families carrying mutations, may 
act as a guideline determining the nature of non-truncating changes in the TSC2 gene and has 
shed some more light on the functions of the tuberin-hamartin complex. 
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In dit proefschrift wordt onderzoek naar de autosomaal dominante aandoening Tubereuze Sclerose 
Complex (TSC) beschreven. TSC wordt gekenmerkt door de aanwezigheid van hamartoma’s 
en hamartia’s in meerdere organen en weefsels en treft 1 op 5800-10000 personen. Deze 
aandoening wordt veroorzaakt door mutaties in één van twee tumorsuppressorgenen, het TSC1 
gen op chromosoom 9q34 of het TSC2 gen op chromosoom 16p13. De belangrijkste functie van de 
eiwitprodukten van de TSC1 en TSC2 genen, respectievelijk hamartine en tuberine, is het vormen 
van een eiwitcomplex dat de mTOR-afhankelijke celgroei remt in respons op verschillende stimuli.
De diagnose TSC wordt gebaseerd op klinische en pathologische bevindingen en toepassing 
van verscheidene beeldvormende technieken. De criteria voor de diagnose zijn in de loop der 
jaren herhaaldelijk aangepast en hebben hun huidige vorm gekregen in 1998. De ernst van de 
ziekte hangt af van het orgaan of de organen die zijn aangedaan en het aantal, de grootte en 
de plaats van de lesies. TSC staat bekend om grote variabiliteit in de ziekteverschijnselen, zelfs 
binnen families. Alhoewel de meerderheid van de voorkomende lesies goedaardig is, kunnen 
patiënten lijden aan ernstige medische complicaties die verband houden met de ziekte zoals 
epilepsie, mentale retardatie, autisme, ontsieringen van de huid, hypertensie, nieraandoeningen 
en pneumothorax.

De fenotypische expressie van TSC is waarschijnlijk het resultaat van het betrokken gen, de aard, 
het soort en het effect van de primaire mutatie, de aard, het soort en het effect van de “second hit”, 
andere genen, die mogelijk het ziektebeeld beïnvloeden, èn omgevingsfactoren. In hoofdstuk 2.a 
van dit proefschrift wordt het - tot nu toe - grootste cohort TSC patiënten beschreven. We laten hier 
zien dat TSC1 mutaties in vergelijking tot TSC2 mutaties, familiaire mutaties in vergelijking tot de 
novo mutaties en het vrouwelijk geslacht in vergelijking tot het mannelijk geslacht geassocieerd 
zijn met een milder fenotype. Verder valt op dat in de groep patiënten waarin we geen mutatie in 
één van de twee TSC genen hebben kunnen identificeren, de meeste klinische kenmerken minder 
vaak vóórkomen dan in de groep patiënten waarin we wel een mutatie hebben kunnen vinden. In 
dit cohort, hebben we bij 85% van de patiënten een mutatie kunnen detecteren. De belangrijkste 
oorzaken van het niet vinden van een mutatie in de resterende 15% zijn de technische problemen 
die gepaard gaan met mutatie analyse, middelgrote deleties die zowel bij probe gerelateerde 
onderzoekstechnieken als bij technieken die gebaseerd zijn op de PCR methode gemist worden, 
mutaties in het promoter gebied of in de intronen èn somatisch mozaïcisme.

In ongeveer twee-derde deel van de gevallen wordt TSC veroorzaakt door een de novo mutatie. 
Veel mutaties zijn uniek voor de families waarin ze geïdentificeerd worden en de meerderheid 
van de TSC patiënten heeft een mutatie in het TSC2 gen. Een breed spectrum van mutaties 
is geïdentificeerd in beide genen; grote herrangschikkingen, missense mutaties en in-frame 
deleties komen echter zelden voor in het TSC1 gen. Een grote deletie van het TSC1 gen en twee 
aangrenzende genen die we hebben gekarakteriseerd, wordt beschreven in hoofdstuk 2.b. Dit is 
het eerste voorbeeld van een deletie van meerdere genen op het TSC1 locus en geeft aan dat 
grote deleties op deze locus frequenter kunnen vóórkomen dan tot nu toe wordt aangenomen.
Om de verschillende effecten van afzonderlijke aminozuurveranderingen in tuberine op de functie 
van het hamartine-tuberine complex te kunnen bepalen, hebben we functionele testen ontwikkeld 
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en toegepast. In hoofdstuk 2.c is te zien dat pathogene mutaties in het TSC2 gen de functie van 
het hamartine-tuberine complex aantasten. Klinische kenmerken die geassocieerd zijn met codon 
905 missense mutaties in het TSC2 gen en de functionele analyses van deze mutaties worden 
gepresenteerd in hoofdstuk 2.d. In de bespreking van het milde ziektebeeld in dit hoofdstuk komt 
de rol van de primaire mutatie in het tot stand komen van het fenotype aan de orde, wordt de 
mogelijkheid van non-penetrantie geopperd en worden vraagtekens gezet bij het begrip ‘grote 
klinische variatie’ (binnen één familie). Het in dit hoofdstuk beschreven onderzoek illustreert tevens 
hoe moeilijk het soms is om een definitieve diagnose TSC te stellen.  In hoofdstuk 2.e wordt het 
gebruik van een functionele test als een diagnostisch middel beschreven. In twee families erfde 
de indexpatiënt twee “non-truncating” veranderingen, één van elke ouder. Dit type veranderingen 
is niet met zekerheid ziekte-veroorzakend. In beide gevallen voldeed de indexpatiënt niet aan de 
klinisch diagnostische criteria. Om de veranderingen te karakteriseren hebben we functionele 
testen gebruikt en in beide families hebben we pathogene mutaties geïdentificeerd. Dit hoofdstuk 
legt de nadruk op de aanvullende rol die functionele testen kunnen spelen bij de interpretatie van 
de resultaten van mutatie analyse.

De hoofdstukken 2.d en 2.e behandelen mutaties die als ‘mild’ bestempeld kunnen worden. 
Sommige mutaties lijken de functie van het hamartine-tuberine complex niet volledig te verstoren 
en zijn geassocieerd met een milder fenotype dat zelfs onvoldoende kan zijn voor het stellen van 
de klinische diagnose TSC. De huidige klinisch diagnostische criteria lijken echter adequaat om 
patiënten te identificeren die medische zorg nodig hebben en het veranderen van deze criteria 
wordt dan ook niet aangeraden. Voor patiënten met een mild fenotype of slechts enkele tekenen 
van de ziekte, zullen langlopende klinische onderzoeken nodig zijn om het natuurlijk verloop van 
de ziekte te kunnen bepalen en om een nauwkeuriger inschatting van de penetrantie van TSC 
mogelijk te kunnen maken. 

Als laatste worden in de Appendix inleidende proeven in het onderzoek naar de regulatie van 
het hamartine-tuberine complex beschreven. Het 5’-AMP-geactiveerde eiwit-kinase (AMPK) 
blijkt tuberine op twee plaatsen te kunnen fosforyleren, waardoor tuberine geactiveerd wordt. We 
hebben deze fosforylerings-plaatsen weten te verstoren door mutaties aan te brengen en hebben 
het effect hiervan bestudeerd door middel van onze functionele testen. Mogelijk gaat de activering 
van het hamartine-tuberine complex door AMPK gepaard met het positioneren van het complex 
in de nabijheid van z’n “moleculaire target”. Deze en andere studies naar de functie en regulatie 
van het hamartine-tuberine complex zullen in ons laboratorium worden voortgezet en uitgebreid. 
Zulke studies zijn noodzakelijk om de moleculaire pathogenese van TSC en verschillende andere 
aandoeningen te kunnen doorgronden en zullen hopelijk de mogelijkheden voor therapeutisch 
ingrijpen in de toekomst verruimen.

Het onderzoek dat in dit proefschrift wordt beschreven zal clinici in staat stellen beter en gerichter  
erfelijkheidsadvies te geven in de families die we hebben bestudeerd, het maakt prenataal 
onderzoek in families met een mutatie mogelijk, het kan fungeren als een leidraad om de aard 
van “non-truncating” veranderingen in het TSC2 gen vast te stellen en het heeft bijgedragen aan 
de kennis van de functies van het hamartine-tuberine complex.
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Bu tezde, otozomal dominant bir rahatsızlık olan Tüberöz Skleroz Kompleks (TSC) üzerine 
yapılan araştırmalar sunulmaktadır. TSC bir çok doku ve organda hamartomlar ve hamartialar 
ile karakterize olup 5800 ile 10000’de bir kişiyi etkilemektedir. Bu rahatsızlık iki tümör süpresör 
geninden birindeki mutasyondan ileri gelmektedir. TSC1 geni kromozom 9q34’te, TSC2 geni 
ise kromozom 16p13’te yer almaktadır. TSC1 ve TSC2 genlerinin protein ürünleri olan hamartin 
ve tüberin, mTOR’u inhibe eden bir kompleks oluşturmakta ve bu vesile ile hücre büyümesini 
düzenlemektedir. 

TSC tanısı, klinik muayene ile patolojik ve görüntüleme tetkikleri sonuçları ile konulmaktadır. 
Tanı kriterleri yıllar içerisinde oldukça büyük bir değişimden geçmiş ve 1998 yılında şu anda 
kullanılmakta olan halini almıştır. Hastalığın ciddiyeti etkilenen organ ya da organlara, ve 
lezyonların sayı, ebat ve yerleşimine bağlıdır. Aynı aile içerisinde bile fenotipik farklılıklar görülebilir 
ve bunlar bir çok kere dokümente edilmiştir. Görülen lezyonların birçoğu benin özelliktedir. Buna 
rağmen hastalarda epilepsi, zeka geriliği, otizm, disfigüre eden deri lezyonları, hipertansiyon, 
böbrek yetmezliği ve pnömotoraks gibi ciddi tıbbi komplikasyonlar görülebilir.

TSC’nin fenotipik ekspresyonu muhtemelen hangi genin etkilendiği, primer mutasyonun doğası, 
tipi ve etkisi, ikinci mutasyonun doğası, tipi ve etkisi, hastalığı modifiye eden genler ve çevresel 
faktörler ile belirlenmektedir. Bölüm 2.a’da bugüne dek yayınlanmış en büyük TSC hasta kohortu 
sunulmaktadır. TSC1 mutasyonlarının TSC2 mutasyonlarına oranla, ailesel mutasyonların de 
novo mutasyonlara oranla ve dişi cinsiyetin erkek cinsiyete oranla daha hafif TSC fenotipleri ile 
ilişkili olduğunu gosterdik. Bunların yanısıra, birçok klinik özelliğin, TSC1 ya da TSC2 genlerinde 
mutasyon bulamadığımız hastalarda, mutasyon bulduğumuz hastalara oranla daha az sıklıkta 
ortaya çıktığını gösterdik. Bu kohortta kesin TSC olan hastaların %85’inde patojenik mutasyonu 
belirleyebildik. Geri kalan %15 hastada mutasyon bulamamamızın temel nedenleri mutasyon 
analizine dair teknik problemler, hem PCR’a dayalı hem de prob’lara dayalı mutasyon tarama 
teknikleri ile yakalanamayan orta büyüklükteki delesyonlar, promotor/enhansör ya da intronik 
bölgelerdeki mutasyonlar, ve somatik mozaisizmi içermektedir. 

Vakaların yaklaşık üçte ikisi de novo bir mutasyondan kaynaklanmaktadır. Mutasyonların birçoğu 
özgün olup sadece tanımlandıkları ailelerde bulunmaktadır. TSC hastalarının büyük bir bölümünde 
mutasyon TSC2 geninde yer almaktadır. Her iki gende de birçok farklı mutasyon tanımlanmıştır, 
ancak büyük rearanjmanlar, missens mutasyonlar ve in-frame delesyonlar TSC1 geninde nadiren 
görülmektedir. TSC1 genini ve komşuluğundaki 2 geni kapsayan büyük bir delesyon Bölüm 2.b’de 
anlatılmaktadır. Bu, TSC1 lokusunda tanımlanmış ilk çoklu gen delesyonudur ve bu lokusta 
halihazırda tahmin edilenden daha sık büyük delesyon olabileceğine işaret etmektedir. 

Laboratuvarımızda tüberin’deki amino asit değişikliklerinin hamartin-tüberin kompleksinin 
fonksiyonu üzerindeki etkilerini belirlemek için fonksiyonel testler geliştirip uyguladık. Bölüm 
2.c’de TSC2 genindeki patojenik mutasyonların hamartin-tüberin fonksiyonu üzerine olan etkileri 
gösterilmektedir. TSC2 geninin 905 kodonundaki missens mutasyonlara ilişkin klinik bulgular 
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ve bu mutasyonların fonksiyonel analizleri Bölüm 2.d’de verilmektedir. Bu bölümde tartışılan 
hafif hastalık fenotipi, primer mutasyonun hastalık fenotipine olan etkisinin altını çizmekte, non-
penetrans olasılığını ortaya koymakta, olağanüstü klinik varyasyon nosyonunu zorlamakta, ve 
TSC’de kesin tanı koymanın ne kadar güç olabileceğini ortaya koymaktadır. Bölüm 2.e’de ise 
fonksiyonel testlerin tanısal amaçlı kullanımı anlatılmaktadır. İki ailede, her bir ebeveyn birer 
non-truncating nükleotid değişiklikiğini, klinik tanısal kriterleri karşılamayan indeks vakalara 
kalıtmışlardır. Bu tip nükleotid değişiklikleri her zaman hastalığa yol açmamaktadırlar. Fonksiyonel 
testler kullanılarak bu değişikler karakterize edilmiş ve her iki ailede de patojenik mutasyonlar 
tanımlanmıştır. Bu bölüm fonksiyonel testlerin mutasyon analizi sonuçlarının yorumlanmasındaki 
katkısını vurgulamaktadır. 

2.d ve 2.e bölümleri “hafif” ya da “gri zon” mutasyonlarının varlığını göstermektedir. Bazı 
mutasyonlar hamartin-tüberin komleksinin fonksiyonunu tamamen ortadan kaldırmıyor gibi 
görünmekte ve klinik TSC tanısından kaçabilecek kadar hafif fenotiplere yol açabilmektedir. 
Ancak şu anda kullanımda olan klinik tanısal kriterler tıbbi yardıma ihtiyacı olan hastaların 
tanımlanmasında yeterli gibi görünmekte ve bu kriterlerin değiştirilmesi tavsiye edilmemektedir. 
Hafif fenotipi olan hastalar ya da sadece minör bulguları olan hastalar için, hastalığın doğal klinik 
seyrinin belirlenmesi ve TSC’de penetransın doğru bir şekilde değerlendirilebilmesi longitüdinal 
klinik çalışmaların yapılmasını gerektirecektir. 

Son olarak, Apendiks’te hamartin-tüberin kompleksinin regülasyonu üzerine yaptığımız öncül 
çalışmalar yer almaktadır. 5’-AMP tarafından aktive edilen protein kinazin (AMPK) tüberini iki 
noktada fosforile ettiği ve bu vasıtayla aktive ettiği gösterilmiştir. Bu noktalar mutasyonlar yoluyla 
ortadan kaldırılmış, ve etkileri fonksiyonel testlerle incelenmiştir. Muhtemelen, hamartin-tüberin 
kompleksinin AMPK tarafından aktivasyonu kompleksin moleküler hedefinin yakınına lokalize 
olması ile gerçekleşmektedir. Laboratuvarımızda hamartin-tüberin kompleksinin fonksiyonu ve 
regülasyonu üzerine çalışmalar devam edecek ve daha da genişletilecektir. Böyle çalışmalar TSC 
ve diğer bazı rahatsızlıkların moleküler patogenezlerinin tam anlaşılması için vazgeçilmez olup 
terapötik girişimleri olumlu yönde etkileyecektir. 

Bu tezde sunulan araştırma klinisyenlerin incelenen ailelere daha iyi ve hastalara özgün 
genetik danışmanlık verebilmelerine yardımcı olacak, mutasyon taşıyan ailelerde prenatal test 
yapılabilmesini sağlayacak, TSC2 genindeki non-truncating değişikliklerin doğasını belirmede bir 
kılavuz ödevi görebilecektir ve hamartin-tüberin kompleksinin fonksiyonları üzerine biraz daha 
ışık tutmuştur. 
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Useful website addresses

• Stichting Tubereuze Sclerosis Nederland (STSN): Dutch website for patients and families 
with TSC with detailed information on TSC in Dutch.

⇒ http://www.stsn.nl
• Tuberous Sclerosis International (TSI): The website of the worldwide organisation of 

Tuberous Sclerosis Associations with links to national patient organizations.
⇒ http://www.stsn.nl/tsi/tsi.htm

• Tuberous Sclerosis Alliance (TSA): The website of the patient organization in the United 
States of America with detailed information on TSC in English. 

⇒ http://www.tsalliance.org
• Tuberous Sclerosis Project: The website of the research laboratory of Dr. David 

Kwiatkowsky with mutations and polymorphisms identified in the TSC1 and TSC2 genes, 
last updated in 1999.

⇒ http://tsc-project.partners.org/index.htm
• The Cardiff-Rotterdam Tuberous Sclerosis Mutation Database: Mutations identified in the 

TSC1 and TSC2 genes, last updated in 1998.
⇒ http://archive.uwcm.ac.uk/uwcm/mg/tsc_db/

• The Michelle Foundation: The website of a Dutch foundation dedicated to worldwide 
promotion and financial support for research into TSC. 

⇒ http://www.michellefoundation.org/index.htm
• Erfocentrum: Dutch website with information on inheritance and inherited diseases.

⇒ http://www.erfocentrum.nl/
• Nederlandse Anthropogenetische Vereniging (NAV) – Vereniging Klinische Genetica 

Nederland (VKGN) – Vereniging Klinisch Genetische Laboratoriumdiagnostiek (VKGL): 
Dutch website with links to clinical genetic centers and diagnostic laboratories in the 
Netherlands and information for patients.

⇒ http://www.nav-vkgn.nl/
• Erasmus Medical Center, Department of Clinical Genetics

⇒ http://www2.eur.nl/fgg/kgen/
• Vereniging Samenwerkende Ouder- en Patiëntenorganisaties (VSOP): Website of the 

alliance of Dutch organizations of patient with inherited diseases.
⇒ http://www.vsop.nl/

• Ensembl: The website of a joint project between the European Molecular Biology 
Laboratory - European Bioinformatics Institute (EMBL – EBI) and Sanger Institute 
developing a software system which produces and maintains automatic annotation on 
selected eukaryotic genomes. 

⇒ http://www.ensembl.org/index.html
• National Center for Biotechnology Information (NCBI): The website from the United 

States of America with resources on molecular biology, and links to sequence, protein and 
literature databases. 

⇒ http://www.ncbi.nlm.nih.gov
 




