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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.
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Introduction
Tuberous sclerosis complex (TSC, MIM #191100), affecting

between 1/6000 and 1/10 000 individuals, is an autosomal

dominant disorder characterised by seizures, mental re-

tardation 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 complex3 that activates the

GTPase activity of rheb, preventing the rheb-GTP-depen-

dent stimulation of cell growth through mTOR.4
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A broad spectrum of mutations has been identified in

both genes.5–10 Interestingly, large rearrangements, mis-

sense 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

We have performed a comprehensive screen for muta-

tions 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 electro-

phoresis (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 601C for 17h (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 sequen-

cing 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 w2 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.

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.

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 (Po0.001).

Seizures were present in 86% of the patients with (sub)-

cortical tubers and in 56% of the patients free of tubers

(P¼0.004). 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 (P¼0.002). Subependymal nodules

were noted in 88% of the patients with (sub)cortical tubers

and in 63% of the patients without tubers (P¼0.013). In

addition, there was a significant correlation between the

incidence of renal angiomyolipomas and mental retarda-

tion 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%)(P¼0.041).

Comparison of the clinical features between male and

female subjects showed no significant difference in the
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median age of the two groups (P¼0.467) (Table 2).

However, 75% of the clinical features analysed were more

frequent in males. Mental retardation (P¼0.012), facial

angiofibromas (P¼0.050), retinal phakomas (P¼0.025),

retinal depigmentations (P¼0.005) and gingival fibromas

(P¼0.019) were noted significantly more frequently in

males. Lymphangioleiomyomatosis (LAM) was only de-

tected 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 (P¼0.146).

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

Table 1 Overview of the TSC patient cohort

Total
Mutation
identified

Unclassified
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

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 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.

Table 2 Comparison of the clinical features of TSC associated with gender

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

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 years for males and 13.0 years
for females (P¼0.467) (SEN, subependymal nodules; SEGA, subependymal giant cell astrocytoma; AML, angiomyolipoma; LAM, lymphangioleio-
myomatosis).
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overview of all the changes identified at both loci is

available on request.

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 nonpatho-

genic. 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). RT-

PCR analysis showed an incorrectly spliced TSC2 mRNA

in three cases, confirming that the changes were patho-

genic. In one case (IVS5þ4A4G) we were unable to detect

any abnormally spliced variant. However, further investi-

gation 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 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 1850G4A (R611Q)

missense mutation in exon 16 of the TSC2 gene which

was detected in 10 unrelated patients and, together with

the adjacent 1849C4T (R611W) mutation that was

detected in an additional four cases, accounted for 3.8%

of the mutations identified. The most frequently occurring

TSC1 mutation, 1719C4T (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

Figure 1 Types and frequencies of the mutations identified at the TSC1 and TSC2 loci. (& frameshift mutations, ’ in-frame deletions, nonsense
mutations, splice site mutations, missense mutations, large rearrangements).
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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

903C4T (R228X) and TSC2 4324delC), the patients were

mentally retarded, had seizures, radiological brain abnorm-

alities and hypomelanotic macules; in one case (mutation

TSC2 1135C4T (Q373X)) dental pits and facial angiofi-

broma were noted in combination with epilepsy and

mental retardation; and in one case (mutation TSC2

4324C4T (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 3b). The median age

of the patients with a TSC1 mutation was not significantly

Figure 2 The distribution of small mutations along the TSC1 and the TSC2 genes (K missense mutations and in-frame deletions, � nonsense and
frameshift mutations, splice site mutations). Alternatively spliced exons in the TSC2 gene are depicted in black. The mutation rate per nucleotide in
each exon is graphed above each exon. The figures were calculated by dividing number of small mutations within the exon and the splicing mutations
within five nucleotides in the 30 and 50 regions of the exon by the number of nucleotides of the exon plus 10 nucleotides for the surrounding intronic
area. Note, exons are not drawn to scale.
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Table 3a Comparison of the clinical features in TSC patients with and without mutations

TSC1 TSC2

Total Familial De novo Total Familial De novo
Mutations

Total Familial De novo
No Mutation
Identified

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 0/11 0 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 0 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 0 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 0/1 0 0/2 0 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 0 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

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).
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Table 3b Significance (P) values of the comparisons made between the different groups depicted in table 3a

TSC1
vs

TSC2

Familial
vs

de novo

TSC2 familial
vs

TSC2 de novo

TSC1 de novo
vs

TSC2 de novo

TSC1 familial
vs

TSC2 familial

TSC1 familial
vs

TSC1 de novo

No mutation
vs

mutations total

No mutation
vs

TSC1 total

Mental retardation o0.001* 0.322 0.203 0.055 0.456 0.500 o0.001* 0.351
Seizures 0.595 0.090 0.013* 0.139 0.125 0.780 0.001* 0.016*
Cortical tubers 0.299 0.169 0.072 0.436 0.288 0.571 0.188 0.473
SEN 0.550 0.001* o0.001* 0.171 0.232 0.739 0.168 0.227
SEGA 0.368 0.454 0.637 0.565 0.405 0.371 0.066 0.067

Renal AML o0.001* 0.634 0.399 0.011* 0.087 ** 0.270 0.001*
Renal cysts 0.050* 0.829 0.553 0.048* 0.657 0.313 0.515 0.100

Shagreen patch 0.031* 0.637 0.085 0.623 0.035* 0.310 0.006* 0.001*
Hypomelanotic macules 0.527 0.034* 0.098 0.519 ** 0.335 0.006* 0.037*
Forehead plaque 0.107 0.095 0.110 0.413 0.656 0.594 0.033* 0.277
Facial angiofibromas 0.102 0.908 0.576 0.104 0.390 0.388 0.086 0.552
Ungual fibroma 0.178 0.430 0.315 0.292 0.666 0.615 0.324 0.190

Retinal phakoma 0.003* 0.030* 0.094 0.177 0.218 0.289 0.113 0.576
Retinal depigmentation 0.073 0.538 0.593 0.456 0.800 ** 0.273 0.556

Gingival fibroma 0.172 0.308 0.700 0.567 0.333 0.500 0.546 0.573
Dental pits 0.528 0.795 0.571 0.500 0.652 0.643 0.317 0.329

Cardiac rhabdomyoma 0.586 0.648 0.552 0.380 0.656 0.500 0.541 0.603

Median age 0.321 0.226 0.921 0.364 0.119 0.027* 0.795 0.484

*Indicates statistically significant values. Familial represents the index patients of familial cases (SEN, subependymal nodules; SEGA, subependymal giant cell astrocytoma; AML,
angiomyolipoma). **Indicates where statistical analysis could not be performed, since the patients in both groups were either all positive or all negative for the analysed feature.
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different from the median age of those with a TSC2

mutation (P¼0.321). However, individuals with a TSC1

mutation were less often mentally retarded (Po0.001), and

renal angiomyolipomas (Po0.001), renal cysts (P¼0.050),

retinal phakomas (P¼ 0.003) and retinal depigmentations

(P¼0.073) were all less frequent in the TSC1 mutation

group. In contrast, shagreen patches occurred significantly

more frequently in patients with a TSC1 mutation

(P¼0.031). Interestingly, although the incidence of mental

retardation was lower in the group of patients with a TSC1

mutation, the incidences of seizures (P¼0.595) and

(sub)cortical tubers (P¼0.299) were not significantly

different between the two groups.

We compared the phenotypes of individuals with a TSC2

(i) nonsense or frameshift mutation; (ii) missense muta-

tion; (iii) large abnormality; and (iv) mutation in exons

35–39 (encoding the GAP domain). Both renal angiomyo-

lipomas 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%, P¼0.050 and 0.367), or mutations in the

GAP domain (39% and 10%, P¼0.032 and 0.018). Sha-

green 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 fre-

quently 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 (P¼0.226) and many clinical

manifestations were less frequent. For subependymal

nodules (P¼0.001) and retinal phakomas (P¼0.030) the

differences were significant. In contrast, hypomelanotic

macules were significantly more frequent in the familial

cases (P¼ 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%) (P¼0.125), 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

(P¼0.013 and Po0.001, respectively). The median age at

referral was not significantly different between patients

with a de novo TSC2 mutation and familial cases

(P¼0.921). 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

(P¼0.027). 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.

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

(P¼0.055), renal angiomyolipomas (P¼0.011) and renal

cysts (P¼0.048) were less frequent in the group with a de

novo TSC1 mutation. The median age at referral was not

significantly different (P¼0.364).

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

(P¼0.035). The median age at referral was not significantly

different between these two groups (P¼0.119).

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 (P¼0.795), many of the clinical

features including mental retardation (Po0.001), seizures

(P¼0.001), shagreen patches (P¼0.006), hypomelanotic

macules (P¼0.006) and forehead plaques (P¼0.033)

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 (p40.05).

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

features (13/17) were less frequent in the no mutation

group. In particular, seizures (P¼ 0.016), shagreen patches

(P¼0.001) and hypomelanotic macules (P¼0.037) oc-

curred less frequently. In contrast, renal angiomyolipomas

(P¼0.001) and renal cysts (P¼ 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 490
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patients (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 indivi-

duals that have been misdiagnosed with TSC and that,

in many patients, 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 pre-

sence 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

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

lesions22 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 rearrange-

ments 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 muta-

tions 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 approxi-

mately 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 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)
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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 de-

tected.10 Recently, Roberts et al27 reported somatic mosai-

cism 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 preven-

tive measures.
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