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Genotype and brain pathology phenotype in children
with tuberous sclerosis complex

Iris E Overwater1,2, Rob Swenker3, Emma L van der Ende1, Kimberley BM Hanemaayer1,
Marianne Hoogeveen-Westerveld3, Agnies M van Eeghen2,4, Maarten H Lequin5, Ans MW van den Ouweland3,
Henriëtte A Moll2,4, Mark Nellist3 and Marie-Claire Y de Wit*,1,2

Structural brain malformations associated with Tuberous Sclerosis Complex (TSC) are related to the severity of the clinical

symptoms and can be visualized by magnetic resonance imaging (MRI). Tuberous Sclerosis Complex is caused by inactivating

TSC1 or TSC2 mutations. We investigated associations between TSC brain pathology and different inactivating TSC1 and

TSC2 variants, and examined the potential prognostic value of subdivision of TSC2 variants based on their predicted effects

on TSC2 expression. We performed genotype-phenotype associations of TSC-related brain pathology on a cohort of 64 children

aged 1.4–17.9 years. Brain abnormalities were assessed using MRI. Individuals were grouped into those with an inactivating

TSC1 variant and those with an inactivating TSC2 variant. The TSC2 group was subdivided into changes predicted to result in

TSC2 protein expression (TSC2p) and changes predicted to prevent expression (TSC2x). The TSC2 group was associated with

more and larger tubers, more radial migration lines, and more subependymal nodules than the TSC1 group. Subependymal

nodules were also more likely to be calcified. Subdivision of the TSC2 group did not reveal additional, substantial differences,

except for a larger number of tubers in the temporal lobe and a larger fraction of cystic tubers in the TSC2x subgroup. The

severity of TSC-related brain pathology was related to the presence of an inactivating TSC2 variant. Although larger studies

might find specific TSC2 variants that have prognostic value, in our cohort, subdivision of the TSC2 group did not lead to

better prediction.
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INTRODUCTION

Tuberous Sclerosis Complex (TSC) is an autosomal dominant
disorder caused by inactivating TSC1 or TSC2 variants.1,2 Most
TSC-associated lesions are thought to arise due to somatic second-
hit mutations that inactivate the remaining wild-type TSC1 or TSC2
allele. The protein products of TSC1 and TSC2 form the TSC
complex, that inhibits the mammalian Target of Rapamycin Complex
1 (mTORC1).3 Loss or inactivation of the TSC complex results in
constitutive activation of mTORC1, and mTORC1 inhibitors have
been shown to be useful for treating hamartoma-related complications
of TSC.4,5

Our aim was to investigate genotype-phenotype associations in a
well-characterized cohort of TSC individuals, focusing on the relation-
ships between specific TSC1 and TSC2 variants and macrostructural
brain lesions detected by magnetic resonance imaging (MRI), includ-
ing cortical tubers, radial migration lines (RMLs), subependymal
nodules (SENs) and subependymal giant cell astrocytomas (SEGAs).
In most studies, inactivating TSC2 variants are associated with
increased numbers of cortical tubers and a higher prevalence of
SEGAs.6–14 We investigated whether there was additional clinical value
for subdivision of TSC2 variants, as has been described recently for
cognitive function in TSC.15 We compared TSC-related brain pathol-
ogy as assessed by MRI, in individuals with an inactivating TSC1
variant to brain pathology in individuals with an inactivating TSC2

variant. In addition, we compared the TSC1 group to individuals with
a TSC2 variant predicted to prevent TSC2 mRNA expression (TSC2x)
and to individuals with a TSC2 variant predicted to either alter the
TSC2 amino acid sequence or result in reduced TSC2 expression
(TSC2p).

METHODS

Patients
Children treated at the ENCORE-TSC Expertise Center of the Erasmus
MC-Sophia Children’s Hospital, Rotterdam, the Netherlands with a genetically
confirmed TSC diagnosis and at least one brain MRI were eligible for inclusion.
Inactivating TSC1 or TSC2 variants were identified in 108 individuals, of whom
101 had at least one MRI available. In 64 cases the quality of the MRI was
suitable for analysis, based on the criteria described below.

Genetic analysis and functional assessment
Molecular testing was performed at the Department of Clinical Genetics of the
Erasmus MC. All identified variants were assessed with ALAMUT mutation
prediction software (version 2.6.1 (January 2015); Interactive Biosoftware,
Rouen, France). Exons were numbered according to genomic reference
sequences NG_012386.1 (TSC1) and NG_005895.1 (TSC2); cDNA notation
was according to transcript reference sequences NM_000368.4 (TSC1) and
NM_000548.3 (TSC2).
Functional assessment was performed as described.16 For the analysis of

TSC2 variants, HEK 293T cells in which exons 2–38 of TSC2 had been
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deleted by CRISPR/Cas9 genome editing17 were used. Briefly, guide oligos
5′-caccgacggagtttatcatcaccg-3′ and 5′-aaaccggtgatgataaactccgtc-3′ (exon 2), and
5′-caccggttatcgccacgcaccact-3′ and 5′-aaacagtggtgcgtggcgataacc-3′(intron 38)
were cloned into the pX458 and pX459 vectors,18 and transfected into HEK
293T cells. Following puromycin selection, GFP-positive cells were single-cell
sorted and grown in 96-well plates. The resultant colonies were trypsinised,
expanded and validated by PCR, sequencing and immunoblotting. A single
subclone, 3H9, was used for subsequent functional assessments.
For the detection of mosaic individuals, targeted Next Generation Sequen-

cing of the TSC1 and TSC2 loci was performed, as described previously.19

Clinical, genetic and functional data from this study have been submitted to the
TSC1 and TSC2 Leiden Open Variant Databases (LOVD) (http://www.lovd.nl/
TSC2; http://www.lovd.nl/TSC1).

Magnetic resonance imaging
Brain MRIs were made at the Erasmus MC-Sophia Children’s Hospital on a 1.5
Tesla General Electric scanner using a standard protocol of axial and coronal
T1, T2 and fluid-attenuated inversion recovery sequences. To achieve an as
uniform as possible sample, the MRI made closest to 8 years of age was
selected. MRIs from individuals less than 12 months of age were not used
because, at that age, myelination has not progressed enough to be able to
measure tuber size and detect RML reliably. MRIs were excluded if there were
movement artifacts, if axial images were absent, or when secondary structural
abnormalities not directly related to TSC were present.
All MRIs were assessed by two trained medical students, and re-assessed by a

pediatric neuroradiologist and a pediatric neurologist, who were blinded to the
genotype and clinical characteristics of the patient. Picture Archiving and
Communication System software was used for all assessments.
The numbers and locations of all TSC-related brain abnormalities were

assessed and verified in all available MRI sequences. For each tuber, the largest
axes parallel and perpendicular to the gyrus were measured on axial slices, and
multiplied to obtain an estimate of the maximum cross-sectional area. All
lesions were inspected for cystic changes or calcifications on T2, fluid-
attenuated inversion recovery and, if available, susceptibility weighted angio-
graphy sequences.

Statistical analysis
Univariate regression analysis was used to compare continuous outcomes.
A Student’s t-test was used for comparing two groups of continuous data, and a
chi-square test was used for categorical data. For comparisons between multiple
groups, an analysis of variance test with a Bonferroni post-hoc correction was
used for continuous data, and a chi-square test was used for categorical data. To
correct for multiple testing, a false discovery rate test was used. All the
outcomes of the statistical testing are included in Supplementary Table 3;
q values are given in the text where the corresponding P value was no longer
significant after correction for multiple testing.

RESULTS

Patient population and genetic variant subdivision
In total, 64 patients aged 1.4–17.9 years were included (Table 1); 21
(33%) had an inactivating TSC1 variant and 43 (67%) had an
inactivating TSC2 variant (Figure 1, Table 1 and Supplementary
Tables 1 and 2). We defined inactivating variants as those that were
predicted to either prevent mRNA expression, truncate the open
reading frame prematurely, or affect TSC complex function. We
divided the variants into three groups: TSC1, TSC2x and TSC2p. The
TSC1 group consisted of 21 individuals with 20 different TSC1
variants, including eight predicted frameshift variants, eight predicted
nonsense variants, two large deletions, one predicted missense variant
and one substitution predicted to affect splicing. The TSC2x group
consisted of 26 variants that were predicted to either prevent TSC2
mRNA expression, or render the TSC2 mRNA subject to nonsense
mediated decay (NMD). This group included seven frameshift and
eight nonsense variants, four large deletions and seven variants

predicted to affect splicing. The TSC2p group consisted of variants
that were predicted to alter the TSC2 amino acid sequence or to
result in reduced levels of functional TSC2 mRNA. We defined
functional mRNA as not subject to NMD and encoding the TSC2
GAP domain (amino acids 1616–1654).1 Nonsense and frameshift
variants in the last exon and the last 18 codons of the penultimate
exon were presumed to escape NMD.20 The TSC2p group consisted
of 13 different variants in 16 individuals, and included 7 missense
variants (1 variant in 2 individuals), an in-frame deletion, a
nonsense and a frameshift variant both predicted to escape NMD,
and 2 variants (1 variant in 3 individuals) that were predicted to
affect splicing, but might still result in expression of functional
TSC2 mRNA.
To investigate the effects of TSC1 and TSC2 variants on the TSC

complex-dependent inhibition of mTORC1, we expressed the
variant proteins together with an S6K reporter construct and
determined the T389 phosphorylation status of the S6K reporter
(Figures 2 and 3). First, we compared the effect of the TSC1
c.562T4G p.(F188V) substitution to the inactivating TSC1
c.350T4C p.(L117P) variant16 (Figure 2). Compared to wild-type
TSC1, expression of the p.F188V and p.L117P variants resulted in
reduced TSC1 signals and increased S6K-T389 phosphorylation.
Next, we assessed the effects of 10 TSC2 variants on TSC complex
function (Figure 3). In nine cases, expression of the variant failed to
inhibit S6K-T389 phosphorylation. We did not observe significant
differences in S6K-T389 phosphorylation between cells completely
lacking TSC2, and those expressing the TSC2 variants, indicating
that in our in vitro assay, the variants resulted in complete
inactivation of the TSC complex. The TSC2 p.L160V variant had
the same effect on S6K-T389 phosphorylation as wild-type TSC2.
We did not obtain evidence that the p.L160V substitution
affected TSC complex function. However, splice site prediction
analysis indicated that the TSC2 c.478C4G, p.(L160V) substitution
created a new 5′ splice donor site 4 nucleotides upstream
of the normal splice site (TSC2 c.478C4G, p.(A161Tfs*20)). The
splicing defect was confirmed by RT-PCR and sequence analysis of
RNA from cultured skin fibroblasts (Supplementary Figure 2).
There was no evidence that the original splice site was utilized in
mRNA expressed from the variant (G) allele, indicating that the
predicted TSC2 p.L160V protein was unlikely to be expressed.
Therefore, we classified the TSC2 c.478C4G (p.A161Tfs*20)
variant as TSC2x.

Cortical tubers
Cortical tubers were detected in 62 patients (97%); 19/21 (90%) from
the TSC1 group, and all individuals from the TSC2 group (Table 1 and
Supplementary Figure 3). Tubers were most often found in the frontal
lobe, consistent with this lobe having the largest volume (Table 1).
Cystic tubers were present in 23 patients (36%; range 1–18 cystic
tubers per patient; median: 6). Calcified tubers were present in 11
patients (17%; range: 1–17; median: 3). Representative MRIs of cystic
and calcified tubers are shown in Figures 4a and b.
More tubers in total (Po0.001) and per lobe (Po0.001 for all

lobes) were found in the TSC2 group compared to the TSC1 group.
The TSC2 group also had a larger total tuber surface area (Po0.001)
but no difference was found when the percentage of tubers in each
lobe was compared between these two groups. Individuals in the TSC2
group were more likely to have cystic tubers (P= 0.012), and the
fraction of cystic tubers was higher in the TSC2 group (P= 0.017).
Analysis of the TSC1, TSC2p and TSC2x groups showed similar
results. The total number of tubers, number of tubers per lobe and
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tuber surface area were higher in the TSC2p and TSC2x groups
compared to the TSC1 group (p≤ 0.001). The TSC2x group had more
temporal lobe tubers than either the TSC2p or TSC1 group
(Po0.001). Cystic tubers were found most often in the TSC2x group
(P= 0.003), and the fraction of cystic tubers was higher in the TSC2x
group compared to the TSC1 group (P= 0.006).

Radial migration lines
RMLs were present in 62 patients (97%). An example of an RML on
MRI is shown in Figure 4c. All individuals in the TSC1 group, 13/16
(81%) from the TSC2p group, and 23/27 (85%) from the TSC2x
group had RMLs. Roughly half of all RMLs could be traced to a tuber
(Table 1 and Supplementary Figure 3). Cystic RMLs were found in

Table 1 Characteristics and TSC-specific brain abnormalities of 64 patients with an inactivating TSC1 or TSC2 variant

TSC1 (n=21) TSC2 (n=43) TSC2p (n=19) TSC2x (n=24)

Age at MRI (years) 7.3 (2.15–15.5) 7 (1.4–17) 6.9 (1.8–9.9) 7.3 (1.4–17)

Gender male, n (%) 12 (57) 20 (47) 6 (38) 14 (52)

Inheritance, n (%)
Familial 4 (19) 8 (19) 7 (37) 1 (4)

De novo 12 (57) 28 (65) 7 (37) 21 (88)

Cortical tubers
Total number 8 (0–36) 41 (2–98) 21 (5–95) 45 (2–98)

Total surface area (mm2) 304 (0–1138) 2105 (85–5552) 1089 (155–5552) 2677 (85–4435)

Numbers of tubers in:

Right hemisphere 4 (0–22) 20 (1–53) 14 (2–52) 23 (1–53)

Left hemisphere 4 (0–17) 18 (0–45) 11 (0–43) 22 (1–45)

Frontal lobe 5 (0–19) 21 (2–54) 13 (3–54) 23 (2–53)

Parietal lobe 2 (0–7) 7 (0–28) 5 (0–28) 8 (0–19)

Temporal lobe 1 (0–8) 5 (0–17) 3 (0–10) 6 (0–17)

Occipital lobe 0 (0–3) 2 (0–16) 2 (0–10) 3 (0–16)

Fraction of tubers in:

Right hemisphere 0.5 (0.0–1) 0.51 (0.17–1) 0.53 (0.28–1.0) 0.51 (0.17–0.70)

Left hemisphere 0.5 (0.0–1) 0.49 (0.0–0.83) 0.47 (0.0–0.72) 0.49 (0.30–0.83)

Frontal lobe 0.54 (0.0–1) 0.57 (0.39–1) 0.60 (0.42–1.0) 0.56 (0.39–1.0)

Parietal lobe 0.25 ((0.0–1) 0.19 (0.0–0.5) 0.24 (0.0–0.50) 0.17 (0.0–0.40)

Temporal lobe 0.07 (0.0–0.4) 0.13 (0.0–0.43) 0.08 (0.0–0.23) 0.16 (0.0–0.43)

Occipital lobe 0.0 (0.0–1) 0.08 (0.0–0.26) 0.08 (0.0–0.17) 0.09 (0.0–0.26)

Cystic tubers present, n (%) 3 (14) 20 (47) 4 (25) 16 (59)

Calcified tubers present, n (%) 4 (19) 7 (16) 4 (25) 3 (11)

Radial migration lines
Total number 11 (2–36) 16 (0–36) 11 (0–36) 24 (0–36)

Fraction associated with tuber 0.71 (0.0–1.0) 0.46 (0.0–0.8) 0.45 (0.0–0.80) 0.47 (0.0–0.71)

Cystic RMLs present, n (%) 1 (5) 8 (19) 4 (25) 4 (15)

Calcified RMLs present, n (%) 4 (19) 8 (19) 4 (25) 4 (15)

Subependymal giant cell astrocytoma
Present, n (%) 0 (0) 7 (16) 2 (13) 5 (19)

Subependymal nodules
Total number 6 (0–11) 8 (0–25) 6 (0–15) 9 (0–25)

Ventricle frontal horn 0 (0–4) 2 (0–11) 1 (0–4) 3 (0–11)

Ventricle caudothalamic groove 1 (0–5) 3 (0–7) 2 (0–7) 3 (0–7)

Ventricle posterior horn 2 (0–5) 3 (0–11) 3 (0–4) 4 (0–11)

Fraction of SENs in:

Ventricle frontal horn 0.06 (0.0–0.57) 0.29 (0.0–0.67) 0.25 (0.0–0.40) 0.33 (0.0–0.67)

Ventricle caudothalamic groove 0.28 (0.0–1.0) 0.27 (0.0–0.67) 0.22 (0.0–0.64) 0.29 (0.0–0.67)

Ventricle posterior horn 0.46 (0.0–1.0) 0.4 (0.0–1.0) 0.43 (0.25–1.0) 0.40 (0.0–0.75)

Cystic SENs present, n (%) 0 (0) 0 (0) 0 (0) 0 (0)

Calcified SENs present, n (%) 4 (19) 18 (42) 6 (38) 12 (44)

Abbreviations: MRI, magnetic resonance imaging; RML, radial migration line; SEN, subependymal nodule; TSC, Tuberous Sclerosis Complex.
Numbers are median (range) unless otherwise specified. Fractions are determined in patients in whom that type of pathology is present (for example fraction of tubers in the left hemisphere is only
calculated for the patients who have tubers). TSC2p: TSC2 protein predicted. TSC2x: TSC2 protein predicted to be absent.
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Figure 1 Schematic overview of TSC1 and TSC2 variants. Exon numbering is according to genomic reference sequences NG_012386.1 (TSC1) and
NG_005895.1 (TSC2) (build GRCh37 (hg19) of the human reference sequence); cDNA numbering is according to reference transcripts NM_000368.4
(TSC1) and NM_000548.3 (TSC2). (a) TSC1. Approximate positions of the TSC1 variants identified in our TSC cohort are indicated relative to exons 1–23.
Large deletions are boxed with the approximate position of the distal extent of the deletion, relative to the exons, indicated. Non-coding 5′ and 3′
untranslated regions (UTR) are shaded in gray; the 3′ UTR in exon 23 is not drawn to scale. (b) TSC2. Approximate positions of the TSC2 variants identified
in our TSC patient cohort are indicated relative to exons 2–42. Large deletions are boxed and the approximate positions of the distal extent of the deletions
are indicated. The region encoding the TSC2 GAP domain (amino acids 1616–1654) is shaded gray. All variants predicted to result in the absence of TSC2
(TSC2x) are shown above the exons; variants for which expression of a mutant form of TSC2 (TSC2p) was considered possible are shown below the exons
(see Supplementary Tables and text for details). TSC, Tuberous Sclerosis Complex.

Figure 2 Functional assessment of the TSC1 c.562T4G p.(F188V) variant. We compared the effects of expression of the TSC1 p.F188V variant with wild-
type TSC1 and the TSC1 p.L117P variant using a transfection-based immunoblot assay. Immunoblots are shown in (a); please note that for simplicity some
lanes have been removed from the blot. The original, complete blots are shown in Supplementary Figure 1. Signals for TSC2, TSC1, total S6K (S6K) and
T389-phosphorylated S6K (T389) were determined per variant, relative to the wild-type control (TSC1) in four transfection experiments. The mean TSC2 (b),
TSC1 (c) and S6K (e) signals and mean T389/S6K ratio (d) are shown for each variant. The dotted lines indicate the signal obtained upon expressing wild-
type TSC1 (=1.0). Error bars represent the standard error of the mean; variants that were significantly different from the wild-type are indicated with an
asterisk (Po0.05; Student’s t-test). In TSC2/S6K no TSC1 protein is present. Amino acid changes are given according to the TSC1 reference transcript
NM_000368.4. TSC, Tuberous Sclerosis Complex. Variants that were significantly different from the wild-type are indicated with an asterisk.
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nine patients (14%; range: 1–9; median: 1). Calcified RMLs were
present in 12 patients (19%; range: 1–8; median: 2). In two cases
RMLs, but no tubers, were found. Both these individuals were from
the TSC1 group.
The total number of RMLs was significantly higher in the

TSC2 group than in the TSC1 group, although this was no longer
significant after correcting for multiple testing (P= 0.028, q= 0.071).

No additional significant differences between the number of RMLs, or
their cystic or calcified aspect were identified in the analysis of the
TSC1, TSC2p and TSC2x groups.

Subependymal nodules
SENs were identified in 54 patients (84%). In the TSC1 group, 18
individuals (86%) had SENs. In the TSC2p and TSC2x group, 13

Figure 3 Functional assessment of TSC2 variants. We compared the effects of expression of wild-type TSC2 with 10 different TSC2 variants in HEK
293T (TSC2 − / − ; 3H9) cells using a transfection-based immunoblot assay. All the variants were identified in our patient cohort with the exception of
the p.L1750fs variant. This variant is similar to the TSC2 c.5252_5259+19del27, p.(R1751Hfs*41) variant identified in our cohort. In both cases,
the variant mRNA transcript is predicted to escape NMD, and the C-terminal epitope used for TSC2 protein detection is absent. Immunoblots are
shown in (a). The signals for TSC2, TSC1, total S6K (S6K) and T389-phosphorylated S6K (T389) were determined per variant, relative to the wild-
type control (TSC2) in four transfection experiments. The mean TSC2 (b), TSC1 (c) and S6K (d), signals and mean T389/S6K ratio (e) are shown for
each variant. The dotted lines indicate the signal/ratio for TSC2 (=1.0). Error bars represent the standard error of the mean; variants that were
significantly different from TSC2 are indicated with an asterisk (Po0.05; Student’s t-test). Cells were cotransfected with TSC1 and S6K expression
constructs, except for the mock transfected cells (pcDNA3 only). TSC1/S6K refers to cells transfected with the TSC1 and S6K expression constructs
only; RHEB refers to cells transfected with an RHEB expression construct. Amino acid changes are given according to the TSC2 reference transcript
NM_000548.3. Variants that were significantly different from the wild-type are indicated with an asterisk.
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(81%) and 23 (85%) individuals respectively had SENs (Table 1 and
Supplementary Figure 3). Calcified SENs were present in 22 patients
(34%; range: 1–15; median: 3). An MRI of a calcified SEN is shown
in Figure 4d. Details on the location of the SENs can be found in
Table 1.
The TSC2 group had a higher number of SENs (P= 0.009), and

these were more often calcified (P= 0.015) compared to the TSC1
group. No differences were found in the number and calcification of
SENs in the analysis of the TSC1, TSC2p and TSC2x groups.

Subependymal giant cell astrocytoma
An SEGA was identified in seven individuals from the TSC2 group
(11%) (Table 1); in 2 (13%) from the TSC2p group and 5 (19%) from
the TSC2x group. No significant differences were identified.

Patients with genetic mosaicism
Two individuals from the TSC2 group were mosaic.14 The TSC2
c.2838-122G4A, p.? and TSC2 c.3099C4G, p.(Y1033*) variants were
found at a frequency of 11 and 10% respectively in peripheral blood
DNA. Both individuals had bilateral tubers, RMLs and SENs, none of
which were cystic or calcified.

DISCUSSION

Brain pathology as assessed by MRI was compared between TSC
patients with (i) a TSC1 variant that affected function, (ii) a TSC2
variant that affected function but was predicted to encode protein

(TSC2p) and (iii) a TSC2 variant that was predicted to prevent TSC2
protein expression (TSC2x). The added value of the results from these
analyses was determined compared to analyses between the TSC1
group and the whole TSC2 group. Our results are consistent with
previous studies6–14,21: the TSC2 group was associated with more
and larger tubers, more RMLs, more SEGAs and more SENs.
Subdivision of the TSC2 group into TSC2p and TSC2x subgroups
did not reveal major differences in TSC-pathology, as detected by
MRI, although a higher number and fraction of tubers in the temporal
lobe and a higher fraction of cystic tubers in the TSC2x group were
observed.
Although the larger numbers of cystic tubers and tubers in the

temporal lobe in the TSC2x group might simply be due to chance, it
might be clinically relevant. Patients with more temporal tubers have a
higher risk of developing autistic features21 and cystic tubers have been
associated with a higher incidence of epilepsy22 and autism spectrum
disorder.23 The larger number of calcified SENs in the TSC2 group
could also be clinically relevant, as calcified SENs are more likely to
develop into a SEGA.24

Two patients in our cohort were mosaic. Both had bilateral TSC-
related abnormalities. It would be interesting to study genotype-
phenotype associations in a larger cohort of mosaic TSC patients, to
determine whether these individuals are more likely to have specific
types of pathology, as has been suggested previously.25–28

Our cohort consisted of 40 individuals with a de novo mutation
(12 TSC1, 28 TSC2), 12 individuals from 8 different families and 12
individuals (5 TSC1, 7 TSC2) for whom we did not have access to
parental DNA. Familial TSC cases are reported to have a milder
phenotype than sporadic TSC cases, although ascertainment bias
cannot be excluded.13 The presence of the familial and mosaic cases
in our cohort might have skewed our results to a less severe
phenotype. Population-based cohort studies, such as the Tuberous
Sclerosis 2000 study, will hopefully show whether familial cases are
indeed milder.7

Overall, more brain abnormalities were found in the TSC2 group.
TSC2 encodes the catalytic GAP domain of the TSC complex and is
therefore essential for canonical TSC complex function. Individuals
with a TSC1 variant that affects function, or a TSC2 variant that affects
function but where the GAP domain is expressed, might therefore be
expected to have a less severe phenotype due to residual TSC2 GAP
activity. Indeed, in our functional assessment, we observed an effect of
TSC2 expression on S6K-T389 phosphorylation in the absence
of co-expressed TSC1 (Figure 2), but did not observe an effect of
TSC1 expression on S6K-T389 phosphorylation in the absence of
TSC2 (Figure 3). However, we did not find strong evidence for
differences between the TSC2x and TSC2p groups. Our functional
study indicated that all the changes predicted to result in expression of
altered TSC2 protein led to essentially complete inactivation of the
TSC complex-dependent inhibition of mTORC1. Therefore, although
the function of the TSC complex when over-expressed in cultured
cells might be different from its role in vivo, the similarity between the
TSC2x and TSC2p groups is consistent with our in vitro functional
assessment. S6K-T389 phosphorylation in the presence of nine TSC2
variants was essentially the same as in the absence of TSC2 (Figure 3).
As our cohort consisted of only 64 individuals, we were unable to
make more than two subgroups of TSC2 variants. In larger cohorts it
may be possible to detect smaller genotype/phenotype correlations;
however, small effects are less likely to have prognostic value in
the clinic.
The chromosomal location, larger size and more complex structure

of TSC2, compared to TSC1, might make the TSC2 locus more

Figure 4 Examples of TSC-specific brain abnormalities assessed in this
study. (a) T1 sequence showing cystic cortical tubers (arrows). (b) T2
sequence showing a calcified cortical tuber (arrow). (c) T2 sequence showing
an RML in the left frontal lobe (arrow). (d) T2 dual echo sequence showing
a calcified SEN (arrow). Note the SENs without calcification in the other
ventricle (arrowheads). SEN, subependymal nodule; TSC, Tuberous Sclerosis
Complex.
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susceptible to the second hit mutations that are required for TSC
pathology. Indeed, there is considerable phenotypic variation between
different individuals with the same TSC1 or TSC2 variant, even within
a single family.29 This suggests that it is highly likely that random
second hit mutations are the most important cause of variation in
brain pathology. This is difficult to show in patients, but may be
inferred by excluding other causes for phenotypic variability. Another
way to investigate the frequency of these stochastic events is to
perform histologic analyses on post mortem brains of TSC patients, to
determine the presence of cells that have undergone somatic muta-
tions, as has been done previously.30

A recent study showed that the length of the predicted C-terminal
tails of mutant TSC1 and TSC2 proteins might be associated with
intelligence.15 We correlated the length of the predicted C-terminal
tails with the number of tubers per hemisphere and per lobe, and the
number of RMLs and SENs. There were no significant differences.
This is in agreement with the study of Wong et al,15 suggesting that IQ
is not directly related to brain abnormalities, and implies that the
pathogenetic mechanisms underlying brain pathology and cognitive
development in TSC are distinct. This was also reported by Goorden
et al,31 who showed that Tsc1 mutant mice have cognitive deficits in
the absence of overt brain pathology. The functional consequences of a
longer or shorter C-terminal tail are unknown. It is not yet clear
whether truncated TSC1 or TSC2 are expressed in vivo, or whether
NMD prevents their synthesis.
The MRI scans used in our study were acquired during routine

diagnostics of patients attending a specialist pediatric clinic at an
academic hospital, which may introduce a bias towards more severe
brain abnormalities. Not all MRIs were made following a standard
protocol, and some abnormalities might have been missed. None-
theless, the numbers of abnormalities identified in our cohort were
mostly similar or higher than those reported in previous studies.9,10,24

The number of RMLs in our cohort was lower than that reported in
another cohort, possibly because we did not use diffusion tensor
imaging or three-directional scans.32

In summary, we compared TSC brain pathology to genotype. TSC2
variants were associated with more tubers, RMLs and SENs than TSC1
variants, and although larger studies might identify clinically relevant
subdivisions of TSC1 and TSC2 variants, we found little additional
value for the subdivision of TSC2 variants. Our study is consistent
with the hypothesis that the frequency of second hit events is the most
important driver of the variability in TSC-associated brain lesions, as
detected by MRI.
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