
!"#$#%&'()&$#*'+(#,-#+'().-#$,/0&1)2))Yves Sznajer BeTSC Leuven 16 11 2019 
)

!"#$%&'()*&#+,

3) Source:   

!4&"5/(6(,'7#1 ),&78+)9'*'"8:7'$, )18$9#58$))
)

!;<(#+<)4-="8#+')>)?).1"<+8('),&@<+'&(')9'()1#+18$*8"&58$()
1<+<@+-"'(>)#9#85')',)<:#"':(#')A<7#:"<=#%&'!" !!
! ! ! !"#$%&'()!*(!+(,#-.-/&(!01#&)!233452632782!

!B8=,)3CDE)>)F:#"':(6 G)#$,'""'1,&-")9#(-@#"#,6G)-9'$87- )

H+'*-"'$1' >) )3IJKDDD)
) ) ) )-./,01&%2'3),4,5./,62738328,



!"#$#%&'()&$#*'+(#,-#+'().-#$,/0&1)2))Yves Sznajer BeTSC Leuven 16 11 2019 
)

92$(%28,:30$&%;,

<'(8$,=>38'>&&',9?@A&%#)B%?#2$28,

L)

¥! =2%'32),%>2A'&7;&72,
¥!M$N-$5"')(:-(7()
¥!O6:87'"-$851)7-1&"'()

¥! 9:%(#)!$,:1;(-,)!<1;&=():1>-;)!
¥! ?@&.(@)A!
¥! B-/;&>'(!1;*!C(%1'&-,#!*&D$,.>()!

¥! P'$-")7-$#N'(,-58$()
¥! 0Q4)

E1'&)!0?F!(:!1.F!0(*&1:#&$)!G42H52I4JKL!



!"#$#%&'()&$#*'+(#,-#+'().-#$,/0&1)2))Yves Sznajer BeTSC Leuven 16 11 2019 
)

=83#3)28,)%3$?%32,4,B>?#&$;1?,

R) Source:   Roach J Child Neurol 2004;19:643-649 

C2*&#28?D,,3#'3)2*&#,6&%,E?#?,3#F?0*E2*&#,



!"#$#%&'()&$#*'+(#,-#+'().-#$,/0&1)2))Yves Sznajer BeTSC Leuven 16 11 2019 
)

!-+9#-1)+A-@987687-()/)!P)

92$(%28,:30$&%;,G,B%?#2$28,

ARTICLE

Clinical and Genotype Studies of Cardiac Tumors in
154 Patients With Tuberous Sclerosis Complex
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ABSTRACT

OBJECTIVE.Tuberous sclerosis complex is an autosomal dominant disorder in which
hamartomas occur in several organs. Cardiac rhabdomyomas, the most common
heart tumors of childhood, are well known to be associated with tuberous sclerosis
complex. Our aim for this study was to characterize the incidence, progression,
and clinical consequences of tuberous sclerosis complexÐassociated rhabdomyo-
mas in a large cohort of patients with TSC1and TSC2genotypes.

PATIENTS AND METHODS.Patients (154) with tuberous sclerosis complex were evaluated,
including clinical assessment, electrocardiography, and echocardiography. Muta-
tions in TSC1or TSC2genes were identiÞed in 127 patients.

RESULTS.Cardiac rhabdomyomas were found in 74 (48%) patients. Tumors were
most frequent in children younger than 2 years (65%). Tumor regression or
disappearance was observed in 37 (68%) of 55 children. However, in 6 (3.9%) of
them (aged 10-15 years), cardiac rhabdomyomas were noted to either grow (3
cases) or appear de novo (3 cases), such that the frequency of cardiac rhabdomy-
omas in adolescents was 6 (54%) of 11. Most (61%) tumors were clinically silent.
Clinical manifestations included heart failure (5.4%), arrhythmias (23%), and
murmurs (14.9%). One child died as a result of cardiac insufÞciency. Cardiac
rhabdomyomas were more frequent in the TSC2(54%) than TSC1(20%) groups.

CONCLUSIONS.Cardiac rhabdomyomas are seen in the majority of young children
with tuberous sclerosis complex. Most produce no clinical consequences and will
spontaneously regress. However, during puberty, cardiac rhabdomyomas may
enlarge or appear de novo; thus, attention should be paid to potential clinical signs
and monitoring by echocardiography should be performed. Cardiac rhabdomyo-
mas were observed more often in the TSC2group.
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'^8$())The exon with mutations was part of a

transcriptional unit identified by earlier
gene discovery efforts (26). The full se-
quence of theTSC1 gene was determined
by comparison of genomic sequence and
cDNA clone sequence, including clones ob-
tained by 5! rapid amplification of cDNA
ends (RACE). TheTSC1 gene consists of
23 exons, of which the last 21 contain
coding sequence and the second is alterna-
tively spliced (Fig. 1, bottom). The open
reading frame (ORF) of the longest tran-
script begins at nucleotide 162, and the
likely initiator ATG codon occurs at nucle-
otide 222. The first stop codon is at nucle-
otide 3738, leaving a 4.5-kb 3! untranslated
region. Northern (RNA) blot analysis with
a coding region probe (nucleotides 1100 to
2100) revealed a major 8.6-kb transcript
that was widely expressed and was particu-
larly abundant in skeletal muscle (Fig. 3).

The predicted TSC1 protein, which we
call hamartin, consists of 1164 amino acids
with a calculated mass of 130 kD (Fig. 4).
The protein is generally hydrophilic and
has a single potential transmembrane do-
main at amino acids 127 to 144 (27) as well
as a probable 266Ðamino acid coiled-coil
region beginning at position 730 (28). Da-
tabase searches identified a possible ho-
molog of TSC1 in the yeastSchizosaccharo-
myces pombe(GenBank accession number
Q09778), a hypothetical 103-kD protein,
but there were no strong matches with ver-
tebrate proteins (29).

Because the initial screen identified a high
frequency of mutations in exon 15, we studied
this exon in a large sample of patients. Muta-
tions in exon 15 [559 base pairs (bp), 16%
coding region] were identified in 8 of 55
(15%) familial DNA samples with linkage to
the TSC1 region, and in 15 of 607 (2.5%)
DNA samples from sporadic patients or fam-
ilies uninformative for linkage (Table 1). A

screen for mutations in all coding exons in 20
familial cases and 152 sporadic patients yield-
ed eight mutations in each group (40% and
5%, respectively). In total, 19 mutations were
found in coding exons other than exon 15.
No mutations have been detected thus far in
exons 3 to 6, 8, 11 to 14, 16, or 21 to 23. Of
the 32 distinct mutations seen in 42 different
patients or families, five were recurrent. Thir-
ty were predicted to be truncating, one was a
possible missense mutation, and one was a

splice site mutation. Analysis of a renal cell
carcinoma from a TSC patient with germline
mutation 2105delAAAG revealed a somatic
mutation, 1957delG, in the wild-type TSC1
allele (30). A giant cell astrocytoma from
another patient with germline mutation
1942delGGinsTTGA had retained the mu-
tant allele but lost the wild-type allele.

Our results support the hypothesis that
TSC1 functions as a tumor suppressor gene.
First, the majority of mutations are likely to
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Fig. 3. Northern blot analysis ofTSC1 expression.
Each lane contained 2" g of polyadenylated RNA
from adult human organs, and the probe consisted
of base pairs 1100 to 2100 of the TSC1 gene.
Minor hybridization signals of size 4 and 2.5 kb are
also seen.

Fig. 4. Predicted amino acid
sequence of the TSC1 pro-
tein, hamartin. A potential
transmembrane domain (ami-
no acids 127 to 144) and a
coiled-coil domain (amino ac-
ids 730 to 965) are un-
derlined. TheTSC1 genomic
sequence and the cDNA
sequence have been deposit-
ed in GenBank (accession
numbers AC002096 and
AF013168, respectively).

Table 1. All mutations found inTSC1. Both heteroduplex and single-strand conformation polymor-
phism (33) gels were used to search for mutations after the initial screening. F, familial; S, sporadic.

Exon

Number of patients
screened*

Mutations Patients

F S

7 20 152 865delTT 1S
9 39 230 966delA 1S

970T 3 G, L250X 1F
993G 3 T, E258X 1F
1112T 3 G, Y297X 1F

10 20 152 1207delCT 1S
15 55 607 1746C 3 T, R509X 1F, 2S

1750delCA 1S
1801delAG 1F
1892del23 1S
1929delAG 2S
1942delGGinsTTGA 1S
1981A 3 G, K585R 1F
2009delT 1S
2041delTT 1F
2060delA 1S
2105delAAAG 4F, 2S
2122delAC 2S
2126delAG 1F
2176delTG 1F

17 45 296 2295C 3 T, R692X 1F
2324duplGTTACTC 1F
2332delAT 1S
2395insA 1S

18 45 296 2448C 3 T, Q743X 1S
2519del23bp 1S
2540delC 1F
2577C 3 T, R786X 1F, 1S
2583G 3 T, E788X 1F

19 39 230 2691delAC 1S
20 39 230 2724-1 G 3 T 1F

2730insA 1S

*Families are defined as those with linkage to theTSC1 region and negative linkage to theTSC2 region. Sporadics
include both sporadic cases and cases from families without linkage information. Exon structure and primer information
are provided at http://expmed.bwh.harvard.edu/projects/tsc/.
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mount height and radius estimates.
20. The marine portions of the ETOPO5 data set derive

from SYNBAPS [R. J. Van Wyckhouse,Tech. Rep.
TRÐ233(U.S. Naval Oceanographic Office, NOO-
Washington, DC, 1973)] and contain numerous arti-
facts caused by the combination of poor data cov-
erage, gridding of contours instead of depth sound-
ings, and inappropriate gridding methodology
[W. H. F. Smith,J. Geophys. Res.98, 9591 (1993)].

21. R. A. Duncan and D. A. Clague, inThe Ocean Basins
and Margins, A. E. M. Nairn, F. G. Stehli, S. Uyeda,
Eds. (Plenum, New York, 1985), pp. 89Ð121; R. D.
Jarrard and D. A. Clague,Rev. Geophys. 15, 57
(1977); C. Y. Yan and L. W. Kroenke,Proc. ODP Sci.
Results130, 697 (1993).

22. J. P. Morgan, W. J. Morgan, E. Price,J. Geophys.
Res. 100, 8045 (1995).

23. U. S. ten Brink,Geology19, 397 (1991).
24. P. Wessel and L. W. Kroenke,Nature 387, 365

(1997).
25. R. D. Mu¬ ller, W. R. Roest, J. Y. Royer, L. M. Gaha-

gan, J. G. Sclater, J. Geophys. Res. 102, 3211
(1997).

26. Robust regression of the envelope in Fig. 3 gives
VGG(! t) " 61.8 # 10.8$ ! t. This is inverted to yield

the empirical relation

pseudo age " seafloor age%!VGG&!t' % 61.8

10.8 "2

(2)

27. The flexural modeling also allowed numerical estima-
tion of moat volumes.

28. R. Batiza,Earth Planet. Sci. Lett.60, 195 (1982).
29. W. H. F. Smith, thesis, Columbia University (1990).
30. The Ontong Java plateau was emplaced during two

distinct episodes at( 121 Ma and ( 89 Ma [D. Ber-
covici and J. Mahoney,Science 266, 1367 (1994)];
the Manahiki plateau also formed at( 123 Ma,
whereas the Hess rise (90 to 100 Ma) and the Mid-
Pacific Mountains (75 to 130 Ma) have longer ranges
or ages. The oldest plateau is Shatsky rise (138 to
145 Ma) [R. Larson and P. Olson,Earth Planet. Sci.
Lett. 107, 437 (1991)].

31. I thank W. Smith for providing the VGG grid. Sup-
ported by NSF grant EAR-9303402. School of
Ocean and Earth Science and Technology, Univer-
sity of Hawaii, contribution no. 4517.
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Identification of the Tuberous Sclerosis Gene
TSC1 on Chromosome 9q34

Marjon van Slegtenhorst, Ronald de Hoogt, Caroline Hermans,
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Tuberous sclerosis complex (TSC) is an autosomal dominant disorder characterized by
the widespread development of distinctive tumors termed hamartomas. TSC-determin-
ing loci have been mapped to chromosomes 9q34 ( TSC1) and 16p13 (TSC2). TheTSC1
gene was identified from a 900-kilobase region containing at least 30 genes. The 8.6-
kilobase TSC1 transcript is widely expressed and encodes a protein of 130 kilodaltons
(hamartin) that has homology to a putative yeast protein of unknown function. Thirty-two
distinct mutations were identified in TSC1, 30 of which were truncating, and a single
mutation (2105delAAAG) was seen in six apparently unrelated patients. In one of these
six, a somatic mutation in the wild-type allele was found in a TSC-associated renal
carcinoma, which suggests that hamartin acts as a tumor suppressor.

TSC is a systemic disorder in which hamar-
tomas occur in multiple organ systems, par-
ticularly the brain, skin, heart, lungs, and
kidneys (1, 2). In addition to its distinct
clinical presentation, two features serve to
distinguish TSC from other familial tumor
syndromes. First, the tumors that occur in
TSC are very rare in the general population,
such that several TSC lesions are, by them-

selves, diagnostic of TSC. Second, TSC
hamartomas rarely progress to malignancy.
Only renal cell carcinoma occurs at in-
creased frequency in TSC (( 2.5%) and with
earlier age of onset; it appears to arise in
TSC renal hamartomas, termed angiomyoli-
pomas (3). Nonetheless, TSC can be a dev-
astating condition, as the cortical tubers
(brain hamartomas) frequently cause epilep-

sy, mental retardation, autism, or attention
deficitÐhyperactive disorder, or a combina-
tion of these conditions (1, 4).

TSC affects about 1 in 6000 individuals,
and ( 65% of cases are sporadic (5). Linkage
of TSC to chromosome 9q34 was first report-
ed in 1987, and this locus was denotedTSC1
(6). Later studies provided strong evidence for
locus heterogeneity (7) and led to the identi-
fication of chromosome 16p13 as the site of a
second TSC locus (denotedTSC2) (8). The
TSC2gene was identified by positional clon-
ing, and the encoded protein, denoted tu-
berin, contains a domain near the COOH-
terminus with homology to a guanosine
triphosphatase (GTPase) activating protein
(GAP) for rap1, a Ras-related GTPase (9).

The focal nature of TSC-associated
hamartomas has suggested thatTSC1 and
TSC2 may function as tumor suppressor
genes. The occurrence of inactivating germ-
line mutations of TSC2 in patients with
tuberous sclerosis (9Ð11) and of loss of het-
erozygosity (LOH) at theTSC2 locus in
about 50% of TSC-associated hamartomas
(12Ð14) supports a tumor suppressor func-
tion for TSC2. In contrast, LOH at the
TSC1 locus has been detected in) 10% of
TSC-associated hamartomas (13, 14), sug-
gesting the possibility of an alternative
pathogenic mechanism for lesion develop-
ment in patients withTSC1 disease.

As part of a comprehensive strategy to
identify TSC1, we identified 11 microsatel-
lite markers from the 1.4-Mb TSC1 region
and developed an overlapping contig (with
only a single gap of 20 kb) of cosmid, P1
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in keeping the motif intact (Fig.3c). Substitution of
Leu353 in mutant protein by the imino group containing
Pro353 (Fig.3) disrupts the helix at this position and
substantially weakens the hydrophobic interaction with
respect to wild type protein (Fig.3d). As a result it most
likely adversely affects the functioning of this protein.

In the wild structure, the hydroxyl group of Tyr194
side chain interacts with the side chain of Glu158
through hydrogen bonds which contribute to stabilize
the helix interfaces (Fig.3e). The substitute Phe in case
of Tyr194Phe mutant though like Tyr is an aromatic
residue but lacks the hydroxyl group present on the Tyr
side chain. This results in the loss of the hydrogen bond
which in turn weakens the interaction between two heli-
ces and decreases the overall stability of the domain.

Clinical assessmentThe detailed clinical assessment for
all 4 TSC patients showed presence of early onset of
seizures and presence of brain lesions in the form of
cortical tubers, SENs and WMLs. The dermatological

features included only presence of ash leaf spots as all
patients were below 5 years of age.

Domain 2: tuberin domain
The tuberin domain of TSC2 protein comprises mainly
alpha helices connected by loops in an arrangement
similar to alpha-alpha superhelix domain and consists
of two distinct subdomains linked through a long helix.
The substitutions observed involved residues Lys506
and Glu546 in subdomain 1 and residues Cys644 and
Leu717 in subdomain 2.

Five variants were identified in the tuberin domain
(p.Lys506Glu, p.Glu546Lys, p.Leu717Pro, p.Cys644Gly, and
p.Leu612Pro). Protein modeling was done for Lys506Glu
and Glu546Lys present in subdomain 1 and residues
Cys644Gly and Leu717Pro in subdomain 2.

In the wild type protein, the positively charged residue
Lys506 present in subdomain 1 on the alpha helix forms a
salt bridge with negatively charged side chain of Asp567
present on neighbouring helix (Fig.4a). This is the most
significant interaction between these two helices.

Fig. 2 Electropherogram showing variants identified in Domain 1, (a) Val299Glu (b) Tyr194Phe (c) Leu353Pro, of tuberin protein

Fig. 1 Schematic representation of 13 novelTSC2missense variants identified in respective domains ofTSC2protein

Sudarshanet al. BMC Medical Genetics         (2019) 20:164 Page 4 of 9
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median age of the two groups ( P! 0.467) (Table 2).
However, 75% of the clinical 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 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 ( P! 0.146).

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 novomutations
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 (P! 0.467) (SEN, subependymal nodules; SEGA, subependymal giant cell astrocytoma; AML, angiomyolipoma; LAM, lymphangioleio-
myomatosis).
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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 TSC1or TSC2gene.
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.
European Journal of Human Genetics(2005) 13, 731Ð741. doi:10.1038/sj.ejhg.5201402
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Keywords: TSC1 and TSC2; tuberous sclerosis complex; genotypeÐphenotype correlation

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 novomutation, 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-depen-
dent stimulation of cell growth through mTOR. 4
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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 TSC1de 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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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
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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 TSC1de novo, 15.0 for TSC1 total, 11.0 for TSC2 familial,
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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 TSC1or TSC2gene.
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 novomutation, 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-depen-
dent stimulation of cell growth through mTOR. 4
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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 o 0.001* 0.322 0.203 0.055 0.456 0.500 o 0.001* 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* o 0.001* 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 o 0.001* 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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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
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the highest frequency of mutations.

Exons 35Ð39 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 TSC2gene 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

TSC1gene and 182 in the TSC2gene, 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
903C4 T (R228X) and TSC2 4324delC), the patients were
mentally retarded, had seizures, radiological brain abnorm-
alities and hypomelanotic macules; in one case (mutation
TSC2 1135C4 T (Q373X)) dental pits and facial angiofi-
broma were noted in combination with epilepsy and
mental retardation; and in one case (mutation TSC2
4324C4 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 3b). The median age
of the patients with a TSC1 mutation was not significantly

Figure 2 The distribution of small mutations along the TSC1and the TSC2genes (K missense mutations and in-frame deletions, ! nonsense and
frameshift mutations, splice site mutations). Alternatively spliced exons in the TSC2gene 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 3 0 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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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 asde novoTSC. 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 (IVS5 ! 4A4 G) 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
tuberinÐhamartin complex, we designated the changes as
Ôunclassified variantsÕ.

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 novodeletion
in a patient (80% of the cells) and one nonsense mutation
(3112C4 T (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 TSC2gene, 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 4 A (R611Q)
missense mutation in exon 16 of the TSC2 gene which
was detected in 10 unrelated patients and, together with
the adjacent 1849C 4 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 4 T (R500X), was detected in six
cases (1.7% of the total mutations).

The distributions of small mutations within the TSC1
and TSC2genes 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, Õ in-frame deletions, nonsense
mutations, splice site mutations, missense mutations, large rearrangements).
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Figure 1. Functional assessment of the TSC2 variants. 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 at least four independent transfection experiments. The mean TSC2 (A; blue),
TSC1 (B; green) and S6K (D; magenta) signals and mean T389/S6K ratio (C; purple) are shown for each variant. In each case, the dotted line
indicates the signal/ratio for wild-type TSC2 (= 1.0). Error bars represent the standard error of the mean; variants that were signiÞcantly different
from the wild-type control (TSC2) are indicated with an asterisk (P < 0.05; StudentÕst-test). Amino acid changes are given according to theTSC2
Leiden Open Variation Database (TSC2cDNA reference transcript sequence NM_000548.3; http://www.lovd.nl/TSC2). Variants mapping within the
N-terminal region (amino acids 1Ð900) and GAP domain (amino acids 1525Ð1770) are indicated.A:Mean signals for the TSC2 variants, relative to
wild-type TSC1ÐTSC2 (TSC2; TSC2 signal = 1).B:Mean TSC1 signals in the presence of the TSC2 variants, relative to wild-type TSC1ÐTSC2 (TSC2;
TSC1 signal = 1).C:Mean T389/S6K ratios for the TSC2 variants, relative to wild-type TSC1ÐTSC2 (TSC2; T389/S6K ratio = 1).D:Mean total S6K
signals in the presence of the TSC2 variants, relative to wild-type TSC2 (TSC2; S6K signal = 1).
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ABSTRACT:Tuberous sclerosis complex (TSC) is an au-
tosomal dominant disorder caused by mutations in the
TSC1 or TSC2 genes. TheTSC1 and TSC2 gene prod-
ucts, TSC1 and TSC2, form a complex that inhibits
the mammalian target of rapamycin (mTOR) complex 1
(TORC1). Here, we investigate the effects of 78TSC2
variants identiÞed in individuals suspected of TSC, on the
function of the TSC1ÐTSC2 complex. According to our
functional assessment, 40 variants disrupted the TSC1Ð
TSC2-dependent inhibition of TORC1. We classiÞed 34
of these as pathogenic, three as probably pathogenic and
three as possibly pathogenic. In one case, a likely effect
on splicing as well as an effect on function was noted. In
15 cases, our functional assessment did not agree with the
predictions of the SIFT amino acid substitution analysis
software. Our data support the notion that different, non-
terminating TSC2 mutations can have distinct effects on
TSC1ÐTSC2 function, and therefore, on TSC pathology.
Hum Mutat 34:167Ð175, 2013. C" 2012 Wiley Periodicals, Inc.

KEY WORDS:tuberous sclerosis complex;TSC2; unclassi-
Þed variants; functional assay

Introduction

Tuberous sclerosis complex (TSC) is an autosomal dominant
disorder characterized by the development of hamartomas in a va-
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riety of organs and tissues, including the brain, skin, and kidneys
[Roach et al., 1999]. Mutations in either theTSC1gene on chro-
mosome 9q34 (MIM# 605284) [van Slegtenhorst et al., 1997], or
theTSC2gene on chromosome 16p13.3 (MIM# 191092) [European
Consortium, 1993] cause TSC. In 75Ð85% of TSC cases, a deÞnite
germ-lineTSC1or TSC2mutation is identiÞed, whereas in another
5Ð10% of cases, it is not absolutely clear from the genetic data
whether the change is pathogenic or a neutral variant [Sancak et al.,
2005].

TheTSC1andTSC2gene products, hamartin (TSC1) and tuberin
(TSC2), interact to form a protein complex [van Slegtenhorst et al.,
1998]. TSC1 is important for maintaining the stability, activity,
and correct intracellular localization of the TSC1ÐTSC2 complex
[Benvenuto et al., 2000; Cai et al., 2006; Chong-Kopera et al., 2006].
TheN-terminal region of TSC2 (amino acids 1Ð900) mediates the
interaction with TSC1 [Hoogeveen-Westerveld et al., 2011; Nellist
et al., 2001], while amino acids 1,525Ð1,770 in the C-terminal region
of TSC2 form an Òasparagine-thumbÓ GTPase activating protein
(GAP) domain [Daumke et al. 2004]. The TSC1ÐTSC2 complex acts
on the GTPase Ras homologue expressed in brain (RHEB) to inhibit
RHEBÐGTP-dependent stimulation of the mammalian target of
rapamycin (mTOR) complex 1 (TORC1) [Huang and Manning,
2008]. In TSC-associated lesions, loss or inactivation of the TSC1Ð
TSC2 complex results in TORC1 activation and the constitutive
phosphorylation of the downstream TORC1 targets including p70
S6 kinase (S6K), ribosomal protein S6 and 4E-BP1 [Huang and
Manning, 2008]. To determine whether unclassiÞedTSC1andTSC2
variantsaredisease-causing, theeffectof thechangesonTSC1ÐTSC2
complex formation, on the activation of RHEB GTPase activity by
the complex, and on the phosphorylation status of S6K, S6, and
4E-BP1 can be determined [Dunlop et al., 2011; Hodges et al., 2001;
Hoogeveen-Westerveld et al., 2011; Inoki et al., 2002; Rendtorff et al.,
2005; Qin et al., 2010].

Previously, we compared 107TSC2variants using a standardized
immunoblot assay to estimate the effects of nonterminating changes
on TSC2 stability, the TSC1ÐTSC2 interaction and/or the role of
the TSC1ÐTSC2 complex in the regulation of TORC1 signaling
[Hoogeveen-Westerveld et al., 2011]. Here, we assess another 78
TSC2variants, identiÞed during mutation screening of individuals
suspected of having TSC.

C" 2012 WILEY PERIODICALS, INC.
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the relationship between the TSC gene products and Rheb,
this model would be interesting to test in S. pombe.

Studies by several laboratories have now demonstrated
that mammalian Rheb can activate mTOR signaling to
its downstream targets S6K1 and 4E-BP1 [18Ð21]. As in
Drosophila cells [14,15], Rheb overexpression in mammal-
ian cells greatly enhances mTOR signaling and can even
activate mTOR in the absence of growth factors or amino
acids [18Ð21]. Importantly, overexpression of TSC1 and
TSC2, which has been shown previously to inhibit mTOR
signaling [2,3,6] , can block the effect of Rheb on S6K1
activation and 4E-BP1 phosphorylation [18,20,21].

Biochemical analyses of the nucleotide-bound state of
Rheb, both in vivo and in vitro , reveal that tuberin
stimulates the intrinsic GTPase activity of Rheb. Garami

et al. found higher levels of GTP-bound Rheb in TSC22 / 2

mouse embryonic Þbroblasts (MEFs) relative to wild-type
MEFs [18]. In a reciprocal manner, overexpression of
TSC1 and TSC2 was shown by several groups to decrease
the levels of RhebÐGTP relative to RhebÐGDP within both
Drosophila [22] and mammalian cells [18,19,21]. Further-
more, treating cells with insulin increases the levels of
intracellular RhebÐGTP [18]. This is probably through
activation of the PI3K/Akt pathway leading to phosphoryl-
ation and inhibition of tuberin [2Ð4], as the effect of insulin
on Rheb is blocked by PI3K inhibitors [18] . Finally, in vitro
GAP assays have demonstrated that Rheb is a direct target
of the tuberin GAP domain [20Ð22]. Therefore, Rheb is the
much sought-after target of the tuberinÐhamartin com-
plex that regulates TOR signaling ( Figure 1 ).

Figure 1 . The regulation of, and relationship between, the tuberinÐhamartin complex, Rheb and target of rapamycin (TOR) proteins, as supported by recent gen etic and bio-
chemical studies [2Ð6,14,15,18Ð22]. (a) In the absence of growth factors, PTEN keeps phosphatidylinositol (3,4,5)-trisphosphate (PIP 3) levels low by converting it to phos-
phatidylinositol (4,5)-bisphosphate (PIP 2). The tuberinÐhamartin complex is active as a GTPase-activating protein (GAP) towards Rheb, causing hydrolysis of GTP by Rheb
and conversion from the active GTP-bound form to the inactive GDP-bound form. Active proteins are denoted with an asterisk (*). (b) Receptor tyrosine kinases (RTKs) are
activated and phosphorylated (P) following growth factor (GF) binding. Class Ia phosphoinositide 3-kinases (PI3Ks) are then activated by binding t o phosphorylated RTKs,
or proteins phosphorylated by RTKs, and convert PIP 2 to PIP3. The serine/threonine kinases PDK1 and Akt bind to PIP 3 at the membrane through their pleckstrin-homology
(PH) domains, and PDK1 activates Akt through phosphorylation of its activation loop. Akt then phosphorylates tuberin on three residues (S939, S1130 and T1462 of full-
length human tuberin), and this inhibits the tuberinÐhamartin complex through an as-yet-undeÞned mechanism (reviewed in [8]). Relief of the Rheb GAP activity of tuberin
allows Rheb to bind to GTP, perhaps through the activity of an unknown Rheb GEF (not shown). RhebÐGTP then activates mammalian (m)TOR, either directly or indirectly,
through an unknown effector (question mark). Additionally, the availability of nutrients (e.g. amino acids) regulates mTOR through an unknown mech anism, perhaps by
inhibiting the tuberinÐhamartin complex or by activating Rheb or mTOR itself (broken lines). TOR activity leads to phosphorylation and activation o f ribosomal S6 kinase-1
(S6K1), and phosphorylation and inhibition of translation initiation factor eIF-4E binding protein-1 (4E-BP1). Phosphorylation of 4E-BP1 reliev es its binding to and inhibition
of eIF-4E, which, along with S6K1 activity, leads to increased protein synthesis and cell growth.
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1. . A model of our current understanding of the relationship between Akt, the TSC1-TSC2 complex
and the mTOR complexes
PI3K is activated by growth factors through direct interaction with receptors or through
interaction with scaffolding adaptors, such as the IRS proteins. These interactions recruit PI3K
to its substrate phosphatidylinositol-4,5-bisphosphate (PIP2) allowing generation of the lipid
second messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3). Akt and PDK1 are
recruited to the plasma membrane through association with PIP3. This allows Akt to be
activated through phosphorylation on Thr-308 by PDK1 and Ser-473 by mTORC2. Once
active, Akt phosphorylates many downstream targets, including multiple sites on TSC2, which
forms a functional complex with TSC1. Phosphorylation of TSC2 impairs the ability of the
TSC1-TSC2 complex to act as a GAP toward the small GTPase Rheb, allowing Rheb-GTP to
accumulate. Through poorly defined mechanism, Rheb-GTP potently activates mTORC1,
which phosphorylates and inhibits 4E-BP1 and activates S6K1 and S6K2. A negative feedback
loop exists in which mTORC1 and S6K1 directly phosphorylate IRS-1 and block insulin or
IGF-1 signaling to PI3K. Growth factors also increase mTORC2 activity, albeit through
unknown signaling events. Through a mechanism distinct from its regulation of Rheb and
mTORC1, the TSC1-TSC2 complex can bind to mTORC2 and is required for mTORC2
activation. In addition, the TSC1-TSC2 complex appears to be involved in the phosphorylation
of PKC�. by mTORC2. Unlike Akt, PDK1 phosphorylates both S6K1/2 and PKC�. in a manner

Huang and Manning Page 9
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Replacement of positively charged Lys506 in the mu-
tant with the negatively charged Glu506 (Fig.4) dis-
turbs the charge, environment leading to the loss of
the salt bridge and consequently repels the similarly
charged side chain of Asp567 (Fig.4b). This will dis-
turb the interaction between the two helices and ad-
versely impact the stability of the structure.

The presence of the oppositely charged residues,
negatively charged Glu546 and positively charged
Arg585 on the neighbouring helices results in the for-
mation of a salt bridge which stabilizes the helix-helix
interaction (Fig. 4a). The substitution of Glu546 by a
positively charged residue Lys546 (Fig.4) alters the
polar environment and pushes the similarly charged

Fig. 3 Cartoon representation ofTSC1interacting domain of wild typeTSC2(cartoon, green) in (a, c & e) and mutants (cartoon, cyan) in (b)
Val299Glu, (d) Leu353Pro and (f) Tyr194Phe. Important residues have been represented in ball and stick and hydrogen a bonded interaction is
shown as black dotted lines

Sudarshanet al. BMC Medical Genetics         (2019) 20:164 Page 5 of 9

Zudarshan et al.  
BMC Med Genet  
2019;20:164 
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exceed 10 cm in size. SEGAs extend into the lateral ventri-
cle and often obstruct the ßow of CSF through the lateral
ventricle and foramen of Monro, causing hydrocephalus,
focal neurological deÞcits, and even death (see Goh et al.,
2004; Kim et al., 2001). Thus, in a select group of TSC
patients, SEGA require surgical removal. Overall, SEGAs
are relatively rare and represent only about 1%Ð2% of pe-
diatric brain tumors. SEGAs can occur as sporadic tumors
(Takei et al., 2009); however, most of these likely represent
somatic mosaic TSC cases, i.e., TSC gene mutation occur-
ring within a restricted population of cells within a limited
number of organ systems. SEGAs have been reported in
the Eker rat model of TSC (Takahashi et al., 2004) and
recently generated in the mice lacking Tsc1 in the subven-
tricular zone (Zhou et al., 2011). Reduced TSC2 expression
has been demonstrated in SEGAs (Arai et al., 1999), which
have been shown to form via loss of heterozygosity at ei-
ther TSC1 or TSC2 (Chan et al., 2004).

Current belief is that SENs grow to form SEGAs but
molecular mechanisms leading to progression and unre-
stricted SEGA growth remain to be fully deÞned. Cellu-
lar immunoreactivity for GFAP, neuroÞlament, S-100,
neuron speciÞc enolase, and synaptophysin proteins sug-
gest that SEGAs contain an admixture of glial and neu-
ronal cell types (Hirose et al., 1995; Lopes et al., 1996)
although interestingly, many GCs in SENs express neu-
roÞlament protein at higher levels than either vimentin
or GFAP (Fukutani et al., 1992). The molecular changes
that occur in SEGAs may be distinct from other TSC
lesions and could account for their often relentless
growth. In a recent study, gene array analysis in SEGAs
identiÞed numerous differentially expressed genes, in
particular secreted frizzled-related protein 4, lactotrans-
ferrin, glycoprotein (transmembrane) nmb, annexin A1,
Rho family GTPase 3, and S100 calcium binding protein
a11 (Tyburczy et al., 2010). Another study using cDNA
array and immunohistochemical analysis showed that
epidermal growth factor (EGF), EGF receptor (EGFR),
hepatocyte growth factor, c-Met, and vascular endothe-
lial growth factor (VEGF), but not Flt-1, mRNA, and
protein expression was upregulated in Tsc1 conditional
knockout mouse brain, and these alterations closely pre-
dicted enhanced expression of these proteins in SEGAs
(Parker et al., 2011; Fig. 2). Although there have been
reports of associations of TSC1 or TSC2 gene mutations
with sporadic glial neoplasms, e.g., glioma and ganglio-
glioma, these are largely viewed to be coincidental
rather than syndromic associations with TSC.

ASTROCYTES AND CELL LINEAGE IN TSC

The cell lineage and phenotype of GCs in tubers has
not been fully deÞned. Although many of GCs express
neuroglial progenitor cell markers such as nestin (Crino
et al., 1996), vinentin (Sosunov et al., 2008), and Sox2
(Orlova et al., 2010), a subpopulation of GCs express
GFAP and S100 proteins (Boer et al., 2008a,b; Scheitha-
uer and Regan, 1999), markers of astrocytic lineage,

either in combination with neural marker proteins (neu-
roÞlament, internexin, neuron speciÞc enolase, tubulin,
and MAP2C) or in isolation. Thus, an unanswered ques-
tion regarding the pathogenesis of tubers is whether GCs
derive from glial or neuronal cell precursors during early
brain development or perhaps these cells represent an in-
termediate phenotype. A small proportion of GCs express
met-enkephalin, b-endorphin, serotonin, and neuropep-
tide Y also suggesting a neuronal phenotype (Hirose et
al., 1995). Synaptophysin immunoreactivity has been
reported along the cell membrane of GCs (Yamanouchi et
al., 1997). GCs express NMDA, GluR, and GABA A recep-
tor subunits (Talos et al., 2008; White et al., 2001).
Whether GCs make synaptic connections is unclear but
phenotypically similar balloon cells in human focal corti-
cal dysplasias may be electrically silent. Perhaps most
problematic is that within the same tuber, an admixture
of GCs expressing glial, neuronal, or both marker pro-
teins can be observed. An explanation for this observation
is unknown, but it has been speculated that variable
expression or coexpression of glial and neuronal markers
may reßect aberrant differentiation of neuroglial progeni-
tor cells resulting in the appearance of a mixed cellular
phenotype. Interestingly, GFAP- d, a novel isoform that
differs in its C-terminal sequence from other GFAP iso-
forms, has been detected in TSC astrocytes and GCs
(Martinian et al., 2009). Previous studies suggest restric-
tion of GFAP- d expression to the subpial layer, subven-
tricular zone, and the subgranular zone astrocytes, with
an absence in pathological conditions causing reactive
gliosis. GFAP- d may play roles in regulation of astrocyte
size and motility and a subpopulation of GFAP- d-positive
astrocytes may actually be multipotent stem cells. Of
note, nestin, a prominently expressed protein in GCs that
is typically expressed in neuroglial progenitor cells, has
been shown to be linked to enhanced mTOR signaling via
Sox2 and c-Myc (Jin et al., 2009) and may in fact repre-
sent mTOR cascade activation in tubers.

ROLE OF GLIAL ABNORMALITIES IN
EPILEPTOGENESIS IN TSC

Although glial abnormalities have been clearly docu-
mented in tubers, SENs, and SEGAs, the mechanisms
by which glial abnormalities may cause epilepsy are less
certain. In general, dysfunctional glia in tubers could
affect neuronal excitability and promote seizures
through a variety of mechanisms from the network, cel-
lular, and molecular levels. On the network level, tubers
may disrupt normal cortical circuitry and create insta-
bility between excitatory and inhibitory forces in the
brain. Intracranial electrocorticography in TSC patients
with intractable epilepsy indicate that epileptiform ac-
tivity originates primarily from normal-appearing cortex
surrounding tubers (Major et al., 2009). As surgical
resection of tubers can often produce seizure-freedom,
this lends support to the idea that tubers may disrupt or
irritate adjacent cortical networks. As tubers contain
abundant, abnormal astrocytes, the collective mass
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ABSTRACT
Tuberous sclerosis complex (TSC) is an autosomal dominant
disorder that is among the most common genetic causes of
epilepsy. Focal brain lesions in TSC, known as cortical
tubers, have been implicated in promoting epileptogenesis
in TSC. Histological, cellular, and molecular abnormalities
in astrocytes are characteristic features of tubers and peri-
tuberal cortex, suggesting that astrocyte dysfunction may
contribute to the pathophysiology of epilepsy in TSC.
Numerous astrocytes can be seen histologically in tubers
expressing glial Þbrillary acidic and S100 proteins. In some
analyses, astrocytes exhibit enhanced activation of the
mammalian target of rapamycin suggesting a link between
TSC1 and TSC2 mutations and astrocytic proliferation.
Astrocytic proliferation in subependymal giant cell astrocy-
toma is associated with progressive growth and compres-
sion of surrounding brain structures by these lesions.
Increased numbers of enlarged astrocytes has been
observed in several TSC mouse models and may be inti-
mately linked to epileptogenesis. Impairment of astrocytic
buffering mechanisms for glutamate and potassium has
been identiÞed in TSC animal models and human tuber tis-
sue and likely promotes neuronal excitability and seizures
in TSC. Targeting these defects in astrocytes may represent
a novel therapeutic strategy for epilepsy in patients with
TSC. VVC 2012 Wiley Periodicals, Inc.

INTRODUCTION

Tuberous sclerosis complex (TSC) is a genetic disorder
caused by mutation in either the TSC1 or TSC2 genes
and is characterized by hamartoma formation in multi-
ple organs, including the skin, eyes, kidney, heart, and
brain (Crino et al., 2006). Neurological involvement
usually accounts for the most disabling symptoms of the
disease, such as intellectual disabilities, autism, and
epilepsy. TSC represents one of the most common
genetic causes of epilepsy and conversely, epilepsy has a
high prevalence in TSC, occurring in about 80% of
patients (Chu-Shore et al., 2010). Patients with TSC can
have multiple seizure types, including generalized, focal,
or multifocal seizures. Infantile spasms, a particularly
devastating type of childhood epilepsy with a poor
prognosis, occur in at least one-third of TSC patients.
Furthermore, available treatments for seizures are often
ineffective in TSC, with about two-thirds of TSC
patients having medically refractory epilepsy.

Studies of animal models and human TSC brain tissue
have identiÞed a number of histological, cellular, and
molecular abnormalities that likely contribute to epilep-
togenesis in TSC (Wong, 2008). In particular, the TSC1
and TSC2 encoded proteins function as negative regula-
tors of the mammalian target of rapamycin (mTOR) sig-
naling pathway and loss of function TSC1 or TSC2
mutations lead to constitutive mTOR activation. Inhibi-
tion of mTOR signaling in animal TSC models can alter
cellular pathology and prevent seizures suggesting an
important link between mTOR and epileptogenesis in
TSC. Of central importance, pathological brain lesions of
TSC particularly cortical tubers, have been strongly
implicated in promoting or causing epilepsy. As focal
malformations of cortical development, tubers may rep-
resent the source for the seizures, and surgical removal
of tubers for the treatment of medically refractory epi-
lepsy can reduce or eliminate seizures in TSC patients
(Madhavan et al., 2007). However, it is often debated as
to whether the seizures actually originate from within
the tubers themselves or from the adjacent tissue sur-
rounding the tubers. Direct electrical recordings from
within and around tubers suggest that seizure activity
is generated from the perituberal cortex (Major et al.,
2009), although certainly the tuber may still be neces-
sary as an irritating or disruptive stimulus for inducing
epileptogenesis in the surrounding tissue.

In addition to the overt pathological abnormalities in
TSC, the cellular and molecular basis for epilepsy in
TSC has been an area of active investigation. Although
neurons are obviously the most direct conduit for the
expression of seizures, the importance of glia in epilepsy
has been increasingly recognized. In this review, evi-
dence for the role of astrocytes in the pathogenesis and
epileptogenesis of TSC will be evaluated.

ROLE OF GLIAL ABNORMALITIES IN THE
PATHOGENESIS OF TSC

There is abundant evidence that the astrocytes may
contribute on multiple pathogenic levels to the overall
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high prevalence in TSC, occurring in about 80% of
patients (Chu-Shore et al., 2010). Patients with TSC can
have multiple seizure types, including generalized, focal,
or multifocal seizures. Infantile spasms, a particularly
devastating type of childhood epilepsy with a poor
prognosis, occur in at least one-third of TSC patients.
Furthermore, available treatments for seizures are often
ineffective in TSC, with about two-thirds of TSC
patients having medically refractory epilepsy.

Studies of animal models and human TSC brain tissue
have identiÞed a number of histological, cellular, and
molecular abnormalities that likely contribute to epilep-
togenesis in TSC (Wong, 2008). In particular, the TSC1
and TSC2 encoded proteins function as negative regula-
tors of the mammalian target of rapamycin (mTOR) sig-
naling pathway and loss of function TSC1 or TSC2
mutations lead to constitutive mTOR activation. Inhibi-
tion of mTOR signaling in animal TSC models can alter
cellular pathology and prevent seizures suggesting an
important link between mTOR and epileptogenesis in
TSC. Of central importance, pathological brain lesions of
TSC particularly cortical tubers, have been strongly
implicated in promoting or causing epilepsy. As focal
malformations of cortical development, tubers may rep-
resent the source for the seizures, and surgical removal
of tubers for the treatment of medically refractory epi-
lepsy can reduce or eliminate seizures in TSC patients
(Madhavan et al., 2007). However, it is often debated as
to whether the seizures actually originate from within
the tubers themselves or from the adjacent tissue sur-
rounding the tubers. Direct electrical recordings from
within and around tubers suggest that seizure activity
is generated from the perituberal cortex (Major et al.,
2009), although certainly the tuber may still be neces-
sary as an irritating or disruptive stimulus for inducing
epileptogenesis in the surrounding tissue.

In addition to the overt pathological abnormalities in
TSC, the cellular and molecular basis for epilepsy in
TSC has been an area of active investigation. Although
neurons are obviously the most direct conduit for the
expression of seizures, the importance of glia in epilepsy
has been increasingly recognized. In this review, evi-
dence for the role of astrocytes in the pathogenesis and
epileptogenesis of TSC will be evaluated.

ROLE OF GLIAL ABNORMALITIES IN THE
PATHOGENESIS OF TSC

There is abundant evidence that the astrocytes may
contribute on multiple pathogenic levels to the overall
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ABSTRACT
Tuberous sclerosis complex (TSC) is an autosomal dominant
disorder that is among the most common genetic causes of
epilepsy. Focal brain lesions in TSC, known as cortical
tubers, have been implicated in promoting epileptogenesis
in TSC. Histological, cellular, and molecular abnormalities
in astrocytes are characteristic features of tubers and peri-
tuberal cortex, suggesting that astrocyte dysfunction may
contribute to the pathophysiology of epilepsy in TSC.
Numerous astrocytes can be seen histologically in tubers
expressing glial Þbrillary acidic and S100 proteins. In some
analyses, astrocytes exhibit enhanced activation of the
mammalian target of rapamycin suggesting a link between
TSC1 and TSC2 mutations and astrocytic proliferation.
Astrocytic proliferation in subependymal giant cell astrocy-
toma is associated with progressive growth and compres-
sion of surrounding brain structures by these lesions.
Increased numbers of enlarged astrocytes has been
observed in several TSC mouse models and may be inti-
mately linked to epileptogenesis. Impairment of astrocytic
buffering mechanisms for glutamate and potassium has
been identiÞed in TSC animal models and human tuber tis-
sue and likely promotes neuronal excitability and seizures
in TSC. Targeting these defects in astrocytes may represent
a novel therapeutic strategy for epilepsy in patients with
TSC. VVC 2012 Wiley Periodicals, Inc.

INTRODUCTION

Tuberous sclerosis complex (TSC) is a genetic disorder
caused by mutation in either the TSC1 or TSC2 genes
and is characterized by hamartoma formation in multi-
ple organs, including the skin, eyes, kidney, heart, and
brain (Crino et al., 2006). Neurological involvement
usually accounts for the most disabling symptoms of the
disease, such as intellectual disabilities, autism, and
epilepsy. TSC represents one of the most common
genetic causes of epilepsy and conversely, epilepsy has a
high prevalence in TSC, occurring in about 80% of
patients (Chu-Shore et al., 2010). Patients with TSC can
have multiple seizure types, including generalized, focal,
or multifocal seizures. Infantile spasms, a particularly
devastating type of childhood epilepsy with a poor
prognosis, occur in at least one-third of TSC patients.
Furthermore, available treatments for seizures are often
ineffective in TSC, with about two-thirds of TSC
patients having medically refractory epilepsy.

Studies of animal models and human TSC brain tissue
have identiÞed a number of histological, cellular, and
molecular abnormalities that likely contribute to epilep-
togenesis in TSC (Wong, 2008). In particular, the TSC1
and TSC2 encoded proteins function as negative regula-
tors of the mammalian target of rapamycin (mTOR) sig-
naling pathway and loss of function TSC1 or TSC2
mutations lead to constitutive mTOR activation. Inhibi-
tion of mTOR signaling in animal TSC models can alter
cellular pathology and prevent seizures suggesting an
important link between mTOR and epileptogenesis in
TSC. Of central importance, pathological brain lesions of
TSC particularly cortical tubers, have been strongly
implicated in promoting or causing epilepsy. As focal
malformations of cortical development, tubers may rep-
resent the source for the seizures, and surgical removal
of tubers for the treatment of medically refractory epi-
lepsy can reduce or eliminate seizures in TSC patients
(Madhavan et al., 2007). However, it is often debated as
to whether the seizures actually originate from within
the tubers themselves or from the adjacent tissue sur-
rounding the tubers. Direct electrical recordings from
within and around tubers suggest that seizure activity
is generated from the perituberal cortex (Major et al.,
2009), although certainly the tuber may still be neces-
sary as an irritating or disruptive stimulus for inducing
epileptogenesis in the surrounding tissue.

In addition to the overt pathological abnormalities in
TSC, the cellular and molecular basis for epilepsy in
TSC has been an area of active investigation. Although
neurons are obviously the most direct conduit for the
expression of seizures, the importance of glia in epilepsy
has been increasingly recognized. In this review, evi-
dence for the role of astrocytes in the pathogenesis and
epileptogenesis of TSC will be evaluated.

ROLE OF GLIAL ABNORMALITIES IN THE
PATHOGENESIS OF TSC

There is abundant evidence that the astrocytes may
contribute on multiple pathogenic levels to the overall
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A brain proteomic investigation of
rapamycin effects in theTsc1+/! mouse
model
Hendrik Wesseling1, Ype Elgersma2 and Sabine Bahn1,2*

Abstract

Background:Tuberous sclerosis complex (TSC) is a rare monogenic disorder characterized by benign tumors in
multiple organs as well as a high prevalence of epilepsy, intellectual disability and autism. TSC is caused by
inactivating mutations in theTSC1or TSC2genes. Heterozygocity induces hyperactivation of mTOR which can be
inhibited by mTOR inhibitors, such as rapamycin, which have proven efficacy in the treatment of TSC-associated
symptoms. The aim of the present study was (1) to identify molecular changes associated with social and cognitive
deficits in the brain tissue ofTsc1+/! mice and (2) to investigate the molecular effects of rapamycin treatment,
which has been shown to ameliorate genotype-related behavioural deficits.

Methods: Molecular alterations in the frontal cortex and hippocampus ofTsc1+/! and control mice, with or without
rapamycin treatment, were investigated. A quantitative mass spectrometry-based shotgun proteomic approach (LC-
MSE) was employed as an unbiased method to detect changes in protein levels. Changes identified in the initial
profiling stage were validated using selected reaction monitoring (SRM). Protein Set Enrichment Analysis was
employed to identify dysregulated pathways.

Results:LC-MSEanalysis ofTsc1+/! mice and controls (n = 30) identified 51 proteins changed in frontal cortex and 108
in the hippocampus. Bioinformatic analysis combined with targeted proteomic validation revealed several dysregulated
molecular pathways. Using targeted assays, proteomic alterations in the hippocampus validated the pathways
ÒmyelinationÓ, Òdendrite,ÓandÒoxidative stressÓ, an upregulation of ribosomal proteins and the mTOR kinase. LC-MSE

analysis was also employed onTsc1+/! and wildtype mice (n = 34) treated with rapamycin or vehicle. Rapamycin
treatment exerted a stronger proteomic effect inTsc1+/! mice with significant changes (mainly decreased expression)
in 231 and 106 proteins, respectively. The cellular pathwaysÒoxidative stressÓandÒapoptosisÓwere found to be affected
in Tsc1+/! mice and the cellular compartmentsÒmyelin sheetÓandÒneurofilamentsÓwere affected by rapamycin
treatment. Thirty-three proteins which were altered inTsc1+/! mice were normalized following rapamycin treatment,
amongst them oxidative stress related proteins, myelin-specific and ribosomal proteins.

Conclusions:Molecular changes in theTsc1+/! mouse brain were more prominent in the hippocampus compared to
the frontal cortex. Pathways linked to myelination and oxidative stress response were prominently affected and, at least
in part, normalized following rapamycin treatment. The results could aid in the identification of novel drug targets for
the treatment of cognitive, social and psychiatric symptoms in autism spectrum disorders. Similar pathways have also
been implicated in other psychiatric and neurodegenerative disorders and could imply similar disease processes. Thus,
the potential efficacy of mTOR inhibitors warrants further investigation not only for autism spectrum disorders but also
for other neuropsychiatric and neurodegenerative diseases.

Keywords:Tuberous sclerosis, Rapamycin, Proteomics, SRM, Animal model

* Correspondence:sb209@cam.ac.uk
1Department of Chemical Engineering and Biotechnology, University of
Cambridge, Tennis Court Road, Cambridge CB2 1QT, UK
2Department of Neuroscience, Erasmus Medical Center, Rotterdam 3000, CA,
The Netherlands

© The Author(s). 2017Open AccessThis article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Wesselinget al. Molecular Autism (2017) 8:41 
DOI 10.1186/s13229-017-0151-y

Background
Tuberous sclerosis complex (TSC) is a rare multi-system
monogenic hamartomatous disorder, which is caused by
mutations inactivating theTSC1 (hamartin) or TSC2
(tuberin) genes. TSC is characterized by benign tumors
in multiple organs, including the brain, kidneys, heart
and eyes [1]. Over 90% of TSC patients develop epilepsy,
and around 50% present with neuropsychiatric prob-
lems, such as intellectual disability (50%) [2, 3], autism
spectrum disorder (ASD) (17Ð68%), schizophrenia (10Ð
30%) and anxiety disorders (40%) [4], which account for
most of the mortality and morbidity [5].

At the molecular level, bothTsc1 and Tsc2 protein
products form hetero-dimers which inhibit the GTP-
binding protein RHEB (Ras homolog enriched in the
brain). Consequently, mutations within eitherTsc1 or
Tsc2 lead to increased levels of activated RHEB [6],
which causes hyperactivation of mammalian target of
rapamycin (mTOR) signaling, a constitutive phosphoryl-
ation of eukaryotic translation initiation factor 4E-
binding protein 1 (4E-BP1) and activation of ribosomal
protein S6 through S6K1 phosphorylation [7, 8]. The net
effect is enhanced protein translation, cell proliferation
and growth [9]. Notably, increased mTOR signaling and
subsequent changes in global protein synthesis are
shared molecular mechanisms of several rare neurodeve-
lopmental disorders with an increased prevalence of
ASD, such as fragile X syndrome (FXS) [10].

The hyperactivation of mTOR induced byTsc1 and
Tsc2 heterozygosity can be inhibited by mTOR inhibi-
tors, such as the macrolide rapamycin. Rapamycin is an
immunosuppressant, which is widely prescribed to pre-
vent rejection in organ transplantation and exerts anti-
tumor properties [11Ð13]. Rapamycin binds FK-binding
protein 12 (FKBP12), and as a complex, rapamycin-
FKBP12 directly binds to the mTOR complex 1
(mTORC1), thus reducing phosphorylation of down-
stream mTOR targets [14, 15]. Rapamycin and other
mTOR inhibitors have been shown to be efficacious in
the treatment of several TSC-associated tumors as well
as seizures [16Ð19] and may ameliorate the symptoms of
neurodevelopmental disorders in adults [20, 21]. In TSC
mouse models, rapamycin limits tumor growth [22, 23],
reduces neuropathology and ameliorates epileptic sei-
zures as well as learning deficits [24Ð26]. It was recently
reported that rapamycin normalizes social interaction
deficits relevant to core disabilities associated with ASD
in both Tsc1+/! and Tsc2+/! mice [27].

Here, we investigated theTsc1+/! mouse model, which
exhibits haploinsufficiency for theTsc1gene, in an attempt
to identify molecular changes associated with the neuro-
psychiatric phenotype of TSC patients [5]. In this mouse
model, the typical human cerebral pathology of spontan-
eous seizures, cerebral lesions and giant dysmorphic cells

could not been detected using immuno-cytochemistry and
high resolution magnetic resonance imaging, respectively
[28]. Furthermore, spine number and dendritic branching
are normal [28]. However, theTsc1+/! mouse shows prom-
inent behavioural deficits which mimic core symptoms of
ASD and other neuropsychiatric disorders [28].Tsc1+/!

mice show hippocampal learning deficits using the Morris
water maze test and contextual fear conditioning, as well
as social deficits indicated by reduced social interaction
and nest building [28]. Consequently, theTsc1+/! mouse is
a suitable model to investigate aspects of the molecular
pathology associated with neuropsychiatric spectrum dis-
orders, especially in relation to ASD and intellectual
disability. In this study, we attempted to identify
changes in molecular pathways in the frontal cortex
and hippocampus of theTsc1+/! mouse model using a
mass spectrometry-based proteomics approach. We
also investigated protein changes associated with
rapamycin treatment. Findings from this study could
aid in the identification of novel drug targets for the
treatment of cognitive, social and psychiatric symp-
toms in ASD.

Methods
A more detailed description of the materials and
methods used in this study can be found in the supple-
mentary methods section (Additional file 1).

Animals
Tsc1+/! mice were generated by replacing exons 6
through to 8 of the Tsc1 genewith a selection cassette,
as described previously [29]. This leads to the generation
of Tsc1 null embryos which expressTsc1 transcripts in
which exon 5 and 9 are fused, leading to a premature
TGA stop codon. Consequently, any protein translated
from this allele lacks all of the known functional do-
mains of hamartin including the putative Rho activation
domain. The Tsc1+/! mutant mouse was crossed six
times into the C57BL/6J OlaHsD background and then
at least three times into the C57BL/6N/HsD back-
ground. The offspring consisted ofTsc1+/! mice and
wildtype littermates. Mice were genotyped when they
were about 7 days old. They were housed in groups and
kept on a 12-h light/dark cycle, with food and water
available ad libitum. Mice were culled when they were
6Ð8 weeks old and genotype groups were sex- and age-
matched for the experiments for consistency with the
published behavioural data [28]. Mouse genotypes were
blinded using codes all the way through to the sample
preparation stage. The codes were un-blinded for the
mass spectrometry analysis since samples had to be dis-
tributed evenly to avoid run time biases. All animal exper-
iments were approved by the Dutch Ethical Committee or
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in accordance with Institutional Animal Care and Use
Committee guidelines.

Rapamycin treatment
Mice were injected intraperitoneally with 5 mg/kg rapamy-
cin or vehicle for 5 days and culled 24 h after the last injec-
tion [27]. Rapamycin was dissolved in 5% dimethyl sulfoxide
diluted with saline to 5 ml/kg. Mice were 5Ð7 weeks old at
the time of injection.

Proteomic sample preparation
Sample preparation was carried out as described previ-
ously [30Ð32]. Based on the lysates, two randomized,
blinded, independent sample preparations were prepared
for liquid chromatography mass spectrometry (in expres-
sion mode; LC-MSE) and selected reaction monitoring
mass spectrometry to avoid bias in sample preparations.

Label-free LC-MSE proteomic profiling of brain tissue
Brain tissue analysis and data processing were performed
as described previously [31, 33, 34]. The Swiss-Prot hu-
man reference proteome (Uniprot release March 2013,
20,252 entries) was used for protein identification
searches. Protein abundance changes for the compari-
sons betweenTsc1+/! and wildtype were determined by
the MSstats package [35] based on mixed-effect models
using the peptide intensities, following log2 transform-
ation and exclusion of intensity values deviating by more
than 3 standard deviations from the mean of each
group.

Protein set enrichment analysis
Significantly changed proteins were partitioned into
three bins, according to their ratio: proteins decreased in
abundance (ratio < 1.0), proteins increased in abundance
(ratio > 1.0) and a bin to identify general disturbed path-
ways which included all proteins with increased and de-
creased abundance (ratio > 1 and <1). TheR package
database org.mouse.eg.db version 2.8.0 was used for
gene ontology (GO) term annotation based on entrez
gene identifiers and GO-term enrichment analysis was
performed usingGOstats.

Label-based SRM mass spectrometry
Abundance alterations of a panel of 43 candidate pro-
teins previously implicated in theTsc1+/! mouse path-
ology were measured using a targeted SRM mass
spectrometry approach as described previously [32, 36]
following the guidelines of Lange et al. [37]. SRMstats
was used at default settings [37]. The final transitions,
collision energy and retention time windows used for
each peptide can be requested.

Results
Label-free LC-MSE proteomic profiling of Tsc1+/! mouse
brains
We investigated protein abundance changes in the
frontal cortex and hippocampus of theTsc1+/! mouse.
LC-MSE analysis resulted in the identification of 522
proteins (7071 peptides) in the frontal cortex and 463
proteins (5149 peptides) in the hippocampus. Of these,
the levels of 51 proteins were altered in the frontal cor-
tex (FDR-adjusted *p < 0.05) and 108 in the hippocam-
pus (FDR-adjusted *p < 0.05). In the frontal cortex, 17 of
the changed proteins were altered by more than 10%, as
were 49 of the 108 changed hippocampal proteins
(Additional file 2). In the case of the frontal cortex, this
included adenylyl cyclase-associated protein 2 (CAP2,
ratio = 0.89, FDR-adjusted *p = 0.013), elongation factor
1Ð! 2 (EIF1A2, ratio = 0.97, FDR-adjusted*p = 0.03),
eukaryotic translation initiation factor 3 subunit L (eIF3l,
ratio = 1.17, FDR-adjusted*p = 0.03) and elongation fac-
tor 2 (Eef2, ratio = 0.95, FDR-adjusted*p = 0.05), which
are all regulators of translation. Copine 6 (ratio = 1.1, FDR-
adjusted p = 0.0097) and copine 8 (ratio = 0.8, FDR-
adjustedp = 3.9! 10! 6), which are associated with synaptic
plasticity, were changed in the hippocampus. Nine proteins
(NCDN!! , MAP2"" , SUCB1!! , MYPR"! , NDUS7!! ,
DPYL2!! , AT1A2!" , CRYM!" , ARP3"! ) were found to
be changed in both frontal cortex (first arrow) and hippo-
campal tissue (second arrow) (Additional file 2).

Gene set enrichment analysis was employed to investi-
gate if the altered 108 and 51 proteins were enriched in
biological pathways and cellular compartments. Based on
GO enrichment analysis, proteins responsible for the bio-
logical pathwaysÒreproductive behaviourÓ (p = 0.008),
Òneurological system processÓ (p = 0.010) and Òvisual
learningÓ(p = 0.028) were altered in the frontal cortex of
the Tsc1+/! mouse. In the hippocampus, the proteins were
related to the biological pathwaysÒribonucleotide energy
metabolismÓ (p = 0.0097), Òprotein polymerisationÓ
(p = 0.005) andÒoxidative stressÓ(p = 0.009). One path-
way, Òvisual learningÓ, was identified in both the frontal
cortex and hippocampus proteomic analyses. Cellular
compartment GO association enrichment revealed that
the altered proteins were associated withÒmyelinationÓ
and ÒdendriteÓin the frontal cortex and Òmyelin sheetÓ
and Òendoplasmic reticulum-Golgi intermediate compart-
mentÓin the hippocampus.

Selected reaction monitoring (SRM) validation ofTsc1+/!

brain proteomic alterations
For orthogonal proteomic validation of the proteomics
results, we employed a targeted label-based LC-SRM ap-
proach to specifically quantify the levels of 43 candidate
proteins derived from LC-MSE profiling, subsequent path-
way analysis, literature findings and already established in-

Wesselinget al. Molecular Autism (2017) 8:41 Page 3 of 12
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from blood leukocytes (n =  9), LAM tissue from lung 
(n =  7), LAM cultured cells (n =  4), or LAM cell clus-
ters (n =  1). We identiÞed nine somatic mutations in six of 
nine S-LAM patients (67 %) with mutant allele frequencies 
of 1.7Ð46.2 %. Three of these six patients (50 %) showed 
two different TSC2 mutations with allele frequencies of 
1.7Ð28.7 %. Furthermore, at least Þve mutations with low 
prevalence (<20 % of allele frequency) were conÞrmed by 
droplet digital PCR. As LAM tissues are likely to be com-
posed of heterogeneous cell populations, mutant allele 
frequencies can be low. Our results conÞrm the consistent 
Þnding of TSC2 mutations in LAM samples, and highlight 
the beneÞt of laser capture microdissection and in-depth 
allele analyses for detection, such as NGS.

Introduction

Lymphangioleiomyomatosis (LAM, MIM #606690) is a 
rare disorder characterized by the proliferation of abnor-
mal smooth muscle-like cells (LAM cells) in the lungs 
and axial lymph vessels, leading to the formation of thin-
walled cysts in the lungs (Harari et al. 2011). The main 
clinical manifestations are progressive dyspnea, pneumo-
thorax, and chylous pleural effusions (Harari et al. 2011; 
Johnson and TattersÞeld 2000; Kitaichi et al. 1995; Tay-
lor et al. 1990; Urban et al. 1999). LAM usually affects 
women of childbearing age (Seyama et al. 2009). It has an 
estimated prevalence of 2Ð6 per million women (Seyama 
et al. 2009). It occurs in approximately 30 % of females 
with tuberous sclerosis complex (TSC) (TSC-LAM) aris-
ing from heterozygous germline mutations in the tuberous 
sclerosis 1 gene (TSC1, encoding hamartin, NM_000368.4) 
or tuberous sclerosis 2 gene (TSC2, encoding tuberin pro-
tein, NM_000548.3), as well as sporadic females without 

Abstract Lymphangioleiomyomatosis (LAM) (MIM 
#606690) is a rare lung disorder leading to respiratory fail-
ure associated with progressive cystic destruction due to 
the proliferation and inÞltration of abnormal smooth mus-
cle-like cells (LAM cells). LAM can occur alone (sporadic 
LAM, S-LAM) or combined with tuberous sclerosis com-
plex (TSC-LAM). TSC is caused by a germline heterozy-
gous mutation in either TSC1 or TSC2, and TSC-LAM is 
thought to occur as a result of a somatic mutation (second 
hit) in addition to a germline mutation in TSC1 or TSC2 
(Þrst hit). S-LAM is also thought to occur under the two-
hit model involving a somatic mutation and/or loss of het-
erozygosity in TSC2. To identify TSC1 or TSC2 changes 
in S-LAM patients, the two genes were analyzed by deep 
next-generation sequencing (NGS) using genomic DNA 
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Abstract
Tuberous sclerosis complex (TSC) is an autosomal dominant tumor suppressor gene syn-

drome due to germline mutations in eitherTSC1 or TSC2. 10Ð15% of TSC individuals have

no mutation identified (NMI) after thorough conventional molecular diagnostic assessment.

53 TSC subjects who were NMI were studied using next generation sequencing to search

for mutations in these genes. Blood/saliva DNA including parental samples were available

from all subjects, and skin tumor biopsy DNA was available from six subjects. We identified

mutations in 45 of 53 subjects (85%). Mosaicism was observed in the majority (26 of 45,

58%), and intronic mutations were also unusually common, seen in 18 of 45 subjects

(40%). Seventeen (38%) mutations were seen at an allele frequency< 5%, five at an allele

frequency < 1%, and two were identified in skin tumor biopsies only, and were not seen at

appreciable frequency in blood or saliva DNA. These findings illuminate the extent of mosai-

cism in TSC, indicate the importance of full gene coverage and next generation sequencing

for mutation detection, show that analysis of TSC-related tumors can increase the mutation

detection rate, indicate that it is not likely that a third TSC gene exists, and enable provision

of genetic counseling to the substantial population of TSC individuals who are currently

NMI.

Author Summary

Tuberous sclerosis complex (TSC) is a human genetic disorder due to mutations in the
TSC1or TSC2genes. A mystery for many years has been the fact that with standard
genetic testing 10Ð15% of TSC patients have had no mutation identified (NMI) in either
TSC1or TSC2. We examined the genetic cause of TSC in patients who wereÔNMIÕafter
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pathogenicity. Splice site mutations overall account for about 9% of allTSC1mutations and
16% of allTSC2mutations [3], whereas they accounted for 40% of the mutations identified in
this set of NMI subjects, indicating that they are a main contributor to lack of mutation identi-
fication in the TSC NMI population.

Somatic (generalized) and germline (confined gonadal) mosaicism forTSC1andTSC2
mutations have been described in many TSC patients and their parents, respectively
[15,16,20,34Ð41]. Mosaicism was reported in 26% and 15% of TSC patients from two series

Fig 3. Correlation between clinical features and mutation status in 53 NMI subjects. (A) The proportion
of subjects with 2, 3, or 4 organs affected; with heterozygous or mosaic mutations, or persistent NMI status.
P = 0.003. (B) The number of major symptoms seen for each subject sorted according to mutation status.
Note that differing levels of mosaicism have different symbols according to allele frequency (AF). (C) Age at
the time of clinical evaluation, sorted according to mutation status. Het, heterozygous; Mos, mosaic. P values
determined by chi square test (A) and Mann-Whitney unpaired test (B and C). Results with p< 0.05 are
considered statistically significant.

doi:10.1371/journal.pgen.1005637.g003

Mutations in 'No Mutation Identified' TSC Patients

PLOS Genetics | DOI:10.1371/journal.pgen.1005637 November 5, 2015 9 / 17
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53 TSC subjects who were NMI were studied using next generation sequencing to search

for mutations in these genes. Blood/saliva DNA including parental samples were available

from all subjects, and skin tumor biopsy DNA was available from six subjects. We identified

mutations in 45 of 53 subjects (85%). Mosaicism was observed in the majority (26 of 45,

58%), and intronic mutations were also unusually common, seen in 18 of 45 subjects

(40%). Seventeen (38%) mutations were seen at an allele frequency< 5%, five at an allele

frequency < 1%, and two were identified in skin tumor biopsies only, and were not seen at

appreciable frequency in blood or saliva DNA. These findings illuminate the extent of mosai-

cism in TSC, indicate the importance of full gene coverage and next generation sequencing

for mutation detection, show that analysis of TSC-related tumors can increase the mutation

detection rate, indicate that it is not likely that a third TSC gene exists, and enable provision

of genetic counseling to the substantial population of TSC individuals who are currently

NMI.

Author Summary

Tuberous sclerosis complex (TSC) is a human genetic disorder due to mutations in the
TSC1or TSC2genes. A mystery for many years has been the fact that with standard
genetic testing 10Ð15% of TSC patients have had no mutation identified (NMI) in either
TSC1or TSC2. We examined the genetic cause of TSC in patients who wereÔNMIÕafter
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similar to that seen in general in TSC [24]. Heterozygous non-mosaic mutations, seen at allele
frequency of 40Ð60% by NGS, were identified in coding exons and consensus splice sites in six
of 53 (11%) NMI patients (Table 1: P3, P11, P21, P25, P43, and P52), apparently missed by pre-
vious analyses. We did not identify any pathogenic variants inDEPTOR, PRAS40, TBC1D7,
DEPDC5, NPRL2, andNPRL3in the analyzed samples. These genes were analyzed as being
potential candidates for TSC3, due to their roles in the mTOR signaling pathway.

Mosaicism and analysis of skin biopsies
Mutations were mosaic in 26 of 45 (58%) subjects in whom mutations were identified, ranging
from 0.21% to 34% mutant allele frequency (AF) (Table 1andFig 1andS2 Table). Seventeen
subjects had mosaicism with very low mutant AF,< 5%. These mutations consisted of five
indel, five nonsense, two splice site, two missense, and three genomic deletion mutations. All
were confirmed by secondary analyses (S2 Table) using SNaPshot single nucleotide sequenc-
ing, amplicon NGS, or PCR with sequencing across the deletion fusion junction.

Fig 1. Pie charts displaying the mutation types and frequencies in 53 TSC NMI subjects. (A) Proportion
of subjects with mutations identified vs. remaining as persistent NMI. (B) Proportion of mutations inTSC1 vs.
TSC2. (C) Proportion of heterozygous vs. mosaic mutations. (D) Different types of identified mutations.

doi:10.1371/journal.pgen.1005637.g001

Mutations in 'No Mutation Identified' TSC Patients

PLOS Genetics | DOI:10.1371/journal.pgen.1005637 November 5, 2015 5 / 17
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Tuberous sclerosis complex (TSC) is an autosomal dominant tumor suppressor gene syn-

drome due to germline mutations in eitherTSC1 or TSC2. 10Ð15% of TSC individuals have

no mutation identified (NMI) after thorough conventional molecular diagnostic assessment.

53 TSC subjects who were NMI were studied using next generation sequencing to search

for mutations in these genes. Blood/saliva DNA including parental samples were available

from all subjects, and skin tumor biopsy DNA was available from six subjects. We identified

mutations in 45 of 53 subjects (85%). Mosaicism was observed in the majority (26 of 45,

58%), and intronic mutations were also unusually common, seen in 18 of 45 subjects

(40%). Seventeen (38%) mutations were seen at an allele frequency< 5%, five at an allele

frequency < 1%, and two were identified in skin tumor biopsies only, and were not seen at

appreciable frequency in blood or saliva DNA. These findings illuminate the extent of mosai-

cism in TSC, indicate the importance of full gene coverage and next generation sequencing

for mutation detection, show that analysis of TSC-related tumors can increase the mutation

detection rate, indicate that it is not likely that a third TSC gene exists, and enable provision

of genetic counseling to the substantial population of TSC individuals who are currently

NMI.

Author Summary

Tuberous sclerosis complex (TSC) is a human genetic disorder due to mutations in the
TSC1or TSC2genes. A mystery for many years has been the fact that with standard
genetic testing 10Ð15% of TSC patients have had no mutation identified (NMI) in either
TSC1or TSC2. We examined the genetic cause of TSC in patients who wereÔNMIÕafter
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at other locations near exons (six), and at deep intronic locations (two) (Fig 2). As above, fam-
ily studies demonstrated that all of these mutations were strictly associated with disease status,
with 15 occurring in sporadic TSC cases, not seen in parental samples. Maternity and paternity
was confirmed for parents of subjects P1, P35, and P41, in whom novel splice site variants were
identified. In addition to the three subjects with mutations in canonical splice sites (P3, P12,
P32), seven subjects each had one of four splice mutations that had previously been reported to
be pathogenic: two mutations seen in five subjects had been reported previously as affecting
splicing [26] (TSC2c.976-15G> A (P8, P14, P18, and P37), andTSC2c.848+281C> T (P49));
and two subjects with distinct splice mutations reported as pathogenic [27] (TSC1c.664-
15A> G in P38, andTSC2c.481+5G> A in P46). Lymphoblastoid cell lines (LCLs) were pre-
pared for the remaining eight (seven unique) putative intronic variants to enable functional
confirmation. RT-PCR analysis of one sample, P10, displayed aberrant bands on agarose gel,
confirmed by sequencing as corresponding to skipping of exons 3Ð5 (S1A Fig). The same
mutation (TSC2c.226-12T> A) was also present in P22. A high molecular weight smear was
seen in RT-PCR analysis of P34 (TSC2c.3611-9_3611-34delinsCC,S1B Fig), suggesting aber-
rant splicing. Other samples with intronic variants did not show aberrant bands in RT-PCR
analysis. However, RT-PCR analysis of non-puromycin treated LCLs from 2 cases (P35TSC2
c.1717-23T> G, and P41TSC2c.2221-126C> T) with exonic SNPs showed that there was allelic
distortion (SNP allele ratio 0.18 and 0.43 for the alleles at lower frequency) consistent with
effects on splicing leading to nonsense-mediated mRNA decay (S2 Fig). Allelic distortion with
relative loss of the mutant allele (allelic ratio 0.26Ð0.79 (range), median 0.54) due to nonsense-
mediated mRNA decay has previously been reported for indel, nonsense, and splice mutations
in TSC1 using TSC lymphoblastoid cell line RNA preparations [28]. In addition, analysis of the
GTEx data set of RNA-Seq data for 2,387 samples from 155 individuals heterozygous for the
TSC2coding region synonymous SNP rs1748 and 52 different tissue sites demonstrates that
the allele ratio is centered at 0.89, with 99% of values> 0.43 (K. Ardlie and T. Sullivan, GTEx
project, dbGAP phs000424.v6.p1). Three subjects (P1, P24, and P36) had no exonic SNPs in
genes with intronic variants identified, so this analysis could not be performed.

Large genomic deletions
Large genomic deletions were identified inTSC2in three subjects by analysis of insert size in
the hybrid capture NGS data (S3 Fig). These were seen in subjects: P9Ð13,282 nt deletion at 3%

Fig 2. Intronic mutations in 18 TSC NMI subjects. The locations of 18 splice site mutations identified are shown relative to the canonical consensus
sequences present at the 3Õexon region, the branch site, and the 5Õexon region.

doi:10.1371/journal.pgen.1005637.g002

Mutations in 'No Mutation Identified' TSC Patients
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findings were excluded from the calculations because of
doubt about their true status. However, in most of these
families the causative mutation has now been identified and
no phenotypically normal adults at risk of inheriting the
disease carry a germline mutation. Now that the genetic
status of members of this family has been clarified by
molecular analysis, we conclude that the risk of a tuberous-
sclerosis mutation in the phenotypically normal adult
offspring of an affected patient, or the phenotypically normal
adult sibling of a sporadic case, is close to that of the general
population. By contrast, the risk of a second affected child
being born to the phenotypically normal parents of an
apparently sporadic case remains significant (2Ð5%) as a
consequence of gonadal mosaicism, and such parents should
be offered prenatal diagnosis. Mutation screening in
tuberous sclerosis is labour intensive and expensive; limited
resources will be best used if preceded by accurate risk
assessment.
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Non-penetrance in tuberous
sclerosis
J P Osborne, A C Jones, M W Burley, D Jeganathan, J Young,
F J OÕCallaghan, J R Sampson, S Povey

As a result of extreme clinical variability in tuberous sclerosis,
with one well-documented example of non-penetrance,
phenotypically normal siblings or children of patients with
tuberous sclerosis are thought to be at increased risk of having
children with the disease. We report that the case of apparent
non-penetrance that was previously described is the result of
two independent tuberous-sclerosis mutations in the same
family.
Tuberous sclerosis is an autosomal dominant neuro-
cutaneous disorder with a high mutation rate. Heterozygous
mutations in either of two genes, TSC11 and TSC2,2 cause
hamartomas when somatic mutations knock out the second,
normal copy of the gene. Hamartomas seem to be
responsible for many if not all aspects of the tuberous
sclerosis phenotype: epilepsy (75%), severe learning
difficulties (50%), frequent behaviour problems, and skin,
renal, and heart lesions. Penetrance (the probability of
the carrier of a germline mutation showing signs of the
disease) is very high but expression is extremely variable,
with some individuals having only subtle signs of disease.
This factor has made clinicians reluctant to exclude the
disease in the children or siblings of affected individuals,
leaving relatives concerned at their own risk of having
affected children.

There is only one well-documented case of apparent
vertical non-penetrance in one family (figure).3 II:3 and his
daughter III:6 were fully examined and investigated by
cranial computed tomography (CT) scan and renal ultra-
sonography. In II:3 the only positive clinical finding was a
single periungual fibroma which subsequently fell off
spontaneously. III:6 had a normal cranial CT scan and a
magnetic resonance imaging scan that showed minor
irregularities in the lateral walls of the lateral ventricles,
which we did not consider typical of sub-ependymal nodules
as seen in tuberous sclerosis. The occurrence of tuberous
sclerosis in child IV:2 was therefore unexpected and has
been seen as an important reason for not excluding tuberous
sclerosis in phenotypically normal children of affected
individuals.

We have previously shown4 that, with the exception of
individual IV:2, all the members of this family with multiple
hamartomas (who are therefore affected) have a nonsense
mutation in TSC1 (exon9, L250X). This was not present in
II:3 or III:6, previously reported as non-penetrant. (It did
seem most likely that the disease in IV:2 was the result of a
separate mutation, but this explanation has been met with
general scepticism.) We now report that the individual IV:2
has a nonsense mutation in TSC2 (exon20, R751X), not
detected in either of his parents or in his maternal
grandfather. We conclude that the two intervening
individuals are not non-penetrant but are unaffected and
that the grandson had a new mutation in TSC2.

This finding has implications for genetic counselling. In
our large series we have not observed the development of
tuberous sclerosis in adults who were previously thought to
be normal after clinical examination (including derma-
tological and ophthalmological assessments) and cranial CT
scan. In an original linkage analysis5 of 32 families (including
this one), many at-risk individuals with normal clinical
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