European Journal of Human Genetics (2009) 17, 1165-1170
© 2009 Macmillan Publishers Limited Al rights reserved 1018-4813/09 $32.00

www.nature.com/ejhg

Three independent mutations in the TSC2 gene in a
family with tuberous sclerosis

Cédric Le Caignec**** David J Kwiatkowski®, Sébastien Kiiry', Jean-Benoit Hardouin®,
Judith Melki” and Albert David®

LCHU Nantes, Service de Genetique Médicale, Nantes, France; 2INSERM, UMR915, linstitut du thorax, Nantes, France;
3Université de Nantes, Faculté de Médecine, Nantes, France; *CNRS, ERL3147, Nantes, France; °Division of
Translational Medicine, Brigham and Women’s Hospital, Harvard Medical School, Boston, USA; 6Department

of Biomathematics and Biostatistics, Faculty of Pharmaceutical Sciences, University of Nantes, France; ' Department
of Human Genetics, Hadassah University Hospital, Jerusalem, Israel

Tuberous sclerosis complex (TSC) is a rare autosomal dominant disorder characterized by hamartomas and
hamartias in multiple organs. TSC is caused by a wide spectrum of mutations within the TSC7 and TSC2
genes. Here, we report a unique family with three independent pathological mutations in TSC2.

A c.1322G > A mutation in exon 12 created a stop codon, whereas a second mutation in exon 23
(c.2713C>T) was a missense change. The third mutation was a 4 base pair deletion in intron 20 of TSC2.
We showed that this mutation was responsible for abnormal splicing. The three mutations were most likely
de novo, as parents of affected patients did not present any features of TSC. In addition, we showed
gonadal mosaicism in a branch of the family. To our knowledge, several independent mutations in TSC2
have never been observed in a single family. The probability of finding a family with three different
pathological TSC2 mutations is extremely low. We discuss two main hypotheses that may be raised to
explain this recurrence: (i) the TSC2 mutation rate is underestimated. In such a case, the likelihood of
finding a family with three independent mutations in TSC2 may not be dramatically low; (ii) a heritable
defect in a DNA repair gene (eg, mismatch repair gene) segregating in the family that is unlinked to the
TSC2 gene might predispose to the occurrence of multiple TSC2 gene mutations, used as a specific target
during embryogenesis.

European Journal of Human Genetics (2009) 17, 1165-1170; doi:10.1038/ejhg.2009.28; published online 4 March 2009

Keywords: tuberous sclerosis; TSC2; de novo; mismatch repair; gonadal mosaicism; splicing

Introduction

Tuberous sclerosis complex (TSC) is a rare autosomal
dominant disorder, affecting ~1 in 6000-10000 indivi-
duals, caused by mutations within the TSCI and TSC2
genes.? It is characterized by hamartomas and hamartias
in multiple organs, such as brain, skin, heart, kidneys and
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lung.® TSC often causes disabling neurological disorders,
including epilepsy, mental retardation and autism.
Additional major features of the disease include dermato-
logical manifestations, cardiac rhabdomyomas, renal
angiomyolipomas and pulmonary lymphangiomyomatosis.
Although showing considerable variability in clinical
expression, there is no evidence for non-penetrance when
clinical and complementary investigations are carried out.*
However, three different missense mutations in TSC2 have
been associated with unusually mild TSC features, includ-
ing family members who carry the missense change and do
not meet formal TSC diagnostic criteria.>~’
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The TSC1 and TSC2 genes encode the protein products
hamartin (130kDa) and tuberin (200kDa), respectively.
The tumour-suppressor proteins, TSC1 and TSC2, function
as a heterodimer for inhibiting cell growth and prolifera-
tion. In agreement with Knudson’s two-hit tumour-
suppressor gene model, inactivation of both the alleles of
either TSC1 or TSC2 seems to be required for lesion
formation in TSC.®

A wide spectrum of unique allelic variants in TSC2 has
been reported. There are no particular regions in which
mutations occur at a high rate, although the missense
mutations tend to cluster in the GTPase-activating protein
domain.’~!'! The frequency of mutations reported in TSC2
is consistently higher than in TSCI. The germline muta-
tion rate calculated for TSC (2.5 x 107°) is one of the
highest reported in humans.'* One consequence of this
high mutation rate is that a majority of the TSC2
mutations occur de novo. Here, we report the molecular
genetic analysis of a unique family with TSC, in which
three independent disease-causing mutations in TSC2 have
been identified.

Patients and methods
Patients and their relatives

Written informed consent was obtained from all partici-
pants. Clinical investigation included a review of medical
history and a physical examination, with careful examina-
tion of the skin. Cerebral imaging (CT or MRI) was
performed on individuals III-1, IV-2, IV-5, IV-16, V-1, V-3,
V-10 and VI-3.

Haplotyping

For molecular studies, DNA was isolated from peripheral
blood lymphocytes with standard methods. Linkage ana-
lysis was performed by the use of four (D95179, D9S1830,
D9S1793 and D9S164) and three (D165521, D16S291 and
D16S423) fluorescence-labelled polymorphic short tandem
repeat (STR) markers located in the vicinity of TSC1 and
TSC2, respectively.

DNA sequencing

Polymerase chain reaction (PCR) amplifications, as well as
sequencing of the coding regions and exon-intron
boundaries of the TSC2 gene were performed on affected
individuals IV-16, V-3 and VI-3. Exons 12, 20 and 23 and
the corresponding exon-intron boundaries of the TSC2
gene were sequenced in individuals of the family (III-1,
V-2, IV-5, IV-9, IV-10, IV-11, IV-14, IV-15, IV-16, IV-18,
1V-19, 1V-20, V-1, V-2, V-4, V-5, V-8 and V-10). Exon 20 was
sequenced on 100 unrelated and unaffected anonymous
individuals.

RNA studies

Reverse transcription PCR (RT-PCR) was performed on
RNA isolated from peripheral blood samples from patient
VI-3 and an unrelated, unaffected anonymous individual
was used as a control according to standard procedures.
Subsequently, two independent PCRs were performed
using the cDNA as a template (conditions available on
request): (i) PCR with primers in exon 19 (E19F1-
CTGTGCTCTGCTCTCTGCTCC) and in intron 20 (I20R-
GCTAGAAGCACCAGGGAATCGG); and (ii) PCR with
primers in exon 19 (E19F2-CATCTTTACTTCCCCTTG
CAGTGTGG) and in exon 22 (E22R-GGCAAAGTTCCTG
TAGAGGTGCGQG). Electrophoresis was performed on poly-
acrylamide gel with RT-PCR products obtained from the
patient and the control. E19-E22 PCR products were
subcloned into the pGEM-T Easy vector (Promega) and
re-amplified with the same pair of primers. The RT-PCR
results were compared with the outcome of three
different splice site prediction algorithms: Splice Site
Finder; MaxEntScan (http://genes.mit.edu/burgelab/maxent/
Xmaxentscan_scoreseq.html); and GeneSplicer (http://www.
tigr.org/tdb/GeneSplicer/gene_spl.html) We simultaneously
investigated Splice Site Finder, MaxEntScan and GeneSplicer
using the software Alamut (Interactive Biosoftware; http://
www.interactive-biosoftware.com).

Table 1T Summary of the clinical features of patients affected with TSC

Patient IV-16 V-8 V-10 V-3 VI-3 v-12
Age at testing 46 years 24 years 20 years 26 years 2 years and 9 months Dead (44 years)
Hypomelanotic macule - + — + + NA
Facial angiofibroma + + + + _ +
Ungual fibroma + — — — _ n
Subependymal nodule + NA + + + NA
Cortical tuber - NA + + + -
Epilepsy — + — + + NA
Mental retardation - — - + _ _
Renal angiomyolipoma - + + NA _ +
Cardiac rhabdomyoma - - - - + NA
Renal carcinoma - — - — _ 4

NA, not assessed for this finding; —, absence of the feature; +, presence of the feature.
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Results

Five (IV-16, V-3, V-8, V-10 and VI-3) of the 92 individuals of
this French family presented with features leading to the
diagnosis of TSC (Table 1). One additional deceased
individual (IV-12) was affected according to his medical
history. Clinical and complementary examinations ex-
cluded the diagnosis of TSC in four individuals (III-1, V-
2, IV-5 and V-1). Linkage analysis excluded the TSC1 locus
(data not shown). Using three STR markers in the vicinity
of TSC2, a common haplotype was observed for three
affected individuals (IV-16, V-8 and V-10) belonging to the
same branch of the family, but not for the other two
affected patients (V-3 and VI-3) (Figure 1). These results
were against the hypothesis of a single TSCI or TSC2
mutation segregating in the family.

The mutation analysis of TSC2 identified a novel
c.1322G > A (p.Trp441X) stop mutation in exon 12 in the
three patients (IV-16, V-8 and V-10) belonging to the same
branch of the family, in which linkage analysis showed a
common haplotype. A different mutation, ¢.2713C>T
(p-Arg905Trp), in exon 23 of TSC2 was identified in patient
V-3. This missense mutation was observed in -earlier
published reports on patients with TSC.>*'3~17 Finally, a
third independent mutation (IVS20+1-4 delGTAG) in
TSC2 was identified in patient VI-3. This 4 base pair (bp)
deletion removes the natural splice donor site of intron 20
at the junction between exon 20 and intron 20. The
mutation was not found in 200 chromosomes from the 100
unrelated and unaffected individuals. To confirm the
pathological effect of the mutation, RT-PCR was
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Figure 1

Simplified pedigree of the family (the entire pedigree contains 92 individuals) showing three-locus genotypes and inferred haplotypes.

Genotypes are shown in the following order, from top to bottom: D165521, D165291 and D16S423. The same haplotype (shown in the black square)
carried by three affected individuals (IV-16, V-8 and V-10) was also identified in two healthy sisters (IV-9 and IV-15) of patient IV-16 consistent with
gonadal mosaicism. The arrow indicates the location of TSC2 between D165521 and D165291. Clear symbols denote unaffected individuals and black
symbols denote clinically affected individuals. c.1322 G> A, mutation identified in patients IV-16, V-8 and V-10; c.2713 C>T, mutation identified in
patient V-3; IVS20 + 1-4 delGTAG, mutation identified in patient VI-3. The symbol ‘—’ indicates the absence of mutation identified in TSC2.

European Journal of Human Genetics



Three independent TSC2 mutations in a family
@ C Le Caignec et al

1168

performed on RNA isolated from peripheral blood samples
from patient VI-3. cDNA was used as a template for PCR
using primers in exon 19 and intron 20. An aberrant
342-bp amplified fragment consisted of exons 19 and 20
followed by intron 20 in the patient, whereas no amplified
product was obtained from the <¢DNA control
(Figure 2a—c). The product led to a stop codon in position
821 of intron 20. In addition, PCR was performed using
primers in exons 19 and 22. Polyacrylamide gel electro-
phoresis, using the cDNA control, showed a single band
corresponding to the expected normal 418-bp sequence.
Using the c¢cDNA of the patient, two close bands with
similar intensities were observed. One band corresponded
to the normal 418-bp amplified product, whereas the
second band most likely corresponded to abnormal
splicing products (Figure 2a). Subsequently, subcloning
and re-amplification with the same pair of primers and
sequencing characterized two additional aberrant cDNA
products. Two novel cryptic splice donor sites in intron 20
were utilized, leading to a 421- and 476-bp amplified
products. The 421-bp amplified product was identified in 2
clones among 12 sequenced clones, and consisted of exons

b
a
L VI3 C L C VI3
476 hp c
- am
""43_"" 418 bp

19 and 20, 3 bp of intron 20 and exons 21 and 22 (Figure 2d
and e). The 476-bp amplified product was identified in 4
clones and consisted of exons 19 and 20, 58 bp of intron 20
and exons 21 and 22 (data not shown). The remaining six
sequenced clones were normal. Three different algorithms
(Splice Site Finder, MaxEntScan and GeneSplicer) were used
to test whether the results obtained by using the RT-PCR
analysis of patient RNA could have been predicted in silico.
All algorithms predicted that the mutation would lead to
an elimination of the intron 20 donor site and to the
generation of two strong novel cryptic splice donor sites in
intron 20, those that we observed experimentally (see
Supplementary Table S1 online).

Sequencing excluded the three different mutations in
healthy individuals of the family (IlI-1, IV-2, IV-5, IV-9, IV-
10, IV-11, IV-14, IV-15, IV-16, IV-18, IV-19, IV-20, V-1, V-2,
V-4 and V-5). Among these individuals, the parents of
patient VI-3 did not carry the splice site mutation proving a
de novo event in this patient. The p.Arg905Trp missense
mutation that was identified in patient V-3 was most likely
de novo, as both parents had no features of TSC and the
mutation was absent from the patient’s mother. However,
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(a) Left panel: RT—PCR analysis using primers in exon 19 and in intron 20. An aberrant 342-bp amplified fragment consisted of exons 19
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and 20 followed by intron 20 in patient VI-3 carrying the IVS20 + 1 -4 delGTAG mutation, whereas no amplified product was obtained from the cDNA
control. Right panel: RT-PCR analysis using primers in exon 19 and exon 22. Using the cDNA control, a single band corresponding to the expected
normal 418-bp sequence was observed. Using the cDNA of patient VI-3, two close bands with similar intensities were observed. One band
corresponded to the normal 418-bp amplified product, whereas the second band corresponded to abnormal splicing products. L, small fragment
ladder; VI-3, RT-PCR using cDNA of the affected patient VI-3; C, RT—PCR using cDNA of an anonymous unaffected individual used as a control. (b)
Wild-type genomic sequence of the TSC2 exon 20—intron 20 junction. Four base pairs (GTAG), deleted in the mutated allele, are shown in bold. (c)
Sequence chromatograms from cDNA of patient VI-3 using primers in exon 19 and in intron 20. An aberrant product consisted of exons 19 and 20
followed by intron 20 with a 4 base pair (GTAG) deletion leading to a stop codon in intron 20. (d) Wild-type genomic sequence of the TSC2 exon 20—
intron 20 and intron 20-exon 21 junctions. Four base pairs (GTAG), deleted in the mutated allele, are shown in bold. A novel GT cryptic splice donor
site in intron 20 is shown in the square. (e) Sequence chromatograms from cDNA of patient VI-3 using primers in exons 19 and 22 after subcloning. An
abnormal product consisted of exons 19 and 20, 3 base pairs of intron 20 and exons 21 and 22. gDNA, genomic DNA; cDNA, complementary DNA; E,
exon; |, intron; del 4bp, 4 base pair deletion.
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as no DNA was available from the patient’s father, the
mutation still might be paternally inherited. Finally, a stop
mutation (p.Trp441X) was identified in patient IV-16. One
deceased brother presented with TSC, whereas none of the
other eight brothers and sisters of patient IV-16 presented
with features suggestive of TSC. Sequencing excluded the
stop mutation in these eight brothers and sisters, whereas
it was identified in two additional affected patients
belonging to the same branch of the family (V-8 and
V-10). The same haplotype carried by the three affected
individuals (IV-16, V-8 and V-10) was also identified in two
healthy sisters with no mutation (IV-9 and IV-15) of patient
IV-16, suggesting that there had been gonadal mosaicism
in one of the parents (III-3 or II1-4).

Discussion

We report a unique family with three independent
pathological mutations in TSC2 mapping to distinct
haplotypes. One mutation created a stop codon, whereas
a second mutation was a missense change. The third
mutation was a 4-bp deletion at the splice site of intron 20
of TSC2. The three mutations were most likely de novo, as
parents of the affected patients did not present any features
of TSC. In addition, findings consistent with gonadal
mosaicism were seen in one branch of the family, which is
known to occur in TSC.'® The three mutations were most
likely to have been generated by different mutational
mechanisms. The 4-bp deletion may have occurred by
slipped strand mispairing. The missense mutation,a Cto T
transition in exon 23 reported 19 times earlier (http://
chromium.liacs.nl/LOVD2/TSC/home.php?select_db =TSC2),
occurred at a hypermutable CpG motif, most likely
mediated by methylation-mediated deamination. The
nonsense mutation, a G>A transition, has not been
reported earlier.

Two independent mutations, one in TSC1 and the other
in TSC2, have been reported earlier in a family with
TSC.*' However, to our knowledge, several independent
mutations in TSC2 have never been observed in a single
family. The probability of finding a family with three
different pathological TSC2 mutations is extremely low.
The estimation of the probability of finding a family with
three independent, non-identical, pathological TSC2
mutations occurring de novo in 92 relatives and considering
a mutation rate of 2.5x 107% is ~2.6 x 107° or, in other
words, 1 in ~500000000 families of 92 individuals (see
Supplementary Note online).

Two main hypotheses may be raised to explain this TSC2
gene mutation recurrence. Interestingly, the same reason-
ing was used to explain a neurofibromatosis type 1 (NF1)
family with three different pathological mutations origi-
nating de novo in the NF1 gene.’® NF1 is a complex
autosomal disorder, affecting ~1 in 3500 individuals,
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linked to the NF1 gene mutations of which 50% are de
novo mutations.?!

(i) The likelihood of finding a family with three indepen-
dent mutations in the TSC2 gene may not be
dramatically low, because the mutation rate in this
gene is underestimated. If the penetrance of the TSC2
gene mutations was incomplete, heterozygous muta-
tions might occur in clinically asymptomatic indivi-
duals; then, the actual prevalence of the TSC2 gene
mutations in the general population might be con-
siderably higher than the current estimates. However,
subclinical or unrecognized TSC is extremely rare,
when an experienced clinician evaluates the patient
with modern diagnostic imaging. Three missense
mutations in TSC have been associated with a milder
clinical phenotype, but in aggregate these account for
<1% of all the TSC mutations.

(ii) There may be a heritable defect in DNA repair
segregating in the family that is unlinked to the
TSC2 gene, but which is responsible for the occurrence
of multiple TSC2 gene mutations. A number of
tumour-suppressor genes, whose normal function is to
maintain genome stability and integrity, have been
identified. Mutation in these genes can compromise
basic cellular processes, such as replication fidelity,
DNA repair, cell arrest or apoptosis, thereby promoting
genomic instability. In our family, we did not observe
any unusual recurrence of cancer or neurodegenerative
disorders in the affected TSC patients or in the
unaffected individuals. In addition, no microsatellite
instability was observed when using the STR markers
for linkage analysis. On the basis of this hypothesis,
TSC2 would be a highly specific mutational target for a
DNA repair gene. In addition, the mutations that have
occurred in this family are of different types.

Over the past few years, bi-allelic mismatch repair (MMR)
gene mutations have been identified in 15 families with
the association of neurofibromatosis features and early
onset of childhood malignancies.?>** Homozygous or
compound heterozygous mutations affecting the MLHI,
MSH2, MSH6 or PMS2 genes have been reported in such
patients. Neurofibromatosis features have not been de-
tected in the parents of these patients, strongly suggesting
that this particular form of neurofibromatosis is caused by
MMR deficiency leading to a NF1 mutation. Several studies
provided convincing data supporting the hypothesis that
MMR deficiency and neurofibromatosis may be associated
with NF1 mutations. The NFI gene is often mutated in
DNA MMR-deficient cancer cell lines, as well as in primary
tumours exhibiting microsatellite instability.>* Moreover,
the NF1 gene alterations in MIhl(—/—) mouse embryonic
fibroblasts provided additional evidence that the NfI gene
may be a mutational target in MMR-deficient cells. Finally,
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recently a child presenting with NF1 and early onset
leukaemia showed a heterozygous NF1 gene mutation in
addition to a homozygous MLHI gene mutation.?® The
parents did not show NF1 features or the NFI mutation.
Therefore, the occurrence of the de novo NF1 mutation that
was identified in the child may have been facilitated by
DNA MMR deficiency because of the inherited homo-
zygous MLHI1 mutation in the affected child.

Although there are some parallels between these reports
and the family reported here, there are several discor-
dances. First, there were no other tumours or neurodegen-
erative syndromes seen in this family. Second, standard
vertical transmission of TSC2 mutations was seen in at least
one branch of this family.

Therefore, we suspect that this family represents a rare,
highly statistically unlikely aggregation of novel mutations
in the TSC2 gene in three generations. Nonetheless, there
is a possibility that a mutation in a DNA repair or other
gene segregating in this family might have predisposed to
recurrent TSC2 mutations.
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