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Introduction

Materials and methods

Tuberous sclerosis complex (TSC) is a multisystem disorder
characterized by widespread hamartomas in several organs,
which is genetically subdivided into two types: TSC1 (MIM
191100) and TSC2 (MIM 613254) (Orlova and Crino 2010).
The affected genes are TSC1 and TSC2, encoding hamartin
and tuberin, respectively (Curatolo et al. 2008). The clinical
features of TSC depend on which organ the hamartomas originate, including seizures, mental retardation, facial angioﬁbroma, renal angiomyolipoma and cardiac rhabdomyoma,
etc. Age of onset is usually 0–15 years (Franz et al. 2010).
Population-based studies in the West reported an incidence
rate of TSC about one in 6000 to one in 10000 live births
(Morrison 2009).
TSC1, located in 9q34.13, contain 23 exons and encompasses 55 kb of DNA. TSC2, located in 16p13.3, contain
41 exons and encompasses 40 kb of DNA (van Slegtenhorst
et al. 1997; van Bakel et al. 1997). Over 900 mutations have
been found in the two genes (http://www.hgmd.cf.ac.uk/ac).
Recent studies in the TSC patients indicated that mutations
of TSC2 were higher than that of TSC1 (Sancak et al. 2005;
van Eeghen et al. 2012). However, there were no mutation
hotspots in the two genes. So, more novel mutations should
be identiﬁed to enhance our insight into the molecular basis
for the pathogenesis of TSC.
In this report, we characterized a Chinese family with
TSC based on the medical history, clinical manifestations
and auxiliary examinations. A mutation screening of the
TSC1/TSC2 gene was carried out and a novel deletion mutation (c.2690delT) in the TSC2 gene was identiﬁed. Here,
we describe the results of the mutation analysis as well as
clinical features related to the patients in this family.

Patients

This family was enrolled at the Department of Urology in
Southwest Hospital of the Third Military Medical University. Informed consent was obtained from all the family
members. The study was performed with the approval of
the Ethics Committee of Third Military Medical University
(Chongqing, China).
Mutation detection of TSC1/2 gene

Genomic DNA was extracted using Wizard Genomic DNA
Puriﬁcation Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s protocol. The quantity and quality of
DNA was determined by using NanoDrop 1000 (Thermo,
Wilmington, USA). The software Primer3 (http://primer3.
ut.ee/) was used to design the primers to amplify the
whole exons and exon–intron boundaries of the TSC1/TSC2
gene, according to the public sequence data (GenBank
acc. no.: NC_000009.11 and NC_000016.9). Conditions
and the primer pairs for PCR are available upon request
(table 1 in electronic supplementary material at http://www.
ias.ac.in/jgenet/). PCR was performed on a DNA Thermal
Cycler (ABI 9700, USA) with 2× Taq PCR Mastermix
kit (Promega, San Luis Obispo, USA). PCR products were
checked by 1.5% agarose gel electrophoresis and puriﬁed
with puriﬁcation kit (Tiangen, Beijing, China). Puriﬁed PCR
products were sequenced by ABI 3130 genetic analyser (Life
Technologies, New York, USA).

Results
Clinical features
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The pedigree of the family is shown in ﬁgure 1. Family
investigation showed three patients. This family showed an
autosomal dominant model of inheritance for this phenotype.
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Figure 1. Pedigree of the TSC family. The arrow indicates the
proband (III 1). All the open boxes represent healthy males and open
circles represent healthy females. Black boxes represent affected
males and black circles represent affected females. Boxes or circles
with a crossing line mean that the person is already dead.

The proband (III 1), 27-years-old, was born to healthy nonconsanguineous parents. Because of the low back pain he
was enrolled in Southwest Hospital. Medical history revealed
appearance of frequent seizures at the age of 16. After regular treatment for two years, the symptoms of seizures remitted greatly. At the time of physical examination, the patient
was 171 cm tall and weighed 59 kg with normal intelligence.
Hypopigmented macules were present on his extremities,
back and abdoman. Angioﬁbroma was distributed broadly
on the face, apparently on both the sides of the cheek in a
butterﬂy pattern (ﬁgure 2a). He also had subependymal nodules along the lateral walls of the lateral ventricles and renal
angiomyolipoma on a computed-tomography scan of brain
and trunk (ﬁgure 2b). This patient was clinically diagnosed to
be TSC according to the Tuberous Sclerosis Consensus Conference (Roach et al. 1999). His mother (II 2) and brother (III
3) experienced seizures frequently starting from puberty and
had facial angioﬁbroma. III 3 had mental retardation since
childhood. There were no abnormalities observed in other
family members.

Sequencing analysis showed one novel deletion of
c.2690delT at exon 24 of TSC2 gene (NM_000548.3) in the
proband (shown in ﬁgure 3). Mutation was also identiﬁed
in the brother and the mother of the proband but not in the
normal family members and 100 healthy controls. No mutation was found in TSC1 gene. According to the GenBank
data, there are three tuberin isoforms encoded by TSC2 gene,
tuberin isoform 1 (NP_000539.2), 4 (NP_001070651.1) and
5 (NP_001107854.1). The deletion (p.Phe897SerfsX947)
in the cDNA, at position 2690 resulted in a frameshift and
a run of 50 missense amino acids followed by a premature
stop codon (TGA) in exon 26, resulting in a truncation protein of 946 amino acids instead of a normal tuberin protein
of 1807 amino acids (NP_000539.2) (ﬁgure 1 in electronic
supplementary material). Tuberin was highly conserved
among many species including human, Macaca mulatta and
Mus musculus. The mutant protein was predicted to have
intact hamartin interaction domain, however it lacked GAP
(GTPase activating protein) binding domain, transcription
activation domains and most of the phosphorylation sites.
Loss of these important domains could affect the function of
tuberin and participated in the pathogenesis of TSC in the
family.

Discussion
TSC is a multisystem disorder with hamartomas in any organ
systems, including brain, skin and kidneys, etc. The diagnosis of TSC is made when two major features, or one
major and two minor ones, can be shown (Roach et al.
1998). The major features include central nervous system
lesions, such as cortical tuber and subependymal nodule and
renal angiomyolipoma; skin lesions, such as facial angioﬁbromas and hypomelanotic macules. The distribution, number and size of hamartomas cause varied clinical manifestations. In the TSC cohort, more than 90% had skin lesions,
about 90% had symptoms of neuropathology and 70–90%
had renal lesions. In this report, the patient suffered from

Figure 2. Major features of the proband. (a) Facial angioﬁbromas. (b) Cranial CT scan, subependymal
nodule along the lateral walls of the lateral ventricles.
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Figure 3. Novel deletion c.2960delT identiﬁed in the TSC2 family. The DNA sequence
chromatogram of the proband and normal control indicates a frameshift mutation
c.2690delT.

four major features: hypomelanotic macules, renal angiomyolipoma, facial angioﬁbromas and subependymal nodule, so
the diagnosis of TSC is deﬁnite.
Hamartin and tuberin are encoded by TSC1 and TSC2
respectively. Hamartin consists of a putative transmembrane
domain, a coiled-coil domain to interact with TSC2 protein, a Rho-activating domain and an N-terminal. Tuberin
contains a calmodulin-binding domain and an oestrogen
receptor-a-binding domain (Napolioni and Curatolo 2008).
Tuberin and hamartin form an intracellular complex which
activates GTPase reducing stimulation of mammalian target
of rapamycin (mTOR) (Han and Sahin 2011; Crino 2013).
mTOR detects signals of nutrient availability, hypoxia or
growth factor stimulation and is part of many cell processes,
such as cell-cycle progression, transcription and translation
control and nutrient uptake (Abe et al. 2010; Budde and
Gaedeke 2012). The molecular basis of TSC is a functional impairment of the Tuberin and hamartin complex.
Hamartin is required for maintaining the stability, activity and correct intracellular localization of the complex
(Huang and Manning 2008; Mozaffari et al. 2009). Tuberin
and hamartin also bind to several other proteins; however,
the physiological relevance of these interactions is unclear
(Rosner et al. 2008).
The mutation spectra of TSC1/TSC2 are very heterogeneous. Mutations are more common in TSC2 than in
TSC1 and tend to cluster in the GAP binding domains (van
Eeghen et al. 2012; Wang et al. 2013). In this study, we
screened all the coding regions and exon–intron boundaries
of the TSC1 and TSC2 genes. A 1-bp deletion (c.2690delT)
was identiﬁed in the TSC2 gene exon 24. The deletion
(p.Phe897SerfsX947) resulted in a frameshift and a truncation protein of 946 amino acids. The mutation is absent
in the polymorphism databases and not found in the unaffected family members and 100 unrelated normal controls.
The mutant protein was predicted to lack GAP binding

domain, transcription activation domains and most of the
phosphorylation sites. Loss of these important domains
would affect the functions of tuberin and lead to uncontrolled cell growth and cell proliferation. Therefore, we
demonstrated that the patients in the family carry a novel
pathogenic deletion mutation.
In conclusion, we identiﬁed a novel deletion, c.2690delT,
in the TSC2 gene in a Chinese Han TSC family. This ﬁnding
further expands the clinical phenotypes and mutation spectrum of TSC. Increasing the understanding of the molecular abnormalities caused by TSC may enable improved management of this disease. Most features of TSC become evident only in childhood after three years of age, so genetic
testing of TSC patients are important for prenatal molecular
diagnosis and preimplantation genetic diagnosis.
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