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Tuberous sclerosis complex (ISC) is an autosomal dominant disorder characterized by
hamartomas in many organs. Two genes responsible for TSC, TSCI and TSC2, were recently
identified. 7S5CI and TSC2 encode the proteins hamartin and tuberin, respectively, and 337
different mutations have been reported in these genes thus far. Here, we report six novel
75C2 mutations including one missense mutation, two nonsense point mutations, two
frameshifts, and an insertion mutation, The insertion mutation is unigue because of its
location at an exon/intron boundary that results in triplication of a 34-bp sequence. Cultured
tumor cells from the patient with this insertion mutation exhibited a decreased level of
tuberin as revealed by Western blotting, suggesting that the mRNA. of 75C? is not transiated
as efficiently or the translated protein exhibits reduced stability. Five novel polymorphisms
of 75CZ were also identified. As previously reported, the missense mutations were located in
the GTPase activating protein-related domain of TSC? encoded in exons 34-38, No 78C1
mutations were identified in the present subjects, © 2004 Wiley-Lies, Inc. -

KEY WORDS: giant cell astrocytoma; Japanese; mutation; TSC2; tuberin; tuberous sclerosis complex

INTRODUCTION

Tuberous sclerosis complex (TSC) (MIM# 191100) is an autosomal dominant disorder characterized by the
development of hamartomatous growth in many different organs, most commonty in the brain, heart, kidney and
skin (Gomez et al., 1999). Involvement of the brain is associated with the most problematic clinical manifestations
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of TSC, including intellectual handicap, epilepsy and abnormal behavior (Cheadie et al,, 2000). Approximately
two-thirds of the cases are sporadic, without family history, reflecting a high spontaneous mutation rate in the
underlying genes (Osborne et al., 1991, Sampson et al., 1994),

Two TSC-related genes were previously identified by positional cloning, 75C2 (MIM# 191092) is located on
chromosome 16p13.3 and consists of 41 exons, whereas 7SC7 (MIM# 191100) is located on 9q34 and consists of
23 exons (The European Chromosome 16 Tuberous Sclerosis Consortium 1993; van Slegtenhorst et al., 1997).
7SC2 encodes the 200-kDa protein tuberin that contains a GTPase activating protein (GAP)-related domain (The
European Chromosome 16 Tuberous Sclerosis Consortium 1993), Hamartin, the 130-kDa predicted product of
T8Cl, is a novel protein that is predicted to form a complex with tuberin (van Slegtenhorst et al., 1997). Loss of
heterozygosity (LOH) of either SCI or T5C2 in affected tissues indicates that each acts as a tumor suppressor
(Green et al, 1994; Henske et al., 1995; Sepp et al., 1996).

At least, 131 and 343 different disease cansing mutations have been repotted in TSC7 and TSC2, respectively
(Cheadle et al., 2000; The Human Gene Mutation Database at the Institute of Medical Genetics in Cardiff
http://archive.uwem.ac.uk/uweny/mg/hgmd(.html). Here, we used single-strand conformational polymorphism
(SSCP) analysis of genomic DNA to identify six novel mutations in Japanese TSC patients. Tuberin expression
was decreased in cultured tumor cells from a patient with a unique insertion mutation in 7.SC2.

MATERIALS AND METHODS

Patients

Clinical information for all patients is summatized in Table 1. Patient 1 was a 9-year-old female. Her early
developmental milestones were normal. She suffered from febrile convulsions at age 2, and at age 5 was diagnosed
with TSC due to sebacea and brain calcifications revealed by computed tomography (CT). At 6 years of age, she

presented with afebrile convulsions, and electroencephalography (EEG) revealed tight parietal focal spikes and
waves. Her mental milestones indicated mild retardation, ‘

Table 1. Summary of the Clinical Information of the Patients

Patient Age Gender Skin Neurological Findings Brain Radiologieal Findings Others

Patient 1 (s) 9 F +  seizures, mild MR calcification
Patient2 (nd) 20 M + seizures, severe MR ? ‘bilateral renal tumor
Patient3(f) 15 F +  seizures, MR + (no detailed information) }’u‘}lf‘g‘%ﬁg‘“ﬁ:’
Patient 4 (nd) 16 F ? (normal intelligence) calcification left renal tumor
Patient 5 (8) 1 M +  West, mild developmental delay PN, CD, heterntopia. cardiac tumor
Patient6 (s} 2 F +  West PN, CD, heterotopia cardiac turnor

" Patient 7 () 15 F +  West to Lentiox, sevete MR PN, tubers cardiac tamor
Patient & (f) 24 F + West syndrome, moderate MR PN, calcification brain tumor
Patient 9 (s) 2 F + seizures calcification
Patient 10 (s) 7 F +  West syndrome PN, tubers

skin, skin involvement; s, sporadic case; f, familial case; nd, not detected; ¥, female; M, male: 7, unknown
MR, mental retardation; PN, periventricular tiodules; CD, cortical dysplasia

Patient 2 was a 20-year-old male, At 10 months of age, he suffered febrile convulsions and was diagnosed with
a developmental delay. At 17 months of age, a left renal tumor was surgically removed, the pathological diagnosis
of which was renal cell carcinoma. At age 17 years, right renal angiolipoma was identified. His mental state was
one of severe retardation, and he displayed white skin patches.

Patient 3 was a 13-yesr-old girl. In infancy, she suffered from seizure attacks and subsequemly exhibited
delayed psychomotor development. Periventricular nodules were noted by radiological examination. White skin
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patches wete also noted. At 13 years of age, bilateral renal angiolipomes were identified and surgically removed.
At age 14, she had a first incidence of spontaneous pneumothorax with recutrent episodes in subsequent years, A
chest X-ray revealed bilateral lung cystic lesions that were suspected to be lymphangiomas.

Patient 4 was a 16-year-old gizl. At age 3 months, a tight renal tumor was surgically removed and found to be
cystic dysplasia. Her first epileptic episode occurred at age | year. At present, she has normal intelligence in spite
of brain calcification. She has no cystic lesions in her left kidney but has an angiomyolipoma in the liver.

Patient 5 was the second child of healthy parents, and was immediately diagnosed with multiple cardiac tumors
just after delivery. At 1 month of age, he presented with white skin patches and developed tonic spasms. Brain CT
showed periventricular nodules and MRI showed left fronto-parietal cortical dysplasia and heterotopia. Now, at 1
year of age, he exhibits mild developmental delay.

Patient 6 was & 2-year-old girl. At 4 months of age, she was afflicted with infantile spasms, and an EEG
indicated hypsarhythmia. She had white skin patches and cardiac thabdomyoma that was identified by
echocardiography. Brain MR showed small nodules in periventricular regions.

Patient 7 was a 15-year-old girl. Although her parents were healthy, her younger brother had retinal
hamartomas. She had white patches, facial angiofibromas and ungual fibroma, Radiological findings suggested
" subependymal nodules and tubers in the brain and cardiac thabdomyoma. In infancy, she had West syndrome that
later developed into Lennox syndrome. Her present intelligence quotient (1.Q.) is below 20,

Patient 8 was a 24-year-old female. At age 11 months she suffered infantile spasms. Many white spots were
present on her skin. Brain radiological examinations tevealed a right anterior ventricular tumor and periventricular
calcifications. When she was 8 months old, she had chronic left facial palsy that may have been related to a tumor,
and her symptoms disappeared after resection of a tumor that was diagnosed as a giant cell astrocytoma (cells were
cultured from the resected tumor tissues, and were used for Western blotting). Presently, she exhibits moderate
mental retardation. Although her parents and an elder sister are healthy, her father has white macules.

Patient 9 was a 2-year-old gil, Following her first epileptic attack, a detailed investigation suggested TSC based
on white macules and brain calcifications.

Patient 10 wes a 7-year-old boy that displayed white macules. He developed West syndrome at 5 months of age.

Radiological examination showed periventticular nodules and some tubers, Presently, he shows moderate mental
retardation, His parents are healthy, '

Molecular analysis

DNAs were extracted from peripheral lymphocytes using a standard method. Sixty-four normal control DNAs
were also obtained from blood samples of healthy Japatese volunteers and used for a population study. Informed
consent for genomic examinations was obtained from ail patients and volunteers. The Caucasian Population Panel
100 was provided by the Coriell Institute for Medical Research (NJ, USA) and fifty DNAs samples were used for
population study. Polymerase chain reaction (PCR) was used to amplify alt exons of 75C7 (GenBank accession
number AF(13168.1) and 7:SC2 (GenBank accession number X75621.1) from genomic DNAs using standard
methods with primers described elsewhere (Zhang et al,, 1999; Pipo et al., 2000; Yamamoto et al., 2002). The PCR
products were subjected to SSCP analysis using a minigel (10 cm X 10 em). The samples were analyzed under
four different electrophoresis conditions from a combination of two sets of gel mixtures (12% polyacrylamide gel
with or without 5% (w/v) glycerol) and two temperatures (4°C or 22°C) (Zhang et al,, 1999). DNA bands were
visualized by silver staining. The PCR products that gave aberrant bands during the SSCP analysis were sequenced
directly using the BigDye terminator cycle sequencing kit (Applied Biosystems, CA, USA) and the ABI PRISM

3100 genetic analyzer (Applied Biosystems). Each PCR product was sequenced in both directions using PCR
primers.

Western blotting

Tumor cells of patient 8 were cultured from the resected tumor tissues, and harvested and homogenized by
sonication in buffer (10 mM Tris-HCl pH 7.4, 150 M NaCl, 1 mM EDTA, | mM EGTA) supplemented with 1%
(w/v) Triton X-100 and protease inhibitor cocktail (Boehringer Ingelheim, Ingelheim, Germany), The suspensions
were centrifuged at 12,000 x g for 30 min at 4°C and the protein concentration of the supernatant was determined
by the BCA protein assay (Bio-Rad, CA, USA). Protein (10 1g) was subjected to SDS-polyacrylamide gel
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electrophoresis on a 10% gel, and the proteins were electrophoretically transferred to an Immobilon membrane
{Millipore, Bedford, MA). Following a 1-h preincubation in 5% (w/v) skim milk, the membrane was incubated
overnight at 4°C with the tuberin antibody, tuberin (C-20) (cat. # sc-893; Santa Cruz Biotechnology, Inc., USA;
diluted 1:1000}, Tuberin bands were detected using avidin-biotin-alkaline phosphatase (Vector ABC-AP kit).

RESULTS AND DISCUSSION

Table 2. Summary of the Disease-Causing 7SC2 Mutations

Patient Location Nucleotide Change* Amino Acld Change Type Novel or Reported by
Patient 1 (s} exd c469G>T pE157X fionsense novel
Patient 2 (nd) exl9 ¢.2163del G frumeshift novel
Patient 3 () ex24 ©.2767_2768insC . frameshift novel
Patient 4 (nd} ex28 ¢.3355C>T pQ1119X nonsense novel
Patient § (s) ex37 ¢ 4952A>G pN16518 missense  Maheshwar et al,, 1997
Patient 6 (5) ex3? ¢.4958C>T p.S1653F missgnse novel
Patient 7 (f) ex3g ¢.5024C>T pP1675L " missense  Maheshwar et al., 1997
Patient 8 (f) TVS38 ¢.5068+20_5068+21ins34 splicing? novel
Patient 9 (s} exd) ¢.5238_5255del p.HI1746_R1751del ' deletion  Beauchamp et al,, 1998
Patient 10 (s) exd ¢.5238_5255del p.Hi746_R1751del deletion  Beauchampetal,, 1998

8, sporadic case; ¢., complementary DRA No.; f, familial case; det, deletion; ins, tnsertion
*GenBank X75621.1. Nucleotide numbering, with A of the initiator ATG as +i
The mutation nomenciature acoording to the website (http:/fwww. HGVS.org/mutoteny),

Six novel and three previously kmown mutations of 78C2 (Table 2) were identified. All of the patients exhibited
mutations in 7SC2 only, and no TSCI mutations were identified despite the comprehensive screening of bath
genes. Two new nonsense mutations and two new frameshift mutations resulted from respective deletion and
insertion of | bp would be definitely disease causing.

A novel missense mutation within exon 37, complementary DNA No. ¢.4958C>T (p.S1653F) in patient 6 was
not found in healthy control subjects (64 Japanese and 50 Caucasians) suggesting that they are pathogenic for TSC.
The known missense mutation, ¢.5024C>T (p.P1675L) within exon 38 in patient 7, was recurrent and thus
Tepresents a relatively common mutation (Beauchamp et al., 1998; Zhang et al., 1999). Interestingly, all three
patients (patients 5, 6 and 7) with missense mutations presented with cardiorhabdomyoma. As reported elsewhere,
these missense mutations were located in the GAP-related domain of 7SC2 encoded in exons 34-38 (Cheadle et al.,
2000). None of the mutations were located in the sequence CpG, a dinucleotide sequence in which nucleotide
alterations are prevalent. '

Interestingly, both patient 2 and 3 having a novel frameshift mutation had renal cancers, and patient 3 aiso
suffered from lung lesions. TSC with lung lesions is relatively rare and constitutes a distinct subset of the disease
termed pulmonary TSC (Kalassian et al,, 1997; Sullivan 1998). A common pulmonary lesion is a parenchymal cyst
that is often associated with dyspnea or pneumothorax. Typically, patients with pulmonary TSC are women of
childbearing age whose pulmonary lesions may be influenced by hormonal changes (Kalassian et al, 1997;
Sullivan 1998). :

An 18-bp deletion (¢.5238_5255del) was identified within exon 40 in both sporadic patients 9 and 10. As this
in-frame deletion has been frequently identified in TSC patients (Dabora et al., 2001), this region may constitute a
hot spot. Another 18-bp in-frame deletion, ¢.5256_5273del (adjacent to 18-bp deletion at c. 5238_5255) was also
identified frequently in four unrelated sporadic cases (Jones et al., 1999). These deletions occur in the sequence
context of & direct repeat of eleven nucleotides with seven intervening nucleotides, and are likely the product of

92



Novel TSC2 Mutations 5

slipped mispaiting during replication (Cooper and Krawczak 1991). The recurrent 18-bp deletion in exon 40 of
TSC2 lies within the putative rabaptin-binding domain (Xiao et al., 1997).

exon 38 intron 38 .

§ 7,

..‘.TCCC[TGCAGT QCA GQA AAG //gu £48 Cof got BEg gee ©
174

[185 a5t g2 gon ag gt gag cog gst 888 goc | tgcaptgtases ...

D D p——
7 insertion/triplication
Figure 1. Schematic representation of the sequence around the site of the insertion detected in patient 8. Open boxes

indicate the set of 34-bp sequences that is duplicated in the normal sequence and triplicated in patient &, Uppercase and
lowercase nucleotides indicate exonic and intronic sequences, respectively.

Figure 2, Western blot analysis, It was confirmed that the same amount of protein had been loaded in each lane and
transferred by staining gel and unused portion of membrane with Coomassie brilliant biue (data not shown). The
arrowhead indicates tuberin, the expression of which is decreased in the sample from patient 8 compared with that of

control. The migration of molecular weight markets is shown to the left. C, control sample derived from an autopsied
brain. )

A 34-bp insertion (c.5068+20_5068+21ins34) was identified in patient 8, In the norimal genorhic sequence, this
34-bp sequence (TGC AGT GCA GGA AAG GTA GGG CCG GGT GGG GCC C) is duplicated across the
boundary of exon 38 and intron 38 (Fig. 1). Patient 8 had three repeats of this 34-bp sequence and there was no
other mutation in any of the exons of 7SC! and TSC2. This patient was a familial case, but attempts to obtain
samples from family members were unsuccessful, Thus, to exclude the possibility that the triplication represented
benign polymorphisms, we analyzed this region in normal Japanese controls as well ag in the Caucasian Population
Panel 100. As expected, this duplication was not observed in any of the control samptes. To test whether this
insertion influences pre-mRNA splicing, cDNA was analyzed around this exon 38 using reverse-transcription
PCR. However, no aberrant splicing was observed (data not shown). To estimate the impact of this genomic
mutation, tuberin expression was assessed in primary-cultured cells from the patient’s giant cell astrocytoma,
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Tuberin expression was decreased compared with normal brain tissue (Fig, 3). This result is compatible with
mmutational loss of TSC2 (Wienecke et al., 1997). However, we cannot exclude the possibility that secondary
effects such as hamartin or rapl expression may negatively influence tuberin exptession.

Unlike many other symptoms that show age-dependant penetzation, intellectual disability in TSC is almost
invariably present from early childhood and rarely escapes detection. However, patient 4 (carrying a nonsense
mutation) exhibited normal intellectual development. Patients 9 and 10 carried the same mutation, but their clinical
features wete different from one other, Thus, the extent of the protein truncation expected from mutations in 78C2
does not necessarily correlate with the severity of the clinical symptoms, Therefore, the severity is likely
dependent on other somatic mutations within the pathogenic lesions. Future determination of the pathogenesis of
these genomic mutations will require the development of a functional assay for tubetin activity.

Five novel variations of TSC2 were also identified (Table 3). The each vatiation was coincidentally identified in

only one control sample which was used for population study. Thus, these vatiation would be very tare and not
disease causing,

Table 3, Summary of the T5C2 Polymorphisms

Location Nucleotide change* Amino Acid Change  Type Novel or Reported by Frequency”
exl4 : ¢.1593C>T pisil sifent Yamashita et al., 2000

exl6 ¢, 1816G=A p-AB0TT missense  novel 1114
ex22 c.2585C>T _ p-ABE2V missense  novel 1114
ex33 ¢.4285G>T p.A14208 miusense  novel 1/114
ex33 c.4349C>G p.P1450R. missetse  hovel /114
IVS33 0.4493+17C>T ' novet © 4
IVS39 c.5161-5C>A Jones etal,, 1999

exd0 . e.5202T>C p.D1734 silent Anetal, 1997

‘(’3’;4; onccoding region) _ &-5724/55.5420458461TAAA Kumar et al,, 1995

; Ttém:qul?mnmy DNA No.; *GenBank X75621.1. Nucleotide numbering, with A of the mitiator

*Frequency of each variation was described as 1/1 14, because the each variation was detected it only one sample among 64 healthy Japanese
volunteers and 50 samples of Caucasian DNA patiel.
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Abstract

Niemann—Pick disease type C (NP-C) is a progressive and fatal neurological disorder characterized by intracellular accumulation of
cholesterol and glycolipid. A Balb/c-npcl mutant strain is a genetically authentic murine model of NP-C, and homozygous mice show
progressive weight loss and tremor or ataxia until death at 12— 14 weeks of age. Neuropathologically, this model is known to faithfully
reproduce the cardinal histologic features of NP-C including neuronal storage, appearance of swollen axons (spheroids), and neuronal loss,
although the cellular mechanisms of neural degeneration are largely unknown. To investigate the mode of neural degeneration of sensory
neurons in NP-C, we studied the central processes of dorsal root ganglion (DRG) neurons at the level of the medullary dorsal column nuclei
and the spinal dorsal horn with special attention to the ultrastructural changes of presynaptic axon terminals. The appearance of axonal
spheroids in the dorsal column nuclei and the loss of axons in the spinal nerve roots were assessed quantitatively. We show that the gracile
nuclei develop numerous axonal spheroids after only 3 weeks. At 6 and 9 weeks, dystrophic axons, which were separated from simple axonal
spheroids by the ultrastructural presence of distinctive tubulo-vesicular elements, progressively increased in size and number. These
neuropathological findings are identical to those of gracile axonal dystrophy (GAD) of the normal aging mouse. Presynaptic elements were
exclusively involved in spheroid formation. The cuneate nuclei and the spinal dorsal horn revealed fewer axonal spheroids and only rare
dystrophic changes. This was associated with a significant drop in the number of L4-5 dorsal root axons in NP-C mouse at 9 weeks of age
compared with controls. These results support the existence of a length-dependent axonopathy in the central processes of DRG neurons and
are consistent with the view that aitered axonal transport, which is implicated in the pathogenesis of GAD in physiological aging, may be an
underlying mechanism in neuronal degeneration in NP-C. Clinically, the premature development of GAD tmay be responsible for ataxia, one
of the early manifestations of this disease.
© 2004 Elsevier Inc. All rights reserved.
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Introduction to other membrane sites (Cruz et al, 2000; Davies et al.,

2000; Neufield et al., 1999). In the monkey central nervous

Niemann—Pick disease type C (NP-C) is an autosomal
recessive disorder of lipid storage metabolism presenting
with a variety of neurological symptoms including cerebel-
lar ataxia, dementia, and supranuclear ophthalmoplegia
(Pentchev et al., 1995). The defective gene responsible for
this disorder is NP-C-1, which causes a disturbance in the
irafficking of free cholesterol from lysosome or endosome
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gystem (CNS), the NP-C-1 protein has been shown to reside
in astrocytic processes adjacent fo neural processes at
synapses, suggesting its role in regional homeostasis (Patel
et al., 1999). However, the cellular mechanisms of neuro-
degeneration in NP-C are largely unknown.
Neuropathologically, the widespread appearance of swol-
len neurites (spheroids) and the accumulation of intraneuro-
nal cytoplasmic inclusions with neuronal loss (Higashi et al.,
1991; Vanier and Suzuki, 1998) are the most characteristic
histologic features of the NP-C brain. The distribution of



