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Genetic Heterogeneity in 
Tuberous Sclerosis 

Map Position of the 
TSC2 Locus on Chromosome l l q  

and Future Prospects" 

MOYRA SMITH, K. YOSHIYAMA, C. WAGNER, 
P. FLODMAN, AND B. SMITH 

Department of Pediatrics 
University of California, Irvine 

Irvine, California 9271 7 

Tuberous sclerosis is a disorder characterized by hamartias and hamartomas 
expressed in tissues and organs throughout the body. This disorder displays great 
variation in expression and severity both within and between families.' Results of 
studies indicate that as many as 68% of cases of tuberous sclerosis (TSC) may 
represent new mutations.2 

Linkage studies in tuberous sclerosis indicate that a TSC locus maps to chro- 
mosome 9q34, but that genetic heterogeneity is likely and that a second TSC 
locus, TSC2, maps to chromosome 1 Iq.3-5 The study presented here describes the 
results of analyses designed to obtain further information on the position of the 
chromosome 11 TSC locus in families evaluated by  US.^ In addition, we will 
discuss reported similarities in certain pathologic manifestations in TSC and 
ataxia telangiectasia. These similarities are of interest in light of the mapping of 
ataxia telangiectasia to the same region as the TSC I O C U S . ~  We will discuss disor- 
ders in which interaction between two separate distant loci was required to pro- 
duce the phenotype.*v9 We will consider a hypothesis to explain the lack of pene- 
trance in certain cases of TSC and for the variable manifestations in TSC, and will 
discuss experimental methodologies to test this hypothesis. Finally, we will dis- 
cuss plans to further refine the mapping of the TSC locus and elucidate the nature 
of the underlying genetic defect. 

MATERIALS AND METHODS 

Included in these analyses are seven families with a total number of 106 
individuals, in which analysis of markers on both chromosome 9 and 11  was 
carried out and in which results of various forms of statistical testing by members 
of the TSC collaborative group" indicate that the TSC locus maps to chromo- 
some l lq .  These families are Irvine TS 8, 15, 16, 20, 24, 26, and 101. The most 
clearcut manifestations of tuberous sclerosis occurred in many members in fami- 

a Funding for this project was provided by grant HD23745 (to M.S.) from the National 
Institute for Childhood Diseases. 
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lies 8, 16, 20, 24, 26, and 101. The pedigrees of these families and details of the 
TSC manifestations are presented in reference 6. 

Fifteen markers mapped from 1 lq14-1 lq23. I were used to define the position 
of the TSC locus. These markers are listed below approximately in order from the 
most proximal, that is, centromeric, to the most distal: tyrosinase, stromolysin, 
DllS84, DllS35, CJ52.75, CJ52.5, DllS132, CJ52.77, DllS3.51, DllS144, 
DllS29 HBI18P2, PBGD, CJ52.12, and HHH172. References for methods of 
polymorphism analysis and for chromosomal assignment are listed in refs. 10 and 
11. In many instances we derived fragments from these probes that detect the 
documented RFLPs but are free of repetitive sequence, thus facilitating their use 
in hybridizations and Southern blot analysis. Fourteen of the fifteen probes repre- 
sent two allele systems. The probe D1 IS35 detects a microsatellite polymorphism 
with seven alleles.'* 

RESULTS 

Examination of the genotypes of markers between tyrosinase and HBI18P2 in 
the TSC familiesjust listed revealed that families TSC 16, 26, and 101 were most 
informative in trying to position the TSC gene. The pedigrees of these families and 
their genotypes are illustrated in FIGURES 1 ,  2 ,  and 3. 

Examination of genotypes in family 16 indicates that two individuals, 16-7 and 
16-9, had TSC recombinant with DI 1S29 and markers distal to this locus (FIG. 1). 
Examination of genotypes in family 26 (particularly individuals 26-6 and 26- 10) 
places TSC below DI 1S35. Family TSC 101 was classified as a chromosome 11 
family on the basis of the applied artificial chromosome m e t h ~ d , ~  but was unclas- 
sified on the basis of the maximum lod score or negative lod score m e t h ~ d . ~  If this 
family does represent a chromosome 1 1  TSC family, results of genotype analysis 
in individual 5 would place TSC below Cri424 (DllS132) and below CJ52.5. 
Genotype analysis in individual GS7 would place TSC above CJ52.208/Mct 128.1 
(DllS351/DllS144). The distance between markers D11S132 and D11S144 has 
been estimated to be 10 centimorgans (cM).I3 The distance between DI 1S144 and 
CJ52.5 has been estimated to be approximately 5 cM." Analysis in this family 
would therefore place the TSC2 gene in the 5-cM centimorgan interval between 
D1 IS144 and CJ52.5. 

DISCUSSION 

Results of linkage analyses of a collaborative dataset by three groups of inves- 
tigators indicate genetic heterogeneity in tuberous sclerosis and evidence that 
gene loci on chromosomes 9 and 11 lead to this disorder. Existence of a third 
locus has not been ruled o ~ t . ~ - ~  In the study presented here we have described 
analyses carried out with 15 probes on chromosome Ilq to define the regional 
localization of the TSC2 gene. These studies indicate that TSC2 maps below 
Dl IS35 and above D1 lS29. 

FUTURE PROSPECTS 

For further progress in the genetic analyses of TSC it will be important to 
refine the mapping of the TSCl and TSC2 genes on chromosomes 9 and 1 1 .  It will 
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FIGURE 1. 
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FIGURES 1,2, and 3. Genotypes for chromosome 1 lq markers in families TSC 16,26, and 
101. Markers are listed in linear order, according to references 10, 1 1 ,  and 13. Note, how- 
ever, that in some cases the exact linear order is not determined with certainty at this time, 
for example, order of DllS132 (Cri1424) relative to DllS35. 
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be particularly important to develop additional highly polymorphic probes in 
these chromosomal regions, for example, the microsatellite repeat type of poly- 
morphisms that have multiple alleles. l 2*I4  Definitive classification of a particular 
family as TSCl or TSC2 will depend on the development of highly informative 
markers in the 9q34 and 1 lq22-q23 regions. Further studies are needed to investi- 
gate whether there is additional heterogeneity. 
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The availability of highly informative markers will allow us to progressively 
narrow the chromosomal region to which the TSCl and TSC2 genes are assigned 
using linkage analysis. Subsequently physical mapping using, for example, pulse- 
field gel electrophoresis, will need to be carried out within the defined gene 
region. 
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ANALYSIS OF N-CAM IN TSC2 FAMILIES 

The N-CAM gene that maps to the chromosome I lq22-q23 regionI5 represents 
a possible candidate gene for TSC2. Additional studies are required to define 
informative N-CAM polymorphisms that will allow it to be placed on the linkage 
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FIGURE 3. Legend on page 276. 
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map of the 1 lq22-q23 region. Having defined a group of TSC2 families it will now 
be more feasible to plan a series of experiments to determine the possible occur- 
rence of structural chromosome changes in the vicinity of the N-CAM gene (e.g., 
analysis of large DNA fragments by pulse-field gel electrophoresis). It may be 
possible to undertake analysis of more subtle changes in the N-CAM gene using 
techniques such as denaturing gel electrophoresis.I6 
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MAPPING OF A LOCUS FOR ATAXIA TELANGIECTASIA TO 

TUBEROUS SCLEROSIS 
CHROMOSOME llq22-q23: SIGNIFICANCE FOR 

Gatti et al.’ mapped a gene for ataxia telangiectasia to chromosome I lq22-q23. 
Multipoint analysis indicates that the most likely map position of this locus is 
between DI 1S144 and D11S132. It is of interest that tuberous sclerosis-like le- 
sions have been described in patients with ataxia telangiectasia. 

Amronin et al.’ described subependymal nodules in the fourth ventricle of a 
patient with ataxia telangiectasia. They noted the presence within these lesions of 
cells that resembled those found in tubers of tuberous sclerosis. Gottoff et 
described a patient with ataxia telangiectasia with brain lesions that so closely 
resembled those of tuberous sclerosis that they concluded that the patient had 
both disorders. De Leon et  al.I9 described a patient with a small hamartomatous 
tumor in the thalamus. This lesion contained bizarre dysplastic neurons and glia 
and enlarged blood vessels. 

The significance of these findings is not clear at this time. One possibility is 
that the TSC and AT genes map very close together and that a deletion in a 
particular region may affect both genes. Another possibility is that the TSC and 
AT genes are related. 

HYPOTHESES CONCERNING THE PATHOGENESIS OF TSC LESIONS 
AND SPECULATIONS ON THE NATURE OF POSSIBLE CANDIDATE 

GENES 

Steffanson et a/.20 on the basis of immunohistochemical analysis of TSC le- 
sions in the brain, postulated that the brain lesions in tuberous sclerosis may arise 
from defective stem cells in the primitive neural epithelium. A number of defec- 
tive stem cells may fail to undergo cell migration, whereas other defective stem 
cells may undergo migration but on reaching the cortex may fail to differentiate 
and may form aggregates (cortical tubers). Reagan2’ noted that heterotopic neu- 
rons, sometimes of the giant cell type, may occur in the subcortical matter in 
patients with tuberous sclerosis. He noted that these lesions are distributed in a 
radial pattern between the ventricles and brain surface, and considered them to be 
representative of migration arrest of cells derived from the periventricular germi- 
nal matrix. CavinessZZ proposed that abnormal function or premature differentia- 
tion of the radial glial cells may lead to abnormal cell migration in the developing 
brain. 

go me^^^ proposed that in tuberous sclerosis certain neuronal cells may fail to 
migrate because they lack a functioning cell surface receptor. 

INFORMATION ON NEURONAL CELL MIGRATION FROM 
OTHER SPECIES 

Bieber et noted that in the developing Drosophila nervous system are four 
different membrane-associated glycoproteins (of the neural cell adhesion type) 
that are regionally expressed on subsets of axons and interacting glia. They noted 
that an analogous situation exists in vertebrates in which there is evidence that 
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neural cell adhesion systems are redundant and that perturbation of more than one 
system is necessary before effects are visualized. 

Elkins et al.25 recently reported information on an analysis of mutants which 
indicated that the development of a mutant phenotype in Drosophila was depen- 
dent on interactions between mutations at the Abelson (tyrosine kinase) locus and 
at a neural cell adhesion molecule locus. This report is of particular interest 
because the TSCl locus in humans maps close to the ABL oncogene locus and 
that genes encoding neural cell adhesion molecules have also been mapped in the 
vicinity of the TSC genes. Because TSC is inherited as an autosomal dominant, it 
is unlikely that such interaction is important in familial TSC; however, it may be 
important in sporadic cases of TSC. Inasmuch as many such cases do not repro- 
duce, it would not be possible to determine the mode of transmission. 

Furley et ~ 1 . ~ ~  noted that navigation of axons to their targets is selected by 
environmental guidance cues, which include diffusible tropic functions, and the 
interaction of cellular matrix and cell surface glycoproteins. A number of cell 
surface glycoproteins, classified as neural cell adhesion molecules, have shown 
specific domains that interact with fibronectin, for example, the TAG neural cell 
adhesion molecule described by Furley et alaZ6 

From the foregoing description it is clear that aberrant neuronal cell migration 
could be due to interruption of any one of a number of processes or interactions. 
Very little information is available that sheds light on the developmental origins of 
tuberous sclerosis lesions outside the central nervous system. Gomezz3 suggests 
that abnormal cell surface receptors may play a role in origin of angiomyolipomas, 
angiofibromas, and lung lesions in tuberous sclerosis. It is of interest that genes 
encoding the progesterone receptor and the dopamine D2 receptor have been 
mapped in band q23.1 of chromosome 1 1.Io 

In the pathogenesis of tuberous sclerosis lesions, one feature that needs to be 
explained is that certain lesions (hamartomas) undergo cellular proliferation. Of 
particular interest are recent studies that describe the role of cell adhesion mole- 
cules in cell proliferation and tumor progression. Vogelstein and c o - ~ o r k e r s ~ ~  
have cloned a tumor suppressor gene from colorectal carcinoma and determined 
that this gene shows significant homology to neural cell adhesion molecules, that 
is, immunoglobulin-like domains and fibronectin-related domains. That certain 
hamartomas have their growth peak at different ages’.23 suggests that hormonal or 
growth factors and the interactions of these factors with cell surface receptors 
may also play a role in the origin of the lesions. 

The significance of considering hypotheses on the nature of the TSC gene 
defect is that isolation of the TSC gene may be facilitated if we consider possible 
candidate genes in the particular chromosomal regions where TSCl and TSC2 
have been localized on the basis of linkage analysis with random marker loci. 

HYPOTHESES CONCERNING FACTORS INVOLVED IN THE 
PATHOGENESIS OF SPECIFIC LESIONS IN TUBEROUS SCLEROSIS 

A number of investigators have suggested that in an individual who carries the 
TSC gene a second somatic event is required to give rise to the TSC lesions. 
Caviness2z suggested that this second event may be gene deletion, leading to loss 
of function of the TSC gene region on the “normal” chromosome. By analogy 
with the retinoblastoma situation it seems possible the secondary somatic event 
may be not only deletion but also aberrant somatic crossing-over.28 
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Organ involvement and the extent of lesions in a particular case of TSC de- 
pend on which cells undergo the second mutation and on the timing of this second 
mutation in development relative to the timing of specific cell differentiations and 
migrations. In hamartias, such as hypomelanotic macules, the gene deletion event 
may lead to loss of function, for example, inadequate melanosome function. In 
hamartomas, such as periungual fibromas, the secondary somatic event may be 
linked to abnormal cellular proliferation. 

EXPERIMENTS THAT MAY ALLOW THE FOREGOING HYPOTHESES 
TO BE TESTED 

The TSC genes are currently mapped to large regions (minimum of 10 centi- 
morgans on chromosome 9q24 and 1 lq22-q23). Fine structure mapping of these 
chromosomal regions and the development of additional, highly polymorphic 
probes in these regions will enable us to identify more precisely the location of the 
TSC genes. In addition, the extensive observations on the pathogenesis of TSC, 
combined with current knowledge on  the molecular biology of development, will 
allow us to identify candidate genes that have been mapped to these gene regions. 
In addition to being used as markers in linkage analysis, candidate genes and 
random DNA probes can be used to search for major chromosomal rearrange- 
ments, such as. by pulse field electrophoresis. In candidate genes that show tight 
linkage to TSC, more subtle mutations can be analyzed using denaturing gradient 
gel electrophoresis. More precise identification of the location of the TSC gene 
will enable us to select probes for analysis of TSC lesions to search for evidence of 
secondary somatic events that may be involved in their pathogenesis. 
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