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The History of Tuberous Sclerosis Complex
Vicky H. Whittemore

There are very few rare genetic disorders where the research has moved from clinical
descriptions and case reports to identification of the disease-causing genes, to an
understanding of the underlying mechanisms of disease, and finally to clinical trials
injust 12 years. Research on tuberous sclerosis complex (TSC) has done just that with
the identification of the TSC1 and TSC2 genes in 1993 and 1997, respectively,
identification of the role of the genes in an important cell signaling pathway, and
launching of clinical trials with drugs that specifically target the molecular defect in
individuals with TSC.

1.1
Definition

Tuberous sclerosis complex is a genetically determined multisystem disorder that
may affect any human organ system. Skin, brain, retina, heart, kidneys, and lungs are
most frequently involved with the growth of noncancerous tumors, although tumors
can also be found in other organs such as the gastrointestinal tract, liver, and
reproductive organs. There may also be manifestations of TSC in the central nervous
system (CNS), including tubers (disorganized areas of the cerebral cortex that contain
abnormal cells), scattered abnormal cells throughout the CNS, and other lesions. The
majority of individuals with TSC have learning disabilities that range from mild to
severe, and may include severe intellectual disability and autism spectrum disorder.
In addition, the majority of individuals with TSC will have epilepsy beginning in early
childhood or at any point in the individual’s life. Psychiatric issues including
attention deficit, depression, and anxiety disorder may significantly impair the life
of an individual with TSC and their family, and may impair their ability to live an
independent life. However, there are many very able individuals with TSC who can
carry on healthy and productive lives.

TSC can be inherited in an autosomal dominant manner, but the majority of
cases are thought to be sporadic mutations with no family history of the disease. As
our clinical understanding of the disease has improved over the last century, it is clear
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that the disease is variably expressed, even in the same family and even in two
individuals from different families who have the same genetic mutation in one of
the two TSC genes.

1.2
The History of Tuberous Sclerosis Complex

The first documented descriptions of TSC date back to the early 1800s. Rayer [1]
illustrated the skin lesions on a young man’s face in his atlas in 1835. These skin
lesions had the characteristic distribution and appearance of the facial angiofibromas
frequently seen in individuals with TSC. The pathological findings of a newborn who
died shortly after birth was provided by von Recklinghausen in 1862, and is the first
documented report of a child with cardiac tumors (called “myomata”) and a “great
number of scleroses” in the brain [2] (Table 1.1).

The first detailed description of the neurological symptoms and the gross pathol-
ogy in the central nervous system of three individuals with TSC was provided by
Bourneville in 1880 [3]. He used the term “tuberous sclerosis of the cerebral
convolutions” to describe the CNS pathology in a child with seizures and learning
disability [3]. Moolten first used the term “tuberous sclerosis complex” to describe
the multisystem genetic disorder that may predominantly include involvement of the
skin, heart, brain, kidneys, lungs, eyes, and liver, but can also involve other organ
systems (e.g., the gastrointestinal tract and reproductive organs) [4].

In 1881, Bourneville and Brissaud [5] described a 4-year-old boy with seizures,
limited verbal skills, and a cardiac murmur who subsequently stopped eating
and drinking and died. At autopsy, the brain showed sclerotic, hypertrophic con-
volutions, and they described many small sclerotic tumors covering the lateral
walls of the ventricles — the first description of what later became known as
subependymal nodules. They also described small yellowish-white tumors in the
kidneys and proposed the association between the CNS and renal manifestations of
TSC. Balzer and Menetrier [6] and then Pringle [7] described the facial lesions
illustrated much earlier by Rayer and called them “congenital adenoma sebaceum.”
It was not until 1962 that Nickel and Reed [8] showed that the sebaceum glands were
not enlarged in the facial lesions in TSC, but that they were often absent or atrophic.
However, these lesions were only renamed facial angiofibromas after additional
pathological descriptions of the lesions showed that the term adenoma sebaceum
was a misnomer [9].

For many years, Vogt’s triad of seizures, learning disability, and “adenoma
sebaceum” (facial angiofibromas) was used to diagnose TSC [10]. Vogt also noted
that cardiac and renal tumors were part of the disease.

In 1920, van der Hoeve coined the term phakomatoses to describe disorders that
were characterized by the presence of circumscribed lesions or phakomas that had
the potential to enlarge and form a tumor [11]. The three phakomatoses included
TSC, neurofibromatosis, and von Hippel-Lindau disease. All three diseases have a
spotty distribution of the lesions and the lesions can grow as benign tumors.
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Historical milestones of the tuberous sclerosis complex.

Clinicopathological developments

1835
1862
1879
1885
1908
1910
1912
1913
1920
1932
1942
1967

1979
1987
1988
1998
1999
2001
2007

First illustration of facial angiofibromas in atlas [1]

Cardiac “myomata” described in newborn [2]

Cortical “tuberosities” identified [3]

Report of “adenoma sebaceum” [6]

Diagnostic triad proposed [10]

Hereditary nature of TSC described [20]

Hereditary nature of TSC [21]

Forme fruste with normal intelligence [22]

Retinal phakoma identified [11]

Review of clinical aspects and discovery of hypomelanotic macules [12]
First use of the term “tuberous sclerosis complex” [4]

Significant number of individuals with TSC found to have average (normal)
intelligence [17]

New criteria for diagnosis of TSC, decline of Vogt’s triad [18]

Full spectrum of psychiatric issues described [14-16]

Revised diagnostic criteria for TSC [18]

Diagnostic criteria revised [19]

Phenotype/genotype correlations [30]

Phenotype/genotype correlations [31]

Phenotype/genotype correlations [32]

Genetic and scientific developments

1987
1992

1993
1997
2001
2002

2002
2003

2005

2006
2008

Positional cloning: mapping of the TSC1 gene to chromosome 9q34.3 [25]
Finding of nonlinkage to chromosome 9 [26]; mapping of the TSC2 gene to
chromosome 16p13.3 [27]

Cloning of the TSC2 gene; its protein product is called tuberin [28]

Cloning of the TSC1 gene; its protein product is called hamartin [29]
Drosophila homologues Tsc1 and Tsc2 involved in regulation of cell and organ
size [33-35]

Tuberin found as a target of the PI3k/akt pathway [36]; TSC1/2 protein complex
described [37]

Activation of mTOR pathway in TSC described [38]

mTOR activation confirmed in renal angiomyolipomas from individuals with
TSC [39]

Rapamycin (mTOR inhibitor) reduces renal tumors in Eker rats [40] and mouse
models [41]

Rapamycin shown to reduce the size of subependymal giant cell astrocytomas [42]
Rapamycin reduces size of renal angiomyolipomas [43]

It was not until 1932 that the significance of the white spots (hypomelanotic
macules) on the skin of individuals was noted as helpful in the diagnosis of TSC [12].
They also described autistic behavior in some of the 29 individuals with TSC they
observed. Kanner [13] described “early infantile autism” 11 years later, but it was not
until far more recently that the link between TSC and autism spectrum disorder was
truly recognized [14-16).

Averyimportant shift in our understanding and diagnosis of TSC occurred in 1967
when Lagos and Gomez [17] reported their findings from a family with 71 affected
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individuals in which five generations were affected by TSC. In this family, 38% of the
69 individuals, where information on their intellectual abilities was known, had
average intelligence, while 62% had learning disabilities. These data led to the new
diagnostic criteria that were first published in 1988 18], although many clinicians still
used Vogt’s triad to diagnose TSC for many years, incorrectly and inappropriately
referring to individuals with TSC as persons with “fits, zits and who are nitwits.” The
diagnostic criteria were revised again in 1998 [19] and will continue to be revised as
more knowledge is gained about the clinical and genetic aspects of the disease.

The hereditary nature of TSC was recognized in the early 1900s through the
observation of families that had multiple affected individuals in two or more
generations [20, 21]. Schuster [22] confirmed that TSC was a hereditary disease, but
also described individuals with only the “adenoma sebaceum” component of Vogt’s
triad, with no seizures or intellectual disability. Initially, these individuals were
described as having forme fruste TSC (from the French fluster, or defaced), a term that
was not clearly defined but was used for individuals with “incomplete” phenotypes
who did not meet diagnostic criteria.

With the improvement of technology to image the human body starting in the mid-
1970s, it became possible to diagnose individuals with TSC who had manifestations
of the disease but who were clinically asymptomatic. The development of computed
tomography (CT) of the head allowed the imaging of subependymal nodules,
subependymal giant cell tumors (SGCTs), and calcified tubers starting in 1974. This
was followed by echocardiography to image cardiac rhabdomyomas and renal
ultrasound to image renal tumors in individuals with TSC. However, the develop-
ment of magnetic resonance imaging (MRI) in 1982 provided the means to much
more accurately and explicitly image cortical tubers and other manifestations of TSC.
As new technologies are developed and applied to the study of the clinical manifesta-
tions of TSC, our knowledge of the disease and our ability to diagnose TSC will
significantly improve.

13
Hereditary Nature of TSC

Kirpicznik [20] first recognized TSC as a genetic condition after reporting on a family
with affected individuals in three generations, including identical and fraternal
twins. Adenoma sebaceum (correctly termed facial angiofibromas) were reported to
be inherited in families [6, 7]. Berg[21] also described the hereditary nature of TSC in
1913, and Schuster [22] confirmed this and noted the exceptional individual with only
the facial lesions without intellectual disability.

The dominant inheritance of TSC and its high mutation rate were demonstrat-
ed [23, 24], butvery little progress was made until genetic linkage analysis identified
a probably TSC gene on chromosome 9q34 in 1987 [25], identified as the TSC1
locus. Numerous linkage analysis publications narrowed the search for the TSC
gene(s), with a group in the United States showing that there some families with
TSC had a linkage to chromosome 9, but that there were certainly one or more
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additional loci [26]. This led to the identification of a second linkage to chromosome
16p13 [27], designated as the TSC2 locus. The TSC2 gene was cloned first by the
European Chromosome 16 Consortium [28] in 1993, with the TSC1 gene cloned in
1997 [29].

A molecular diagnostic test for TSC was launched in the early 2000s, and is used
today for confirmation of a clinical diagnosis of TSC, to assist in the diagnosis of TSC,
and for reproductive decision making, including prenatal diagnosis and preimplan-
tation genetic diagnosis combined with in vitro fertilization. Several studies have
attempted to correlate the phenotype (the clinical manifestations of the disease
expressed) with the genotype (the specific genetic mutation) for individuals with TSC,
with reinforcement of the notion that TSC is variably expressed even in individuals
with the exact genetic mutation [30-32].

1.4
Molecular Mechanisms in TSC

Little was known about the cause of TSC prior to identification of the TSC1and TSC2
genes in the 1990s. A naturally occurring rat mutation in Tsc2, the Eker rat model, had
been used extensively to study TSC, but it was not until the Drosophila homologues,
Tsc1 and Tsc2, were found to be involved in regulation of cell and organ size [33-35]
that significant progress could be made. Finding that the TSC2gene product, tuberin,
was a target in an important cell signaling pathway [36] and the identification that the
TSC1 and TSC2 gene products worked together in a complex [37] led to finding the
critical role of the TSC genes in regulation of the mTOR pathway [38]. mTOR
activation has been confirmed in renal angiomyolipomas from individuals with
TSC[39], and an mTOR inhibitor, rapamycin, has been shown to reduce renal tumors
in Eker rats [40] and TSC mouse models [41] and, more recently, to reduce the size of
subependymal giant cell astrocytomas [42] and renal angiomyoloipomas [43] in
individuals with TSC.

1.5
The Future of TSC

Significant progress has been made in TSC research, but there are still many
questions left unanswered. The clinical trials look promising, but may or may not
be effective for treatment of both the CNS manifestations and tumor growth in
various organ systems without very early treatment and/or chronic drug therapy. Yet
another revision of the diagnostic criteria is needed to include those individuals who
do not meet criteria for a diagnosis based on the previous criteria, but are found to
have a disease-causing variation in either the TSC1 or TSC2 gene. The future holds
much promise for improving the quality of life for individuals with TSC, and for
reaching an even more complete understanding of the underlying mechanisms that
result in the many and variable manifestations of the disease.



8| 1 The History of Tuberous Sclerosis Complex

References

—_

w

v

~N

10

n

12

13

Rayer, P.F.O. (1835) Traité Theorique et
Pratique des Maladies de la Peau, 2nd edn,
JB Bailliere, Paris.

von Recklinghausen, F. (1862) Ein Herz
von einem Neugeborene welches
mehrere theils nach aussen, theils nach
den Hohlen prominirende Tumoren
(Myomen) trug. Monatschr. Geburtsheklkd.,
20, 1-2.

Bourneville, D.M. (1880) Sclérose
tubéreuse des circonvultions cérébrales:
idiotie et épilepsie hémiplégique. Arch.
Neurol. (Paris), 1, 81-91.

Moolten, S.E. (1942) Hamartial nature of
the tuberous sclerosis complex and its
bearing on the tumor problem: report of
one case with tumor anomaly of the
kidney and adenoma sebaceum. Arch.
Intern. Med., 69, 589-623.

Bourneville, D.M. and Brissaud, E. (1881)
Encéphalite ou sclérose tubéreuse des
circonvultions cérébrales. Arch. Neurol.
(Paris), 1, 390410.

Balzer, F. and Menetrier, P. (1885) Etude
sur un cas d’adénomes sébacés de la face
et du cuir chevelu. Arch. Physiol. Norm.
Pathol. (série 11I), 6, 564-576.

Pringle, J.J. (1890) A case of congenital
adenoma sebaceum. Br. J. Dermatol., 2,
1-14.

Nickel, W.R. and Reed, W.B. (1962)
Tuberous sclerosis. Arch. Dermatol., 85,
209-226.

Sanchez, N.P., Wick, M.R., and Perry,
H.O. (1981) Adenoma sebaceum of
Pringle: a clinicopathologic review,

with a discussion of related pathologic
entities. J. Cutan. Pathol, 8 (6), 395-403.
Vogt, H. (1908) Zur Pathologie und
pathologishcen Anatomie der
verschiedenen Idiotieform. Monatsschr.
Psychiatr. Neurol., 24, 106-150.

van der Hoeve, J. (1920) Eye

symptoms in tuberous sclerosis of the
brain. Trans. Ophthalmol. Soc. UK, 20,
329-334.

Critchley, M. and Earl, C.J.C. (1932)
Tuberose sclerosis and allied conditions.
Brain, 55, 311-346.

Kanner, L. (1943) Autistic disturbances of
affective contact. J. Pediatr., 2, 217-250.

14

15

16

17

18

19

20

21

22

23

24

25

26

Hunt, A. and Dennis, J. (1987) Psychiatric
disorders among children with tuberous
sclerosis. Dev. Med. Child Neurol., 29,
190-198.

Smalley, S., Smith, M., and Tanguay, P.
(1991) Autism and psychiatric disorders in
tuberous sclerosis. Ann. N.Y. Acad. Sci.,
615, 382-383.

Curatolo, P., Cusmai, R., Cortesi, F.,
Chiron, C., Jambaque, I., and Dulac, O.
(1991) Neuropsychiatric aspects of
tuberous sclerosis. Ann. N.Y. Acad. Sci.,
615, 8-16.

Lagos, J.C. and Gomez, M.R. (1967)
Tuberous sclerosis: reappraisal of a
clinical entity. Mayo Clin. Proc., 42, 26-29.
Gomez, M.R. (1988) Criteria for diagnosis,
in Tuberous Sclerosis, 2nd edn (ed. M.R.
Gomez), Raven Press, New York.

Roach, E.S., Gomez, M.R., and Northrup,
H. (1998) Tuberous sclerosis complex
consensus conference: revised clinical
diagnostic criteria. J. Child Neurol., 13,
624-628.

Kirpicznik, J. (1910) Ein Fall von
Tuberoser Sklerose und gleichzeitigen
multiplem Nierengeschwiilsten. Virchow
Arch. Pathol. Anat., 202 (3), 358.

Berg, H. (1913) Vererbung der Tuberésen
Sklerose durch zweigzu drie Generationen.
Z. Ges. Neurol. Psychiatr., 19, 528-539.
Schuster, P. (1914) Beitrige zur Klinik der
tuberdsen Sklerose des Gehirns. Disch. Z.
Nervenheilkd., 50, 96-133.

Gunther, M. and Penrose, L.S. (1935) The
genetics of epiloia. J. Genet., 31, 413-430.
Nevin, N.C. and Pearce, W.G. (1968)
Diagnostic and genetical aspects of
tuberous sclerosis. J. Med. Genet., 5,
273-280.

Fryer, A.E., Chalmers, A.H., Connor, .M.,
Fraser, 1., Povey, S., Yates, A.D., Yates, ].R.,
and Osborne, J.P. (1987) Evidence that the
gene for tuberous sclerosis is on
chromosome 9. Lancet, 1, 659—661.
Northrup, H., Kwiatkowski, D.J., Roach,
E.S., Dobyns, W.B., Lewis, R.A., Herman,
G.E., Rodriguez, E., Daiger, S., and
Blanton, S.H. (1992) Evidence for genetic
heterogeneity in tuberous sclerosis: one
locus on chromosome 9 and at least one



27

28

29

30

31

32

33

34

35

locus elsewhere. Am. J. Hum. Genet., 51,
709-720.

Kandt, R.S., Haines, J.K., Smith, M.,
Northrup, H., Gardner, R.J., Short, M.P.,
Dumars, K., Roach, E.S. et al. (1992)
Linkage of an important gene locus for
tuberous sclerosis to a chromosome 16
marker for polycystic kidney disease. Nat.
Genet., 2, 37-41.

The European Chromosome 16
Consortium (1993) Identification and
characterization of the tuberous sclerosis
gene on chromosome 16. Cell, 75,
1305-1315.

Van Slegenhorst, M., de Hoogt, R.,
Hermans, C., Nellist, M., Janssen, B.,
Verhoef, S., Lindhout, D., van den
Ouweland, A. et al. (1997) Identification of
the tuberous sclerosis gene TSC1 on
chromosome 9q34. Science, 277, 805-808.
Jones, A.C., Shyamsundar, M.M.,
Thomas, H.W., Maynard, J., Idziaszczyk,
S., Tomkins, S., and Sampson, J.R. (1999)
Comprehensive mutation analysis of
TSC1 and TSC2 and phenotypic
correlations in 150 families with tuberous
sclerosis. Am. J. Hum. Genet., 2, 217-250.
Dabora, S.L., Jozwiak, S., Franz, D.N.,
Roberts, P.S., Nieto, A., Chung, J., Choy,
Y.S., Reeve, M.P. et al. (2001) Mutational
analysis in a cohort of 224 tuberous
sclerosis patients indicates increased
severity of TSC2 compared with TSC1
disease in multiple organs. Am. J. Hum.
Genet., 68, 64-80.

Au, K.S., Williams, A.T., Roach, E.S.,
Batchelor, L., Sparagana, S.P., Delgado,
M.R., Wheless, ].W., Baumgartner, J.E.
et al. (2007) Genotype/phenotype
correlation in 325 individuals referred for
a diagnosis of tuberous sclerosis complex
in the United States. Genet. Med., 9,
88-100.

Gao, X.and Pan, D. (2001) TSC1 and TSC2
tumor suppressors antagonize insulin
signaling in cell growth. Genes Dev., 15,
1383-1392.

Potter, C.J., Huang, H., and Xu, T. (2001)
Drosophila Tscl functions with Tsc2 to
antagonize insulin signaling in regulating
cell growth, cell proliferation, and organ
size. Cell, 105, 357—-368.

Tapon, N, Ito, N., Dickson, B.]., Treisman,
J.E., and Hariharan, I.K. (2001) The

36

37

38

39

40

11

42

43

References

Drosophila tuberous sclerosis complex
gene homologs restrict cell growth and cell
proliferation. Cell, 105, 345-355.
Manning, B.D., Tee, A.R., Logsdon, M.N.,
Blenis, J., and Cantley, L.C. (2002)
Identification of the tuberous sclerosis
complex-2 tumor suppressor gene product
tuberin as a target of the phosphoinositide
3-kinase/akt pathway. Mol. Cell, 10,
151-162.

Tee, A.R., Fingar, D.C,, Manning, B.D.,
Kwiatkowski, D.J., Cantley, L.C., and
Blenis, J. (2002) Tuberous sclerosis
complex-1 and -2 gene products function
together to inhibit mammalian target of
rapamycin (mTOR)-mediated
downstream signaling. Proc. Natl. Acad.
Sci. USA, 99, 13571-13576.

Kenerson, H.L., Aicher, L.D., True, L.D.,
and Yeung, R.S. (2002) Activated
mammalian target of rapamycin pathway
in the pathogenesis of tuberous sclerosis
complex renal tumors. Cancer Res., 62,
5645-5650.

El-Hashemite, N., Zhang, H., Henske,
E.P., and Kwiatkowski, D.]. (2003)
Mutation in TSC2 and activation of
mammalian target of rapamycin
signalling pathway in renal
angiomyolipoma. Lancet, 361, 1348-1349.
Kenerson, H., Dundon, T.A., and Yeung,
R.S. (2005) Effects of rapamycin in the
Eker rat model of tuberous sclerosis
complex. Pediatr. Res., 57, 67-75.

Lee, L., Sudentas, P., Donohue, B.,
Asrican, K., Worku, A., Walker, V., Sun, Y.,
Schmidt, K. et al. (2005) Efficacy of a
rapamycin analog (CCI-779) and IFN-
gamma in tuberous sclerosis mouse
models. Genes Chromosomes Cancer, 42,
213-227.

Franz, D.N., Leonard, J., Tudor, C., Chuck,
G., Care, M., Sethuraman, G.,
Dinopoulos, A., Thomas, G., and Crone,
K.R. (2006) Rapamycin causes regression
of astrocytomas in tuberous sclerosis
complex. Ann. Neurol., 59, 490-498.
Bissler, J.J., McCormack, F.X., Young,
L.R., Elwing, ]. M., Chuck, G., Leonard,
J.M., Schmithorst, V.J., Laor, T. et al. (2008)
Sirolimus for angiomyolipoma in
tuberous sclerosis complex or
lymphangioleiomyomatosis. N. Engl. J.
Med., 358, 140-151.

9






