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Abstract

Purpose of review—Tuberous sclerosis complex (TSC) is a multiorgan genetic disease caused
by mutations in the TSC1 or TSC2 genes. TSC has been recognized for many years as an important
cause of severe neurological disease with patients suffering from epilepsy, developmental delay,
autism, and psychiatric problems. During the last year there has been enormous advances in basic
and translational research pertaining to TSC.

Recent findings—In this review, | discuss the basic science findings that position the TSC1 and
TSC2 genes as critical regulators of the mTOR kinase within mTORCL. In addition, | will discuss

the development of new animal models, translational data, and recent clinical trials using mTORC1
inhibitors such as rapamycin.

Summary—The past few years have seen spectacular advances that have energized TSC related
research and challenged existing symptomatic treatments. While it remains to be seen whether use
of mTORCL inhibitors will revolutionize the care of patients with TSC, the application of basic and
translational research towards a specific clinical disorder emphasizes the potential and promise of
molecular medicine.
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"O wonder!

How many goodly creatures are there here!
How beautious mankind is!

O brave new world,

That has such people in't! "

-Miranda, from “The Tempest” by William Shakespeare

Introduction

Tuberous Sclerosis Complex (TSC) is a relatively common multi-system disorder seen in
approximately 1:6,000 people worldwide [1]. Children and adults with TSC are well known
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to neurologists as they have a very high prevalence of epilepsy, autism, developmental delay,
mental retardation, and other neurological and psychiatric problems.

TSC was initially described in the 19t century [2] but further progress on disease pathogenesis
was quite slow. The eventual emergence of molecular biology and genetics allowed the cloning
of the causative TSC1 and TSC2 genes that respectively encode hamartin and tuberin [3-5].
As these proteins physically bind and function within a multiprotein entity, loss of function of
either TSC1 and TSC2 appears sufficient to cause TSC though patients with TSC2 mutations
typically have more severe clinical findings than those with TSC1 [5]. TSC can be inherited
as an autosomal dominant disorder though the majority of patients have apparent spontaneous
mutations in TSC1 or TSC2 [6]. While some controversy remains, the prevailing model invokes
a “two-hit hypothesis” with functional loss of both copies of either the TSC1 or TSC2 genes
required to produce disease [7]. Evidence for such a model is readily found in kidney, skin,
and lung lesions associated with TSC but has been quite difficult to demonstrate in brain
malformations [8]. This lack of evidence has led some investigators to postulate that hamartin
or tuberin may be inactivated through post-translational modifications such as phosphorylation
by ERK [9].

Neuropathology

Epilepsy

Hamartomas are the pathologic hallmark of TSC. These lesions contain cells that have
undergone abnormal differentiation but generally behave as benign tumors. TSC associated
hamartomas in the cerebral cortex (tubers) are severe malformations of cortical development
with complete disruption of the normal laminar organization of the cerebral cortex. In addition,
tubers contain abnormally large (“giant”) cells that variously express markers of both neuronal
and glia differentiation. Epilepsy and autism in TSC are generally ascribed to the presence of
these tubers though there is some evidence to suggest functional abnormalities in brain regions
that appear to be tuber-free [10]. In addition to tubers, other brain hamartomas include
subependymal nodules and subependymal giant cell astrocytomas (SEGAS). These latter
lesions are clinically important as continued growth near the Foramen of Monro during the
first 20 years of life can lead to CSF obstruction flow and may eventually cause hydrocephalus,
visual loss, and death.

There is an incredibly high prevalence of seizure disorders in TSC, affecting at least 90% of
all patients [11]. Many different types of partial and generalized seizures are seen in TSC and
are often very difficult to treat with conventional therapies. Of note, infantile spasms (IS) are
seen in up to 50% of children with TSC. While typically a devastating form of seizures in
young children, IS in TSC patients respond exceptionally well to vigabatrin [12]. As vigabatrin
inhibits the catabolism of GABA to increase brain levels of this inhibitory neurotransmitter,
the pathophysiology of infantile spasms in TSC may relate to abnormal GABAergic inhibition
within the brain. Despite the rapid cessation of 1S in most patients with TSC treated with
vigabatrin and the near normalization of their EEG, the long term prognosis remains poor for
many patients though importantly, a subset have normal intelligence or mild cognitive
impairment [13+]. While the response of IS to vigabatrin is an important clue to the early
pathophysiology of TSC, much more clearly needs to be learned about the development and
progression of epilepsy and other neurological and psychiatric abnormalities in these patients.

Signaling Pathways

The main catalyst for the accelerated pace of research discoveries in this field was the
identification of TSC1/TSC2 as upstream regulators of Rheb and the mTOR kinase (Figure 1,
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reviewed in [14]). These findings almost immediately suggested that inhibitors of mTOR might
be a rational and effective treatment for patients with TSC. Furthermore, the placement of
mTOR downstream of TSC1/TSC2 was quite plausible as mTOR was known to participate in
multiple processes relevant to TSC including control of cell size and proliferation [15]. Other
studies later determined that mTOR could be found within two molecularly and functionally
distinct complexes, mMTORC1 and mTORC2. mTORC1 includes mTOR, mLST8, and raptor
and is rapamycin sensitive while mTORC2 includes mTOR, mLST8, mSIN1, and rictor and
is relatively rapamycin insensitive [16]. Within mMTORC1, mTOR phosphorylates ribosomal
S6 Kkinase that in turn phosphorylates ribosomal S6 to impact mRNA translation. In contrast,
mTORC?2 phosphorylates and activates AKT, a central kinase in the regulation of cell division
and proliferation. Loss of TSC1 or TSC2 then allows continued phosphorylation and activity
of S6-Kinase and S6. While increased mRNA translation is postulated to underlie the abnormal
cellular function in TSC, very little is known about what subsets of mMRNAs may be responsible.
In addition to the regulation of mMTORC1, hamartin/tuberin appear to physically interact with
mTORC?2 and are required for AKT phosphorylation and activation [17e¢]. This last pathway
may explain why TSC-associated lesions are generally benign if AKT activation depends on
functional alleles of TSC1 and TSC2.

Animal Models

Determining the utility of mTORCL inhibitors necessitated the concomitant development of
preclinical animal models of TSC. Such models are essential to validate treatment advances
as well as investigate toxicity. Along these lines, both conventional and conditional knockouts
of the mouse Tscl and Tsc2 genes have been reported. Overall, conventional gene knockout
models have not been illuminating as complete loss of either gene led to embryonic lethality
prior to any substantial brain development [18,19]. Heterozygous (+/=) mice have minimal
brain pathology with the exception of some astrocytosis [20]. However, Tsc2*/~ mice exhibit
moderate increased mTORCL activity and learning deficits that are reversible by rapamycin
(see below). Conditional knockout models using the Cre-LoxP system have thus been
extremely advantageous to elucidate abnormalities in specific neural populations including
astrocytes [21] and post-mitotic neurons [22]. Both of these conditional knockout mouse
models have been used to determine if their specific neuropathology is mTORC1-dependent
and thus reversible through postnatal treatment with rapamycin or RADOOL, a related
compound (see below). Homozygous conditional knockout (CKO) mice for the Tscl gene in
astrocytes (Tsc1GFAP CKO) were reported several years ago. These animals have well
documented seizures that increase in frequency over time culminating in death around 3 months
of age. Increased numbers of astrocytes are found in the cerebral neocortex as well as the
hippocampus. Astrocyte mediated abnormalities of both glutamate transport [23] and
potassium uptake [24] were reported in brains from Tsc1GFAP CKO mice. Either of these
alterations in astrocyte homeostasis are expected to lower the seizure threshold either via
glutamate mediated excitotoxicity or abnormal neuronal depolarization. These findings
wonderfully illustrate how animal models can expand the scope of a field of research and also
focus attention back to human tissues for validation [25¢].

Two additional CKO models of TSC were created using either the synapsin (Tsc15Ynapsin CKO
mice) or CamKII promoters (Tsc1¢@mKIl CKO mice) to mediate Tsc1 gene inactivation in post-
mitotic neurons [26,27]. Tsc15Y"aPsin CKO mice have been more extensively described by two
independent groups and will be further reviewed though Tsc1¢@™KIl CKO mice have similar
abnormalities. Tsc15Ynapsin CKO mice have increased mTORC1 activity in glutamatergic and
GABAergic neurons as well as increased neuronal size [22]. Some discrepancies are apparent
with reports of either mild [28] or moderate cortical disorganization [22]. Clearly no overt
tuber-like malformations were seen though a hypomyelinated cortex was present suggesting a
secondary alteration in oligodendrocyte function. Tsc15Ynapsin CKO mice also suffer from poor

Curr Opin Neurol. Author manuscript; available in PMC 2011 April 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ess

Page 4

growth, spontaneous seizures, and premature death by 65 days of life. While these studies point
to the requirement of the Tsc1 gene for postmitotic neuronal development and function, the
formation of tubers in patients with TSC likely requires loss of the Tscl gene at earlier stages
of brain development. Given the multilineage abnormalities seen in brains of patients with
TSC, loss of the TSC1 or TSC2 genes within neural progenitor cells are most likely responsible
for tuber formation. Testing this hypothesis will require the development of mouse models of
TSC targeting neural progenitor cells at early stages of brain development.

Treatment of mouse models with mTORCL1 inhibitors

A remarkable trio of publications during the last year have provided important animal data to
support the use mMTORCL inhibitors as therapeutic agents in TSC. The laboratory of Michael
Wong [29¢+] found that seizures and premature death of Tsc1GFAP CKO mice were preventable
by treatment with rapamycin. More importantly, earlier treatment with rapamycin before
seizures first appeared was found to prevent later epilepsy altogether. These results suggest
that rapamycin may function as a bona fide anti-epileptic drug able to prevent seizure initiation
or progression in TSC. The authors go on to show that the likely mechanism of rapamycin in
these mice involves the restoration of glutamate homeostasis within the synaptic cleft of
excitatory neurons. Further support for such a mechanism was seen as stopping rapamycin
treatment again allowed seizure initiation and disease progression. This report was particularity
compelling as the authors used prolonged EEG monitoring of these mice to precisely determine
seizure frequency and their response to early versus late initiation of rapamycin.

Another important publication from the laboratory of David Kwiatkowski [26e¢] reported on
the response of Tsc15YNaPsin CKO mice to treatment with rapamycin as well as RAD001, a
related mTORC1 inhibitor. Treatment of Tsc15Y"@Psin CKO mice with either agent markedly
increased survival and prevented mTORC1 hyperactivity within the brain. Furthermore, the
rapamycin treated mice had a near resolution of cell size defects and impaired myelination that
was previously noted [22]. Finally, the authors report that rapamycin treatment led to
restoration of AKT activation in the brains of the neuronal knockout mice. This finding is of
interest as TSC1 and TSC2 deficient cells have impaired AKT activation, likely due to loss of
MTORC2 activity [17¢]. Given the powerful oncogenic properties of activated AKT in many
human cancers, these findings may help explain why the tumors seen in TSC are generally not
malignant. The usage of mTORCL inhibitors should be viewed with caution for patents with
TSC as this finding suggests that mMTORC1 inhibition may promote tumor growth through
AKT activation. However it should be stressed that there is no data to support this concern
either in mouse models of TSC or in TSC patients treated with rapamycin (see below).

A final publication by the laboratory of Alcino Silva [27+¢] used conventional Tsc2
heterozygous knockout mice to assess learning abnormalities and response to rapamycin. These
mice do not have cortical or hippocampal structural abnormalities though an increase in
mTORC1 levels was reported in the hippocampus. The authors further show that Tsc2*/~ mice
have impaired long term potentiation (LTP) and abnormalities in hippocampal-dependent
learning tasks such as spatial memory in the Morris water maze. Rapamycin was able to
completely suppress mTORCL activity and was associated with normalization of LTP and
spatial learning. These results suggest that even partial dysregulation of mMTORC1 may underlie
some of the functional deficits seen in patients with TSC and that “tuber-less” regions of the
brain may contribute to their morbidity. Similar results were previously reported in Tsc1*/~
mice though the effect of mMTORCL inhibitors on impaired learning was not studied [30].

Clinical Trials

Given the lack of effective treatments for TSC other than symptomatic treatment of seizure
disorders, recognition of the above signaling pathways quickly lead to the suggestion that
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mTORCL1 inhibitors such as rapamycin maybe be rational therapies to treat and possibly
prevent clinical aspects of TSC. As a practical matter, rapamycin is a readily available FDA
approved drug that has been used for many years as an immunosuppressant to prevent rejection
of transplanted solid organs and has a well-known side effect profile. Thus far, there have been
two reports of rapamycin use in patients with neurological disease from TSC [31ee,32]. Both
publications reported the treatment of SEGAS in patients who were considered to be poor
surgical candidates. SEGA regression was seen in all patients and likely obviated the need for
any surgical intervention. Patients appeared to tolerate rapamycin therapy well without any
major side effects. Treatment duration was from 2.5 months to greater than 9 months. One
patient was reported to have recurrence of SEGA growth after rapamycin was stopped though
resumption of therapy was again associated with tumor regression.

In addition to the CNS, rapamycin has been employed for the serious kidney and lung
manifestations seen in TSC or lymphangioleiomyomatosis, a genetically related disorder
[33e¢,34¢¢]. Use of rapamycin in these adult patients was notable for shrinkage of kidney lesions
and a potential slowing in the progression of the pulmonary disease. Side effects were again
manageable consisting mainly of aphthous ulcers, diarrhea, and mild respiratory infections.

These initial clinical results are very encouraging and appear to validate the accruing
biochemical, cell culture, and animal model based research. However, as these studies reported
treatment of relatively few subjects, rare but serious side effects may not have been detected
in patients with TSC. From these results it seems likely that mTORCL inhibitors will require
continuous use to be efficacious for patients with TSC. Negative effects from chronic exposure
to mTORCL1 inhibitors especially in young children are essentially unknown. These may
include immunosuppression, alterations in growth, and abnormalities of lipid metabolism.
Finally, it is unknown whether human patients with TSC will respond to mTORCL1 inhibitors
to ameliorate the devastating neurological impact of epilepsy and autism.

Conclusion

Aldous Huxley in Brave New World (1932) used Miranda’s words to caution against a possible
future dystopia where an overreliance on drugs is the cure for all societal problems. Similar
caution may now be applied to the stimulating research findings before us and their logical but
unclear application to patients with TSC. While the research in this field is tremendously
exciting and promising, rigorous clinical trials are required to determine the proper usage of
mTORCL1 inhibitors in the treatment of TSC and related disorders.
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Figure 1. Schematic of Upstream and Downstream Signaling Pathways in TSC

A complex series of phosphorylation events and other protein interactions regulate hamartin/
tuberin and activity of the mTOR kinase. Initial growth factor binding to transmembrane
receptors (not shown) activates PI-3 Kinase resulting in increased production of PIP3 with
AKT activation that directly phosphorylates and inhibits tuberin. ERK can also phosphorylate
and inactivate tuberin. In contrast, AMPK phosphorylation at distinct amino acid residues
serves to activate tuberin. Loss of the TSC1 or TSC2 genes leads to constitutive activation of
mTOR within mTORCL1 with greatly increased levels of phosphorylated ribosomal S6-kinase
and phosphorylated ribosomal S6. Rapamycin inhibits mTOR activity within mTORC1 to
restore inhibition of this kinase and downstream components within this signaling pathway.
ATP indicates phosphorylation events.

AKT (proto-oncogene also known as PKB); AMPK, AMP-activated protein kinase; ERK,
Extracellular Signal-Regulated Kinases; FKBP38, FK506-binding protein 38; LKB1, Peutz-
Jeghers Syndrome Kinase; mTOR, mammalian target of rapamycin; mTORC1, mammalian
target of rapamycin complex 1; mTORC2, mammalian target of rapamycin two; PIP2,
phosphatidylinositol bisphosphate; PIP3, phosphatidylinositol (3,4,5)-trisphosphate; PTEN,
phosphatase and tensin homolog; Rapa, rapamycin; Raptor, regulatory associated protein of
mTOR, Rictor, rapamycin-insensitive companion of mTOR; Rheb, Ras homolog enriched in
brain; TSC1, (hamartin); TUBEROUS SCLEROSIS COMPLEX GENE ONE; TSC2, (tuberin)
TUBEROUS SCLEROSIS COMPLEX GENE TWO.
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