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tumors called hamartomas develop. Germline mutations in either 7SCT or TSC2 cau
this syndrome, and hamartomas typically display second hit events with loss of il
remaining normal allele. Studies initiated in Drosophila have ideniified a role for the Tac
and Tsc2 genes in the regulation of cell and organ size, and genetic interaction studi
have placed them in the PI3K-AktmTOR-S6K pathway. Biochemical studies have shov
that activated Akt phosphorylates TSC2 in the TSC1/TSC2 protein complex, inactivatir
it; while TSC1/TSC2 has GAP activity for the Rheb GTPase {a member of the ras fal
ily), and activated Rheb-GTP activates mTOR. Thus, in cells lacking TSC1 or TSC2 the
are increased levels of Rheb-GTP which leads to activation of mTOR, leading to cell siz
increase and growth. These developments provide enhanced understanding of t
signaling pathway and fundamental insights into the pathogenesis of tuberous sclerosi
and open the possibility of treatment for hamartomas by several pharmacolog
approaches.

TUBEROUS SCLEROSIS—THE CLINICAL SYNDROME

Tuberous sclerosis (TSC) is an autosomal dominant genetic disorder characterized |
development of unusual tumors in several organ systems.! The tumors of TSC are rerme
hamartomas to indicate that there is overgrowth of relatively mature appearing cells, in di
tinct contrast to common malignancies. TSC hamartomas involve the skin, brain, and kic
neys in most patients. The vast majority of TSC hamartomas display limited growt
potential and do not require intervention. A small fraction display persistent growtl
necessitating surgical control. However, progression to malignancy is very rare in TSC, an
has been seen only in TSC renal hamartomas, termed angiomyoliopoma (AMLY), at a fre
quency of about 1.5~2% of all TSC patients.?

Another remarkable feature of TSC hamartomas is that they first appear at differes
ages during the patients life, and occasionally spontaneously resolve.! For example, cardiz
rhabdomyomas are often present at birth, but then typically disappear during childhoo
The major morbidity of TSC is due to the hallmark cortical tubers, from which is derive
the name tuberous sclerosis (Fig. 1). Cortical rubers are focal regions of disorganized co
tical lamination that contain both giant cells (80 to 150 microns in diameter) and dy:
plastic neurons, both of which have disrupted radial orientation.® A TSC patient may hay
as many as 50 cortical tubers. Although they are thought to be relatively static lesions, the
lead 1o seizure disorders in the vast majority of TSC patients, and commonly contribut
to developmental delay, mental retardation, and autism.

Another unusual feature of TSC is the occurrence of a unique proliferative lung diseas
termed lymphangioleiomyomatosis (LAM) in which there is both cystic change an
smooth muscle cell (SMC) proliferation.! This lesion is seen nearly exclusively in adu
temale TSC patients, suggesting that estrogens contribute to its development.

TSC GENES, MUTATIONS AND THE TWO HIT MECHANISM

TSC occurs due to inactivating mutations in either of 7SCI or 7SC2.40 These gene
are both relatively large (23 and 41 exons, respectively), and encode the proteins hamarti
(130kDa) and cuberin (200kDa), respectively. Due to the frequent severe clinical effects o
TSC, large TSC families are rare, and abour 2/3 of TSC patients are sporadic cases due t
new mutational events. Comprehensive mutational analyses indicare that about 85% o
TSC patients will have a mutation in either 7SC7 or 7SC2 identified.”® 75C2 mutation
are about 4.2 times as common as 7SC7 mutations, reflecting a higher germline mueatios
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Figure 1. Brain lesions in fuberous sclerosis. A Brain MRI of an 8-year-old
boy using the FLAIR technique demonstrates several cortical fubers (white,
cortical lesions, indicated by arrows) and subependymal nodules lining the
ventricles {arrowheads). Courtesy of J. Egelhoff, Cincinnati, OH. B. High
power view of a cortical fuber shows giant cells [white diamonds}. Cortical
surface is to the right. Courtesy of J. Chan, Boston, MA.

rate.®% Clinical surveys also indicate that patients with 75C7
mutations have symptoms and clinical features that are milder on
average than patients with 7SC2 mutations, although there is
considerable overlap in the two sets of patients.® Linkage studies
provide evidence against a third TSC gene.® Patients in whom
mutations cannot be found are likely partially explained by
mosaicism, which compromises efforts at mutation detection.®

TSC hamartomas, particularly renal AMLs, often display loss of
heterozygosity (LOH) for the wild type allele of either 7SCI or
75C2, consistent with a two hit mechanism for complete inacti-
vation of cither 7SC/ or TSC2.5910 LAM lesions require micro-
dissection of the SMCs to demonstrate LOH events and such methods
have been used to show that patients with LAM but without other
features of TSC also have two hit inactivation of TSC2.'! Brain
lesions have failed to showed evidence of LOH,? even with micro-
dissection,'? and alternative mechanisms of gene inactivation or cell
admixture likely explain this finding. LOH is also seen in the tumors
(kidney cystadenomas, liver hemangiomas, and extremity angiosar-
comas) that develop in Zic/+/- and Tic2+/- mice.!315

Consistent with a relative lack of malignancy in TSC patients,
limited surveys of human cancer specimens have failed to show
evidence of either 7SCI or TSC2 mutation, with the possible
exception of bladder carcinoma.!6-18

TSC1/TSC2, PI3K AND mTOR SIGNALLING

Major progress has occurred in recent years in our understanding
of the biochemical function of the 75C7 and 7SC2 gene products,
tuberin and hamartin. These advances were initiated by seminal
studies in Drosophila, which led ro placement of TSC1 and TSC2
in the PI3K-Ake-mTOR-S6K signaling pathway. Here we review
this work, emphasizing the role of the 7SC/ and 7SC2 genes in this
pathway, and indicating the complementary nature of investigation
carried out in Drosophila and in mammalian systems.

The initial studies used FRT/FLP recombination o identify Zscl
and 7ic2 as targets for recessive mutations that affect fly eye size, 1722
Cells homozygous null for either Tic! or T2 develop and differentiate
normally, but are increased in size with a shift from G, to the S and
G, phases of the cell cycle.!”?! Consistent with carlier work in
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each of the genes in this pathway hc
functions other than controlling the ge
shown immediately below it, and there
feedback compensation throughout |
-+ pathway when one element is perturbec
Tscl/Tsc2
mammalian cells indicating that Ts
and Tsc2 occur as a complex,?
overexpression of both proteins b
not either alone led o an oppos
phenotype in which cell and org
size is reduced.

These observations led o gene:
interaction studies berween Tic/ ar
T5¢2, and elements of the PI3K-AL
mTOR-S6K pathway which had pr
viously been recognized to have :
:important role in the control of ¢
Y ¢ size in Drosophila.!%-21.25:26 Ap|aric
of Tscl or Tic2 had effects that we
dominant (epistatic) to those
homozygous loss of the insulin rece;
tor, PI3K, and AktI. Loss of Tic/ or T5c2 was synergistic with loss
Pten, leading to further enlargement of the eye. On the other han.
loss of S64°° or Tor*> was dominant in effect to loss of Tic/ or Tic
Tiel"Tort" embryos survived longer than Tl embryos, ar
organs with T5c/"Tor*" cells were more normal than those wil
Tiel cells. ™ Toe I Tor'-S6k+'- embryos survived to adulthood ar
were semifertile.?” These studies positioned Tc!/ Tsc2 just above 7
in the PI3K-Ake-Tor-S6K signalling pathway (Fig. 2).

These genetic studies were complemented by biochemical studic
which provided a partial mechanistic basis for the observations. Tsc
is phosphorylated by Aktl, and this event leads to the disruption «
the Tsc1-Tsc2 complex in vivo.2% In addition, expression of a mutar
Tse2 which cannot be phosphorylated by Aktl along with wild typ
Tscl completely suppressed the effects of Akt overexpression o
cell/organ size whereas wild type Tsc2 did not have this effect. 26

Studies utilizing mammalian cells were performed in paralle
after the initial Drosophila findings. To understand these results w
review the PI3K-Ake-mTOR-S6K pathway in mammals (Fig. 3) 28
When recruited to the cell membrane by binding to activated, phos
phorylated growth factor receptors or through interaction with ra:
PI3K catalyzes the synthesis of 3' phosphoinositides. Those lipia
then recruit Akr to the membrane where it is phosphorylated on tw
sites, one site by cither autophosphorylation or another kinas
(§473), and the second by the PDKI1 kinase (T308). Akt che
phosphorylates multiple substrates involved in regulation of apop
tosis, cell energy metabolism, and the cell cycle, including Bad
procaspase-9, IKK, CREB, FKHR/AFX/FOX transcription factors
GSK-3, p21Cipl, and Raf. Akt had also been thought to regulat
mTOR activity by some means, with ar least one direct phosphory
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Figure 3. Signalling pathway model for the function of TSC1 and TSC2 in mammalian cells. A phosphorylated growth factor receptor is shown at upp.

left, to which a PI3K molecule is binding. This leads to conversion of the indicated phosphoi

nositides to 3"-phosphoinositides, which leads fo recruitment «

Akt to the membrane in a position where it can be phosphorylated and activated by PDK1 and @ second kinase. PTEN functions to terminate this signalin
pathway by acting as a 3’ phosphatase on these phosphoinositides. Activated pAkt phosphorylates TSC2 which inactivates its GAP activity. When activi
TSC1/TSC2 complex serves as a GAP for Rheb, reducing levels of Rheb-GTP. Rheb-GTP activates mTOR by an uncerfain mechanism {thus 2 arrows). AT
phosphatidic acid (PA), and amine acids {AA] all influence mTOR activity, although the sensing mechanisms are unknown and likely indirect. Active mTC

phosphorylates 4E-BP1 and S6K1. p4E-BP1 releases from elF4E, permitting formation of the elF4F translation complex. pS&K1

phosphorylates 36, an

together they activate the franslational machinery. For simplicity only the main pathway involving TSC1, TSC2, and mTOR is shown. Arrows indicate pos

five actions and bars represent negative actions.

lation site identified (52448). Regulation of mTOR kinase activiry
is complex, and recent advances have highlighted its occurrence in a
large complex including at least two binding partners: rapror and
GPBL.*133 mTORs kinase and autokinase activity are modularted in
cells both by growth factor recepror kinase signalling and nucrient
{amino acid) levels, ATP levels, and phosphatidic acid levels. mTOR
has two principal downstream rtargets: S6K1 and 4E-BPI.
Phosphorylation and activation of S6K1 occurs in a multi-step
process with several kinases (PDK1, ERK) involved, with phos-
phorylation by mTOR as a critical step at T389. Activated S6K1
phosphorylates the ribosomal subunit S6 leading to activation of
protein translation, specifically mRNAs that contain a 5 tract of
oligopyrimidines, including many ribosomal proteins and translation
factors. Unphosphorylated 4E-BP1 binds to and sequesters the
translation iniiation factor eIF4E. Phosphorylation of 4E-BP1
permits formation of the eIF4F translation complex, which
enhances overall protein synthesis, as well as specific increases in

www.landesbioscience.com

translation of ornithine decarboxylase, c-myc, hypoxia-inducible fac
tor lalpha, and a number of cell cycle proteins.

In cultured mammalian cells lacking either Tsc1 or Tsc2, there
constitutive high level phosphorylation of S6K1, 4E-BP1, and (i
neuroepithelial cells) STAT3.%4-39 (Similar results are seen i
Drosophila $2 cells.?%) Treatment of these cells with rapamycin, th
highly specific inhibitor of mTOR, rapidly reverses chis phosphory
lation signature. Acrivation of S6K1 in these cells is also relativel

resistant  to  withdrawal
25,3739

of amino acids from the culeur
Concordant with this activadon of mTOR in th
absence of either Tsc1 or Tsc2, there is an increased S phase per cen
and growth rate in Tscl and Tse2 null cells compared to control
under some conditions.?>37:39 Phosphorylated $6 is also prominen
in these cultured cells. Immunohistochemistry analyses have con
firmed that this signature of mTOR activation is present in severa
types of lesions from both TSC patients and Tsc mouse models, con
firming the in vivo significance of these observations, 3354041

media.
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4E-BP1, and blocks amino acid-induced phosphorylation of

SGK 3844

ENTER RHEB

Thus, the above studies determined that Tsc1/Tsc2 was a cricical
intermediate in the signalling pathway from PI3K to mTOR and
downstream elements, serving as a brake upon mTOR activity.
However, the mechanism of this effect was unknown undl recendly
when multiple investigators discovered that Tsc1/Tsc2 funcrioned as
a GTPase activating protein (GAP) for the hererofore relatively
obscure but evoludonarily conserved member of the ras family,
Rheb. Studies in yeast had shown that loss of Rheb mimicked nitro-
gen starvation with Gy/G, arrest,? suggesting a potential role in this
pathway. Rheb is unusual in comparison to other ras family mem-
bers in that it has an arginine ar the third residue of the G, box, 46
and occurs in cells with relatively high amounts of bound GTP4

Genetic screens in the fly led to identification of Rbeb as a gene
that caused eye (and other organ) enlargement when its transcrip-
tion was increased and eye size reduction when it was homozygous-
ly ablated. 850 Rheb overexpression has effects on cell size and cell
cycle that are entirely similar to the effects of Tscl or Tse2 loss. 4850
Genetic interaction studies show that loss of Tor is dominant to
overexpression of Rheb, while loss of S64 actenuates but does not
fully block eye enlargement mediated by Rheb,*84% Further, overex-
pression of Tsc1/Tsc2 blocked the cell size effects of overexpression
of Rheb, while loss of Rheb was dominant in effect to loss of Tscl or
Tsc2.4 1n addition, reduction in Rheb expression partially or com-
pletely rescued the embryonic lechalicy of loss of Tl 4251 Tny vitro
analyses indicated that Rheb-GTP levels, Rheb stimulated S6k acti-
vation, and cell growth were independent of nutrient availability,
while loss of Rheb completely blocked SGk activation. #4951

This work was again complemented and extended by concurrent
studies on mammalian cells, Rheb-GTP levels were increased in
Tse2™ cells compared with controls.?? In transient transfection
assays, coexpression of Tsc1/Tse2 markedly lowers the level of
Rheb-GTP and S6K1 activation.’'™* In NIH3T3 cells, insulin
stimulation leads to a 1.8-fold increase in Rheb-GTP levels which is
blocked by wortmannin (PI3K inhibitor) but not rapamycin.s?
Overexpression of Rheb leads to high level activation of S6K1 and
phosphorylation of 4E-BP1, while reduction in Rheb levels by
siRNA reduces growth factor-induced activation of S6K1.5%56 This
activity is completely independent of PI3K and MAPK activation or
function, as assessed by inhibitor treatments.33545¢ In addicion,
rapamycin but not wortmannin completely inhibits the phospho-
rylation of S6KI induced by Rheb overexpression,®335% 45 does
expression of a kinase-dead mTOR,®? and treatment with the farne-
syl transferase inhibitor FTT-277.5¢ Nutrient deprivation had lirdle
effect on SO6KT activation by Rheb overexpression, while ATP deple-
rion has been variably reporred to block this effect. 5259 On the other
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els of Rheb-GTDE and mTOR s inactive. In response to growth fa
tor stimulation, PI3K and Akt become activated; TSC2 is phosph:
rylated by Akt and the TSC1/TSC2 complex becomes inactive as
GAD, so that Rheb-GTP levels rise, stimulating mTOR. In cells lac
ing TSC1 or TSC2, there is no GAP for Rheb, and Rheb-GTP le
els are high, leading to constitutive activation of mTOR and pho
phorylation of S6K1 and 4E-BP1. This linear model captures mo
of the reported results but simplifies many aspects of this pathwa
including the multiple rargets of Akt, and the complex hierarchic
phosphorylation of S6K1 that regulates its activity, as just two exan
ples. In addition, not all the data from mammalian systems suppor
the above model.?” Morceover, there is compelling data fro
Drosophila that S6k activation is under separate control from bot
PIBK and Aktl, suggesting that there are parallel pathways ¢
PI3K-Akel and mTOR-S6k that converge and interconnect rath
than existing in a linear sequence.*>” However, this signaling circu
is certain to have complex feedback and compensatory mechanisn
built in, which can make interpretation of the effects of loss of or
gene on other members of the pathway difficult. For example, bot
Tscl and Tse2 null cells show a profound reduction in activation ¢
Akt in response to serum and other growth factors.?”3? This appeal
to be due to a major reduction in PDGFR expression in these cells.
These observations may explain why the TSC1 and TSC2 genes al
rarely involved in malignancy.

OTHER FUNCTIONS OF TSC1/TSC2

The TSC1/TSC2 complex has size 330kDa and the GAP domai
of TSC2 comprises about 10 kDa of this complex. This alone sug
gests that there are other functions of the complex. The only othe
consistently reported binding partner of the TSC1/TSC2 comple
is14-3-3, through pS1210.39°%5% The importance of this binding |
uncertain, but it may regulate the function of TSC1/TSC2.59

TSC1 has been reporied to bind to ezrin and other ERM famil
proteins, and appears to be involved in adhesion events and rho sig
naling to the actin cyroskeleton % TSC2 has been reported to hav
arole in the membrane localization of polycystin-1 in renal epithe
lial cells.®! A role for the TSCI/TSC2 complex in beta-catenin sig
naling has also been noted.®? Whether any of these observations ar
independent of or relate to the role of TSC1/TSC2 in the PI3K sig

naling pathway is unknown.

THERAPEUTIC PROSPECTS

Three years ago treatment for the various manifestations of TSC
appeared an unreachable goal. There are now several treatmen
approaches under active consideration: rapamycin and analogues
farnesyl transferase inhibitors (FTTs), angiogenesis inhibitors, an
interferon-y (IFNy). Rapamycin is uniquely attractive as a therapeutic
as it targets mTOR directly. It has also been shown to be effective it
short-term treatment experiments in Tsc rat and mouse models, 03¢
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therapies could also be valuabie in 10, Finally, the increased STAT
expression and activation in Tsc null cell lines,?® as well as clinical
and mouse observations suggest that IFNy may be therapeutic in
TSC.5%6 Trials of IFN-y treatment in TSC mouse models are also
underway.

A critical clinical issue in tuberous sclerosis is the molecular basis
of epileptogenesis in TSC. Alterations in expression of several neu-
rotransmitter receptors have been seen in tuber giant cells compared
to normal neurons, and are likely to underlie this problem.®” mTOR
has been shown to regulate protein synthesis at the synapse,%8 and be
involved in memory formation, so that it seems likely that aberrant
mTOR activation in tuber giant cells accounts for their large size
and abnormal expression patterns. Whether rapamycin and ana-
logues might be effective in control of the CNS manifestations of
TSC is an exciting though perhaps distant prospect. Nonetheless,
rapamycin is effective in extending survival in Tse mouse brain mod-
els (Onda, Meikle, Kwiatkowski, unpublished observations).

CONCLUSIONS AND FUTURE PROSPECTS

Now is a time of tremendous excitement in the feld of TSC
research, given major progress in the identification of the signaling
pathway the TSC proteins participate in, and the discovery of sever-
al potential therapeutic approaches. The intense scrutiny brought to
bear on these genes is very likely to yield significant further advances
in the near future. Questions that seem particularly important or
fruitful ac this time include the following. What is the mechanism
by which Rheb-GTP influences mTOR activity? Since rapamycin
treatment rapidly dephosphorylates S6K1, S6, and 4E-BP1 in
cells, 3% is phosphatase regulation in mammalian cells under the
control of mTOR as suggested by some studies?® Are all of the
reported cellular findings in the absence of TSC1 or TSC2 due o
the activation of Rheb and mTOR, or does the complex have addi-
tional functions? Will rapamycin or its analogues, FTTs, angiogene-
sis inhibitors, or IFNy ‘prove to be of clinical benefit to TSC
patients?
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