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Fig. 1 Rheb cycling between active and inactive state.
Rheb cycles between a GTP-bound active and a GDP-bound 
inactive form. Hydrolysis of GTP is catalyzed by TSC2 GAP do-
main. Re-loading with GTP may involve a not yet identified GEF. 
Loading with GTP allows downstream signaling to mTOR.

Abstract

The insulin-signaling pathway controls different aspects of cell proliferation, survival, growth 
and metabolism. The coordinated regulation of cell growth with the availability of nutrients is 
a major requirement for all eukaryotic organisms for proper development and prevention of 
tumor formation. This signaling network has lately received attention from the field of basic 
cancer research due to the increasing evidence that mutations in its components are at the base 
of cancer or tumor-prone syndromes. Moreover, the possibility of targeting the players in this 
process with anticancer drugs like rapamycin, increased the interest from the clinical point of 
view. The identification of Rheb as a component of the insulin pathway, acting downstream of 
PI3K and PKB and upstream of the ser/thr kinase mTOR, revealed the connection between these 
two signaling cascades. mTOR acts as master switch between anabolic and catabolic cellular 
processes, regulating cell growth. Its regulation by nutrient availability has been known for long, 
however the mechanism by which hormones like insulin and growth factors control its activity, 
became evident when Rheb was identified as an activator of mTOR, directly regulated by these 
cues.

Characteristics of the small G protein Rheb

The small GTPase Rheb (Ras homologue enriched in brain) belongs to the Ras family of G 
proteins; like Ras, it is activated by growth factor stimulation and plays a major role in the 
control of cell growth and proliferation. Rheb cycles between a GTP-bound active and a GDP-
bound inactive state; once bound to GTP a conformational change allows the interaction with 
target molecules and downstream signaling. In order to terminate the signal, GTP becomes 
hydrolyzed by the intrinsic GTPase activity of the G protein, which can be accelerated by 
the activity of GTPase activating proteins (GAPs). In the case of Rheb the intrinsic GTPase 
activity seems to be quite low, in fact already 25% of the protein is found bound to GTP in cells 
[1,2]. The GAP activity is exerted by the protein complex TSC1/TSC2, where TSC2 carries the 
GAP domain and TSC1 functions as stabilizing factor [3]. The re-loading of GTP normally is 
mediated by the interaction with Guanine nucleotide exchange factors (GEFs), that by binding 
to the small G protein, induce the release of the bound nucleotide, by reducing the affinity of 
the interaction, and facilitate the reloading with the more abundant GTP. A GEF for Rheb has 
not been identified yet.
Upon GTP binding, a region defined as “effector domain” interacts with the specific “effector” 
proteins. The quest for a Rheb effector has been the major goal of this project, however no 
bona fide candidate has yet been found. Rheb has been shown in overexpression studies to 
directly interact with the serine/threonine kinase mTOR (mammalian target of rapamycin) [4]. 
Despite the fact that the interaction occurs independently of the GTP loading of Rheb and 
thus mTOR cannot be considered a classical effector for Rheb, the binding of Rheb to mTOR 
induces the activation of mTOR and downstream signaling [4]. [Fig. 1]. 
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   Box1                                              Molecular features of Rheb

Members of the Ras/Rap subfamily contain a highly conserved glycine in the G1 box corresponding to Gly12 in 
Ras. Mutation of Gly12 to any other residue impairs the intrinsic GTPase activity of Ras, making the mutant Ras 
constitutively active and resistant to inactivation by Ras  GAP [5-7]. Rheb is an exceptional protein in the Ras family 
since we find an arginine residue (Arg 15) at the equivalent position. This initially led to the suggestion that Arg15 of 
Rheb would be responsible for the high levels of GTP loading of Rheb [1]. On the other hand, the wild-type Rheb can 
still be inactivated by TSC2 [8-11] and mutation of Arg15 to other residues such as Gly, Val, or Pro does not affect 
its activation state [1,3]. The different behavior of Rheb compared to Ras, can be explained by the different catalytic 
mechanism used by their respective GAPs.
Two mechanisms of action have been described for GTPases activating proteins. The first one and best character-
ized, is exemplified by Ras GAP. In order to hydrolyze GTP, Ras GAP requires the stabilization of a conserved glu-
tamine at the catalytic site of the GTPase (corresponding to Gln61 in Ras) and the insertion of a so-called “ arginine 
finger” from the GAP into the catalytic site, which coordinates the nucleophylic attack from the water towards the 
GTP [7,12,13]. The second mechanism is instead illustrated by Rap GAP, that uses a catalytic asparagine (Asn 290) 
to stimulate GTP hydrolysis by Rap [14]. Though Rheb contains a conserved glutamine (Gln64) at the equivalent 
position of Ras Q61, its mutation to leucine has limited effect on Rheb’s GTPase activity and Rheb Q64L is still sensi-
tive to TSC2 [3,9]. TSC2 seems in fact to use a mechanism more similar to what described in the case of Rap GAP. 
Mutation in TSC2 at the corresponding catalytic Asparagine (Asn1643) eliminates its GAP activity on Rheb [3,8,11].  
Furthermore TSC2 does not contain an arginine residue equivalent to the “arginine finger” in Ras GAP.
One last feature of Rheb, important for its regulation, is the carboxy-terminal region, that upon post-translational 
modification regulates the membrane anchoring of Rheb. The C terminal region of Rheb, as for Ras and other small 
G proteins, contains a CAAX motif (where C is a cysteine, A is an aliphatic amino acid and X is either a methionine 
or a serine residue). The cysteine in the CAAX motif is modified by addition of an isoprenyl moiety. The following 
amino acids are then cleaved and the cysteine becomes methylated. In the case of Rheb the cysteine is modified 
by the addition of a 15 carbon farnesyl group that induces the membrane localization of Rheb. Mutations of cysteine 
181 in Rheb mislocalize the protein, which as a consequence  can no longer signal to the downstream target mTOR 
[3,15].

Allignement between Rheb and H Ras
Highlights on different important regions of the two proteins: The G1 box or P-loop, the switch 1 region or “effector 
domain”, the Switch 2 region and the CAAX motif at the C-terminal are indicated.

Rheb function and regulation

As the name suggests Rheb (Ras homologue enriched in brain) was originally identified in rat 
brain in hippocampal granules [16], but later shown to be ubiquitously expressed. In humans 
two Rheb genes are found: Rheb1, on chromosome 7 (7q36) and Rheb2 (or RhebL1) on 
chromosome 12 (12q13.12), sharing 51 % amino acid identity, and similar functions. [17,18]. 
Homologues of Rheb have been found in a number of organisms, including yeast, Drosophila, 
but strikingly not C.Elegans (table1).
Initially Rheb had been described as antagonist of Ras in mediating the activation of Raf 
kinase [1,19,20]. More recently it has been shown to inhibit C-Raf activity and prevent the 
heterodimerization between C-Raf and B-Raf [21]. However studies in yeast, drosophila and 
mammalian cells indicated another function of Rheb, conserved throughout evolution, which 
is the control cell growth and amino acid metabolism mediated via the regulation of the mTOR 
pathway (Table1).
Table1
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organism gene function essential/not 
mammalian Rheb,RhebL1 cell growth/cell cycle
D.melanogaster dRheb (CG1081) cell growth/cell cycle essential
S.Pombe Rhb1+ cell growth/cell cycle essential

arginine uptake
S.Cerevisiae RHB1 arginie uptake not essential
A.Fumigatus rhbA arginie uptake not essential

��������������������������������������������������������������������������������������������������

CAAX
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Rheb is a component of the insulin signaling pathway

The initial evidence that Rheb would be a component of the insulin signaling pathway, acting 
upstream of mTOR, came from the identification of Rheb mutants in Drosophila showing a 
remarkable reduction in cell size, a phenotype reminiscent of known components of the insulin 
pathway [11,17,22,23].
Loss-of-function mutations of dRheb appeared to be lethal at late larval/early pupal stages. 
EMS-induced loss-of-function alleles showed a “Pin-head” phenotype in mosaic animals with 
homozygous mutant head and WT body. Analysis of Rheb loss-of-function clones in the wing 
imaginal discs, showed a reduced size compared to their WT twin clones, a phenotype which 
appeared to be cell autonomous. Finally, epistatic analysis demonstrated that Rheb acts in the 
insulin pathway upstream of mTOR and downstream of PKB and TSC1/TSC2.
Activation of a growth factor receptor like the Insulin receptor (IR) or the Insulin-like growth factor 
receptor (IGF-R) leads to phosphorylation of the insulin receptor substrate (IRS) proteins that 
are linked to the activation of two main signaling pathways, the Ras-Mitogen activated MAPK 
pathway and the PI3 kinase/PKB pathway. The lipid kinase PI(3) Kinase, once recruited to the 
membrane by IRS, generates the second messenger phosphatidyl-inositol-3,4,5 triphosphate 
(PIP3) that acts as anchoring point for the PH domain of the serine/threonine kinase PKB (also 
known as AKT). Recruitment to the membrane of PKB allows its phosphorylation on two key 
residues: Thr308 of the activation loop by PDK1 [24,25] and Ser473 in the hydrophobic motif 
of the C-terminal tail, by the TORC2 complex, as will be described more in detail later [26][Fig. 
5]. The lipid phosphatase activity of PTEN (Phosphatase and Tensin homologue deleted on 
chromosome Ten) is on the other side taking care of the down-regulation of the pathway by 
dephosphorylation of PIP3. Activation of PKB has a variety of cellular effects mainly dealing 
with cell cycle progression, proliferation, cell survival, cell growth and metabolism [27]. One 
of the recently identified targets of PKB involved in the control of cell growth is the 200 KDa 
protein TSC2, also known as  tuberin, present in cells as a heterodimer with hamartin (TSC1). 
The phosphorylation of TSC2 by PKB on Threonine 1462 and Serine 939 inhibits the TSC1/
TSC2 complex [28,29]. Different mechanisms have been reported in the literature to be 
responsible for this inhibition, such as dissociation of the TSC1/TSC2 complex, degradation 
of TSC2 and translocation of TSC2 from the membrane to the cytosol compartment [30,31]. 
As already mentioned, TSC2 carries a GAP domain at the carboxy-terminus that acts on the 
small G protein Rheb regulating its activation state. Upon growth factor stimulation, the GAP 
activity of TSC2 is inhibited. This causes GTP loading of Rheb, leading to activation of the 
mTOR pathway [8]. Rheb is required for the activation of mTOR by insulin; knock down of 
Rheb prevents in fact the activation of mTOR , while overexpression of Rheb is sufficient to 
activate it [32]. The serine/threonine kinase mTOR is one of the key regulators of cell growth, 
defined as increase in cell mass, an effect mainly dependent on the activation of the protein 
translation machinery mediated by the two substrates S6 kinase and 4E-BP1 (Figure 3). The 
mechanism of Rheb-mediated activation of mTOR seems to reside in direct binding between 
the two [4]. Rheb would then most likely cause a conformational change in mTOR, allowing 
the phosphorylation of its targets [Fig. 2].
Other signaling pathways have been described to converge at the level of the TSC1/TSC2 
complex, leading to regulation of mTOR activity:
The Ras/MAPK/RSK pathway
Growth factor signals leading to activation of the Ras/MAP kinase pathway can activate the 
Rheb/mTOR pathway as well. Phorbol ester, a known activator of PKCs and of the MAPK 
pathway, leads to phosphorylation of TSC2 on different residues. ERK has been shown to 
phosphorylate TSC2 on Ser 540 and Ser 664 [33]. RSK, a kinase directly downstream of ERK, 
can phosphorylate TSC2 on the same PKB sites as well as on alternative residues (Ser 1798) 
[34]. The consequence of these phosphorylation events is, as in the case of PKB, inhibitory 
on the TSC1/2 activity as reflected in the activation of Rheb [2].



Introduction

C
H

A
P

T
E

R
 1

     11

PI3K

P P
P P P P P P

PDK1

P P P

PKB

TSC1
TSC2

PTEN

Rheb

mTOR

G�L
Rictor

mTOR

G�L
Raptor

Rapamycin

FKBP12

4E-BP1S6K1

eIF4ES6

PKC�·

PIP2 PIP3

Rho/Rac

Cytoskeleton

Survival

Metabolism

Proliferation

Auto-
phagy

Ribosome
biogenesis

mRNA
translation

Cell Growth

IR
S

1

Growth factors
(Insulin/IGF1)

� �

����

Fig. 2 Insulin signaling leading to Rheb activation
Activation of the insulin/PI3K signaling leads to phosphorylation and inhibition of TSC2, causing GTP loading of Rheb. 
GTP bound active Rheb signals to the TORC1 complex and is responsible for phosphorylation of the mTOR targets S6 
kinase and 4E-BP1. mTOR in the TORC2 complex does not seem to be regulated by Rheb and is responsible for activa-
tion of PKB and regulation of the actin cytoskeleton.

The LKB/AMPK pathway
Energy levels in the cell appear to be another critical regulator of mTOR activity, also in 
this case acting on the TSC1/2 complex. The ATP/AMP levels in cells are monitored by the 
AMP-activated protein kinase (AMPK). AMPK is a heterotrimeric protein composed of the 
catalytic α subunit and two regulatory (β and γ) subunits. Full activation of AMPK requires 
binding of AMP to the γ regulatory subunit of AMPK and phosphorylation in the T loop of the 
kinase domain by the upstream kinase. Under conditions of energy stress, AMPK directly 
phosphorylates TSC2 on Threonine 1227 and Serine 1345, enhancing its GAP activity and 
causing inhibition of mTOR signaling [35]. The tumor suppressor LKB1 has been identified as 
the “upstream kinase” for AMPK in response to energy stress [36]. Indeed, LKB1 mutant cells 
exhibit hyperactive mTOR signaling and display similar phenotypes to TSC2 -/- upon glucose 
starvation [37]. 
The Wnt pathway
Most recently Wnt signaling has been shown to play a role in the regulation of the mTOR 
pathway. A wide range of cellular functions are regulated by the Wnt pathway, including cell 
growth, proliferation, differentiation, polarity and development [38]. Activation of the canonical 
Wnt pathway inhibits GSK3 activity resulting in activation and stabilization of β−Catenin, which 
upon translocation to the nucleus and binding to TCF, activates the transcription of a large 



Chapter 1

12

   Box2                                Tuberous sclerosis complex syndrome

Tuberous sclerosis complex (TSC) is a dominant autosomal genetic disease with an incidence of 1 in 6000 at 
birth, characterized by benign tumors (hamartomas) that involve multiple organ systems including brain, kidney, 
heart, skin, eye, and lung [44,45]. Within the central nervous system the TSC syndrome is characterized by the 
development of cortical tubers, the number and size of which roughly correlate with the clinical manifestations 
of TSC: seizures, mental retardation, and behavioral disorders, including autism and attention-deficit hyperac-
tive disorders [46]. Two genes have been identified that cause TSC: Tsc1 on 9q34 encoding the 130kDa protein 
hamartin (TSC1) and Tsc2 on 16p13 encoding the 200 kDa protein tuberin (TSC2) [47,48]; The Tsc1 and Tsc2 
genes behave as tumor suppressors, as evidenced by the frequent loss of heterozygosity (LOH) in TSC-related 
pathology. Mutations in the Tsc2 gene, are five times more common than Tsc1 mutations, and are associated 
with more severe forms of the disease. In the majority of cases, mutations in both loci are inactivating [49] [50]. 
TSC2 carries a GAP (GTPase activating protein) domain, having as substrate the small G protein Rheb. Muta-
tions in TSC2 found in patients with tuberous sclerosis, like Asn1643->Lys or Asn1651->Ser, within the GAP 
domain, abrogate its activity and cause unrestricted growth and proliferation [3,8,10,11]. TSC1 does not carry 
any functional domain, but may be required for membrane anchoring of the complex. The coiled-coil domain of 
TSC1 was shown to interact with members of the ERM (Ezrin-Radixin-Moesin) family, which function as linking 
molecules between the plasma membrane and the actin cytoskeleton [51].

��

������������

����������

Fig. 3 Schematic representation of TSC2 and TSC1 proteins.
TSC1 and TSC2 interact with each other through their N terminal regions, and form the TSC complex.
TSC1 (hamartin) is a 130 KDa protein containing a coiled-coil (CC) region central to the protein.
TSC2 (tuberin) is a 200KDa protein carrying a GAP domain at the C-terminus and two coiled-coil (CC) domains. 
TSC2 is targeted for phosphorylation by different kinases which regulate its function. ERK, PKB, RSK, AMPK and GSK3 
phosphorylation sites are indicated.
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variety of genes. Independently of β-Catenin, Wnt signaling has been shown to activate mTOR. 
GSK3 can in fact phosphorylate TSC2 on several residues (S1337, S1341) but requires a 
priming phosphorylation by AMPK. In conditions of energy stress, the activity of AMPK and 
GSK3 is therefore coordinated to achieve inhibition of mTOR [39].
HIF1α pathway
Oxygen limitation, nutrient supply and neo-vascularization are playing a central role in the 
control of cell growth and metabolism. The transcription factor HIF1α is at the heart of this 
regulatory system: low O

2
 levels trigger the stabilization and activation of this transcription 

factor which induces the up-regulation of key genes involved in the control of angiogenesis and 
vascularization like VEGF-A and Angiopoietin-2 in order to re-establish normoxic conditions 
[40]. Hypoxia negatively regulates mTOR activity in two manners: on the one hand it causes an 
increase in AMP levels and activation of AMPK [41], on the other, via HIF1α, it directly controls 
the expression of REDD1/RTP801, initially identified in drosophila as negative regulators of 
the mTOR pathway [42]. The Drosophila orthologues, named Scylla and Charybdis seem to 
affect the pathway downstream of PKB and upstream of TSC1/2 [43].
In conclusion, while growth factor signals are able to inactivate the TSC1/2 complex, leading to 
activation of the TOR pathway, inducing cell growth and proliferation, low energetic conditions 
and low oxygen concentration are able to signal to the TSC1/2 complex in order to restrain 
mTOR activity. 
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The two mTOR complexes and their functions

Most of the initial knowledge regarding the mTOR pathway and its function originated from 
studies in budding yeast, where two TOR genes, TOR1 and TOR2 were identified as targets 
of the immunosuppressant rapamycin [52][see box3]. In S.Cerevisiae two different signaling 
complexes containing TOR1 and/or TOR2 have been characterized. The first complex, TORC1, 
is rapamycin sensitive and involved in the regulation of cell growth, cell cycle progression 
and amino acid uptake, the second one, TORC2, is instead involved in the regulation of the 
actin cytoskeleton, and appears to be rapamycin insensitive [53]. In mammalian cells only 
one TOR gene is present (mTOR). However, recent work has demonstrated that also here 
mTOR functions in two distinct complexes. Thus far Rheb seems to be solely involved in the 
regulation of the TORC1 complex [54].[See Fig. 2] 

The mammalian TORC1 complex
In yeast the TORC1 complex includes TOR1 or TOR2, KOG1, LST8 and TCO89. In mammalian 
cells these components are conserved (except for TCO89) and named mTOR, Raptor and 
GβL respectively. 
In mammalian cells the major function of the TORC1 complex is the regulation of cell growth 
mediated by the activation of two targets: S6 kinase and 4E-BP1.
mTOR is a large protein (280 KDa) that belongs to a group of kinases known as the 
phosphatidylinositol kinase-related kinase (PIKK) family (reviewed in [55,56]). mTOR contains 
a carboxy-terminal kinase domain similar to the catalytic domain of PI3 Kinase but functions as 
a serine/threonine kinase. The region of mTOR mapped to interact with Rheb corresponds to 
the kinase domain, where the minimal binding site lies within the N-terminal part of it (aa 2148-
2300) [4]. Amino-terminal to the kinase domain is the FKBP12-rapamycin binding domain 
(FRB). The N-terminal half of TOR contains tandem HEAT repeats that may be required for 
protein-protein interactions. Located amino-terminal to the FRB domain and carboxy-terminal 
to the kinase domain are the FAT (FRAP, ATM, and TTRAP) and FATC (C-terminal FAT) 
domains, respectively, conserved in different PIKK family members and involved in protein-
protein interaction [Fig. 4]. 
Raptor is a 150KDa protein containing HEAT repeats and seven WD40 repeats. The interaction 
with mTOR seems to be mediated via multiple contact sites. Knock down of Raptor in yeast, 
drosophila and mammalian cells mimics the effect of rapamycin or mTOR knock down, 
suggesting a positive role of Raptor in the complex [57,58]. Its function in the TORC1 complex 
seems to be the recruitment of S6 kinase and 4E-BP1 to mTOR, mediated by the interaction 
with their TOS (Tor signaling) motifs, allowing their phosphorylation [59].
GβL is a 36KDa protein consisting of seven WD40 repeats, which plays a positive role in 
the signaling of the TORC1 complex [53,60,61]. GβL seems to be necessary for full catalytic 
activity of mTOR and overexpression stimulates mTOR kinase activity [58]. 

The mammalian TORC2 complex

The TORC2 complex consists in S. cerevisiae of TOR2, LST8, AVO3, AVO2, AVO1 and BIT61. 
The mammalian counterpart of the TORC2 complex contains mTOR, GβL and the homologues 
of AVO3 and AVO1. AVO3 has been identified in mammalian cells by two independent groups 
and named mAVO3 [62], or Rictor (used in this thesis) (for Rapamycin Insensitive Companion 
of mTOR) [63]. mSin1 has very recently been identified as new component of the TORC2 
complex, and despite the low level of conservation, it appears to be homologue to AVO1[64]. 
Rictor is a large protein (200 KDa) that contains no obvious catalytic motifs.  mSin (mammalian 
stress activated protein kinase [SAPK] interacting protein) appears to have different isoforms, 
at least three of which associate specifically with the TORC2 complex (mSin1.1: 80KDa, 
mSin1.2: 76KDa, and mSin1.5: 55KDa). Two major functions have been attributed to the 
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    Box3                                                     Rapamycin

Rapamycin (also referred to as sirolimus) is a potent antifungal metabolite produced by the bacterial strain 
Streptomyces Hygroscopicus, initially found in a soil sample from Easter Island also known as Rapa Nui, from 
which the name rapamycin was given. Rapamycin was found to inhibit proliferation of mammalian cells and 
to possess immunosuppressive effects. T cell proliferation induced by TCR stimulation as well as by different 
cytokines was inhibited by rapamycin [65]. Due to this property, rapamycin is now clinically used as immunosup-
pressant to prevent transplant rejection [66]. The anti-proliferative effects of rapamycin are due to inhibition of 
cell cycle progression mainly by affecting two key regulators of G1/S transition like Cyclin D1 and p27kip [67,68]. 
Furthermore, rapamycin has also been shown to induce cell death in certain cell lines and tumor models, by 
affecting the activity of the pro-apoptotic protein BAD [69] and by regulating autophagy [70]. 
Rapamycin requires an intracellular cofactor, the peptidyl-prolyl cis/trans isomerase FKBP12, for toxicity. Rapa-
mycin forms a complex with FKBP12 which then binds to the FRB domain of mTOR and inhibits its kinase activ-
ity. By inhibiting mTOR, rapamycin has a direct inhibitory effect on cell growth and protein synthesis resulting in 
rapid de-phosphorylation of S6K and 4E-BP1.
The correlation between tumor growth and hyperactivity of the PI3K/PKB/mTOR pathway suggested that tumors 
could be sensitive to rapamycin and its derivates (CCI-779, RAD-001 and AP23573). Pre-clinical studies sug-
gested a higher sensitivity for tumors with hyperactive PI3kinase pathway [71]. Clinical trials showed that the 
drug is well tolerated and may induce prolongation of the stable phase of the disease and in some cases regres-
sion. The most promising results have been observed so far with CCI-779 in renal cell carcinoma (Now phase 
III clinical trial), mantle cell lymphoma and endometrial cancers, where indeed hyperactivation of the PI3K/PKB 
pathway correlated with the sensitivity to the drug treatment [72].

Fig. 4 Structural domains of mTOR
mTOR is a 280KDa ser/thr kinase containing HEAT( Huntington, EF3, A subunit of PP2A, TOR1) repeats, a FAT 
(FRAP, ATM, TRAP) domain, and the rapamycin binding domain FRB (FKBP12-Rapamycin Binding), all N terminal to 
the kinase domain. The Kinase domain at the carboxy-terminal of the protein is followed by a NRD (Negative regula-
tory Domain), and a FATC (FAT C terminal) domain.
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TORC2 complex in mammalian cells: Similar to the yeast system, where it controls the actin 
cytoskeleton, the mammalian TORC2, via PKCα and the Rho family of GTPases, controls the 
actin organization [62,63]. The second unexpected function of the TORC2 complex is to act 
upstream of protein kinase B, mediating the phosphorylation of serine 473 [26]. In association 
with Rictor therefore the substrate of mTOR changes and, in a rapamycin-independent fashion, 
it acts on the C-terminal tail of PKB, causing its activation. The logic of TORC2 activating PKB 
remains at the moment elusive as the regulation of the balance between TORC1 and TORC2 
complexes, which is currently under investigation.  

TORC1 targets: S6 kinase and 4E-BP1

mTOR dependent regulation of cell growth depends on the activity of two targets: S6 kinase 
and 4E-BP1

S6 Kinase
Mammalian cells contain two similar S6 kinase proteins (S6K1 and S6K2) encoded by two 
different genes sharing overall 80% homology and having redundant functions [73]. S6 kinases 
have been identified as direct targets of the TORC1 complex involved in the regulation of cell 
growth. However, S6K1 has been used for most of the studies on substrate phosphorylation 
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Fig. 5 Schematic representation of S6 kinase and PKB 
Both S6K and PKB contain in their kinase domains two important regions called activation loop or “T-loop” and the 
hydrophobic motif that require phosphorylation to achieve full activation. The phosphorylation in the T loop is in both 
cases mediated by the ser/thr kinase PDK1, while the hydrophobic motif is targeted by mTOR. In the case of S6K,  
mTOR within the TORC1 complex phosphorylates Thr 389, while for PKB, Ser473 is phosphorylated by mTOR engaged 
in the TORC2 complex. The C-terminal (CT) domain of S6K, which lacks a counterpart in PKB determines the difference 
in substrate specificity of the two TORC complexes. 

and effects on cell growth since it was the first of the two to be discovered. Initial findings on 
the function of S6 kinase as growth regulator came from studies in Drosophila. The loss of 
the Drosophila S6 kinase gene (dS6K) is semi-lethal and the surviving flies have a severely 
reduced body size [74]. Expression of an extra copy of dS6K in the dorsal wing imaginal 
disc compartment, causes instead the adult wing to bend downwards, as a consequence of 
increased cell size in the dorsal site of the wing [75]. S6 kinase 1 knock-out mice also show 
reduced body size compared to wild type littermates. Deletion of S6K1 affects both glucose 
and fat metabolism: namely, S6K1-/- mice are hypoinsulinaemic, glucose intolerant and have 
reduced β -cell mass. Moreover they manifest high levels of fatty acid oxidation [76].
Activation of S6 kinase requires phosphorylation at different sites. Two of the best characterized  
phosphorylation sites include Thr 229 in the activation loop, and Thr 389 in the hydrophobic 
motif. Threonine 389 is phosphorylated by mTOR in the TORC1 complex, and this allows 
further phosphorylation of S6K by PDK1 on Threonine 229, leading to full activation [77]. The 
phosphorylation state of Thr 389 is commonly used as indication of the activity of the mTOR 
pathway [Fig. 5]. 
The mechanism by which S6K controls cell growth seems to depend on the combined action 
of different substrates that have been lately characterized. The ribosomal protein S6 (rpS6), 
a component of the 40S ribosome, was the first S6K substrate identified, and mainly used as 
read-out for S6 kinase activity. Initially believed to regulate the translation of a set of specific 
mRNAs, including ribosomal proteins and elongation factors, containing a specific motif at 
the 5’ region (5’TOP, for terminal oligopyrimidine tract) [78], rpS6 is nowadays believed to 
have a function in translation independent of it [79,80]. S6 kinase seems to play a role in the 
elongation phase of protein translation by regulating the activation state of the elongation 
factor 2 kinase (eEF2K) [81]. It may also affect cell growth control via the phosphorylation of 
SKAR, an RNA binding protein proposed to couple transcription with pre-mRNA splicing and 
mRNA export [82].  Other less well-characterized S6K1 substrates, not directly involved in the 
regulation of cell growth, include the transcription factor CREMτ [83] and the apoptotic protein 
BAD [69].
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4E-BP1 

Translation initiation requires the assembly of an “Initiation complex” at the 5’ CAP (structure 
consisting of a 7-methylguanosine triphosphate element) of the mRNA, the recruitment of 
the first methionine loaded tRNA and the enrollment of the ribosomal subunits. In eukaryotic 
cells the formation of the initiation factor 4F (eIF4F) complex is considered the limiting step 
of translation initiation. A functional eIF4F complex requires the assembly of eIF4E and 
eIF4G at the 5’ CAP of the mRNA. This is then followed by assembly of a series of other 
initiation factors [84]. The mTOR target 4E-BP1 (4E- binding protein 1) interacts with eIF4E 
in a mutually exclusive manner with eIF4G. The affinity of 4E-BP1 for eIF4E is regulated by 
phosphorylation. During conditions of mitogenic stimulation and nutrient sufficiency mTOR 
phosphorylates 4E-BP1; this determines the release of eIF4E that can give start to translation. 
Raptor has been shown to bind to the “TOS” motif (TOR signaling) within the C-terminus of 
4E-BP1, and this appeared to be absolutely required for the TORC1 complex to phosphorylate 
4EBP1 in vitro [59,85,86]. 

Amino acid availability regulates the Rheb/mTOR pathway at different levels

Intracellular levels of amino acids have been known for long to play an important regulatory 
role on the activity of mTOR. Withdrawal of amino acids in tissue culture cells leads to rapid 
inactivation and de-phosphorylation of S6 kinase and 4E-BP1 [87,88]. In contrast, amino acid 
stimulation, in particular with branched chain amino acids, leads to phosphorylation of S6 
kinase and 4E-BP1 in a rapamycin sensitive manner. Initially it was suggested that upon 
amino acid withdrawal, accumulation of uncharged tRNA would signal directly to mTOR 
to inhibit protein translation and act as “amino acid sensor” in the cell [89]. However, de-
phosphorylation of S6 kinase occurs rapidly, while a severe starvation is required  to observe 
the accumulation of uncharged tRNA [90]. Regulation of the pathway by the availability of 
amino acid occurs at different levels, to provide a stringent multilayered control of the different 
components of the signaling cascade.
In the absence of amino acids, insulin and phorbol ester stimulation is no longer able to 
induce the activation of Rheb and downstream signaling [2]. These results suggested the 
presence of a regulatory mechanism interfering with the pathway upstream of Rheb, however, 
no target has yet been identified. Gao et al. initially indicated that the TSC1/2 complex may 
be required in order to “sense” the intracellular amino acid levels [91]. This was based on the 
observation that in cells lacking the TSC complex, mTOR signaling is partially resistant to 
amino acid withdrawal. In contrast to this initial report our group and others showed that even 
in the absence of TSC1 and TSC2, a prolonged amino acid depletion could down-regulate 
mTOR activity [2,32,92]. These findings indicate that independently of the activation state of 
Rheb, which is constitutively GTP loaded in TSC1-/- and TSC2 -/- cells, mTOR activity could 
be regulated by the availability of amino acids. Another component of this signaling network 
recently identified as mediator of the amino acid-induced mTOR activation, is the lipid kinase 
Vps34 [32]. Vps34 belongs to the class III PI3 kinase family, and is responsible for the production 
of phosphatidylinositol mono phosphate PI(3)P. Vps34 is directly regulated by amino acids 
[93], and upon stimulation it induces the activation of mTOR. The exact mechanism by which 
Vps34 regulates mTOR remains unclear but appears to require the production of PI(3)P [32]. 
Vps34 was initially identified as a protein involved in macro-autophagy, a process triggered 
by sustained depletion of amino acids, where intracellular compartments are internalized in 
vesicles and then fused to the lysosome in order to compensate for the lack of amino acids 
in the extracellular milieu [94]. More recently however, Vps34 has been shown to be part of 
autophagy-independent protein complexes and to be involved in vesicular transport [95]. 
At last, also the interaction between Rheb and mTOR is regulated by the amino acid availability, 
in particular leucine, introducing a further level of regulation in the pathway. Amino acid 
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Fig. 6 Regulation of Rheb/mTOR signaling by amino acids.
   Intracellular levels of amino acid (AA) regulate the Rheb/mTOR pathway by different means:
- The growth factor dependent activation of Rheb requires the presence of amino acids. 
- AA availability affects the interaction between Rheb and mTOR. 
- AA activate the lipid kinase Vps34, which is required for the amino acid induced activation of mTOR

withdrawal was suggested to act most likely on mTOR and to affect the interaction with Rheb 
and downstream signaling. In agreement with this, Rheb GTP levels are not directly affected 
by amino acid withdrawal, and different Rheb mutants, independently of their activation state, 
are able to bind to mTOR but require the presence of amino acid in the medium [96] [Fig. 6]. 
The involvement of Rheb in the regulation of amino acid metabolism is also demonstrated by 
studies in yeast: S. Pombe deficient for Rheb shows a cell cycle arrest in G1 and a phenotype 
similar to what was observed upon nitrogen starvation [97]. Deletion of Tsc1 or Tsc2, results in 
constitutive Rheb and TOR activity, and causes a reduction in arginine uptake [98]. Similarly, 
Rheb-deficient S. Cerevisiae have an increased arginine uptake phenotype [99]

Negative feedback loop 

Another level of complexity and regulation of the pathway not yet addressed, is the presence 
of a negative feedback loop, acting form S6 kinase, back at the insulin receptor substrate 
(IRS) level, which prevents over-activation of the pathway. Prolonged insulin exposure was 
shown to decrease the levels of IRS1, most likely via proteasomal degradation and affect 
its phosphorylation state, resulting in inhibition of PKB signaling, in a rapamycin sensitive 
fashion [100].  Over-activation of the Rheb/mTOR/S6K signaling pathway, as in the case of 
Tsc1/2 deficient cells, has in fact a negative effect on the insulin signaling. In this scenario, 
two major mechanisms have been described: on one hand, the mRNA expression levels 
of IRS1 are down-regulated, on the other, phosphorylation of IRS1 on serine residues is 
increased [101,102]. Serine phosphorylation on IRS1 regulates the affinity of this adaptor 
protein for the insulin receptor, resulting in inhibition of the signal transduction cascade. The 
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mechanism by which IRS1 transcription is controlled is not fully elucidated yet, however, S6 
Kinase seems to be involved, since RNAi for S6K1 and S6K2 restored IRS1 levels in TSC2 
-/- cells [101].  Also in the case of IRS1 phosphorylation, the precise mechanism and the list 
of kinases involved is not yet completed. S6K is responsible for phosphorylation of Ser 307, 
but also indirectly playing a role in the regulation of other sites, like S636/639, S312 and 
S616 [76,103,104]. Phosphorylation of Ser 312 for example, was shown to be mediated by 
JNK kinase, and to be involved in the acquisition of insulin resistance upon increase levels 
of circulating free fatty acids [105]. Given the fact that tuberous sclerosis is a non-malignant 
disease, (see box2) the restriction on PI3K signaling exerted by this negative feedback could 
explain the low malignant potential of cells lacking TSC2. Indeed, TSC2 heterozygous mice, 
where PI(3,4,5)P3 levels were increased by heterozygosity of PTEN, showed formation of 
more aggressive tumors compared to TSC2-/+ mice [106]. Another example that highlights 
the physiological importance of this mechanism was revealed in S6K knock out mice. S6K1-/- 
mice showed in fact protection against age and high-fat diet induced obesity. Despite the high 
levels of circulating free fatty acids, normally causing inhibition of insulin signaling, S6K1 KO 
mice, maintained insulin sensitivity, due to the lack of inhibition normally exerted by S6K on 
IRS1 [76]. This observation raised the possibility of targeting S6K for therapeutic intervention 
in type 2 diabetes.
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Outline of this thesis

The focus of this thesis is the regulation of the small GTPase Rheb by insulin and nutrients. In 
chapter 2 we demonstrate that endogenous Rheb is under the control of insulin and required 
for mTOR activation. In addition, we show that TSC2 is a GAP for Rheb. In chapter 3, we 
provide evidence for a dual control of mTOR by amino acids. More specifically, we show 
that amino acids are required for growth factor-induced Rheb activation, but that amino acid 
deprivation can also block mTOR in a Rheb-independent fashion. In chapter 4 we describe 
a Rheb-independent mechanism of regulation of mTOR by amino acids. One of the important 
findings described in this chapter, is the identification of the class III PI3kinase Vps34, as a 
new component of this signaling network. Chapter 5 and 6 of this thesis address two important 
topics related to the control of cell growth: the regulation of protein translation and of lipid 
metabolism.
In chapter 5 we describe a new mechanism of regulation exerted by the translational 
machinery, specifically by the eIF2 complex, on the mTOR pathway. Chapter 6 deals with the 
identification of new Rheb binding partners, and more specifically with the interaction between 
Rheb and the transcription factor SREBP and the involvement of the Rheb/mTOR pathway in 
fatty acids and cholesterol metabolism. Chapter 7 discusses the main findings of this thesis in 
relation with the latest knowledge from the literature and analyzes the relevance of the Rheb/
mTOR pathway in the context of cancer development and treatment.
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Fig. S1
Graphic representation of Rheb-GTP levels in TSC2 WT MEFs treated for one hour with WM (0.1mM) or BIM (6mM). Each 
bar represents the average of duplicates from one experiment. Error bars indicate S.D. Values of untreated cells were set at 100%. 
Quantification was done using the ImageQuant program using a PhosphorImager. Phosphorylation levels of S6 kinase and S6 in 
WT MEFs from parallel dishes treated in the exact same manner as for the GTP loading experiment are shown. GAPDH staining is 
shown as loading control.

Fig S2  
Quantification of Rheb and Ras GTP levels in unstimulated TSC2 KO MEFs . P53 Immuno-precipitation with anti-goat p53 antibody 
was performed as negative control. The relative percentage of GTP for each sample is indicated below the PhosphorImager picture 
taking as background reference the levels in the p53 lane
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eIF2 regulation of the insulin pathway in Drosophila S2 
cells

M.Roccio, J.L.Bos, F.Zwartkruis.
Department of Physiological Chemistry and Centre for Biomedical Genetics, University Medical Center 

Utrecht, Universiteitsweg 100, 3584 CG, Utrecht, The Netherlands

Abstract

The insulin/PI3K/PKB pathway controls different aspects of cell proliferation, survival and 
metabolism and has a major role in the control of cell growth by acting on the serine/threonine 
kinase mTOR, a key player in the initiation of protein translation. Translation initiation requires 
the assembly of the initiation complex at the 5’ CAP of the mRNA and strictly depends on the 
initiation factor 2 (eIF2), a 3 subunit (α, β, γ) complex responsible for the charging of the first 
methionine carrying tRNA to the initiation complex/ribosome. Knock-down of the different eIF2 
subunits in Drosophila S2 cells showed a positive effect on the phosphorylation of both PKB and 
S6 kinase and led to an increase in cell size. The eIF2 RNAi effects were blocked by RNAi against 
Rheb as well as by rapamycin treatment, indicating that eIF2 interferes in the insulin signaling 
upstream of mTOR. Activation of PKB following eIF2 RNAi depends on the down-regulation of 
the lipid phosphatase PTEN. Increased PKB activation is one of the causes of the enhanced 
phosphorylation of S6 kinase, however, upon knock-down of eIF2 we observed partial inhibition 
of the rate of protein translation, which, by increasing the pool of free intracellular amino acids, 
could contribute to the activation of S6K.
In conclusion, the eIF2 complex appears able to negatively regulate the insulin/PKB/S6K pathway 
in order to maintain optimal levels of protein translation.

Introduction

The serine/threonine kinase mTOR plays a pivotal role in the regulation of cell growth and 
protein synthesis. mTOR activity is positively regulated by hormones like insulin and growth 
factors, but strictly depends on the presence of nutrients, such as amino acids and glucose, 
in order to activate downstream effectors. Insulin stimulation leads to rapid activation of PKB, 
which phosphorylates and inactivates the tuberous sclerosis complex TSC1/2, a negative 
regulator of the small GTPase Rheb. Upon insulin stimulation, Rheb becomes active and is 
then responsible and required for activation of mTOR [1-4]. Rheb has been shown to be a 
major regulator of cell size in Drosophila [5], acting solely on the TORC1 complex [6]. mTOR 
within the TORC1 complex is responsible for the phosphorylation of the two targets: S6 
kinase and 4E-BP1. (for a review see [7]). The function mTOR in the regulation of protein 
translation is better characterized in the case of 4E-BP1, which acts as negative regulator of 
the initiation factor 4E (eIF4E). Upon mTOR mediated phosphorylation, 4E-BP1 dissociates 
from the CAP binding protein eIF4E resulting in assembly of a protein complex at the 5’ of 
the mRNA required to initiate protein translation. S6 kinase on the other hand has diverse 
targets that together may contribute to increase cell size. S6 kinase does not seem to play 
a direct role in translation initiation, but by phosphorylating the elongation factor 2 kinase 
(eEF2K), may have effects on peptide chain elongation [8]. Moreover, mTOR itself has been 
shown be part of the translation initiation complex, which by acting as scaffolding platform, 
allows mTOR to phosphorylate its targets [9]. The first nucleus assembled in order to initiate 
translation is the “ternary complex”, including the three subunits (α,β,γ) eIF2 complex loaded 
with GTP and the methionine-charged tRNA. eIF2 cycling between the GTP and the GDP 
bound forms is required for protein initiation: Hydrolysis of GTP is required for the release of 
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the first Met-tRNA at the ribosome and reloading with GTP is necessary for a new round of 
protein translation initiation. The loading with GTP is enhanced by the activity of the guanine 
nucleotide exchange factor eIF2B (reviewed by Proud [10]). Interestingly, both insulin and 
amino acid availability seem to have similar effects on the activity of mTOR and eIF2: eIF2B 
has been shown to be a target of GSK3β and to be inhibited by phosphorylation on ser 540 
of the ε subunit [11,12]. Upon insulin stimulation, PKB phosphorylates and inhibits GSK3 
leading to activation of eIF2 and to an increase in the translation initiation rate. eIF2B activity 
has also been shown to be regulated by the presence of nutrients. Insulin stimulation of 
eIF2B was indeed completely abolished upon withdrawal of amino acids and /or glucose [13]. 
Amino acid levels can regulate the activity of the eIF2 kinase GCN2. Prolonged amino acid 
depletion results in the increase of uncharged tRNA in the cell. GCN2 binding to deacylated 
tRNA, causes activation of its kinase activity and phosphorylation on serine 51 of eIF2α,  
resulting in inhibition of eIF2 activity [14]. Other cellular stresses requiring the modulation 
of protein translation such as ER stress, caused by the presence of unfolded proteins in the 
endoplasmatic reticulum [15], viral infection and osmotic shock are for example involved in the 
regulation of eIF2 via the eIF2 kinases PERK, PRK and HRI respectively [16]. Phosphorylation 
on ser 51 of the alpha subunit of eIF2, by these kinases, causes constitutive binding to eIF2B 
and results in the abolishment of GTP/GDP cycling of the initiation complex. This causes 
the inhibition of global protein synthesis, but additionally results in selective translation of 
specific mRNAs required to cope with the triggering stress [17]. Despite the similarities in 
regulation and in function, mTOR and eIF2 reside in independent pathways. A cross talk 
between the two pathways was suggested based on the observation that in S. Cerevisiae, 
rapamycin induced the translation of the transcriptional activator GCN4 [18]. Upon GCN2 
dependent phosphorylation of eIF2α, cells de-repress the expression of GCN4, which in turns 
regulates the transcription of genes encoding amino acid biosynthetic enzymes [19,20]. As a 
major regulator of translation initiation, the mTOR pathways should also be able to “sense” the 
activity of the translational machinery, in order to maintain a suitable pace [21]. We therefore 
examined the effects of eIF2 itself on the PKB/mTOR/S6 kinase pathway by means of RNAi 
in Drosophila S2 cells. eIF2 knock-down appeared to have a positive effect both on PKB as 
well as on S6 kinase and resulted in an increase in cell size, suggesting that besides directly 
controlling protein translation initiation, eIF2 may also play a role in the regulation of the 
mTOR pathway. 

Results

Knock-down of eIF2β increases cell size and phosphorylation of S6 Kinase and PKB

The small GTPase Rheb has initially been described in Drosophila as cell growth regulator, 
acting on the mTOR pathway [5]. Furthermore it has been shown to regulate cell cycle 
progression inducing entry in S-phase when over-expressed in Drosophila S2 cells [22]. RNAi 
targeting of Rheb indeed reduced cell size of S2 cells (15%) to the same extent as rapamycin 
treatment (14%). RNAi for the small GTPase Rap1 was used in these experiments as a 
negative control and showed no effect on cell size (Fig.1a) nor on cell cycle progression (not 
shown). Treatment with rapamycin of cells where Rheb was knocked-down, showed even a 
more drastic decrease in cell size. Both Rheb RNAi and rapamycin treatment increased the 
population of cells in the G1 phase of the cell cycle (Fig.1b) and prevented the insulin-induced 
phosphorylation of S6 kinase (Fig.1c). In contrast, they strongly increased the insulin-induced 
phosphorylation of PKB (Fig.1c), uncovering a previously described negative feedback loop, 
acting from S6 kinase on the Insulin receptor substrate [23,24]. The Drosophila eukaryotic 
initiation factor 2 (eIF2) was analyzed for its putative role as regulator of the TOR pathway. 
Contrary to what expected for a component of the translational machinery, RNAi for the beta 
subunit of eIF2 induced an increase in cell size (10.9% p<0.01); the increase observed was 
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still sensitive to rapamycin treatment (Fig.1a).  When we analyzed the phosphorylation levels 
of S6K and PKB, we observed an increase in the insulin-induced phosphorylation of S6 kinase 
and PKB (Fig.1c). RNAi targeting eIF2β increased the phosphorylation of PKB particularly in 
the rapamycin treated sample, suggesting that eIF2β could be synergizing with the negative 
feedback on insulin signaling generated by the rapamycin treatment. Knock-down of eIF2β did 
not affect cell cycle progression (Fig.1b).
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FIGURE 1
Effects of eIF2β knock-down on cell size, cell cycle and phosphorylation of PKB and S6 Kinase
1a- Forward scatter (FSC) analysis of S2 cells treated for 5 days with RNAi targeting Rheb (left), eIF2β (middle) or Rap1 (right). Data from 
a representative experiment are shown. Bar graph representation of the mean of the FSC of S2 cells treated for 5 days with the indicated 
RNAi obtained in different experiments (Untreated n=10, Rheb n=10, Rap1 n=6, eIF2β n=9). Rapamycin (50nM) was added during the last 
48 hours of the experiment. Treatment with rapamycin significantly decreased cell size in all conditions: (* P<0,01 untreated vs rapamicyn 
treated. Paired T test).
1b- Cell cycle analysis of cells treated with the indicated different RNAis. S2 cells were stained with propidium iodide to asses the percent-
age of the cells in the different phases of the cell cycle after treatment with RNAi. Percentages are indicated below each plot. Profiles from 
the same experiment as 1a are shown.
1c- Total lysates were prepared from S2 cells treated for 5 days with the indicated RNAi or alternatively treated also with rapamycin (50nM) 
for 2 days prior to lysis and stimulated with insulin for 15 minutes when indicated. Phosphorylation of S6 kinase and PKB was detected 
with phospho-specific antibodies. Tubulin staining is shown as loading control.

eIF2 subunits and their functions in cell size regulation

To further investigate the role of eIF2 in cell cycle and cell growth regulation, we generated 
double stranded RNAi targeting the alpha and gamma subunits of eIF2 as well as for one of 
the catalytic subunits (γ) of eIF2B, the GEF responsible for GTP loading of eIF2. RNAi for 
the beta and gamma subunits of eIF2 showed similar phenotypes: They both increased cell 
size in a rapamycin sensitive manner, without affecting cell cycle progression (Fig.1 and 2a). 
On the other hand RNAi targeting the alpha subunit did not affect cell size of S2 cells but 

1a

1b

1c



eIF2 regulation of the insulin pathway in Drosophila S2 cells

C
H

A
P

T
E

R
 5

57

altered cell cycle by increasing the percentage of cells in G1 (Fig. 2a), suggesting that the 
different eIF2 subunits may have different functions. RNAi for the catalytic γ subunit of eIF2B 
had similar effects as described for eIF2β and eIF2γ (Fig. 2a). Phosphorylation of S6 kinase 
and PKB was analyzed in the same samples: Cells treated with RNAi targeting the different 
subunits of eIF2 had increased basal and/or insulin-induced phosphorylation of S6 kinase and 
increased insulin-induced PKB phosphorylation, in particular upon rapamycin treatment (Fig. 
2b) and in combination with the Rheb RNAi (Fig.2c). These results suggest that eIF2 may 
have a function as a negative regulator of PKB signaling: Thus, knock-down of eIF2 results in 
increased PKB activation and subsequent S6 kinase phosphorylation leading to an increase 
in cell size. The cell size increase mediated by knock-down of eIF2 subunits was indeed 
rapamycin sensitive (Fig.2a) and inhibited by RNAi against Rheb (Fig.2d). This indicates that 
eIF2 affects the PKB/Rheb/S6K pathway upstream of Rheb.
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FIGURE 2 
Knock-down of other eIF2/eIF2B subunits: effects on cell size/cycle and PKB/S6K phosphorylation
2a- Forward scatter (FSC) analysis of S2 cells treated for 5 days with RNAi targeting eIF2α, eIF2γ or eIF2Bγ. 
Data from a representative experiment are shown. Cell cycle profiles of the same cells are shown below. 
Bar graph representation of the mean of the FSC of the different experiments performed (control n=10, eIF2α 
n=6, eIF2γ n=5, eIF2Bγ n=5). Rapamycin (50nM) was added during the last 48 hours of the experiment.
2b- Total lysates were prepared from S2 cells treated for 5 days with the indicated RNAi or alternatively also treated with rapamy-
cin (50nM) for 2 days prior to lysis and stimulated with insulin for 15 minutes when indicated. Phosphorylation of S6 kinase (up-
per panels) and PKB (lower panel) was detected with phospho-specific antibodies. Tubulin staining is shown as loading control. 
2c- Western blot analysis of S2 cells treated for 5 days with the indicated RNAi. Cells were stimulated 15 minutes pri-
or to lysis with insulin. The phosphorylation level of S6K (T389) and PKB (473) is detected with phospho-specific antibodies. 
2d- Bar graph representation of the mean of the FSC of cells treated with the indicated RNAi from two independent experiments.
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eIF2 effects on the insulin/PKB/S6 kinase pathway are specific 

In order to evaluate the specificity of the effects observed upon knock-down eIF2, we generated 
dsRNA targeting eIF4E and two subunits of the eIF3 complex (S10 and INT6). These initiation 
factors are essential and required for translation initiation. Two different dsRNAi of 600 bp 
were generated against S10 and used separately (not shown) or in combination. Rap1 RNAi 
was also in this case used as negative control. As shown in figure 3a, RNAi against eIF4E and 
eIF3 did not have any effect on the insulin-induced phoshorylation of S6 kinase and PKB, and 
did not increase cell size, indicating that the effect observed for eIF2 on the PKB/Rheb/S6K 
pathway are specific. RNAi against the two selected eIF3 subunits increased the percentage 
of cells in the G1 phase of the cell cycle while no effect was observed upon knock-down of the 
CAP binding protein eIF4E (Fig.3b). 
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FIGURE 3
Effects on cell size/cycle and PKB/S6K phosphorylation upon RNAi for other initiation factors 
3a-Bar graph representation of the mean of the FSC of S2 cells treated with RNAi targeting eIF4E, eIF3S10 and eIF3 Int6. Rap1 RNAi 
is shown as negative control (control n=10, Rap1 n=6, Int6 n=3, s10 n=4, 4E n=3). Phosphorylation of S6K and PKB is shown below the 
graph for one representative experiment. Cells were stimulated with insulin for 15 minutes before lysis.
3b- Cell cycle profiles of S2 cells treated with the indicated RNAi is shown for one representative experiment.

eIF2 RNAi effect on protein synthesis

eIF2 is a major regulator of protein translation initiation. The effects observed so far seem 
to be in contrast with the function that eIF2 is known to play; on the other hand, inhibition 
of protein synthesis by artificial means, like cycloheximide treatment, has been shown to 
have a positive outcome on S6 kinase activity. This appeared to be the consequence of the 
increased levels of free amino acids, resulting from inhibition of protein translation [25]. A 
similar effect could occur upon knock-down of eIF2 and explain part of the effects observed 
thus far. Treatment with cycloheximide, which completely abolished protein translation, indeed 
had a positive effect on the phosphorylation of S6 kinase in S2 cells but did not affect the basal 
or insulin induced phosphorylation of PKB (Fig.4a and 4b). Rapamycin treatment reduced 
the methionine incorporation of approximately 50%, quantified by TCA precipitation of the 
same samples (not shown). RNAi for eIF2 (α and β) also showed a partial inhibitory effect 
on the methionine incorporation, however, the degree of inhibition was not comparable with 
the drastic effect exerted by cycloheximide (Fig. 4c). This suggests that eIF2 RNAi in S2 cells 
does not lead to a severe suppression of protein translation.
Similar experiments were performed in mouse embryonic fibroblasts (MEFs), where we could 
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easily monitor the efficiency of the RNAi treatment. RNAi oligos targeting either the alpha or 
the beta subunits of eIF2 were transfected for 3 days in MEFs. The knock-down efficiency was 
estimated to be more than 80% (Fig.4d right panel). Also in this case we observed a partial 
effect on protein translation, being affected mainly in the eIF2 alpha RNAi treated cells (Fig.4d 
left). Also in MEFs the effect on protein translation of cycloheximide and rapamycin appeared 
stronger then what caused by eIF2 knock-down (Fig.4d right). 
Although the inhibition of protein synthesis observed upon eIF2 RNAi was minor, we cannot 
exclude it may be enough to rise the free amino acid levels in the cell and trigger the activation 
of S6 kinase. Our experiments confirm previous reports showing that cycloheximide treatment 
does not affect PKB phosphorylation, which is in fact insensitive to the intracellular amino acid 
levels. Therefore, the phosphorylation of PKB observed upon knock-down of eIF2, indicates 
that a node of regulation of the pathway has to be present, controlling more directly the 
activation of PKB. 
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FIGURE 4
eIF2 RNAi effects on protein synthesis

4a- Incorporation of 35S methionine into proteins, after treatment with the indicated concentrations of cycloheximide or rapamycin for 1 hour. 

Samples were pulsed for 1 hour with 35S methionine and subsequently lysed in sample buffer. The same samples were then probed with 
phospho-specific antibodies to detect phospho-S6 kinase and phospho-PKB.
4b- S2 cells treated with 10μg/ml cycloheximide for 1h and where indicated stimulated for 30 minutes with insulin were analyzed by western 
blotting and probed with phospho-specific antibodies recognizing P-S6K and P-PKB.
 4c-Autoradiogram of samples prepared from S2 cells, untreated or treated for 5 days with RNAi targeting eIF2 alpha and eIF2 beta or treated 

for 1hour with cycloheximide (10μg/ml); Samples were pulsed for 1 hour with 35S methionine and subsequently lysed in sample buffer. 
Tubulin staining is shown as loading control.
4d- Autoradiogram of samples prepared from mouse fibroblast treated for 3 days with a control RNAi oligo or RNAi targeting the alpha or 
the beta subunit of eIF2 (left) or treated for one hour with cycloheximide (10μg/ml and 1μg/ml) or with rapamycin (50nM) (right). Cells were 

incubated in methionine free medium and pulsed for 1 hour with 35S methionine. Cells were then lysed in sample buffer. Parallel samples 
unlabeled prepared simultaneously were then probed with the indicated antibodies.
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Mechanism

In view of the notion that PKB phosphorylation induced by eIF2 RNAi synergized with 
rapamycin-mediated effect (as shown in Fig.1c and 2b), we postulated that eIF2 negatively 
regulates the insulin signaling by an alternative mechanism to what has already been described 
for S6 kinase [26]. For mammalian cells this negative feedback has been shown to have 
two major effects: One is to regulate the expression levels of the insulin receptor substrate, 
the other is to regulate its phosphorylation on sites having negative effects on downstream 
signaling. Due to the lack of antibodies, we were unable to monitor the expression levels the 
Drosophila Insulin receptor substrate Chico or its phosphorylation state. We examined the 
effect of eIF2 RNAi on the expression levels the Drosophila insulin receptor (dINR). RNAi for 
Rheb and for the different eIF2 subunits did not have any severe effect on the expression of 
dINR as shown in Fig.5a. Another well-characterized regulator of the PI3K/PKB pathway is 
the lipid phosphatase PTEN that by reducing the levels of phosphatydil-inositol (3,4,5) 3P at 
the membrane reduces the activation of PKB. We therefore monitored the expression levels 
of PTEN. PTEN levels indeed appeared to be reduced when S2 cells were treated with RNAi 
targeting eIF2 (alpha and beta) but not upon treatment with cycloheximide or rapamycin, 
neither when treated with RNAi for the S10 subunits of eIF3 or Rap1 (Fig. 5b). 
Similar experiments were performed in mouse embryonic fibroblasts. As shown in figure 
5c, upon knock-down of eIF2α and eIF2β we observed similar effects to what described for 
S2 cells, indicating that this mechanism of regulation has been conserved in evolution. The 
insulin-induced phosphorylation of PKB and S6 appeared to be increased upon RNAi for 
eIF2β ( 5c left panels) and knock-down of eIF2α also increased the phosphorylation state of 
S6 kinase and of its target S6 (5c right panels). In the course of these experiments we noticed 
that upon knock-down of one of the subunits of the eIF2 complex, also the subunits not directly 
targeted by the RNAi were downregulated, which could be explained by the altered stability 
of the complex. Under these conditions we observed a more pronounced effect on PKB and 
S6K phosphorylation, compared to less efficient knock-down situations, where only one of the 
subunits was downregulated. We therefore examined the levels of expression of PTEN upon 
knock-down of eIF2 in these cells, using simultaneously RNAi oligos targeting the alpha and 
the beta subunits. Their effect on the expression level of PTEN was compared to cells treated 
with a control RNAi oligo or with a Rheb RNAi. We observed a strong decrease in the protein 
levels of PTEN upon knock-down of the eIF2 complex, which correlated with and increase 
in the insulin-induced PKB phosphorylation. Phosphorylation of PKB on serine 473 was also 
enhanced upon treatment with Rheb RNAi compared to control cells. This however did not 
affect the expression of PTEN (Fig. 5d).
In conclusion, down-regulation of PTEN expression might explain the increase in PKB/
S6kinase signaling that we observed, however the precise mechanism by which eIF2 could 
affect PTEN remains unclear 

Discussion

Protein translation is one of the major determinants in the control of cell growth. Despite 
being the final step in the flow of genetic information, it still appears to be subject to extensive 
regulation. Diverse environmental conditions like nutrient deprivation, hypoxia and stress of 
the endoplasmic reticulum (ER) are able to influence the translation process, mainly in its 
initial phase [27]. This allows a rapid cellular response in order to tune protein biosynthesis. 
A key regulator of cell growth in eukaryotic cells, controlling protein translation initiation, is 
the serine/threonine kinase mTOR. The mTOR pathway is under the control of mitogenic 
signals that normally trigger cell growth and proliferation, but it is also restrained by the lack 
of nutrients, namely amino acids and glucose [25]. Another well-known regulator of protein 
translation initiation is the initiation factor 2 (eIF2), responsible for the loading of the first 
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FIGURE 5
Effect of eIF2 knock-down on the levels of the dIns receptor and PTEN.
5a-S2 cells lysates from the same experiment as shown in figure 2c, treated with the indicated RNAi targeting Rheb or the three eIF2 sub-
units were probed with an antibody recognizing the Drosophila insulin receptor. Tubulin staining is shown as loading control.
5b- PTEN levels were examined in S2 cells treated for 5 days with the indicated RNAis or treated for one hour with rapamycin (50nM) or 
cycloheximide (10μg/ml).
5c-MEFs were treated for 3 days with a control RNAi oligo or with RNAi oligos targeting eIF2α and eIF2β. Cells were stimulated with insulin 
for the indicated periods. Where indicated, cells were incubated in presence of rapamycin for one hour. Phosphorylation of S6 Kinase, S6 
and PKB was examined by western blotting with phospho-specific antibodies.
5d- PTEN levels were examined in MEFs treated for 3 days with RNAi targeting simultaneously the alpha and beta subunits of eIF2 or with 
the Rheb RNAi. Cells were stimulated with increasing concentrations of insulin (from 0,1 to 5 μg/ml) for 15 minutes prior to lysis. The phos-
phorylation state of PKB (S473) is shown. The ratio between PTEN and tubulin expression levels was quantified and shown in the bar graph 
as average of the 4 samples. Knock-down efficiency for eIF2 α and β resulted to be >80%.

methionine carrying tRNA on the ribosome [10]. So far the pathways leading to the activation 
of mTOR and eIF2 seem to be independent, however, both insulin stimulation as well as 
amino acid depletion have similar outcome on the activity of these two proteins [28]. Also in 
the case of eIF2, in absence of amino acids, insulin stimulation is no longer able to activate its 
GEF eIF2B. This was shown to be independent of the activation state of PKB or GSK3β, which 
were not affected by the lack of nutrients [13]. The regulation of the two pathways also appears 
to be linked. The mTOR inhibitor rapamycin exerts in cells an effect equivalent to a nutrient 
starvation signal caused by amino acid depletion, and as a consequence of the treatment, 
genes involved in different aspects of active biosynthesis are modulated. The expression 
levels of both eIF2 and eIF2B appeared for example to be down-regulated upon rapamycin 
treatment [29]. Even though eIF2 acts as positive regulator of protein synthesis, RNAi of the 
different subunits of eIF2 had a positive effect on the phosphorylation of PKB and S6 kinase, 
leading to an increase in cell size. This suggests that under normal conditions, eIF2 would 
have an inhibiting function on the insulin pathway. The general state of protein translation is in 
fact “sensed” by the insulin/TOR pathway in order to prevent its over-activation [21]. Recently, 
several groups have characterized the mechanism of action of a negative feedback loop acting 
from S6 kinase on the insulin receptor substrate IRS-1 [23,30]. This would allow a tighter control 
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on the activation of the insulin pathway, and play an important role in the development of patho-
physiological conditions like type two diabetes and obesity [24]. In presence of an activated 
mTOR pathway, the decrease in the expression level of IRS-1 and the phosphorylation of 
serine 307 and serine 636/639 decreases PI3Kinase activity, preventing further activation of 
mTOR. This negative regulation appeared to be very pronounced in S2 cells, where RNAi for 
Rheb or rapamycin treatment, strongly enhanced the phosphorylation of PKB. Upon RNAi for 
the different subunits of eIF2 we have observed a similar effect, being the rapamycin-induced 
phosphorylation of PKB increased compared to control RNAi or untreated cells, suggesting 
that eIF2 could be playing a role in this process. We show that the mechanism by which eIF2 
regulates the PI3K signaling is a different one from what described so far in the case of S6 
kinase. The expression levels of the lipid phosphatase PTEN, a major regulator of PI3 kinase 
signaling, were indeed down regulated upon knock-down of eIF2, and this could explain the 
increased phosphorylation of PKB and S6 kinase observed. However we could not exclude 
that changes in the expression levels of Chico, the Drosophila insulin receptor substrate, or 
its phosphorylation, could also contribute to the increase in insulin signaling. Due to the lack 
of antibodies cross-reacting with Drosophila cell extracts, we were unfortunately unable to 
probe for these components of the pathway. However, when similar experiments were carried 
out in MEFs, we did not observe a significant effect on the phosphorylation state of IRS1 (ser 
636/639)(Data not shown). The exact mechanism by which eIF2 regulates PTEN remains at 
this moment elusive. A possible mechanism is that PTEN is a target of a specific translational 
control exerted by eIF2. Inhibition of eIF2 by other means, (e.g. amino acid depletion, UPR 
(unfolded protein response), ER stress) has been shown to trigger the activation of a specific 
set of genes, beside down-regulating general protein synthesis [16,31]. The PTEN messenger 
RNA has indeed a number of open reading frames that would make it a suitable candidate for 
translational regulation. eIF2 knock-down showed only a partial inhibitory effect on general 
protein translation, however, processes like autophagy or inhibition of protein synthesis with 
cycloheximide, have been shown to have a positive effect on the activation of S6 kinase, by 
increasing the pool of free amino acid in the cell [25] [32]. We cannot exclude the possibility 
that even this partial inhibition, would be enough to directly activate mTOR and S6 kinase. 
On the other hand, the fact that knock-down of other initiation factors like eIF3 (S10 and 
INT6) and eIF4E did not have the same effect, indicates that the contribution to S6 kinase 
phosphorylation mediated through inhibition of protein synthesis is minor. 
In conclusion eIF2 seems to play the role of negative regulator of the insulin/PKB/S6K pathway, 
by modulating the expression levels of the PIP3 phosphatase PTEN. By this mean, inhibition 
of eIF2, could trigger activation of the TOR pathway in order to maintain optimal levels of 
protein translation. INR
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FIGURE 6
Model
Model depicting the regulation of 
the PI3K/PKB/mTOR pathway in-
tegrated with the novel mechanism 
of regulation exerted by eIF2. 
By regulating the expression lev-
els of the lipid phosphatase PTEN, 
eIF2 can regulate the activity of 
the insulin signaling pathway and 
maintain a balance in the protein 
translation rate.
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Material and methods

 Drosophila S2 cells were cultured in Schneider Medium (Invitrogen) containing 10 % FBS (Biowhittaker) 
and pen/strep (100U-μg/ml) at 27°C. 
For RNAi experiments S2 cells were seeded at a density of 1x106 cells/well in 6 well plates. Cells were 
kept in presence of the different dsRNAi (30 μg) for 5 days. Rapamycin (Biomol) was added two days 
before the end of the experiment at a final concentration of 50nM. Cells were stimulated with insulin (5μg/
ml) for 15 minutes prior to lysis. Cells were harvested and washed once with PBS. Half of the cells were 
used for western blotting and lysed directly in Laemmli sample buffer, the remaining half of the cells was 
fixed in 70% Ethanol and used for FACS analysis.
Mouse embryo fibroblasts were grown in DMEM with 10% FBS Pen/Strep.
RNAi oligos, purchased by Dharmacon, were transfected in two consecutive days with oligofectamine 
(Invitrogen) according to manufacturer’s instructions. The RNAi sequence was designed using Dharmacon’s 
parameters: eIF2α#1:cgacgtatccgttctataa, eIF2β#1:agacgaagctttagaagat, Rheb: tcagtgtagtttgttgtttaa. 
Cells were lysed after 3-4 days of RNAi treatment in Ral buffer (10% Glycerol, 1%NP-40, 200mM NaCl, 
50mM Tris PH 7.5, 2mM MgCl2, and proteases’ inhibitor cocktail mix EDTA free (Roche) protein levels 
were quantified by Bradford analysis (Bio-Rad).

Ds RNAi production.
600bp PCR fragments were amplified from a Drosophila cDNA library using primers containing at the 
5’ end the T7 polymerase binding site: TAATACGACTCACTATAGG. PCR products were purified using 
a PCR purification kit (Qiagen). Transcription in vitro was performed according to the manufacturer’s 
instruction using T7-Megascript-Kit (Ambion). The RNA was precipitated and annealed; its quality was 
then checked on gel and stored at –20°C.

Western Blotting analysis
Cell lysates were loaded on 10% acrylammide gels and blotted on PVDF membranes. Membranes were 
probed with the phospho-specific antibodies against phosphorylated S6 kinase (T389), PKB (S473), S6 
(ser 235/236) and IRS1 ser 636/639 (Cell signaling) or with polyclonal PTEN antibody (Cell signaling), 
anti-tubulin antibody (Calbiochem), eIF2 alpha monoclonal antibody (AbCam) and eIF2 beta mAb (Santa 
Cruz Biotechnology). 

Protein synthesis measurement
S2 cells were plated in 6 well plates in Schneider medium (containing methionine) and treated for 1 
hour with rapamycin (50 and 5 nM) or with cycloheximide (10 and 1 μg/ml) or treated with the indicated 
RNAi for 5 days. Simultaneously cells were labeled with 350-700μCi/well 35S easy tag protein labeling 
mix (Perkin Elmer). Cells were then harvested and lysed in sample buffer. Samples were loaded on a 
10% acrylammide gel and blotted or quantified by TCA precipitation. MEFs were plated in 6 well plates. 
After 4 days of RNAi treatment, the medium was replaced by methionine-free cysteine-free medium (ICN 
biomedical) and cells were pulsed for 1 hour in presence of 70μCi 35S labeling mix. Insulin was added 
during the last 30 minutes. Cells were then washed once with PBS and lysed in Laemmli Sample Buffer.

FACS analysis
Cells were washed in PBS and fixed in 70% ethanol for 24 hrs. The samples were stained with Propidium 
Iodide and analyzed by flow cytometry (FACS Calibur, BD). Values of the forward scatter histograms 
were used to quantify cell size. Staining with mpm2 antibody (UBI) or phospho-Histone 3 (Upstate) was 
performed to determine the population of mitotic cells.
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Abstract

The small GTPase Rheb plays a key role in the regulation of cell growth in eukaryotic cells, 
controlling the activity of the serine/threonine kinase mTOR. By means of a yeast two-hybrid 
screen we identified HLH106, the Drosophila sterol responsive element binding protein (SREBP), 
as a putative new interaction partner of Rheb. SREBP is an ER membrane associated transcription 
factor regulated by the intracellular levels of sterols. Transcriptional activation requires the 
release of SREBP from the membrane and translocation to the nucleus, where it regulates the 
expression of genes involved in cholesterol and fatty acid metabolism. We tested the possibility 
that by mediating the processing of HLH106/SREBP, Rheb could affect cell growth, acting on fat 
metabolism. Despite a direct interaction between SREBP and Rheb, requiring an intact effector 
domain, Rheb does not appear to directly regulate the activation of SREBP. However, RNAi 
for HLH106 in S2 and KC cells reduces cell size and the processing of SREBP appears to be 
rapamycin sensitive and enhanced in TSC2-/- cells. These results suggest that the mTOR pathway 
can regulate the activation of this transcription factor, however, the exact mechanism remains at 
the moment unsolved. 

Introduction

Studies in several organisms have shown that the mTOR pathway regulates a variety of 
processes contributing to cell growth (mass accumulation) including the initiation of protein 
translation, ribosome synthesis, autophagy and transcription of metabolism-related genes [1] 
[2]. The mTOR pathway is under the control of growth factors signaling as well as regulated by 
the presence of nutrients. Stimulation of various growth factor receptors, leads to recruitment 
to the membrane of PI3K and subsequent activation of protein kinase B (PKB), which in turn 
phosphorylates and inactivates the tuberous sclerosis complex protein TSC2 [3]. Inactivation 
of TSC2 causes an increase in GTP loading of the small G protein Rheb. TSC2 acts as a GAP 
(GTPase activating protein) for Rheb [4-6]. Activation of Rheb triggers the activation of the 
serine/threonine kinase mTOR, which by phosphorylating its two substrates S6 kinase and 
4E-BP1 regulates different aspects of protein translation, controlling in this way cell growth [7]. 
The mechanism by which Rheb regulates mTOR is still unclear. The two proteins have been 
shown to interact in overexpression studies. Furthermore, the interaction between Rheb and 
mTOR does not seem to require the GTP loading of Rheb. Despite the fact that GTP binding 
of Rheb is not required for the association with mTOR, it still seems to regulate its kinase 
activity [8,9]. By causing conformational changes in mTOR, Rheb could for example favor the 
access to the substrates S6K and 4E-BP1.
The possibility that more proteins may be involved or required to mediate the activation of 
mTOR remains open, as well as the option that Rheb may regulate mTOR-independent 
pathways, also contributing to the process of cell growth. We tried to address these questions 
by identifying new Rheb interacting proteins by means of a yeast two-hybrid screen. We 
isolated the drosophila protein HLH106 as new interaction partner for Rheb. HLH106 is a 
transcription factor that as the name says contains a helix-loop-helix (HLH) leucine zipper 
domain. The mammalian homologue of HLH106 is the sterol responsive transcription factor 
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SREBP (Sterol regulatory element binding protein). The Drosophila and human proteins have 
very high sequence homology, evolutionary conserved functions and the same mechanism of 
regulation [10]. However, while SREBP activity is regulated by the concentration of cholesterol 
in the cellular membranes, the Drosophila HLH106 is instead controlled by the levels of 
phosphatidylethanolamine [11].  In mammals the SREBP family of transcription factors 
comprises three members: SREBP-1a, SREBP-1c and SREBP-2. SREBP-1 (both 1a and 
1c) are involved in the regulation of lipogenic enzymes, while SREBP-2 directs cholesterol 
synthesis (for a review [12]). SREBP is normally associated with the endoplasmic reticulum 
(ER) membrane via two trans-membrane regions and bound to the ER integral protein SCAP 
(SREBP cleavage activating protein) [13]. SCAP contains 8 membrane spanning helices, five 
of which contain the “sterol–sensing domain”. The C terminal part of SCAP is responsible for 
the interaction with SREBP’s carboxy-terminus. In the presence of sterols, SCAP is associated 
with the membrane protein INSIG (Insulin Induced gene 1) which acts as retention factor of 
the SCAP-SREBP complex to the ER membrane [14]. When the levels of sterols in the cell 
drop, conformational changes in the sterol-sensing domain of SCAP cause dissociation of 
INSIG. The SCAP-SREBP complex translocates then to the Golgi compartment by inclusion 
in COPII vesicles. Here two specific proteases (S1P and S2P) cleave the transmembrane 
regions of SREBP and release the N terminal HLH-domain containing fragment, that moves 
to the nucleus and activates the transcription of target genes [15,16]. Interestingly, SREBP 
cleavage has been shown to be regulated also by growth factors like PDGF and insulin [17] 
and more recently the translocation from the ER membrane to the Golgi apparatus has also 
been demonstrated to be dependent on PKB activity [18]. Furthermore SREBP was shown 
to negatively regulate the expression of the Insulin Receptor Substrate IRS-2 in the liver 
[19]. It has been reported by several groups that in presence of activated Rheb/mTOR/S6K 
“cassette”, a negative feedback loop would be activated in order to limit the signaling from the 
insulin receptor down to mTOR. This mechanism involves both the phosphorylation and the 
transcriptional regulation of the IRS proteins, by a not entirely defined mechanism [20,21]. An 
intriguing possibility that we tested was that Rheb, via regulation of SREBP activation could 
regulate the transcription of lipogenic enzymes and also by this means affect cell growth.

Results

In order to identify new Rheb effectors or interacting proteins, we took advantage of the yeast-
2-hybrid (Y2H) technique. Two independent screens were performed for us by Hybrigenics 
S.A. (Paris, France). The first one using the human Rheb as a bait and a cDNA library from 
human placenta, and the second utilizing the Drosophila Rheb (CG1081-PA) in combination 
with an embryonic Drosophila cDNA library. To characterize the binding between our Y2H 
interactors and Rheb, and establish the GTP dependency of the interaction, the preys obtained 
from the two screens were retrieved from Hybrigenic and re-tested for binding to the wild 
type Rheb and to a series of three Rheb mutants: D60K, S20N (N20) and E36A/D40A (ED 
mutant) (Figure 1a). The putative interactors obtained from the Drosophila library were tested 
for binding to the human Rheb and to three hRheb mutants (Figure 1b).
Two of the mutants selected (D60K and N20) were previously described as being inactive 
mutants. D60K Rheb has been originally described in yeast to act as dominant negative [22]. 
In our hands it did not display dominant negative effects in mammalian cells, but was inactive 
towards the activation of S6 kinase (Figure 1c). Moreover, it appeared to bind GTP or GDP 
poorly or not at all (not shown), suggesting that it could be unfolded. Indeed this mutant turned 
out not to be very informative in our secondary screen, since most of the preys were able to 
bind to it. The N20 mutant, which is analogous to Ras N17, also did not behave as a real 
dominant negative in our hands, but was unable to activate S6 kinase (Figure 1c). Most of the 
candidates did not show any interaction with Rheb N20. Most importantly we examined the 
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binding to a mutant in the “effector domain”, region that would supposedly be responsible for 
the interaction with an effector protein. This mutant was generated by changing two charged 
amino acids at position 36 and 40 to alanines (ED mutant). Most of our interacting proteins 
showed no binding to it, suggesting that the interaction could take place via the effector 
domain. However, when we tested the effect of overexpressing the Rheb ED mutant on the 
phosphorylation state of S6, this mutant was still active towards S6 kinase (Figure 1c). The 
same candidates were also tested for their effect on cell size (Figure 1a and 1b), and on S6 
Kinase activation (not shown), in order to identify components of the Rheb pathway affecting 
cell growth. 
We analyzed by flow cytometry the forward scatter plots of S2 cells treated for 5 days with 
RNAi targeting the identified proteins, and used this parameter to describe cell size. In figure 1 
(table 1a) the Drosophila homologues of the human preys targeted by the RNAi are indicated. 
Most of the candidates analyzed did not show any effect on cell size when knocked down, 
except for HLH106. The fact that we could observe binding but no size-related phenotype, 
may suggest that the identified binding partners may function in different pathways, and not 
be directly involved in the control of mTOR. Further experiments are however required in order 
to characterize these interactions and their biological relevance.

�����������������������������������������������������������������
binding binding binding binding droso hom. RNAi S2 cells

prey wt D60K N20 ED FSC score hybrigenics
ADFP  +++  +++  -  - Lsd2  =untr A
Clathrin  +++  +++  -  - chlatrin not tested A

ATF6  ++  ++  -  - CG3136 not tested C

DUSP7  ++  ++  -  - mkp3  =untr D
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binding binding binding binding human hom. RNAi S2 cells
prey dWT hWT hD60K hED FSC score hybrigenics

Rtnl  -  -  -  - RTNL4 <untr A
Ptp10D  ++  -  -  - PTPbeta   =untr A
RfaBP  +++  +++  +++  Not tested   =untr A
CG8331  +  -  Not tested  - TB2/DP1 Not tested A

lsd2  Not tested  Not tested  Not tested  Not tested ADFP   =untr B

KP78  +++  -  -  - VRK   =untr C
GC33129  +++  +++  +++  Not tested   =untr C

HLH106  ++  ++  ++  - SREBP <untr D
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We focused our attention on the transcription factor HLH106. The fragment of HLH106 found 
to interact with dRheb in the original Y2H screen encompassed the helix loop helix domain 
(HLH) (Figure 2b). This fragment was tested for binding to the human Rheb and to the above 
described hRheb mutants. As shown in figure 2b, HLH106 was able to bind to the same extent 
the wild type dRheb as well as the hRheb. Binding was observed also for the D60K mutant 
(as for most of the interactors), but not with the N20 and ED mutants. To further analyze the 
functional relevance of this interaction, we tested whether RNAi of HLH 106 would have an 
effect on cell size, as was known to occur in case of Rheb knock down. S2 and KC Drosophila 
cells were treated for 5 days with double stranded RNA targeting either Rheb, HLH106 or S6 
kinase. Rapamycin was added the last 48 hours of the experiment as positive control for the 
effect on cell size. Cells were examined by FACS and the mean of the Forward Scatter (FSC) 
was plotted as index of cell size. As shown in figure 2c, RNAi for HLH 106 reduced cell size to 
an extent similar to the RNAi for S6 kinase in both cell lines. This appeared in agreement with 
previous reports [23] and with the idea that lipid metabolism would affect cell growth.
We examine the possibility that SREBP could act downstream of Rheb and mediate the 
activation of mTOR causing phosphorylation of S6 kinase. HEK293T cells were transiently 
transfected with the full length SREBP-1 (FL) or with the active nuclear fragment (NF) or with 
an inactive version of it, lacking the N terminal transactivation domain (ΔT) [24]. As positive 
control cells were stimulated for 30 minutes with TPA or a combination of insulin and EGF. 
Transfection efficiency in these cells was estimated to be higher than 90%. We did not observe 
any changes in the phosphorylation state of S6 (Figure 3a) or of S6 kinase (not shown) upon 
overexpression of the different constructs, indicating that SREBP is not directly mediating 
the activation of mTOR. Rheb could however have effects on cell growth independent of the 
activation of mTOR, by a still unknown mechanism, and the regulation of lipid metabolism as 
well as the synthesis of cholesterol would be possible appealing option.
Demoulin et al. [17] had shown that the cleavage of SREBP would take place in fibroblasts 
stimulated with PDGF as well as with insulin and that this process could be blocked by 
re-addition of sterols (cholesterol and 25-hydroxycholesterol) and by the PI3K inhibitor 
LY294002.

Figure 1
Yeast two hybrid interactions
1a -Preys found to interact with hRheb by Y2H using a human placenta library tested for their binding to three different Rheb 
mutants (D60K, N20 and ED) in yeast. Colonies were subjected to X-Gal coloration assay. Strong interactions were marked as “+++”, 
weaker interactions as “+”, no interaction as “-“. The table also shows the PBS values obtained from hybrigenics (see material and 
methods section for description), table 1 shows the Drosophila homologues and the effect on cell size caused by RNAi of these proteins 
in S2 cells. Cell size effects are indicated as unaffected (=untr), reduced cell size (<untr) or increased (>untr) compared to the untreated 
situation. 
1b-Preys found to interact with dRheb by Y2H using a Drosophila embryo library tested for binding to the human Rheb and to 
hRheb mutants (D60K, N20 and ED) in yeast. The PBS values and the human homologue of the Drosophila genes are given in table 2, 
as well as the effect on cell size caused by RNAi of these proteins in S2 cells.
Abbreviation used and summary of the proteins’ function: 
ADFP (Adipophilin): Protein associated with lipid storage droplets, prevents lipase activity on the stored lipids.
Chlatrin : Major component of coated pits formed during endocytosis. 
ATF6: membrane anchored transcription factor, associated to the ER membrane processed in the Golgi by S1P and 
S2P, involved in the regulation of ER stress response.
DUSP7/9 (double specific phosphatase): phosphatase involved in the regulation of MAPK pathway. (Both DUSP7 and 
DUSP9 were identified)
Rtnl (reticulon/Nogo): Orthologue of RTNL4, ER associated protein, with two transmembrane spanning regions. 
Involved in inhibition of neurite outgrowth in the CNS.
Ptp10D (Receptor tyrosine phosphatase): regulates axon guidance across the midline of the Drosophila embryo and 
photoreceptor morphogenesis.
RfaBP (retinoid and fatty acid binding protein): Lipophorin related protein involved in the transport of fatty acids and 
retinoic acid in Drosophila hemolymph.
CG8331: Yeast homologue of YOP1. In yeast involved in budding and cell growth associated with Rab GTPases
Lsd2 (homologue of adiphophilin)
KP78 Se/Thr protein kinase. Possible human orthologues are the ser/thr kinase Par1B alpha or the MAP/microtubule 
affinity-regulating kinase-4
CG33129. Unknown function, no functional domain.
1c-Characterization of the three Rheb mutants 
Phosphorylation of S6 (ser253/236) was assayed in HEK293T cells, transfected with increasing amounts of myc tagged hRheb constructs 
(WT, D60K, N20 and ED). Transfection efficiency was estimated by GFP marker to be >90%. 
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We tested in a hepatic cell line, HepG2, if the cleavage of SREBP would be indeed induced by 
insulin and if the mTOR inhibitor rapamycin could block it. As shown in figure 3b, a cleavage 
product appeared when cells were serum starved for 40 hours. Only a little increase was 
observed when cells were further stimulated with insulin. Rapamycin treatment though 
blocked this increase. In contrast, addition of cholesterol and 25-hydroxycholesterol to the 
cells completely prevented the cleavage of SREBP. As can be noticed, the antibody gave rise 
to a smeared band and not to a clear size cleavage product. This smear however disappeared 
when cells were incubated in the presence of sterols, suggesting that indeed the band 
appearing was caused by the withdrawal of sterols in the medium. 
We therefore decided to look directly at the activation of SREBP upon activation of Rheb. We 
made use of TSC2-/- and TSC2+/+ MEFs (Mouse Embryo Fibroblasts), where knock out of 
TSC2 results in constitutive activation of Rheb [6]. We examined these cells for cleavage of 
SREBP after serum withdrawal. We observed the appearance of a more pronounced band 
in the TSC2-/- cells, corresponding to the size of the cleaved-active SREBP. The results 
obtained were however of difficult interpretation. The levels of active SREBP appeared much 
lower then in HepG2 cells, which may be explained by the different metabolic activities in 
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2b-Rheb interacts with HLH106
Binding of HLH106 (aa 164-468) to 
dRheb WT, hRhebWT and hRheb mu-
tants assayed in yeast by growth on –LTH 
plates and X-Gal coloration assay. Repre-
sentation of HLH106 structure. The frag-
ment found to interact with Rheb (from 
amino acid 164 to amino acid 468) en-
compassing the HLH domain, is indicated 
above the schematic representation. TM 
indicates the transmembrane regions of 
HLH106.

2c-HLH106 RNAi affects cell size
Forward scatter values obtained by FACS 
analysis are used as index of cell size for 
S2 and KC Drosophila cells treated for 5 
days with RNAi targeting dRheb, dS6K or 
HLH106. Rapamycin treatment (48hs) is 
used as positive control.
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2a
Figure 2
2a-Model of HLH106/SREBP activation
In the presence of sterols, INSIG acts as a retention fac-
tor of the SREBP-SCAP complex to the ER membrane. 
When sterol levels decrease, conformational changes 
in the sterol-binding domain of SCAP determine dis-
sociation from INSIG and translocation of the SREBP/
SCAP complex to the Golgi. S1P (site 1 protease) is 
anchored to the Golgi membrane and responsible for 
the cleavage of SREBP in the 30 amino acid loop in-
serted in the lumen of the Golgi. S2P (site 2 protease) is 
a metalloprotease acting on the transmembrane region 
of SREBP. Processing by S2P determines the release 
of the N terminal fragment of SREPB that translocates 
to the nucleus, binds SRE elements in the promoter of 
target genes and activates transcription.
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the two different cell lines. Moreover, we observed the appearance of a higher molecular 
weight band, indicated in figure 4a by the star “ * “, present only in the TSC2 knock out cells 
and recognized by the polyclonal SREBP antibody. This could be the result of alternative 
processing of the transcription factor, not reported in literature, as well as cross-reactivity 
of the antibody with other proteins specifically expressed in the TSC2 KO cells. We also 
examined the localization of SREBP in the two different cell lines by immuno-fluorescence 
and observed that the localization of SREBP was mainly nuclear in the TSC2 -/- cells already 
in presence of serum, while in the TSC2 +/+ cells was induced to translocate upon serum 
withdrawal (Figure 4b). Insulin treatment on the other hand did not seem to have an additional 
effect (not shown). 
To further examine the direct involvement of Rheb and exclude the possibility that the altered 
metabolism of the TSC2 -/- cells could give rise to the effects we observed, we turned again to 
HepG2 cells, and overexpressed in this cell line a myc tagged version of Rheb. To compensate 
for the low transfection efficiency, cells were selected by puromycin treatment for 3 days. As 
shown in Figure 5, serum withdrawal for 40 hours induced the processing of SREBP. The 
cleavage of SREBP appeared to be sensitive to rapamycin treatment; once again insulin 
treatment did not seem to have a strong effect on the activation of SREBP. As a consequence 
of SREBP activation, the expression of one of its target genes, Fatty acid synthase (FAS), was 
increased of approximately two fold. The same effects were however observed both in cells 
transfected with EV as well as in Rheb transfected cells, suggesting that Rheb may not have 
a direct effect on the processing and activation of SREBP.
We further tested the effect of Rheb on the transcriptional activity of SREBP1 and SREBP2, 
in endogenous and overexpressed settings. We made use of 3 different luciferase reporters 
previously described [17] having the promoter region of 3 of the SREBP target genes: 
Hydroxymethylglutaryl Co-A (HMGCoA) reductase, Low density lipoprotein (LDL) receptor and 
Fatty acid synthase (FAS). Overexpression of Rheb, TSC1 and/or TSC2 in cells did not give a 
clear-cut result on the reporter constructs due to very high variability (data not shown).
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Figure 3
3a-Effects of SREBP overexpression on S6 kinase activity
Phosphorylation of S6 (ser 253/236) was evaluated in HEK293T cells transiently tranfected with full length (FL) SREBP, the nuclear frag-
ment (NF) or the inactive SREBP mutant, lacking the transactivation domain (ΔT). Cells were stimulated with TPA or Insulin/EGF as positive 
control for the activation of S6 kinase

3b-Effects of insulin and rapamycin on SREBP cleavage
Processing of SREBP in HepG2 cells untreated or serum starved for 40 hours. Where indicated cells were treated with insulin (24 hours), 
rapamycin (24 hours) or sterols (25-hydroxycholesterol and cholesterol mix)(40 hours) during the time of serum starvation. Two exposures 
are shown. FL: full length SREBP, NF: nuclear fragment. Phosphorylation of S6 kinase on Thr 389 is shown as control.
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Conclusions

Rheb has been shown to play an important role in the regulation of cell growth activating the 
mTOR pathway, leading to protein translation initiation [25]. The mechanism by which Rheb 
regulates mTOR seems to rely on the direct binding between the two proteins [8]. However, 
Rheb might signal to other proteins and have other mechanisms to regulate cell growth, 
independent of its binding to mTOR, as well as other functions then the control of cell size. We 
identified for example, by means of a yeast-two-hybrid screen, different binding partners for 
Rheb that did not show any effect on cell size when knocked down in S2 cells, suggesting that 
they may be involved in the regulation of growth-independent pathways. 
In this study, the sterol responsive element binding protein HLH106/SREBP was examined as 
a putative effector of Rheb. SREBP plays a key role in the regulation of lipid and cholesterol 
metabolism [12], and therefore appeared an interesting candidate. Lipid metabolism plays an 
important role in the control of cell growth and proliferation given the fact that cells require 
lipids and cholesterol for duplication of membranes during these processes. SREBP is 
associated to the endoplasmic reticulum (ER) by two transmembrane regions. Release form 
the ER membrane, causing activation of the transcriptional activity, is regulated by the levels 
of cholesterol in the membrane [15]. We initially speculated that Rheb could be involved in the 
processing and activation of SREBP. Rheb is associated to the same membrane compartments 
as SREBP through its farnesylated tail [26] and could therefore interact with the immature form 
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Figure 4
4a- Processing of SREBP in TSC2 WT and KO cells
TSC2 wild type or TSC2 knock out cells were serum starved for 24 
and 48 hours in presence or absence of sterols (25-hydroxycholesterol 
and cholesterol mix). Cleavage of SREBP was analyzed by western 
blot using a polyclonal antibody recognizing the N terminal fragment 
of SREBP.

4b-Localization of SREBP in TSC2 WT and KO cells
Localization of SREBP is shown by immunofluorescence in TSC2 WT 
and KO MEFs kept in 10% serum, or serum starved for 24 hours, using 
a polyclonal antibody recognizing the N terminal fragment of SREBP.
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Figure 5
Rheb is not directly involved in SREBP cleavage
HepG2 cells were transfected with empty vector or myc-tagged Rheb. Cells were then serum starved for 40 hours and treated with insulin 
or rapamycin for 24 hours during the starvation period. Cleavage of SREBP was examined by Western blot. Expression levels of fatty acid 
synthase (FAS) are shown for the same samples.
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of SREBP. Another interesting observation was that in the yeast two-hybrid screen performed 
with the human Rheb as a bait, the transcription factor ATF6 was found as an interaction 
partner. ATF6 shares similarities with SREBP in being an HLH leucine zipper transcription 
factor, also associated to the ER membrane. Activation of ATF6 is triggered by ER stress and 
requires processing by the same proteases involved in the maturation of SREBP, S1P and 
S2P [27]. Rheb could therefore play a role in the processing of both proteins. We could not 
show a direct involvement of Rheb in the cleavage of SREBP from the membrane. However, 
activation of the mTOR pathway seems to play a role in this process. SREBP activation 
had been reported to be regulated by growth factors such as PDGF and Insulin, in a PI3 
kinase-dependent manner [17,18]. We show here that the processing of SREBP is rapamycin 
sensitive and enhanced in TSC2 -/- cells, where Rheb and mTOR activity have been shown 
previously to be high [6]. Activation of SREBP by the mTOR pathway could have effects on the 
regulation of the insulin receptor substrate proteins, IRS1 and IRS2. SREBP has been shown 
to negatively regulate the expression of IRS2 in the liver, by directly binding to the promoter 
region of the gene and inhibiting transcription [19]. Hyperactivation of the mTOR pathway, as 
occurring in TSC2-/- cells, has been shown to exert a negative effect on the expression IRS1/2, 
in order to prevent excessive signaling from the insulin receptor [20,21]. One of the described 
mechanisms responsible for the regulation of IRS involves its transcriptional regulation [21]. 
SREBP could therefore be a candidate responsible for the transcriptional control of IRS1/2 
under the regulation of the mTOR pathway. 
Different aspects of lipogenesis and adipogenesis have been linked to the activation of the 
PI3K/PKB /mTOR pathway. Insulin treatment or overexpression of active PKB have been 
shown to regulate the expression levels of SREBP in hepatocytes [28,29]. Differentiation 
of pre-adipocytes into specialized adipocytes requires the presence of insulin and the 
activation of the PI3K/PKB pathway [30]. The process of adipogenesis has been shown to be 
inhibited by the mTOR inhibitor rapamycin [31,32]: Rapamycin treatment prevents adipocytes 
differentiation not only affecting their proliferation during the clonal expansion phase, but 
also by reducing the expression of different marker genes including PPARγ, FAS (Fatty acid 
synthase) and SREBP [33]. 
One more example of interaction between lipid metabolism and the mTOR pathway, is strikingly 
illustrated by S6K1-/- mice. These mice show reduced cell size and altered lipid metabolism, 
including an increase in the metabolic rate and β-oxidation and up-regulation of genes involved 
in oxidative phosphorylation and energy combustion like carnitine palmitoyltransferase-1 
(CPT1) and the PPARγ co activator PGC1 [34]. 
In conclusion, our results suggest a clear interaction between the Rheb/mTOR pathway and 
the activation of SREBP, although the exact nature of this crosstalk needs to be elucidated. 
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Materials and methods

Y2H screen
Two yeast-two-hybrid screens were performed by Hybrigenics S.A. (Paris, France) as previously 
described [35]. A human placenta library was custom-screened with the full-length wild type human Rheb 
cloned in pB27 (Hybrigenics). The full-length wild type Drosophila Rheb (CG 1081-PA) was used as a 
bait to screen a Drosophila embryo library. Hybrigenics provided a confidence score for each interaction 
(Predicted Biological Score, PBS®). The PBS is based on a statistical model of the competition for bait-
binding between fragments. It is computed like a classical expected value (E value), and ranges from 0 
(specific interaction) to 1 (probable artifact). The scores were divided into four categories, from A (score 
very close to 0) to D (close to 1). The selected preys were retrieved from Hybrigenics. cDNA was isolated 
by zymolase-alkaline lysis method [36], transformed in E Coli DH5α by electroporation and sequence 
verified. The L40Δgal 4 Yeast strain was then transformed, following the protocols provided by Hybrigenic. 
0.1μg of DNA of both Prey and bait were used. Growth on plates lacking leucine, tryptophane and histidine 
(-LTH) was used to assay the interaction. Plates were then subjected to X-Gal coloration assay modified 
from Clontech-Matchmaker-GAL4 Two-Hybrid system protocol. In short plates were covered with a 0.5% 
agarose solution containing 0.5M KHPO

4
 (pH7), 0,2mg/ml X-Gal, 1% N, N Dimethylformammide (DMF) 

and 0,1%SDS. Plates were left at room temperature to dry for 30 minutes and then transferred at 37°C for 
1-2 hours until development of the blue color.  
Cell culture
HEK293T cells, HepG2, TSC2+/+ and TSC2-/- MEFs were grown in DMEM containing 10% FBS Pen/
Strep and glutamine (Biowhittaker). Cells were serum starved for the indicated times in presence or 
absence of sterols (25-Hydroxy-cholesterol and cholesterol, respectively at final concentration of 1μg/ml 
and 10μg/ml), rapamycin (50nM) or Insulin (5μg/ml). 
Drosophila S2 and KC cells were cultured in Schneider Medium (Invitrogen) containing 10 % FBS and 
pen/strep at 27°C. For RNAi experiments in S2 cells, 1x106 cells/well were seeded in 6 well plates. Cells 
were kept in presence of the different dsRNAi (30 μg) for 5 days. Rapamycin (BioMol) was added two 
days before the end of the experiment at a concentration of 50nM. Cells were harvested and washed once 
with PBS and fixed in 70% Ethanol and used for FACS analysis.
ds RNAi production.
600bp PCR fragments were amplified from a Drosophila cDNA library using primers containing at the 
5’ the T7 Polymerase binding site: TAATACGACTCACTATAGG. PCR products were purified using a 
PCR purification kit (Qiagen) and checked on gel. Transcription in vitro was performed according to the 
manufacturer’s instruction using T7-Megascript-Kit (Ambion). The RNA was precipitated and annealed; 
its quality was then checked on gel and stored at –20°C.
FACS analysis
Cells were washed in PBS and fixed in 70% ethanol for 24hs. The samples were stained with Propidium 
Iodide and analyzed by FACSCalibur (BD). Mean values of the forward scatter histograms were used to 
quantify cell size.
Constructs and Transfection
HEK293T and HepG2 cells were transfected with Fugene 6 (Roche) with PRK5 myc-Tag versions of Rheb 
and PCDNA3 Flag-Tagged SREBP constructs (SREBP-1 full length (FL), SREBP-1 Nuclear Fragment 
(NF) and SREBP-1 lacking the transactivation domain (ΔT). The SREBP constructs were kindly provided 
by Johan Ericsson and described previously [17]. Quick-change mutagenesis was used to create the 
D60K, S20N (N20) and the double mutant D36A E40A (ED). 48 hours after transfections, HEK293T cells 
were lysed directly in sample buffer. (Transfection efficiency was estimated by GFP marker transfection 
to be >90%.)
HepG2 cells were selected with 1μg/ml puromycin for 3 days to select the transfected cells and lysed 
in lysis buffer (1% Triton, 0.2% sodium deoxycholate, 140 mM NaCl, 10% glycerol, 50 mM Tris, pH 8,1, 
10 mM NaF, 25μM N-acetyl-leucyl-leucylnorleucinal and protease-cocktail inhibitors (Roche)). Protein 
concentration was determined by Bradford analysis (Bio-Rad) and equal amounts of protein were loaded 
on gel. TSC2 WT and KO MEFs were treated 2 hours before lysis with N-Acetyl-leucyl-leucyl-norleucinal 
(25 μg/ml) (Calbiochem), lysed and quantified in the same manner.
Antibodies
Home made Rheb antibody or anti Myc antibody (9E10) were used to detect Rheb overexpression. 
SREBP monoclonal antibody (2A4) and SREBP1 policlonal antibody (H160, SC8984) were provided 
respectively by Ab-cam and Santacruz Biotechnology. Anti Flag M2 antibody was from Sigma, anti phopho 
S6 (ser235/236) from Cell Signaling, anti Fatty acid Synthase was provided by Novus Biologicals
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The insulin/PI3K/Rheb/mTOR pathway and its importance in cancer development

Increasing interest in understanding the molecular mechanism of cell growth regulation 
and proliferation has sprouted from the evidence that mutations in genes associated with 
these processes, are very often leading to cancer development. In the specific case of 
the insulin/PI3K/mTOR signaling cascade, an immense amount of literature supports the 
fact that mutations in almost all the components of the pathway are associated with the 
development of tumor-prone syndromes and eventually to cancer [1,2]. Activation of mTOR 
can be caused by overexpression or constitutive activation of tyrosine kinase receptors, which 
become uncoupled from the presence of growth factors; by mutation or amplification of the 
p110 catalytic subunit of PI3 Kinase [3,4] or mutations in the lipid phosphatase PTEN [5]. 
Amplification of PKB or mutations in TSC1 and TSC2 are also associated with uncontrolled 
cell growth [6,7]. Downstream of mTOR, amplification of the S6 kinase and eIF4E genes, is 
found in tumors like breast and ovarian carcinomas [8-10]. No mutations in the mTOR gene 
or in Rheb have thus far been reported. The key role of mTOR in the regulation of anabolic 
and catabolic processes, modulating cell growth in relationship with the availability of nutrients 
and growth factors, makes it of course an interesting target for therapeutic intervention. The 
mTOR inhibitor rapamycin and its derivates (CCI-779, RAD001 and AP23573) are now in 
phase II or III of clinical trials and seem to have therapeutic effects in specific cases, like for 
advanced renal cell carcinoma, endometrial cancer and mantle cell lymphoma [11]. Thus far, 
tumors with activated PI3 kinase signaling, showed a better response to CCI-779 treatment 
[12], however tumor profiling seems to be required in order to identify responders and non-
responders to the treatment. As an example, tumors with high PI3K signaling, and an intact 
apoptotic response seem to be sensitive to the mTOR inhibitor, while tumors with low PI3 
kinase signaling, develop an increase in PKB signaling, associated with poor prognosis after 
treatment with rapamycin [13]. The increase of PKB activity upon rapamycin treatment is 
most likely due to the lack of inhibition from S6 kinase on the insulin receptor substrate IRS 
[14]. Understanding the mechanism of regulation of the pathway, the components and their 
interconnection is therefore a major issue in the development of an effective therapy.
Another possibility for intervention that thus far showed promising results in vitro is the use 
of farnesyl transferases inhibitors (FTIs) as agents blocking Rheb membrane localization and 
activity. Due to the high frequency of activating Ras mutations in human cancers, FTIs were 
originally investigated as a way to antagonize Ras function by preventing its farnesylation 
and membrane anchoring. However, alternative modification by geranyl-geranyl transferases, 
made these inhibitors unuseful for the treatment of Ras-driven tumors. In some cases though, 
FTIs showed efficacy in preventing tumor growth [15,16], most likely due to inhibition of other 
proteins in addition to the Ras family. Rheb and Rheb2 are in vitro substrates for farnesyl 
transferases but are not geranylgeranylated. In cell culture, Rheb prenylation is completely 
inhibited by the farnesyl transferase inhibitor SCH66336 (Lonafarnib) as is the signaling 
downstream to mTOR. Indeed, Lonafarnib treatment sensitizes tumor cells to tamoxifen- 
and taxane-induced apoptosis [17], but whether inhibition of Rheb is involved in this effect is 
currently unknown.
Identification of Rheb as target of TSC2-GAP activity, acting upstream of the mTOR, opened 
new prospectives in understanding the molecular mechanisms of the tuberous sclerosis 
complex syndrome. Mutations in both Tsc1 and Tsc2 give rise to benign tumors, named 
hamartomas, in different organs. Mutations in Tsc2 appear to be more severe then in the case 
of Tsc1 [18]. This is in agreement with the function that the two proteins are now known to play. 
TSC2 acts as GAP towards Rheb, while TSC1 functions as stabilizing factor for TSC2. Even 
if TSC1 does not affect per se the GTP loading of Rheb, both proteins are required for a tight 
control of the TOR pathway. Indeed, in cells lacking either one of the two, Rheb is completely 
GTP loaded and the mTOR pathway constitutively active [19-22]. Mutations in the GAP 
domain of TSC2, found in patients affected by TSC, as in the case of N1643K, show in fact no 
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activity towards Rheb [20]. Also in this case, treatment with mTOR inhibitors as well as FTIs 
may result in successful inhibition of cell growth. Recently, it was for example demonstrated 
that treatment of TSC-null mouse embryonic fibroblasts with the FTI BMS-214662 inhibits 
their growth in serum-free medium [23].

Regulation of the TSC/Rheb/mTOR pathway by growth factors and nutrients.

Insulin and other growth factors have been known for long to activate mTOR and induce 
phosphorylation of S6 kinase and 4E-BP1. Work from different groups showed that growth 
factor signaling, as well as the intracellular ATP levels, or oxygen tension are able to regulate 
the phosphorylation of the tuberous sclerosis complex, and affect in this manner downstream 
signaling [24-26]. Of course in conditions favorable for growth, phosphorylation of TSC2, 
mediated by PKB or MAPK, results in inhibition of its activity, while in hypoxic condition, or in 
low energetic circumstances, phosphorylation of TSC2 causes activation of the complex and 
restrains Rheb and mTOR activity. We showed that indeed Rheb GTP loading occurs upon 
treatment with insulin as well as phorbol ester, a known activator of PKC and MAPK [27]. We 
did not analyze the effect of glucose deprivation and oxygen depletion directly on the activity 
of Rheb, but due to the similarities in regulation of TSC2 and their effect on mTOR signaling, 
it is easy to imagine that they would have an analogous effect on Rheb activation. In the case 
of activation by growth factors, we showed that the presence of amino acid is required in 
order to obtain GTP loading of Rheb, suggesting that a component of the PI3 Kinase pathway, 
upstream of Rheb, could be affected by the level of amino acids. PI3 Kinase and PKB have 
been previously shown to be insensitive to amino acid depletion [28]; a putative candidate 
taken into examination was again the TSC1/2 complex. We did not observe differences in 
insulin [19] or TPA (unpublished results) induced phosphorylation of TSC2 upon amino acid 
withdrawal on the PKB and RSK sites. These results implicate that either phosphorylation 
on other residues, another type of modification or the change in localization could affect the 
function of the TSC1/2 complex. An alternative would be that another protein then TSC2, is 
responsible for preventing Rheb GTP loading in starved conditions. The possibility that a 
GEF for Rheb would be regulated by amino acid is indeed an attractive one, but thus far no 
exchange factor has been identified.
Not only the activation of Rheb by insulin is regulated by amino acid availability, but also its 
interaction with mTOR [29]. Long at al. showed that the binding between Rheb and mTOR 
was reduced upon depletion of amino acids, in particular, leucine depletion was sufficient to 
strongly reduce the association between the two proteins. Importantly, loading of Rheb with 
GDP or GTP analogues or nucleotide free Rheb did not show differences in binding to mTOR, 
indicating that Rheb interacts with mTOR independently of its activation state. Furthermore 
different Rheb mutants, having diverse affinity for the guanine nucleotide, were still capable of 
binding to mTOR, even when nucleotide free and unable to generate downstream signaling. 
However, in all cases, the binding of different Rheb mutants to mTOR was impaired by the 
removal of leucine. In combination with the notion that amino acid depletion per se, does not 
affect the GTP loading of Rheb [27,29], these results suggest that mTOR would be directly 
affected by removal of amino acids, and these would then cause dissociation of Rheb. 
Another level of regulation of the pathway was evidenced in TSC1-/- and TSC2-/- cells. In 
both cell lines Rheb appears to be highly GTP loaded; under these conditions, mTOR activity 
can still be down-regulated by depletion of amino acids [19,27]. These results suggested that 
independently of TSC1/2 and Rheb, mTOR activity could still be modulated. The multiple 
levels of regulation allow a tighter control of the pathway, as well as the regulation of other 
possible Rheb effects, independent of mTOR.  A similar mechanism of regulation takes also 
place in the case of monitoring the energy state of the cell. ATP levels exert a direct effect on 
mTOR kinase activity, due to the high Km for ATP displayed by mTOR (1mM versus 10μM 
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for most other kinases) [30]. Alternatively, via activation of AMPK, the ATP/AMP ratio also 
regulates TSC2 activity [26].
Vps34 was identified as a new component of this signaling network, mediating the amino 
acids activation of the mTOR pathway [19]. Vps34 is a lipid kinase belonging to the (class 
III) PI3 kinase family. Its activity appears to be directly modulated by amino acids [31] and 
the production of PI(3)P appears to be required for activation of mTOR following amino acid 
stimulation, however also in this case the exact mechanism of activation remains elusive. The 
level at which Vps34 feeds in the pathway is also not clarified: Vps34 may indeed activate 
Rheb or directly mTOR, and result in similar effects. Rheb RNAi prevents the amino acid 
induced phosphorylation of S6 kinase, indicating that Rheb is required for the signaling, in 
contrast, amino acid depletion does not directly affect Rheb-GTP levels but inhibits PI(3)P 
production through Vps34. So also in this case, more and more pieces of the puzzle have 
been identified and characterized, but the exact interconnection between them is not totally 
solved.

Rheb-dependent activation of mTOR

As mentioned before, the interaction between Rheb and mTOR does not require GTP loading 
of Rheb, making this duo an exception to the canonical GTPase-effector interaction.
Despite this, the kinase activity of mTOR associated with Rheb immunoprecipitates, appears 
to be increased in the presence of active GTP-loaded Rheb mutants, like in the case of Rheb 
Q64L and decreased in the immunoprecipitates form inactive Rheb mutants (S20N and D60I) 
[32]. According to this finding, it is not the interaction between the two proteins to be regulated 
by GTP/GDP cycling but, most likely, GTP loading of Rheb, which would cause conformational 
changes within the complex, that could favor the access of mTOR to S6 kinase and 4E-BP1. 
The interaction between mTOR and Rheb has been claimed to be direct and mapped to a 
region of the kinase domain of mTOR (from AA 2148 to 2300). Nevertheless, the requirement 
of an intact effector domain region of Rheb, in order to interact with mTOR and activate it, is 
not entirely clear yet. As an example, the Rheb mutant T38M, which appears to have similar 
affinities for GTP and GDP as the WT Rheb, is still capable of binding to mTOR but unable to 
activate it. Of course, limiting only the effector-domain region of Rheb as being responsible for 
the binding and activation of mTOR may be an oversimplified vision. Other residues outside of 
the switch one segment may be required for the generation of a productive signal and for the 
specificity of the interaction. The notion that more residues outside the direct interaction surface 
may give rise to allosteric control and selectivity of the binding has previously been illustrated 
for other GTPases of the Ras family like Rac, Rho and CDC42 [33]. Thus far, the exact 
mechanism of activation of mTOR by Rheb remains unsolved and open to speculation.
One indication arguing against the direct binding between Rheb and mTOR is the observation 
that mutation at position 41 to alanine (N41A), which does not affect the affinity for nucleotides, 
prevents the association with mTOR but only slightly affect the phosphorylation state of S6 
kinase and 4E-BP1 [34]. These observations suggest that other components may be required 
in order to “bridge” the signal form Rheb to mTOR. Different residues in Rheb could provide 
differential binding surfaces for mTOR and for other proteins. By bringing them together Rheb 
would then give rise to downstream signaling. 
Rheb has for example been shown to bind, presumably indirectly, with the other components 
of the TORC1 complex, Raptor and GβL [32], suggesting that changes in the activation of 
Rheb, might affect the entire TORC1 complex. Moreover, it should be kept in mind that most 
of the data concerning the interaction between Rheb, mTOR and the other components of the 
TORC1 complex have been generated by overexpression experiments, and may not directly 
reflect the real physiological situation.
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Quest for new Rheb interacting proteins or “effectors”

Like most small GTPases, Rheb may have multiple functions and have other effectors then 
mTOR. Different approaches were undertaken in order to identify new interaction partners and 
putative new effectors for Rheb. Rheb was initially identified as a gene regulating cell growth 
by loss- and gain-of-function screens in Drosophila by Stocker et al. [35]. A follow-up screen 
was performed by the same group, in order to identify genes suppressing or enhancing the 
overgrowth phenotype driven by GMR-Rheb over-expression in the eye of Drosophila. In 
collaboration with Stocker and colleagues, putative candidates from this screen were analyzed 
by means of RNAi in S2 cells, to identify regulators of cell size. Unfortunately, no “bona fide” 
effectors were identified by this genetic screen, besides the already described components, 
like Raptor. This may implicate that the list of the key elements of the insulin pathways, at 
least in Drosophila, has been completed. One of the candidates we came across during this 
study and we further tested as possible negative regulator of Rheb, was CG4153, the beta 
subunit of the eukaryotic initiation factor 2 (eIF2). eIF2 is a three subunit complex, which plays 
a key role in protein translation initiation in all eukaryotes [36]. Analysis of eIF2 in Drosophila 
led to the conclusion that the gene has an essential function; indeed knock down of only one 
of the subunits could cause drastic apoptosis in the tissues examined. Despite not being a 
modifier of the GMR-Rheb phenotype, we decided to further characterized its function making 
use of RNAi in tissue culture cells. Here, most likely due to the less severe effect of the RNAi, 
we could identify of a new role for this protein as regulator of the insulin signaling pathway. 
The results described in chapter 5, show that eIF2 exerts a negative regulatory effect on the 
insulin pathway by controlling the expression levels of the lipid phosphatase PTEN. Despite 
not being a direct regulator of Rheb activity, or an “effector”, we establish a new mechanism 
of regulation of the pathway, which reveals the importance of the interconnection between 
protein synthesis and the activation of the mTOR pathway. 
Another way to identify Rheb interacting proteins we made use of, was the yeast two-hybrid 
screen technique. Two cDNA libraries, from human placenta and Drosophila-embryos, were 
screened with the human and Drosophila Rheb respectively, as bait. We identified a number 
of interaction partners. However, none of the preys analyzed resulted in the identification of a 
candidate fulfilling the required characteristics. The putative interacting proteins were tested 
for binding to different Rheb mutants in yeast and for some of them, co-immunoprecipitation 
studies were performed in order to confirm the binding in the mammalian system. The results 
are summarized in chapter 6 of this thesis. We expected to find conserved binding partners in 
drosophila and in humans, which would strengthen the value of the interaction, and indicate 
the conservation of the mechanism throughout evolution. This was for example the case of 
Adipophilin, identified in both screens and named ADFP or LSD2 in human and Drosophila 
respectively [37]. Adipophilin is a lipid storage droplet binding protein, which regulates 
the access of lipases to lipids [38]. Of course the possibility that Rheb would regulate fat 
metabolism was attractive and in line with the role played by S6 kinase in fat consumption 
and oxidation [39]. We could not convincingly show the interaction between Rheb and ADFP 
by co-immunoprecipitation studies, neither the requirement for GTP loading of Rheb (data 
not shown). Moreover, RNAi for LSD2 in S2 cells did not have effects on cell size, as shown 
for Rheb (chapter 6). Another putative interacting protein described in chapter 6, was the 
sterol responsive element binding protein HLH106 [40], the Drosophila homologue of the 
human SREBP. Also in this case the prey played a role in the control of cholesterol and 
fatty acid biosynthesis, making it an interesting candidate [41]. HLH106 was identified as 
possible effector of Rheb. Despite the fact that we did not find SREBP in the screen performed 
with the human Rheb, a similar protein, ATF6, was identified. Both SREBP and ATF6 are 
transcription factors belonging to the HLH family and associated to the ER membrane through 
transmembrane regions. The processing and release from the ER of these two proteins is 
regulated by the same proteases, S1P and S2P [42]. An interesting possibility was that Rheb 
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could be involved in the activation of both, by inducing the maturation of the precursors. By 
this means it could cause activation of a gene transcription program, leading in the case of 
SREBP, to up-regulation of genes involved in the synthesis of cholesterol and fatty acids, and 
in the case of ATF6, in the response to ER stress [43]. Even if SREBP maturation appeared to 
be regulated by the insulin pathway in a rapamycin dependent manner, insufficient evidence 
support its role as direct downstream target of Rheb. 
As an alternative approach to the to the yeast two-hybrid screen, different attempts of 
purification of Rheb-complexes and identification of the components by mass spectrometry 
have been made. Different tagging strategies and purification protocols were tested. However 
no specific interacting protein has been thus far identified. One of the limitations of this 
approach may be the transient character of the interaction between Rheb and its effectors. 
In agreement with this, we were unable to detect the interaction between mTOR and Rheb, 
which was only evident upon overexpression of the two proteins.
In conclusion, the small G protein Rheb plays a key role in the control cell growth, by activation 
of the TORC1 complex. Thus far the binding between Rheb and mTOR has been demonstrated 
only in overexpression studies, but generally accepted as “the mechanism” of activation of the 
TORC1 complex. The possibility that other proteins may be required for the generation of a 
productive signal form Rheb towards mTOR remains open as well al the option that Rheb 
might have alternative effectors involved in other processes. More sensitive techniques, that 
enable the detection of transient and weak interactions, may be required in order to answer 
these questions. 
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Cellular growth and proliferation require tight regulation and coordination in order to prevent 
tumor development and maintain the balance between anabolic and catabolic processes. 
Accumulation of cellular mass relies on changes in metabolism that lead to an increase in 
protein translation, lipid synthesis and membrane production. mTOR is a serine/threonine 
kinase that plays a key role in the control cell growth. By inducing the phosphorylation of 
S6 kinase and 4E-BP1, it regulates a series of processes, such as translation initiation, 
ribosomal protein synthesis and autophagy, which contribute to increase cell volume and 
mass. In unicellular organisms such as yeast, TOR activity mainly depends on the presence of 
intracellular amino acids. Furthermore, components of the TOR pathway are directly involved 
in the uptake of nutrients, by regulating the expression of permeases at the membrane. In 
multicellular organisms, where cell growth demands an orchestrated regulation, the hormonal 
system is integrated with the TOR pathway in order to control these processes in a more 
refined fashion. Insulin and other growth factors, such as EGF, PDGF and IGF, are all able to 
activate the mTOR pathway, but its activity, like in lower eukaryotes, still strictly depends on 
the presence of nutrients.
Activation of mTOR requires the presence of the small G protein Rheb, which, presumably 
upon binding and GTP loading, induces conformational changes in mTOR that allow 
phosphorylation of the downstream targets.
The main goal of this thesis was to understand the mechanism of regulation of Rheb by 
different stimuli and to identify the proteins involved in this signaling pathway.
In chapter two we provide biochemical evidence that the tuberous sclerosis complex 
(constituting of TSC1 and TSC2) regulates the activity of Rheb. We show that the TSC2 GAP 
domain exerts its catalytic activity specifically on Rheb and that the TSC complex requires 
both TSC1 and TSC2 to exert its function. Mutations in either one of the two genes are 
associated with the development of a syndrome called tuberous sclerosis, characterized by 
benign tumors, spread in different organs, caused by unrestrained mTOR activity. The activity 
of the TSC complex is regulated by phosphorylation and possibly by other means, by different 
pathways. TSC2 was shown to be a target of protein kinase B. Upon insulin stimulation PKB 
phosphorylates TSC2 and inhibits its function. We could actually demonstrate, in endogenous 
settings, that as a consequence of TSC2 inactivation, Rheb becomes GTP loaded and allows 
downstream signaling.
As illustrated in chapter three, activation of Rheb by insulin and by phorbol ester stimulation, 
measured as an increase in GTP binding of the protein, was dependent on the presence of 
amino acids in the medium. Even though removal of amino acids from the medium did not 
affect the activation state of Rheb per se, it completely abolished the growth factor induced 
activation. This suggests a node of regulation of the pathway, sensitive to the presence of 
amino acids, upstream of Rheb. On the other hand, even in the presence of fully active Rheb, 
we still observed inhibition of mTOR activity upon withdrawal of amino acids, indicating that 
also downstream of Rheb, another step of regulation of the pathway takes place.
The identification of Vps34, a class III PI3Kinase family member, as a component of the amino 
acid sensing machinery is discussed in chapter four. Vps34 is activated by amino acids and 
is required for the activation of mTOR. The product generated by Vps34, the phosphatydil 
inositol 3 phosphate (PI(3)P) lipid, appears to be necessary for the activation of mTOR by 
amino acids. However, the precise mechanism by which the signal is relayed to mTOR still 
requires further investigation.
The Rheb/mTOR pathway appears to be strongly regulated by mitogenic stimuli and nutrients, 
since different components are affected by these factors. Multiple levels of regulation may 
indeed be required to obtain a tighter control on the process of cell growth, but may as well be 
involved in the regulation of other functions of the pathway yet to be identified.
Chapter five and six of this thesis are dealing with the identification of new components of the 
Rheb pathway that may play a role in mTOR signaling or, independently of mTOR, regulate 
other processes contributing to cell growth and proliferation. As already mentioned, mTOR 
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and its effectors regulate protein translation. Translation initiation requires the assembly 
of the “initiation complex” at the 5’ of the mRNA, the loading of the initiatior tRNA charged 
with methionine and the assembly of the ribosomal subunits. One of the key components 
involved in the delivery of the first tRNA to the mRNA is the translation initiation factor eIF2. In 
chapter five we describe the role of eIF2 as modulator of the insulin-signaling pathway. eIF2 
acts as negative regulator of PKB activation by modulating the expression levels of the lipid 
phosphatase PTEN; by this means, translation initiation seems to regulate the activation of 
the Rheb/mTOR pathway, in order to maintain optimal levels of protein synthesis.
The results discussed in chapter six, regard the identification of new Rheb effectors. The 
transcription factor SREBP, a key regulator lipid and cholesterol metabolism, was examined 
as a putative interaction partner of Rheb. As lipid metabolism plays a central role in the 
regulation of cell growth, SREBP appeared an interesting candidate. We could not show 
a direct regulation of SREBP by Rheb; however, activation of this transcription factor can 
be triggered by insulin stimulation in a rapamycin sensitive manner, strengthening the idea 
that different metabolic changes have to be interconnected in order to obtain a coordinated 
response.
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Celgroei en proliferatie moeten strikt gereguleerd en gecoördineerd worden om de ontwikkeling 
van tumoren te voorkomen en om de balans tussen anabole en katabole processen te 
behouden. Vermeerdering van celmassa vereist een verandering van het metabolisme zodat 
eiwittranslatie, lipide-aanmaak en membraanproduktie toenemen. mTOR is een serine/
threonine kinase, die een rol speelt in regulering van celgroei. Door inductie van fosforylering 
van S6 kinase en 4E-BP1 reguleert mTOR verschillende processen zoals translatie-initiatie, 
ribosomale eiwitsythese en autofagie en draagt daarmee bij aan de toename van celvolume 
en -massa. In eencellige organismen zoals gist, hangt de activiteit van TOR vooral af van de 
aanwezigheid van intracellulaire aminozuren. Daarnaast zijn de componenten van de TOR 
route direct betrokken bij opname van nutriënten door regulatie van het expressieniveau van 
permeasen in het membraan. In meercellige organismen, waarin celgroei een nauwgezette 
regulatie vereist, is hormoonregulatie met de TOR route geïntegreerd, zodat de betrokken 
processen nauwkeuriger gereguleerd kunnen worden. Insuline en andere groeifactoren zoals 
EGF, PDGF and IGF kunnen de mTOR route activeren, maar de activiteit is, zoals in lagere 
eukaryoten, helemaal afhankelijk van de aanwezigheid van nutriënten. 
Voor de activering van mTOR is het kleine GTPase Rheb noodzakelijk dat, waarschijnlijk 
in GTP gebonden vorm aan mTOR bindt en daardoor conformatieveranderingen in mTOR 
induceert, waardoor eiwitten downstream gefosforyleerd kunnen worden. 
Het voornaamste doel van het beschreven werk was om het mechanisme en de regulering 
van Rheb onder invloed van verschillende stimuli te begrijpen en om andere eiwitten die 
functioneren in deze route te vinden. In hoofdstuk twee geven we biochemisch bewijs dat het 
tubereuze sclerosis complex (bestaande uit TSC1 and TSC2) de activiteit van Rheb reguleert. 
We tonen aan dat het GAP domein van TSC2 zijn katalytische activiteit specifiek uitoefent 
op Rheb en dat het TSC complex zowel TSC1 als TSC2 nodig heeft. Mutaties in één van 
beide genen zijn verbonden aan de ontwikkeling van het tubereuze sclerosis syndroom dat 
gekenmerkt wordt door de ontwikkeling van goedaardige tumoren verspreid over verschillende 
organen die veroorzaakt zijn door ongeremde mTOR activiteit. De activiteit van het TSC 
complex wordt gereguleerd door fosforylering en mogelijk ook op andere manieren en door 
verschillende routes. Het is aangetoond dat TSC2 één van de targets van protein kinase B 
is. Na insuline stimulatie fosforyleert PKB TSC2 waardoor TSC2 geremd wordt. We hebben 
aan kunnen tonen dat als gevolg van de inactivatie van TSC2, endogeen Rheb GTP geladen 
wordt en daardoor downstream signaleert. 
Zoals in hoofdstuk drie wordt getoond, is activering van Rheb, gemeten als verhoging van 
de GTP lading,  door middel van stimulering met insuline of phorbol ester, afhankelijk van de 
aanwezigheid van aminozuren in het medium. Hoewel het verwijderen van aminozuren de 
GTP gebonden staat van Rheb niet per se beïnvloedt, blokkeert het groeifactor geïnduceerde 
activering van Rheb volledig. Dit suggereert regulering van de route, upstream van Rheb, op 
basis van gevoeligheid voor aanwezigheid van aminozuren. Aan de andere kant kan mTOR 
geremd worden, zelfs in de aanwezigheid van actief Rheb door het weghalen van aminozuren 
uit het medium. Dit impliceert dat ook verder downstream van Rheb regulatie van de route 
plaatsvindt. 
De identificatie van Vps34, lid van de klasse III PI3kinase familie, als onderdeel van het complex 
dat aminozuren signaleert, wordt behandeld in hoofdstuk vier. Vps34 wordt geactiveerd 
door aminozuren en is noodzakelijk voor activering van mTOR. Het phosphatidyl inositol 3 
phosphate (PI(3)P) lipide dat nodig blijkt  voor activering van mTOR door aminozuren, wordt 
gemaakt door Vps34.  Echter, het precieze mechanisme dat het signaal naar mTOR leidt, 
moet nog verder worden onderzocht. 
De Rheb/mTOR route blijkt sterk te worden gereguleerd door mitogene stimuli en nutriënten 
aangezien verschillende componenten hierdoor worden beïnvloed. Verschillende niveaus van 
regulering kunnen noodzakelijk zijn om het proces van celgroei goed te controleren, maar 
kunnen ook betrokken zijn in de regulering van andere, nog onbekende functies van deze 
route. Hoofdstuk vijf en zes van dit boekje gaan over de identificatie van nieuwe componenten 
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in de Rheb route die mogelijk een rol spelen in signalering via mTOR of, onafhankelijk van 
mTOR, andere processen reguleren die ook betrokken zijn bij celgroei en proliferatie. 
Zoals hierboven beschreven, reguleren mTOR en de downstream targets, translatie van 
eiwitten. Voor translatie-initiatie is de vorming van het initiatie complex noodzakelijk op de 5’ 
kant van het mRNA, het binden van de start-tRNA geladen met methionine en het samenkomen 
van de ribosomale onderdelen. Een van de belangrijkste componenten betrokken bij het 
plaatsen van de eerste tRNA op het mRNA is de translatie-initiatie factor eIF2. In hoofdstuk 
vijf, wordt de rol van eIF2 als een modulator van de insuline-signaleringsroute beschreven. 
eIF2 is een negatieve regulator van PKB activering door beïnvloeding van het expressieniveau 
van de lipide phosphatase PTEN; hiermee lijkt translatie-initiatie de activering van de Rheb/
mTOR route te reguleren om zo eiwitsynthese op een optimaal niveau te houden. 
De resultaten die besproken worden in hoofdstuk zes betreffen de identificatie van nieuwe Rheb 
effectoren. The transcriptiefactor SREBP, een belangrijke regulator van lipide en cholesterol 
metabolisme is getest als nieuwe interactiepartner van Rheb. Aangezien lipide metabolisme 
een belangrijke rol speelt in regulering van celgroei, leek SREBP een interessante kandidaat. 
Hoewel we geen directe regulering van Rheb op SREBP hebben kunnen vaststellen, kan 
deze transcriptiefactor geactiveerd worden door stimulering met insuline op een rapamycine 
afhankelijke manier. Dit versterkt het idee dat verschillende veranderingen in het metabolisme 
aan elkaar gekoppeld moeten worden voor een goed gecoördineerde respons.
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Dankwoord

         I’ve listened a lot, observed a lot, took notes and came to the conclusion that the 
acknowledgement is a “ literary style” on its own. As all styles, it follows certain rules. It’s a 
centrifugal style, in the undulatory meaning of the terminology. Like a stone thrown into a lake, 
the acknowledgement creates circles, centrifugal, larger and larger… (Daniel Pennac, Merci. 
My translation)

Many people contributed to this work, directly, indirectly, mentally, physically or economically. 
I hope to be able to thank all of them. Instead of organizing the acknowledgements in circles, 
like Mr Pennac suggests, I have divided you…. in families!

The Bosses
Hans, I am very grateful for taking me to work in your lab. It was a terrific experience. You 
took me on my word and gave me the best project ever!. I really enjoyed it and at the end got 
extremely frustrated with it, ( but that’s because I am very emotional!). Thanks for the trust and 
the freedom you gave me. I definitely learned a lot, scientifically and socially, surrounded by 
these amazing crew of people you put together, always willing to help share and interact. Many 
more “I think we should start”, dynamite experiments, yep yep, nature papers and success! 
Fried, I think my English is never going to be good enough to express my gratitude and to 
thank you properly. I have learned so much with you, with your dedication, and continuous 
supervision. I loved the Rheb-Maybe-Baby project. Sorry for the grumpiness by the end when 
stress and tiredness overruled. Good luck with everything.
Boudewijn, my PI3K-signaling expert. Thanks for all the nice suggestions, ideas, knowledge 
and your contribution to this work and to my personal experience. You are the only person 
having a Lab journal even more minimalistic then mine, stealing buffers more then I do and 
cooking, at least the ossobuco, better then me. It has been very inspiring! Bedankt.
The Rheb Family:
Linda, my first student, smart, stubborn, dedicated hard worker..I wish we had been more 
lucky with the Y2H. Thanks for your contribution! 
Lars, my second student…or technician?? Hereby, I Marta, would like to formally thank you 
for the enthusiasm and the energy you put in the project. Hope that the MS approach would 
give you more satisfactions with Epac.
Robert, walking around with a T-shirt claiming that inside there’s a Rocker, playing Für Elise of 
Beethoven at the piano and whistling on Four non blondes on 3FM…you are a little confusing! 
Thanks for joining the team!
I picciotti:
Judith, my paranimf, busy little bee, organizing, gossiping, chatting, smiling, crying, of 
course…many dynamite experiments for you! Thanks soooo much. Esther, the other little bee, 
thanks for sharing frustrations and excitements; take care...good luck with your next screen 
and bedankt voor de samenvatting!!! Karen, spread your wings and fly away, shine like a star, 
smile and be happy. I’ll miss you! Matthijs, sacchetto?  Grazie for the nice chats, suggestions, 
and scientific input! You are probably the only Dutch person ever visiting Cerano..what an 
honor! One more thing: UVEC!! Anna, thanks for sharing all your amazing stories and for 
your warmth, you are unique...I almost put you in the mediterranean family! Lydia, for the 
help any time I have ever asked and for knowing anything I have ever asked, you have a 
special place in my heart. Mike, you are nuts, crazy china-man! It was great to share these 
4 years in the lab with you. Fingers crossed for your promotion! Peter, do I still look so bad 
today? You are so excited with your project. If you would have a tail you would be swinging it 
like a happy dog! I wish you good luck. Arjan, bedankt for all the nice suggestions and talks. 
How was it again? Are you blessed with your PhD student or is he blessed? Leo Priceless. 
The immunofluorescence master, a walking source of posh English…I am very much obliged 



91

indeed. Success in Leiden and thanks for everything! Shannon, crazy moody wonderwoman, 
you are the loudest person I have ever met, don’t ever change! Paupi, simply the best, where 
do you find time and energy to be like that! From top analyst to tennis worldchampion to 
supermamma, and in the spare time firefighter? Something more? WJ, bello, I make you smile 
because you smile at me first, that’s cheating! Holger, the “scemist” of the lab, cells do not bite 
wanna try? Danke schön for sharing your knowledge and experience and always finding the 
time to help. Niels, thanks for all the unfortunately unsuccessful MS work, you always make 
me feel so old…do you enjoy that? I bet you do! Good luck with your many girlfriends. Diana, 
crazy dancer, incredibile pasticcera, keep an eye on your vocal cords! Fons, the moto guzzi 
rider, thanks for the continue interest in my job and for liking Italy so much! Sander, I have 
always thought that only the Italians would get boeten for crossing with the red light…(me 
n=2). Wendy, thanks for the nice conversations and your kindness!. Miranda, 2 days are better 
than one! It was great to have you around! Nadia, one more pair of shoes to the million? Are 
you directing the ballet for my promotion? Bonne chance and merci for the nice time and your 
enthusiasm! Marjolein, the bone of contention, the wanted technician…good luck! Tobias, how 
come you know so many totally stupid and irrelevant things? Is the rabbit a rodent? Martijn, 
take care and good luck with your project and side projects and side projects of the side 
projects! The new entry of the lab, Maaike, Hesther, Harm Jan, good luck with your research.
Wim, my Mac-angel. Thanks for the being always so helpful, solving problems and doubts, 
hope I did not bother too much! Marc and Annelies, You are doing a great job! Good luck!
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Jorrit, who dragged me into the Bosgroup and the day after tried to toss me out of the window. 
Jurgy, grumpy, complaining…lange man, I’ll always be your Zucchi. Dominique, for you I will 
always be a little robber instead! Pieter, check it out, chapter 2, A14 cells +/- insulin and looked 
at P-PKB. It works! That’s indeed the best experiment ever. Thanks for everything! Armando, 
sweet hips swinging Armando. I will never forget our salsa les together. You were always a 
little too tall for me though. All the best in Australia!
Marieke, I wish you great scientific success…in case..keep in mind that you could always 
go work for the swiss tourism office! Marta Big, I had really a great time with you, I love your 
energy, laugh, and direct way to say things like (to me): “Marta, if you are late for my promotion 
I kill you”.  Bea and Sanne, good luck with your new jobs. John, thank for the mediation with 
Hybrigenics, the protocols, reagents and the suggestions. 
Margarita, don’t ever stop smiling! muchas gracias por el affecto y el anillo!,  Jooooost, non e’ 
tutto oro quello che luccica! Thanks for all your comments, going under the name of remarks..
for the nice picnics in the park, the chats and the music. Jun, thanks for your kindness, your 
friendship and for teaching me your wonderful culture. Roland! Phone!! Grumpy old man! 
Good luck at Philips! Ingrid all the best!
The secretary family, Saskia, Felicia, Marit, enjoy your new jobs! Carin, Marianne and 
Cristina, thanks for everything. Cristina, grazie per le belle chiacchierate e per capire al volo 
cosa intendo!  
My bilthouse family. I miss you incredibly and the same is true for the magic atmosphere we 
created. Marco, the beast, ma che c’hai in te la testa, la granella? Michele, the king, slave in 
training for a little longer. Tash, the queen, amazingly metamorphic creature, history teacher, 
zoo keeper, nurse, Phd student, next time I’ll hear from you, I guess you’ll be astronaut! Sarah, 
pinky, what about getting a new internet connection? Stefania, my favorite gastroenterologist…
the only ever been able to make me swallow a catheter, Ph-meter, barometer and pi in a 
pot…. You are always in my thoughts.
Mariagrazia, grazie for things like “u tram a muro” and “a casjettaaburdello” that I just love to 
think about. Statte accuorta guaglioncella!
Maaike and Ewoud, one day I’ll go live at the sea, I swear, in the meantime you can keep 
listening to my complaints. Maaike, thanks for helping organizing dinner, party, holidays etc..
you are wonderful!
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Begoña & Eric, The chance we will come and finally get the motorbike is almost the same as 
the one you’ll move to a new house! Bego, júrame que no vas a preguntar por el pasaporte 
holandés!
I cugini
All the nice and wonderful people from the Van der Vliet, Timmers, Medema and Holstege 
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The friends of the family
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Annemieke, Stella, Lies, Anne, Eniko, Marc, Eveline, Harriette, Joost, Pieter, Niels and all the 
members of the PNI, thanks for the help, supervision, and friendship. Good luck to everyone! 
Many thanks to G. Thomas group, in particular George, Tak and Manel, for the fruitful 
collaboration, the stimulating discussion, and the challenging criticisms.
Special thank to Hugo Stocker and Nathalie Buser from the Hafen’s lab for the joint effort in 
identifying new Rheb effectors. Thanks for the short but very useful introduction of fly genetics 
and for all the crossings you did to test our crazy ideas... Nathalie, who knows, maybe the 
Kibra mutants will turn out to be little genius! Good luck at the ETH.
Jie Chen, it was great to have you in the lab for your sabbatical! Thanks for the nice suggestions, 
constructs, and discussions. 
My new family
Bart, veni, vidi vici…con te li ho vinti tutti! Viva l’impero Romano, quello d’oriente, d’occidente 
e le terre di mezzo. Conquered! Thanks for the daily challenges, surprises, coccole and 
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Bedankt voor de warmte en de fantastische sfeer die me het gevoel geven thuis te komen
La mia famiglia italiana
Papa’, grazie, e’ tutto merito tuo. Ti voglio troppo bene! Elena, Stefano Marianna, grazie per 
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