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Abstract

Protein kinase B (PKB/Akt) is a central component of intracellular signaling pathways. It
becomes activated downstream of growth factor receptors and has been implicated in cell
growth, proliferation and protection from apoptosis. Akt is also a mediator of metabolic insulin

action, and stimulates glucose uptake, glycogen synthesis and lipogenesis.

Activation of Akt resulted in induction of expression of several enzymes involved in cholesterol
and fatty acid biosynthesis. These genes are transcriptional targets of the family of sterol
regulatory element-binding proteins (SREBP). Induction of fatty acid synthase and HMG-CoA
synthase, two key enzymes of the sterol and fatty acid biosynthesis pathway, by Akt requires
SREBP. In addition, activation of Akt results in rapid accumulation of mature SREBP1 in the
nucleus. This process was independent of activation of glycogen synthase kinase 3 (GSK3) but
required active complex 1 of the mammalian target of rapamycin (mnTOR/TORC1). Analysis of
cellular metabolites by NMR revealed that induction of glucose and amino acid uptake, lactate
production as well as fatty acid and phosphoglyceride biosynthesis by Akt also requires TORC1
activity. Thus it can be postulated that induction of expression of lipogenic genes through
activation of SREBP is part of an anabolic response to activation of the PI3K/Akt/mTOR
pathway and may be required for the induction of lipid biosynthesis during cell growth and

proliferation.

The PI3K/Akt pathway has been implicated in regulation of cell and organ size in Drosophila
melanogaster. Several transgenic fly lines carrying an RNAi construct targeting dSREBP
expression were generated. Silencing of dSREBP resulted in a significant developmental delay
as well as a profound loss of viability. Tissue specific silencing of dSREBP in the wing resulted
in a reduction in cell and organ size suggesting that activation of dSREBP by the PI3K/Akt

pathway could be involved in cell growth control in flies.
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1 Chapter 1: Introduction

1.1 Signalling

Cells coordinate cell growth, metabolism and proliferation in response to environmental cues
including growth factor availability. The Ras/PI3K/mTOR signalling pathways are among the
most frequently targeted pathways in all sporadic cancer and when mutated, drive cell growth
independently of environmental cues. Growth factors acting through receptor tyrosine kinases
(RTKs), which then activate the key signalling-transducer, the small GTPase Ras (see chapter
1.2) and the phosphatidylinositol-3-OH kinsase (PI3K) (see chapter 1.3). Both proteins activate
a number of downstream effectors such as Raf and protein kinase B/Akt (see chapter 1.4). One
effector critical for cell growth is the mammalian target of rapamycin (mTOR) kinase (see
chapter 1.5). mTOR is activated by both Ras and PI3K, but its activity is also controlled by the
availability of nutrients. Several tumour suppressors have been identified to attenuate
Ras/PI3K/mTOR signalling. The phosphatase and tensin homologue (PTEN) (see chapter 1.3.3)
terminates PI3K signalling, while under nutrient-poor conditions the tuberous sclerosis complex
1 (TSC1, also know as hamartin), TSC2 (tuberin) or the protein kinase 11 (LKBI1) inhibit
mTOR activity (see chapter 1.5.1). This network ensures that cell growth and proliferation only
take place under favourable environmental conditions (Luo et al., 2003; Shaw and Cantley,

2006; Wullschleger et al., 2006).

1.2 Ras

Ras family proteins are small membrane-bound proteins that belong to the large superfamily of
low-molecular-weight guanine nucleotide-binding proteins (small GTPases). They act as a
molecular switch linking receptor tyrosine kinase (RTK) activation to downstream signalling.
Small GTPases can be divided into five families that are important for different cellular
processes. Members of the Rho family control gene expression and modulate the cytoskeleton
while the Rab and the Sarl/Arf families regulate intracellular vesicle transport. Proteins of the
Ras family have been shown to be important in cell growth, proliferation, differentiation,

apoptosis, cell-cell contact and cell motility (Takai et al., 2001).

The Ras gene was first discovered as a 21 kDa protein encoded by the oncogene of rat sarcoma
viruses. Searches in the human genome identified H-ras as the cellular homologue. The four Ras
isoforms are H-Ras, N-Ras, K-Ras4A and K-Ras4B, which are widely expressed and show
tissue specific expression profiles (Lowy and Willumsen, 1993; Schubbert et al., 2007). Ras
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proteins undergo post-translational modifications, which result in localisation to the plasma
membrane. A C-terminal C-A-A-X motif (C=Cysteine, A=aliphatic, X=any amino acid)
becomes farnesylated, the initial step in a series of alterations (Basso et al., 2006; Hancock et
al., 1989; Sebti, 2003).

The diverse biological effects of Ras proteins place them at a central position among many
signal transduction pathways. The importance of Ras proteins as key mediators of cellular
growth control makes constitutively activated Ras such a potent transforming oncogene. Ras
has been found to be mutational activated in about 30% of all malignancies (Malumbres and
Barbacid, 2003).

1.2.1 Ras signaling pathway

Ras activation has been demonstrated in response to stimulation with a number of growth
factors like platelet-derived growth factor (PDGF) (Arvidsson et al., 1994), nerve growth factor
(NGF) (Basu et al., 1994), hepatocyte growth factor (HGF) (Graziani et al., 1993), insulin
(Burgering et al., 1991) and epidermal growth factor (EGF) (Buday and Downward, 1993).

Epidermal Growth Factor (EGF) mediated Ras activation is the best-studied activation
mechanism and will be used as a model. Ligand binding to the EGF receptor (EGFR) induces
dimerisation and auto-phosphorylation on tyrosine residues, which leads to the recruitment of
the adaptor protein Shc to the intracellular domain of EGFR. SHC is activated by tyrosine
phosphorylation, which enables the binding of growth-factor-receptor-bound protein 2 (GRB2)
via its SH2 (src-homology) domain. The SHC-GRB2 complex interacts via the SH3 domain of
GRB2 with a proline-rich region of son of sevenless (SOS), which results in recruitment of SOS
to the plasma membrane. (Blaikie et al., 1994; Harmer and DeFranco, 1997; Sasaoka et al.,
1994). (SH2 domains recognize phosphorylated tyrosine residues while SH3-domains have a
high affinity towards proline rich motifs, which exist in proteins such as SOS, Ruk and Cbl.)

SOS has been identified as a guanine nucleotide exchange factor (GEF) for Ras (Li et al., 1993).
GEFs catalyse the exchange of GDP with GTP and convert Ras from an inactive to an active
form (Boriack-Sjodin et al., 1998; Margarit et al., 2003). Conversely, to transfer Ras into its
inactive state GTPase activity of Ras can be activated by GTPase-activating-proteins (Ras-
GAPs), including p120GAP and neurofibromin 1 (NF1) (Martin et al., 1990; Scheffzek et al.,
1997; Takai et al., 2001).
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1.2.2 Ras downstream effectors

GTP-bound Ras activates more than 20 effector enzymes; including the serine/threonine kinases
Raf, the lipid kinases, phosphoinositide 3-kinases (PI3K), the Rac exchange factor Tiaml,
phosholipase Ce and the guanine nucleotide exchange factor Ral-GDS (Mitin et al., 2005;
Repasky et al., 2004).

Among the Ras effector pathways, the Raf-MEK-ERK cascade is the best characterised.
Activated Raf phosphorylates and thus activates the dual specificity kinases MEK1 and MEK2,
which phosphorylate and activate MAP kinases ERK1 and ERK2 (Kolch, 2000). ERK1 and
ERK?2 translocate to the nucleus where they activate a number of transcription factors, including
Ets family transcription factors, SRF, ATF2 and Jun (Treisman, 1996). Among the genes
regulated by these transcription factors are key cell-regulatory proteins, such as cyclin DI,
promoting cell cycle progression (Pruitt and Der, 2001). Activation of the ERK1/2 pathway also
leads to inactivation of TSC1/TSC2, as a result of phosphorylation of TSC2 (Ma et al., 2005b;
Roux et al., 2004). Inhibition of TSC2 leads to activation of TORCI, thereby ERK1/2 may

stimulate protein translation and ribosome biosynthesis (Mayer and Grummt, 2006).

Ras-GTP has also been shown to interact with the p110 catalytic subunit of class I PI3K
(Rodriguez-Viciana et al., 1994). PI3K is a lipid kinase that phosphorylates the 3'-position of
phosphoinositides resulting in the generation of the second messenger PIP3 (see chapter 1.3).
PIP3 mediates activation of downstream kinases such as Akt/PKB and PDK1 (Bader et al.,
2005; Downward, 2004). The Ras-p110 interaction itself is not sufficient for PI3K membrane
localization (Suire et al., 2002), suggesting that RAS-dependent activation of PI3K may
necessitate active growth factor receptor signalling. The in vivo function of Ras binding to PI3K
pl10a has recently been described to be required for normal growth factor signalling and

oncogenic Ras-mediated tumorigenesis in mice (Gupta et al., 2007).

Ras induced activation of Ral is thought to be involved in the control of vesicle transport and
cell morphology as well as to have a fundamental function in Ras-driven transformation of

human cells (Lim et al., 2005). A model of the Ras pathway is illustrated in Figure 1-1.

1.3 PI3K signalling pathway

The phosphatidylinositol-3-kinases (PI3K) include a large and complex family, which is
involved in various cellular processes such as cell growth, proliferation, survival, cell motility

and metabolism (Engelman et al., 2006).
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PI3Ks are heterodimeric lipid kinases composed of a regulatory and catalytic subunit that
catalyze the phosphorylation of inositol-containing lipids at the 3’-hydroxyposition. The
products (phosphatidylinositol-3,4-bisphosphate and phosphatidylinositol-3,4,5-trisphosphate)
are second messengers that interact with pleckstrin homélogy domain (PH-domain) containing

proteins and mediate downstream functions of PI3Ks.

1.3.1 Classification of PI3K family members

The PI3K family contains three classes with multiple isoforms with different substrate
specificities and sequence homology (Cantley, 2002). The class 1 PI3Ks consists of two
subgroups, 1A and 1B. Class 1A PI3Ks, consisting of PI3Ka and B, are activated by growth
factor receptor tyrosine kinases (RTK), whereby class1B PI3Ks are activated by G-protein-
coupled receptors (GPCRs) (Katso et al., 2001). Class I PI3Ks are the best-characterised

isoforms, which regulate cell growth, glucose homeostasis, proliferation and migration.

Three isoforms are found in mammalian class 2 PI3Ks, PI3KC2 a, B and v (Domin et al., 1997;
Ono et al, 1998; Rozycka et al., 1998). PI3KC2B contributes to stem cell factor (SCF)
stimulated protein kinase B (PKB) activity (Arcaro et al., 2002), while PI3KC2a regulates

clathrin-mediated membrane trafficking and receptor internalization (Gaidarov et al., 2001).

Class 3 PI3Ks consist of a single member, vacuolar protein-sorting defective 34 (hVps34)
protein. hVps34 was originally identified in regulating endocytosis and vesicular trafficking
(Simonsen et al., 2001). Recently, hVps34 has been shown to be required for insulin and
nutrient-mediated activation of the mTOR (mammalian target of rapamycin) targets S6K1 (S6
kinase 1) and 4EBP1, indicating that hVps34 might also be involved in cell growth control
(Byfield et al., 2005; Nobukuni et al., 2005). In response to nutrient starvation, Vps34 is
required for the induction of autophagy (Eskelinen et al., 2002; Kihara et al., 2001).

Since the specific function of class 2 and class 3 PI3Ks are less well characterized, only the
cellular importance of class 1 PI3K to the cell and in oncogenesis will be discussed in more
detail. It has been shown that the PI3K inhibitors wortmannin and 1. Y294002 inhibit class 1 and
class 3 and to a lesser extent class 2 PI3Ks (Stein, 2001).
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1.3.2 Class 1 PI3K and signal transduction

The class IA heterodimeric enzymes consist of a regulatory subunit p85 and a catalytic subunit
p110. There are three mammalian p110 proteins, pl110a, 1108 and 1103. All consist of a
catalytic domain, a p85-binding domain, a Ras binding domain (RBD) and a C2 domain that
may be essential for membrane anchoring. There are also three isoforms of the p85 regulatory
subunit, p85a, p858 and p85y. p8S5 proteins contain two SH2 domains, an inter-SH2 domain that
binds constitutively to the p110 subunit, an SH3 domain and a BCR (breakpoint cluster region)-
homology domain that negatively regulate the catalytic activity of p110. These domains allow
indirect interaction between receptor tyrosine kinases (RTKs) and PI3K through intermediate
phosphoproteins, i.e. the insulin receptor substrates IRS1/IRS2. Phosphorylated tyrosine
residues on RTKs interact with the SH2 domain of the p85 subunit and cause recruitment of the
inactive cytoplasmic p110-p85 complex to the plasma membrane. The interaction between p85
and RTKSs reduces the inhibitory effect of p85 on p110 (Yu et al., 1998) and brings the p110
catalytic subunit into close proximity to its phospholipid substrate in the membrane. Both
insulin and insulin growth factor 1 (IGF1) receptors use the insulin receptor substrate (IRS)
family of adaptor molecules to engage class IA PI3Ks, which is the canonical pathway of PI3K
activation. IRS proteins also relay signals from growth factor receptors to Ras, resulting in
pathway activation (Pawson and Nash, 2003). Interestingly, the p1108 isoform can also be
regulated by heterotrimeric G proteins, indicating that the class 1 p1108 isoform might integrate
signals from RTKs and GPRCs (Engelman et al., 2006). PI3Ks can also be activated by
oncogenic Ras via the RBD in the p110 subunit (Rodriguez-Viciana et al., 1994).

In contrast to the class 1A activation by tyrosine-phosphorylated RTKs, stimulation of G-
protein-coupled receptors (GPCR) transmit signals to the class 1B p110y/p101-PI3Ky. The Gfy
subunit recruits PI3Ky from the cytosol to the membrane by interaction with its non-catalytic
p110y subunit and further direct stimulation of GBy with the catalytic subunit p110y contributes
to activation of PI3Ky. Recently, two additional p110 homologue regulatory subunits p84 and
p87PIKAP (Suire et al., 2005; Voigt et al., 2006), were described.

1.3.3 PTEN, a negative regulator of PI3K

PTEN (phosphatase and tensin homologue) is a dual-specifity phosphatase that has activity
towards lipid and protein substrates (Gu et al., 1999; Tamura et al., 1998). The main
physiological lipid substrate of PTEN is PtdIns(3,4,5)P3 (PIP3) (Haas-Kogan et al., 1998;
Maehama and Dixon, 1998; Wu et al., 1998). PTEN controls the activity of Akt by limiting the
lipid substrate PtdIns(3,4,5)P3 necessary for its activation. Mutation or deletion of PTEN leads
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to the loss of reduced lipid phosphatase activity and allows unregulated Akt activity and
uncontrolled cell proliferation (Ali et al., 1999). Mice with a homozygous deletion of PTEN die
during embryogenesis (day E7.5-8.5) and cell lines from these mice show increased Akt
activation. Heterozygous PTEN knock-out mice show increased tumour formation in different

tissues (Di Cristofano et al., 1998; Myers et al., 1998; Stambolic et al., 1998).

1.3.4 Akt-independent pathways downstream of PI3K

In addition to regulation of Akt, which will be discussed in chapter 1.4, PI3K activation leads to
induction of several downstream effectors (outlined in Figure 1-2). Many of these, such as the
small GTPases CDC42 and RAClare involved in tumourigenesis (Jiang et al., 2000; Liliental et
al., 2000; Welch et al., 1998) can be activated by PIP3-sensitive GEFs, such as VAV1 (Han et
al., 1998) and PREX1 (Welch et al., 2002). However, CDC42 activation can also occur in the
absence of PI3K catalytic activity through direct association with p85 (Jimenez et al., 2000).
RAC1 and CDC42, together with PI3K, are involved in cell motility and polarity by controlling
cytoskeleton dynamics (Van Haastert and Devreotes, 2004) and there is evidence that both have
transforming capacity in fibroblasts. It is possible that activation of RAC1 and CDC42 by PI3K
provides a link between PTEN loss and tumour invasion (Liliental et al., 2000).

Although the serum and glucocorticoid-inducible kinase (SGK) has a high homology to Akt and
may have an overlapping role in the induction of survival pathways (Brunet et al., 2001b), the
activation mechanism by PI3K differs from that of Akt. SGKs are serine/threonine kinases that
do not contain a PH-domain, which is necessary for recruitment of Akt to the plasma

membrane. SGKs are activated by PDK1 in a PI3K-dependent manner (Park et al., 1999).

The atypical PKCME isoform are the only PKC, which are activated by insulin. Activation of
PKCME requires PI3K input and involves phosphorylation of threonine 410 by PDKI
(Bandyopadhyay et al., 1997; Standaert et al, 2001). Mouse embryonic stem cells and
adipocytes deficient in PKCA/E show impaired insulin-mediated glucose transport. This can be

rescued by over-expressed PKCME (Bandyopadhyay et al., 2004).

1.4 Akt/PKB

Akt, also known as protein kinase B (PKB) belongs to the AGC (protein kinase A (PKA)/
protein kinase G/ protein kinase C-like) family of protein kinases. All AGC kinase family

members show extensive homology within their kinase domain.
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Akt was first identified as the cellular homologue of the transforming oncogene v-Akt (AKTS)
in a mouse T-cell lymphoma retrovirus (Staal, 1987). Three closely related isoforms of
PKB/Akt have been identified in the mammalian genome: Aktl/PKBo, Akt2/PKBB and
Akt3/PKBy (Bellacosa et al., 1991; Coffer and Woodgett, 1991; Jones et al., 1991), which all

contain a highly conserved kinase domain.

Growth factors, cytokines and other growth promoting stimuli activate PI3K to initiate Akt
signalling. Akt contributes to diverse cellular processes including cell proliferation, survival,
metabolism and growth (Manning and Cantley, 2007). The physiological functions for the three
isoforms have been determined in mouse knockout models. Aktl is important in development,

Akt2 in glucose homeostasis and Akt3 in brain development (Dummler and Hemmings, 2007).

1.3.1 Activation and regulation of Akt

Akt are serine/threonine kinases with a molecular weight of 57 kDa. They contain an N-
terminal pleckstrin-homology (PH) domain that interacts with the lipid second messenger
phosphatidylinositol-3,4,5-trisphosphate (PIP;). In response to PI3K activation, PI3Ks generate
PIP;, which leads to plasma membrane recruitment of inactive Akt (Andjelkovic et al., 1997;
Bellacosa et al., 1998). This translocation brings it into close proximity to another PH domain-
containing protein kinase, PDK1 (3-phosphoinositide-dependent kinase). PDK1 phosphorylates
Akt on a threonine residue within the protein kinase T-loop (T308 in Aktl) (Alessi et al., 1997).
This phosphorylation results in conformational changes and facilitates access of the modified T-
loop to ATP and substrates (Stephens et al., 1998; Vanhaesebroeck and Alessi, 2000). For Akt
to become fully activated, a second phosphorylation step has to occur on a serine residue that is
located in a hydrophobic motif proximal to the carboxyl terminus (S473 in Aktl). Several
kinases have been implicated in phosphorylating Akt S473 such as ATM, DNA-PK and ILK
(Woodgett, 2005). The mTOR-rictor kinase complex 2 (TORC2) has been shown to
phosphorylate S473 in Akt (Hresko and Mueckler, 2005; Sarbassov et al., 2005). However,
residual S473 phosphorylation was detected in TORC2 deficent mice (Shiota et al., 2006),
indicating that TORC2 is not the only S473 kinase. Although both phosphorylations act in
synergy to fully activate the protein kinase, these two residues are phosphorylated
independently (Jacinto et al., 2006; Williams et al., 2000). Upon S473 phosphorylation, Akt can
shuttle to different cellular compartments such as the nucleus (Jacinto et al., 2006). Therefore

phosphorylation status and cellular localization might determine Akt substrate specificity.
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Akt can be inactivated by the phosphatase PP2A (Brazil and Hemmings, 2001), which
dephosphorylates threonine and serine and returns Akt to its inactive conformation. The PH
domain leucine-rich repeat protein phosphatases (PHLPPs) selectively dephosphorylate serine
473 and terminate Akt signalling, and this may affect its target specificity (Brognard et al.,
2007; Gao et al., 2005). Two other negative modulators act via binding to Akt. The carboxy-
terminal modulator protein (CTMP) (Maira et al,, 2001) and TRB3 (Du et al., 2003), a
mammalian homologue of Drosophila tribbles, both prevent phosphorylation of Akt and thus

block downstream signalling.

1.4.1 Survival and proliferation

Peptide library screening has been used to determine the optimal Akt peptide substrate motif,
which has a serine as the phospho-acceptor site, a bulky hydrophobic amino acid at +1, a serine
or threonine at the -2 position and two highly conserved arginine residues at -5 and -3 (Hutti et
al., 2004; Obata et al., 2000). The consensus sequence for Akt phosphorylation consists of R-X-
R-X-X-S/T [using the one-letter amino-acid code, where X represents any amino acid] (Chan et
al., 1999). Over 100 Akt substrates have been reported so far, of which approximately 25% do
not display the consensus sequence (Manning and Cantley, 2007). The quantity and variety of

Akt target proteins explain the biological diversity in response to Akt activation (Figure 1-3).

Among the first Akt targets to be identified were glycogen synthase kinase-3a (GSK3a) and -38
(GSK3p). Akt phosphorylates GSK3a on serine 21 and GSK3p on serine 9. Phosphorylation by
Akt results in inhibition of their kinase activity (Cross et al., 1995). The role of GSK3 in
proliferation and regulation of apoptosis can be explained by its substrates (Cohen and Frame,
2001). GSK3 phosphorylates and inhibits the prosurvival Bcl-2 family member MCL-1 (Maurer
et al., 2006) and regulates the stability of a number of proteins including cyclin D1, Jun and c-
myc (Diehl et al., 1998; Wei et al., 2005; Yeh et al., 2004). GSK3p dependent phosphorylation
results in degradation of cyclin D1 (Diehl et al., 1998) and inhibition of GSK3 by Akt allows

the accumulation of cyclin D1, which is required for G1/S transition.

Programmed cell death (apoptosis) is a normal cellular function that controls excessive
proliferation by eliminating cells. Akt protects cell from apoptosis by different mechanisms. It
directly phosphorylates several components of the cell death machinery. Akt phosphorylates the
proapoptotic Bcl-2 family member BAD, which causes binding of 14-3-3 proteins and
sequesters Bad away from its target proteins (Datta et al., 2000). BAD binds and inhibits the
prosurvival protein BCLx (Datta et al., 1997; del Peso et al., 1997). Akt also phosphorylates

and inhibits the protease caspase-9, which is a key effector of the apoptotic process (Cardone et
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al., 1998). Akt can protect cells from oxidative stress-induced cell death through inhibiting the
apoptosis signal-regulating kinase 1 (ASK1) (Downward, 2004; Nagai et al., 2007).

One of the best-characterised Akt targets are the members of the O subfamily of forkhead-
domain containing transcription factors (FoxO) (Tran et al., 2003). FoxO proteins control
transcription of target genes involved in apoptosis, cell cycle, stress tolerance and metabolism
(van der Horst and Burgering, 2007). They contain three conserved Akt phsophorylation sites
and phosphorylation of theses sites creates a binding site for 14-3-3 proteins. Binding of 14-3-3
causes nuclear export and hence functional inactivation of the FoxO proteins (Brunet et al.,
1999; Kops et al., 1999). FOXO regulated genes include several pro-apoptotic factors such as
the BCL-2 family member BIM and FAS ligand (Brunet et al., 1999; Dijkers et al., 2002).
FoxOs induce expression of the cyclin-dependent kinase (CDK) inhibitor p27%®! which inhibits
cell-cycle progression (Medema et al., 2000), and suppress expression of the cyclins D1 and D2,
which drive progression from G, to S phase (Schmidt et al., 2002).

Other transcription factors that are regulated by Akt are CREB and NF-xB (Pugazhenthi et al.,
1999; Romashkova and Makarov, 1999). However, the in vivo evidence for their regulation is
limited. In vitro, Akt activates NF-kB by phosphorylation and activation of IxB kinase (IKK).
IKK induces degradation of the NF-kB inhibitor IxkB (Ozes et al., 1999; Romashkova and
Makarov, 1999). Degradation of IkB releases NF-xB, allowing its translocation to the nucleus
and expression of anti-apoptotic target genes, like those of IAPs (inhibitors of apoptosis) (Wang
et al., 1999; Wang et al., 1998).

Phosphorylation of MDM2 by Akt leads to its translocation to the nucleus, where it binds p53
and causes its degradation (Mayo and Donner, 2001; Zhou et al., 2001b). p53 controls cell-cycle
progression and is involved in the induction of apoptosis in response to DNA damage. It also
has been shown that p53 positively regulates the PTEN promoter (Graff et al., 2000). p53 and
its homologue p73 regulate pro-apoptotic genes such as PUMA, BAX and NOXA (Villunger et
al., 2003). The Yes-associated protein (YAP) regulates p73 transcriptional activity.
Phosphorylation of YAP by Akt creates a 14-3-3 binding site, resulting in cytosolic retention
and prevention of p73 transcriptional activity (Basu et al., 2003).

In addition, Akt has been implicated in the regulation of a specific form of apoptosis, which is
induced when epithelial cells are deprived of adhesion to components of the basement
membrane (Khwaja et al., 1997). The three primary integrin signalling molecules that have been
linked to cell survival are FAK (focal adhesion kinase), Shc and ILK (integrin-linked kinase)
(Aplin et al., 1999; Giancotti and Ruoslahti, 1999). ILK activates Akt activity either directly or
indirectly (Attwell et al., 2000; Persad et al., 2000). FAK may also activate Akt through direct
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PI3K activation as well as indirectly through a p130Cas/CRKI/DOCK180/Rac pathway
(Kiyokawa et al., 1998; Sonoda et al., 2000). Although Shc is thought to activate the MAP
kinase pathway through Grb2, data indicate that Shc is also a potent PI3K/Akt activator (Gu et
al., 2000).

Finally, there is evidence for the involvement of Akt in controlling the cell cycle. Akt inhibits
the cell-cycle inhibitory proteins p21°*' and p27%"'. Phosphorylation of p21°?" at threonine 145
abolishes the inhibitory effect of p21“"' on CDK2 and CDK4 (Zhou et al., 2001a). Akt
phosphorylates p27m"’1 on threonine 157, causing cytosolic sequestration via 14-3-3 binding
(Sekimoto et al., 2004).

Among other proteins reported to be phosphorylated by Akt are the C-Raf-1 and B-Raf kinases
(Guan et al., 2000; Zimmermann and Moelling, 1999), and the endothelial nitric oxide synthase
(eNOS) (Fulton et al., 1999). The diversity of substrates of Akt demonstrates that this kinase is
not only involved in apoptosis and cell proliferation, but also in the control of metabolism and

protein translation as illustrated in Figure 1-3.

1.4.2 Metabolism

The overall function of insulin is to inform the organism about nutrient abundance, to induce
glucose conversion into glycogen and fatty acids in the liver and to promote uptake and storage
of glucose, amino acids and fat in muscles and adipocytes. It is thought that the PI3K/Akt
pathway mediates the insulin responsive energy and nutrition homoeostasis by regulating
glucose transport, glycolysis, protein synthesis, lipogenesis, glycogen synthesis and
gluconeogenesis in a highly cell-type and cell-context specific manner (Manning and Cantley,

2007).

Insulin binds to its receptor and causes autophosphorylation on consensus tyrosine residues. The
activated receptor phosphorylates tyrosines on the insulin receptor substrates (IRS1,2,3,4) that
recruit downstream effector PI3K to the membrane and activates Akt and PDK (Katso et al.,
2001). Inhibition of PI3K using the inhibitor LY294002 or wortmannin blocks insulin-mediated
glucose uptake and translocation of the glucose transporter Glut 4 to the plasma membrane in
adipocytes and myocytes (Thong et al., 2005). Mice deficient in PI3K signalling in muscle
exhibit decreased muscle size, impaired insulin-stimulated glucose uptake and elevated levels of
circulating lipids (Luo et al., 2006), while liver specific deletion of PI3K results in increased
expression of gluconeogenic genes, hyperinsulinemia and hypolipidemia (Taniguchi et al.,

2006). The two downstream effectors of the insulin/PI3K-mediated glucose and lipid

29



homeostasis are Akt/PKB and two atypical forms of protein kinase C (PKCME). In a PI3K
impaired signalling background, Akt seems to be more important in regulating hepatic glucose,

while PKCM\E are required for lipid metabolism (Taniguchi et al., 2006).

1.4.2.1 Glucose homeostasis

Akt2 is the most important isoform involved in glucose homeostasis, particular in mediating
glucose uptake and glycolysis in insulin-responsive tissues (Dummler and Hemmings, 2007).
Akt induces glucose uptake by inducing translocation of the glucose transporter type 4
(GLUT#4) to the plasma membrane and by increasing expression of GLUT1 (Kohn et al., 1996;
Welsh et al., 2005). However, Akt seems not to be the only effector of insulin mediated glucose
transport. The atypical protein kinase C (PKCA() (Kotani et al., 1998) and p38 mitogen-
activated protein kinase (Sweeney et al., 1999) have a function parallel with Akt in glucose
uptake. In addition to glucose uptake, Akt also induces expression of surface transporters, ion
channels and receptors for the uptake of other nutrients, such as amino acid, iron and low-

density lipoprotein (Edinger and Thompson, 2002; Palmada et al., 2005).

Akt stimulates the association of hexokinase with the mitochondrial membrane, which has been
shown to be required for inhibition of apoptosis (Gottlob et al., 2001), but also promotes the
conversion of glucose into glucose-6-phosphate (G6P) (Robey and Hay, 2006). G6P can either
be stored as glycogen or catabolised via the glycolytic pathway. Glycogen synthesis is
controlled by the allosterically regulated glycogen synthase (GS). Glycogen synthase kinase 3
(GSK3) phosphorylates GS and leads to its inhibition. Akt mediated inactivation of GSK3
contributes to an activation of GS (Cross et al., 1995). Akt also activates glycolysis by
increasing expression of glycolytic enzymes via HIF-1a (Lum et al., 2007; Semenza et al.,
1996). In addition, Akt inactivates gluconeogenesis via inhibition of FoxOl. FoxOl
transcriptionally regulates phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-
phosphatase (G6Pase), the main enzymes promoting hepatic glucose production (Accili and
Arden, 2004).

1.4.2.2 Lipid biosynthesis

Akt is also involved in insulin-mediated regulation of lipid biosynthesis. The net result of Akt
activation is an increase in lipid biosynthesis. Akt directly phosphorylates and inhibits the
hepatic transription factor PGC-1a (Li et al., 2007). PGC-1a activates transcription of genes
encoding enzymes involved in B-oxidation and gluconeogenesis in the liver (Puigserver, 2005).

Akt also suppresses expression of genes coding for 8-oxidation enzymes by phosphorylating
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and inhibiting the transcription factor FoxA2 (Wolfrum et al., 2004). Furthermore, Akt regulates
insulin-mediated conversion of glucose into fatty acids. Akt phosphorylates and activates the
enzyme ATP-citrate lyase (ACL) (Berwick et al., 2002). ACL catalyses the conversion of
mitochondrial citrate to cytoplasmic acetyl-CoA, the precursor for lipid biosynthesis. Fatty acid
synthase (FAS) is a multifunctional enzyme that catalyses the condensation of long chain fatty
acids from acetyl-CoA and malonyl-CoA. It has been shown that Akt increases FAS
transcription and fatty acid synthesis in adipocytes (Wang and Sul, 1998). Hepatic Akt
activation even leads to hypertriglyceridemia with the involvement of sterol-regulatory element-
binding proteins (SREBPs) (Ono et al., 2003). SREBPs are a family of transcription factors that
regulate the expression of genes involved in fatty acid and cholesterol synthesis as well as
several genes required for gluconeogenesis and glycogenesis (Horton et al., 2003). SREBPs
expression is induced by insulin in nutritional regulation and it has been shown that activated
Akt increases SREBP1c mRNA in hepatocytes. In addition, the PI3K-inhibitors wortmannin
and LY294002 abolish insulin/Akt dependent accumulation of SREBP1¢ mRNA (Fleischmann
and Iynedjian, 2000). The SREBPs will be discussed in more detail in chapter 1.6.

1.5 mTOR signalling pathway

The target of rapamycin (TOR) is an evolutionary conserved serine/threonine kinase that
regulates cell growth and metabolism in response to nutrient availability and growth factor
signalling. TORs are large proteins (~280 kDA) that belong to the phosphatidylinositol kinase-
related kinase (PIKK) family. They contain a catalytic serine/threonine kinase domain, a
FKB12-rapamycin binding domain (FRB), FAT and FATC domains, which are essential for
TOR kinase activity and multiple tandem HEAT repeats (Liu and Zheng, 2007; Wullschleger et
al., 2006).

The mammalian TOR is part of two distinct multiprotein complexes. mTORCI is a complex of
mTOR with mLST8 and raptor and is sensitive to the fungal antibiotic rapamycin, while
mTORC?2 is resistant to rapamycin and is a complex containing mTOR with mLSTS8, rictor and
SIN1 (Bhaskar and Hay, 2007). The functions of the two complexes were first characterized in
Saccharomyces cerevisiae (Loewith et al., 2002). They show that complex 1 regulates protein
synthesis and cell growth by linking cell size to cell cycle progression whereas complex 2 is
involved in cell-cycle-dependent actin cytoskeleton polarisation (Loewith et al., 2002). Genetic
studies in Drosophila, as well as in yeast and mammals found the TOR protein complexes are
only active in a dimeric form as part of the multiprotein complexes (Wang et al., 2006;

Waullschleger et al., 2005; Zhang et al., 2006).
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1.5.1 Regulation of mTOR signalling

Unlike the regulation of mTORC2, where little is known about upstream activators, several
signals have been implicated in mTORC1 activation. mTORC1 responds to growth factor
stimuli, cellular energy status, nutrient availability (mainly amino acids), and environmental
stresses (Bhaskar and Hay, 2007). The main signalling pathway that regulates mTORCI1
signalling by growth factors is the PI3K/Akt pathway (Manning and Cantley, 2003).

1.5.1.1 Upstream Signalling regulators

Activation of mTORCI1 by Akt occurs via several indirect mechanisms (Figure 1-4 A). Firstly,
in response to isulin, Akt phosphorylates and inhibits the tuberous sclerosis complex 2 protein
(TCS2) of the heterodimer hamartin/tuberin (TSC1/TSC2) complex (Inoki et al., 2002). The
TSC1/TSC2 complex operates as a GTPase-activating protein (GAP) for the small GTPase
Rheb (Ras homologue enriched in brain). GTP-bound Rheb binds directly to mTORC1 and
stimulates its activity (Castro et al., 2003; Garami et al., 2003; Inoki et al., 2003a). Therefore
inhibition of TSC2 by Akt allows Rheb to activate mTORCI1. In addition, TSC2 can be
phosphorylated by several growth factor-stimulated kinases such as the p38-activated kinase
MK2 (Li et al., 2003), ERK2 (Ma et al., 2005b) and p90 ribosomal S6 kinase 1 (RSK1) (Roux
et al., 2004). However, only the Akt phosphorylation sites serine 939 and threonine 1462 are
conserved in fly. The in vivo significance of these sites is debatable. In Drosophila, a TSC2
construct lacking the Akt phosphorylation sites rescues the lethality of 7SC2 mutant flies (Dong
and Pan, 2004), indicating that TSC2 might not be a critical substrate for Akt during fly

development.

Recently, the proline-rich Akt substrate of 40 kDa (PRAS40) has been found to bind to the
mTORC1 complex and negatively regulate mTORCI signalling (Vander Haar et al., 2007,
Sancak, 2007 #630). Akt phosphorylates PRAS40 and consequently stimulates mTORCI
signalling (Vander Haar et al., 2007). The Drosophila genome also encodes a PRAS40
homologue termed Lobe (Sancak et al., 2007). In Drosophila S2 cells, silencing of Lobe results
in activation of TORCI signalling and increased cell size, independent of TSC2 (Sancak et al.,
2007). Therefore Akt might activate TORC1 via two parallel mechanisms with redundant
function. Two recent publications placed PRAS40 as a target of mMTORC1 (Fonseca et al., 2007,
Oshiro et al., 2007). It was concluded that PRAS40 associates with 14-3-3 in an insulin- and
amino acid-induced manner mediated by Akt and mTORC1 dependent phosphorylation at T246
and S183, respectively (Fonseca et al., 2007).
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A third mechanism suggests that Akt activates mTOR by maintaining a high ATP level in the
cell (Hahn-Windgassen et al., 2005). mTOR senses the cellular energy status via the AMP-
activated protein kinase (AMPK). In response to energy depletion (high AMP/ATP ratio) by
glucose deprivation or under hypoxic conditions, AMP binds AMPK causing a conformational
change that exposes the threonine 172 in the activation loop, which is phosphorylated by the
tumour suppressor protein kinase 11 (LKB1). This phosphorylation is required for AMPK
activation (Hardie, 2005). Activated AMPK phosphorylates TSC2 at serine 1364 resulting in
enhanced TSC2-GAP activity (Inoki et al., 2003b) and inactivation of mTORCI signalling.
High ATP levels lead to a concomitant decrease in the AMP/ATP ratio and inhibit AMPK-
mediated phosphorylation and activation of TSC2 (Hahn-Windgassen et al., 2005). Akt might
maintain a high energy level partly through the continuation of nutrient uptake and activation of

glycolysis (Edinger and Thompson, 2002; Lum et al., 2007).

TSC2 is also positively targeted by kinases, which activate TSC2 GAP function leading to
inhibition of mTORCI1 signalling. The phosphorylation and activation of TSC2 by AMPK was
already discussed above. It has recently been shown that phosphorylation by AMPK could also
prime GSK3 to phosphorylate TSC2, which integrates Wnt signalling into cell growth control
(Inoki et al., 2006). The sequential phosphorylation by both kinases might be essential to fully
activate TSC2 and inhibit mTORC1 (Inoki et al., 2006). Taken together, TSC2 integrates
several inputs from growth factors via Akt, ERK and RSK, cellular energy levels via AMPK
and Wnt signalling via GSK3 to regulate mTORC]1 activity (Figure 1-4 B).

1.5.1.2 Regulators of upstream environmental cues (nutrients, energy, stress)

mTORCI1 regulates energetically demanding processes like protein synthesis. Sufficient supply
of nutrients (amino acids) and energy (ATP) is required for mTORC1 activity. mTORCI1 itself
and upstream regulators sense cellular energy and nutrient availability. The nutrient and energy
status is communicated to TORCI1 leading to its activation or inhibition and subsequently

determines which metabolic pathways are switch on or off (Figure 1-4 B).

Amino acid starvation results in a rapid inhibition of mTORC1 activity, whereas readdition of
amino acids restores mTORCI1 signalling (Hay and Sonenberg, 2004). There are conflicting
data regarding whether amino acid concentration affects mTORCI1 activity directly or
indirectly. However, there is evidence that it requires the presence of Rheb but is independent of

TSC2 (Kim et al., 2002; Nobukuni et al., 2005; Smith et al., 2005).
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AMPK independent transducers of cellular energy-depletion on the TSC-dependent TORCI1
regulation are REDD1 and REDD?2 (Sofer et al., 2005). The Drosophila genome codes for two
orthologues of REDD1 and 2 termed Scylla and Charybdis and genetic studies suggest that they
function in a similar way to their mammalian homologues in activating TSC2 (Reiling and
Hafen, 2004). In addition, under low oxygen conditions (hypoxia) REDD1/2 is transcriptionally
upregulated in a hypoxia-inducible transcription factor (HIF-1) —dependent manner (Brugarolas
et al.,, 2004; Shoshani et al., 2002). Hypoxia also activates AMPK, presumably by ATP
depletion due to reduced oxidative phosphorylation, and thereby activates TSC2 and inhibits
mTORC1 (Liu et al., 2006).

Another mechanism suggests that the endocytic regulator Vps34 PI3K signals amino acid
availability to mTORCI1, although it is not known whether the effect is exerted directly or via
Rheb (Byfield et al., 2005; Nobukuni et al., 2005).

1.5.1.3 Localization

mTORC]1 has been found to be localised in both the nucleus (Drenan et al., 2004; Kim and
Chen, 2000; Zhang et al., 2002) and the cytoplasm (Desai et al., 2002; Drenan et al., 2004) as
well as being present at the endoplasmatic reticulum (ER) and Golgi apparatus (Drenan et al.,
2004). In addition, TSC2 and Rheb are also found associated with the ER and Golgi (Buerger et
al., 2006; Jones et al., 2004; Wienecke et al., 1996). Recent findings in yeast suggests that
TORC1 and/or Rheb sense nutrients at the Golgi and endosomal membranes by monitoring the
flux through endocytotic and secretory pathways (Neufeld, 2007). The Golgi specific ion pump
Pmrl has been identified as a TORC1 signalling regulator in yeast (Devasahayam et al., 2006).
PMRI1 encodes a Ca**/Mn** -ATPase, which is involved in the modification, degradation and
sorting of amino acid permeases (Durr et al., 1998; Rudolph et al., 1989). Deletion of the Golgi
and ER localisation motifs causes delocalisation of mTORC1 and inhibition of mTORCI-
dependent ribosomal S6 kinase (S6K) phosphorylation (Liu and Zheng, 2007). In addition,
Rheb association with the Golgi is required for its ability to activate mTOR signalling.
Brefeldin A treatment abolishes the transmission of Rheb signals to S6K (Buerger et al., 2006).
Brefeldin A inhibits the anterograde ER/Golgi protein transport. These findings suggest that
endomembrane compartments are anchors for TORCI signalling components and their

localization is an important regulator of TORC1 pathway activity.
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1.5.2 Downstream targets

mTORCI1 regulates several growth-related processes such as protein biosynthesis and cellular
metabolic processes including glucose homeostasis and lipid biosynthesis (Wullschleger et al.,
2006). The best studied targets of mTORCI1 signalling are S6K1/2 and 4E-binding protein (4E-
BP) (Tee and Blenis, 2005). Phosphorylation of both proteins by mTORC]1 requires interaction
between raptor and a conserved TOR signalling sequence (TOS) in S6K and 4E-BP (Nojima et
al., 2003; Schalm et al., 2003). Only two additional mTORC1 targets, PRAS40 and HIF-1a
contain TOS motifs (Land and Tee, 2007; Oshiro et al., 2007). Activation of mTORCI1 directly
enhances the transcriptional activity of HIF-1a (Land and Tee, 2007).

1.5.2.1 The PI3K-S6K negative-feedback loop

It has been shown that persistent activation of TORC1 diminishes PI3K activity, indicating a
negative-feedback mechanism (Radimerski et al., 2002a) (Figure 1-4 A). The TORCI complex
attenuates PI3K signalling via its effector S6K (Harrington et al., 2004; Radimerski et al.,
2002b). S6K phosphorylates IRS proteins, targeting them for proteasomal degradation.
Activation of S6K also results in transcriptional repression of IRS proteins (Gual et al., 2003;
Harrington et al., 2005). The inhibitory effects of S6K on IRS signalling are reversible by
treatment with the TORCI1 inhibitor rapamycin.

1.5.2.2 Protein translation

The major targets of mTORCI1 involved in protein translation are S6K1/2 and 4E-binding
protein (4E-BP) (Tee and Blenis, 2005). mTORC1 phosphorylates S6K within its hydrophobic
motif while PDKI1 is responsible for phosphorylation of the T-loop. Activated S6K
phosphorylates the ribosomal protein S6 (rpS6), which is reported to regulate translation of
mRNAs that contain a 5' tract of oligopyrimidine (5’TOP mRNAs). However, it remains to be
resolved how mTORC1 and S6K control 5°TOP dependent translation, since two studies in
S6K1/2 double knockout mice show that phosphorylation of rpS6 is dispensable for 5’TOP
translation (Pende et al., 2004; Ruvinsky et al., 2005). mTORCI! initiates CAP-dependent
protein translation through phosphorylation and inactivation of the repressors of mRNA
translation 4E-BPs (Tee and Blenis, 2005). 4E-BPs prevent the association of the initiation
factor complex that mediate CAP-dependent translation by binding to the eukaryotic initiation
factor 4E (eIF-4E).
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1.5.2.3 Transporters

Nutrient uptake is regulated by the surface expression of several transporters in the plasma
membrane. The PI3K/TORC1 pathway regulates both transcription and surface localisation of
nutrient transporters (Edinger, 2007). In yeast, TORCI1 activates surface localization of specific
amino acid permeases such as Tat2 and Hip1, whereby the general amino acid permease GAP1
is degraded (De Virgilio and Loewith, 2006). TORC]1 also prevents the turnover of glucose and
amino acid transporters (Schmelzle et al., 2004). In mammals, mTORCI1 promotes the surface
localization of transporters required for glucose, amino acid, iron and lipoprotein uptake
(Edinger and Thompson, 2002). In addition to the regulation of amino acid transporter
trafficking, mTORCI1 also activates expression of at least five amino acid transporters as shown

in a human lymphoma cell line (Peng et al., 2002).

1.5.2.4 Metabolism

mTORC1 regulates glucose homeostasis at least in part via S6K-dependent phosphorylation of
pS6 (Ruvinsky and Meyuhas, 2006). Both S6K1 deficient and pS6°” knock-in mice, where all
serine phosphorylation sites are substituted by alanine, show impaired glucose uptake due to
insufficient insulin secretion caused by diminished B-cell mass (Pende et al., 2000; Ruvinsky et
al., 2005). mTORCI1 signalling also controls fat metabolism. mTORCI activity is important for
lipid accumulation during adipogenesis, presumably due to inhibition of B-oxidation of fatty
acids by regulating the activity of the nuclear receptor PPARy (Kim and Chen, 2004)
Furthermore, S6K mutant mice have reduced lipid levels due to increased B-oxidation in
adipocytes (Um et al., 2004) and impaired TORCI signalling in Drosophila leads to a lean
phenotype due to less fat in the animal (Teleman et al., 2005).

1.6 The PI3K and mTOR signalling pathways in cancer

The activity of the PI3K/Akt/mTORC]1 pathway is altered by a number of different mechanisms
and accounts for up to 30% of all human cancers (Luo et al., 2003). Ras, which directly
activates PI3K, is a dominant acting oncogene that is frequently implicated in human
malignancies (Shaw and Cantley, 2006). The PI3K catalytic pl110c subunit is found mutated in
ovarian, cervical and lung carcinomas (Ma et al., 2000; Massion et al., 2002; Shayesteh et al.,
1999) and the regulatory p85 subunit of PI3K is mutated in human colon and ovarian cancer
(Jimenez et al., 1998; Philp et al., 2001). Activating mutations in RTKs provide evidence for the
importance of the PI3K/Akt pathway in human cancer. For example, a truncated variant of the

EGFR that lacks the extracellular domain (EGFR viii) potently activates the PI3K/Akt pathway,
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but not the RAS/MAPK pathway (Moscatello et al., 1998). Beside the high rate of activating
mutations in pl110a, the most common mechanism of activation of the PI3K/Akt pathway in
human cancer is through loss of PTEN (Brugge et al., 2007; Shaw and Cantley, 2006). PTEN
acts as a haploinsufficient tumour suppressor in the prostate and its dose dictates tumour
progression in mice (Di Cristofano et al., 1998; Trotman et al., 2003). PTEN is found mutated
in a wide range of malignancies, including breast, ovarian and colon cancers and is the second
most mutated tumour suppressor in human cancers, after pS3 (Cantley and Neel, 1999; Shaw
and Cantley, 2006). Akt is frequently activated through gene amplification and mutation
(Brugge et al., 2007). Recently, a somatic mutation in the PH-domain of Aktl was observed in
human breast, colorectal and ovarian cancers that result in PI3K-independent membrane
recruitment and constitutive activation (Carpten et al.,, 2007). This Akt mutant functions
similarly to myristoylated Akt or its retroviral homologue, where membrane targeting is critical

for Akt-mediated transformation (Ahmed et al., 1993; Mirza et al., 2000; Sun et al., 2001).

There is both direct and indirect evidence for the involvement of the TSC1&2/mTORCI1
pathway in PI3K-mediated tumourigenesis. Inhibition of mTOR activity prevents tumour
progression in both mice and humans. Rapamycin derivates have been used in several clinical
trials and show anti-tumour activity for many different tumour types, including breast cancer
and non-small-cell lung cancer (Chan, 2004; Chan et al., 2005). Germline mutations of the
tumour suppressors TSC1 or TSC2 lead to tuberous sclerosis, a hamartoma syndrome that is
linked to malignant predisposition (Li et al., 2004). mTORC1 activity is also regulated through
AMPK, which is activated by the tumour suppressor LKB1. Mutations in LKB1 are found in
the familial cancer disorder Peutz-Jeghers syndrome and in a high percentage of sporadic lung
adenocarcinomas (Hemminki et al., 1998; Sanchez-Cespedes et al., 2002). Interestingly,
germline mutations in PTEN (Cowden’s disease), LKB1 (Peitz-Jeghers syndrome) and TSC1 or
TSC2 (tuberous sclerosis) show overlapping clinical symptoms of histologically similar
hamartomas. Although these syndromes occur in different tissues, the common link between
these three diseases is that the loss of function mutation of these tumour suppressors results in
activation of mTORC1 (Shaw and Cantley, 2006). These findings indicate the important role of

mTORC]1 activity in growth control and in promoting tumourigenesis.

1.7 Sterol Regulatory Element-binding Proteins (SREBPs)

SREBPs belong to the family of basic helix-loop-helix-leucine zipper (b HLH-Zip) transcription
factors. There are two mammalian genes encoding three SREBP proteins, designated SREBP1a,
SREBPIc (alternatively known as adipocyte determination and differentiation factor-1 ADD1)
(Brown and Goldstein, 1997) and SREBP2 (Hua et al., 1995). The human SREBP2 gene is
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located on chromosome 22q13. Human SREBP1a and SREBPIc are encoded by the same gene
on chromosome 17p11.2 through the use of alternative transcription start sites that result in

different forms of exon 1.

All SREBPs consist of an N-terminal transcription activating and basic helix-loop-helix leucine-
zipper (bHLH-Zip) for DNA binding and dimerization, two hydrophobic transmembrane-
spanning segments and a C-terminal regulatory domain. They are synthesized as inactive, 125-
kDa precursor proteins localised in the ER-membrane (Brown and Goldstein, 1997; Horton et
al., 2002). In the ER, SREBP forms a complex via their regulatory domain with the SREBP
cleavage-activating protein (SCAP) (Sato et al., 1994). SCAP is a polytopic ER-membrane
protein, which consists of multiple WD repeats that mediate protein-protein interaction and a
sterol-sensing domain (SSD). The WD repeats mediate the interaction between SREBP and
SCAP (Sakai et al., 1997).

Several bHLH-Zip transcription factors like Myc and Max contain an arginine residue within
their DNA binding domain, which permits binding to E-boxes in target promoters. SREBPs
contain a unique tyrosine instead of the arginine, which allows binding not only to classic
palindromic E-boxes but also to nonpalindromic SRE and SRE-like sequences. Substitution of
the tyrosine with arginine abolishes trans-activation of SRE motifs for all SREBPs, while
increasing activity of SREBPI1, but not SREBP2, towards E-boxes (Amemiya-Kudo et al.,
2002). A total loss of SREBP DNA-binding activity can be achieved by substitution of the
tyrosine with alanine (Kim and Spiegelman, 1996).

Mature SREBPs can enter the nucleus and form dimers that bind to DNA elements containing
direct repeats of 5°-PyCAPy-3’, termed sterol regulatory elements (SRE), but also SRE-like and
E-box sequences in the promoter/enhancer regions of several target genes, activating their
transcription. SREBPs target genes are responsible for cholesterol synthesis (HMG-CoA
reductase and synthase) and uptake (LDL receptor), fatty acid synthesis (FAS), phospholipid
and triglyceride production (GPAT), and generation of the cofactor NADPH, required for the
synthesis of these molecules. This indicates that SREBPs are global regulators of cholesterol

and lipid homeostasis (Horton, 2002).

1.7.1 SREBP isoforms and their functions

The specific trans-activation of nuclear mSREBPs on SREBP-target promoters depends on their
DNA binding preferences. Cholesterogenic genes, containing classical SRE motifs in their

promoters, are strongly and efficiently activated by both SREBP1la and SREBP2, but not by
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SREBPI1c. Promoters of lipogenic enzymes, containing variations of SRE, SRE-like and E-box
sequences, are strongly activated by SREBP1a, but only modestly by SREBP1c and SREBP2
(Amemiya-Kudo et al.,, 2002). SREBPs target gene promoter analysis using chromatin IP
showed that SREBP1a but not SREBP1c can bind to SREs in the HMG-CoA reductase and
fatty acid synthase promoters resulting in the recruitment of histone acetylase (HAT) (Bennett
et al., 2004). SREBP1a and SREBPIc also differ in their binding to transcriptional coactivators
such as CBP/p300 and the mammalian Mediator complex, which may explain the low
transcriptional activity of SREBPlc (Toth et al., 2004). However, all SREBP-dependent
transcription requires recruitment of the ARC105/MED15 subunit of the Mediator complex to
target genes (Yang et al., 2006b). Diet dependent SREBP1c-mediated gene expression also
requires binding to the co-activator PGC-18 in hepatic tissue (Lin et al., 2005). PGC-18 belongs
to the PGC-1 family of co-activators involved in the control of liver metabolism (Lin et al.,
2002; Puigserver, 2005). Interestingly, SREBP isoforms can form homo and heterodimers,
resulting in different transcriptional activities (Datta and Osborne, 2005). Therefore the
abundance of one isoform may influence the target gene expression of the other ones (Datta and

Osborne, 2005).

The function of mature SREBP in vivo was examined in livers of transgenic and knockout mice.
Consistent with in vitro promoter analysis, data from knockout and transgenic mice shows that
SREBPIc preferentially enhances transcription of genes involved in fatty acids synthesis, while
SREBP2 activates cholesterol biosynthesis genes and SREPBla activates genes that mediate
synthesis of cholesterol, fatty acids and triglycerides (Figure 1-5). At non-physiological levels,
each SREBP isoform can activate all SREBP-regulated genes (Horton et al., 2003).
Furthermore, over-expression of mSREBPla in livers of transgenic mice results in
overproduction of cholesterol and fatty acids and causes the development of fatty livers in these
animals (Shimano et al., 1996). Overexpression of mSREBPI1c causes triglyceride enriched
fatty livers with no increase in cholesterol (Shimano et al., 1997a). Mice lacking the SREBP1c
isoform are viable, whereas deletion of both SREBP1 isoforms leads to 50% to 85% reduction
in offspring (Shimano et al., 1997b). Although, SREBP1a is able to activate expression of genes
encoding enzymes involved in cholesterol synthesis, deletion of SREBP2 in mice is embryonic
lethal (Shimano et al., 1997b). These results indicate that SREBPla and SREBPIc have
overlapping function and that SREBP2 can compensate, at least in part, for the loss of both
SREBPI1 isoforms (Eberle et al., 2004).

SREBPla and SREBP2 are the predominant isoforms in most cultured cell lines, whereas
SREBP1c and SREBP2 are predominantly expressed in liver and adipose tissue (Shimomura et
al., 1997b). SREBPIc mediates the lipogenic action of insulin in the liver, resulting in the

conversion of glucose into triglycerides in the presence of excess carbohydrates. SREBPlc
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mediates this effect by inducing the expression of FAS and glucokinase (Foretz et al., 1999a)
and by suppressing phosphoenolpyruvate carboxykinase, the rate-limiting enzyme in
gluconeogenesis (Chakravarty et al., 2001). SREBP1c may also affect glucose homeostasis by
inducing glucose uptake (Becard et al., 2001; Chakravarty et al., 2001).

Recently, it has been reported that SREBPs activate expression of genes encoding proteins
unrelated to lipid synthesis. SREBP1 may play a role in cell cycle progression since SREBP1a
induces expression of the CDK inhibitor p21 (Inoue et al., 2005). p21 is a transcriptional target
of p53 and induces cell cycle arrest in response to a number of stimuli (Beuvink et al., 2005).
Furthermore, in vitro and in vivo studies showed that SREBP1 induces expression of the PI3K
regulatory subunit p55y, heme oxygenase 1 (HMOX1), plasma glutathione peroxidase, synaptic
vesicle glycoprotein 2A and COTE1 (Kallin et al., 2007). This suggests that SREBP1 may also

contribute to stress and growth factor-induced signalling.

1.7.2 Regulation of SREBP

Regulation of SREBP transcription factors is very tight and integrates availability of nutrients
and metabolic substrates, cellular energy status and mitogenic stimuli (Eberle et al., 2004). They
are regulated at the transcriptional and posttranscriptional level, including sterol-controlled
proteolytic cleavage of full length SREBP and posttranslational modification of mature SREBP.
Although the three isoforms share most of the regulatory mechanism, there are significant
differences. SREBPIc is mainly transcriptionally regulated, whereas SREBP1la and SREBP2
may be principally regulated at the posttranscriptional level (Eberle et al., 2004).

1.7.2.1 Transcriptional Regulation

A number of studies have addressed the regulation of SREBP gene expression in vivo and in
vitro. Expression of SREBP1c and SREBP2 seems to be subject to distinct regulation in vivo.
Both genes contain SREs in their promoter region (Amemiya-Kudo et al., 2000; Sato et al.,
1996) and regulation through a feed-forward loop has been described in transgenic animals

over-expressing the different SREBP proteins (Horton et al., 2003).

Studies in mice show that SREBPIc transcription is controlled by changes in the nutritional
status of the liver (Horton et al., 1998). Subsequent experiments in vitro, in hepatocytes and
adipocytes showed that insulin stimulates expression of SREBP1c (Foretz et al., 1999a; Kim et
al., 1998), which also leads to an increase in full length and mature forms of the transcription

factor (Azzout-Marniche et al., 2000). In contrast, glucagon inhibits SREBPIc transcription
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(Foretz et al., 1999a). The PI3K pathway has been reported to mediate the effect of insulin on
SREBPIc transcription (Fleischmann and Iynedjian, 2000), via activation of the downstream
effector Akt (Fleischmann and Iynedjian, 2000; Ribaux and Iynedjian, 2003) and PKCA
(Matsumoto et al., 2003). Atypical PKC activity is also necessary for insulin-mediated lipid
homeostasis via regulation of SREBPIlc expression (Matsumoto et al., 2003). Loss of PI3K
results in decreased PKCAE activity associated with reduced SREBP1c expression level and

hypolipidemia in livers of transgenic mice (Taniguchi et al., 2006).

The rat SREBP1c promoter is induced by insulin in hepatocytes through a 149bp fragment
containing two insulin-response elements, an SRE complex (SRE, E-box, NF-Y, and SP1
binding sites) and two liver X receptor (LXR)-response elements (LXREs). Mutation of the
SREs completely abolishes the response of the SREBP1c promoter to insulin (Cagen et al.,
2005; Deng et al., 2002). Furthermore, the Spl binding sites are important for the basal and
insulin induced expression of SREBP1c (Deng et al., 2007). In addition, the promoter of the
SREBP1a gene also contains several SP1 sites (Zhang et al., 2005). Deng et al. (2007) proposed
a mechanistic model suggesting that insulin-induced SREBP1 gene expression is mediated via
enhanced association of Sp1 with transcription factors (i.e. LXRa, NF-Y), a distinct coactivator
complex called ARC/Mediator (Yang et al., 2006b), and coactivators such as SRC-1 and p300,
which concomitantly increase the transactivating capacity of Spl (Deng et al., 2007). However
these data have to be considered carefully with regard to the human homologue, because
SREBP promoter sequences differ between mammalian species, which suggests that they may
be regulated distinctly from each other. Comparison of the human and mouse promoters showed
that only the human SREBP1c¢ promoter is regulated by two tissue-specific transcription factors,

PDX-1 and HNF-4 (Tarling et al., 2004).

SREBPIc¢ transcription is also regulated by the liver X receptor a (LXRa). LXRa belongs to
the LXR nuclear hormone receptor family that coordinates cholesterol homeostasis in the liver,
by regulating lipid metabolism (Steffensen and Gustafsson, 2004). A variety of oxysterols
(cholesterol derivates) activate LXRs, whereas polyunsaturated fatty acids (PUFA) such as
arachidonic acid inhibit their transcriptional activities (DeBose-Boyd et al., 2001; Janowski et
al., 1999; Repa et al., 2000). One product of the SREBP1 regulated fatty acid pathway is oleate,
the fatty acid required for the synthesis of cholesteryl-esters, which are necessary for the

transport and the storage of cholesterol.

The SREBPI1c¢ promoter contains two LXR-response elements (LXREs) (Cagen et al., 2005).
Thus, treatments with the synthetic LXR agonist T0901317 and oxysterol induces up-regulation

of SREBP1c mRNA and increase the amount of the mature protein, leading to expression of

41



lipogenic target genes and enhance fatty acid synthesis (Repa et al., 2000; Schultz et al., 2000).
In contrast, polyunsaturated fatty acids (e.g. arachidonic acid) inhibit SREBP1 expression and
lipid synthesis by antagonising LXR-dependent activation of SREBP1 (Hannah et al., 2001; Ou
et al., 2001; Yoshikawa et al., 2002). The LXREs in the SREBP1c promoter are required for
complete insulin-mediated SREBPlc expression and fatty acid synthesis in the liver, as
mutations of these binding sites significantly reduce the insulin response (Cagen et al., 2005;
Chen et al., 2004). These data suggest a model in which LXR mediates the insulin effect on
SREBPIc transcription (Chen et al., 2004). In addition, LXR directly activates expression of
lipogenic genes such as FAS (Joseph et al., 2002).

It has recently been published that LXRs also sense glucose availability (Mitro et al., 2007). D-
Glucose and D-glucose-6-phosphate have been found to act as agonists of LXRa and LXR.
They bind directly to LXRs and induce expression of LXR target genes in hepatocytes, e.g.
SREBP1c and FAS (Mitro et al., 2007). One of the most important physiological functions of
insulin is to stimulate glucose uptake and it has been shown that LXRs are required for full
induction of SREBP1c by insulin (Chen et al., 2004). This suggests the hypothesis that insulin-
mediated uptake of glucose activates LXR and leads to transcription of SREBP1.

Furthermore, Zhou et al. (2001) showed that metformin or AICAR-mediated activation of
AMPK blocks insulin induced SREBPlc mRNA and protein expression. The same study
showed a down-regulation of the target genes FAS and S14 as well as inhibition of ACC
activity, which resulted in decreased triglyceride content and increased B-oxidation (Zhou et al.,
2001c¢). Finally, androgens and progesterone have been shown to induce SREBP1c expression

resulting in activation of lipogenic pathways (Heemers et al., 2001; Lacasa et al., 2001).

1.7.2.2 Posttranslational Regulation

A sterol-controlled processing machinery regulates the proteolytic cleavage of full length
SREBPs. Several posttranslational modifications are regulating stability and transcriptional
activity of mature SREBPs, including phosphorylation, ubiqitination, acetylation and

sumoylation.

Activation of SREBP requires SCAP-dependent ER-Golgi translocation. Under sterol-depleted
conditions, the SCAP hexapeptide-sorting motif (MELADL) is accessible for Sec24 binding.
Sec 24 is a member of the COPII protein complex, which selects the cargo and clusters them
into budding vesicles (Sun et al., 2007). Following incorporation into COPII-coated vesicles,

the SREBP/SCAP complex translocates to the Golgi (Sun et al., 2007), where SREBP
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undergoes a two-step cleavage process called regulated intramembrane proteolysis (RIP)
(Brown et al., 2002). In the Golgi, the sitel (S1P) and site 2 protease (S2P) act sequentially to
release the N-terminal part of the protein from the membrane (Brown and Goldstein, 1999;
Goldstein et al., 2002). The 66 kDa fragment is designated mature SREBP (mSREBP). In the
presence of sterols, INSIG, an intrinsic membrane protein of the ER blocks SREBP/SCAP
translocation to the Golgi (Yabe et al., 2002; Yang et al., 2002a) Recently, it has been shown
that cholesterol and its derivates oxysterol (e.g. 25-hydroxycholesterol) inhibit SREBP
processing via two different mechanisms. Cholesterol acts by binding to SCAP, inducing a
conformational change that is recognized by INSIG (Sun et al., 2007). In contrast, oxysterols
bind to INSIG and initiate formation of the INSIG-SCAP complex (Radhakrishnan et al., 2007).
However, both ligands trigger INSIG-SCAP complex formation, thereby abrogating COPII-
protein binding to SCAP and inhibiting the ER-Golgi transport of SREBP (Sun et al., 2007)
(Figure 1-6).

The transcriptionally active forms of SREBP in the nucleus become rapidly degraded in an
ubiquitin-dependent manner, which results in a decrease in the expression of SREBP target
genes (Wang et al., 1994). It has been shown that GSK38 phosphorylates mSREBPIc, resulting
in inhibition of its target genes expression (Kim et al., 2004). DNA binding enhances the GSK3-
dependent phosphorylation in the C-terminus of nuclear mSREBP1 (Punga et al., 2006). The
phosphorylated residues are recognized by the specific SCF ubiquitin ligase Fbw7, which leads
to ubiquitination and proteasomal degradation of mSREBP1 (Sundqvist et al., 2005). Silencing
of Fbw7 or mutation of the GSK3B phosphorylation sites in SREBP1 prevents its rapid
degradation and leads to enhanced SREBP-dependent transcription (Sundqvist et al., 2005).

The Erk family of MAP kinases phosphorylates mSREBP1 and mSREBP2. The
phosphorylation is thought to be involved in transcriptional activation by insulin and platelet-
derived growth factor (PDGF) (Kotzka et al., 1998; Kotzka et al., 2000; Roth et al., 2000).
Furthermore, PKA phosphorylation attenuates DNA-binding of mSREBPI1 and the resulting
target gene expression (Lu and Shyy, 2005).

As described above, SREBP processing is regulated by the intracellular level of sterols (Brown
and Goldstein, 1999). High sterol concentration suppresses proteolytic processing of SREBPs,
which effects the amount of mature SREBP (Hirano et al., 2001). In contrast, low sterol-levels
lead to processing and activation of SREBPs. In response to acute insulin exposure, hepatic
SREBPI is rapidly cleaved in a PI3K-dependent manner (Hegarty et al., 2005; Yellaturu et al.,
2005), whereas overexpression of dominant negative Akt blocks mSREBP accumulation in the
nucleus by inhibiting ER to Golgi translocation (Du et al., 2006). Another report suggests a

mechanism in which insulin induces processing of SREBPIc in the liver by down-regulating
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expression of INSIG2a (Yabe et al., 2003). In contrast, the INSIG1 isoform is up-regulated in
response to insulin stimulation (Attie, 2004). SREBP1c directly induces expression of INSIGI.
INSIG1, together with sterols, act in a convergent manner, as both are required to fully block

SREBP processing (Gong et al., 2006).

However, other mechanisms of SREBP processing have been reported. During early apoptosis,
activated caspase 3 cleaves SREBPs in the ER and releases the N-terminal fragment to be
translocated to the nucleus (Pai et al., 1996). It has been suggested that SREBP1c functions as a
pro-apoptotic gene in pancreatic B-cells, possibly through suppressing CDK4 expression and by
promoting expression of p21"Af"“™ APO-1/FAS/CD95 and BAX (Wang et al., 2003).

1.7.3 SREBP homologues

SREBP homologues have been identified and characterized in the fly Drosophila melanogaster
(see chapter 1.9.3), the worm C. elegans and the fission yeast S. pombe. In C. elegans, SREBP
activates expression of lipogenic enzymes and is required for fat production, primarily in the
intestine (McKay et al., 2003). Silencing of SREBP leads to impaired intestinal fat storage,
infertility and a decrease in organismal size. This phenotype could be prevented by
supplementation of oleic acid to the diet (McKay et al., 2003). However, the mechanism of the
regulation of SREBP in C. elegans is not known.

The yeast SREBP orthologue Srel is proteolytically processed under sterol-depleted conditions
and activates genes required for adaptation to hypoxia and anaerobic growth (Hughes et al.,
2005; Todd et al., 2006). The yeast genome also contains a functional orthologue of SCAP,
Scpl. The Scl-Srel complex senses oxygen availability by monitoring oxygen-dependent sterol

synthesis.

1.8 Lipid metabolism and cancer

Cancer cells differ from normal cells in their signalling as well as in their growth and metabolic
programmes. Tumours consist of highly proliferating and rapidly growing cells with a high
demand on energy and metabolites for the biosynthesis of macromolecules. In order to fulfil
these demands, many tumour cells increase glycolysis as the main source for ATP production
even in the presence of sufficient oxygen. This phenotype is known as aerobic glycolysis or
“Warburg effect” (Warburg, 1956) and the increased glucose uptake is the molecular basis for
tumour imaging using PET as a diagnostic tool (Weber and Wieder, 2006). An increased
glucose uptake and glycolysis allows faster energy production and provides cells with
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metabolites for the synthesis of macromolecules required for cell growth and proliferation. In
contrast to normal cells, cancer cells obtain most of their fatty acids from glucose-derived de
novo lipid synthesis despite an abundant supply of extracellular lipids. This is reflected in an
elevated activity of lipogenic enzymes such as ACL and FAS (Kuhajda, 2000; Turyn et al.,
2003). There are several observations that implicate activation of cholesterol and fatty acid
synthesis in cell transformation and tumour development (Hager et al., 2006). The high rate of
glycolysis and lipid biosynthesis is driven by oncogenic activation of the PI3K/Akt/TORC1
pathway (Bui and Thompson, 2006; Menendez and Lupu, 2006).

1.8.1 Cellular functions of cholesterol and fatty acids

Cholesterol and intermediates of the cholesterol biosynthesis pathway have many biological
functions in different compartments of the cell. Cholesterol functions as a structural lipid in the
plasma membrane of most eukaryotic cells (except plant cells) and is the precursor for a variety
of metabolites (Bittman, 1997). All steroid hormones are derived from cholesterol and it can
also be converted into Vitamin D, bile acids and cholesteryl-esters. Bile acids help lipid
digestion and cholesteryl-ester is the form in which cholesterol can be transported to other
tissues and stored in the liver. Isoprene derivatives of the cholesterol pathway have an important
role in protein prenylation (Basso et al., 2006). The maturation of small GTPases, such as Ras
and Rho, heterotrimeric G-proteins (y subunits), nuclear lamins A and B and other proteins
require covalent attachment of farnesyl or geranylgeranyl isoprenoids (Perez-Sala, 2007; Resh,
1999). It has been shown that Ras farnesylation is required for its localisation to the inner side

of the plasma membrane and for interaction with PI3Ky (Rubio et al., 1999).

Cholesterol is a major component of specialised membrane microdomains, such as membrane
rafts and caveolae, which are involved in cellular processes like membrane protein segregation
and concentration, signal transduction, protein and lipid sorting as well as virus assembly and
release (Hanzal-Bayer and Hancock, 2007; Simons and Vaz, 2004). Membrane rafts are thought
to resemble small platforms composed of sphingolipids and cholesterol in the outer leaflet of the
plasma membrane and phospholipids with saturated fatty acids and cholesterol in the inner
leaflet (Simons and Vaz, 2004). Another subset of lipid structures are cell surface invaginations
called caveolae. They are formed by polymerization of caveolins and a subset of lipid-raft
components, including cholesterol and sphingolipids (Parton and Simons, 2007). One important
role of membrane rafts and caveolae may be their function in signal transduction processes.
Rafts form areas of high concentration of growth factor receptors such as the EGFR (Miljan and
Bremer, 2002; Waugh et al., 1999), the estrogen receptor (Marquez et al., 2006) and the insulin

receptor (Mastick et al., 1995) and include adaptor proteins, scaffolding proteins and signalling
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molecules such as Ras (Roy et al., 1999). However a recent review invokes doubt regarding
linking caveolae to specific signalling pathways due to conflicting data (Parton and Simons,
2007); which show that adipocyte-derived caveolae do not contain insulin receptors (Souto et
al., 2003).

Lipids have several functions in the organism. They are the main form of stored energy
(triacylglycerol) and major constituents of cellular membranes. Specialised lipids like
phosphatidylinositol derivates serve as intracellular second messengers. Phospholipids are the
most abundant membrane lipids. They are amphipathic molecules containing hydrophobic
(nonpolar) tails that consist of saturated and unsaturated fatty acids (FA), and a hydrophilic
(polar) head group containing glycerol, phosphate and a specific organic group (alcohol). The
common alcohol moieties are serine, ethanolamine, choline, glycerol and inositol. In
mammalian cells, four major phospholipids are present in the plasma membrane:
phosphatidylserine (PS), phosphatidylethanolamine (PE), phosphatidylcholine (PC) and
sphingomyelin. Sphingomyelin is a derivative of sphingosine and co-localizes with cholesterol
to lipid rafts. The membrane composition in terms of the proportion of these phospholipids

determines its functional specialisation.

De novo fatty acid synthesis is essential during embryogenesis (Chirala et al., 2003). In adult
tissue, de novo synthesis of fatty acids occurs nearly exclusively in liver, lactating breast and
cycling endometrium, and in adipose tissue. All other tissues derive the lipids they require from
the circulatory system. Under physiological conditions, fatty acids are synthesized in the liver
and exported to metabolically active tissue for energy conversion, for storage in adipocytes or
are converted into PUFAs, triglycerides, or lipids (Weiss et al., 1986). The latter is particularly
important in highly proliferating cells and tissues that need circulating lipids for the synthesis of
new structural lipids. Consequently, expression of lipogenic enzymes and de novo lipogenesis is
low in most adult tissues (Menendez and Lupu, 2006; Swinnen et al., 2006). In contrast, many
cancers obtain the bulk of FA from de novo lipid synthesis, irrespective of the availability of
extracellular lipids (Swinnen et al., 2006). The carbon source for de novo lipid synthesis is
cytosolic acetyl-CoA. The TCA cycle metabolite citrate is transported from the mitochondria to
the cytosol where it used for the synthesis of acetyl-CoA by ATP-citrate lyase (ACL). The
committed step in FA synthesis is the carboxylation of acetyl-CoA to malonyl-CoA. This
irreversible reaction is catalysed by acetyl-CoA carboxylase (ACC). Therefore ACL and ACC
provide glucose-derived carbon units for lipid and sterol biosynthesis. Fatty acid synthase
(FAS) is the enzyme that catalyses the synthesis of saturated FA from acetyl-CoA and malonyl-
CoA. Acetyl-CoA can also be converted into acetoacetyl-CoA, the precursor metabolite for de
novo isoprenoid and cholesterol synthesis. HMG-CoA reductase (HMGR) and HMG-CoA
synthase (HMGS) are the key-regulatory enzymes in the cholesterol biosynthesis pathway, also
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termed the mevalonate pathway (Figure 1-7). Intermediates of the cholesterol pathway are
required for prenylation of small GTPases like Rho and K-Ras. Cholesterol is also derived from
circulating low-density lipoproteins (LDL) via LDL-receptor (LDLR) mediated endocytosis and
lysosomal processing (Allayee et al., 2000; Goldstein and Brown, 1990).

1.8.2 Fatty acids and cholesterol in cancer

Clinical and biochemical studies have reported extremely high levels of FA synthesis in many
human epithelial cancers including breast, ovarian and prostate (Kuhajda et al., 2000; Menendez
and Lupu, 2004). The increase in lipogenesis is reflected by an elevated expression level of
lipogenic genes and significantly elevated activity of lipogenic enzymes. FAS, ACC and ACL
have been shown to be over-expressed in various cancer types (Kuhajda, 2000; Menendez and
Lupu, 2004; Yahagi et al., 2005). ACL was found to be significantly up-regulated in breast and
bladder carcinomas and inhibition by RNAi or chemical inhibitors induced a decline in glucose-
dependent lipid synthesis, and limited proliferation and survival in tumour cells in vitro. The
same treatment also reduced tumour growth in vivo (Bauer et al., 2005; Hatzivassiliou et al.,
2005). In addition, SREBPs have been found deregulated in several tumours such as prostate
(Ettinger et al., 2004), breast (Martel et al., 2006) and glioblastoma (Ma et al., 2005a) and could
thus contribute to cell transformation and tumour development (Swinnen et al., 2004). Some
studies suggest that upregulation of growth factor signalling pathways drives expression of
lipogenic enzymes via activation of SREBPs (Swinnen et al., 2006). H-Ras transformed MCF-
10A breast epithelial cells show upregulation of MAP-kinase and PI3K pathways as well as
elevation of SREBPIc activity, resulting in upregulation of its target gene FAS (Yang et al.,
2002b; Yang et al., 2003). In prostate cancer cell lines, EGF and androgens were found to
stimulate SREBP expression, leading to FAS over-expression and elevated fatty acid synthesis
(Swinnen et al., 2000). Accordingly, activation of FAS expression and fatty acid synthesis has
been linked to malignant transformation (Menendez and Lupu, 2006; Rashid et al., 1997) and
FAS has been termed a “metabolic oncogene” (Baron et al., 2004). In addition, deregulation of

SREBP has been proposed to contribute to tumour formation (Swinnen et al., 2004).

It has been demonstrated that many tumours show an accumulation of cholesterol (Pizer et al.,
1998). Acute myeloid leukaemia cells show enhanced cholesterol synthesis and LDL processing
via deregulated transcription of HMGR and LDLR (Banker et al., 2004). Statins are inhibitors
of the rate-limiting enzyme of cholesterol synthesis, HMGR, and have been used as cholesterol
lowering drugs in the clinic for several years. Interestingly, several clinical studies indicate a
therapeutic benefit of statin treatment in cancer prevention (Demierre et al., 2005) and the use

of statins as cytostatic drugs for some tumour types has been discussed (Brower, 2003).
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However, the anticancer effect of statins is likely to be via the inhibition of G-protein activation
through a lack of geranylgeranyl isoprenoids (Demierre et al., 2005). In a human prostate cancer
cell line (LNCaP), cholesterol-rich lipid rafts mediate enhanced EGF signalling and Akt
activation. Thus Akt activates several metabolic pathways and inhibits pro-apoptotic factors in
LNCaP cells (Zhuang et al.,, 2002). Mice xenografts derived from this cell line show
upregulation of SREBP expression and elevated cholesterol levels (Ettinger et al., 2004).

These findings suggest that oncogenic signalling affects lipogenesis in cancer, linking tumour-
associated glycolysis to lipid and sterol synthesis, which may contribute to cell transformation
and tumour development. Therefore interference with metabolic pathways is considered as a
potential therapeutic approach to induce a metabolic catastrophe that kills tumour cells (Jin et
al., 2007; Swinnen et al., 2006).

1.9 Signalling and metabolism in Drosophila melanogaster

The fruit fly Drosophila melanogaster is a well-established model for insulin/IGF and
TSC/TOR -regulated cell and organ size (Leevers and Hafen, 2004).

1.9.1 Fly development

Flies do not grow once they have reached the adult, reproductive form. Therefore, the size of
the fly is determined by both the larval growth rate as well as the duration of the larval stages,
termed instars (Edgar, 2006). After larval development is complete, flies undergo pupation and
metamorphosis during which larval tissues are remodelled to generate the adult fly. Imaginal
discs start as very small structures in initial larvae instars but gradually grow and replace almost
all larval tissues during development, giving rise to most of the adult structures (Cohen et al.,
1993). As an example, imaginal discs can grow from 5 to 50,000 cells during larval
development (Bryant and Simpson, 1984). However, the number of cells in the imaginal discs is
not the only determinant of final organ size. Disc size is sensed and controlled by final organ
size sensing mechanisms during larval growth that can also modulate cell size, in order to reach
the correct organ size with a different number of cells (Day and Lawrence, 2000; Neufeld et al.,

1998).
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1.9.2 lIS/dTOR signalling

The insulin/PI3K pathway is highly conserved between vertebrates and flies and involves
regulation of cell growth and metabolism (Guarente and Kenyon, 2000). In Drosophila the
insulin/insulin-like growth factor signalling (ISS) system comprises seven insulin-like peptides
(dILP1-dILP7), a single insulin receptor (InR), the IRS protein called chico, a class 1A PI3K
(dPI3K), the negative regulator dPTEN and the kinases dAkt and dPDK1 (Oldham and Hafen,
2003). The Drosophila class 1A PI3K consists of a catalytic subunit (Dp110) and a p55-like
regulatory subunit (p60). The InR and its downstream effectors are expressed ubiquitously; the
ILPs are expressed in a tissue-specific manner and thus relay different inputs into cellular

effects by regulation of the ISS (Brogiolo et al., 2001; Tkeya et al., 2002).

The ISS-TOR cascade in flies also affects carbohydrate metabolism (Rulifson et al., 2002) and
lipid homeostasis (Broughton et al., 2005) in a cell type specific and nutrient dependent manner.
The signalling pathway mediates glucose uptake and nutrient storage in the fat body, thereby
regulating feeding behaviour, lifespan and reproduction (Broughton et al., 2005; Shingleton et
al., 2005). Reduction of dTOR function by the hypomorphic dT OR’” mutant causes a decrease
in lipid levels in the fat body. This could be explained by an increased utilization of lipids and
their conversion into ketone bodies (Luong et al., 2006). In contrast, activated dAkt results in
accumulation of enlarged lipid-droplets in Drosophila nurse cells via activation of the
conserved lipid-storage protein, LSD2/perilipin (Vereshchagina and Wilson, 2006).
Furthermore, melted mutant flies produce 40% less fat than normal, due to lowered triglyceride
production, which mimics the effect of nutrient deprivation. Melted protein can recruit dFoxO
and the dTSC1/2 complex to the plasma membrane, leading to increased dTOR activity and
inhibition of dFoxO function (Teleman et al., 2005).

1.9.3 dSREBP

In contrast to vertebrates where there are three SREBP isoforms, the genome of Drosophila
melanogaster encodes a single SREBP homologue, dSSREBP (HLH106 or CG8522) (Theopold
et al., 1996). The Drosophila genome also contains genes for the dSREBP processing factors
dS1P, dS2P and dSCAP, but not the negative regulator INSIG (Seegmiller et al., 2002). In
Drosophila Schneider S2 cells, dSSREBP requires dSCAP for ER to Golgi translocation and
dS1P and dS2P for cleavage. Processing releases transcriptionally active mature dSREBP that
can enter the nucleus and regulate expression of its target genes, i.e. dFAS (Seegmiller et al.,
2002). However, phosphatidylethanolamine, a phospholipid, mediates the feedback regulation
of dSREBP cleavage in fly cells (Dobrosotskaya et al., 2002). Flies cannot synthesize
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cholesterol, but obtain it exclusively from food. Mutant dSREBP flies are fatty acid auxotroph
suggesting that the main function of dSREBP in flies is the maintenance of fatty acid
homeostasis (Kunte et al., 2006).

1.10 The PI3K and TOR signalling pathways in growth

control in mammals and flies

The PI3K/Akt/TOR pathway has been implicated in cell growth in mammalian cells (Kozma
and Thomas, 2002) and the regulation of cell and organ size in Drosophila melanogaster
(Leevers and Hafen, 2004) through activating anabolic pathways for de novo protein and lipid
biosynthesis as well as synthesis of nucleic acids. These macromolecules provide the essential

building blocks required for cell growth (Plas and Thompson, 2005).

1.101 Mammals

In mammals, two of the main biological functions of the class 1 PI3K signalling pathway are
regulation of cell metabolism and cell growth downstream of insulin and insulin-like growth
factor-1 (IGF-1) (Saltiel and Kahn, 2001). Mice deficient in PI3K signalling in muscle exhibit
decreased muscle size, impaired insulin-stimulated glucose uptake and elevated levels of
circulating lipids (Luo et al., 2006). In addition, activation of PI3K by insulin, IGF-1, PDGF
and EGF promote cell growth and proliferation. Over-expression of a constitutively active form
of p110a in the heart results in increased cell and organ size (Shioi et al., 2002), whereas
dominant negative pl110a suppresses IGF-1 induced increase in organ size (McMullen et al.,

2004).

The function of Akt in promoting cell growth (i.e. increase in cell mass) is conserved among
species. Mice deficient for Aktl and Akt2 exhibit severe growth deficiency (Peng et al., 2003).
Deletion of PTEN leads to enhanced insulin sensitivity and Akt activity in adipose tissue
(Kurlawalla-Martinez et al., 2005) resulting in increased cell size in these tissues (Crackower et
al., 2002; Kwon et al., 2004). Akt stimulates cell growth predominantly through activation of
mTORC]1. Akt promotes increased cell size by increasing nutrient uptake via activating surface
localisation of amino acids, glucose, LDL and iron transporters as well as stimulating protein
synthesis in an mTORC1 dependent manner (Edinger and Thompson, 2002; Faridi et al., 2003).
In addition, Akt regulates de novo lipid synthesis required for cell growth through activating
ACL. Inhibition of ACL blocks cell growth and prevents tumour formation (Bauer et al., 2005,
Hatzivassiliou et al., 2005).
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TORCI is essential for normal growth in yeast, Drosophila, and mammals (Wullschleger et al.,
2006). It has been shown that inhibition of mMTORC1 by rapamycin treatment decreases cell size
(Fingar et al., 2002; Ohanna et al., 2005; Ruvinsky et al., 2005). The main effectors in
mTORC1-mediated cell growth control are S6K and rpS6. Depletion of these proteins is
equivalent to mTORCI1 inhibition, and rapamycin does not further decrease the small cell size

phenotype in those mice (Ohanna et al., 2005; Ruvinsky et al., 2005).

1.10.2 Drosophila melanogaster

In Drosophila melanogaster cell growth regulation by the IIS system has been studied
intensively. Genetic studies show that this pathway regulates cell growth during development,
cell size and cell number as well as organ size in the fly. Many IIS components are sufficient for

cell autonomous growth control (Edgar, 2006).

Elevated expression of several dILPs increases larval growth rates and adult size (Brogiolo et
al., 2001; Ikeya et al., 2002). Hypomorphic /nR mutants and mutation of chico show a dramatic
decrease in cell, organ and body size due to reduced growth and proliferation (Bohni et al.,
1999; Stocker and Hafen, 2000). Activation or block of dPI3K activity effects cell and organ
growth in the Drosophila wing and eye tissue (Leevers et al., 1996; Weinkove et al., 1999).
Over-expression of the dPI3K catalytic subunit Dp110 results in increased wing size, while
over-expression of a dominant negative Dpl110 construct results in the opposite phenotype
(Weinkove and Leevers, 2000). These phenotypes are due to changes in cell size (Weinkove
and Leevers, 2000). In contrast, the Drosophila homologue of the tumour suppressor PTEN
(dPTEN) antagonizes the Chico/dPI3K signalling dependent cell growth effect. dPTEN
suppresses hyperplastic growth in flies by reducing cell size and cell number (Bohni et al,,
1999; Goberdhan et al., 1999).

dAkt seems to be the central player in controlling growth and body size in response to insulin.
dAkt controls cell number by phosphorylation and inhibition of dFoxO (Junger et al., 2003) and
controls cell size by activating the dTORC1/dS6K pathway (Potter et al., 2002). However the
relevance of the Akt phosphorylation sites at dTSC2 for dTORCI activation has been
questioned (Dong and Pan, 2004). Furthermore, in contrast to findings in mammals, the
Drosophila PI3K and S6K do not seem to be in a linear pathway (Radimerski et al., 2002b).
Interestingly, the dAkt-dependent growth effect does not rely on dTORC2 activity, although
dTORC2-stimulated serine 505 phosphorylation is required for dAkt-induced hyperplasia in a
dPTEN mutant background (Hietakangas and Cohen, 2007). Furthermore, dTORC2 is also
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important for the dAkt-mediated inhibition of FoxO signalling in vivo (Hietakangas and Cohen,
2007; Lee and Chung, 2007).

dTORCI protein kinase is one of the most important growth control regulators in flies (Oldham
and Hafen, 2003; Oldham et al., 2000; Zhang et al., 2000). Mutations in d7SC/ and d7SC2,
which results in activation of dTORC]1 signalling, cause strong overgrowth of the eye (Gao and
Pan, 2001; Potter et al., 2001; Tapon et al., 2001). Overexpressed dRheb also has positive
growth effects (Patel et al., 2003; Stocker et al., 2003). dTORCI activates proteins involved in
growth and translation, including dS6K. Mutation of S6K affects cell size but not cell number
and the insulin-dependent activation of dS6K occurs through dPI3K, dAkt, dPDKI, as well as
dTORC1 both in cell culture and in vivo (Lee and Chung, 2007; Lizcano et al., 2003;
Radimerski et al., 2002b). In Drosophila S2 cells, dRheb/TORC signalling controls growth by

promoting protein synthesis, but not glucose or amino acid import (Hall et al., 2007).
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1.11 Outline of the thesis

During tumour development, cells require a set of essential alterations in cell physiology that
collectively enable malignant growth. Resistance to programmed cell death (apoptosis) and
proliferation in the absence of growth factors or in the presence of anti-proliferative signals are
among the hallmarks of cell transformation. It has been demonstrated that activated Akt protects
cells from apoptosis (Frisch and Screaton, 2001). Constitutive activation of PI3K and its
effector Akt is a frequent event in human cancer. Such activation can occur through oncogenic

activation of Ras or mutational loss of the tumour suppressor PTEN.

Cells need a sufficient supply of nutrients, metabolic intermediates and precursors for the
synthesis of proteins, nucleotides and membrane components to increase in size, which is
essential for cell division. Intracellular signalling pathways, which are activated by hormones
and growth factors, are involved in the regulation of cell growth. Akt is the major enzyme,
which controls insulin-mediated metabolism, such as induction of protein synthesis, lipogenesis,
glucose uptake and conversion of glucose into fatty acids and cholesterol (Manning and
Cantley, 2007). Sterol regulatory element binding proteins (SREBPs) are the major transcription
factors that regulate genes involved in fatty acid and cholesterol synthesis. It has been
postulated that a constitutively active PI3K-Akt pathway may be involved in fatty acid and
cholesterol accumulation in many solid tumours. Akt appears to have a key role in
tumourigenesis, by providing metabolic resources for cell growth and proliferation as well as
facilitating escape from apoptosis. Akt has been shown to modulate the activity of several
transcription factors and it is likely that regulation of gene expression by Akt plays an important

role in its cellular functions.

To improve the understanding of Akt regulated gene expression, an inducible version of the
Akt-kinase (myrAkt-ER) was used, which can be activated by treatment with 4-hydroxy-
tamoxifen (4-OHT). Human retinal ephithelial cells (RPE) have been generated to stably
express the myrAkt-ER construct and have been used in a cDNA based microarray experiment.
By comparing mRNA abundance in cells before and after myrAkt-ER activation, several
enzymes involved in fatty acid synthesis and cholesterol synthesis have been identified as
transcriptional targets for Akt. Expression of these enzymes is controlled by the SREBP-family

of transcription factors.

The aim of this thesis was to analyse the involvement of Akt in SREBP regulated lipid-
biosynthesis and the potential result of this regulation on the cellular phenotype in vitro and in

vivo. In chapter 3, the role of SREBP in regulating the expression of genes encoding rate
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limiting enzymes for fatty acid and cholesterol synthesis by Akt was studied by silencing
SREBP or co-expression of dominant negative SREBP constructs. The data indicate that
SREBP is required for Akt-induced expression of lipogenic genes. Chapter 4 addresses the
mechanism of regulation of SREBP by Akt. Experiments were performed to address whether
the observed rapid accumulation of SREBP by Akt may involve downstream effectors of Akt.
Findings suggest a GSK3 independent mechanism, however activity of the mTOR complex is
required for accumulation of mSREBP and expression of SREBP target genes in response to
Akt activation. Furthermore, activation of SREBP by Akt requires ER to Golgi translocation as
well as glucose availability, whereas inhibition of glycolysis blocks SREBP activation. In
chapter 5, the metabolite profile of RPE cells in response to activated Akt is analysed by nuclear
magnetic resonance (NMR). Akt induces glucose and amino acid uptake, lactate production and
increased levels of fatty acids and phosphoglycerides. The majority of changes in metabolite
concentrations induced by Akt are blocked in the presence of the mTOR inhibitor rapamycin.
Furthermore, the contribution of activation of Akt and SREBP in the regulation of mammalian
cell growth is investigated. Akt-induced increase in cell size is mTOR dependent and ectopic
expression of mature SREBP results in increased cell size. The involvement of SREBP in cell
and organ size regulation was studied in vivo, using Drosophila melanogaster as a model
system. The results of this study are described in chapter 6. Silencing of dSREBP in fly causes
developmental delay and lethality in a dose dependent manner. Tissue specific silencing of
dSREBP causes a reduction in organ size due to a decrease in cell size. Furthermore, results in
Drosophila tissue culture cells as well as in vivo data indicate that the PI3K pathway can induce

dSREBP activity and that dSREBP is required for PI3K-induced increased wing size.
These results presented here increase understanding of the regulation between Ras/PI3K/mTOR

signalling pathways and lipid biosynthesis pathways via activation of SREBP in the regulation

of cell growth, which may provide a novel target for tumour therapy.
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Figure 1-1 The Ras signalling pathway

Growth factor binding to receptor tyrosine kinases on the cell surface results in
activated receptor complexes, which contain adaptors such as SHC, GRB2 and Gab
proteins. These proteins recruit SHP2 and SOS. SOS increases Ras—GTP levels by
catalysing nucleotide exchange on Ras. The protein GAP protein neurofibromin (NF1)
binds to Ras—GTP and accelerates the conversion of Ras—GTP to Ras-GDP, which
terminates signalling. The B-Raf/MEK/ERK cascade regulates the activity of several
transcription factors involved in proliferation. Ras also activates the PISK/PDK1/Akt
pathway that frequently determines cellular survival. TIAM1 is an exchange factor of
Rac. Rac regulates actin dynamics and, therefore, the cytoskeleton. RALGDS,
RALGDS-like gene (RGL) and RGL2 are exchange factors of Ral. Among the effectors
of Ral is phospholipase D (PLD) an enzyme that regulates vesicle trafficking. Ras also
binds and activates the enzyme phospholipase C epsilon (PLCg), the hydrolytic
products of which regulate calcium signalling and the protein kinase C (PKC) family. P,

phosphate; Y, receptor tyrosine. Adapted from (Schubbert et al., 2007).
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Figure 1-1
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Figure 1-2  The PI3K signalling pathway

Activated RTKs activate class | PI3K through direct binding or through tyrosine
phosphorylation of scaffolding adaptors, such as IRS1, which then bind and activate
PIBK. The complexes localise at the membrane where the p110 subunit of PI3K
catalyses the conversion of PIP2 to PIP3, in a reaction that can be reversed by the
PIP3 phosphatase PTEN. PIP3 serves as a second messenger that results in
activation of Akt. PI3K has also been shown to regulate the activity of other cellular
targets, such as SGK, the small GTP-binding proteins Rac1 and CDC42, and PKC, in
an Akt-independent manner. The activation of these targets contributes to survival,
cytoskeletal rearrangement and transformation. Adapted from (Vivanco and Sawyers,
2002).
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Figure 1-2

(adapted from Vivanco, 2002) Nature Reviews | Cancer



Figure 1-3  The PI3K/Akt signalling pathway

Akt and PDK1 bind to PIP3 at the plasma membrane via their PH domains. PDK1
phosphorylates the activation loop of Akt at threonine 308. RTK signalling also
activates TORC2 through a currenty unknown mechanism, and TORC2
phosphorylates Akt on serine 473 in the hydrophobic motif. Both phosphorylations are
required for full activation of Akt kinase activity. A number of direct and indirect targets
of Akt involved in metabolism, protein synthesis, survival and cell cycle are shown.

PTEN negatively regulates Akt activity by reversing PIP3 to PIP2. Activated Ras results
in enhanced PI3K/Akt signalling.
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Figure 1-3
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Figure 1-4  The AkVmTOR signalling pathway

(A) PDK1 phosphorylates Akt at T308 and mTORC2 phosphorylates Akt at S473,
which can be dephosphorylated by the S473 phosphatase PHLPP. Akt activates
mTORC1 through multisite phosphorylation of TSC2 within the TSC1-TSC2 complex,
and this blocks the ability of TSC2 to act as a GAP for Rheb, thereby allowing Rheb-
GTP to accumulate. Rheb-GTP activates mTORC1, which phosphorylates downstream
targets 4E-BP1 and S6 kinases. Akt can also activate mTORC1 by phosphorylating
PRASA40, thereby relieving the PRAS40-mediated inhibition of mMTORC1. Once active,
both mTORC1 and S6K can phosphorylate serine residues on IRS1, which targets
IRS1 for degradation. This induces a negative feedback mechanism and attenuates
PI3K/Akt signalling. Adapted from (Manning and Cantley, 2007).

(B) The mTOR signaling network consists of two major branches, each mediated by a
specific mTOR complex (mTORC). Rapamycin-sensitive mTORC1 controls several
pathways that collectively determine the mass (size) of the cell such as translational
initiation, ribosome biogenesis, metabolism and inhibition of autophagy. Rapamycin-
insensitive mTORC2 controls the actin cytoskeleton. mTORC1 and possibly mTORC2
respond to growth factors (insulin/IGF). mTORC1 activity is also sensitive to cellular
levels of amino acids and ATP:ADP ratio, which is an index of cellular energy levels.
mTORC1 senses energy levels through AMPK, which is activated by the LKB1 protein
kinase, and inhibits the TSC1-TSC2 complex. It remains elusive how mTORC1 senses
amino-acid levels. mTORC1 (and likely mTORC2) are multimeric, although drawn as

monomers for simplicity. Adapted from (Wullschleger et al., 2006).
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Figure 1-4

adapted from Manning, 2007)
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Figure1-5 Genes regulated by SREBPs

The diagram shows the major metabolic intermediates in the pathways for synthesis of
cholesterol, fatty acids, and triglycerides. /n vivo, SREBP2 preferentially activates
genes for cholesterol biosynthesis, whereas SREBP1c preferentially activates genes
involved in fatty acid and triglyceride biosynthesis. These pathways use ATP as a
source of metabolic energy and NADPH as a reducing power. NADPH is the electron
carrier for anabolic reactions. The key rate-limiting enzymes for both biosynthetic

pathways are shown in bold. Adapted from (Horton, 2002).
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Figure 1-5
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Figure 1-6  Sterol regulated intramembrane processing (RIP) of SREBP
proteins

Full length SREBP proteins reside in the ER membrane in a complex with the SREBP
cleavage activating protein SCAP. Under low sterol conditions, the SREBP/SCAP
complex can bind to COPII proteins and translocate to the Golgi. SREBP is cleaved by
site1 and site2 proteases and the N-terminal part of the protein can enter the nucleus.
Under saturating sterol conditions, SCAP binds to INSIG and undergoes a
conformational change, which masks the COPII binding site. The SREBP/SCAP/INSIG
complex is retained in the ER. DNA-bound mSREBP1 can be phosphorylated by
GSKaB. As a result, the ubiquitin ligase Fbw?7 is recruited and induces ubiquitination and
degradation of mM\SREBP1.
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