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SUMMARY

mTORC1 functions as a nutrient sensor within the cell. It integrates signalling inputs
from growth factors, nutrients and amino acids to regulate key cellular processes
involving growth, proliferation and development. Perturbed mTORC1 signalling is a
feature of a variety of diseases including the hamartoma syndromes, various cancer
types as well as both autoimmune and neurological diseases; yet many downstream
signalling effects remain uncharacterised.

The central aim of this study was to characterise mMTORC1 as a regulator of
transcription. This has been carried out focusing upon the regulation of two
transcription factors which are fundamental to the pathophysiology of the hamartoma
disorders and many types of cancer; HIF-1a and STAT3.

| have shown evidence that mTORCA1 is able to regulate HIF-1a on a
translational level through phosphorylation of 4E-BP1. | have also shown that
mTORCH1 is able to regulate the synthesis of HIF-1a mRNA to further augment its
activity.

| present evidence that HIF-1a is subject to mTORC1 independent regulation
from the upstream regulator TSC2. Significantly, mMTORC1 inhibitors were able to
normalise HIF-1a elevation through TSC1/2 loss in the absence of TSC1 but not
TSC2 in a cell line model for the disease Tuberous Sclerosis.

Furthermore | have shown that mTORC1 can directly phosphorylate STAT3 at
Ser727, promoting its transcriptional activity. | have also shown direct functional link
between STAT3 and HIF-1a.

This study includes an analysis of the current knowledge regarding these two
transcription factors and highlights the possibilities for targeting this signalling
pathway in the treatment of disease.
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Autoimmune lymphoproliferative syndrome
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AMP-activated protein kinase

Activator-protein 1/2
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Adipose triglyceride lipase

Ataxia telangiectasia mutated-dependent kinase
Amyloid B-peptide
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Bcl-2/adenovirus E1B 19-kDa interacting protein 3
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Cap-binding-complex
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Cyclin dependent kinases
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Poly-A binding proteins

Period-ARNT-Sim conserved domain-A
Programmed cell death 4
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Peroxisome proliferator-activated receptor gamma, coactivator 1-alpha
Phosphoinositide kinase

Phosphoinositide-3-kinase, catalytic, alpha polypeptide
Phosphoinositide kinase-related kinase

XVII



PIP2
PIP3
PKB/C/dl/e
PKD
PLD2
PML

Pol /111
POLYPHEN
PP2A
PPARy
PPlase
PRAS40
PROTOR1/2
Ptdins
Ptdins3P
PTEN
PTS1/2
PVDF
Q-PCR
RalA/B
Raptor
Rb
REDD1/2
REPO
Rheb
Rictor
RNC
ROS
rpS6
RTKs
S1p
S6Ks
SCAP

SCEPTREP
SDS-PAGE
SH2
shRNA
SIFT

Sin-1
SiRNA

ABBREVIATIONS

Phosphatidylinositol-4,5-bisphosphate
Phosphatidylinositol-3,4,5-trisphosphate

Protein kinase A/B/C d/e

Polycystic kidney disease

Phospholipase D2

Promyelocytic leukaemia tumour suppressor

RNA Polymerases

Polymorphism phenotyping

Protein phosphatase type 2A

Peroxisome proliferator-activated receptor gamma
Peptidylprolylisomerase

Proline enriched Akt substrate of 40-kDa

Protein observed with rictor-1

Phosphoinositides

Phosphatidylinositol 3-phosphate
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Reactive oxygen species
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CHAPTER 1: INTRODUCTION

1.1 OXYGEN

Throughout evolution, the earth’s atmospheric oxygen levels have fluctuated. The
arrival of photosynthetic organisms initiated a gradual rise in atmospheric oxygen,
which increased exponentially as plant life flourished [1, 2]. This rise facilitated the
evolution of eukaryotic organisms with cellular mitochondria. Complex organisms
are dependent upon the mitochondrial process of oxidative phosphorylation, which
produces significant levels of ATP from molecular glucose; this process is critically
dependent upon oxygen. It is this process which facilitated the evolution of complex,
multicellular organisms, including the evolution of man. These variations in
atmospheric oxygen levels have therefore been one of most significant driving forces
behind the evolution of our species.

A vast network of blood vessels distributes nutrients and oxygen around the
human body. Oxygen diffuses through the tissue and into the cell where it reaches
the mitochondria. In the mitochondria, an electrochemical gradient is formed as
electrons are passed from electron donors such as NADH (nicotinamide adenine
dinucleotide).. Oxygen is the final electron acceptor, and is ultimately reduced to H,O
[1, 3]. The electrochemical gradient produced from these reactions drives the
synthesis of ATP by ATPases, producing significant levels of cellular energy [4].

This process is not without its drawbacks, molecular oxygen can be released
before it is fully reduced to H,0, one-electron reduction of O, results in the formation
of reactive oxygen species (ROS) [2, 4]. This process, referred to as oxidative stress,
has been linked to the aging process [5], as well as the pathology of a number of
neurodegenerative diseases [6]. For these reasons, the maintenance of oxygen
homeostasis is a critical process.

The human body is therefore highly sensitive to fluctuations in oxygen on both
a systemic and a cellular level, oxygen levels must be maintained within strict
parameters. Critical components in cellular oxygen sensing are the evolutionary
conserved HIF proteins (hypoxia inducible factors). HIFs are transcription factors
which, as indicated by the name, become activated under conditions of hypoxia.
HIFs can alter gene expression in order to promote glucose uptake, increase
anaerobic respiration and promote new blood vessel formation, increasing blood flow
to the hypoxic tissue. This promotes cells survival during hypoxia and also facilitates



growth [7]. The involvement of HIFs in these processes makes them an interesting
potential therapeutic target in the pathology of cancer. One unifying feature of all
cancers is uncontrolled cellular growth and proliferation. As a tumour expands, the
core becomes hypoxic; it therefore relies upon the activation of HIFs to facilitate new
blood vessel formation, promoting survival and expansion of the tumour.
Understanding how HIFs are regulated on a cellular level is therefore paramount to
developing potential therapeutics in this field.

HIFs are continuously synthesised within the cell however the protein itself is highly
unstable in the presence of oxygen (discussed in detail later) so is therefore only
active when oxygen levels are low. Interestingly HIFs can be transactivated by
various cellular signalling pathways. The molecular mechanisms governing this
regulation are only just becoming apparent. This project is primarily focused upon
elucidating links between an evolutionary conserved master of protein synthesis,
referred to as mechanistic target of rapamycin complex-1 (nTORC1) and the cellular
response to hypoxia. mMTORCH1 is regulated by nutrients, growth factors, hormones,
mechanical stimulus, stress and hypoxia. It responds to fluctuations in the cellular
environment to control a myriad of cellular processes. It is best characterised as a
key mediator of protein synthesis, this process and the role mTORC1 plays in the
cell are described in detail in the next section.

1.2 PROTEIN SYNTHESIS

Protein synthesis is a pivotal cell process whereby our genetic code is translated into
physical characteristics. The physical characteristics of proteins are determined by
the 20 different amino acids which make them. Cells translate a diverse array of
proteins with different properties to fulfil specific cellular tasks. In order to efficiently
translate genetic code, regulation of protein synthesis is subject to a massively
diverse array of inputs and feedback mechanisms. Synthesis begins with the
process of ‘transcription’ which is described below.

1.2.1 Transcription

Before protein synthesis, a copy of the DNA has to be made (or transcribed) this is
messenger RNA (mRNA) and is synthesised using a single strand of the DNA as a
template.



Transcription involves the copying of the nucleotide sequence from the gene
into a single stranded polymer of nucleotides. The initiation of transcription is a major
point of control for the regulation of gene expression and is primarily controlled by
RNA polymerases. One of these polymerases in particular, RNA polymerase Il (Pol
Il) regulates the transcription of all protein encoding genes. Pol |l is subject to strict
modulation from transcription factors, which have a substantial role to play in the
regulation of gene expression, recent advances in biochemical and molecular
techniques have identified thousands of factors which regulate transcription [8], thus
furthering our understanding of this highly conserved process.

The rate of transcription can be also determined by gene-specific transcription
factors, these bind to specific response elements contained within promoter or
enhancer regions of the DNA to accelerate the rate of transcription. There are a
large number of different transcription factors and the number and position of binding
response elements differs between genes.

Differing combinations of transcription factors are produced depending upon
cell type; this is thought to be how particular cell types are able to control specific
gene expression [9]. The transcription cycle is outlined in figure 1.1 below.
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1.2.2 Translation

Once the mMRNA has been transcribed, it can be translated into protein. The majority
of eukaryotic translation (cap-dependent) occurs when the 5'-cap end of the mRNA
transcript is recognised and bound by elF4E. Like the transcriptional process,
translation can be divided into three phases, initiation, elongation and termination.
These are described below.

1.2.2.1 Initiation of cap-dependent translation

The m’-5'-cap structure at the 5'end of the mRNA transcript is essential for
translation. The cap is recognised by elF4E which is part of a heterotrimeric elF4F
initiation complex. The elF4F complex consists of an adaptor protein elF4G, this
forms the backbone between elF4E (associated with the m’GpppN cap structure)
and elF4A, an RNA helicase [17-20]. The elF4Gs then associate with elF3, which is
complexed with the 40S ribosomal subunit.

Association of elF4F to the 40S forms a tertiary complex (referred to as the
43S initiation complex) which also comprises of GTP-bound elF2 and initiator
methionine transfer RNA (tRNA). The assembly of the 43S initiation complex allows
the unwinding of the mRNA’s &’ terminal secondary structure, mediated by elF4A,
however elF4A alone has limited helicase activity and requires accessory proteins,
elF4G and elF4H (or it's homolog elF4B) to stimulate it's intrinsic helicase activity
[21].

The 43S complex then migrates along the 5’-UTR of the mRNA transcript in
the 5’-3' direction until an initiation codon is located (AUG) [22]. After recognition of
the AUG start codon, elF5 and elF5B facilitate the addition of the 60S subunit [22].
elF4Gs also interact with poly-A binding proteins (PABP) bridging the 5'- to the 3'-
end causing mRNA circularisation, this aids recycling of the 40S ribosomal subunit
[19], causes synergistic enhancement of translation [23] and may play a role in
translational silencing of various genes [24].

The initiation step is characterised by the bringing together of the ribosome,
mRNA and initiator tRNA, this comprises the elongation-competent ribosome and
allows progression to the elongation phase of translation. This initiation step is a
rate-limiting step in translation, primarily due to the activity of elF4E inhibitory
proteins. These inhibitory binding proteins often associate with elF4E to inhibit the



translational complex, or they may also be found tethered to specific mMRNA subsets
for more specific and targeted inhibition [19]. (See A & B of figure 1.2).

1.2.2.2 Elongation

Elongation is the process of assembling the polypeptide and therefore has high
metabolic energy requirements. Initially, the ribosome is in association with the newly
transcribed mRNA as well as initiator tRNA (see above), this allows incorporation of
the first amino acid into the ribosome. Amino acids are complexed with tRNA and
GTP-bound elF2. When the corresponding amino acid finds a matching codon, elF5
promotes GTP hydrolysis of GTP-elF2 and subsequently GDP-elF2 dissociates from
the ribosome, this is referred to as decoding[25, 26]. The dissociation of elF2 allows
the 3'arm of tRNA to move into the peptidyl transfer centre of the large ribosomal
subunit which facilitates the formation of peptide bonds.

After peptide bond formation, the mRNA translocates through the ribosome by
an exact distance of one codon, as catalysed by the GTPase eEF2, the ribosome
also undergoes a conformational change to facilitate the addition of the next amino
acid. This is a cyclic process which continues until the entire mRNA transcript has
been read [25, 27, 28] (See ‘C’ of figure 1.2).

1.2.2.3 Termination

The third and final stage is known as ‘termination’ and is triggered by the recognition
of the stop codon within the mRNA transcript. Stop codon recognition stimulates the
release of the protein by catalysing the hydrolysis of the peptidyl-tRNA ester bond
between the complete peptide chain and the tRNA. This process is modulated via
various release factors and signifies the end of protein synthesis [28] (See ‘D’ of
figure 1.2).
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1.2.3 Alternatives to cap-dependent translation

Approximately 3-5% of mRNAs are transcribed independently of cap-dependent
translation, however the mechanism behind this has not been fully elucidated. It is
thought that this occurs through internal ribosome entry sites (IRES) found within the
5UTRs of a subset of mMRNAs encoding proteins associated with cell growth,
proliferation or survival [29]. These IRES-containing mRNAs carry a translational
advantage under conditions of cellular stress, with increased stress coupled with a
repression of cap-dependent but not IRES mediated translation. IRESs are typically
found in the 5-UTR of the mRNA transcript and are usually several hundred
nucleotides long, so consequently have a substantial secondary structure and
increased GC content [29].

IRESSs recruit the 40S ribosomal subunit directly to the 5’-UTR and thus bi-
pass assembly of the initiation complex. This allows translation to occur
independently of the 5'cap and is facilitated by a set of factors referred to as ITAFs
(IRES trans-acting factors) which may be generally acting or specific to the mRNA
which is being translated [29, 30].

1.2.4 Significance

This section has provided a general overview of the mechanisms which regulate the
translation of the genetic code into protein, this is a fundamental cellular process
which explains how genes and traits are translated into physical characteristics. The
central facet of this study is to identify and characterise downstream substrates of
mTOR, mTOR is a key mediator of protein synthesis and exerts many of its cellular
effects through regulation of this process. The mTOR signalling pathway, including
downstream substrates, cellular inputs and negative feedback mechanisms are
described in detail in the next section.

1.3 mTOR STRUCTURE AND RELATED COMPLEXES

Mechanistic or mammalian target of rapamycin (mTOR) is a serine/threonine kinase
that was first identified after the discovery of the immunosuppressant drug,
rapamycin. Rapamycin is a product of the bacterium Streptomyces hygroscopicus
which was found in soil samples taken from Easter Island (Rapa Nui). Rapamycin is
a macrolide which exerts immunosuppressive effects by limiting the growth cycle of
T-lymphocytes and is currently approved for treatment of transplant patients to
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prevent graft rejection. Yet perhaps more importantly, rapamycin lead to the
discovery of its drug target, mTOR. Rapamycin exerts its effects by binding within
the cell to FKBP12, this complex inhibits the functions of mMTORC1. mTOR functions
as two distinct protein kinase complexes, mTORC1 consisting of mTOR/Raptor and
mLST8 and mTORC2 consisting of mTOR bound to Rictor, mLST8, Sin-1 and
Protor-1/2 [31-33] see figure 1.3. The two distinct complexes have different
downstream targets and regulate distinct pathways, this study aims to identify and
characterise downstream substrates of mTORC1.

mTORC1 acts as an energy sensor within the cell and co-ordinates a wide
range of cellular processes in response to growth factors and nutrient availability [34,
35]. mTORCH1 is a key modulator of cell growth and proliferation, it also regulates
metabolic processes via transcriptional regulation including ribosomal biogenesis,
autophagy, glucose transport and angiogenesis (discussed later) [36]). mMTORC1 is
subject to tight regulation from feedback loops, upstream components and nutrient
availability and integrates a number of upstream signalling inputs. Instances where
mTORC1 signalling is improperly regulated invariably result in pathogenesis,
consequently, mTOR inhibitors are currently being utilised in a number of clinical
trials.

1.3.1 mTORC2

As stated earlier, mTOR can also form a rapamycin insensitive complex, mTORC2.
mTORC2 consists of mMTOR, Rictor, mLST8 and Sin 1 [37-39] and, like mTORC1 is
negatively regulated by DEPTOR (see section 1.3.7). A new component of the
mTORC2 complex was recently identified, Protor1/2, protein observed with rictor-1,
which as the name indicates, is a Rictor binding protein. It was demonstrated that
both Protor 1 and 2 isoforms bind directly to Rictor and that knockdown of Rictor
could reduce the expression levels of Protor1/2 and Sin-1 [39]. The role of Protor1/2
within mTORC2 has yet to be determined (for comparison of mTORC1 and
mTORC2 complexes see figure 1.3).

Little is known regarding the regulation of mMTORC2, it was previously shown
that insulin stimulation could induce Ser473 phosphorylation of Akt however it wasn't
until 2005 that mTORC2 was identified as the kinase responsible for this [40, 41]. Akt
is involved in regulation of the cell-cycle, cell survival, glucose uptake,
gluconeogenesis regulation and maintaining neuronal synapse activity through

9



phosphorylation of ion-channels (see review [42]). Importantly it also plays a role in
the activation of mTORCH1.

Akt activation occurs in response to insulin or growth factor stimulation
through phosphorylation at two sites, Ser473 within the hydrophobic motif is
mediated by mTORC2 and appears to act as a priming site for phosphoinositide-
dependent kinase 1 (PDK1) to bind and phosphorylate Thr308 causing full Akt
activation [40, 41].

Studies utilising Rictor knockout mice have indicated that Ser473
phosphorylation of Akt is essential for embryonic development [43] whilst other
studies have demonstrated that mTORC2 plays a role in maintaining the actin
cytoskeleton of the cell [44].

Our knowledge of mMTORC2 mediated substrate inhibition is behind that of
mTORC1, primarily due to the fact that rapamycin can be utilised to investigate
mTORC1 but not mTORC2 signalling. There are multiple studies indicating that the
rapamycin/FKBP12 complex cannot inhibit mTORC2 [40, 44, 45]. More recently
however, it has been demonstrated that prolonged rapamycin treatment does infact
perturb mTORC2 signalling by binding to ‘free mTOR’ thus limiting mTORC2
complex assembly. Prolonged (24 hour) rapamycin treatment results in saturation of
newly synthesised mTOR with the rapamycin/fFKBP12 complex, causing a
suppression of Akt signalling. This effect appears to be variable between cell types
with some being more sensitive to inhibition of mMTORC2 assembly with rapamycin
than others [46]. This could suggest that there are multiple mechanisms of mMTORC2
complex assembly.

10
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The aim of this study is to characterise signalling downstream of mMTORC1, however
crosstalk between the signalling pathways must be considered. The next section
goes on to describe the structure and function of mMTORC1 signalling components.

1.3.2 Rheb

Loss of heterozygosity of either the TSCT or TSC2 genes leads to the disease
Tuberous Sclerosis Complex (TSC). TSC is characterised by the development of
benign hamartomas in multiple organ systems and is a result of upregulation of the
mTORC1 signalling pathway. It wasn't until 2003 that the link between TSC1, TSC2
and the mTOR signalling pathway was established.

The pivotal point in this research was the discovery of the small G-protein,
Rheb as an activator of mTORC1. Ras-homologue enriched in brain is a novel
member of the Ras family of small GTP-binding proteins. As the name suggests,
high levels are found in the brain and its sequence is highly homologous to Ras. As
with all of the Ras family of proteins, Rheb activity is determined by its nucleotide
bound status. This is determined by the activity of their corresponding GAPs and
GEFs (GTPase Activating Proteins and Guanine Exchange Factors). With GAPs
function to negatively regulate small G-proteins, GEFs perform the opposing function
and increase GTP-loading to positively regulate them.

It was discovered in 2003 that Rheb was an activator of mTOR and that the
TSC1 and TSC2 proteins suppressed mTORC1 signalling by acting as a GAP
towards Rheb when complexed together [47-51]. The TS complex binds to GTP-
Rheb stimulating GTP-hydrolysis.

There is some speculation regarding the GEF which regulates Rheb. It was
recently demonstrated that the translationally controlled tumour protein (TCTP) could
act as a GEF towards Rheb in Drosophila [52]. However, several subsequent studies
have found that this is unlikely to be the case is mammalian cells [53, 54].

There is evidence of cross-talk between sphingosine-1-phosphate (S1P)
signalling and the mTORC1 pathway. Similarly to mTOR, S1P regulates cellular
growth, mitogenesis and apoptosis. It has been demonstrated that S1P can activate
mTORC1 in certain cell types [55, §6], a mechanism has been proposed whereby E3
ubiquitin ligase Protein Associated with Myc (PAM) (downstream of S1P) acts as a
GEF to directly activate Rheb, however this has yet to be substantiated [57].
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The precise mechanism by which Rheb functions to activate mMTORC1 is yet
to be fully elucidated. mTORC1 cannot be activated by other G-proteins, KRas,
RalA/B or Cdc42 but is activated by Rheb1 and Rheb-Like-1 (also known as Rheb
2). It has been demonstrated that Rheb can activate mTORC1 but not mTORC2 [38,
58, 59] suggesting that Rheb is a highly specific activator of mMTORC1. Although
Huang et al. recently reported that the TS complex interacts directly with mTORC2
and was required for mTORC2 kinase activity but this occurs independently of Rheb
[38].

Expression of Rheb induces mTORC1 activity under conditions of nutrient
withdrawal [47] suggesting that Rheb is proximal to mTOR in the signalling pathway.
Its association with mTOR appears to be fragile and may involve a direct interaction
with the catalytic domain of mTOR that is independent from Rhebs association with
TSC2 [60]. It does not however appear to be dependent upon the nucleotide bound
status of Rheb, as truncated mutants of Rheb which are nucleotide deficient are still
able to bind to mTORC1 but do not confer kinase activity [60]. A mechanism of Rheb
activation of mMTORC1 involving FKBP38 has been proposed (described below in
section 1.3.8), however current thinking suggests that this is not the primary
mechanism for Rheb activation of mTORC1. Recent studies have suggested that
Rheb increases the substrate binding capability of mTORC1 causing more efficient
phospho-transfer, rather than just enhancing the kinase activity directly [59].
However other studies have seen increases in phosphorylation of mTORC1
substrates by addition of Rheb and hypothesised an increase in kinase activity [60].

Rheb contains a C-terminal CaaX motif whereby the ‘a’s represent aliphatic
amino acids and X represents the C-terminal amino acid, usually serine, alanine,
glutamine, cysteine or methionine. The CaaX motif becomes post-transiationally
farnesylated and many studies have indicated that this is required for Rheb
activation of mTORC1. This is supported by use of farnesyitransferase inhibitors
which downregulate mTORC1 signalling [47, 61]. It has also been shown that
unfarnesylated Rheb can activate mTORC1 in vitro [59] but not in vivo [47]. It is
therefore likely that the farnesylation of Rheb is required for its localisation to allow
its interaction with mTOR at the membrane. Further research investigating the
structure of Rheb by Tee et al. revealed that the Thr38 and Asp41 residues
contained within the switch 1 region of Rheb are required for maximal interaction
with mTOR [62].
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Whilst comparisons between Ras and Rheb revealed that the effector region
is highly homologous, Rheb contains an arginine at position 12 rather than a glycine
residue. This confers intrinsically low GTPase activity as it allows for a
conformational change in the switch | region during GTP/GDP cycling. This causes
displacement of the GIn64 residue making it incapable of participating in GTP
hydrolysis [63]. Further research is required to determine how these functional
domains interact with mTORC1 and the exact mechanism behind mTORC1
activation.

1.3.3 mTOR

mTOR belongs to a family of phosphoinositide kinase-related kinase (PIKK) protein
kinases. mTOR contains a serine/threonine kinase domain in the C-terminal which is
structurally similar to the catalytic domain found in the lipid kinase, phosphoinositide
kinase (PI3K) (see figure 1.4). However, mTOR only functions as a ser/thr kinase
[35, 64]. Structurally, the N-terminal half is made up of 20 tandem HEAT repeats
(see figure 1.4 ‘A’ for schematic) consisting of two a-helices of approximately 40
amino acids arranged in terms of their hydrophilic and hydrophobic residues [65].
HEAT repeats are thought to coordinate protein to protein interactions so it is likely
that this region of mMTOR provides docking sites for other protein interactions [66].
Adjacent to the HEAT repeats is the FRB (FKBP12/rapamycin binding) domain. This
is the region that the FKBP12/rapamycin heterodimer binds to [67]. The FRB domain
is essential for mTOR kinase activity since mTOR mutants lacking the FRB domain
are unable to promote cell cycle progression into the G phase [68]. Within the FRB
domain is a Ser2035 residue which appears to be necessary for interactions with
FKBP12/rapamycin. Ser2035 substitution to any amino acid structurally larger than
an alanine reduces the binding affinity of FKBP12/rapamycin and also affects mTOR
kinase activity indicating that Ser2035 may be a regulatory site [24].

Oshiro et al. demonstrated that rapamycin treatment disrupted mTOR binding
to Raptor independently of mTOR kinase activity [69] however, it is still thought that
there is a functional relationship between the FRB domain and the kinase domain
[68]. In addition to the HEAT repeats and FRB domain, there are two conserved FAT
domains (see figure 1.4), one being substantially smaller and situated at the C-
terminus, termed FATC. This is also seen in PIKK’s and is adjacent to the kinase
domain. The FATC domain is crucial for mTOR kinase activity, where single point
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amino acid substitutions cannot be tolerated in vivo or in vitro [70]. FATC contains a
structural motif entailing an a-helix and a di-sulphide bonded loop situated between
two cysteines. Reduction of the di-sulphide bond results in a conformational change
increasing flexibility of the carboxyl-terminal loop region, potentially revealing
hydrophobic regions of the domain. This may impact binding partners and
interactions with other domains of mTOR [71].

Altering the redox status of mTOR by introducing mutations to this FATC
domain causes in a reduction in mTOR protein levels, suggesting that the redox
status of the FATC domain is involved in protein stability [71]. The larger 550 amino
acid length FAT domain is composed of a-helices structures, similarly to the HEAT
repeats suggesting that the FAT domain also plays a role in protein-protein
interactions [72]. Since FAT domains are usually found in conjunction with FATC
domains [73], it is likely that these domains interact with one another upon mTOR
activation, causing a conformational change and exposing the protein kinase domain
to induce activity [65, 70].

The actions of mTOR are determined by what proteins it is complexed with.
The rapamycin sensitive mTORC1 complex is responsive to growth factors,
hormones and nutrients. The mTORC2 complex is less well described and is known
to regulate the actin cytoskeleton and moderate Akt phosphorylation and therefore
may also play a role in mTORC1 regulation. The mTORC1 complex consists of
mTOR, Raptor, mLST8, PRAS40, Deptor, FKBP38 and Protor-1/2 (as shown in
figure 1.3), and it is directly activated by GTP-Rheb. The structure and function of
each of the proteins within the mTORC1 complex are described below.
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1.3.4 Raptor
Raptor was first identified in 2002 by Hara et al. and Kim et al. Both groups identified
Raptor as a 150kDa mTOR binding protein which was also able to interact with 4E-
BP1 and S6K1. [74, 75). It is thought that Raptor is the substrate recognition
component of the complex and is therefore indispensible in mTORC1 signalling.

Raptor is an evolutionary conserved protein containing a highly conserved N-
terminal domain named the RNC (Raptor N-terminal conserved) domain followed by
three HEAT repeats and then seven WD40 repeats (see figure 1.4 ‘B’). The RNC
domain is made up of three blocks with around 67-79% sequence homology [74].
This region has a tendency to form a-helices and work by Dunlop et al. identified that
this region is also required for mTOR/Raptor interaction with substrates [76]. Thus
identifying that Raptor mutant 4, containing a mutation to the RNC domain, was able
to interact with mTOR but not facilitate substrate phosphorylation. Raptor mutant 4
therefore acts as a dominant inhibitor of mMTORC1 signalling and has been utilised
within these studies.

mTORC1 substrate phosphorylation has been found to be dependent upon a
conserved regulatory motif which is found in the N-terminal of all known S6K’s and
the C-terminal of the 4E-BPs, which is referred to as the mTOR signalling (TOS)
motif [77-79]. The TOS motif acts as a docking site for mTORC1 interaction and
Raptor acts as the recognition component to facilitate this. A fully intact TOS motif is
required for both interaction with Raptor and mTORC1 mediated substrate
phosphorylation. It has therefore been proposed that the TOS motif mediates
substrate binding to Raptor, recruiting mTOR to the substrate/Raptor complex so
that phosphorylation can occur [78]. More recently, putative TOS motifs have been
found in a range of potential or candidate mTORC1 substrates, described in table
1.1. The TOS motif consists of a five amino acid sequence with a phenylalanine at
position one which is indispensible for Raptor binding. It has been suggested that an
aliphatic uncharged residue is also preferred at position three [80] however elF3F
has more recently been demonstrated to contain a potential TOS motif with a
Threonine residue at the third position, suggesting that this is not necessary [81]. It
has also been suggested that the remaining amino acids consist of alternating acidic
and hydrophobic residues [82]. However, there are some discrepancies with this
notion, for instance the TOS motif found in HIF-1a is made up entirely of hydrophobic
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1.3.5 mLST8

mLST8 is a widely expressed 36 kDa protein which consists mainly of seven WD40
repeats (see figure 1.4 ‘C’). It was first identified in 2003 and was thought to bind
directly to the kinase domain of mTOR increasing the stability of mTOR/Raptor
interactions and promoting mTORC1 kinase activity. The interaction between mTOR
and mLST8 was reported to be stable, independent of Raptor and unaffected by
nutrient status [85]. It was later found to also be a component of the mTORC2
complex [45]. More recent work suggests that although it does form part of the
mTORC1 complex, it is more contributory to mTORC2 mediated signalling. As
demonstrated by studies of mLST8-/- MEFs which exhibit impaired mTORC2
signalling whilst mTORC1 signalling remains intact [86]. Additionally, knockout of
mLST8 disturbs mTOR/Rictor association but not mTOR/Raptor association,
producing a phenotype similar to Rictor knockouts [86, 87]. mLST8 is therefore
indispensible in mMTORC2 complex formation but not mTORCA1.

1.3.6 PRAS40

PRAS40 is a 40 kDa proline enriched Akt substrate. It was identified in 2007 by
several research groups. PRAS40 was demonstrated to interact with mTORC1 but
not mTORC2 via Raptor recognition of a TOS motif identified in the C-terminal (see
schematic, figure 1.4 'D’).

PRAS40 acts as a negative regulator of mMTORC1 activity under conditions of
insulin-deprivation. It is thought to bind to the C-terminal kinase domain of mTOR
[88] inhibiting its activation by Rheb [82, 88-91]. Insulin stimulation causes Akt and
mTORC1 to directly phosphorylate PRAS40 causing it's dissociation from the
complex. This promotes mTORC1 interaction with substrates via their TOS motifs.
Phosphorylated PRAS40 then binds to 14-3-3 chaperone proteins, fully alleviating
the suppression of mTORC1 [92].

1.3.7 DEPTOR

Research into inhibitory components of the mTOR complexes revealed a 48kDa
protein referred to as DEPTOR. Unlike PRAS40 it is present in both mTORC1 and
mTORC2 complexes and is only conserved among invertebrates. It has been shown
to bind directly to mTOR regardless of mLST8 expression. Its interaction is
modulated by the PDZ domain located in the C-terminus of DEPTOR (see figure 1.4
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‘E’). It binds to a region of mTOR in the C-terminus adjacent to the kinase domain.
DEPTOR depleted cells exhibit increased kinase activity towards mTORC1
substrates 4E-BP1 and S6K1 as well as the mTORC2 substrate Akt. Serum-
starvation causes a rise in DEPTOR expression and re-stimulation with serum
causes a reduction in its expression. mMTORC1 and mTORC2 both negatively
regulate the expression of DEPTOR when activated by phosphorylating it at one of
the thirteen potential serine/threonine phosphorylation sites located between the C-
terminal DEP domain and the PDZ domain. This appears to induce its removal from
the complex in a manner similar to that of PRAS40 [93].

1.3.8 FKBP38

FKBP38 belongs to the peptidyl prolyl cis/trans isomerase (PPlase) family of FK506-
binding proteins (FKBP). Also included in this family is the rapamycin binding partner
FKBP12. This PPlases act as chaperones to modulate protein folding, biogenesis,
assembly and trafficking [94]. They are characterised by a PPlase or PPlase-like
domain referred to as the FKBP-C domain (see figure 1.4 ‘F’). The PPlase family
catalyse the cis/trans isomerisation between native-state prolyl bond isomers of
different biological activity via FKBP-C domains [94].

The FKBP-C domain of FKBP38 is situated in the N-terminus (see figure 1.4
‘F’). It also contains a tetratricopeptide repeat (TPR domain) involved in protein-
protein interactions, a binding site for calcium induced calmodulin, and finally a TM
(transmembrane) domain. The TM domain allows FKBP38 to anchor itself to
mitochondrial membranes and is unique to FKBP38 [95]. FKBP38's PPlase domain
becomes active in response to calcium influx and can then bind to Bcl-2 to regulate
apoptosis [94].

There are several reports indicating that FKBP38 may form part of the
mTORC1 complex functioning as an endogenous inhibitor [76, 96, 97]. Studies have
also demonstrated that like rapamycin, FKBP38 binds to the FRB region of mTOR,
suggesting a similar mechanism of inhibition as with rapamycin [95]. A mechanism
has been suggested whereby GTP-Rheb interacts with the inactive mTORC1
complex in order to displace FKBP38. Consistent with this theory, mTORC1 has
been demonstrated to localise to the mitochondrial membrane [98, 99].

Work by Ma et al. has implicated the switch | region of Rheb as necessary for
displacing FKBP38 interactions [96]. Tee et al. had also previously demonstrated
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that mutations to this switch 1 region prevent Rheb induced activation of mTOR [62].
This is consistent with research on other small G-proteins such as Ras, which in its
GTP bound state can interact with its effectors via its switch | region [96]. Both Rheb
and mTORC1 have been demonstrated to localise to the mitochondria where
FKBP38 is tethered [96]. This is consistent with the role of mMTORC1 as an energy
and oxygen sensor. Studies have shown that Rheb interaction with FKBP38 is
dependent upon the presence of amino acids and growth factors [97], indicating that
interactions are determined by its guanine nucleotide status. Increases in Rheb
binding to FKBP38 appear to be coupled with decreases in the amount of FKBP38
bound to mTOR, supporting the notion of Rheb modulated displacement [97]. It has
been suggested that this may be the mechanism by which Rheb activates mTOR,
however this remains controversial. Some studies have been unable to demonstrate
any inhibition of mMTORC1 through FKBP38 expression but show direct interaction
[54, 59, 100]. Dunlop et al. demonstrated that FKBP38 induced a modest inhibition of
mTORC1 kinase activity in vivo and in vitro that was not as potent as PRAS40 [76].
This may explain why some groups did not see inhibition. It also makes it unlikely
that the sole mechanism for Rheb induced activation of mMTORC1 is via removal of
FKBP38 as Rheb is a potent activator of mTORCA1. It is likely that Rheb modulates
mTORC1 through FKBP38 dependent and independent mechanisms.

1.4 ACTIVATION OF mTORC1

mTORC1 is activated by a number of different mechanisms, this is unsurprising
given the diverse and complex nature of the cellular processes moderated by
mTORC1. mTORCH1 is regulated by nutrient status, growth factors, insulin and other
mitogens. The known mechanisms resulting in mTORC1 activation are described in
detail below and summarised in figure 1.5.
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1.4.1 Insulin and Growth Factors

PI3Ks are a family of lipid kinases which play regulatory roles within the cell. They
are classified by their structure and their ability to recognise substrates. Of particular
interest in this project is the Class 1a PI3Ks which are heterodimers consisting of a
p85 regulatory subunit coupled to a p110 catalytic subunit. The 1a class of PI3Ks are
activated via cell surface receptors and are switched on with insulin and growth
factor stimulation. The insulin receptor substrates (IRS1-4) are potent activators of
PI3Ks when phosphorylated. PI3Ks also demonstrate an affinity for the
phosphorylated tyrosine residues found in activated growth factor RTKS.
Phosphorylation of these tyrosine residues facilitates the recruitment of PI3Ks to the
membrane where the p85 regulatory subunit directly binds to the receptors (see
figure 1.5). The p110 catalytic subunit then converts phosphatidylinositol-4,5-
bisphosphate (PIP2) to phosphatidylinositol-3,4,5-trisphosphate (PIP3) [101]. It is
significant to note that PI3K is negatively regulated by phosphatase and tensin
homolog (PTEN), which reverses the conversion of PIP2 to PIP3 and thus functions
as a tumour suppressor [102]. Importantly, the conversion of PIP2 to PIP3 provides a
docking site for Akt (also known as Protein Kinase B (PKB)). This ‘docking’ of Akt,
causes a conformational change exposing two phosphorylation sites within Akt. The
first, Ser473 is phosphorylated by mTORCZ2, this allows PDK1 to phosphorylate the
second Thr308 site. Ak{/PKB also up-regulates mTORC1 signalling by
phosphorylation of PRAS40 and TSC2 [101].

Phosphorylation of PRAS40 by Akt triggers its removal from mTORC1 by 14-
3-3 chaperone proteins (see section 1.3.6) while phosphorylation of TSC2 at Ser939
and Thr1462 by Akt causes disruption of the TSC1/TSC2 heterodimer. Tuberin and
Hamartin (TSC1 and 2) form a heterodimer in response to mitogenic withdrawal.
When complexed together, TSC1 and TSC2 are able to confer GAP activity towards
the small G-protein Rheb to suppress mTORC1. Activation of the TSC complex,
therefore, results in the conversion of Rheb to the inactive GDP-bound state and
suppression of mMTORC1 signalling (as shown in figure 1.5).

Other mitogenic signalling pathways activate mTORC1 signalling through
disruption of the TSC1/2 complex. Growth factor binding to membrane receptors
activates Ras, which in turn activates PI3K, inducing Akt mediated phosphorylation
of TSC2 (as described above). It also activates a Raf/Mek1 signalling cascade which
stimulates the phosphorylation of TSC2 at Ser664 (and possibly to a lesser extent
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Ser540) by ERK1/2, disrupting the TSC tumour suppressor complex [103]. ERK1/2 is
also able to phosphorylate and subsequently activate p90-RSK1 [104] which
phosphorylates TSC2 at Ser1798 [105], p90-RSK1 also phosphorylates Raptor to
increase MTORC1 kinase activity directly [106]. TSC2 is therefore the axis at which
Raf/Mek and PI3K signalling cascades meet, convergence of the two pathways to
mediate mTORC1 signal transduction indicates the significance of mTOR in the
regulation of cellular growth and metabolism.

1.4.2 Phospholipase-D

Phospholipase-D (PLD) is a widely expressed enzyme which is activated in
response to a wealth of hormones, growth factors, cytokines and neurotransmitters
(see review [107]). PLD1 hydrolyses phosphatidycholine, producing phosphatidic
acid (PA) and choline [107]. Phosphatidic acid (PA) is a positive regulator of
mTORC1. It was demonstrated in vitro that PA bound directly to the FRB domain
within mTOR (FKBP12/rapamycin binding domain — see figure 1.4 ‘A’) and as
expected was displaced by the rapamycin/FKBP12 complex. Elevation of
intracellular PA renders cells less sensitive to rapamycin treatment indicating a
competitive relationship between PA and rapamycin, with PA binding causing
activation and rapamycin binding causing inhibition [108].

Interestingly, not all production of PA results in mTORC1 activation, for
instance RhoA activates PLD1 but not mTORC1 [109]. This suggests that the
cellular localisation of PA production is significant in the regulation of mMTORC1. In
addition to the direct binding of PA to mTORCA1, there is evidence that PLD1 itself is
a direct effector of Rheb [110]. Sun et al. demonstrated that Rheb knockdown
impaired serum-induced activation of PLD1 whilst over-expression of Rheb resulted
in PLD1 activation in the absence of mitogenic stimulation. They were able to
demonstrate that Rheb bound directly to PLD1 in a GTP dependent manner in vitro
and have therefore proposed a mechanism by which Rheb signals to PLD1 in order
to stimulate PA production, resulting in mTORC1 activation [110]. A more recent
study however provided evidence disputing the direct effect of PA upon mTORC1,
suggesting that PA must first be metabolised to LPA (lysophosphatidic acid) to
permit activation of mMTORC1, furthermore they suggested that neither PA nor LPA
bound directly to mTORC1 and that activation is a result of upregulation of the ERK
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pathway [111]. The reason for these discrepancies is unclear within the literature and
further studies are required to determine the correct mechanism.

1.4.3 AMPK

A mechanism has been described whereby AMPK activation results in the
phosphorylation of TSC2 (see figure 1.5). AMP levels are inversely proportionate to
ATP levels, therefore when ATP becomes depleted, AMP levels rise and AMPK is
activated. When ATP levels are depleted, homeostatic mechanisms are induced to
switch off energy consuming cellular processes such as protein synthesis and cell
growth. Therefore AMPK acts to switch off mMTORC1 signalling via phosphorylation
of TSC2 [112]. Although phosphorylation of TSC2 by RSK, Akt and ERK results in
disruption of TSC1/TSC2 causing its inhibition, phosphorylation at a different site,
Ser1345 by AMPK results in TSC2 activation and subsequent inhibition of mMTORC1
[112].

It was later established that GSK3 also phosphorylates TSC2 at Ser1341 as
well as Ser1337 to mediate its activation and subsequent inhibition of mTORC1
[113]. AMPK mediated Ser1345 phosphorylation of TSC2 is required for this to occur
so it is likely that AMPK and GSK3pB act in synergy to promote the GAP activity of
TSC towards Rheb. Thus indicating crosstalk between the Wnt signalling pathway
which negatively regulates GSK3p and mTORC1 [114].

Studies have also identified a TSC2 independent mechanism of AMPK
mediated inhibition of MTORC1 whereby AMPK directly phosphorylates Raptor. This
results in the recruitment of inhibitory 14-3-3 proteins to the mTORC1 complex and
subsequent inhibition of signal transduction [115].

1.4.4 Nutrient Regulation

As mTORC1 regulates a significant range of energy costly processes, it is
paramount that mTORC1 activity is appropriate for the nutrient status of the cell. It is
not fully understood how mTORC1 is regulated by nutrients, with amino acid
regulation being the best characterised. In addition to this, several other mediators
have also been identified which contribute to nutrient mediation of mMTORC1 and are
described below.
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1.4.4.1 Amino Acid Regulation

A permissive amino acid input is required for Rheb to activate mTORC1 in response
to growth factors however it is unknown how amino acids signal to mTORC1.
Recently, details of this mechanism have been uncovered, implicating a series of
proteins referred to as the Rag GTPases. A model has been described whereby
amino acids stimulate the GTP loading of Rag proteins. Once this occurs, they are
able to bind to the Raptor component within mTORC1 and trigger re-localisation of
the complex to membrane surfaces where farnesylated Rheb is also situated. This
translocation occurs independently of mTORC1 kinase activity and is therefore
insensitive to rapamycin inhibition. It is thought that for the above described
activation of mTORC1, this amino acid induced localisation of mMTORC1 must first
occur [116, 117]. More recent work by Sancak et al. identified that amino acids
induce the translocation of mMTORC1 to the lysosomal membrane where it interacts
with the aptly named ‘Ragulator complex’ consisting of MP1, p14 and p18. The
Ragulator complex functions to recruit Rag GTPases to the lysosomal membranes
where they function to activate mTORCA1. It has been demonstrated that constitutive
targeting of mTOR to the lysosomal surface is sufficient to render it unresponsive to
amino acids [118].

1.4.4.2 Vps34

Vacuolar protein sorting 34 (Vps34) was recently identified as a positive regulator of
mTORC1 signalling. Vps34 is involved in vesicular trafficking processes and
autophagy [119]. It was shown that over expression of Vps34 causes upregulation of
mTORC1 signalling to its downstream substrates. In addition to this, Vps34 was
inhibited by amino acid/glucose withdrawal but not rapamycin, indicating that it lies
upstream of mTORC1 [120, 121].

Vps34 binds to Vps15 to form an active complex, then uses Ptdins
(phosphoinositides) as a substrate to produce Ptdins(3)P4 [122], this results in the
recruitment of various proteins to the early endosome where it may provide a
platform for mTORC1 signalling [120, 121].

It was later established that amino acid stimulation causes an influx of
calcium, Vps34 contains a calmodulin binding domain and has been postulated that
binding of calcium/calmodulin to Vps34 increases lipid kinase activity and increases
mTORC1 signalling, suggesting in fact that Vps34 senses calcium rather than amino
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acids [123]. However Yan et al. in 2009 indicated that Vps34 activity was unaffected
by calcium chelators or calmodulin inhibitors disputing this argument [124]. In
addition, a recent study implementing Drosophila containing loss-of-function
mutations to the Vps34 ortholog demonstrated that TOR signalling was unaffected
while autophagy and endocytosis were disrupted [119]. This may indicate that Vps34
signalling is only conserved among invertebrates. Alternatively it may be possible
that Vps34 activates mTORC1 when amino acids are present in order to repress
autophagy (see figure 1.6) since it has a well characterised role as an activator of
autophagy under appropriate nutrient conditions.

Further research is required to determine whether amino acids signal to
Vps34 within the cell.

1.4.4.3 MAP4K3

MAP4K3 is an Ste20 related kinase which was identified in 2007 as a regulator of
mTORC1 in response to amino acids [125]. Findlay et al. established that over-
expression of MAP4K3 could propagate mTORC1 signalling as determined by
increased phosphorylation of S6K1 and 4E-BP1 (see section 1.5). This was subject
to inhibition by rapamycin but not the PI3K inhibitor wortmannin. MAP4K3 activity
was shown to be regulated by amino acids but not insulin or rapamycin.
Furthermore, knockdown of MAP4K3 prevented amino acid induced S6K1
phosphorylation. This suggests that MAP4K3 lies upstream of mTORC1 and may
function to regulate mTORC1 in response to amino acids [125]. Later work in 2010
utilised Drosophila MAP4K3 mutants to investigate this further. Interestingly, the
mutant flies were viable indicating that TOR signalling could still occur. The mutants
however displayed reduced TOR signalling which may suggest that MAP4K3
functions to modulate mTOR but is not required for its activation. Interestingly,
differences between the mutant flies and wild-type could be diminished if the flies
were raised under low-nutrient conditions. This suggests that MAP4K3 plays an
important role in modulation of TOR signalling when nutrients are plentiful. Yan et al.
observed that suppression of the Rag proteins reduced the ability of MAP4K3 to
propagate mTORC1 signalling but concluded that it was unlikely that RagGTPases
were directly modulated by MAP4K3. Further work is required to determine how the
two pathways are related.
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Yan et al. also used mass spectrometry phosphopeptide analysis to identify a
phosphorylation site, Ser170 within the kinase activation domain of MAP4Ka3.
Phosphorylation at this site is thought to be required for amino acid modulation of
MAP4K3 activity and for MAP4K3 activation of mTORC1. Phosphorylation at Ser170
was eliminated by amino acid withdrawal but unaffected by insulin treatment.
Interestingly, they showed that amino acid withdrawal caused an acute drop in
Ser170 phosphorylation within 5§ minutes and postulated that this rapid
dephosphorylation was likely to be the action of a phosphatase. Further studies
revealed that MAP4K dephosphorylation could be inhibited by incubation with the
specific PP2A inhibitor okadaic acid [126]. PP2A is a multiprotein serine/threonine
phosphatase which functions to reverse the action of many kinases in many major
signalling pathways. Consisting of a structural A-subunit, a regulatory B-subunit and
a catalytic C-subunit, the regulatory B-subunit is thought to determine substrate
specificity [127]. Yan et al. revealed that MAP4K3 could bind to the B-subunit of
PP2A, PR61¢. It was demonstrated that ectopic expression of PR61¢ could abolish
Ser170 phosphorylation of MAP4K and hence mTORC1 signalling even in the
presence of amino acids. Furthermore, amino acid deprivation lead to an increase in
the binding of PP2A to MAP4K3 [126]. This may suggest a model of competitive
inhibition between PP2AT61¢ (PP2A in complex with the B-subunit) and amino acids
(more likely a factor regulated by both) but further work is required to fully elucidate
how amino acids regulate MAP4K3 (see figure 1.5).

1.4.4.4 RalA

RalA is a member of the Ras superfamily of GTPases involved in modulation of
protein transcription, cellular membranes and cell migration. It has also been
implicated in cellular proliferation and participates in Ras-induced oncogenic
transformation of cells. More recently however it has been implicated in nutrient
regulation of mMTORC1. Maehema et al. demonstrated that amino acid and glucose
induced S6K1 phosphorylation could be inhibited by knockdown of RalA or its
activator Ral-GDS. It was reported that amino acids increased the levels of GTP-
bound RalA but not RalB, concluding that amino acids were able to regulate RalA to
activate mTORC1. Furthermore, RalA knockdown was sufficient to suppress
mTORC1 signalling in cells overexpressing a hyperactive mutant of Rheb and that
RalA knockdown did not affect Rheb’s nucleotide bound status, thus placing RalA
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downstream of Rheb. However they were not able to show direct interaction of RalA
with mTORC1 or with FKBP38 indicating that RalA is not able to activate mTORC1
alone. From this, they hypothesised that nutrients may be able to activate mTORC1
independently or downstream from Rheb [100], however the mechanism is yet to be

uncovered.

1.4.4.5 UBR1 and UBR2

The branched chain amino acids, in particular leucine, elicit a much stronger impact
upon mTORC1 signalling than other amino acids [128, 129]. Leucine withdrawal
alone is as effective as complete amino acid starvation at suppressing mTORC1
signalling and stimulation with leucine is sufficient to promote mTORC1 signal
transduction [128]. It has been speculated that leucine may be more frequently
utilised in protein synthesis and therefore mTORC1 is more responsive to their
depletion [128].

A recent study has however shed light on how leucine in particular is able to
modulate mTORC1 by identifying UBR1 and UBR2 as both leucine binding proteins
and negative regulators of mMTORC1. UBR1 and UBR2 are E3 ubiquitin ligases
which specifically recognise ‘N-degrons’ which are destabilising N-terminal basic or
bulky hydrophobic residues of protein substrates. UBR1 and 2 function as ‘N-
recognins’ which identify N-degrons and target these specific proteins for
ubiquitination and subsequent degradation at the 26S proteasome (N-end rule
pathway) [130]. A study by Kume et al. demonstrated that over-expression of UBR1
and UBR2 causes a suppression of mTORC1 signal transduction which can be
rescued by stimulating with high concentrations of leucine. They demonstrated that
leucine directly binds to the substrate recognition domain of UBR2 preventing
degradation via the N-end rule pathway, this promotes signalling via mTORC1 [131].
It is unclear how they function to inhibit mMTORC1 signalling and whether this is
related to their roles as ubiquitin ligases, leucine may also be able to exert a more

direct effect but this has yet to be discovered.

1.4.4.6 NPR2 and NPR3
Within yeast, conditions of rapamycin treatment or amino acid withdrawal result in
the nuclear translocation of transcription factors GIn3 and Gat1 causing expression

of Dal80 and suppression of Tor. When nutrients are plentiful, GIn3 and Gat1 remain
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cytoplasmic and hence inactive. Neklesa et al. developed a flow-cytometry based
genetic screen to discover regulators of TOR1 in yeast. They identified a highly
conserved complex consisting of NPR2 and NPR3 which responds specifically to
amino acid deprivation in yeast to inactivate TOR1 [132]. Unfortunately they were
unable to identify the mechanistic action of NPR2 and NPR3, nor whether this
activity was conserved among higher eukaryotes.

NPR2 and 3 are nitrogen permease regulators, the human analogues of
which are NPRL2 and NPRL3 which are now known to function as tumour
suppressors [133] so it may be likely that the human analogues of NPRL2/3 perform
similar functions in mammalian cells. A recent study by Kuruta et al. also
demonstrated that NPRL2 interacts with and inhibits PDK1 [134]. PDK1
phosphorylates Akt to promote activation of mMTORC1 (see section 1.4.1). It was
demonstrated that active NPRL2 functions to inhibit PDK1 and subsequently
decrease phosphorylation of the inhibitory mTORC1 regulators PRAS40 and TSC2,
suppressing mTORC1. Unfortunately Kurata et al. did not investigate NPRL2 activity
under the context of nutrient deprivation. Since a similar mechanism occurs in
eukaryotes as yeast and NPRL2 can inhibit mMTORCH1, it is possible that NPRL2 may
also be subject to amino acid regulation and may present one of the mechanisms by
which amino acids signal to mTORCA1.

1.4.5 Hypoxic Regulation

The cell is continuously orchestrating a fine balance between ensuring sufficient
oxygen concentration for metabolic processes without allowing it to reach toxic
levels. During O, deprivation, the cell rapidly adapts to compensate for the lack of
0., this is regulated in part by increased production of HIFs (see section 1.1
Oxygen),but also by suppression of energy demanding process such as protein
translation. This is modulated in part by a hypoxia induced suppression of mMTORC1
signalling. Hypoxia induces suppression of mTORC1 by several distinct
mechanisms, all of which are dispensable. HIF-1a has been identified as a potential
target of mMTORC1 signalling and is a focus of this study [135]. There are multiple
mechanisms of hypoxia mediated mTORC1 suppression, both HIF-1a dependent
and independent mechanisms are described. See figure 1.6 for overview.
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1.4.5.1 AMPK

As described above, induction of AMPK as a result of energy stress results in
mTORC1 suppression. AMPK phosphorylates TSC2 at Ser1345 to induce formation
of the inhibitory TSC [112] (see figure 1.6). In addition to this, AMPK can also directly
phosphorylate Raptor to reduce mTORC1 activity [115]. Both these events play a
role in hypoxia induced mTORC1 suppression.

1.4.56.2 REDD1 and REDD2

REDD1/2 expression is upregulated in response to hypoxia, cell stress and DNA
damage and it is thought to be a direct target for the transcription factor HIF-1a [136].
When mTORC1 is active, inhibitory 14-3-3 proteins bind to TSC2 to disrupt TSC-
mediated inhibition of mMTOR [137-140]. Under hypoxia, REDD1/2 binds to and
sequesters 14-3-3 proteins, thus releasing TSC2 and thereby rescuing TSC Rheb-
GAP activity to inhibit mTORC1 [35, 141, 142].

1.4.5.3 PML (Promyelocytic leukaemia tumour suppressor)

PML induces growth arrest, cellular senescence and apoptosis. In 2006, Bernardi et
al. identified PML as a key regulator of angiogenesis, demonstrating that PML could
be induced by hypoxia and that it led to a down-regulation of HIF-1a. They identified
a novel mechanism by which PML functions to sequester mTOR to the nucleus,
away from its activator Rheb. This results in suppression of mMTORC1 signalling and
therefore down-regulation of HIF-1a [143].

1.4.5.4 BNIP3 (Bcl-2/adenovirus E1B 19-kDa interacting protein 3)

BNIP3 is a member of the of the Bcl-2 family of apoptosis regulating proteins [144]. It
is also a target for HIF-1a and it is thought to play a role in hypoxic-induced cell
death [144, 145]. More recently it has been identified as one of the mediators of
hypoxia-induced mTOR suppression. BNIP3 has been shown to bind directly to
Rheb where it appears to reduce the GTP-level, thus preventing its activation of
mTORC1 [146].
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1.4.5.5 Hypoxia and mTORC1

The relationship between O, homeostasis is complex, mMTORC1 appears to regulate
the activity of HIF-1a which is an essential mediator of the hypoxic response,
paradoxically however mTORCH1 itself is suppressed during hypoxia but HIF-1a is
not. This suggests that mMTORC1 is able to upregulate HIF-1a specifically whilst
mediating suppression of other cellular processes; however this has yet to be
demonstrated. One of the primary aims of this study is to characterise how mTORC1
regulates HIF-1a. In order to understand how mTORC1 can regulate HIF-1a it is
important to dissect what we already know about mTORC1 and its downstream
substrates.

1.4.6 Feedback Loops

There are many positive and negative feedback loops in place which fine tune signal
transduction through mTOR. Several mechanisms have been described involving
S6K1 which is a direct substrate for mTORC1. For instance, S6K1 phosphorylates
Ser/Thr residues in IRS proteins inhibiting tyrosine phosphorylation and thus
preventing Pi3Kinase activation, this renders cells resistant to insulin [147, 148].
Active S6K1 also reduces the expression of both a and B isoforms of the platelet
derived growth factor receptor (PDGFR), causing insensitivity to serum and platelet
derived growth factor when mTORC1 is active. TSC1/2 deficient cells lines thus
exhibit reduced expression of PDGFR isoforms in comparison to their wild-types
[149]. Finally, S6K1 is also reported to phosphorylate Rictor in order to downregulate
mTORC2 mediated phosphorylation of Akt [150, 151].

Recent reports suggest inhibiton of mTORC1 by rapamycin causes
upregulation of ERK1/2 signalling to TSC2, disrupting the TSC1/2 tumour suppressor
complex (see section 1.4.1). It is thought that active S6K1 functions to suppress
activation of the Ras/Raf signalling cascade, therefore mTORC1 inhibition with
rapamycin alleviates the S6K1 mediated repression of Ras/Raf signalling [152]. This
may lead to activation of other pathways downstream of Raf and Ras which may be
inappropriately upregulated. Feedback mechanisms have direct implications for the
therapeutic use of mMTORCH1 inhibitors since they too become dysregulated when
signalling pathways are manipulated. Identifying these feedback loops is paramount
to understanding how diseases manifest through perturbed signalling, and also for

successful therapeutic intervention.
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1.5 DOWNSTREAM SUBSTRATES OF mTORC1
mTORC1 regulates multiple processes, including cell growth and proliferation,
cell cycle progression, angiogenesis, erythropoiesis, glucose transport and
mitochondrial biogenesis (see figure 1.7). It exerts many effects through regulation of
protein synthesis at a translational and transcriptional level, mediating
phosphorylation of multiple downstream substrates. Our knowledge base is rapidly
expanding in the field with identification of several new mTORC1 substrates in recent
years and many still yet to be uncovered.

Below is a review of the current knowledge of signalling downstream of
mTORC1. See figure 1.7 for an overview of mTORC1 downstream signalling effects.

1.5.1 The ribosomal protein S6-kinases

The S6-kinases are a subset of the AGC family of protein kinases, several other
AGC kinases are also involved in mTOR signal transduction including Akt and p90-
RSK. S6K1 and S6K2, like mTOR, are serine/threonine kinases and are known
regulators of protein synthesis. In addition to this role, they have been implicated in
the regulation of mMRNA processing, cell growth and survival as well as glucose
homeostasis (see review [153]). The S6-kinases exert many of their effects through
phosphorylation of ribosomal protein S6 (rpS6) however a full list of the known S6
kinase substrates is shown in table 1.2.

The family of AGC protein kinases share an analogous mechanism for
activation, for maximal induction they require phosphorylation at two conserved
Ser/Thr residues. One of which is situated in the T-loop domain (or activation-loop)
and one is contained within a hydrophobic motif found in the C-terminal catalytic
domain. PDK1 is thought to be the major T-loop kinase for the S6 kinases and many
other AGC kinases downstream of PI3K. It is thought that phosphorylation of the
Thr389 site (Thr388 in S6K2) contained within the hydrophobic motif, creates a
docking site for PDK1 which promotes its phosphorylation at the T-loop domain and
hence its full activation [154].

It was demonstrated in 2002 that mTORC1 specifically interacts with S6K1 via
an mTORC1 signalling motif to mediate its phosphorylation and subsequent
activation in a rapamycin sensitive manner. The TOS motif is found in the N-terminus
of both S6K1 and S6K2, mutation to this motif was found to mimic the effects of
rapamycin [77]. Rapamycin treatment is thought to repress S6K1 activation not only
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through downregulation of mTORC1, but also through increased activity of the
phosphatase PP2A towards S6K1 [155].

Studies utilising Drosophila have revealed the importance of the S6K’s in
modaulating cell growth and development. Disruption to the singular S6K gene found
in Drosophila (dS6K1) resulted in lethality for the majority of flies at the larval stage.
Those that did survive presented with a significantly smaller phenotype than the wild-
type as a result of a reduction in cell size not proliferation [156].

The S6Ks exert the majority of their effects through phosphorylation of rpS6,
rpS6 becomes activated after sequential phosphorylation at 5 different Serine sites
within its C-terminus: Ser236 > Ser235 > Ser240 > Ser244 > Ser247, the S6Ks are
able to mediate phosphorylation of Ser240/244 [157]. Mice studies demonstrated
that rpS6-/- mice share a similar phenotype to S6K1-/- mice and both exhibit defects
in cell growth. Interestingly, S6K1-/- mice show minimal changes to rpS6
phosphorylation whereas S6K2-/- mice show significantly reduced levels of
phosphorylated rpS6 but normal growth [158]. This would indicate that S6K2 is the
primary kinase for rpS6 but does not explain the discrepancies in the cell growth
phenotype. It may indicate that rpS6 is only able to effect cell growth when
phosphorylated by S6K1, and could be explained by differential localisation of S6K1
and S6K2. S6K2 contains an additional C-terminal nuclear localisation sequence
whilst S6K1 contains an additional PDZ domain associated with recruitment to the
cytoskeleton [153] in support of this.

S6K1 also has multiple roles in protein transiation (see figure 1.8). Introns

within a gene promote splicing which enhances gene expression via recruitment of
the exon junction complex (EJC) [159, 160]. In 2004, Richardson et al. identified
SKAR to be a specific target of S6K1 [161]. Ma et al. later demonstrated that S6K1
was recruited to the EJC via binding to SKAR where it functions to enhance
translational efficiency mediated via increased splicing [162].
Furthermore, a recent a study by Yamnik et al. demonstrated that S6K1 directly
phosphorylates the oestrogen receptor (ERa) at Ser167 promoting its transcriptional
activity in a rapamycin sensitive manner [163]. Increased transcriptional activity of
ERa promotes cell proliferation and is thought to confer enhanced proliferation in
breast cancer cell lines, implicating mTORC1 dysregulation in the manifestation of
breast cancer. See figure 1.8 for an overview of the effects of S6 kinases upon
protein synthesis.
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1.5.2 4E-BPs

As described in section 1.2.2.1, elF4G interacts directly with the cap-bound protein
elF4E for the initiation of cap-dependent translation. The 4E-BPs regulate protein
translation at this rate-limiting stage by disrupting this interaction. Hypo-
phosphorylated 4E-BPs compete for and bind reversibly to the binding site on elF4E
also targeted by elF4G, thus preventing its binding and suppressing cap-dependent
translation [164, 165]. Phosphorylation from mTORC1 reduces the affinity of the 4E-
BPs towards elF4E, triggering removal from the cap-bound elF4E so cap-dependent
translation can then commence [166].

There are three 4E-BP isoforms, they belong to a poorly understood group of
largely unstructured proteins which are thought to regulate a diverse range of cellular
functions. 4E-BP1, 2 and 3 all share the elF4E binding region found in elF4G and
hence are regulated in the same manner [167]. Binding of the 4E-BPs to elF4E
causes a change in conformation with the 4E-BPs adopting a more structured state
consisting of around 50% a-helices, this may aid their inhibitive action [168].

4E-BPs tend to differ primarily in terms of their expression with 4E-BP1 being
the most widely expressed and best characterised. Phosphorylation of 4E-BP1 is
thought to be a two-step mechanism. There are six identified MTORC1
phosphorylation sites contained within the 4E-BPs. mTORC1 phosphorylates Thr37
and Thr46 and this acts as a priming event for phosphorylation at other sites. These
sites are more readily phosphorylated whilst 4E-BP1 is in complex with elF4E, and
do not appear to influence the affinity of 4E-BP1 for elF4E. However 4E-BP1 must
be initially phosphorylated at these residues to allow subsequent phosphorylation of
Ser65, Thr70, Ser83 and Ser112 (by mTORC1/Akt/PI3Ks) [166]. Phosphorylation at
Ser65 has the greatest impact upon elF4E binding affinity which is perhaps expected
as it is the site situated closest to the elF4E binding domain (see figure 1.9 below).
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mTORC1 interaction with 4E-BP1 is modulated by two distinct regulatory motifs. The
mTOR signalling motif or TOS motif and an additional RAIP motif, named after its
amino acid sequence (see figure 1.9). As with other mTORC1 substrates, mutations
to the TOS motif of 4E-BP1 prevent interaction of mMTORC1. The TOS mutant of 4E-
BP1 therefore acts as a dominant inhibitor of cap-dependent translation [169], still
able to bind to and inhibit elF4E but not phosphorylated by mTORC1 to initiate its
removal. The RAIP motif was later identified by Tee et al. [169] and appears to
facilitate maximal phosphorylation of 4E-BP1 although there are discrepancies within
the literature regarding whether it is involved in Raptor binding [170, 171], further
characterisation of this motif is carried out as part of these studies.

1.5.3 HIF-1a
HIF-1a is a ubiquitously expressed HIF protein. HIF-1a is primarily responsible for
the hypoxic response. It can modulate over 100 different target genes and regulates
processes involved in angiogenesis, erythropoiesis, energy metabolism as well as
cell cycle progression [135, 172]. It functions as a heterodimer which is comprised of
a constitutively expressed HIF- subunit and an inducible a sub-unit. The a-subunit
is present in 3 isoforms, HIF-1a, HIF-2a and HIF-3a. HIF-1a and HIF-2a are similar
in their structure and function whereas HIF-3a appears to play more of an opposing
role, functioning to inhibit the expression of hypoxia induced genes [173]. HIF-1a and
HIF-2a both appear to be activated and regulated in the same oxygen dependent
manner however HIF-1a is the only form which is expressed ubiquitously. HIF-2a
expression is restricted to the endothelium of blood vessels and distinct cells of the
kidney, brain, heart, lung, liver, pancreas, and intestine [174, 175]. It is the
ubiquitously expressed HIF-1a isoform which is the focus of this study due to its
widespread expression and the presence of an mTOR signalling motif within the N-
terminus which is not present in the HIF-2a isoform. Land and Tee (2007) discovered
the mTOR signalling motif at the 3’-end of the period-ARNT-Sim conserved domain-
A (PAS-A) of HIF-1a. In their study, the TOS motif, FVMVL, was mutated at the first
crucial phenylalanine to an inactivating alanine residue (see figure 1.10). This
produced a dominant negative mutant of HIF-1a and indicated a regulatory input
from the mTORC 1 signalling pathway [135].

Many diseases linked with mTOR feature the development of tumours.
Whether they are benign hamartomas like those seen in TSC patients, or highly
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metastatic cancers like those seen in renal cell carcinoma, activation of HIF-1a is
required to induce the formation of new blood vessels. The diffusion of O, through
tissues is very limited therefore tumours absolutely require activation of HIFs to
increase O, and nutrient delivery to all areas of the tissue. The effects of
inappropriate HIF-1a activation can be seen best in sufferers of Von-Hippel Lindau
(VHL) syndrome. VHL results from mutations to the Von Hippel-Lindau tumour
suppressor protein. The disease is characterised by the development of highly
vascularised, both benign and malignant tumours with increased risk of
hemangioblastoma and clear-cell renal carcinoma [176, 177]. VHL modulates the
oxygen dependent degradation of the HIF-1a subunit (see figure 1.11 for an
overview of this degradation). HIF-1a contains an oxygen dependent degradation
domain, within this domain are two proline residues of significance, Pro564 and
Pro402 (see figure 1.10). These proline sites become hydroxylated by any of three 2-
oxoglutarate and Fe(ll) dependent prolyl hydroxylases (PHDs) in the presence of O..
This reaction causes a significant increase in the binding of VHL to HIF-1a, where
VHL is the recognition component of the E3 ligase for HIF-1a, ubiquitinating it for
degradation at the proteasome [178, 179]. OS-9 (osteosarcoma amplified 9)

has also been demonstrated to influence the stability of HIF-1a. OS-9 appears to
stabilise the interaction between HIF-1a and PHD2/3 to promote HIF-1a
hydroxylation [180].

In addition to this, there is further hydroxylation of an asparaginyl residue C-
terminal transcriptional activational domain of HIF-1a, which acts to inhibit
interactions with the transcriptional co-activator of HIF-1a, p300 [179]. This is
mediated by factor inhibiting HIF (FIH) [181] Oxygen is required for the hydroxylation
of the proline and asparagine sites, therefore under hypoxic conditions this does not
occur. Therefore under hypoxia, HIF-1a remains stable enough to form a
heterodimer with the B-subunit, it then translocates into the nucleus. This
heterodimer then binds to HIF response elements located upstream of the promoters
on target genes (see figure 1.11.)
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HIF-1a is also subject to other post-translational modications. For instance, it
is acetylated by an acetyltransferase referred to as ARrest Defective-1 protein
(ARD1). This interaction promotes VHL interaction with HIF-1a and therefore
promotes HIF-1a proteasomal degradation. ARD1 is thought to be suppressed by
hypoxic conditions to promote HIF-1a stability [182].

Conversely, HIF-1a stability can also be increased through post-translational
modifications. Recent studies show evidence that HIF-1a is sumoylated by SUMO-1
(small ubiquitin-related modifier-1) at Lys391 and Lys477 resulting in an upregulation
of its transcriptional activity and stability [183]

Nitric oxide has also recently been demonstrated to upregulate HIF-1q, it is
thought that all 15 thiol groups found in human HIF-1a are subjected to S-nitrosation
which promotes HIF-1a stabilisation and activation during hypoxia [184].

HIF-1a transcriptional activity appears to be dependent upon its interaction
with co-activators p300 and CBP (CREB binding protein). p300/CBP bind to HIF-1a
via the C-terminal and N-terminal TAD domains. It is thought that p300/CBP facilitate
histone acetylation to promote chromatin remodelling, this enhances HIF-1a DNA-
binding to HRE on target gene promoters. Interaction with p300 is thought to be a
critical aspect of HIF-1a activation. Other acetyl-transferases such as steroid-
receptor co-activator-1 (SRC-1) and transcription intermediary factor 2 (TIF2) are
also thought to act in synergy with p300 to activate HIF-1a and this appears to be
regulated by the redox regulated protein, Ref-1 [185]. Furthermore s-nitrosation on
cys800 appears to promote it’s interaction with p300

As indicated above, mTOR has been shown to regulate HIF-1a and diseases
associated with mTORC1, such as TSC, exhibit highly vascularised hamartomas,
however the mechanism behind this regulation has yet to be determined. One of the
primary aims of this project is to characterise mTORC1 regulation of HIF-1a.

1.5.4 STAT3
1.5.4.1 The STAT family
STAT3 is a member of the STAT protein family. The STATs are a group of latent
transcription factors which become activated in response to cytokine or growth factor
interactions with cell membrane receptors [155-157]. There are currently seven
recognised STAT proteins which are subject to similar mechanisms of regulation and
activation, STAT-1, 2, 3, 4, 5a, 5b and 6.
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Cytokine/growth factor stimulation causes recruitment of STAT proteins to the
appropriate receptor as mediated by a highly conserved Src-homology-2 (SH2)
domain found within the STAT family of proteins [186]. In resting cells, STAT
proteins reside primarily as homodimers in the cytoplasm [187]. Upon ligand receptor
binding, associated Janus-activated kinase family kinases (JAK kinases) are
activated to promote phosphorylation of specific tyrosine residues within the STAT
protein. The phospho-tyrosine residue then interacts directly with the SH2 domains
within inactive STAT proteins to create protein dimers. The inactive STAT proteins
are also phosphorylated at their tyrosine residue promoting the release and nuclear
translocation of the activated dimers to upregulate cytokine mediated gene
expression [186-188].

1.5.4.2 STAT3 Structure and function

STATS3 is ubiquitously expressed and activated by a number of cytokines, growth
factors and other stimuli [188]. It is reportedly involved in cellular processes including
cellular differentiation and survival, wound healing and the acute phase immune
response. It also facilitates neuronal development in the brain in response to Ciliary
Neurotrophic Factor (CNTF) [188-190] [191]. More recently, it has been
demonstrated that STAT3 plays a role in carcinogenesis and tumour formation, in
part due to the protective effect activated STAT3 can have from apoptosis [192-194].
A number of STAT3 target genes are reported to be upregulated during tumour
formation including Bcl-X. survivin, Hsp70, cyclin-D1 and c-myc which are likely to
contribute to the pathogenesis [190]. Many genes have been proposed to be
regulated in a STAT3 dependent manner, microarray analysis has indicated
hundreds of potential target genes for STAT3 however not all these have been
shown to be direct targets. A more recent study by Snyder et al. used chromatin
immunoprecipitation (ChlP) to specifically look at STAT3 DNA binding and cross
referenced interactors with those previously identified by microarray giving an
extensive list (see below figure 1.12 for overview of probable STAT3 targets) [195].

Structurally, STAT3 is similar to the other members of the STAT family. It is
activated by ligand binding to the gp-130 receptor, this receptor is activated by IL-6,
CNTF, LIF (Leukaemia Inhibitory Factor), IL-11, oncostatin-M and cardiotrophin-1,
causing dimerisation of the gp-130 receptor subunit. This recruits JAK kinases to
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mediate tyrosine phosphorylation, firstly of the gp-130 receptor, providing a docking
site for STAT3, then of STAT3 itself for activation [196-198). STAT3 contains two
characterised phosphorylation sites, Tyr705 and Ser727 both situated within the
transcriptional activation domain (TAD) - see figure 1.11. It was initially thought that
STAT proteins were modulated entirely by phosphorylation at the tyrosine residue
(this is still thought to be the case for STAT2). However, further studies identified a
secondary serine phosphorylation site within the TAD of STAT proteins which
regulate the transcriptional activity. Phosphorylation at Ser727 on STAT1 is required
for its maximal activation and facilitates the recruitment of its transcriptional
cofactors, MCM5 and CamKIl [199, 200], leading to enhanced activation. In the case
of STAT3, there is substantial evidence for a similar positive role of Ser727 in STAT3
activation. STAT3 also contains two putative TOS motifs, FDMDL at amino acids 26-
30 and FDMDL at amino acids 756-760 [80] (see figure 1.12) although research has
not been carried out to determine whether they are functional mTORC1 signalling
motifs.
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1.5.4.3 Serine phosphorylation of STAT3

Mice engineered to express a mutant form of STAT3 whereby the Ser727 site is
substituted with an alanine (S727A) revealed that serine phosphorylation of STAT3
is required for embryonic growth and development. Many of the S727A mice died
shortly after birth, those that didn't were approximately 50% smaller than the wild-
type at one week old and exhibited altered IGF-1 serum levels and increased
apoptosis [191]. This indicates that the supplementary signalling via growth factors to
Ser727 may serve to regulate alternative cellular processes of STAT3. STAT3 is
often referred to as the acute phase response gene due to its modulation of this
process, however, S727A mice exhibited a normal STAT3 dependent liver acute
phase response. This indicates that the acute phase response is modulated mainly
via Tyr705 phosphorylation [191]. Shen et al suggested a model whereby STAT3
effects are determined by its phosphorylation status at both sites and suggest a
more prominent role for Ser727 of STAT3 than was first thought [191].

However, other studies have indicated that Ser727 phosphorylation functions
to negatively regulate Tyr705 phosphorylation, with cells expressing the S727A
mutant exhibiting higher levels of tyrosine phosphorylation [201]. This could suggest
that Ser727 phosphorylation may play a role in the negative feedback loops for
STAT3. A study by Yokogami et al. demonstrated that in the case of neuroblastoma
cell lines, CNTF (a neuropoeitic cytokine which stimulates the JAK STAT pathway in
addition to ERK1/2, PI3K and mTOR signalling) stimulation activated both Tyr705
phosphorylation and Ser727 phosphorylation of STAT3, and phosphorylation of both
sites was required for maximal transcriptional activation. Furthermore they showed
evidence that mTORC1 may be the kinase which modulates Ser727 phosphorylation
and demonstrated mTORC1 directed phosphorylation of a C-terminal STAT3 peptide
in vitro [202].

A more recent study indicated that STAT3 could be activated at Ser727 but
not Tyr705 phosphorylation by amino acid stimulation in a rapamycin sensitive
manner [203] adding support for the hypothesis that mTORC1 is a regulator of
STAT3. However, aside from Yokogami et al. studies providing evidence for
mTORC1 mediated regulation of STAT3 are based upon inhibition seen with
rapamycin treatment. Therefore it is unclear from these whether STAT3 is a direct
substrate for mTORC1 or whether it occurs further downstream. In addition to this,
more recently it was reported that the phosphatase PP2A could bind to a
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dephosphorylate the Ser727 residue of STAT3 [204], since PP2A is activated by
rapamycin treatment [205] it is possible that the rapamycin sensitivity demonstrated
in many studies is a result of PP2A activation as opposed to mTORC1 inhibition.
This study aims to determine whether STAT3 is indeed a direct substrate for
mTORCH1.

1.5.5 STAT3 and HIF-1a

The first evidence for a link between STAT3 and HIF-1a was published in 2002. As
described earlier, VEGF is a gene target of HIF-1a. Analysis of the promoter region
of VEGF revealed a putative STAT3 binding site, indicating that VEGF may be
activated by STAT3 as well as HIF-1a [206] (it should be noted that there are also
binding sites within the VEGF promoter for other transcription factors including Sp-1,
AP-1, AP-2 and Egr-1 etc. [207]).

Nui et al. described how STAT3 and VEGF activity correlated and saw
upregulation of VEGF with expression of a constitutively active STAT3 mutant [206].
This was confirmed by Wei et al. who demonstrated that VEGF was upregulated by
STATS3 directly in pancreatic cancer cell lines [208].

In 2005, Gray et al. demonstrated that STAT3 and HIF-1a could bind to the
VEGF promoter simultaneously in complex with the transcriptional co-activators
p300 and APE. They postulated that both STAT3 and HIF-1a were required for
maximal activation of the VEGF gene [209]. A second group later reported that
hypoxia could induce STAT3 phosphorylation, promoting recruitment of HIF-1a and
p300 as well as inducing histone H3 acetylation to cause transactivation of the VEGF
promoter [210]. These studies provide clear evidence that STAT3 and HIF-1a
function in synergy. The latter study suggests that STAT3 may in fact be a regulator
of HIF-1a, this was confirmed shortly afterwards when Xu et al. showed that
knockdown of STAT3 prevented both basal and growth-factor induced HIF-1a
protein expression [211].

In 2008 it was reported that STAT3 is able to interact directly with the C-
terminal domain of HIF-1a whereby it functions to directly compete with VHL for
binding. Jung et al. demonstrated that over expression of constitutively active STAT3
inhibited the binding of VHL to HIF-1a in a dose dependent manner. (See figure 1.11
for VHL mechanistic action) [212]. This therefore represents at least one of the
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mechanisms by which STAT3 is able to modulate HIF-1a. This study aims to
investigate this relationship further.

1.5.6 YY1

It was demonstrated in 2006 that rapamycin treatment caused a reduction in
mitochondrial membrane potential, oxygen consumption and ATP synthesis. Similar
results were achieved through knockdown of TSC2/Raptor indicating that this is not
a result of rapamycin induced phosphatase activity [213]. A later publication revealed
a potential mechanism behind this showing evidence that Yin-Yang-1 may be a
direct substrate for mMTORC1 [214]. They established this via studies of the
transcriptional co-activator, peroxisome proliferator-activated receptor y coactivator-
1a (PGC-1a). PGC-1a is a regulator of mitochondrial function, it modulates the
expression of genes related to mitochondrial oxidative function, including the
oestrogen-related receptor a (ERR-a) and nuclear respiratory factors (NRFs) [215].
Rapamycin treatment inhibits PGC-1a, ERR-a and NRF-1 mRNA levels and
genomic analysis revealed that YY1-binding motifs were highly enriched within these
rapamycin sensitive genes [214]. Cunningham et al. used shRNA interference to
knockdown YY1 causing a dramatic decrease in mitochondrial activity. Knockdown
of YY1 also rendered the cells insensitive to rapamycin inhibition of mitochondrial
gene expression suggesting that YY1 is the intermediary component linking
mTORC1 to mitochondrial function. They revealed that YY1 and PGC-1a formed a
transcriptional complex and that this interaction could be disrupted by rapamycin
treatment, resulting in a reduction in mitochondrial gene expression. YY1 is a zinc-
finger transcription factor of the Polycomb group protein family. It is a 44kDa protein
which is 414 amino acids in length. Eight different isoforms of YY1 are generated
from alternative splicing of the YY1 gene, however the functional significance of this
remains unknown [216]. It contains several conserved domains relating to its
function, the N-terminus region appears to function as an activating domain, whereas
the C-terminus appears to be invoived in its repression. The four zinc fingered motifs
are involved in its repression as well as its interaction with PGC-1a [214, 216).
Cunningham et al. demonstrated that mMTORC1 could bind to the conserved ‘REPO’
domain of YY1 (so called because it is thought to mediate recruitment of polycomb
proteins to their appropriate target genes [217]), however analysis of the sequence
reveals only one phenylalanine within this domain. Therefore the only potential TOS
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motif within this domain is VTMWS which would be unconventional. Although there
are several reports implicating mTORC1 with mitochondrial biogenesis [213, 218,
219)], little is known about the mechanisms governing this regulation. Further
research is required to confirm whether YY1 is indeed a direct substrate for
mTORC1.

1.5.7 GTF3C and Maf-1
Ribosomal synthesis is an expensive and complex process which requires all three
classes of the RNA polymerases (Pol |, Il and lil). A proliferating HelLa cell is
reported to produce approximately 7,500 ribosomes per minute, this requires
transcription of around 150-200 rRNA genes and synthesis of around 300,000
ribosomal proteins [220]

It is well established that mMTORC1 is a key regulator in this process. Studies
examining the effects of rapamycin upon mammalian cells and yeast have
demonstrated that mTOR plays a role in modulating transcription, pre-rRNA
processing, expression of ribosomal proteins and synthesis of 5S rRNA [221-224].
However the mechanisms behind this regulation are not fully understood.

Recent evidence has demonstrated a direct link between mTORC1 and the
regulation of RNA polymerase [l (pol Ill), identifying GTF3C (general transcription
factor IlIC or TFIIC) as a key modulator of this process. Pol Ill is an RNA
polymerase required for the production of 5S rRNA and tRNA which is negatively
regulated by Maf-1. In yeast, Tor interacts with and phosphorylates Maf-1 in vivo.
Wei et al. demonstrated how Tor translocates to the nucleus, to facilitate the release
and cytoplasmic export of Maf-1, allowing Pol lll mediated transcription to occur
[225]). More recently it was demonstrated that mTOR is also involved in Maf-1
phosphorylation in mammalian cells [226].

Kantidakis et al. described a mechanism by which mTOR binds directly to
GTF3C via an mTOR signalling motif (see table 1.1). GTF3C recognises the
promoters of the tRNA and 5s rRNA genes and functions to relocate mTOR to the
target genes (see figure 1.7). Mammalian Maf-1 appears to be is then
phosphorylated by mTORC1, alleviating its repressive activity towards Pol IIl.
However, Maf-1 remains at the Pol Ill site rather than translocating to the cytoplasm

as is seen in yeast [227].
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This case is particularly interesting as the TOS motif has been identified in the
co-factor not the substrate. It will be of interest to see if the research group takes this
work further to establish whether GTF3C is also phosphorylated by mTOR or
whether this is a newly described mechanism.

1.5.8 PRAS40
See section 1.3.6 for details.

1.5.9 PKC? and ¢ isoforms

Table 1.1 indicates that mTOR signalling motifs have been identified in the the & and
e isoforms of PKC. It was reported in 1999 that these isoforms could in fact be
regulated and phosphorylated in a rapamycin sensitive manner [228]. However,
there has been no further evidence to support this. A more recent study investigating
PKC 8 and ¢ in the context of cardiac hypertrophy has shown evidence that PKC3
and ¢ isoforms are actually located upstream of mTORC1 and required for auto-
phosphorylation of mMTOR at Ser2448, as well as Thr389 phosphorylation of S6K1
during hypertrophy. This may explain the correlation in activity. [229]. Further
research is required however to determine whether mTORC1 can in fact
phosphorylate PKCd and € isoforms.

1.6 Cellular processes regulated downstream of mTORC1
1.6.1 Cell cycle progression
The cell cycle is made up of four distinct growth phases, G1, S, G2 and M. Whereby
‘S’ represents the DNA synthesis phase and ‘M’ represents the mitotic or dividing
phase. Cells in a quiescent non-dividing state are said to be in Go. For review see
[230]. Progression through each phase of the cycle is subject to tight regulation from
various inputs. The first indication that mTORC1 may be involved in cell cycle
progression came from studies of the drug rapamycin. Analysis into the effects of the
drug revealed its immunosuppressant qualities, with rapamycin treatment inducing
growth arrest in T-lymhocytes, preventing progression into the S-phase of the cycle.
Although we are yet to discover exactly how mTORC1 regulates the cell
cycle, there have been several recent advancements which are outlined below.
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1.6.1.1 p27

p27 is a cyclin-dependent-kinase inhibitor (CDKI) which as the name indicates has
inhibitory activity towards cyclin-dependent-kinases (CDKs) [231]. For a cell to
progress from the G1 phase to the S-phase of the growth cycle, active cyclin
complexes are formed between cyclins and CDKs. These active complexes
phosphorylate the retinoblastoma gene product (Rb).

Rb is nuclear protein which is active whilst cells are in the G1 phase of the cell
cycle, it inhibits the progression into S-phase, primarily through inhibition of the E2F
family of transcription factors. Once Rb is phosphorylated by the active cyclin
complexes, its inhibitory activity towards the E2F family is relieved and progression
to S-phase commences [232].

Whilst the cell is in G1 phase, CDKs are repressed by p27 [231]. Active
mTORC1 reduces expression of p27 to allow active cyclin complexes to form,
promoting Rb phosphorylation and subsequent activation of E2F target genes. This
allows progression to the s-phase of the cell cycle [233, 234] (see figure 1.7). When
p27 is phosphorylated, its nuclear translocation is prevented, and its inhibitory
activity is lost [235]. A recent publication also indicated a potential involvement of
Oct1 in the expression of p27. Initial findings indicate that Oct1 mediates the
transcription of p27 downstream of mMTORCA1. Further work is required to confirm this
and also to confirm whether Oct1 is a direct downstream substrate of mTORC1 or

one of its effectors [236].

1.6.1.2 Cyclin-D1
As outlined above, cyclins are important for the progression from G1 to the S-phase.
There is growing evidence to suggest that mTORC1 may be able to regulate the
expression of cyclin-D1, this may provide an alternative mechanism of cell cycle
control. Cyclin-D1 forms an active cyclin complex with Cdk4, this stimulates
activation of cyclin-E/CdK2 complexes by altering the binding activity of the inhibitory
p27 [237]. Furthermore the active cyclin-D1 complex mediates phosphorylation of Rb
on Ser795 [238], hyper-phosphorylation of Rb results in cell cycle progression to the
S-phase.

The first evidence of mMTORC1 directed regulation of cyclin-D1 appeared in
1993, a study by Rosenwald et al. showed that overexpression of elF4E caused an
increase in the expression of cyclin-D1 protein levels [239]. It was later demonstrated
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