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Abbreviations

Abbreviation Full Form

3 Three Prime

4E-BP1 Eukaryotic Translation Initiation Factor 4E-Binding Protein 1

5' Five Prime

AAs Amino Acids

ACC1 Acetyl-CoA Carboxylase 1

ACSL4 Acyl-CoA Synthetase Long Chain Family Member 4

ADHD Attention Deficit Hyperactivity Disorder

ADP Adenosine Diphosphate

AIFM2/FSP Apoptosis-Inducing Factor Mitochondria Associated 2/Ferroptosis
Suppressor Protein

AIFM Apoptosis-Inducing Factor Mitochondria Associated

AKT Protein Kinase B

AMBRA1 Activating Molecule in BECN1-Regulated Autophagy Protein 1

AML Angiomyolipoma

AMP Adenosine Monophosphate

AMPK AMP-Activated Protein Kinase

ANGPTL4 Angiopoietin-Like 4

ANOVA Analysis of Variance

A/OPI Acridine Orange/Propidium lodide

ARE Antioxidant Response Element

ASD Autism Spectrum Disorder

ATF3 Activating Transcription Factor 3

ATF4 Activating Transcription Factor 4

Atgl01 Autophagy Related 101

Atgl3 Autophagy Related 13

ATP Adenosine Triphosphate

Baf Bafilomycin

Bcl2 B-Cell Lymphoma 2

BECN1 Beclin 1

BiP Binding Immunoglobulin Protein

BNIP3 BCL2 Interacting Protein 3

BSA Bovine Serum Albumin

bzIP Basic Leucine Zipper Domain

CAD Coronary Artery Disease

CA9 Carbonic Anhydrase 9

CARS Cysteinyl-tRNA Synthetase

CARS1 Cysteinyl-tRNA Synthetase 1

CASP Caspase

CAT Catalase

CBS Cystathionine Beta-Synthase
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CBD Cannabidiol

cDNA Complementary DNA

CDK Cyclin-Dependent Kinase

CHMP1A Charged Multivesicular Body Protein 1A

ChIP Seq Chromatin Immunoprecipitation Sequencing

CHOP C/EBP Homologous Protein

CK1 Casein Kinase 1

CKI Casein Kinase Inhibitor

CIsD1 CDGSH Iron Sulfur Domain 1

CISD2 CDGSH Iron Sulfur Domain 2

co2 Carbon Dioxide

CoQ Coenzyme Q

CoQ10 Coenzyme Q10

CoQ10H2 Reduced Form of Coenzyme Q10

COX-2 Cyclooxygenase-2

CReP Constitutive Repressor of elF2a Phosphorylation

CSE Cystathionine Gamma-Lyase

CTD C-Terminal Domain

CTSB Cathepsin B

C11 BODIPY C11 BODIPY lipid peroxidation probe

CM-H2DCFDA  5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate,
acetyl ester

DFP Deferiprone

DRAQ7 DRAQ?7 far-red fluorescent probe

DCFDA Dichlorofluorescein Diacetate

DEG Differentially Expressed Gene

DEPDC5 DEP Domain Containing 5

Deptor DEP Domain Containing MTOR-Interacting Protein

DFP Deferiprone

DHFR Dihydrofolate Reductase

DPP-4 Dipeptidyl peptidase 4

DMEM Dulbecco's Modified Eagle Medium

DMNQ 2,3-Dimethoxy-1,4-Naphthoquinone

DMSO Dimethyl Sulfoxide

DNA Deoxyribonucleic Acid

Dox Doxorubicin

DR5 Death Receptor 5

DTT Dithiothreitol

eEF2 Eukaryotic Elongation Factor 2

eEF2K Eukaryotic Elongation Factor 2 Kinase

EGF Epidermal Growth Factor

elF2a Eukaryotic Initiation Factor 2 Alpha

elF4A Eukaryotic Initiation Factor 4A
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elF4B Eukaryotic Initiation Factor 4B

elF4E Eukaryotic Initiation Factor 4E

ELISA Enzyme-Linked Immunosorbent Assay
ELT3 Eker Rat Leiomyoma-Derived Cells

EMT Epithelial-Mesenchymal Transition

EMP1 Epithelial Membrane Protein 1

ER Endoplasmic Reticulum

ERAD Endoplasmic Reticulum-Associated Degradation
ERa Estrogen Receptor Alpha

ERK Extracellular Signal-Regulated Kinase
ESCRT-III Endosomal Sorting Complex Required for Transport-Ill
Eto Etoposide

EXIST Existence

FAD Flavin Adenine Dinucleotide

FANCD2 Fanconi Anemia Group D2

FAT Fatty Acid Translocase

FBS Fetal Bovine Serum

Fer-1 Ferrostatin-1

FDA Food and Drug Administration

FGF Fibroblast Growth Factor

FINs Ferroptosis Inducers

FKBP12 FK506 Binding Protein 12

FLCN Folliculin

FPN1 Ferroportin 1

FRB FKBP-Rapamycin Binding

FSC Forward Scatter

FSP1 Ferroptosis Suppressor Protein 1

FTH1 Ferritin Heavy Chain 1

FTL Ferritin Light Chain

G6PD Glucose-6-Phosphate Dehydrogenase
GADD34 Growth Arrest and DNA Damage-Inducible Protein 34
GAP GTPase-Activating Protein

GATOR GAP Activity Toward Rags

GBL G Protein Beta Subunit-Like

GCLC Glutamate-Cysteine Ligase Catalytic Subunit
GCH1 GTP Cyclohydrolase 1

GEF Guanine Nucleotide Exchange Factor
GLUT4 Glucose Transporter Type 4

GJIC Gap Junction Intercellular Communication
GPX4 Glutathione Peroxidase 4

GRB2 Growth Factor Receptor-Bound Protein 2
GRP94 Glucose-Regulated Protein 94

GSDMD Gasdermin D
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GSH Glutathione

GSHTracer Glutathione fluorescent probe

GSSH Glutathione Disulfide

H,0, Hydrogen Peroxide

HBXIP Hepatitis B Virus X-Interacting Protein
HCC Hepatocellular Carcinoma

HER2 Human Epidermal Growth Factor Receptor 2
HIF Hypoxia-Inducible Factor

HMGB1 High Mobility Group Box 1

HMG-CoA 3-Hydroxy-3-Methylglutaryl-Coenzyme A
HMOX1 Heme Oxygenase 1

HRP Horseradish Peroxidase

HSF1 Heat Shock Factor 1

HSP90 Heat Shock Protein 90

HSPB1 Heat Shock Protein Beta-1

IKKB IkB Kinase Beta

IC50 Half-Maximal Inhibitory Concentration
ID Inhibitor of Differentiation

IL-6 Interleukin 6

IPP Isopentenyl Pyrophosphate

IRE-1a Inositol-Requiring Enzyme 1 Alpha

JAK Janus kinase

KEAP1 Kelch like ECH associated protein 1

LCN2 Lipocalin 2

LIP Labile iron pool

LPCAT3 Lysophosphatidylcholine acyltransferase 3
Lipid-ROS ROS-mediated Lipid Peroxidation

LPOX Lipid peroxidation

LTF Lactotransferrin

MAPK14 Mitogen-activated protein kinase 14
MDA Malondialdehyde

MDM2 Murine double minute 2

MDMX Murine double minute X

MEF Mouse embryonic fibroblasts

MGST1 Microsomal glutathione S-transferase 1
MLKL Mixed-lineage kinase domain-like pseudokinase
mLST8 Mammalian lethal with Sec13 protein 8
mMP Methyl pyruvate

MP1 MAPK scaffold protein 1

MPST Mercaptopyruvate Sulfurtransferase
MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide
MT1G Metallothionein 1G

MUFAs Monounsaturated fatty acids
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NAPDH Nicotinamide adenine dinucleotide phosphate

Nec-1 Necrostatin 1

NFE2L2/NRF2 Nuclear factor, erythroid 2 like 2

NQO1 Quinone oxidoreductase 1

PEBP1 Phosphatidylethanolamine binding protein 1

PERK Protein kinase RNA-like endoplasmic reticulum kinase
PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
PGCla Peroxisome proliferator-activated receptor gamma, coactivator la
PI3K Phosphoinositide 3-kinase

PIP3 Phosphatidylinositol-3, 4, 5-trisphosphate

PKCa Protein kinase Ca

PML Progressive multifocal leukoencephalopathy

PMSF Phenylmethane sulfonyl fluoride

POR Cytochrome P450 oxidoreductase

IC50 Half-maximal Inhibitory Concentration

LIP Labile Iron Pool

MEF Mouse Embryonic Fibroblasts

MFI Median Fluorescent Intensity

mTORC1 Mechanistic Target of Rapamycin Complex

SSC Side Scatter

SCD stearoyl-CoA desaturase

SLC11A2 solute carrier family 11 member 2

SLC40A1 solute carrier family 40 member 1

SLC7A11 Solute carrier family 7 member 11,

SQSTM1/p62 Sequestosome 1

STING1 Stimulator of Interferon Response CGAMP Interactor 1
TF Transferrin

TFR Transferrin Receptor

TGFB1 Transforming Growth Factor Beta 1

TP53 Tumour Protein p53

uc Untreated Control

Z-VAD-FMK benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone
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Abstract

Ferroptosis, an iron-dependent cell death mechanism characterized by oxidative damage to
phospholipids and subsequent membrane damage, presents a promising target for cancer
therapy. The TSC1-TSC2 complex is crucial in cellular signalling, regulating cell growth,
proliferation, and metabolism. Mutations or loss of TSC2 lead to hyperactivation of mTORC1,
implicated in various cancers. This research aimed to elucidate the role of TSC2 loss in
ferroptosis and its contribution to drug resistance in TSC2-cell line models, potentially guiding

the development of new therapeutic strategies.

Cytotoxicity testing within this study revealed that Tsc2-deficient cells have greater resistance
to ferroptosis induction compared to Tsc2-positive cells. Notably, inhibition of mTORC1 did not
reverse this resistance, whereas NRF2 antioxidant pathway inhibition and AMPK activation did,
suggesting that resistance operates through mTORC1-independent pathways. Biochemical
analysis identified altered ferroptosis markers in TscZ-deficient cells, such as ROS-mediated

lipid peroxidation, GPX4, GSH, and labile iron pools as key factors in this resistance.

Further investigations into NRF2 revealed significantly elevated nuclear translocation upon
ferroptosis induction in Tsc2-deficient cells during ferroptosis induction, identifying the NRF2
pathway as a potential mediator of resistance. qPCR and RNAseq analyses confirmed significant
dysregulation of NRF2 and its target genes between TSCZ2-deficient and TSCZ-expressing
tumours. Additionally, inhibition of ferroptosis suppressor protein 1 (FSP1) also counteracted
the cell death resistance in TscZ-deficient cells. These cells displayed a fourfold increase in
mRNA levels of FSP1, which significantly enhanced their resistance to ferroptosis. Overall, this
thesis establishes that the loss of TSC2 confers resistance to ferroptosis through mechanisms
that are independent of mTORC1 overactivation but dependent on NRF2 activation. This study

also provides a deeper understanding of ferroptosis and additional cellular signalling
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pathways, such as those involving ROS regulation, lipid peroxidation, and iron metabolism,
within the context of TSC2 loss. These insights will guide the development of future therapeutic

strategies targeting ferroptosis in TSC2-deficient cancers.

Word count -69800
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Chapter 1: General Introduction

1.1 Tuberous Sclerosis Complex (TSC)

Cancer cells exhibit a loss of homeostatic flexibility due to genetic mutations and the
dysregulation of signalling pathways that are crucial for maintaining cellular equilibrium (Bou
Antoun and Chioni, Gyamfi et al.,, 2022) . One significant pathway involves the TSC1/TSC2
complex, which is vital in regulating cell growth and metabolism through its inhibitory effect
on mTORC1. In many cancers, mutations in TSCI or TSCZ lead to the aberrant activation of
mTORC1. This hyperactivation results in uncontrolled cell proliferation, enhanced survival
mechanisms, and metabolic reprogramming, which collectively contribute to tumorigenesis
and cancer progression (Mieulet and Lamb, 2010). However, TSC2 loss is known to impact
various cellular pathways such as cell cycle and DNA damage response, reactive oxygen species
(ROS) regulation, AMPK, and autophagy regulation, independent of mTORC1 signalling (Fidalgo
da Silva et al., 2021, Brugarolas et al., 2003, Di Nardo et al., 2014). This thesis aims to enhance
the understanding of mTORC1 signalling and other pathways disrupted by TSC2 loss, with the

goal of contributing to the development of more effective therapies for TSC-driven cancers.

1.1.1 Overview of TSC

Tuberous Sclerosis Complex (TSC), historically referred to as Bournville-Pringle disease, is a
genetic disorder characterized by the growth of benign tumours, seizures and intellectual
disabilities in multiple organs caused by mutations in either the TSCI or TSCZ genes
(Radhakrishnan and Verma, 2011). TSC1 encodes the protein hamartin, and TSC2 encodes
tuberin. Together, TSC1 and TSC2 proteins form TSC regulatory complex that negatively
controls the mechanistic target of rapamycin complex 1 (mTORC1), a master regulator of cell

growth and proliferation (Kwiatkowski, 2003). Disruption of this complex due to TSC2
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mutations leads to uncontrolled mTORC1 activity, contributing to the growth of benign

tumours (hamartomas) across various organs (Dodd and Dunlop, 2016).

1.1.2 TSC-Associated Lesions and Their Clinical Impact

TSC associated hamartomas commonly affect the brain, kidneys, skin, heart, and lungs (see
Table 1.1) and can result in significant morbidity and mortality, depending on their size,

location, and growth) (Northrup et al,, 2021).

Renal angiomyolipomas (AMLs), present in approximately 80% of TSC patients, consist of a
mixture of blood vessels, smooth muscle, and fat. These lesions can cause significant renal
complications, including haemorrhage and progressive kidney function loss, which can lead to
chronic kidney disease or end-stage renal failure if not properly managed (Martin et al., 2017).
Renal lesions are highly vascularized with weak blood vessel walls prone to aneurysm, leading
to severe haemorrhaging and potentially death (Yamakado et al., 2002). These lesions disrupt
normal renal parenchyma, decreasing kidney function (Eijkemans et al., 2015). Renal
complications remain a leading cause of mortality despite advancements in surveillance and

treatment (Bjornsson et al., 1996).

Brain lesions, such as cortical tubers, subependymal nodules (SENs), and subependymal giant
cell astrocytomas (SEGAs), are common in TSC and can cause severe neurological issues like
epilepsy, intellectual disability, and autism spectrum disorder. These brain tumours pose a risk
of life-threatening conditions due to potential blockage of cerebrospinal fluid pathways, leading
to hydrocephalus and increased intracranial pressure. SENs are asymptomatic periventricular
nodular lesions that can evolve into SEGAs during postnatal development and early adulthood.

They are reported in 80% to nearly 100% of TSC patients and frequently exhibit early-stage

22



calcifications. These lesions are typically less than 1 cm in diameter and are better detected

using computerized tomography (CT) (Celenk et al., 2005; Hu et al., 2016; Zordan et al., 2018)

Skin manifestations, such as facial angiofibromas, hypomelanotic macules, shagreen patches,
and ungual fibromas, are prevalent in TSC. While typically not life-threatening, these lesions
can cause considerable psychological distress due to their impact on appearance(Ebrahimi-

Fakhari et al,, 2017).

Pulmonary lymphangioleiomyomatosis (LAM) is another severe manifestation of TSC,
particularly affecting women, leading to progressive lung function decline and respiratory
failure. This condition represents a significant cause of mortality in adult female TSC patients

(Gupta and Henske, 2018)

1.1.3 Non-lesional neurological disorders in TSC

Non-lesional neurological disorders in TSC include a range of cognitive, behavioural, and psychiatric
issues collectively known as TSC-associated neuropsychiatric disorders (TAND). These manifestations
are not directly linked to visible brain lesions such as cortical tubers or subependymal nodules. Key
aspects include epilepsy and seizures, which can be refractory and suggest a diffuse neural dysfunction;
cognitive impairments ranging from mild to severe intellectual disability; a high incidence of Autism
Spectrum Disorder (ASD) with social communication difficulties and repetitive behaviours; and various
behavioural and psychiatric disorders such as hyperactivity, aggression, anxiety, and depression.
Developmental delays and deficits in motor skills, language, and adaptive functioning are also common,
often occurring independently of brain lesions. Emerging research points to neuroinflammation as a
contributing factor to these neurological symptoms, further indicating a complex interplay of factors
beyond structural abnormalities in the brain. Understanding the full spectrum of non-lesional

neurological disorders in TSC is crucial for developing comprehensive treatment approaches
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TABLE 1.1 TSC-ASSOCIATED LESIONS AND DISORDERS, DESCRIPTIONS, AND THEIR PREVALENCE AMONG TSC

PATIENTS (PERCENTAGE FREQUENCY OBTAINED FROM (NORTHRUP ET AL., 2021) AND (KINGSWOOD ET AL.,

2017)

Types

Lesions/Symptoms

Description

Percentage in
Patients

TSC-
associated
lesions

Cardiovascular

Cardiacrhabdomyomas

Large or strategically located benign
tumours can obstruct blood flow within
the heart, leading to heart failure,
arrhythmias, or valvular dysfunction

34.3%

Dermatological

Facial Angiofibromas

These are small, reddish-pink papules
that typically appear on the central face,
especially the nose and cheeks. They can
are very common in TSC patients and
become confluent over time

57.3%
75.0%

Hypomelanotic
Macules

Also known as "ash leaf spots," these are
white or hypopigmented patches that
can appear anywhere on the body. They
are usually present at birth or develop
in early childhood.

66.8%
90%

Shagreen Patches

These are thickened, irregularly
textured skin patches, often found on
the lower back. They can be flesh-
coloured or slightly pigmented

27.4%
50%

Ungual Fibromas

Also known as Koenen's tumours, these
are fibrous growths that typically occur
around or under the nails of fingers and
toes

20-50%

Fibrous Plaques

These plaques are usually found on the
forehead and scalp, appearing as
thickened, firm, skin-coloured patches

25%

Ophthalmologic

Various Retinal

Hamartomas

Retinal hamartomas, or astrocytic
hamartomas, are the most common
ocular manifestation in TSC, appearing
as benign white or yellowish lesions in
the retina. Typically do not result in
visual complications

14.0%
30-50%

Renal

Renal
Angiomyolipomas
(AMLs)

AMLs are most common benign
tumours composed of blood vessels,
smooth muscle, and fat. They are the
most common renal manifestation in
TSC

47.2%
80%

Renal Cell Carcinoma
(RCC)

RCC is a malignant tumour of the kidney
that occurs at a higher incidence in TSC

2-4%
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disorders
(TAND)

patients compared to the general
population, although it is less common
than AMLs

Neurological

Cortical Tubers These are areas of disorganised brain | 82.2%,
cortex. They are associated with seizure | 90%
activity and cognitive impairments

SENs These benign nodules located along the | 78.2%,
ventricular walls can sometimes grow | 80%
into subependymal giant  cell
astrocytomas (SEGAs), which may
obstruct cerebrospinal fluid flow and
cause hydrocephalus

SEGAs SEGAs are slow-growing tumours that | 24.4%,
can arise from SENs. They can lead to | 5-15%

increased intracranial pressure,
headaches, and obstructive
hydrocephalus if they block

cerebrospinal fluid pathways
Non-lesional Neurological (TAND)
neurological

Epilepsy Epilepsy is one of the most common | 83.5%
neurological manifestations in TSC,
affecting up to 90% of patients with
multiple and prolonged seizure types

Autism Spectrum | ASD is characterized by difficulties in | 20.7%

Disorder (ASD) social interaction, communication
challenges, and repetitive behaviours

Attention- Commonly observed in TSC patients, | 19.6%

Deficit/Hyperactivity contributing to difficulties in academic

Disorder (ADHD) and social settings

Intellectual Disability | Intellectual disability involves | 54.9%

(ID) significant limitations in intellectual
functioning and adaptive behaviour

Anxiety disorder Anxiety disorders in TSC patients can | 9.1%
manifest as generalized anxiety, social
anxiety, or specific phobias

Depressive disorder Depressive disorders include major | 6.1
depression and dysthymia, which can
lead to persistent feelings of sadness
and loss of interest in activities

Behavioural difficulties | Behavioural issues in TSC include | 35.6
aggression, self-injury, temper

tantrums, and sleep disturbances

Academic difficulties

More than half of TSC patients show
severe to mild c¢ mild learning
disabilities, which reflects on
intellectual impairment and academic
difficulties
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1.1.3 Current Treatments for TSC

mTORC1 Inhibitors

The primary pharmacological treatment for TSC involves mTORC1 inhibitors such as
Rapamycin and Everolimus (Habib et al., 2016). These drugs have been effective in reducing
the size of TSC-associated lesions and controlling seizures. Clinical trials like the EXIST studies
have demonstrated significant reductions in the volume of SEGAs and AMLs and improvements
in seizure control with Everolimus treatment (Franz et al.,, 2013). However, these drugs are not
curative and require lifelong administration, with concerns about long-term side effects such

as immunosuppression, decreased renal function, and hypercholesterolemia (Li et al., 2019b)

Cannabidiol (Epidyolex)

Recently, cannabidiol (Epidyolex) has been approved for treating seizures in TSC patients.
Clinical trials have shown that cannabidiol can significantly reduce the frequency of treatment-
resistant epileptic seizures. However, it is not effective for all patients, and drug-drug
interactions with mTORC1 inhibitors can lead to increased serum levels and potential toxicity

(Thiele et al., 2022, Ebrahimi-Fakhari et al., 2017).

Despite the progress made with mTORC1 inhibitors effectiveness in managing TSC-associated
lesions, surgical intervention remains crucial for certain cases. For AMLs, surgery aims to
prevent acute complications like haemorrhaging, necessitating elective resection or
embolization of large, rapidly growing, or mTOR-resistant AMLs (Eijkemans et al,, 2015). In
treating SEGAs, symptomatic cases often require surgical resection, while mTOR inhibitors are
recommended for asymptomatic or non-surgical SEGAs (Curatolo et al., 2015). However, SEGA
resection carries significant risks, including infection and neurological deficits for TSC-

associated epilepsy, surgery is viable when epileptogenic foci can be accurately identified
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(Kotulska et al., 2014). A meta-analysis by (Zhang et al., 2013) found that 59% of patients

achieved seizure freedom post-surgery, although long-term efficacy may decline over time .

1.2 Mammalian/mechanistic Target of Rapamycin (mTOR)

mTOR protein plays a pivotal role in the pathogenesis of TSC (Wataya-Kaneda, 2015).
Understanding the function of mTOR, its complexes, regulatory mechanisms, and downstream
signalling pathways is crucial for unravelling the molecular and cellular basis of TSC. This
knowledge underpins why mTOR has become the primary target for therapeutic interventions
aimed at managing the condition. Insights into mTOR's intricate network provide a
comprehensive framework for developing effective treatments and improving patient

outcomes in TSC.

1.2.1 The Structure of mTOR and Complexes
Mammalian/mechanistic target of rapamycin (mTOR), also known as FRAP (FKBP12-

rapamcyin-associated protein), RAFT1 (rapamycin and FKBP12 target), RAPT 1 (rapamycin
target 1), or SEP (sirolimus effector protein). It is a 289 kDa serine/threonine kinase and a
member of the phospho-inositide 3-kinase (PI3K)-related protein kinases (PIKK) family

(Figure 1) (Brown et al,, 1994, Chen et al., 1994)
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Fig. 1.1 Domain structure of mTOR.

The N-terminus of mTOR contains two tandem repeated HEAT motifs (protein interaction domains found
in Huntington, Elongation factor 3, PR65/A and TOR), followed by a FAT (domain shared by FRAP, Ataxia
telangiectasia mutated, and TRRAP, all of which are PIKK family members) domain, a FRB (FKBP12-
rapamycin-binding site, found in all eukaryotic TOR orthologs) domain, a Ptdins 3-kinase related
catalytic domain, an auto-inhibitory (repressor domain or RD domain), and a FATC (FAT C terminus)
domain that is located at the C-terminus of the protein. The FRB domain forms a deep hydrophobic cleft
that serves as the high-affinity binding site for the inhibitory complex FKBP12-rapamycin.

Dysregulation of the mTOR pathway, particularly mTORC1, has been associated with
chemoresistance, as well as the development and progression of various types of cancer (Shaw

and Cantley, 2006, Samuels et al., 2004, Li et al., 1997).

1.2.1.1 mTORC1

The mTOR protein serves as the catalytic core for two distinct complexes: mTOR complex 1
(mTORC1) and mTOR complex 2 (mTORC2)(Loewith et al., 2002, Sarbassov et al., 2004). These
complexes can couple with different protein substrates, leading to the activation of unique
signalling pathways and fulfilling varied roles in maintaining cellular balance (refer to Figure
2).mTORC1 is recognized as the central regulator of cellular growth, proliferation, and survival.
In contrast, mTORC2 is involved in the organization of the cytoskeleton, cell movement,
modulation of the cell cycle, and regulation of cell survival (Unni and Arteaga, 2019). The
differentiation between mTORC1 and mTORC2 originated from their specific components and
their varying responses to rapamycin, a macrolide antibiotic derived from Streptomyces
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hygroscopicus, which selectively blocks mTOR activity (Seto, 2012) . Initially, mTORC1 was
identified as sensitive to rapamycin, whereas mTORC2 was thought to be resistant (Ben-Sahra
and Manning, 2017). However, it has since been discovered that extended rapamycin exposure
can also results in the inhibition of mTORC2 (Sarbassov et al., 2005a, Ye et al., 2012). Both
mTORC1 and mTORC?2 are positioned within the PI3K/Akt signalling pathway, where mTORC2
lies upstream of Akt and mTORC1 lies downstream of Akt and the TSC1 and TSC2 proteins

(Sarbassov et al,, 2005b, Shimobayashi and Hall, 2014).

GFs, Energy Stress Gfs

/ !
4 A\

RAPTOR
PRASA0
|' DAPTOR |
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Cell growth, proliferation Cytoskeleton dynamics, Cell proliferation and survival

Fig. 1.2 Schematic representation of both mTOR complexes, mTORC1 and mTORC2, along

with their upstream activating stimuli and downstream effectors.

In cellular physiology, mTORC1 serves as a central hub that integrates various signalling inputs to
regulate cellular growth, translation, transcription and autophagy (Sulaimanov et al, 2017). Diverse
stimuli, ranging from growth factors, nutrients, energy, and stress signals, activate mTORC1 through
mitogen-activated protein kinase (MAPK) and phosphoinositide-3 kinase (PI3K) pathways (He et al,,
2020). Upon activation, mTORC1 phosphorylates its two main downstream effectors, eukaryotic
translation initiation factor 4E-binding protein 1 (4E-BP1) and inhibits ribosomal protein S6 kinase 1
(S6K1), which orchestrates a complex network of signalling events that regulate essential cellular
functions, including mRNA translation, protein and lipid synthesis, glucose metabolism, cell cycle
progression and growth (Lim etal., 2003, Schalm et al,, 2003, Sonenberg and Gingras, 1998, Manning and
Cantley, 2003) . mTORC1 also plays critical roles in autophagy (a catabolic process essential for cellular
homeostasis and stress adaptation through its downstream regulation of the ULK1 complex (discussed
later)(Ma et al,, 2017b).
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mTORC1 adopts a cage-like, dimeric architecture with the mTOR kinase domain located near
the centre of the assembly (Ramlaul and Aylett, 2018). It consists of the mTOR catalytic
subunit, mammalian lethal with sec-13 protein 8 (mLST8), DEP domain-containing mTOR
interacting protein (DEPTOR), Tti/Tel2, regulatory-associated protein of mTOR (RAPTOR)
and proline-rich Akt substrate 40 kDA (PRAS40) (refer to Figure 2) (Laplante and Sabatini,

2012).

Rapamycin inhibits mTORC1 via formation of a gain-of-function complex with 12-kDa FK506-
binding protein (FKBP12), that binds to the FKBP12/rapamycin-binding (FRB) domain of
mTOR in mTORC1 only (Ben-Sahra and Manning, 2017). When this occurs the
rapamycin/FKBP12 complex causes dissociation of Raptor from the mTOR causing loss of
contact between mTORC1 and its substrate, resulting in pathway shutdown (Ehninger et al,,
2009, Chiarini et al., 2015). In signal transduction pathways, mTORC1 is activated through
Rheb, a process counteracted by a GTPase-activating heterodimeric protein complex comprised
of tuberous sclerosis complex (TSC) proteins, including Hamartin (TSC1) and Tuberin (TSC2)
(Inoki et al., 2003). The components of mTORC1 that interact with mTOR are found in Table

1.2.
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TABLE 1.2 COMPONENTS OF MTORC1 COMPLEX AND THEIR FUNCTION

Component Description Function Reference
Regulatory 150 kDa scaffold | Interacts with downstream substrates, | (Chong, 2015,
associated protein, which is | S6K1 and 4E-BP1 - which will be discussed | Tee et al,
protein of | exclusive in | later in the chapter. mTORC1 substrates, | 2016)
mammalian mTORC1 contain mTOR signalling (TOS) motifs that
target of helps with mTORC1-dependent
rapamycin phosphorylation of those substrate. Raptor
(Raptor) is also needed to assist with the localization

of the mTORCI1 to the lysosome.
Proline-rich mTORC1 exclusive | PRAS40 interacts with Raptor and | (Sancak et al,
AKT substrate | protein with a TOS | competitively binds to S6K1 and 4E-BP1. | 2007, Oshiro
40 kDa | motif that is a | AKT phosphorylates PRAS40 causing | etal, 2007)
(PRAS40) negative regulator of | PRAS40 to bind to protein 14-3-3 (causing

mTORC1. PRAS40 inactivation) resulting in

increased mTORC1 activity (Cho, 2011;

Chong, 2015)
mLST8 See Table 1.3
Deptor See Table 1.3

1.2.1.2 mTORC2

The catalytic subunit of mTOR also contributes to the formation of another kinase complex
known as mTORC2. mTORC2 consists of components such as rapamycin-insensitive companion
of mTOR (RICTOR), protein observed with RICTOR-1 (PROTOR-1), stress-activated protein
kinase-interacting protein 1 (mSIN1), and mLST8. As with mTORC1, mTORC2 is activated in
response to growth factor stimulation, resulting in association with the ribosome. mTORC2
controls regulation of the actin cytoskeleton and has an involvement in cell survival (Dazert

and Hall, 2011).

mTORC?2 is located proximally to various cellular structures such as the endoplasmic reticulum
(ER), mitochondria, mitochondria-associated ER-membrane (MAM), and the nucleus in
mammalian cells. Initially characterized for its role in regulating cell skeletal organization,
mTORC2 has since been implicated in promoting cell proliferation and survival through the
phosphorylation of AKT (Fu and Hall, 2020, Boulbes et al., 2011). While rapamycin is known as

an mTORC1 selective inhibitor (as rapamycin/FKBP12 complex does allosterically inhibit
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mTORC2), it also affects inhibition of mTORC2 activity under certain conditions, such as
prolonged exposure (>24 h), high concentrations, or variations in the expression levels of
FK506 binding proteins, particularly FKBP12 and FKBP51 (Sarbassov et al,, 2006, Efeyan and

Sabatini, 2010).

TSC2 promotes mTORC2 activity in a Rheb-independent manner, potentially through direct
binding to mTORC2 components and Akt activation, which in turn phosphorylates and activates
downstream effectors (Huang et al. 2008). The components of mTORC2 (including mTOR) are

found in Table 1.3.
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TABLE 1. 3 COMPONENTS OF MTORC2 COMPLEX AND THEIR FUNCTION

Component Description Function Reference
Rapamycin- An mTORC2 exclusive component | (Sarbassov et
insensitive that is involved in the activation of | al., 2004)
companion  of AKT via direct phosphorylation of
mTOR (Rictor) Ser473, a priming site that enables

PDK1 to phosphorylate Thr308
Mammalian A negative regulator exclusive to | (Yu et al,
stress-activated the mTORC2 complex that prevents | 2022)

protein Kkinase
interacting
protein (mSIN1)

mTOR kinase activity by interacting
with and inhibiting the mTOR
kinase domain. mSIN1 is regulated
by PIP3

Protein
observed with
Rictor-1

Protor-1 is a Rictor-binding subunit
required for the activation of
serum- and glucocorticoid-induced

(Chong, 2015)

(Protor-1) protein kinase 1 (SGK1)

Mammalian Also called G protein 3-subunit like | (Guertin et al,,
lethal with protein (GBL). mLST8 structurally | 2006)

Sec13 protein 8 has seven WD-40 repeats and is

(mLST8) located on endosomal or Golgi

membranes. mLST8/GfL associates
with mTORC2 by binding to the
kinase domain of mTOR and plays
several roles in stability, assembly,
and mTOCR2 activity towards AKT
and protein kinase Ca (PKCa)

DEP domain
containing
mTOR
interacting
protein (Deptor)

A negative regulator of mTORC2,
which binds to the FAT domain of
mTOR.

(Chong, 2015)
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1.2.3 Activation and Regulation of mTORC1 Signalling

mTORC1 plays a central role in balancing cellular metabolism through both anabolic and
catabolic regulation: (i) it promotes anabolic processes such as protein, lipid, and nucleotide
synthesis by phosphorylating substrates including S6K and 4E-BP1; and (ii) it suppresses
catabolic pathways by targeting ULK1, Atg13, and MiT-TFE transcription factors that regulate
autophagy and lysosomal biogenesis (Deaver et al., 2020, Cheong and Klionsky, 2015, Asrani et
al,, 2019). mTORC1 activity is tightly regulated at multiple levels, including its localization and
interactions with regulatory components(Ben-Sahra and Manning, 2017). Dysregulation of this
pathway contributes to cancer, making it a key target for therapeutic intervention (Sato et al,,
2010, Peng et al., 2022b).

1.2.3.1 Upstream regulators of mTORC1

The activation of mTORC1 is tightly regulated by a range of upstream signals, including growth
factors, amino acid availability, and cellular energy status. These signals are sensed at the cell
surface or within the cytoplasm and converge on intracellular regulators such as the

TSC1/TSC2 complex, Rheb, and Rag GTPases to modulate mTORC1 activity (Hara et al., 1998).
Growth Factors

Growth factors such as insulin activate mTORC1 signalling through receptor tyrosine kinases
(RTKs), which initiate two major intracellular pathways: PI3K/Akt and Ras/MAPK (Saxton and
Sabatini, 2017). Upon activation, RTKs recruit adaptor proteins that activate PI3K, converting
PIP2 to PIP3. This lipid product recruits PDK1 and Akt to the membrane, where Akt is
phosphorylated and activated. mTORCZ2, also activated by PI3K, phosphorylates Akt at Ser473,
enhancing its activity further (Fingar and Blenis, 2004). Activated Akt promotes mTORC1
activity by phosphorylating and inhibiting TSC2 and PRAS40, both of which normally repress

mTORC1 (Tee et al,, 2002).
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Concurrently, the Ras/MAPK pathway activates ERK and its downstream effector RSK1, which
also phosphorylate TSC2, further inhibiting the TSC complex and promoting mTORC1
activation (Ma et al.,, 2005). The mechanism by which TSC2 regulates mTORC1 will be discussed

in more detail in the following section.

Activation by TSC1/TSC2 complex and Rheb

The TSC1/TSC2 complex functions as a central negative regulator of mTORC1 by acting as a
GTPase-activating protein (GAP) for Rheb (Manning and Cantley, 2003). Rheb has low intrinsic
GTPase activity, so it remains predominantly active unless regulated. The GAP activity of the
TSC1/TSC2 complex converts Rheb-GTP to Rheb-GDP, thereby inhibiting mTORC1 signalling
(Mazhab-Jafari et al.,, 2012). Mutations in TSC1 or TSC2 disrupt this inhibition, leading to
sustained mTORC1 activation and promoting abnormal cell growth and tumorigenesis (Gao et
al,, 2002, Inoki et al., 2002). The nucleotide-bound status of Rheb is regulated by the TSC1/2
complex, thereby allowing TSC1/TSC2 to negatively regulate mTORC1 signalling through Rheb

(Inoki et al,, 2003, Tee et al., 2002).

The TSC complex consists of three subunits: TSC1, which stabilizes TSC2 and prevents its
degradation; TSC2, which contains the GAP domain; and TBC1D7, which enhances the stability

and function of the TSC1/TSC2 complex, adding an extra layer of control (Dibble et al., 2012).

Amino acids

Amino acids, particularly leucine and arginine, are essential activators of mTORC1. Unlike
growth factors, amino acid signalling does not act directly through TSC1/TSC2. Instead, it
controls mTORC1 activation via Rag GTPases (Frappaolo and Giansanti, 2023). In the presence
of amino acids, the Rag GTPases (RagA/B and RagC/D) form heterodimers in an active

conformation that recruit mTORC1 to the lysosomal membrane. This spatial positioning brings
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mTORC1 into proximity with Rheb-GTP, enabling its activation. Without this lysosomal

localization, mTORC1 remains inactive—even if Rheb is in its active form.

While early studies suggested a role for TSC1/2 and hVps34 (a class III PI3K) in amino acid
sensing, more recent evidence supports a TSC-independent, Rag-dependent mechanism.
Notably, mTORC1 can still respond to amino acid levels in TSC2-deficient cells, indicating the
existence of TSC-independent regulation (Demetriades et al., 2016). Although, hVps34, a class
III PI3K was proposed as a mediator of amino acid signalling to mTORC1, this role remains

controversial, particularly in Drosophila (Backer, 2008).

Low Energy and Stress

Cellular energy status critically influences mTORC1 activity through the AMP-activated protein
kinase (AMPK) pathway. Under low energy conditions (e.g., glucose deprivation), the AMP/ATP
ratio increases, leading to the activation of AMP-activated protein kinase (AMPK), a central

energy sensor. AMPK inhibits mTORC1 through two main mechanisms:

1. Direct phosphorylation of Raptor: AMPK phosphorylates Raptor, a core component
of the mTORC1 complex, thereby reducing mTORC1 kinase activity (Shackelford and

Shaw, 2009).

2. Indirect inhibition v