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ABSTRACT

A highly conserved class of serine intramembrane proteases defines thomboid proteases. In a
determining event over a decade ago, the bacterial rhomboid GlpG was named the first
intramembrane protease to be crystallized. Hence, not only has advancement in rhomboid research
mitigated the dispute surrounding the notion of a proteolytic reaction occurring in a plane of the
membrane, but the implications of this clade of proteases in health and diseases have helped govern
our conceptions of many important cellular processes. With regards to human rhomboid proteases,
the path to progress remains however protracted with only few substrates identified and a myriad
of in vitro evidence for their cellular roles requiring substantial physiological basis.

In our attempt to understand the relevance of endoplasmic reticulum (ER)-residing human
rhomboid protease RHBDL4, the most structurally resembling mammalian homologue to GlpG,
we identified RHBDL4 as a novel amyloid precursor protein (APP) cleaving enzyme yielding
distinct APP N-terminal and C-terminal fragments. APP can undergo amyloidogenic processing
by PB- and y-secretases producing AP peptides, which are one of the major hallmarks of
Alzheimer’s disease (AD). In the ER, RHBDL4 cleaves APP multiple times in the ectodomain
thereby precluding amyloidogenic processing of APP. Furthermore, unpublished data from our lab
revealed elevated RHBDL4 mRNA and protein expression in post-mortem brain tissue from AD
dementia cases as compared to healthy controls. To gain deeper insight into the role of RHBDL4
in AD, we further characterized the proteolytic mechanism of the enzyme through analyses of APP
mutants. Although ectodomain cleavages have been described before in intramembrane proteases’
substrates, we were still intrigued as to how RHBDL4 exert its actions on both transmembrane
sequences (TMS) and ectodomains. Our findings allude to the idea of positively-charged,
destabilizing amino acid residues in the APP TMS conferring cleavage specificity. We are also the

first to investigate the proteolytic mechanism of a human rhomboid in a cell-based expression



system with a physiological substrate. As such, expanding our knowledge on RHBDL4-mediated
APP processing could be pivotal in deciphering the etiology of AD and might contribute to
development of more efficacious RHBDL4 inhibitors.

Previous work has demonstrated RHBDL4 involvement in cancer although a detailed
understanding of its key role is still unaddressed. Interestingly, it has been well-established that
most cancer cells manifest excessive glucose uptake and glucose transporter 1 (GLUTI1)
expression while overexpression of RHBDL4 has been found in certain human cancer tissues.
Upon cultivating mouse embryonic fibroblasts (MEFs) lacking Rhbdl4, we made a striking
observation that the pH indicator, phenol red in the cell culture media did not turn to yellow,
indicating a lesser degree of acidification as compared to wild type. Indeed, our data show
diminished glucose consumption and glycolytic flux rendering less lactate secretion in Rhbdl4-
deficient MEFs. We further demonstrate that dysregulation in cellular glucose metabolism is
consequent to impaired Glutl trafficking to cell surface. Not only are we the first to characterize
Rhbdl4-deficient mice, but currently the sole to provide an in vivo evidence for a potential role of
RHBDLA4 as gatekeeper in the ER and modulator of cellular glucose metabolism.

Overall, in this thesis, we advanced our knowledge of the recently described, non-
amyloidogenic RHBDL4-mediated APP processing pathway and elucidated a novel putative
physiological function of RHBDL4 that could make headway towards further enlightenment of

certain diseases, such as AD and cancer.
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ABREGE

Une classe trés conservée de protéases intramembranaires a sérine définit les protéases
rhomboides. Il y a plus de 10 ans, GlpG, un rhomboide bactérien, a été désigné comme la premicre
protéase intramembranaire a étre cristallisée. Par conséquent, non seulement les progrés de la
recherche sur les rhomboides ont atténué la controverse entourant la notion de réaction
protéolytique survenant dans un plan de la membrane, mais les implications de ce groupe de
protéases dans la santé et la maladie ont contribué a régir nos conceptions de nombreux processus
cellulaires importants. En ce qui concerne les protéases rhomboides humaines, la voie du progres
reste cependant longue, avec seulement quelques substrats identifiés et une myriade de preuves in
vitro de leurs roles cellulaires nécessitant une base physiologique substantielle.

Dans notre tentative de comprendre la pertinence de la protéase rhomboide humaine
RHBDLA4 résidant dans le réticulum endoplasmique (RE), 1'homologue mammifére le plus
structurellement resemblant a la GlpG, nous avons récemment identifi¢ RHBDL4 comme une
nouvelle enzyme clivante de la protéine précurseur de 1'amyloide (APP) donnant des fragments.

N- et C- terminaux distincts. L’ APP peut subir un traitement amyloidogéne par les - et les y-

sécrétases produisant les peptides béta amyloide (AP), qui font parties des principales
caractéristiques de la maladie d’Alzheimer (MA). Dans le RE, RHBDL4 coupe I'APP a plusieurs
reprises dans l'ectodomaine, empéchant ainsi le traitement amyloidogéne de I'APP. En outre, des
données non publiées provenant de notre laboratoire ont révélé une expression élevée de I'ARNm
et des protéines RHBDL4 dans le tissu cérébral post-mortem provenant de cas de démence MA
par rapport aux témoins sains. Pour mieux comprendre le role de RHBDL4 dans la maladie
d'Alzheimer, nous avons également caractérisé le mécanisme protéolytique de I'enzyme par le biais
d'analyses de variantes d'APP synthétisés. Bien que des clivages d’ectodomaines aient déja été

décrits dans les substrats de protéases intramembranaires, nous étions toujours intrigués par la
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maniére dont RHBDL4 exerce ses actions sur les séquences transmembranaires (STM) et les
ectodomaines. Nos résultats font allusion a l'idée de résidus d’acides aminés déstabilisants chargés
positivement dans I'APP STM conférant une spécificité de clivage. Nous sommes également les
premiers a étudier le mécanisme protéolytique d'un rhomboide humain dans un systéme
d'expression basé sur des cellules avec un substrat physiologique. En tant que tel, élargir nos
connaissances sur le traitement de I’APP médiée par RHBDL4 pourrait étre essentiel pour
déchiffrer 1’étiologie de la MA et pourrait contribuer & la mise au point d’inhibiteurs de la
RHBDLA4 plus efficaces.

Des travaux antérieurs ont démontré 1'implication de RHBDL4 dans le cancer, bien qu'une
compréhension détaillée de son rdle clé ne soit toujours pas abordée. Fait intéressant, il est bien
¢tabli que la plupart des cellules cancéreuses manifestent une absorption excessive de glucose et
une expression du transporteur du glucose 1 (Glutl), tandis que la surexpression de RHBDL4 a
¢té constatée dans certains tissus cancéreux humains. Apres avoir cultivé des fibroblastes
embryonnaires de souris (MEFs) dépourvus de Rhbdl4, nous avons fait une observation frappante:
le rouge phénol, un indicateur de pH, dans le milieu de culture cellulaire ne jaunissait pas,
indiquant un degré d'acidification moindre par rapport au type sauvage. En effet, nos données
montrent une diminution de la consommation de glucose et un flux glycolytique entrainant une
réduction de la sécrétion de lactate dans les MEFs déficients en Rhbdl4. Nous démontrons en outre
que la dérégulation du métabolisme du glucose cellulaire est consécutive a une altération du trafic
de Glutl vers la surface cellulaire. Non seulement nous sommes les premiers a caractériser les
souris déficientes en Rhbdl4, mais nous sommes actuellement les seuls a pouvoir fournir une
preuve in vivo du role potentiel de RHBDL4 en tant que contrdleur dans le RE et modulateur du

métabolisme du glucose cellulaire.
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Globalement, dans cette thése, nous avons approfondi nos connaissances sur la voie de traitement
non amyloidogéne de I’APP par RHBDL4 récemment décrite et avons ¢élucidé une nouvelle
fonction physiologique putative de RHBDL4 qui pourrait permettre d’éclairer davantage certaines

maladies, telles que la MA et le cancer.
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I showed that the substrate transmembrane sequence confers cleavage specificity of
RHBDL4 (Manuscript I).

I showed that destabilizing amino acid residue in the APP transmembrane sequence (TMS)
redirect an ectodomain shedding to within or near the TMS by RHBDL4 (Manuscript I).
Upon co-expression of APP mutants containing positively-charged amino acid in TMS
with active RHBDLA4, I performed inhibitor treatments to show that the RHBDL4-mediated
APP C-terminal fragments previously identified were not generated at all (Manuscript I).
Through western blot analyses, I showed that APP ectodomain backfolding to the
membrane is an unlikely mechanism for how RHBDL4 cleaves APP within its linker
region (Manuscript I).

Co-expression of active RHBDL4 with C-terminal domain truncated APP revealed that the
cytoplasmic tail of APP is not necessary for RHBDL4-mediated APP processing
(Manuscript I).

Using automated, electrochemical NovaBio Analyzer, I measured glucose and lactate
levels in supernatant from cultivated MEFs and found that Rhbdl4-deficient MEFs
consume less glucose and secrete less lactate during normoxic and hypoxia-mimicking
conditions (Manuscript II).

Analyses of Glutl protein levels demonstrated less Glutl in Rhbdl4-deficient mouse
embryonic fibroblasts (MEFs) and cerebral endothelial cells as compared to wild type

during normoxic and hypoxia-mimicking conditions (Manuscript II).
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carbon intermediates (Manuscript II).
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concluded that there is no systemic glucose metabolic deficit upon loss of Rhbdl4
(Manuscript II).

Using cell surface biotinylation and immunocytochemistry, I showed that Rhbdl4

abrogation led to deregulated Glutl trafficking to the cell surface (Manuscript II).
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1. Alzheimer’s disease

It is hardly surprising that the World Alzheimer report 2015 estimated someone in the world will
develop dementia every 3 seconds. With the aging population and age as the biggest risk factor,
the estimated 46.8 million people worldwide living with dementia in 2015 is expected to double
every 20 years (http://www.worldalzreport2015.org/). Alzheimer’s disease (AD) remains one of
the main challenges of the 215 century with over 100 clinical trials that failed. The lack of curative
and preventative treatment strategies further calls to the imminent need to understand the disease
etiology (Y. J. Wang, 2014).

1.1 Disease pathology

Initially discovered by Alois Alzheimer, presence of extracellular amyloid plaques and
intracellular neurofibrillary tangles (NFT) are the pathological hallmarks of the disease
(Alzheimer, 1907; Braak & Braak, 1991). They are believed to be the initial drivers of synaptic
loss and neurodegeneration causing cognitive deficit and memory loss (DeKosky & Scheff, 1990).
The plaques consist of aggregation-prone, oligomeric amyloid-f (AP) peptides (Masters, Simms,
et al., 1985) while accumulation of hyperphosphorylated microtubules-associated tau proteins
beget NFT (Grundke-Igbal, Igbal, Quinlan, et al., 1986; Grundke-Igbal, Igbal, Tung, et al., 1986;
Masters, Multhaup, et al., 1985). Immunolabelling for B-amyloid revealed that distinct
morphological attributes of amyloid plaques occur at varying stages of the disease progression.
Despite evidence for toxicity induced by a pathological shift to fibrillation, the role of -amyloid
plaques as neurotoxic remains a controversy. A new wave of Alzheimer’s research initiated the
notion of fibril-free soluble oligomeric AP themselves as instigator of AD neuropathology.

Insoluble amyloid plaque burden is rather viewed by others as a protective mechanism to sequester

these pathogenic culprits (DaRocha-Souto et al., 2011; Viola & Klein, 2015; Walsh et al., 2002).
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Conversely to plaques, NFTs are found intracellularly, primarily composed of paired
helical filaments recognized by Thioflavin-S dye. Aberrant misfolding and hyperphosphorylation
of microtubule-associated tau proteins engenders dissociation of the tau protein from microtubules
leading to destabilization of microtubules and formation of tau aggregates, and eventually NFTs
(Grundke-Igbal, Igbal, Tung, et al., 1986; Igbal, Gong, & Liu, 2013; Kadavath et al., 2015). There
are three types of NFT, namely diffused, fibrillar intraneuronal or extraneuronal ‘“ghost”,
distinguished by nuclear and cytoplasmic morphology of the neurons bearing NFTs (Serrano-
Pozo, Frosch, Masliah, & Hyman, 2011). The occurrence of NFT is not limited to AD unlike
amyloid plaques; frontal temporal dementia (FTD), chronic traumatic encephalopathy (CTE) and
Pick’s disease are amongst the neurodegenerative disease that also feature NFTs (Spillantini &
Goedert, 2013). However, the number of fibrillar plaques as well as distribution correlates with
the severity and duration of AD while clinicopathological studies have established that amyloid
burden does not (Arriagada, Growdon, Hedley-Whyte, & Hyman, 1992; Bierer et al., 1995;
Ingelsson et al., 2004). A debate as to whether NFT formation is a precursor to neuronal death or
simply a surrogate marker of ongoing pathological process therefore still exists.

1.2 Structure and function of the amyloid precursor protein

Undoubtedly, it is pivotal to gain a deeper understanding of the key players involved in AD
pathology in order to decipher the underlying cause of the disease onset and progression. A key
neuropathological alteration outlined above is the accumulation of aggregation-prone, neurotoxic
AP peptides derived from sequential cleavages of the amyloid precursor protein (APP). George
Glenner first purified AP peptides (Glenner & Wong, 1984) in 1984, however, until now, we are
still lacking the complete crystal structure of its precursor protein — a hurdle in the search for

physiological functions of cleavage product and precursor. Located on chromosome 21, APP

encodes a type I transmembrane glycoprotein with a large extracellular N-terminal domain (NTD)
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consisting of individual folding units and a short cytoplasmic C-terminal domain (CTD) acting as
a hub for multiple protein interactions. Constituted of about 70% of the entire amino acid sequence,

the APP ectodomain comprising of E1 and carbohydrate domains have been structurally
characterized in the last years. Both domains are formed of complex o helices and B-pleated

structures linked by an unstructured and flexible acidic region. E1 is further subdivided into the

growth-factor like domain (GFLD) and copper-binding domain (CuBD). Meanwhile, the latter
comprises of the E2 domain and the linker region, which is N-terminally located to A} sequence

as well as devoid of any complex secondary structures [reviewed in (Reinhard, Hebert, & De

Strooper, 2005)] (see Figure 1).
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Figure 1: Structure of amyloid precursor protein

Ilustration of the amyloid precursor protein (APP) comprising of a large extracellular N-terminal domain, subdivided
into E1 (yellow) and E2 (red), and short cytoplasmic C-terminal domain (dark blue). Three predominant APP isoforms
are APP 695, 751 and 770. The latter has both KPI and Ox-2 domains (green) while APP 751 has only KPI and APP
695 does not contain KPI nor Ox-2. GFLD: Growth-factor-like domain; CuBD: Copper-binding domain; KPI: Kunitz
protease inhibitor; CAPPD: Central APP binding domain; AICD: APP intracellular domain. Modified from Reinhard
2005 (Reinhard et al., 2005).

Although the notion of APP dimerization is still heavily disputed, the hydrophobic patch
adjacent to the heparin-binding site in E1 potentially used as a dimerization interface and the
antiparallel dimer formation of E2 in solution strongly push forth the possibility of an
oligomerization state of the extracellular domain. It was proposed that dimeric form of APP could

regulate cell-cell adhesion whereas APP monomer may participate in growth factor signaling

either as a receptor when cell-bound or ligand subsequent to a-secretase cleavage (Mohammadi,
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Olsen, & Ibrahimi, 2005; Y. Wang & Ha, 2004). The “GxxxG” motifs in APP transmembrane
sequence may further provide a junction for dimerization (Munter et al., 2007). These binding sites
in APP incentivized to employ a protein-protein interaction network strategy to uncover its cellular
function. In the midst of over 200 interacting partners are an array of extracellular matrix integral
membrane proteins and cell adhesion molecules essential for neurite outgrowth, axonal
pathfinding and synapse structure (Perreau et al., 2010). Despite the high regard allocated to APP
in the context of Alzheimer’s, APP null mice exhibit only subtle defects, including reduced brain
and body weight as well as grip strength, CNS-specific synaptic phenotype, and increased
susceptibility to seizures, traumatic brain injury as well as acute hypoxia (Z. W. Li et al., 1996; H.
Zheng et al., 1995). The molecular underpinning of APP physiology still awaits to be entirely

unravelled as our current understanding remains mainly speculative requiring in vivo validation.

1.3 Classical APP processing and the amyloid hypothesis
The pre-symptomatic stage of the disease is defined by molecular changes occurring twenty years

prior to any overt cognitive and memory deficits. One of the earliest alterations detected is the
accumulation of A} peptides through amyloidogenic processing of APP. This process debuts with
the ectodomain shedding of APP by -site cleaving enzyme 1 (BACE-1) at the amino-terminus of
the AP sequence, thereby releasing soluble APPB (sAPP). The membrane-bound remnant (p3-
CTF) is sequentially cleaved by y-secretase, a multiprotein complex comprising either presenilin
1 or 2 (PSEN1/2) at the active centre. Consequently, APP intracellular domain (AICD) is released
while AP peptides with differing lengths are secreted depending on the initial cleavage site of y-
secretase. AP of 1-40 and 1-42 amino acid long are the most commonly produced. Since BACE1

is higher expressed in endocytic compartments, amyloidogenic processing subcellularly occurs in

endosomes upon APP retranslocation from the cell surface or direct trafficking (Kinoshita et al.,

2003). Alternatively, cell surface APP can be processed by a-secretase, with the cleavage
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occurring within the AP region, leading to the liberation of soluble APPa (sAPPa) and subsequent

cleavage of the remaining C-terminal fragment (a-CTF) by y-secretase. As opposed to Af3, soluble

p3 fragment is produced and secreted [reviewed in (De Strooper, 2010)] (See Figure 2)
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Figure 2: Classical APP processing by a-, B- and y-secretases

Cleavage of amyloid precursor protein (APP) by a- or [-secretase generates sAPPo or sAPPP, respectively.
Remaining membrane-bound stub (a-CTF or B-CTF) is sequentially processed by y-secretase, liberating APP

intracellular domain (AICD) as well as p3 or AP fragment, respectively. The former is termed non-amyloidogenic
processing (green) while the latter is known as amyloidogenic processing (purple).

Since APP has a relatively fast turn-over rate (Herreman et al., 2003) the study of its
cleavage products becomes even more enticing and paramount. Many focused on the structural
investigation of AP peptides to elucidate the agency of their said toxicity; indeed about 40
structures have been identified (Morgan, Colombres, Nunez, & Inestrosa, 2004). The presence of
a helices in AB40/42 instead of B-strand structures which are associated with insolubility and
plaque generation is quite striking and alludes to the notion of a conformational switch underlying
the amyloidogenic properties of AP fibrils. While excessive amyloidosis and toxicity often go hand
in hand, cleavage products from the non-amyloidogenic pathway correlate with neuroprotective
effects. sSAPPa can rescue long-term potentiation deficits as well as protects against neuronal death
during transient ischaemia and acute hypoxia (Hefter et al., 2016; Ring et al., 2007; Smith-

Swintosky et al., 1994; Xiong et al., 2017). Further in vitro studies revealed its role in activating
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survival pathways (G. Cheng, Yu, Zhou, & Mattson, 2002; Milosch et al., 2014) and inhibiting
molecules involved in apoptotic pathways (Gralle, Botelho, & Wouters, 2009). Lastly, the
unstable nature of AICD makes it challenging to study, however, consistent reports with use of
AICD-overexpressing cells demonstrated AICD to possess transcriptional activity (Cao & Sudhof,
2001). With regards to recent investigations and our own, it is also now evident the existence of

other, non-canonical APP processing pathways, giving rise to novel cleavage products (Jefferson
et al., 2011; Paschkowsky, 2018; Willem et al., 2015; Zhang et al., 2015).

The primacy of APP and its amyloidogenic processing in the development of AD is centred
on the view that AP is the chief perpetrator of the detrimental molecular cascade impeding memory
function and cognitive abilities. This is known as the amyloid hypothesis. Although still elusive,
AP was proposed as an upstream regulator of oxidative damage (Deshpande, Mina, Glabe, &

Busciglio, 2006; Kanski, Aksenova, & Butterfield, 2002), inflammation (El Khoury et al., 2007)

and NFT formation (Hernandez & Avila, 2008; M. S. Lee et al., 2000). Indeed, inherited mutations
in APP and PSEN1/2 genes causing early-onset familial AD either increase the overall Af levels
or AB42:AB40 ratio [reviewed in (Cacace, Sleegers, & Van Broeckhoven, 2016)]. The occurrence
of a protective missense mutation in an Islandic cohort (A673T) proximal to the (-secretase
cleavage site in APP, which attenuates AP production (Jonsson et al., 2012), further substantiates

the amyloid hypothesis. However, a mere 1% of AD cases are familial while the rest seems to have
multiple facets that cannot simply be reduced to the amyloid hypothesis. To date, only a single
clinical trial revealed promising results, the AB-targeting antibody aducanumab, while most Ap-
targeting therapies were not conducive (Sevigny et al., 2016).

1.4 Multifactorial character of AD

Pre-symptomatic changes that precede the manifestation of clinical symptoms also includes

cerebrovascular dysregulation. A Rotterdam study of 1, 730 participants aged 55 years and older
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reported a negative association between cerebral blood flow velocity and likelihood of developing
dementia. The study further claimed that cerebral hypoperfusion occurs before and contributes to
the onset of cognitive decline (Ruitenberg et al., 2005). This is consistent with the two-hit vascular
hypothesis of AD [reviewed in (Zlokovic, 2011)] wherein injury to the brain microvasculature
would compromise the blood-brain-barrier (BBB) integrity, causing diminished cerebral blood
flow, and consequently, initiate an AB-dependent or independent mechanisms of neurotoxicity. In
addition to cerebral hypoperfusion, nearly 50% reduction in cerebral glucose utilization occurred
in patients with mild cognitive impairment and in presymptomatic subjects with genetic
predisposition to develop AD (Mosconi, 2005; Mosconi et al., 2006). Similarly, glucose
transporters (GLUTs) 1 and 3, responsible for blood glucose uptake into the brain, were
downregulated in AD patients (Simpson, Chundu, Davies-Hill, Honer, & Davies, 1994). Certain
transgenic mouse models of AD also exhibit both cerebral hypoperfusion and hypometabolism.
For instance, cerebrovascular dysfunctions, including stenoses, BBB leakage, loss of vascular
smooth muscle cells and decreased GLUT1 expression, were demonstrated in mice overexpressing
the human APP with the two familial APP mutations, namely swedish (K670N/M671L) and arctic
(E693G). Furthermore, these pathological changes precede the onset of AP plaque pathology
(Merlini, Meyer, Ulmann-Schuler, & Nitsch, 2011). Cerebral hypometabolism has been linked to
alterations in AP} clearance. Upon deletion of one Glut! allele in mice overexpressing the swedish
mutation, AP peptides depositions in the cortex and hippocampus aggravated compared to the
same transgenic mouse model of AD with functional Glutl. More importantly, APP and B-
secretase expression levels were similar between the two strains, hinting to cerebral
hypometabolism-mediated exacerbation of A} load consequent to perturbed clearance (Winkler et
al., 2015). The implication of impaired AP clearance in sporadic AD cases emerge in more recent

findings. The major cerebral cholesterol carrier conferring a high risk factor for late-onset AD,
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apolipoprotein E €4 (ApoE &4), has also been associated in AP efflux from the brain (C. C. Liu,
Liu, Kanekiyo, Xu, & Bu, 2013). Interestingly, glucose hypometabolism was detected in pre-
symptomatic ApoE &4 carriers (Reiman et al., 2005). Moreover, cerebral glucose metabolism is
thought to be a pivotal player in posttranslational regulation of tau. A marked decrease in GLUT1
and GLUT3 levels in AD brains correlated to diminished intraneuronal glucose levels, rendering
a downregulation in O-GlcNAcylation while promoting its hyperphosphorylation (F. Liu, Igbal,
Grundke-Igbal, Hart, & Gong, 2004; Y. Liu, Liu, Igbal, Grundke-Igbal, & Gong, 2008). Cerebral
hypometabolism as an early pathological event that precedes, and likely induces AD pathology is

another evolving line of AD research.

2. Cancer

Unlike Alzheimer’s disease, accessible cancer treatments ranging from conventional to more
innovative strategies including immunotherapy, hormonal therapy and stem cell transplants, can
improve patients’ prognosis and accentuate the likelihood of survival. This may be ascribed to the
rapidly and widely developing breadth of knowledge in cancer biology. Nevertheless, as one of
the leading causes of death before 70 years old, cancer still poses a significant burden on society
(Bray et al., 2018). Tumorigenesis remains a perplexing concept that is not sufficiently understood
to develop effective, personalized therapy for the various forms of cancer.

2.1 Cancer genetics

Regardless of continual cell division and differentiation to repopulate the tissues and organs, the
human body maintains a constant weight. A network of overlapping molecular mechanisms
oversees this enormous production of cells by ensuring an equal balance of proliferation and
programmed death, termed apoptosis. Only when the intricate control becomes haywire resulting
in irrepressible cellular multiplicity, giving rise to cells irresponsive to homeostatic feedback

mechanisms and thereby growing autonomously, is said the beginning of the carcinogenic process.
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This is known as neoplasia. The genes encoding critical players in the regulation of the equilibrium
between cell division and apoptosis oftentimes harbor a gain- or loss-of-function mutations
rendering them the causative agent in the carcinogenic process. Oncogenes are defined as those
that have acquired mutations engendering increase activity of the proteins they code for whereas
mutation-induced inactivation of the gene is a characteristic of tumor suppressor genes [reviewed
in (Bertram, 2000)]. Combinatorial approaches involving functional cloning, linkage analyses,
positional cloning and mutational analyses of genetically predisposed individuals permitted the
identification of multiple oncogenes, including the first one discovered now referred to as RAS,
and tumor suppressor genes, such as retinoblastoma (RB) (E. Y. Lee & Muller, 2010). Converse
to oncogenes that exhibit a dominant mutation, loss of function only manifest when both alleles of
tumor suppressor genes are damaged.

Merely a handful of mutations are inherited while most are spontaneous due to chemical
damage to DNA or induced by exogenous carcinogenic agents. DNA damage itself is not sufficient
instigator of carcinogenesis, DNA replication and subsequent cell division are prerequisites to
acquire and maintain such change in DNA. At least five crucial regulatory genes must harbor
mutations in a cell to evade homeostatic control and proliferate autonomously due to a robust DNA
repair system. The process of clonal expansion is sustained to garner more mutations in the process
and become more adaptive to self-governance. This is translatable clinically as to increased
proliferation rate, ability to invade neighboring normal tissue and metastasis [reviewed in

(Bertram, 2000)].
2.2 Hallmarks of metabolic reprogramming

2.2.1 Dysregulation of cellular bioenergetics

Glucose is the principal nutrients important for biosynthesis and survival in mammalian cells.

Breakdown of this nutrient provides carbon intermediates as building blocks of many
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macromolecules while electron carriers generated from further oxidation of their carbon skeletons
fuel ATP production or provide reducing power for biosynthetic reactions. Almost a century ago,
Otto Warburg observed an ample of lactate production by cancer cells in normoxic environment
with a marked increased glucose consumption. He initially postulated that tumors have impaired
mitochondrial function and thereby resort to aerobic glycolysis for continued ATP generation
(Warburg, 1956). This particular feature of tumor cells has been validated in various human
cancers using fluorodeoxyglucose-positron emission tomography (FDG-PET) and nowadays,
coined the Warburg effect (Almuhaideb, Papathanasiou, & Bomanji, 2011). However, it is also
now evident that the premise of upregulated glycolysis as a result of a dysfunctional mitochondria
was misconceived. Most cancer cells still rely on oxidative phosphorylation to generate ATP.
Instead, it is the activation of oncogenes and loss of tumor-suppressors genes that provoke the high
glycolytic rates [reviewed in (Pavlova & Thompson, 2016)].

Extracellular stimuli, such as growth factors, regulate nutrient uptake necessary for cell
survival and proliferation [reviewed in (Thompson, 2011)]. Hence, depletion of growth factors
could reduce cellular glucose consumption necessary to maintain bioenergetics. Such decline in
glucose uptake can be rescued upon combined expression of cell surface GLUT1 and hexokinase,
the first enzyme in the glycolytic pathway (Rathmell et al., 2003). In the case of cancer cells,
oncogenic mutations devoid them of the external requirements for nutrient uptake. Genetic
alterations in key enzymes involved in growth-factor signalling, for instance, phosphatidylinositol-
3-kinase (PI3K)-Akt and its negative regulators phosphatase and tensin homolog (PTEN) and
inositol polyphosphate-4-phosphatase (INPP4B), were identified in diverse cancer types [reviewed
in (Vogelstein & Kinzler, 2004)]. GLUTI mRNA expression and cell surface protein translocation
can be induced through PI3K-Akt pathway (Barthel et al., 1999; Wieman, Wofford, & Rathmell,

2007). In addition, both chief points of regulation in glycolytic pathway, hexokinase and
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phosphofructokinase, are potentiated by Akt and thus, retains glucose intracellularly upon
phosphorylation and advances glycolysis (Deprez, Vertommen, Alessi, Hue, & Rider, 1997;
Gottlob et al., 2001). Enhanced GLUT transcription is mediated by the first oncogene identified,

RAS, facilitating cellular glucose uptake (Murakami et al., 1992).

2.2.2 Utilization of opportunistic nutrient acquisition modes

Due to increased nutrient consumption and limited vascular supply, tumor cells encounter
metabolically unfavorable conditions. They, however, are able to survive and proliferate owing to
acquisition of mutations permitting the use of opportunistic modes to obtain necessary nutrients.
For instance, mutation in Ras stimulates macropinocytosis to scavenge extracellular
macromolecules. Upon engulfment, free amino acids can be liberated through lysosomal
degradation (Commisso et al., 2013). Moreover, Kras-driven pancreatic cancer cells also espouse
on phagocytosis of entire living cells and apoptotic cellular bodies to amass free amino acids in
nutrient-depleted environment (Kamphorst et al., 2