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Summary

Irregularities in cellular energy metabolism have been linked to many hulsaases,
including metabolic disorders, mitochondrial diseases, cancer, and neurodegeneration. In order
to survive and function properly, an adequate supply of energy is necessary. When cells are
exposed to energy stress or pathologic stimuli, they haseability counteract decreased
energy status by activating adaptive mechanisms, which can theoretically be referred as
metabolic rewiring. More scientific knowledge about the molecular mechanisms involved in
metabolic rewiring may facilitate developmeminew targeted therapeutic strategies.

In this study, we investigated the effects of genetic manipulation and the mechanisms of
metabolic adaptation in cultured cells, and how these correlates with changes in key metabolic
and physiological functions undelifferent conditions of energy stress. We particularly
mimicked pyruvate dehydrogenase (PDH) dysregulation in MIBx231 cell line by
inducing overexpression of all four isoforms of pyruvate dehydrogenase kinase-DK1
Successful overexpression of kaaf the PDK isoforms was confirmed by quantitative real

time PCR and western blot analysis. We found that increased-R@¥Kfression is associated

with increased proliferation in modified MDRMB-231 cells, particularly in PDK1, PDK3, and
PDK4 overexpressg cells. We carried out a series of cell proliferation assays in high (25
mM), moderate (5 mM) and low (1 mM) glucose to investigate the effect of glucose supply on
growth of PDkoverexpressing cells. We observed that PBIKaverexpression triggers a
reduced cellular tolerance in glucose deprived condition and conversely, they exhibited an
increased dependence on high glucose. Besides, Inhibition of PDK by Dichloroacetate (DCA)
was found to cause a drastic reduction in proliferation in these cells.

Subsegent metabolic adaptation was observed towards increased mitochondrial respiration
and glycolysis in the PDiverexpressing cells, mostly in the PDK1 expressing cell. However,
pyruvate oxidation was reduced by PDK overexpression, as expected. One resfantaiy

of this study is PDKoverexpression was found to trigger a metabolic switch towards increased
fatty acid oxidation. In cells overexpressing PDK1 or PDK2, fatty acid oxidation was increased
in low glucose condition, whereas in PDK3 or PDK4 overesging cells, fatty acid oxidation

was increased in high glucose condition.

Our findings suggest that PDK overexpression is associated with subsequent metabolic

rewiring in cultured cells, characterized by increased dependency of glucose for growth,

Vil



changed utilization of energy substrates, and increased rates of both glycolysis and

mitochondrial respiration.
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1 Introduction

In order to survive, having source of energy is essentiflammalian cells possess special
mechanisms to produce energy from the breakdown of food w&leatnergy is utilized by

the cells in the form o& versatile energy moleculedenosine triphosphate (ATHnergy
homeostasisnust be balanced by supportitige adequate production of ATP so that living

cells can grow, reproduce, maintain structures and respamyironmental changgg]. If the

cell is unable to meet appropriate metabolic requirements, the homeostasis might be threatened
whichmay induce cell deattind pathological conditions including cancer, neurodegeneration,
metabolic syndrome, cardiovascular disease and j208¢ To prevent such effectsells need
metabolc flexibility to adaptto conditional changes in energy supply and demahi$ might

be achieved by switching between substrates or activating rescue mechamisnsd
potential stresseft]. A cel | 6s abil ity t os determineceyitheb ol i c a
mitochondrial functionsince mitochondriarethe cental organells for metabolic processes

[5]. This thesis focuses on characterizing adaptive mechara$roultured cell lineswith

regards to manipulation of mitochondrial function in varying conditions of energy stress.

1.1 The Mitochondrion : origin, structure, genetics,and function

Mitochondria derived their names fraheGr eek word oOomi t osdé6 meaning
meaning small granules, due to their thrékd structure when observed undarlight
microscop€g1]. Theyoccupy a substantial portion tfe eukaryotic cell cytoplasm arare

considered as metabolic headquartehetell. Mitochondria arosérom the engulfment ofra
Uproteobacterium by a primitive eukaryotic cell over two million years ago. A relic of this

event is thathe mitochondriomrmaintained its double membradearacteasits ancestors and

is the only organelle that has its own DI}6A 7]. All human cells conta mitochondria, except

mature erythrocytef8]. The size, shape and copy number of mitochondria in a cell depend on

thet ype of cell and the[9%ell 6s metabolic ene:
Mitochondria can be found as stiff, elongated aéis or dynamic tubular network of
interconnected mitochondria, with a diametei®.5 ¢ m. They h anmarkBbgyen f o
mobile and plastic, and continuously changing their shegpebservednderlight microscope

[9, 10]. The structure consists of a mitochondrial matrix surrounded by the inner and outer
mitochondrial membrarsgIMM andOMM); between the twanembranesthere is a narrow

intermembrane spad¢éMS) (seeFigurel.1). The matrix contains most of the mitochondrial

1



proteinsincludingthe enzymes involved ithie tricarboxylic acidTCA) cycle, fatty acidFA)
oxidation,iron-sulfur (Fe-S) biogenesisand other$l11] .The mitochondrial DNA (mtDNA) is
also found in the matrix. In tH&M, the mitochondrial oxidative phosphorylation (OXPHOS)
machineryconsistingof the electron transport chain (ET@mplexes ¢omplxes 11V) and

the ATP synthaseomplex (complexV) is located and alsoprotein complexes involved in
transporting ionsmetabolitesand proteins through the IMM12]. The IMS contains some
proteins for cristae remodeling and apoptoadrs. The OMM contains porin proteins that
allow influx and efflux of metabolites and proteins involved in mitochondrial fission and fusion
[13, 14]

ﬁ Porin
Outer membrane

AV = )

ter-membrane space

= Inner membrane

Matrix

Cristae

‘ e——— Ribosome
Circular DNA
ATP synthase

Electron Transport
Chain

Figure 1.1 Simplified illustration of human mitochondrion with its structural parts. The
mitochondrion haswo membranesnner and outermembrangIMM and OMM); between
these two, there is an intermembrane space. The IMMdsd into cristaghat encloses the
mitochondrial matrixThe electron transport chain (ETiS)in the IMM and the matrix holds
the mitochondrial DNA (mtDNA) and ribosome&dapted fran [15]

The mitochondrial genome contains multiple copies of small circular DNA that are maternally
inherited and is distinct frohenuclear genome. The mtDNz#ontains coding information for

13 proteinsubunits othe ETC complex 22 for transfer RNAs and two for ribosomal RNAs;
encoding 37 genes in total. Howevelmathan 98% of the protein complement needed for
overall mitochondrial function are encodedthg nuclear genonfé3, 16}

Mitochondria produce most of the cellular ATP amdportant catributorsin different
signaling pathways that are crucial for organism survival. They are also involved in cellular

adaptation to environmental stimuli, production of reactive oxygen species (ROS), apoptosis



andin intracellularC&"* signaling[6]. The mitochondrial biomass and functional quality is
maintained by a combination of process includingetabolic adaptation, mitophagy,
mitochondrial biogenesis and often accompaniedcignges in morphology (e.g fission,
fusion)[7].

1.2 Cell metabolism

The word O6met abol iekndd nceotmeetso If (o nw.litihtebsuBmesa n' s
of chemical reactions occurring in the living organiginst allow organissito maintain life

[17]. The sum constitutes more th&8v00 reactions and 16,000 metabolites that have been
annotated in the Kyoto Encyclopedia @Enes and Genom@EGG). The core metabolic
reactions can be categorized as catabtiiebreakdown of substrates to produce energy and
anabolie using energy to build up componefi8]. Thus, netabolism serves three purposes
in an organismi. breaking down food into energy for vital proces@espnversion of food or

fuel to building blocks of life such gwotein, lipids and nucleic acigand3. the excretion of
metabolic wastes (e.g. nitrogenous wastédl) the chemical reactions are organized into
different metabolic pathways and carried out through a seried;each step facilitated by

an enzymeEnzymes function as catalysts to allow reactions to proceed rapidhegulate

the rate of metabolic reacti¢d, 19].

1.2.1 Energy substrates and wholebody energy homeostasis

The main energy substrates of body metabolism are carbohydrates, lipids and ginateins
come from the fooslwe eat.After digestion, the simplified food molecules are distributed to
all tissue through the circulation via blood vessésset of tightly regulated transport
mechanisms are involved the uptake of molecules by the cells from the bloodstr§zoh
Inside the cells, metabolic processes that convert séda,and amino acidto energy
occurs in multiple sites through specialized metabolic pathwaysinstance, in the cytosol,
we find glycolysis whereas in mitochondriBCA cycle,FA oxidationand OXPHOS system
contribute to the production of ATR]. Figurel1.2 show anoverview of substrate conversion

in different metabolic pathways.
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Figure 1.2 An overview of interplay between different metabolic pathwaysintermediates

or end products from glucose metabolism, lipid metabolism and amino acid metabolism can
serve as energy substrates for TCA cyblat eventually produce fuel molecules for ATP
production Modified from [21]

How the body will utilize different substrates depend on the type of the tissue, oxygen
availability, metabolic state (fed or starved) and energy demand (resting or exercise). For
example, red blood cells (RBC) only utilize glucose since they lack mitochondria. Similarly,
the brain alone uses 130g of glucose perdilage it cannot useAs [22]. Alternatively,FAs

arethe preferred fuefor skeletal ancheart muscle cells during resting st&gt23]. However,

when the preferred substrates are unavailable, alternative substrates may be utilizeé&mstead,;
example includeshe use of FA derived ketone bodies the brain when glucose is not
available[24]. During fasting FAs are taken up by the liver cells and are used to make ketone
bodies and ATP to fuel gluconeogenesis which helps to maintain glucose levels above 3.5
mmol/L [3]. In diabetes, a similar shift occurs due to deficient glucose uptake which may lead

to diabetic ketoacidosis if not controllg@5]. Some tissues switch betweenbstates



depending on the workloaduch as in skeletal muscl@asma free fatty acids (FFA)yovide

most ofthe energy during restirgy low intensity exercise. When exercise intensity increases,
plasma FFA turnover does nimicrease and the additional energy demand is meitsing

muscle glycogen, blood gtos orintramuscular triglyceridd26].

Glycogen serves as a form of energy storage in liver and to some extent, in muscle. When
energy intake is highéhan the metabolic demand, extra glucose molecules can be stored as
glycogen Alternatively, he adipose tissues are the storage site for ek@&ssn the form of

fat [27].

1.2.2 Glycolysispathway

ATP is geneated both in the cytosol and mitochondria. In the cytosol, the glycolysis, also
known as Embdé&rMeyerhof pathway converts glucoseo pyruvate via a 18tep process.

The net yield of this enzymatic process is 2 molecules of pyruvate, 2 mgletAlEP, and in
addition twoNADH (reduced nicotinamide adenine dinucleotigey molecule of glucod8].

The net reaction of glycolysis can be written as:

Glucose + 2 NAD+ 2 P + 2 ADP Y 2'2R'ywR2ATPa&azHO + 2 NADH
The glucose utilized in this processmobilized from intracellular glycogen or transported
from the bloodstream into cytosol through glucose transporters (GLOURS)GLUT family
transporters are subdivided into three classes the physiological role of class | GLUT
(GLUT1 to GLUT4)is assaciated with facilitating glucose transport into instsi@nsitive cells

[28]. However, howthe produced pyruvate will be utilized, depends on the level of oxygen
present.In the presence of oxygen (aerobic conditiopyruvate is transported to the
mitochondrial matrix to be oxidized in the TCA cyclénder anaerobic condition (low or no
oxygen),pyruvate is primarily converted to lactate by lactate dehydrogenase, and NADH is
oxidized to NAD [3, 29]. A detailed description of the glycolysis pathway is depictétgnre

1.3.

The flux through glycolysis must be regulated to meet cellular demand depending on the
condition both inside and outside of the cell. In general, enzymes that catalyze essentially
irreversiblereactions would be expected as potential sites of control. In glycdigsiskinase
phosphofructokinaseand pyruvate kinasexre considered to have regulatory roles since the
three reactions they catalyze are virtually irreversible. Their activitiesallosterically
controlled by reversible binding of many effector molecules or by covalent modifi¢gafipn

31].
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Figure 1.3 The series of chemical reactions in the glycolysis pathwalyach step is catalyzed
by an enzyme and the three irreversible reactions in the pathwaycéedblue The net yield
after the 16step glycoysis pathway is 2 ATP, 2 NADH and 2 pyruvatéigure based of8]

1.2.3 Tricarboxylic acid cycle

The tricarboxylic acid (TCA) cyclealsoknown as citric acid cycle d€rebs cycldas aseries

of biochemical reactions that occurs in the mitochohdratrix andis acentral hub foaerobic
energy metabolisnThe cycle produces intermediatesbe used in macromolecular synthesis
and harvest higkenergy electrons from carbon fuels to form NADH and FAQidduced
flavin adenine dinucleotideYhe NADH and FADH thatareproduced throughout the cycle
serve as electron donors for downstream cellular processes such &s [EdGuce ATH32,
33].

Thecommonfuel for feeding the TCA cycle is acetgbenzymeA (acetylCoA) andpyruvate

is a major source of acet@loA in this cycle.After glycolysis,pyruvate is transported from the
cytosol to mitochondrial matriky mitochondrial pyruvate carrier (MPC, heterocomplex of
MPC1 and MPC2), located in the inner mitochondrial memUia4ijelnside the mitochondrial



matrix, pyruvate is pmarily oxidized toacetytCoA by pyruvate dehydrogenase (PDH), also
generatinggn NADH anda CO in the processPDH is highly regulated and thus control the

flux of glycolytic acetydCoA into the TCA cyclgsee sectio 1.4.]). Acetyl-CoA then fuss

with oxaloacetate with the help of citrate synthase, to produce the first product of the classical
8-step cycle, citratéa type of tricarboxylic acid, hence the name tricarboxylic acid cy8le)

35]. Figurel.4 illustrates the full oxidation of acet@oA through the &tep process.

Pyruvate >
dehydrogenase
: H,0

-

Pyruvate ﬂAcetyl-coA Citrate synthase @
NAD* @ Citrate Aconitase
CoA-SH NADH
co, H,0

Con-sH Isocitrate
Oxaloacetate

NAD* Isocitrate
NADH dehydrogenase
Malate
dehydrogenase NADH
NAD* €0,
Citric acid cyc|e o-Ketoglutarate
Malate
CoA-SH
H,0 NAD+ @
NADH a-Ketoglutarate
Fumarase co, dehydrogenase
CoA-SH
GTP —
Fumarate  FraDH, eop Succinyl-CoA

FAD Succinyl-CoA
Succinate synthetase
dehydrogenase Succinate

(cn) @

Figure 1.4 Biochemical reactions that drive TCA cycle AcetylcoA is the typical input of this
cycle which condenses with oxaloacetate to form citvéth the help of citrate synthasand
eventually oxidized in 8 consecutive reactidnsstep 2, the mitochondrial aconitase make isocit
which is then converted by isocitrate dehydrogeriaseketdglutarate with the production of
NADH ( s tketpglutariite deHydrogenalseu r t her cat al y z-kesoglutamat
to sucinyl Co-A and a second NADH in step 4. The step 5 produce succinate catalyzed by st
CoA synthetase as well as 1 GTP is produced from 1 GIDE.conversion of succinate to fumari
by succinate dehydrogenase produce 1 FADHhe process during §i€6. Fumarase conver
fumarate to malate and in the final step, malate dehydrogenase transform malate to oxa
with the production of another NADH. Oxaloacetate further starts the dyaéeenzymes are shov
in blue circles, the intermediate meddites in black and the GTP,.8, and the electron donor
NADH and FADH produced arenarked as greeifi35, 36} Figure based of37]



However, pyruvate is not the only source ofacétlyd A, it can bexidgiemer at e

of FAs or from ketogenic amino acids. For example, glutamine is the most abundant non
essential amino acid in the human body, which enters the TCA cycle in the fodn of
ketoglutarateg32]. The cycle produces 3 NADH, 1 FADHand lguanosine triphosphate
(GTP) from 1 molecule of acetyCoA [35]. Since, one glucose molecudads up n two
pyruvates along with RIADH and 2 ATP after glycolysis; the net yield of this whole journey
after complete mitochondrial oxidation is 10 NADH, 2 FADER GTP, and 6 C® The key
control points involved in the regulationthie TCA cycle are the allosteric enzymes isocitrate
dehyd r 0 g e n a &ketogluanate delydrogenase. The activity of these two enzymes are
affected by the concentration of ATP and NADH. Isocitrate dehydrogenase is inhibited by
NADH by directly displacing the NAD. -kéfoglutarate dehydrogenase is inhibited thg t
products of the reaction it catalyzes, succinyl CoA and NADHaddition, both of these
enzymes are inhibited by ATP; when the cell has a high level of ATP, the rate of the cycle is

reduced.

1.2.4 Mitochondrial electron transport chain and oxidative phosphotylation

Oxidation/reduction reactions in the TCA cycle produce reduced electron carriers in the form
of NADH and FADHR, which serve as electron donors to the ETC, located itMNe. The
oxidation of these carriers is coupled to ATP generalignthe OXPHOS system[38].
OXPHOS involves transport of electrons through the ETG@h&ofinal electron acceptor,
molecular oxygen (&) and phosphorylation of ADP téorm the universal high energy
molecule, ATR The ETC is made up of four protein complexes, commonly known as complex
I-IV coupled to a phosphorylating complegke ATP synthase (complex V) (séégure1.5).
NADH coenzyme Q reductageomplex [) receives electronsoin NADH and transfers to
coenzyme Q (C®), reduced form of ubiquinone). Succindéhydrogenase (compléxa part

of TCA cycle) alsotransfers electrons to €9 thatis received from FADH Electrons are
shuttled from CeQ via cytochroméC oxidoreductase (complex 1) to cytochror@gCyt C).

Cyt C is locatecht the cytosolic side of the respiratory chain and is responsible for further
transport of electron to cytochrome C oxidase (complex Ggtochrome C oxidase is the last
enzyme of the ETC and transfers a pair of electrons tecular Q where itis reduced to form

H20 [39].

Complex 1, Il and IV function as proton pumps. For every pair of electrons transported,
complexI andlll each extrudes two pairs of protons; while complex IV pump out one pair of



protons from the mitochondrial matiimto intermembrane space. As protons accumulate, they
establish an electrochemical proton gradient (membrane potential), represanting
protonmotive force (PMF)The potential energy stored inetRMF is then harvested by the
ATP synthase, which drives the energetically favorable flux of prdiank into the matrix.
The energy released inishprocess enables conversion of ADP to A[AB, 41] The net
production of ATP is around 32 molecules from the catabolism of one glucose m@&&jule
however the ovall yield might be influenced by the mitochondrial membrane integrity or

effects of uncoupling proteins.

Figure 1.5 Bioenergetics of the ETCand OXPHOS systemElectrons from NADH anc
FADH: are shuttled to complex | and #nd are transported throughout the ETC. Tran
of electrons pump out protons from the matnito the IMS throughcomplexl, Il and IV,
thereby creating a proton gradient. This gradient drives the ATP synthase to flux
back into the matrix to produce ATPigure based of#2]






























































































































































































































