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Abstract

In tumours, cell proliferation and inefficient perfusion lead to transient and chronic fluc-

tuations of oxygen supply, causing localised hypoxia. A key mechanism for survival in

hypoxia is the reprogramming of cellular metabolism, which current evidence suggests is

primarily mediated at the transcriptional level by HIF1α.

This work demonstrates that well-known, hypoxia-associated metabolic changes, such

as increased glycolysis and lactate production, occur within only 3-5 hours at 1% O2

in a HIF1α-independent manner. Concomitant to these changes, intracellular aspartate

levels decline, partly through decreased mitochondrial aspartate production, implying al-

tered activity of the mitochondrial malate-aspartate shuttle (MAS).

Pharmacological and genetic ablation experiments demonstrated that aspartate amino-

transferase 1 (GOT1), a component of the MAS, is necessary for upregulation of glycoly-

sis in early hypoxia. Loss of GOT1 also limited flux through cytoplasmic redox pathways

and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and decreased the cytoplas-

mic NAD+/NADH ratio, suggesting that multiple redox systems collectively account for

early hypoxia-induced metabolic changes. Furthermore, lactate dehydrogenase (LDHA)

loss of function had a strong inhibitory effect on glycolytic flux, caused increased respira-

tion and dependency on OXPHOS-derived ATP, and diversion of glucose carbons into the

TCA cycle and fatty acid biosynthesis. In early hypoxia, LDHA knockout cells exhibited

ATP depletion and AMPK activation and proliferation was inhibited irreversibly, indicating

an important function of LDHA in maintaining ATP levels and regulating glucose carbon

fate to ensure cell survival.

In summary, this work reveals that key features of the cellular metabolic response to

hypoxia are established early, prior to the onset of protein expression changes. These

changes are orchestrated by a nexus of redox pathways to maintain cellular bioenergetics

and cell survival. In addition, this work highlights metabolic vulnerabilities of cells in

hypoxia, that could potentially be exploited for cancer therapy.
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1.1 Oxygen sensing

Molecular oxygen is an essential metabolic substrate for aerobic cells and organisms,

and prolonged or severe oxygen depletion can have detrimental or lethal consequences.

Hence, complex mechanisms have evolved both within single cells as well as within spe-

cialised tissues in multicellular organisms, which sense oxygen levels and elicit adapta-

tions to changes in oxygen availability.

1.1.1 Oxygen sensing in the carotid body

In the human body, blood oxygenation is monitored with high sensitivity by the carotid

body, a chemoreceptor located at the bifurcation of the carotid artery (López-Barneo

et al., 2016). The carotid body consists of cell clusters containing neuron-like glomus

(type I) cells, which express O2-sensitive potassium channels. These channels are inhib-

ited by decreasing oxygen levels, which causes depolarisation of the plasma membrane,

opening of voltage-dependent calcium channels and neurotransmitter release. Sensory

nerve fibres subsequently relay the signal to the respiratory centre in the brainstem,

where it triggers respiratory and cardiovascular responses counteracting the changes in

blood oxygenation. In addition to changes in blood oxygenation, glomus cell can also re-

spond to elevated carbon dioxide levels, changes in pH, and hypoglycaemia. Although it

has been known for several decades that potassium channels in glomus cells can be reg-

ulated by acute changes in oxygen levels (Lopez-Barneo et al., 1988), the exact mecha-

nism by which this inhibition occurs remains unknown. However, it was recently observed

that mitochondrial complex I mutations inhibit the hypoxia response of glomus cells, al-

though complex I is not required for basal respiration and ATP production in this cell

type (Fernandez-Aguera et al., 2015). Signalling from complex I, via production of reac-

tive oxygen species (ROS) or reduced nicotinamide adenine dinucleotide (NADH), could

therefore have an important role in the hypoxia-induced inhibition of potassium chan-

nels. Although the exact molecular mechanism is yet to be found, it is likely to involve

oxidative protein modifications, since thiol-oxidising agents induce a similar response in

glomus cells. These recent findings are in agreement with several previous reports, which

showed that inhibition of mitochondrial electron transport initially mimics oxygen deple-

tion but subsequently abolishes hypoxia sensitivity of glomus cells (Mulligan et al., 1981;

Wyatt and Buckler, 2004; Ortega-Sáenz et al., 2003).

In addition to the immediate response to changes in blood oxygenation, the carotid body

also mediates adaptation to chronic hypoxia, or hypoxemia, which can be experienced at
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high altitudes or as a consequence of certain respiratory disorders (López-Barneo et al.,

2016). Adaptation to hypoxemia most likely involves transcriptional changes mediated by

members of the hypoxia inducible factor (HIF) family of transcription factors, which will be

introduced in the next section.

1.1.2 Cellular oxygen sensing

HIF transcription factors, which control gene expression in response to oxygen deple-

tion, are considered master regulators of the cellular adaptation to hypoxia in humans

(Schofield and Ratcliffe, 2004). Similar oxygen-dependent systems have been identified

in all eukaryotic cells (van Dongen and Licausi, 2015). HIF complexes are heterodimeric

basic helix-loop-helix transcription factors, consisting of a HIFα subunit and HIF1β/ARNT.

Unlike HIF1β/ARNT, the protein levels of which remain constant independently of oxy-

gen levels, HIF1α is constitutively degraded via the the ubiquitin-proteasome pathway in

normoxic conditions. Prolyl hydroxylases (PHD) modify HIF1α at several prolyl residues

within its oxygen-dependent degradation domain (ODDD), thereby promoting its associ-

ation with the von Hippel-Lindau (VHL) ubiquitin ligase complex, which targets HIF1α for

proteolytic degradation (Kaelin and Ratcliffe, 2008). In hypoxia, however, HIF1α protein

accumulates rapidly (Wang et al., 1995) and directly activates gene expression by binding

to hypoxia response elements (HRE) in the promoter regions of its target genes. HIF1α

targets are involved in a wide range of cellular processes, including metabolic adapta-

tion, cell survival and resistance to apoptosis, angiogenesis and cell motility (Semenza,

2003). HIF1α activity is additionally regulated by factor inhibiting HIF (FIH) through

hydroxylation at an asparagine residue, which interferes with the binding of transcrip-

tional coactivators. Moreover, HIF1α transcription and stability are regulated by several

VHL-independent mechanisms, including oncogenic phosphoinositide 3-kinase (PI3K)

signalling (Semenza, 2003).

Three different HIFα subunits exist, but transcriptional activation has only been demon-

strated for HIF1α and HIF2α , whereas the function of HIF3α remains less clear (Kaelin

and Ratcliffe, 2008). Both HIF1α and HIF2α are known to play an important role in the

cellular response to hypoxia, although they are thought to regulate different cellular pro-

cesses. Even though shared target genes have been described, the activation of their

target genes is known to be highly isoform- and context-specific (Ivan and Kaelin, 2017;

Kaelin and Ratcliffe, 2008). HIF1α is thought to be the main mediator of the hypoxia-

induced reprogramming of cellular metabolism (Hu et al., 2003), while HIF2α regulates
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genes involved in cell invasion (Koh and Powis, 2012). Moreover, the kinetics of hypoxia-

induced accumulation are known to differ between the two isoforms. HIF1α is mainly sta-

bilised within the first 24 hours at low oxygen (1% O2) and its levels decrease in chronic

hypoxia (Stiehl et al., 2012; Lin et al., 2011). Conversely, less severe hypoxia (5% O2)

or exposure for longer periods of time lead to HIF2α stabilisation (Stiehl et al., 2012;

Holmquist-Mengelbier et al., 2006).

Prolyl hydroxylases are thought to be the primary oxygen sensors in cells since their Km

for oxygen lies within a physiologically relevant range (Ehrismann et al., 2007). Three

PHD isoforms exist and, although all of them have the potential to hydroxylate HIF1α,

PHD2 is thought to be the main isoform controlling HIF1α levels in normoxia since silenc-

ing of PHD2 was previously shown to be sufficient to cause acute accumulation of HIF1α

(Berra et al., 2003). It is now known that PHD activity is not only influenced by local

oxygen pressure, but also by a combination of other factors, including the concentrations

of several tricarboxylic acid (TCA) cycle intermediates (Selak et al., 2005; Isaacs et al.,

2005), the availability of the Fe2+ cofactor as well as mitochondrial redox signals in the

form of ROS (Kaelin and Ratcliffe, 2008).

In addition, there is increasing evidence that mitochondria, which are the primary site of

oxygen consumption in the cell, themselves play an important role in oxygen sensing.

Mitochondrial oxygen consumption is known to remain constant independently of oxygen

concentrations, down to near-anoxic levels, due to the high affinity of ETC complexes

for oxygen (Guzy and Schumacker, 2006). Nevertheless, even relatively mild hypoxia (2-

5% O2) induces a rapid increase in the production of ROS from mitochondria (Chandel

et al., 1998; Duranteau, 1998). Mitochondrial ROS, generated by ETC (electron transport

chain) complexes in the inner mitochondrial membrane, can diffuse into the cytoplasm

(Waypa et al., 2010), where they can cause oxidative modifications of target proteins

and elicit signalling responses. PHD2 itself, for example, can be inactivated by oxidative

dimerisation (Lee et al., 2016). Depletion of mitochondria in Hep3B cells inhibited ROS

production in hypoxia and mitochondria-deficient cells also failed to stabilise HIF1α and to

induce expression of HIF1α target genes (Chandel et al., 1998, 2000). At the same time,

treatment with exogenous oxidants was sufficient to stabilise HIF1α. These findings were

supported by reports demonstrating that a functional ETC is needed to stabilise HIF, since

inhibition of complex I and III as well as loss of cytochrome c impaired HIF stabilisation

(Chandel et al., 2000; Agani et al., 2002; Guzy et al., 2005; Mansfield et al., 2005). It was

subsequently shown that ROS produced at the QO site of complex III are responsible for
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HIF1α stabilisation (Bell et al., 2007). Nonetheless, prolyl hydroxylases are still thought

to be more sensitive to oxygen depletion than mitochondrial ETC complexes (Bracken

et al., 2006; Gnaiger et al., 2000), and are therefore likely to be the first system to sense

decreases in local oxygen concentration. Whether mitochondrial signals or PHDs domi-

nate hypoxia signalling and HIF stabilisation could therefore depend on how quickly and

how severely local oxygen concentration decreases. Furthermore, there are several, well-

described HIF-independent cellular responses to hypoxia, which involve mTOR signalling

as well as the unfolded protein response (UPR, Majmundar et al., 2010). Although other

PHD substrates could play an important role in the regulation of metabolism in hypoxia

(Zhang et al., 2015), this introduction will focus on is HIF1α as it so far is the best-studied

effector of PHD signalling (see Section 1.3.5).

1.2 Hypoxia in physiology and disease

Oxygen concentrations within the human body are known to be considerably lower than

atmospheric concentration and to vary greatly between tissues, ranging from about 13%

O2 in arterial blood to about 3% O2 in tissues far from the lung or in tissues with high

metabolic demand, such as muscles (Simon and Keith, 2008).

1.2.1 Physiological hypoxia

Before the development of the circulatory system, early embryonic development in mam-

mals occurs at around 3% oxygen and hypoxia-induced signalling controlled by the HIF

system is essential for developmental processes and organogenesis (Simon and Keith,

2008). Genetic knockout of HIF1α as well as HIF1β causes embryonic lethality in mice,

due to defects in blood vessel remodelling, hematopoiesis and neural fold formation (Mal-

tepe et al., 1997; Ramı́rez-Bergeron et al., 2006; Ryan et al., 1998). Heart and lung

development, as well as bone morphogenesis are also regulated by hypoxia (Krishnan

et al., 2008; Simon and Keith, 2008). Moreover, the HIF pathway is important for placen-

tal vascular development and placental cell fate decisions since loss of any HIF pathway

component leads to placental failure (Gnarra et al., 1997; Cowden Dahl et al., 2005; Adel-

man et al., 2000).

Similarly to other morphogens, oxygen gradients control stem cell fate and differentia-

tion in a concentration-dependent manner (Mohyeldin et al., 2010). The effects of high

versus low oxygen levels on cell differentiation are context-specific and although in most

cases low oxygen conditions promote the maintenance of pluripotency, examples exist
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where hypoxia drives cell differentiation. A prominent example is the well-characterised

hematopoietic stem cell (HSC) niche in the bone marrow, which is known to be partially

controlled by oxygen gradients (Mohyeldin et al., 2010). HSCs have been found to exhibit

HIF1α activation as well as significant metabolic adaptation to these conditions (Simsek

et al., 2010). In summary, the precise control of local oxygen concentrations plays an

important role in organ development as well as tissue function in the adult body. Uncon-

trolled oxygen depletion due to pathological conditions, however, usually has detrimental

effects.

1.2.2 Pathological hypoxia

Pathological conditions involving acute decreases in tissue perfusion, such as stroke and

myocardial ischemia, severely compromise local oxygen delivery and can lead to cell

death within minutes (Semenza, 2014). In addition to the tissue damage caused by

oxygen depletion, reperfusion causes excessive ROS production in mitochondria and

can add to tissue injury (Chouchani et al., 2016). In the lung, acute hypoxia triggers

pulmonary arterial hypertension, an adaptive response involving the constriction of pul-

monary arterioles, which aims to shunt blood away from poorly ventilated areas. When

this occurs chronically, for example due to lung diseases associated with inflammation or

fibrosis, it can turn into a maladaptive response and lead to sleep apnoea and systemic

hypertension (Tuder et al., 2007). Aberrant hypoxia signalling has also been implicated

in several other pathological conditions, such as rheumatoid arthritis and inflammatory

bowel disease (Biddlestone et al., 2015).

1.2.3 Tumour hypoxia

In as early as the 1950s it was observed that tumours of a certain size contain necrotic

centres and it was hypothesised that this could be due to limitations in oxygen supply

and might impede the efficacy of radiotherapy (Thomlinson and Gray, 1955). Since then,

hypoxic regions have been observed in most locally advanced solid cancers and it is

widely recognised that tissue oxygenation within tumours is temporally and spatially het-

erogeneous (Vaupel and Mayer, 2007). On the molecular level, hypoxia represents an

imbalance between local oxygen supply and the metabolic demand of the tissue, which

can be categorised into chronic, diffusion-limited hypoxia and acute, perfusion-limited hy-

poxia. Since diffusion of oxygen through tissue is limited, complete anoxia is expected

to occur at 150 µm from the nearest blood vessel (Dewhirst et al., 2008; Michiels et al.,

2016). Uncontrolled tumour cell proliferation in combination with decreased rates of cell

death will progressively increase the distance to the nearest blood vessel with a con-
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comitant decrease in local oxygen availability. Eventually, local oxygen concentrations

will be insufficient for cell survival, which leads to necrotic areas. Diffusion-limited hy-

poxia is therefore most likely a direct consequence of the dysregulated growth of cancer

cells without adequate vascularisation. Perfusion-limited hypoxia, also referred to as in-

termittent hypoxia, describes transient fluctuations in oxygen levels caused by inefficient

perfusion of blood vessels. Although hypoxia also induces the formation of new blood

vessels (angiogenesis) through local release of pro-angiogenic factors, such as vascular

endothelial growth factor (VEGF, Forsythe et al., 1996), the newly formed blood vessels

are known to be structurally abnormal and can be prone to clotting and leakiness (De-

whirst et al., 2008). In order to emphasise the unstable nature of oxygen supply within

tumours as well as the recurrence of oxygen fluctuations, it has been proposed to instead

refer to this phenomenon as ’cycling hypoxia’ (Dewhirst et al., 2008; Michiels et al., 2016).

Early measurements of partial oxygen pressures within tumours of breast cancer pa-

tients were performed using polarographic needle electrodes (Hohenberger et al., 1998).

This method, however, only allows for single measurements since it consumes oxygen

and fluctuations over time could therefore not be measured. Another drawback, which

is shared with optical oxygen probes, is the invasive nature of this procedure. Protein

markers are commonly used to detect hypoxia by immunohistochemistry, including the

expression of HIF1α and its downstream targets glucose transporter 1 (GLUT1) and

carbonic anhydrase 9 (CAIX). In addition, hypoxia-specific probes, such as pimonida-

zole, have been used to assess relative oxygenation states within tissue samples (Varia

et al., 1998). However, hypoxic regions within tumours have also been demonstrated in

vivo using several imaging techniques. These include non-invasive near-infrared spec-

troscopy and magnetic resonance spectroscopy, which measure blood haemoglobin sat-

uration in real time, as well as positron emission tomography (PET) in combination with

injected, hypoxia-specific radioactive tracers (reviewed in Carreau et al., 2011 and Sun

et al., 2010). Therefore, several techniques exist to detect hypoxia in tumours, albeit all

of them with certain technical limitations.

1.2.4 Implications for prognosis and cancer treatment

In many cancer types the occurrence of hypoxic regions is strongly associated with a

more aggressive phenotype and poor patient prognosis (Semenza, 2003; Vaupel et al.,

2002). HIF-dependent hypoxia signalling is known to induce immortalisation, increased

vascularisation of tumours, immune evasion, as well as invasive growth and metasta-
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sis. In the clinic, detection of protein hypoxia markers, including HIF1α, GLUT1 and

CAIX, were shown to correlate with poor patient survival (Semenza, 2014). In addition,

hypoxia in tumours leads to a more aggressive phenotype through suppression of apop-

tosis, clonal selection and upregulation of genes associated with drug resistance (Vaupel

and Mayer, 2007). The hypoxic tumour microenvironment itself also significantly con-

tributes to treatment resistance, since the efficiency of drug delivery decreases with the

distance from the nearest blood vessel (Brown and Wilson, 2004). Another factor ad-

ditionally limiting the efficacy of chemotherapeutic anticancer drugs is the fact that cell

proliferation is decreased in hypoxic conditions. In addition, sensitivity to radiation ther-

apy and certain drugs with similar modes of action requires sufficient oxygen to generate

cytotoxic radicals in order cause DNA damage in the surrounding cells.

While hypoxia contributes to a malignant phenotype in cancer and is therefore associated

with poor prognosis, significant efforts have been made to exploit this unique feature of

the tumour environment to improve anticancer treatment. Since upregulation of angiogen-

esis in the surrounding tissue is part of the response to hypoxia, anti-angiogenic therapies

were developed with the aim to improve the efficacy of current treatments, particularly

through targeting the VEGF pathway (Jayson et al., 2016). Although this approach de-

livered promising results in certain types of cancer, in many cases preclinical results did

not replicate in humans, where there were additional problems with toxicity and treatment

resistance. Conversely, there is evidence suggesting that enhancing tumour perfusion

through inhibition of PHDs could induce a less aggressive cancer cell phenotype and im-

prove the delivery of chemotherapeutic agents (Leite de Oliveira et al., 2012; Mazzone

et al., 2009). A better strategy could be to directly target HIF1α, since some of the down-

stream signals are responsible for processes contributing to a more malignant phenotype

(Carroll and Ashcroft, 2005; Semenza, 2003; Nakazawa et al., 2016). Although several

HIF1α inhibitors have already been developed, the potential use in cancer treatment is

an area of ongoing research (Zhang et al., 2008b; Lee et al., 2009; Ban et al., 2017). An-

other promising current approach are hypoxia-activated prodrugs, which could be used to

deliver targeted chemotherapy to hypoxic tumour regions. In normoxia, hypoxia-activated

prodrugs are non-toxic, but oxygen depletion leads to their conversion into radical com-

pounds by one-electron reduction, which causes subsequent release of the active, geno-

toxic compound and kills cell through the induction of excessive DNA damage (Denny,

2010). However, in addition to potential toxicity, several additional factors need to be

taken into account in order for the development of hypoxia-inducible drugs. Suitable com-
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pounds need to have sufficient tissue penetration in poorly vascularised areas and ideally

the half life of the active species should allow them to diffuse to also affect neighbouring

cells (bystander effect). Tirapazamine is currently the best-studied example, which has

only had limited clinical success due to unacceptable side effects and poor tissue pene-

tration, although efforts are under way to improve extravascular transport (Brown, 1993;

Hay et al., 2007). Evofosfamide, which is another hypoxia-activated prodrug, has already

shown promising results for the treatment of pancreatic cancer (Pourmorteza et al., 2016)

1.3 Metabolic reprogramming as a hallmark of cancer

Although metabolic changes in cancer cells were first observed many decades ago (War-

burg, 1956), alterations in energy metabolism are now recognised as an emerging hall-

mark of cancer, which characterises a wide range of neoplastic diseases (Hanahan and

Weinberg, 2011). High glucose uptake, glycolytic flux and lactate secretion in the pres-

ence of oxygen are common features of proliferating cells as well as cancer cells, of-

ten referred to as ’aerobic glycolysis’ or the Warburg effect (Gatenby and Gillies, 2004).

Since this metabolic behaviour distinguishes solid tumours from most adult tissues, it

has successfully been used for the development of diagnostic tools. Quantitative mea-

surement of the glucose uptake in the form of a radioactively labelled glucose analogue

(18F-deoxyglucose, FDG) by positron emission tomography (FDG-PET) is now commonly

used in clinical cancer diagnostics. At the same time, targeting cancer metabolism could

be able to selectively kill cancer cells and is therefore thought to be a promising new

strategy for treatment, with several compounds already in clinical development (Galluzzi

et al., 2013).

1.3.1 The role of the tumour microenvironment

Reprogramming of the metabolic network is a complex process achieved through mul-

tiple, interconnected layers of regulation. Several cell-intrinsic factors are known to in-

fluence metabolic dependencies and vulnerabilities in cancer cells, including oncogenic

mutations, tissue of origin (Yuneva et al., 2012) and proliferative state (Coloff et al.,

2016). However, metabolic reprogramming occurs both cell-autonomously and as a con-

sequence of conditions in the tumour environment (Anastasiou, 2017). It is now becoming

more and more apparent that micro-environmental factors can have strong effects on the

metabolic dependencies and vulnerabilities of cancer cells, which in the worst case can

lead to treatment resistance (Gui et al., 2016). Therefore, the micro-environmental aspect

of metabolic regulation could potentially be a major factor holding back the development
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of metabolism-targeted cancer treatments. For these reasons it is becoming increasingly

urgent to enhance our understanding of the mechanisms by which micro-environmental

factors shape cancer cell metabolism, as well as of the conditional dependencies of can-

cer cells on metabolic pathways.

1.3.2 How does metabolic reprogramming support cancer cell proliferation?

The notion that, on a macroscopic scale, the reprogramming of cell metabolism confers

a growth and proliferation advantage to cancer cells is now well accepted (DeBerardinis

et al., 2008). However, whether this phenomenon is caused by metabolic limitations

for cell proliferation, and if so, which metabolic products could be limiting for cancer

cell growth and survival, remains a matter of scientific debate and is likely to be influ-

enced by conditions in the tumour micro-environment (Vander Heiden and DeBerardinis,

2017). Conceptually, intracellular metabolism supports cell proliferation mainly in three

ways. Firstly, cell proliferation relies on the supply of biosynthetic intermediates for macro-

molecule synthesis, including nucleic acids, proteins and lipids. Metabolism also main-

tains cellular redox status and generates reducing power needed for anabolic pathways

and, lastly, generates energy in the form of adenosine triphosphate (ATP, Vander Heiden

et al., 2009). Rather than giving a comprehensive list, the following paragraphs aim to

illustrate how metabolic pathways, which were found to be deregulated in cancer cells,

support each of these functions.

Generation of ATP

Whether ATP itself is limiting for cancer cell proliferation remains controversial, since it

has been suggested that the major consumer of ATP is likely to be maintenance of ex-

isting protein pools rather than proliferation (Locasale and Cantley, 2010, 2011). This

could be one way to explain the apparent paradox that, by increasing glycolytic flux,

cancer cells switch to a less efficient form of ATP production (in terms of molecules of

ATP produced per molecule of glucose). Moreover, intracellular ATP levels need to be

tightly controlled, since ATP is an allosteric inhibitor of phosphofructokinase (PFK, Dun-

away et al., 1988) and high ATP levels can therefore negatively impact glycolytic flux.

Supporting this concept is a recent report demonstrating that proliferating cells bypass

the ATP-producing pyruvate kinase step of glycolysis and instead produce pyruvate via

phosphoglycerate mutase (Vander Heiden et al., 2010). In addition, futile endoplasmatic

reticulum (ER)-associated metabolic cycles, that consume ATP and support cancer cell

growth, were shown to be induced by oncogenic Akt signalling (Fang et al., 2010). Other

carbon sources, such as glutamine, have also been shown to be major contributors to
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OXPHOS-driven ATP production in cancer cells (Fan et al., 2013a). Although these find-

ings indicate that ATP might not limiting, it is possible that conditions in the tumour micro-

environment, such as hypoxia or nutrient deprivation, can cause ATP to become acutely

limiting for cancer cell growth or survival.

Biosynthesis of cellular building blocks

Although other amino acids are known to contribute significantly to cell mass accumula-

tion, glucose and glutamine are the main nutrients consumed by proliferating cells (Hosios

et al., 2016). Some non-essential biosynthetic intermediates, which are necessary for the

production of cellular macromolecules, are provided by pathways fuelled by glucose and

glutamine, branching off from both glycolysis as well as the TCA cycle (Vander Heiden

et al., 2009). These include ribose sugars for nucleotides produced by the pentose phos-

phate pathway (PPP), non-essential amino acids generated by several transamination

reactions and glycerol and acetyl-CoA for cholesterol, fatty acid and lipid biosynthesis.

In cancer cells and proliferating cells, diversion of glucose carbons into biosynthesis as

well as antioxidant defence pathways is partly achieved by expression of the M2 splice

isoform of pyruvate kinase (PKM2, Christofk et al., 2008a). PKM2 has a lower intrinsic

enzymatic activity than the ubiquitous PKM1 isoform and can additionally be inhibited by

phosphotyrosine signalling and oxidative modifications (Christofk et al., 2008b; Anasta-

siou et al., 2011). Accordingly, biosynthesis of several non-essential amino acids, includ-

ing serine (Possemato et al., 2012) and aspartate (Birsoy et al., 2015; Sullivan et al.,

2015) was shown to be important to maintain cancer cell proliferation. Furthermore, the

proliferation several cancer cells lines was shown to be dependent on de novo fatty acid

synthesis through ATP-citrate lyase (ACLY) and inhibition of ACLY induced differentiation

in leukaemia cells (Hatzivassiliou et al., 2005). Glucose and glutamine also both feed into

pathways providing precursors for protein glycosylation, which can modify the activity of a

range of proteins, including transmembrane receptors, transcription factors and metabolic

enzymes, thereby linking metabolism to cellular signalling (Wellen and Thompson, 2010).

Taken together, these examples of cancer cell dependencies on biosynthetic pathways

indicate that the supply of cellular building blocks is an important function of cancer cell

metabolism.

Reducing power and redox homeostasis

The maintenance of cellular redox state and the supply of reducing power is another

important function of cellular metabolism (further introduced in Section 1.3.4). Mitochon-

drial ROS have been shown to have pro-tumorigenic roles, both through the induction
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of genomic instability as well as through cross-talk with oncogenic signalling pathways

(Sabharwal and Schumacker, 2014). At the same time oxidative stress can put increased

strain on redox homeostasis and the antioxidant machinery and excess ROS can lead

to cell death. There is evidence that fuelling the NADPH-dependent antioxidant defence

system through diversion of carbon carbons into the PPP could have increased impor-

tance in cancer cells (Anastasiou et al., 2011). Fuelling the PPP vie increased glycogen

turnover was also found to be important for the growth of cancer cells in hypoxia (Favaro

et al., 2012). Reducing equivalents in the form of reduced nicotinamide adenine dinu-

cleotide phosphate (NAPDH) are equally important to maintain anabolic pathways. In

some cancer types, glutamine supports NADPH production via malic enzyme (ME1) to

maintain biosynthesis (DeBerardinis et al., 2007; Son et al., 2013). Another way to main-

tain the intracellular redox state is overexpression of lacate deydrogenase A (LDHA),

which is commonly observed in cancer cells (Arseneault et al., 2013).

A schematic topology of the pathways discussed above is shown in Figure 1.1. How-

ever, the function of several other pathways in supporting cancer cell proliferation, such

as acetate metabolism (Schug et al., 2015), serine and one-carbon metabolism (Yang

and Vousden, 2016), as well as fatty acid metabolism (Röhrig and Schulze, 2016), are

also areas of ongoing research. In addition to reprogramming of the metabolic network,

cancer cells are also known to increase nutrient availability via autophagic degradation

and macromolecule scavenging from the tumour micro-environment (Guo et al., 2016;

Commisso et al., 2013). Although this thesis concentrates on the cell-intrinsic functions

of metabolism, cancer cell metabolism also has functions in shaping the tumour microen-

vironment in a favourable way. A prime example for this is the finding that metabolic

competition with immune cells in the tumour micro-environment contributes to immune

evasion (Chang et al., 2015).

The following two sections will expand on the current knowledge about the regulation of

central carbon metabolism and redox homeostasis in cancer metabolism. Subsequently,

known mechanisms of metabolic reprogramming in hypoxia will be introduced.
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Figure 1.1: Topology of metabolic pathways, which support cell proliferation by
providing building blocks, energy and reducing power

Schematic representation of topology of relevant pathways, through which glucose
(shown in red) and glutamine (shown in green) contribute to cell proliferation (reviewed
in Vander Heiden et al., 2009). Pathways branching off glycolysis (from top to bottom)
include: a.) the pentose phosphate pathway, which contributes ribose sugars for
nucleotide biosynthesis as well as NADPH for antioxidant defence and anabolic reac-
tions, b.) production of glycerol-3-phosphate by glycerol-3-phosphate dehydrogenase,
which provides backbones for lipid biosynthesis and contributes to cytoplasmic redox
homeostasis, c.) biosynthesis of non-essential amino acids via transamination reactions
(serine, glycine and alanine; redox homeostasis will be further discussed in Section
1.3.4), d.) lactate production, which contributes to the maintenance of cytoplasmic redox
homeostasis through regeneration of NAD+.
Glucose and glutamine carbons both feed into the TCA cycle, which generates acetyl-
CoA for fatty acid biosynthesis and non-essential amino acids (aspartate, alanine)via
transamination, some of which are needed for nucleotide biosynthesis. TCA cycle-
derived metabolites can also contribute to cytoplasmic generation of NADPH via malic
enzyme. Glutamine-derived carbons and nitrogens can also directly contribute to amino
acid biosynthesis (proline, arginine), and nucleotide biosynthesis. Both glycolysis as well
as TCA cycle-fuelled oxidative phosphorylation (OXPHOS) contribute to ATP production.
ATP, adenosine triphosphate; ETC, electron transport chain; TCA, tricarboxylic acid.
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1.3.3 The regulation of central carbon metabolism in cancer

Although central carbon metabolism can be fuelled by the breakdown of glucose, amino

acids and fatty acids, cancer cells are known to have increased reliance on glucose and

glutamine (Keibler et al., 2016).

Glucose

The upregulation of glycolytic flux in cancer cells is often characterised by high expres-

sion of and increased reliance on glucose transporters (Younes et al., 1996) and LDHA

(Koukourakis et al., 2006, 2003), as well as by the suppression of glucose-fuelled oxida-

tive phosphorylation. Glycolysis can be driven by hypoxia-induced signalling (see Sec-

tion 1.3.5), as well as by several other oncogenic signalling pathways (Hsu and Sabatini,

2008). Oncogenic K-Ras was shown to be responsible for upregulation of GLUT1 ex-

pression and glycolytic flux in pancreatic ductal adenocarcinoma cells, which caused

diversion of glucose carbons into anabolic pathways, including hexosamine biosynthesis

and the non-oxidative PPP (Yun et al., 2009; Ying et al., 2012). Akt activation stimulates

glucose uptake via GLUT4 translocation to the plasma membrane as well as glycolytic

gene expression and association of hexokinase with mitochondria, resulting in increased

glycolytic flux (DeBerardinis et al., 2008). Moreover, overexpression of Myc was also

shown to be capable of inducing the expression of glucose transporters, most glycolytic

genes and LDHA (Shim et al., 1997; Osthus et al., 2000). The fact that upregulation

of glycolysis is common to several major oncogenes highlights its importance in cancer

metabolism and it is known to fulfil several of the metabolic functions discussed in Section

1.3.2.

Glutamine

The first step in glutamine metabolism is mediated by glutaminases, which convert glu-

tamine to glutamate. Two glutaminase 1 (GLS1) isoforms exist, which are produced by

alternative splicing (Elgadi et al., 1999). Cancer cells were shown to express high lev-

els of the GAC isoform, which has higher activity than the KGA isoform, and increased

glutaminase activity has been associated with cell transformation (Wang et al., 2010).

Glutamine carbons can subsequently enter the TCA cycle via glutamate dehydroge-

nase or aminotransferases. However, the relative contributions of these pathways are

cell type-dependent (Moreadith and Lehninger, 1984). In human PDAC cells, K-Ras

induces expression of aspartate aminotransferase 1 (GOT1), while suppressing gluta-

mate dehydrogenase 1 (GLUD1) expression (Son et al., 2013). In consequence, there

is increased efflux of glutamine carbons from the TCA cycle into a cytoplasmic pathway
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that fuels NAPDH production via ME1 to support lipid biosynthesis and antioxidant de-

fence (also see Section 1.3.2 and 1.3.4). High transaminase expression, controlled by

the PI3K/Akt/mTOR pathway, and low GLUD expression have also been associated with

high proliferation in breast tumours (Coloff et al., 2016). Glutamine carbons mainly sup-

port central carbon metabolism and amino acid synthesis, but recently they have also

been shown to contribute to cancer cell proliferation by supporting fatty acid biosynthesis

(see Section 1.3.5). However, apart from being a major carbon source for biosynthesis

and the generation of energy, glutamine is also the main nitrogen donor for transamina-

tion reactions, which are important for production of non-essential amino acids as well as

the maintenance of redox homeostasis (Altman et al., 2016). Glutamine derived-nitrogen

is essential for nucleotide biosynthesis and glutamine-deprivation can lead to S-phase

arrest in cancer cells, which can be alleviated by supplementing cells with exogenous

nucleotides (Gaglio et al., 2009). Cancer cell dependency on glutamine is often caused

by oncogenic signalling, similarly to what was described above for glucose. In addition

to K-Ras, Myc is also known to regulate genes involved in glutamine metabolism and to

induce dependency on glutamine for cell survival (Yuneva et al., 2007; Wise et al., 2008).

Taken together, these findings highlight that high flux through glutaminolytic pathways is

likely to support the growth and proliferation of cancer cells and GLS inhibitors are cur-

rently in clinical trials (Altman et al., 2016).

The role of fatty acid oxidation (FAO) in cancer is currently less clear, although it was

shown to have an important function in certain types of cancer (Currie et al., 2013; Pike

et al., 2011). Since it was shown to play an important role in ATP production during

hypoxia/reoxygenation, the importance of FAO might be determined by the metabolic

requirements of cancer cells under certain conditions (Bensaad et al., 2014).

1.3.4 Cellular redox homeostasis

The redox couples NAD+/NADH and NADP+/NADPH are essential cofactors for a wide

range of redox reactions (Xiao et al., 2017, jointly referred to as NAD(H) and NADP(H), re-

spectively). In cells, the maintenance of the total pools of NAD(H) and NADP(H), through

both de novo synthesis and salvage pathways, as well as the ratio of oxidised to re-

duced molecules must be tightly regulated, partly through pathways within central carbon

metabolism itself. In consequence, there is a bidirectional regulatory relationship between

the cellular redox state and metabolism. NAD(H) and NADP(H) have non-redundant roles

and their total pools and redox states are maintained separately (Ying, 2008). NADPH is
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mainly used in anabolic pathways such as nucleotide, fatty acid and cholesterol biosyn-

thesis. In addition, it is essential for the cellular antioxidant defence system by maintain-

ing both glutathione and thioredoxins in a reduced state. NAD(H), on the other hand,

is mainly involved in catabolic pathways. NAD+ serves as electron acceptor during gly-

colysis in the cytoplasm and in the TCA cycle in mitochondria, and NADH acts as elec-

tron donor for the mitochondrial ETC. In addition, NAD+ is the precursor for synthesis of

NADP+ by NAD+ kinases (NADK, Xiao et al., 2017). Therefore, the rest of this section

will mainly focus on NAD(H).

Maintenance of the NAD+ pool: De novo synthesis and salvage pathways

NAD+ can either be synthesised de novo from tryptophan through the kynurenine path-

way, or from nicotinic acid (NA, niacin or vitamin B3) through the Preiss-Handler pathway

(schematically shown in Figure 1.2). In addition, several other vitamin precursors includ-

ing nicotinamide (NAM), nicotinamide riboside (NR) and nicotinamide mononucleotide

(NMN) can be converted into NAD+ via the NAD+ salvage pathway (Kennedy et al.,

2016). The rate-limiting step of the latter is catalysed by nicotinamide phosphoribosyl-

transferase (NAMPT), the activity of which was shown to be essential for cancer cell

proliferation and survival (Del Nagro et al., 2014). The subsequent step is mediated by

nicotinamide mononucleotide adenylyltransferases (NMNATs), which exist in several iso-

forms with distinct subcellular localisations and which are thought to be responsible for

compartment-specific NAD+ biosynthesis (also see next section).

Intracellular nicotinamide is a side product of several major NAD+-consuming reactions,

including polyADP-ribosylation and lysine de-acetylation (Chiarugi et al., 2012). Poly-

adenosine disphosphate(ADP)-ribose polymerases (PARPs), which are involved in DNA

damage signalling and repair, release nicotinamide after transfer of an ADP-ribose moi-

ety onto target proteins. Similarly, members of the Sirtuin family, which are involved in

various stress response pathways, use NAD+ as cofactor to de-acetylate lysine residues

on target proteins and release nicotinamide (Imai and Guarente, 2014). Certain sirtuins

are known to de-acetylate histones and several transcription factors and, since their ac-

tivity is directly influenced by the availability of NAD+, this provides a link between cellular

redox homeostasis and gene expression (Chiarugi et al., 2012; Feige and Auwerx, 2008).

Dietary supplementation with niacin and nicotinamide has been used at least since the

1930s to treat niacin deficiency in humans, also called pellagra, which can otherwise have

fatal consequences (Houtkooper and Auwerx, 2012). Furthermore, it has been demon-
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strated recently that NAD+ depletion during development leads to severe birth defects in

mice and humans, which could be alleviated through niacin supplementation (Shi et al.,

2017). Increasing NAD+ levels through dietary or drug-based interventions has been

shown to be effective in pre-clinical models of several other pathologies, including cardiac

ischemia and neurodegeneration (Katsyuba and Auwerx, 2017). It has only recently been

reported that, on the molecular level, supplementation with NAD+ precursors can improve

mitochondrial function, delay senescence and increase lifespan in mice and other model

organisms (Zhang et al., 2016; Lin et al., 2000; Katsyuba and Auwerx, 2017).

Figure 1.2: NAD+ de novo biosynthesis and salvage pathways
Schematic representation of pathways involved in NAD+ biosynthesis and salvage (re-
viewed in Imai and Guarente, 2014). NAD+ can be produced de novo from tryptophan
or from NA via the Preiss-Handler pathway. A multi-step salvage pathway regenerates
NAD+ from nicotinamide, a side products of reactions catalysed by certain NAD+ con-
suming enzymes, including Sirtuin and PARP proteins. In addition, NAD+ is the precursor
for intracellular NADP+.
NA, nicotinic acid or niacin; NADK, NAD+ kinase; NAM, nicotinamide; NaMN, nico-
tinic acid mononucleotide; NAMPT, nicotinamide phosphoribosyltransferase; NMN,
nicotinamide mononucleotide; NMNAT, nicotinamide mononucleotide adenyltransferases;
NNT, nicotinamide nucleotide transhydrogenase; NR, nicotinamide riboside; PPi, py-
rophosphate; PRPP, 5-phosphoribosyl-1-pyrophosphate.
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Subcellular compartmentalisation

The distribution of both redox couples is known to be highly compartmentalised, both

due to the localisation of enzymes involved in NAD+ biosynthesis and the availability

of biosynthetic precursors (Xiao et al., 2017). In addition, since the inner mitochondrial

membrane is impermeable to both NAD(H) and NADP(H), cytoplasmic and mitochon-

drial redox balance and local pools of reduced glutathione must be maintained separately

(Ying, 2008; Go and Jones, 2008, also see next section). However, dedicated shuttles ex-

ist, which facilitate the transfer of reducing equivalents from cytoplasm into mitochondria

(also see next section). An exception to this is the nucleus, since the nuclear membrane

allows free diffusion of NAD+ and NADP+.

Maintenance of the cellular NAD+/NADH ratio

The activity of glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH),

which converts glyceraldehyde-3-phosphate (GAP) into 1,3-bisphosphoglycerate (1,3-

BPG), depends on the availability of cytoplasmic NAD+. Therefore, in order to main-

tain a NAD+/NADH ratio favourable for glycolytic flux, which is known to be essential

for cancer cell proliferation (see Section 1.3.3), NAD+ must be continuously regenerated

from NADH. The metabolic reactions and pathways involved in the maintenance of the

cytoplasmic NAD+/NADH ratio are schematically summarised in Figure 1.3. Glycolytic

flux is partly diverted into LDHA, which reduces pyruvate to lactate and concomitantly

regenerates one NAD+ molecule. As mentioned in Section 1.3.2 and 1.3.3, LDHA is

often overexpressed in cancer cells, which might partly reflect an increased need to re-

generate NAD+ in order to maintain high glycolytic flux (Arseneault et al., 2013). In a

second system, glycerol-3-phosphate dehydrogenase (GPD1) converts the glycolytic in-

termediate dihydroxyacetone phosphate (DHAP) into glycerol 3-phosphate (G3P) and

simultaneously oxidises NADH to NAD+. GPD1 also provides the precursor for glycerol

backbones necessary for triacylglycerol (TAG) and phospholipid biosynthesis. Alterna-

tively, GPD1 can be involved in the transfer of reducing equivalents into mitochondria as

part of the G3P shuttle. In the shuttle, GPD1-derived G3P is converted back into DHAP by

its mitochondrial counterpart GPD2 and FAD is concomitantly reduced to FADH2, which

can feed into complex II of the mitochondrial ETC. In a third system known as the malate-

aspartate shuttle, the NAD+-regenerating reaction is catalysed by malate dehydrogenase

1 (MDH1), which reduces oxaloacetate to malate. Together with its mitochondrial equiv-

alent MDH2, as well as the two aspartate transaminases GOT1 (cytoplasmic) and GOT2

(mitochondrial), MDH1 achieves net transfer of reducing equivalents in the form of NADH
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Figure 1.3: Metabolic reactions maintaining the NAD+/NADH ratio in the cytosol
During glycolysis, GAPDH consumes two molecules of NAD+ per molecule of glucose.
Cytoplasmic NAD+ is mainly regenerated by three reactions catalysed by LDHA, GPD1
and MDH1. GPD1 supplies G3P, a precursor for the glycerol backbone of lipids, and
transfers reducing equivalents into mitochondria as part of the mitochondrial G3P shuttle.
MDH1 can facilitate the net transfer of reducing equivalents into the mitochondrial matrix
as part of the mitochondrial malate-aspartate shuttle (MAS), but can also contribute to
NAPDH production via ME1 (also see Sections 1.3.2 and 1.3.3). N.B. the transport reac-
tions in the MAS were simplified in this scheme. A more detailed depiction can be found
in Figure 4.3A.
αKG, α-ketoglutarate; AGC, mitochondrial aspartate glutamate carrier (SLC25A12/
SLC25A13); 1,3-BPG, 1,3-bisphosphoglycerate; DHAP, dihydroxyaceteone phosphate;
FBP, fructose-1,6-bisphosphate; G3P, glycerol-3-phosphate; GAP, glyceraldehyde-3-
phosphate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GOT, aspartate
aminotransferase; GPD, glycerol-3-phosphate dehydrogenase; LDHA, lactate dehydro-
genase A; MDH, malate dehydrogenase; ME1, malic enzyme 1; OGC, mitochondrial
2-oxoglutarate/malate carrier protein (SLC25A11); OAA, oxaloacetate; Q, ubiquinone.
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into the mitochondrial matrix. MDH1 was also shown to engage in a pathway with ME1

in some cancer cells, which produces NADPH to support biosynthetic pathways (DeBer-

ardinis et al., 2007; Son et al., 2013). Despite the evidence that LDHA regenerates the

NAD+ needed for glycolysis, the relative contribution of other NAD+-regenerating sys-

tems and their regulation has not been systematically investigated.

In mitochondria, NADH is mainly consumed by ETC complex I (NADH dehydrogenase),

which transfers the electrons to ubiquinone (Q), a lipid-soluble molecule in the inner mi-

tochondrial membrane, and thereby regenerates NAD+. Furthermore, the mitochon-

drial NADPH pool is maintained by nicotinamide nucleotide transhydrogenase (NNT),

which uses NADH and the mitochondrial proton gradient to convert NADP+ into NADPH

(Gameiro et al., 2013a). While mitochondrial NADP+ is required for the IDH reaction

in the TCA cycle, mitochondrial NADPH is essential for anabolic reactions in the mito-

chondrial matrix as well as maintenance of the mitochondrial glutathione pool (Rydström,

2006).

The cytoplasmic pool of NAD(H) is though to be significantly smaller than the mitochon-

drial pool (Yang et al., 2007; Tischler et al., 1977). Consequently, the relative rate and

importance of redox state-maintaining reactions in mitochondria and cytoplasm for overall

redox balance will not only be influenced by the rate of glycolysis versus the TCA cycle,

but also by the absolute pool size of redox cofactors in the respective compartment.

1.3.5 Metabolic reprogramming in hypoxia

HIF1α, the master regulator of hypoxia-induced transcriptional adaptation (see Section

1.1.2) is also thought to, at least partially, control the metabolic adaptation to hypoxia

(Nakazawa et al., 2016)). HIF1α target genes include glucose transporters, the major-

ity of glycolytic enzymes, LDHA, and plasma membrane monocarboxylate transporter

MCT4, which mediates lactate secretion (Semenza et al., 1996; Iyer et al., 1998; Ullah

et al., 2006). In concert, the increased expression of these enzymes results in upregu-

lation of glucose uptake, glycolytic flux and lactate secretion. In addition, HIF1α induces

expression of CAIX, which regulates extracellular pH (Wykoff et al., 2000).

At the same time, HIF1α suppresses glucose carbon entry into the TCA cycle and mito-

chondrial respiration by upregulating the expression of pyruvate dehydrogenase kinase

1 (PDK1, Kim et al., 2006; Papandreou et al., 2006). PDK1 phosphorylates several ser-
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ine residues on the E1α subunit of pyruvate dehydrogenase (PDH), which decreases its

activity (Korotchkina and Patel, 2001b). Highlighting the importance of metabolic rear-

rangements for cell growth and survival is the fact that genetic loss of HIF1α leads to

hypoxia-induced apoptosis due to high ROS levels, which can be rescued by overexpres-

sion of PDK1 alone (Kim et al., 2006). HIF1α additionally attenuates TCA cycle flux by

downregulation of genes directly involved in fatty acid oxidation (Huang et al., 2014). Nev-

ertheless, even several days of hypoxia treatment do not lead to complete suppression

of TCA cycle flux and mitochondrial respiration (Scott et al., 2011; Kucharzewska et al.,

2015). Furthermore, HIF1α induces alterations in cytochrome c oxidase (COX) subunit

isoform expression, which is thought to optimise ETC activity at low oxygen levels and to

minimise ROS production (Fukuda et al., 2007). A downstream effect of the metabolic

changes described above is the inhibition of de novo fatty acid biosynthesis from TCA

cycle-derived acetyl-CoA. Although HIF1α is known to induce the accumulation of intra-

cellular lipid droplets, which protect against ROS and provide ATP during reoxygenation,

this is thought to be mainly through increased uptake of fatty acids from the environment

(Bensaad et al., 2014; Bailey et al., 2015; Kamphorst et al., 2013).

HIF1α activity also induces a shift from oxidative to reductive glutamine metabolism, pos-

sibly mediated by changing the relative abundances of TCA cycle intermediates (Fendt

et al., 2013). Moreover, the reduction of α-ketoglutarate dehydrogenase (OGDH) activ-

ity, through SIAH2-dependent ubiquitination and degradation of the E1 subunit of OGDH,

was also shown to induce reductive carboxylation (Sun and Denko, 2014). As a re-

sult, glutamine-derived α-ketoglutarate (αKG) is converted into citrate, which is exported

from mitochondria and can contribute to lipogenesis (Wise et al., 2011; Gameiro et al.,

2013b; Metallo et al., 2012). Reductive glutamine flux into lipids has also been observed

in cells with mitochondrial defects (Mullen et al., 2011) but it is still a matter of debate

whether this is mainly mediated by mitochondrial or cytoplasmic isocitrate dehydroge-

nase (IDH, Filipp et al., 2012; Metallo et al., 2012; Wise et al., 2011). Nevertheless,

some controversy remains concerning activity and function of this pathway (Fan et al.,

2013b), in particular since hypoxia is known to globally inhibit fatty acid and cholesterol

synthesis (Kucharzewska et al., 2015). However, reductive carboxylation was shown to

be important to produce mitochondrial NADPH for ROS detoxification during anchorage-

independent cell growth (Jiang et al., 2016).
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IDH mutations, which are commonly found in several types of cancer, are known increase

the formation of 2-hydroxyglutarate (2HG, Ward et al., 2010, 2013b). Reverse flux through

wild-type IDH, which occurs in hypoxia, is also associated with increased production of

2HG (Wise et al., 2011). 2HG can in turn contribute to HIFα stabilisation by inhibition

of αKG-dependent dioxygenases (Xu et al., 2011). High levels of 2HG correlate with

increased malignancy and tumour progression, potentially through both signalling and

epigenetic mechanisms, which is why it is now commonly referred to as an oncometabo-

lite (Intlekofer et al., 2015; Dang et al., 2009; Ward et al., 2010). However, it has been

suggested that other enzymes, including LDH and MDH, could be additional sources of

hypoxia-induced 2HG (Intlekofer et al., 2015; Oldham et al., 2015). It is therefore impor-

tant to note that, although the role of HIFα in hypoxia-induced metabolic reprogramming

is well studied, there is a complex relationship between HIFα and the metabolic network,

with multiple feedback mechanisms (Nakazawa et al., 2016). In addition to the effect

of 2HG mentioned above, there is a well-established connection between mitochondrial

ROS, TCA cycle intermediates and HIFα stabilisation (see Section 1.1.2).

1.4 Project aims

Rearrangements within the metabolic network are a key adaptive response of cells to oxy-

gen deprivation. As described above, the metabolic adaptation to long-term or chronic

hypoxia is thought to be partly under the control of the HIF family of transcription fac-

tors, mediated through changes in gene expression of metabolic enzymes and regula-

tory proteins. However, transcription-based cellular responses operate on the time scale

of hours, which raises the question of whether metabolic adaptations occur prior to the

HIF-mediated response and, if so, what their functions might be. Therefore, the aim of

this project is to test whether there is a cellular metabolic response in early hypoxia, prior

to transcriptional adaptation, and to subsequently characterise this response using mass

spectrometry-based metabolomics in combination with stable isotope labelling. In addi-

tion, this project investigated the functions of relevant metabolic pathways in the cellular

adaptation to hypoxia, using small-molecule inhibitors as well as genetic tools.
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Chapter 2

Methods

2.1 General methods

2.1.1 Chemicals, consumables and frequently used solutions

Chemicals were obtained from Sigma-Aldrich, unless otherwise stated. Stable isotope

labelled compounds were purchased from Cambridge Isotope Laboratories, with the ex-

ception of [4-2H]-glucose, which was from Omicron Biochemicals. The formulations of

frequently used solutions and buffers is shown in Table 2.1. Concentrated stocks of TAE

buffer, protein running buffer, protein transfer buffer, LB broth, phosphate-buffered saline

(PBS) and SOC medium were provided by the Crick media kitchen.

2.2 Molecular methods

2.2.1 Molecular cloning

Bacterial cultures were grown at 37°Cin LB medium with 100 µg/ml carbenicillin, a more

stable substitute for ampicillin. Purification of DNA from agarose gels was performed us-

ing the QIAquick Gel Extraction Kit (Qiagen). For purification of DNA from small-scale

and large-scale bacterial cultures the QIAprep Spin Miniprep Kit (Qiagen) or the Nu-

cleobond Xtra Midi kit (Macherey-Nagel) was used, respectively. DNA was eluted or

resolubilised in nuclease-free water (Qiagen, #129114). Agarose gels were prepared

using TopVision Agarose (#R0492, Thermo Fisher Scientific) with 0.5 µg/ml ethidium

bromide. GeneRuler 1 kb DNA Ladder (#SM0311, Thermo Fisher Scientific) was used

as molecular-weight marker. Restriction enzymes were from New England Biolabs and

DNA ligation was performed using the Rapid DNA Ligation Kit (Thermo Fisher Scientific).

Subcloning Efficiency DH5α Competent E. coli cells (Thermo Fisher Scientific, #18265-

017) were chemically transformed according to the manufacturer’s instructions. Sanger

sequencing of DNA was performed by Source BioScience (Cambridge, UK).
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Table 2.1: Frequently used solutions and buffers

Name Constituents

ECL-A 100 mM Tris-HCl pH 8.5, 5 mM luminol, 0.8 mM coumaric acid
ECL-B 100 mM Tris-HCl pH 8.5, 0.018% H2O2

Imaging buffer 10 mM HEPES pH 7.4, 140 mM NaCl, 1 mM CaCl2, 1 mM MgCl2,
5.4 mM KCl

Laemmli buffer 50 mM Tris-HCl pH 6.8, 1% sodium dodecyl sulfate (SDS), 10% glyc-
erol,
5% β-mercaptoethanol, 0.0002% bromophenol blue

LB broth 1% bactotryptone, 0.5% yeast extract, 170 mM NaCl,
36 mM K2HPO4, 13 mM KH2PO4, 1.7 mM sodium citrate,
0.4 mM MgSO4, 6.8 mM (NH4)2SO4

PBS 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4

Protein running buffer 2.5 mM Trizma Base, 0.2 M glycine, 0.01% SDS
Protein transfer buffer 20% methanol, 2.5 mM Trizma Base, 0.2 M glycine,
TBST 500 mM Tris-HCl pH 7.5, 1.5 M NaCl, 1% Tween-20
TAE buffer 40 mM Trizma Base pH 8.3, 0.1% acetic acid, 1.3 mM EDTA

0.005% SDS
SOC medium 1.6% bactotryptone, 0.4% yeast extract, 0.8 mM NaCl,

2 mM KCl, 2 mM MgCl2, 2 mM MgSO4, 4 mM glucose

2.2.2 Design and cloning of CRISPR/Cas9 gene knockout constructs

CRISPR constructs were designed and cloned as described in Ran et al. (2013), with mi-

nor modifications described below. CRISPR guide sequences (sgRNAs) were designed

using the MIT CRISPR Design Tool (crispr.mit.edu) and the highest-scoring target se-

quences were chosen. A table with the sequences of CRISPR/Cas9 sgRNA sequences

used in this work is shown in Table 2.2. Custom DNA oligonucleotides were synthe-

sised by Sigma-Aldrich and complementary guide oligonucleotides were phosphorylated

using T4 Polynucleotide Kinase (New England Biolabs) and annealed in a thermocy-

cler using the following parameters: 37°C for 30 minutes, 95°C for 5 minutes, decrease

temperature to 25°C at 0.1°C/min. The empty Cas9 expression plasmid (pSpCas9(BB)-

2A-Puro (PX459) V2.0, for details see Table 2.4) was linearised using BbsI, annealed

oligonucleotides were ligated into the linearised backbone and the ligation product was

transformed into DH5α E. coli cells (see Section 2.2.1). E. coli colonies were tested

for successful insertion of the guide oligonucleotide by colony PCR, using a generic for-

ward primer (pX459 fw, AAT TTC TTG GGT AGT TGC AGT TTT), which anneals 120

bp upstream of the cloning site, and the reverse guide oligonucleotide as reverse primer.

Colony PCR was performed using DreamTaq DNA Polymerase (Thermo Fisher Scientific)

according to the manufacturer’s instructions with the following thermocycler conditions:

1. 95°C for 10 minutes

2. 95°C for 15 seconds
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3. 60°C for 30 seconds

4. 72°C for 30 seconds

repeat step 2-4, 35x

5. 72°C for 10 minutes

PCR products were resolved on a 2% agarose gel, with an expected band at 150 bp. DNA

was extracted from positive clones, sequenced using the pX459 fw primer (see above)

and alignment to the predicted sequence was done using Serial Cloner software.

2.2.3 Validation of MCF7 knockout clones

To verify knockout of the target gene on the genomic level, genomic DNA was extracted

from cells using the NucleoSpin Blood kit (Macherey-Nagel), according to the manufac-

turer’s instructions. Primers for amplification of the targeted exon were designed using

the NCBI Primer Blast tool (Ye et al., 2012). The targeted exons were PCR-amplified from

genomic DNA with Phusion DNA polymerase (New England Biolabs) and the primers in

Table 2.3 in a reaction with DMSO and an annealing temperature of 60°C. PCR prod-

ucts were resolved on a 2% agarose gel and bands around the expected size (413 bp

for exon 1 of GOT1) were purified. Purified PCR products (4 ng) were ligated into the

pCR4Blunt-TOPO vector using the Zero Blunt TOPO PCR Cloning Kit for Sequencing

(Thermo Fisher Scientific) and the ligation product was transformed into One Shot TOP10

Chemically Competent E. coli cells (Thermo Fisher Scientific). For blue/white screening,

transformed E. coli cells were plated on LB plates containing kanamycin with X-gal (20

µl per plate, 8% w/v in dimethylformamide). Per construct 10 blue colonies were picked,

Table 2.2: CRISPR guide sequences used in this work.
Guide sequences are shown in capital letters, overhangs for ligation into the BbsI site
of the pSpCas9(BB)-2A-Puro vector are shown in small letters. For PX459 GOT1 and
PX459 GOT2 an additional G-C pair was inserted at the 5’ end of the sgRNA sequence,
which is favourable for U6 transcription (Ran et al., 2013).

Target gene Primer name Sequence Direction

HIF1α PX459 HIF1a fw caccgTTCTTTACTTCGCCGAGATC fw
HIF1α PX459 HIF1a rev aaacGATCTCGGCGAAGTAAAGAAc rev
GOT1 PX459 GOT1 fw caccgAGTCTTTGCCGAGGTTCCGC fw
GOT1 PX459 GOT1 rev aaacGCGGAACCTCGGCAAAGACTc rev
GOT2 PX459 GOT2 fw caccgTGGAAGGCGGCGGCGATCCC fw
GOT2 PX459 GOT2 rev aaacGGGATCGCCGCCGCCTTCCAc rev
LDHA PX459 LDHA fw caccGGCTGGGGCACGTCAGCAAG fw
LDHA PX459 LDHA rev aaacCTTGCTGACGTGCCCCAGCC rev
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plasmid DNA was isolated from small-scale bacterial cultures and sequenced using the

Source Bioscience M13F primer (TGT AAA ACG ACG GCC AGT). Alignment with the

genomic sequence was done using Serial Cloner.

Table 2.3: Oligonucleotide primers used for knockout validation by TOPO cloning

Target gene Primer name Sequence Direction

GOT1, exon 1 GOT1 exon1 start TGCATTGGTTGCATCATTCTCG fw
GOT1 exon1 end TGCTCACACTCCAGAGCACTA rev

2.2.4 Plasmids used in this work

Table 2.4 lists all DNA plasmids used in this work. DNA plasmids were obtained as

glycerol stocks from Addgene or the TRC library (Dharmacon).

2.3 Cell culture methods

2.3.1 Cell lines and media

MCF7, MCF10A, MDA-MB231, BT-474, HS578T and HEK-293T cells were provided by

the Crick Cell Services facility (formerly NIMR and LRI cell services) and maintained in a

humidified incubator at 5% CO2 and 37°C. Media components were from Gibco (Thermo

Fisher Scientific), unless stated otherwise, and sterile materials for cell culture were from

Mettler-Toledo, Corning, BD, Thermo and Eppendorf. Except for MCF10A cells (see be-

low), all cell lines were maintained in DMEM (high glucose, no glutamine, #11960085,

detailed formulation can be found in Appendix A, Table A.1), to which 10% FCS, 2 mM

L-glutamine (#25030-081) and penicillin-streptomycin (#15140122) were added. Cells

were passaged by removing the growth medium, washing the cells with DPBS (no cal-

cium, no magnesium, #14190169) and adding Trypsin-EDTA (0.05%, #25300054). Af-

ter trypsinisation, cells were resuspended in growth medium and transferred to new

plates. To seed cells for experiments, cells were centrifuged at 1500 rpm for 3 min-

utes (Thermo Heraeus Multifuge X3R) after trypsinisation, counted using a Nexcelom

Cellometer Auto T4 cell counter and seeded in DMEM (no glucose, no glutamine, no phe-

nol red, #A1443001), to which 5.5 mM glucose, 10% dialysed FCS, 2 mM L-glutamine

and penicillin-streptomycin were added. FCS was dialysed for 24 hours in 2x 5 litres of

PBS using a Spectra/Por 3 dialysis membrane (MWCO 3.5 kDa, #132724). MCF10A

cells were cultured in DMEM/F12 (no glutamine, #21331046), to which 5% horse serum

(#16050122), 2 mM L-glutamine, 20 ng/ml EGF (#100-15, PreproTech ), 0.5 µg/ml hydro-

cortisone (#H0888, Sigma-Aldrich), 100 ng/ml cholera toxin (#C8052, Sigma-Aldrich), 10
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Table 2.4: DNA plasmids used in this work
Amp, ampicillin; puro, puromycin.

Name Type Bacterial Mammalian Supplier ID
resistance resistance

pSpCas9(BB)-2A- mammalian expression amp puro Addgene 62988
Puro (PX459)
V2.0

pLKO.1 empty lentiviral amp puro Addgene 8453

pLKO.1 shARNT lentiviral amp puro TRC TRCN0000003819

pMDLg/pRRE mammalian expression, amp Addgene 12251
(GAG/POL) lentiviral packaging

pMD2.G (VSV-G) mammalian expression amp Addgene 12259
lentiviral envelope

pRSV-Rev mammalian expression amp Addgene 12253
lentiviral packaging

pMSCV-Peredox-
mCherry-NLS

retroviral amp puro Addgene 32385

pHCMV-
AmphoEnv

mammalian expression amp Addgene 15799

µg/ml insulin (#I1882, Sigma-Aldrich) and penicillin-streptomycin were added (Debnath

et al., 2003). To passage MCF10A cells, they were trypsinised as described above, re-

suspended in DMEM/F12 with 20% horse serum and penicillin-streptomycin, centrifuged

and resuspended in MCF10A growth medium. For experiments with MCF10A cells,

DMEM/F12 (#L0091, Generon) was used instead, to which an additional 5.5 mM glu-

cose were added, and dialysed horse serum was used (dialysis conditions as for FCS,

see above).

2.3.2 Hypoxia treatments

Hypoxia treatments were performed at 1% O2, 5% CO2 in an InVivo2 400 hypoxic work-

station (Baker Ruskinn) at 37°C and 70% humidity. Media for hypoxia treatments were

pre-equilibrated at 1%O2 overnight and medium was changed to pre-equilibrated medium

as soon as cells were transferred to the hypoxia workstation.

2.3.3 Virus production and viral transduction

HEK-293T cells were seeded the day before transfection, which was performed at 50-

60% confluency. For lentivirus production, a 10 cm dish of HEK-293T cells was trans-

fected with 0.4 µg pMD2.G (VSV-G), 3.7 µg pMDLg/pRRE (GAG/POL), 3.7 µg pRSV-Rev

and 4.2 µg pLKO.1 shARNT vector (or empty pLKO.1 vector, for details on all DNA plas-
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mids see Table 2.4). For retrovirus production, a 10 cm dish of HEK-293T cells was trans-

fected with 6 µg pHCMV-AmphoEnv and 6 µg pMSCV-Peredox-mCherry-NLS. Transfec-

tions were performed using FuGENE HD Transfection Reagent (Promega), according to

the manufacturer’s instructions. Medium was changed the day after transfection and vi-

ral supernatant was harvested two and three days after transfection. Viral supernatants

were filtered with 0.45 µm syringe filters (#SLHPM33RS, Merck) and polybrene (#107689,

Sigma Aldrich) was added to a final concentration of 4 µg/ml, before aliquots were stored

at -80°C until further use. MCF7 cells were seeded the day before viral transduction. Viral

supernatants (6 ml per 10 cm dish) were added for 6 hours before medium was changed.

The next day, 1 µg/ml puromycin was added. Selection efficiency was assessed using an

untransfected control plate and complete selection was usually achieved within 4-5 days.

2.3.4 Gene knockout using CRISPR/Cas9

MCF7 cells were seeded 24 hours prior to transfection with the expression plasmid con-

taining Cas9 from S. pyogenes, the CRISPR target sequence (for cloning of CRISPR

constructs see Section 2.2.2) and the puromycin resistance marker. Transfection was

performed at 70-90% confluency using FuGENE HD Transfection Reagent (Promega),

according to the manufacturer’s instructions. The day after transfection, puromycin selec-

tion (1 µg/ml, #P7255) was added to the medium and selection proceeded for 72 hours.

The day after puromycin selection was removed, single cells were seeded at limiting di-

lutions to obtain monoclonal colonies (500-1000 cells per 15 cm cell culture dish). Mono-

clonal populations were grown for 2 weeks, during which the medium was replaced every

2-3 days. Colonies (>100 cells) were isolated by trypsinising them in cloning cylinders,

which were sealed to the plate using sterile silicon grease. Subsequently, clones were

expanded until they could be tested for loss of the target protein by Western blot.

2.3.5 Cell mass accumulation assay (crystal violet staining)

Cells were seeded in 24-well plates (50,000 cells/well) and the experiment was performed

48 hours after seeding. Before fixation, bright field images were taken with an EVOS FL

cell imaging system (Thermo Fisher Scientific) using a 4x objective. Cells were washed

twice with PBS and fixed with 4% PFA, pH 7.4 for 15 minutes at room temperature. Fixed

cells were washed with PBS and stored in PBS at 4°C until further use. Cells were stained

with crystal violet staining solution (0.1% crystal violet, 20% methanol) for 15 minutes,

washed twice with distilled water (10 minutes each) and dried. Crystal violet staining was

re-solubilised in 200-400µl of 10% acetic acid and 100 µl were subsequently transferred

to transparent 96 well-plates, before absorbance at 595 nm was measured using a Tecan
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infinite M1000 Pro plate reader.

2.3.6 End-point cell proliferation assay by DAPI staining

Cells were seeded the day before the start of the experiment in 96 well-plates (black,

transparent bottom, #CLS3606, Sigma Aldrich) at 9,000 cells/well. After 4 days in nor-

moxia or hypoxia, cells were fixed by adding an equal volume of 8% PFA, pH 7.4 and in-

cubating for 15 minutes at room temperature. Cells were washed with PBS and stored in

PBS at 4°C until further use. Cells were stained with DAPI (4’,6-diamidino-2-phenylindole,

1 µg/ml) for 1 hour at room temperature, washed twice with PBS and nuclei counting was

performed using an Acumen Explorer eX3 laser scanning microplate cytometer (TTP

Labtech) with the help of Mike Howell in the Crick High Throughput Screening Facility.

2.3.7 Continuous cell proliferation assay

Cells were seeded the day before the start of the experiment in 96 well-plates (black,

transparent bottom, #CLS3606, Sigma Aldrich) at 9,000 cells/well. Continuous cell growth

was monitored on an IncuCyte FLR (Essen BioScience) by taking phase-contrast pictures

every 3 hours for 3-4 days.

2.3.8 Relative protein quantification by SILAC

SILAC media (heavy, containing heavy L-lysine and L-arginine; light, containing light L-

lysine and L-arginine), as well as dialysed FCS, was provided by the Crick Protein Anal-

ysis and Proteomics technology platform. To achieve maximal labelling of intracellular

proteins with heavy isotopes, MCF7 cells were cultured in light or heavy SILAC me-

dia for a total of 21 days, corresponding to >6 doublings, before the experiment was

performed. L-proline (100 mg/l) was added to the medium to prevent arginine to pro-

line conversion and label incorporation efficiency was tested before the experiment. Per

sample, 3.3×106 cells were seeded on a 15cm dish 4 days before the experiment and

medium was changed the day before the experiment. After experimental treatment, cells

were washed twice with cold PBS, scraped in PBS and lysed by sonication, followed

by removal of cellular debris by centrifugation (5 minutes, 1000 xg, 4°C). Protein con-

centration was measured by Bradford assay (Bio-Rad) and 500 µg of each heavy (H)

and light (L) lysate were mixed in a final volume of 500 µl (final protein concentration 2

mg/ml) and treated with iodoacetamide (100 µM) for 1 hour at room temperature. 40 µl

(corresponding to 80 µg protein) were mixed with 10 µl 5x non-reducing Laemmli buffer

and separated on a 10% polyacrylamide gel (Mini Protein TGX, BioRad), before staining

the gel with ProtoBlue Safe (Geneflow). Replicates with reversed label, normoxia(H)-

hypoxia(L) and normoxia(L)-hypoxia(H), were analysed. Control samples consisting of
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normoxia(H)-normoxia(L) and hypoxia(H)-hypoxia(L) mixtures were used to determine

intrinsic variation. Mass spectrometry sample preparation (protein digestion with trypsin,

peptide extraction, vacuum drying and resolubilisation), mass spectrometry data acquisi-

tion in data-dependent acquisition mode (50 cm, 75 µm Easyspray column, 180 minute

gradient, Orbitrap MS instrument) and data analysis was performed by Vesela Encheva

and Bram Snijders in the the Crick Protein Analysis and Proteomics technology platform.

Data acquisition, analysis and visualisation was performed using Xcalibur, MaxQuant,

Skyline and Perseus software.

2.3.9 Mitochondrial oxygen consumption

Cells were seeded 24-48 hours prior to the experiment (2×106 cells in 10cm dishes).

After indicated hypoxia treatments (or medium change 3 hours before the experiment

for control cells), cells were trypsinised, centrifuged at room temperature (1500 rpm, 3

minutes) and resuspended at 5-7.5×105 cells/ml. Hypoxia-treated cells were processed

in the hypoxic work station and resuspended in medium that had been pre-equilibrated in

hypoxia overnight. Cell were quickly transferred into the measurement chambers of the

Oroboros O2k oxygraph (Oroboros Instruments) and chambers were sealed immediately

to prevent reoxygenation. Remaining cells were counted twice and oxygen consumption

was corrected for cell number. High resolution respirometry was performed according

to (Gnaiger, 2008, 2012), with the help of Aakriti Jain (Anastasiou lab). After oxygen

consumption had stabilised, the complex III inhibitor antimycin A (2.5 µM) was added

to measure residual oxygen consumption (ROX, Gnaiger, 2012). Two replicates were

processed at a time. Oxygraph chambers were swapped between replicates in the same

sample group to account for instrument variability.

2.3.10 Imaging of the cytoplasmic redox state with Peredox

Cells stably expressing Peredox were seeded in glass bottom 24-well plates (#P24G-1.0-

13-F, MatTek) at 100,000 cells/well the day before the experiment. One hour before the

experiment medium was changed to imaging buffer (see Table 2.1) with 5.5 mM glucose

and 2 mM L-glutamine. Cells were kept at 37°C throughout the experiment and washed

with imaging buffer between conditions. Images were acquired with an AxioObserver Z1

microscope (Zeiss) and a Plan-Apochromat 20x/0.8 M27 objective (picture size 512x512

pixels, 0.6x zoom, 600.3 µm pinhole), with the help of Hiroshi Kondo (Sahai lab). Peredox

was excited at 800 nm (10% laser power, gain 800) using a Mai Tai DeepSee laser

(Spectra-Physics) and emission was recorded at 525 nm (Hung et al., 2011). Images

were analysed using Fiji software by converting pictures from vendour format to 8-bit tiff
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format, thresholding and identifying nuclei by using the ’Analyze particle’ function. Mean

intensity per particle was used to calculate changes of Peredox fluorescence in individual

nuclei.

2.4 Biochemistry methods

2.4.1 Western blot

Cells were washed twice with PBS and lysed in Laemmli buffer (without β-mercaptoethanol

and bromophenol blue, see Table 2.1) and stored at -20°C until further use. Lysed sam-

ples were sonicated twice for 10 seconds using a tip sonicator and protein concentration

was measured using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific), ac-

cording to the manufacturer’s instructions. After addition of 5% β-mercaptoethanol and

bromophenol blue, samples were boiled at 95°C for 5 minutes. Sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) gels were hand cast in 15-well format

using the Bio-Rad Mini-PROTEAN Tetra Handcast System. Resolving gels were made

by mixing 10% or 12% acrylamide, 375 mM Tris pH 8.8, 0.1% SDS, 0.1% APS and 0.06%

TEMED. Stacking gels contained 5% acrylamide, 130 mM Tris pH 6.8, 0.1% SDS, 0.1%

APS and 0.1% TEMED. Per sample, 10-20 µg of protein was loaded onto a SDS-PAGE

gel and separated in protein running buffer (see Table 2.1) at 120 V until the molecular-

weight marker (EZ-Run Prestained Rec Protein Ladder, Thermo Fisher Scientific) showed

sufficient separation. Subsequently, proteins were transferred onto a 0.2 µm nitrocellu-

lose membrane (#1620112, Bio-Rad) in protein transfer buffer (see Table 2.1) for 150

minutes at 440 mA, 4°C using a Hoefer TE 22 transfer system. Quality of protein trans-

fer and homogeneity of protein loading was tested with Ponceau S staining (#P7170).

Afterwards, membranes were blocked with 5% milk (#70166) in TBST (see Table 2.1)

for 1 hour at room temperature while shaking. Primary antibodies (see Table 2.5 for

specifications and dilutions) were diluted in 5% milk in TBST or 5% BSA (bovine serum

albumin, #A4503) in TBST (5ml total) and membranes were incubated with primary anti-

bodies overnight at 4°C. Membranes were washed three times with TBST for 5 minutes

before incubation with secondary antibody (peroxidase conjugated goat anti-rabbit IgG or

goat-anti mouse IgG, Merck, 1:2000 in 5% BSA in TBST, 5 ml total) for 1 hour at room

temperature. Membranes were washed three times with TBST for 5 minutes, ECL-A and

ECL-B solutions (see Table 2.1) were mixed 1:1 and the membranes were incubated with

1.5 ml ECL mixture for 1 minute. Membranes were exposed to Medical Blue Sensitive

X-Ray Film (#FM024, Wolf Labs) for 10 seconds to 5 minutes and films were developed
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Table 2.5: Western blot antibodies used in this work
Antibodies diluted in 5% milk in TBST are marked with *, all other antibodies were diluted
in 5% BSA in TBST.

Target Host Clonality Supplier Order # Dilution

ACLY (D1X6P) rabbit monoclonal Cell Signaling Technology 13390 1:300
ACLY pSer455 rabbit monoclonal Cell Signaling Technology 4331 1:1000
β-Actin mouse monoclonal Sigma A5416 1:2000
GPT rabbit polyclonal Thermo Fisher Scientific PA5-27453 1:1000
GPT2 rabbit monoclonal Atlas Antibodies HPA051514 1:1000
AMPKα (23A3) rabbit monoclonal Cell Signaling Technology 2603 1:1000
AMPKα pThr172 (40H9) rabbit monoclonal Cell Signaling Technology 2535 1:1000
ARNT mouse monoclonal BD Biosciences 611079 1:1000
α-Tubulin (DM1A)* mouse monoclonal Sigma-Aldrich T9026 1:5000
GAPDH (14C10) rabbit monoclonal Cell Signaling Technology 2118 1:1000
GLUT1* rabbit polyclonal Merck Millipore 07-1401 1:500
GOT1 rabbit polyclonal Proteintech 14886-1-AP 1:1000
GOT2 (3E9) mouse monoclonal Thermo Fisher Scientific MA5-15595 1:1000
Hif1α* mouse monoclonal BD Biosciences 610958 1:250
Hif2α rabbit polyclonal Abcam ab199 1:1000
Hif1β/ARNT mouse monoclonal BD Biosciences 611079 1:1000
HKII rabbit monoclonal Cell Signaling Technology C64G5 1:1000
LDHA rabbit polyclonal Cell Signaling Technology 2012 1:1000
PDHA pTyr10 rabbit polyclonal Cell Signaling Technology 8176 1:1000
MCT1 rabbit polyclonal Merck Millipore AB3538P 1:500
PDHE-1α pSer293 rabbit polyclonal Abcam ab92696 1:500
PDK1 (C47H1) rabbit monoclonal Cell Signaling Technology 3820 1:100
PKM2 (D78A4) rabbit monoclonal Cell Signaling Technology 4053 1:1000
α-Tubulin (DM1A) mouse monoclonal Sigma T9026 1:2000

using an AGFA Curix 60 processor.

2.4.2 ATP measurement

Cells were seeded in 96-well plates 48 hours prior to measurement (10,000-15,000 cells

per well). After indicated hypoxia treatments (or medium change 3 hours before the

experiment for control cells), ATP levels were measured using the CellTiter-Glo Lumi-

nescent Cell Viability Assay kit (Promega), according to the manufacturer’s instructions.

After addition of the reagent, plates were shaken in the Tecan infinite M1000 Pro plate

reader for 2 minutes, incubated for 10 minutes and luminescence was measured (inte-

gration time 500 ms). Background luminescence was measured in wells with cells but

without luminescence reagent and in wells with luminescence reagent only. In parallel,

cells were seeded in 12-well plates in triplicates, treated with the same conditions (nor-

moxia or hypoxia), and subsequently counted after trypsinisation. ATP levels were then

then normalised to cell number.

2.4.3 RNA isolation & RNA sequencing

Cells were seeded 48 hours prior to harvest at 1.5×106 cells per 6 cm dish. After in-

dicated treatments (3 hours or 24 hours at 1% O2, or medium change in normoxia 3
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hours before harvest in control cells), cells were washed with PBS three times and lysed

in 1 ml TRIzol Reagent (Thermo Fisher Scientific). After scraping and transfer to a mi-

crocentrifuge tube, 0.2 ml chloroform was added and tubes were shaken for 5 seconds.

Samples were centrifuged for 18 minutes at 10,000 xg and the upper, aqueous phase

was transferred to a new tube. After adding an equal volume of 100% ethanol (500 µl),

samples were loaded onto RNeasy Mini spin columns (Qiagen) and RNA was purified

according to the manufacturer’s instructions. DNase treatment was omitted since ini-

tial tests showed no contamination by genomic DNA. RNase-free tubes and plasticware

was used throughout the experiment. Quantification and quality control of RNA sam-

ples by NanoDrop, Qubit and Agilent 2100 Bioanalyzer as well as library preparation was

performed by Deb Jackson and Meena Anissi in the Crick Advanced Sequencing tech-

nology platform. For library preparation the TruSeq RNA Library Prep Kit v2 (Illumina)

and KAPA mRNA HyperPrep Kit (Kapa Biosystems) were used, which showed similar

results. mRNA sequencing was performed by the Crick Advanced Sequencing facility on

a Illumina HiSeq 2500 instrument (paired-end or single-end reads, 25 million reads total).

2.4.4 Sample preparation for mass spectrometry-based metabolomics

Metabolomics sample preparation and analysis and GC-MS data processing and analysis

were performed as described in Grimm et al. (2016). Cells were seeded in 6-well plates

(0.35-0.5×106 cells per well) the day before the experiment and medium was changed

one hour before as well as at the start of the experiment. To harvest metabolites, cell

were washed twice with PBS and immediately quenched with liquid nitrogen. Plates

were kept on dry ice until extraction. Metabolites were extracted by scraping cells in 500

µl ethanol, followed by washing the plate with 250 µl ethanol and 250 µl water containing

the polar internal standard scyllo-inositol (1 nmol per sample, #I8132). Fractions were

combined with 250 µl chloroform containing the apolar internal standard [1-13C]-lauric

acid (C12:0, 40 nmol per sample). The mixture was vortexed and incubated at 4°C for

1 hour, including three 8 minute sonications. Cell debris was removed by centrifugation

(10 minutes, 18,000 xg, 4°C) and 500 µl water was added (resulting in 1:3:3 (v/v) chloro-

form/methanol/water). Phases were separated by centrifugation (5 minutes, 18,000 xg,

4°C) and stored at -80°C until further use (see Section 2.4.5). In parallel, three wells per

cell line and condition were trypsinised and counted.

2.4.5 Metabolite analysis by GC-MS

Agilent GC-MS systems (gas chromatography mass spectrometry, 7890A-5975C or 7890B-

5977A) were used with an Agilent ultra-inert injection port liner (5190-2293), Merlin mi-
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croseal septum (Agilent 5181-8833) and aDB-5ms column (30 m, 0.25 mm, 0.25 µm,

DuraGuard, 10 m, 122-5532G). The GC-MS instrument was calibrated and tuned before

every sample analysis queue using perfluoro-tert-butylamine (PFTBA). 1 µl of sample

was injected in splitless mode, and the inlet temperature was 270°C. A constant septum

purge flow (3 ml/min, helium carrier gas) was used. Hexane blanks were run every 6-7

samples to check for column bleed and sample carry-over.

Polar metabolites

Aqueous phases (see Section 2.4.4) were transferred to glass vial inserts (#5183-2085,

Agilent) and dried in a Christ RVC 2-33 CDplus centrifugal evaporator. Samples were

washed with 40 µl methanol and dried, which was repeated twice. 20 µl of methoxyamine

(#226904, 20 mg/ml in pyridine) was added with a positive-displacement glass pipette and

samples were vortexed and incubated overnight at room temperature. TMS derivatisation

was achieved by addition of 20 µl BSTFA + 1% TMCS (#33148) before samples were

vortexed and analysed by GC-MS. The GC gradient started at 70°C for 2 minutes, then

the temperature was increased to 295°C at 12.5°C/min and to 320°C at 25°C/min. Finally,

the temperate was held at 320°C for 3 minutes (column bake-out).

Fatty acids and lipid head groups

Apolar phases (see Section 2.4.4) were transferred to glass vial inserts, dried in a cen-

trifugal evaporator and washed twice with 40 µl methanol. Subsequently, lipids were

hydrolysed and fatty acids were converted to fatty acid methyl esters (FAMEs) by adding

50 µl methanolic HCl (#33050) to dried samples in glass tubes. Tubes were sealed under

vacuum using a blow torch and incubated overnight at 90°C. Samples were neutralised

by adding 10 µl pyridine and subsequently dried. After addition of 25 µl BSTFA + 1%

TMCS, samples were analysed by GC-MS. The GC gradient started at 80°C for 2 min-

utes, then the temperature was increased to 140°C at 30°C/min, to 250°C at 5°C/min and

to 320°C at 15°C/min. Finally, the temperate was held at 320°C for 6 minutes.

2.4.6 Metabolite analysis by LC-MS

Aqueous phases (see Section 2.4.4) were transferred to glass vial inserts and dried in

a centrifugal evaporator. Dried metabolites were resuspended in 100 µl methanol:water

(1:1) and analysed by LC-MS (liquid chromatography mass spectrometry). Samples were

stored at -20°C until analysed and were subsequently kept at 4°C throughout the analy-

sis. LC-MS analysis was performed by Mariana Santos (Crick Metabolomics technology

platform. Liquid chromatography separation was performed using hydrophilic interaction

chromatography with a ZIC-pHILIC column (150 mm 4.6 mm, 5 µm, Merck Sequant),
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operated by a Dionex UltiMate liquid chromatography system (Dionex). The injection

volume was 10 µl and the elution gradient started at 80% acetonitrile, 20% ammonium

carbonate (20mM in water). The percentage of acetonitrile was then gradually lowered

from 80% to 20% within 15 minutes, followed by washing with 5% acetonitrile for 3 min-

utes and column re-equilibration at 80% acetonitrile for 5 minutes. The LC flow rate was

300 µL/min and the column temperature was 25°C. Mass spectrometry was performed

using a quadrupole Orbitrap Q Exactive (Thermo Fisher Scientific) with a HESI II probe.

The MS was operated in positive/negative polarity switching mode, with a spray voltage of

3.5 kV for positive mode and 3.2 kV for negative mode. The temperature of the ESI (elec-

trospray ionisation) probe was 320°C and and heath and auxiliary gas were set 30 and 5

a.u., respectively. The full scan range was 70 to 1050 m/z, with ’AGC target’ and ’Resolu-

tion’ set to ’Balanced’ and ’High’ (3·106 and 70,000), respectively. For both ESI polarities,

mass calibration was performed before the analysis using Pierce LTQ velos ESI calibra-

tion solutions (Thermo Fisher Scientific). To enhance calibration stability, lock-mass cor-

rection was applied to each analytical run using ubiquitous low-mass contaminants (pos-

itive mode: m/z 83.06040, 2xACN+H; negative mode: m/z 91.00370, 2xFormate-H). The

data was recorded using the Xcalibur 3.0.63 software package (Thermo Fisher Scien-

tific). Pooled biological quality control (PBQC) samples, which were analysed in MS/MS

mode (parallel reaction monitoring, PRM), were used to confirm metabolite identities by

comparing accurate masses of parent and fragment ions to spectra of pure standards.

For PRM acquisition, the collision energy was chosen for each metabolite according to

breakdown curves in high-energy collisional dissociation (HCD) mode from the mzCloud

database and the resolution was set to 17,500.

2.4.7 2DG (2-Deoxyglucose) uptake

Cells were seeded in 96-well plates 48 hours prior to measurement of 2DG uptake

(15,000 cells per well). After indicated hypoxia treatments (or medium change 3 hours

before the experiment for control cells), 2DG uptake was measured using the Glucose

Uptake-Glo Assay kit (Promega), according to the manufacturer’s instructions. Cells were

incubated with 1 mM 2DG for 10 minutes. Wells containing cells without 2DG as well as

cells treated with the GLUT1 inhibitor WZB-115 (50 µM for 15 minutes, #400036, Merck)

were used as negative controls. For hypoxia conditions, 2DG was added to cells in the

hypoxia workstation, the plates were sealed with several layers of parafilm, transferred to

normoxic conditions and incubated for 10 minutes. After adding stop and neutralisation

reagents, samples were transferred to a white luminescence 96-well plate and incubated
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for 1 hour before luminescence was measured using a Tecan infinite M1000 Pro plate

reader (integration time 500 ms). In parallel, cells were seeded in 12-well plates in trip-

licates, treated with the same conditions (normoxia or hypoxia), and were subsequently

counted after trypsinisation. 2DG uptake was then normalised to cell number.

2.4.8 Quantification of mtDNA content

Cells were seeded 48 hours before harvest (1×106 cells in a 10 cm dish) and medium

was changed 24 hours before harvest. Cell were washed with PBS, scraped in 1 ml PBS

and pelleted by quick centrifugation. After removal of PBS, cells were snap-frozen in

liquid nitrogen and stored at -80°C until further use.

Mitochondrial DNA was quantified as described in Venegas and Halberg (2012), with

minor modifications. DNA was isolated from frozen cell pellets using the NucleoSpin

Blood kit (Macherey-Nagel) according to the manufacturer’s instructions, and DNA was

eluted twice in 50 µl elution buffer. DNA concentration was measured by NanoDrop in

triplicates and dilutions with 1 ng/µl DNA were prepared in nuclease-free water (Qiagen,

#129114). qRT-PCR reactions were performed in triplicates per sample, using the primer

pairs listed in Table 2.6 on a ViiA 7 Real-Time PCR System (Thermo Fisher Scientific).

Per reaction 2 µl forward primer (5 µM), 2 µl reverse primer (5 µM), 10 µl SYBR green

master mix (Bio-Rad) and 6 µl template DNA (1 ng/µl) was used. Negative controls

with water instead of DNA template were included for each primer pair. Fold difference

of mitochondrial RNA transcripts (mtDNA rRNALeu(UUR) and mtDNA 16S rRNA) over

the nuclear transcript (nDNA β2-microglobulin) was calculated using the ∆∆Ct method

including error propagation.

Table 2.6: Oligonucleotide primers for quantification of mtDNA

Gene Direction Sequence Amplicon

mtDNA rRNALeu(UUR) fw CACCCAAGAACAGGGTTTGT 107bp
mtDNA rRNALeu(UUR) rev TGGCCATGGGTATGTTGTTA
mtDNA 16S rRNA fw GCCTTCCCCCGTAAATGATA 97 bp
mtDNA 16S rRNA rev TTATGCGATTACCGGGCTCT
nDNA β2-microglobulin fw TGCTGTCTCCATGTTTGATGTATCT 86bp
nDNA β2-microglobulin rev TCTCTGCTCCCCACCTCTAAGT
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2.5 Bioinformatics methods and statistics

2.5.1 General statistics

All error bars shown in graphs and measurement error indicated in the text (±) represent

standard deviation. Z scores (also known as standard scores) represent the distance

between the raw measurement and the mean of control samples, expressed in units of the

standard deviation of control samples. Z scores were calculated according to Equation

2.1, where X is the measured value, µ is the mean of control sample values and σ is the

standard deviation of control sample values.

z =
X − µ
σ

(2.1)

t-tests were used to compare two sample groups, and one-way or two-way analysis of

variance (ANOVA) was used to compare two or more sample groups. Dunnett’s or Sidak

corrections were used to correct for multiple comparisons.

2.5.2 Metabolomics data analysis

GC-MS data analysis was performed using Chemstation and MassHunter software (Ag-

ilent). Metabolite abundances were measured semi-quantitatively in relation to metabo-

lite standard mixes run in several replicates within the sample sample queue. Standard

mixes of polar metabolites and fatty acids were kindly provided by James MacRae (Crick

Metabolomics technology platform). Internal standards were used to correct for sample

losses during phase separation and metabolite abundances were normalised to cell num-

ber. GC-MS fragment ions used for quantification are listed in Appendix B, Table B.1.

Qualitative and quantitative LC-MS data analysis was performed with the help of Mari-

ana Santos (Crick Metabolomics technology platform), using Xcalibur Qual Browser and

Tracefinder 4.1 software (Thermo Fisher Scientific). LC-MS fragment ions used for quan-

tification are listed in Appendix B, Table B.2. Stable isotope labelling was corrected for

natural abundance of heavy isotopes acoording to Nanchen et al. (2007), using a python

script kindly provided by Dr Sean O’Callaghan (Mass Spectrometry and Proteomics Facil-

ity, Bio 21 Institute, University of Melbourne, Australia). Downstream data analysis and vi-

sualisation was performed in GraphPad Prism 7 and in the R environment (R Core Team,

2016), using the plyr (Wickham, 2011), ggplot2 (Wickham, 2016a), reshape2 (Wickham,

2007), scales (Wickham, 2016b), RColorBrewer (Neuwirth, 2014) and pheatmap (Kolde,

2015) packages.
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Table 2.7: RNA sequencing data analysis and quality control
Parameters used to asses quality of RNA sequencing experiments.
IQR, interquartile range.

Data set transcript read median alignment median alignment
length rate IQR

Hypoxia response (3h and 24h), 76 95.9% 2.2
GOT1ko and GOT2ko cells
HIF1α mutant cells, 101 71.4% 3.6
aspartate-adapted cells
LDHAko cells 76 81.4% 1.3

2.5.3 RNA sequencing analysis

Alignment of raw RNA sequencing data, normalisation with RUVseq and statistical anal-

ysis was performed by Jens Kleinjung (Crick Bioinformatics core). RNA-Seq data pro-

cessing was controlled by a GNU make pipeline and transcript reads were aligned to

the Ensembl GRCh37 Homo sapiens genome using Tophat2 (Kim et al., 2013). Further

analysis was performed in the R environment (R Core Team, 2016). Sample data were

merged into a single matrix and quality filters were applied to ensure more than 5·105 to-

tal transcript reads per sample, which all samples passed, and at least 10 reads per gene

in more than 5 samples. Parameters used to assess the RNA sequencing data quality

are shown in Table 2.7. Between-sample normalisation was subsequently performed with

the ’upper’ quartile ’betweenLaneNormalization’ function of the RUVSeq package (Risso

et al., 2014). To reduce batch effects between different sample groups a ’generalised

linear model’ fit was applied, followed by the ’RUVr’ function to the fit residuals. Differen-

tial gene expression between sample groups was evaluated using the DESeq2 package

(Love et al., 2014). For the data set containing HIF1α mutant and aspartate-adapted

MCF7 cells default shrinkage was disabled with the switch ’betaPrior=FALSE’. Gene ex-

pression differences were then estimated using the RUVSeq-normalised transcript counts

by contrasting pairs of sample groups and by applying the ’results’ function. Alternatively,

the ’exactTest’ function of the ’edgeR’ package (Robinson et al., 2009) was used to obtain

false discovery rates (FDR). A FDR cutoff limit of 1% (or 0.01) was chosen and therefore

gene expression changes with FCR<0.01 were defined as significant. Data visualisation

was performed in the R environment and the pheatmap package (Kolde, 2015) was used

to plot heat maps of gene sets corresponding to Reactome pathway gene sets (Fabre-

gat et al., 2016; Milacic et al., 2012). KEGG pathway analysis was performed using the

Pathview (Luo and Brouwer, 2013) and GAGE packages (Luo et al., 2009).
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Chapter 3

The cellular metabolic response in

short-term hypoxia

Cellular metabolism is a complex network of enzymes and transporters, which can be reg-

ulated not only by protein expression but also by substrate availability, post-translational

modifications and allosteric control. Oxygen itself is a substrate for many key metabolic

reactions and dramatic changes in local oxygen availability should therefore have a direct

effect on the metabolic network.

These considerations led to the hypothesise that the metabolic network itself could have

the capability to react autonomously to acute changes in oxygen levels. This chap-

ter therefore aims to test the hypothesis that cellular metabolism changes in early hy-

poxia and to establish whether these changes occur independently of transcriptional pro-

grammes.
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3.1 Increased glycolysis and aspartate depletion precede HIF1α

target gene expression in hypoxia

To test whether there is a metabolic response that precedes the transcriptional adaptation

to hypoxia, it was necessary to establish time lines of both of these processes. To this

end, the metabolic response as well as RNA expression changes in MCF7 breast cancer

cells were measured at several early and late time points in hypoxia.

3.1.1 Short-term hypoxia elicits a metabolic response

MCF7 cells were exposed to 1% O2 (hereafter referred to as hypoxia) for different lengths

of time ranging between 0.5 and 5 hours and the levels of polar metabolites were quan-

tified by gas chromatography-mass spectrometry (GC-MS) and normalised to metabolite

levels in control cells (Figure 3.1A). Consistent changes in a number of metabolites were

observed in hypoxia from as early as two hours and intracellular depletion of aspartate

and accumulation of lactate were the most dramatic changes (Figure 3.1B and C, respec-

tively). A delayed effect on metabolites close to aspartate in the metabolic network, such

as malate and fumarate, could be observed after 3-5 hours.

3.1.2 Aspartate depletion and lactate accumulation persist into long-term hypoxia

To test whether the early metabolic changes observed (see Figure 3.1) persist into long-

term hypoxia, metabolic profiles from cells exposed to 1% O2 for 3 hours or 24 hours

were compared (Figure 3.2A). Three classes of behaviours could be identified: several

abundance changes, such as the decrease of aspartate and several TCA cycle interme-

diates, were initiated early and became more severe after 24 hours of hypoxia. A second

group of metabolites, including alanine, were found to be increased early on but their lev-

els normalised after 24 hours of hypoxia. A third group, including G3P and pyruvate, was

found to be increased after 3 hours of hypoxia and decreased after 24 hours of hypoxia.

Importantly, the accumulation of lactate and aspartate depletion persisted into the late

time point and also were the most significant changes in both conditions, as illustrated by

the Z score plot in Figure 3.2B.

3.1.3 Lactate accumulation correlates with increased glycolytic flux

To test whether the accumulation of lactate in hypoxia represented an upregulation of

glycolytic flux, glucose uptake was measured in MCF7 cells after 3 or 24 hours at 1% O2.

Glucose uptake was found to be increased 1.69±0.02 fold after 3 hours and 2.78±0.78

fold after 24 hours at 1% O2 (Figure 3.3A). In addition, lactate secretion into the medium

was measured in MCF7 cells at several time points in normoxia and at 1% O2.
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Figure 3.1: Short-term hypoxia elicits metabolic changes in MCF7 cells
A. Heatmap of metabolite abundance changes in MCF7 cells, which were exposed to 1%
O2 for the indicated amounts of time. Metabolite abundances were measured by GC-MS
with 4 replicates per condition and normalised to cell number. Colour scale represents
mean log2 fold changes over the control mean (normoxia). 3PG, 3-phosphoglycerate;
G3P, glycerol-3-phosphate.
B. & C. Abundance changes of aspartate and lactate in normoxia and at 1% O2 (data
shown in A). Error bars represent standard deviation and statistical significance was
calculated using two-way ANOVA with Sidak correction for multiple comparisons (*p-
value<0.05, ***p-value<0.001, **** p-value<0.0001).
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Figure 3.2: Early metabolic changes persist into late hypoxia
A. Heatmap of metabolite abundance changes in MCF7 cells after 3 hours or 24 hours at
1% O2. Metabolite abundances were measured by GC-MS with 4 replicates per condition
and normalised to cell number. Colour scale represents mean log2 fold changes over the
control mean (normoxia). 3PG, 3-phosphoglycerate; G3P, glycerol-3-phosphate.
B. Z score plot of metabolite abundance changes shown in (A.) relative to control (nor-
moxia). For details on Z scores see Section 2.5.1. Boxes highlight changes occurring
exclusively at 3 hours of hypoxia treatment (early only), changes which are reversed at
the 24 hours hypoxia (early 6= late) and changes which are amplified over time. NB: Four
points per condition are plotted. In some cases, black points are hidden by overlaid white
circles.
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Figure 3.3: Lactate accumulation correlates with early increases in glucose uptake
and lactate secretion
A. 2DG uptake in normoxia and after 3 or 24 hours at 1% O2. Measurements were
performed in six replicates per condition and normalised to cell number. Bars represent
mean and error bars represent standard deviation. Statistical significance was calculated
using one-way ANOVA with Dunnett’s test to correct for multiple comparisons.
B. Lactate concentration in cell culture media during the hypoxia time course (1% O2)
shown in Figure 3.1A. Lactate concentration was measured in media samples by GC-MS
with 4 technical replicates per condition and time point. Error bars represent standard
deviation and statistical significance was calculated using two-way ANOVA with Sidak
correction for multiple comparisons.
C. Fraction of lactate in cell culture media labelled from [U-13C]-glucose after 5 hours
of incubation with the isotopic tracer in normoxia or at 1% O2. Isotopic labelling was
quantified by GC-MS with three replicates per condition. The ion fragment quantified
contains two carbon atoms (see Appendix B, Table B.1). Error bars represent standard
deviation and statistical significance was calculated using an unpaired t-test.
*p-value<0.05, **p-value<0.01, **** p-value<0.0001
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Lactate secretion was increased in cells exposed to hypoxia and the first significant dif-

ferences were detectable after 3 hours at 1% O2 (Figure 3.3B). MCF7 cells were labelled

with [U-13C]-glucose for 5 hours in normoxia and at 1% O2 and incorporation of isotopic

label into lactate in the cell culture media was quantified (Figure 3.3C). In normoxia,

75±2% of lactate was found to be fully labelled from [U-13C]-glucose, which increased to

82±3% in hypoxia, indicating that the increase in secreted lactate in hypoxia is derived

from glucose. Taken together, these results strongly suggest that intracellular accumu-

lation of lactate in hypoxia (Figure 3.1A) is due to upregulation of glycolysis, rather than

just increased retention of lactate in cells, and that intracellular lactate levels can be used

as a readout for glycolytic activity.

3.1.4 Maximal transcriptional changes require hypoxia treatments longer than 3

hours

The previous sections showed that increased glycolytic flux, lactate accumulation and

decreased aspartate levels were found in MCF7 cells after 3 hours of hypoxia treatment.

Therefore, the next step was to compare this to the timing of HIF-dependent gene ex-

pression changes. Both HIF1α and HIF2α are known to play important roles in gene

regulation in hypoxia (see Section 1.1.2). Although their functional roles in transcriptional

activation are not redundant, the pools of their target genes are known to partly overlap.

MCF7 are known to stabilise both isoforms in hypoxia, albeit with different timings, and

HIF1α was shown to be the dominant isoform within the first 24 hours of exposure to

hypoxia (Carroll and Ashcroft, 2006; Stiehl et al., 2012). In addition, glycolytic genes in

particular and metabolic genes in general are mainly regulated by HIF1α and not HIF2α

(Hu et al., 2003; Koh and Powis, 2012). For these reasons it was decided to primarily

focus on HIF1α target genes.

To investigate the timing of hypoxia-induced gene expression changes, mRNA sequenc-

ing was performed in MCF7 cells after short-term (3 hours) and long-term hypoxia (24

hours). HIF1α is known to regulate the expression of several hundred target genes

(Schödel et al., 2011). In order to profile the HIF1α-dependent transcriptional response

in MCF7 cells, this analysis concentrated on a core panel of 88 HIF1α target genes se-

lected through stringent criteria (Benita et al., 2009). Out of these, 61 genes were found

to be significantly changed after 24 hours of hypoxia (Figure 3.4A). In contrast, only 41

HIF1α target genes were changed after 3 hours and in most cases to a lesser extent

compared to the late time point. In agreement with the role of HIF1α as a transcriptional
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activator, the majority of HIF1α targets were upregulated rather than suppressed in hy-

poxia. Within the subgroup of HIF1α targets in central carbon metabolism, the timing

and the extent of upregulation varied between individual genes, but most of them showed

stronger induction in long-term hypoxia short-term short-term hypoxia treatment (Figure

3.4B). This trend could also be observed in all genes associated with metabolism, includ-

ing genes not regulated by HIF1α (Figure 3.4C), indicating that other hypoxia-induced

transcriptional changes occur with kinetics similar to HIF1α-induced changes. Interest-

ingly, upregulation of metabolic gene expression was the primary effect observed after

3 hours of hypoxia, while long-term treatment also caused suppression of a number of

metabolic genes. Gene set enrichment analysis (GSEA) revealed that oxidative phos-

phorylation and the TCA cycle were among the most enriched, downregulated pathways

after 24 hours of hypoxia (Table 3.1). Although this is consistent with the idea that mi-

tochondrial activity is suppressed in chronic hypoxia (Semenza, 2013), based on these

data it is not possible to determine whether or not this is caused by HIF1α.

Within a panel of 9 unique HIF2α targets, only EPO showed striking upregulation after 24

hours of hypoxia, while three other genes were found to be moderately upregulated (Fig-

ure 3.4D), which confirms the dominant role of HIF1α within the first 24 hours of hypoxia.

In summary, these results showed that in MCF7 cells 3 hours at 1% O2 are not sufficient

to fully establish the transcriptional response across the relevant HIF1α target genes.

In addition, global changes in protein expression were measured in MCF7 cells after 2

hours at 1% O2 using SILAC (stable isotope labelling by amino acids in cell culture, Fig-

ure 3.4E). Within the 5376 protein quantified in total, 2157 showed qualitatively consistent

changes in both replicates (black dots in Figure 3.4E). However, no quantitatively

Table 3.1: Metabolic KEGG pathways found enriched in gene expression analysis
of MCF7 cells subjected to 24 hours of hypoxia
Gene set enrichment analysis for KEGG pathways was performed on significantly
downregulated metabolic genes (Reactome pathway: R-HSA-1430728). p-Values are
a global summary of individual p-values within the set. q-Values are FDR-adjusted global
p-value using the Benjamini & Hochberg correction for multiple comparisons.

KEGG pathway p-value q-value

hsa03050 Proteasome 0.0028 0.1297
hsa00190 Oxidative phosphorylation 0.0035 0.1297
hsa03013 RNA transport 0.0082 0.2028
hsa00380 Tryptophan metabolism 0.0297 0.4743
hsa00020 Citrate cycle (TCA cycle) 0.0320 0.4743



70 Chapter 3. The cellular metabolic response in short-term hypoxia



71

Figure 3.4: Upregulation of HIF1α target mRNAs is more uniform in long-term hy-
poxia
A. Changes in mRNA expression levels of HIF1α target genes (Benita et al., 2009) in
MCF7 cells after 3 or 24 hours at 1% O2. Expression levels relative to control cells (nor-
moxia) were obtained by RNA sequencing. Circles represent three technical replicates
(closed circles: false discovery rate (FDR) ≤0.01; open circles: FDR>0.01, no significant
change relative to normoxia). Table lists the number of HIF1α target genes significantly
changed (FDR≤0.01) after 3 or 24 hours at 1% O2. FC, fold change.
B. Changes in mRNA expression levels of metabolic HIF1α target genes in MCF7 cells
in short-term (3 hours) and long-term (24 hours, 1% O2) hypoxia obtained by mRNA se-
quencing. Bars represent three technical replicates and only changes with FDR <0.01
were plotted. Genes without significant changes genes not shown.
C. Volcano plots of changes in mRNA expression levels of all genes associated with
metabolism (Reactome pathway: R-HSA-1430728) in short-term and long-term hypoxia.
D. Changes in mRNA expression levels of unique HIF2α target genes, which are not
shared with HIF1α (Keith et al., 2011). See A. for details. FC, fold change.
E. Protein abundance in normoxia and after 2 hours at 1% O2, measured by stable iso-
tope labelling by amino acids in cell culture (SILAC). Cells were cultured with either heavy
(H) or light (L) amino acids. Plot shows changes of protein abundance in replicate exper-
iments with label reversal between conditions. Proteins changing in the same direction in
both replicates are shown in black, the ones changing in different directions are shown in
grey.

consistent (>2 fold) changes in protein abundance were detected, suggesting that the

observations made on the gene expression level also hold true for protein abundances.

3.1.5 Increase in glycolytic enzyme protein expression occurs after more than 3

hours of hypoxia treatment

Since 3 hours of hypoxia induced moderate gene expression changes, it was next tested

at which point in hypoxia this would translate into changes in the protein levels. This anal-

ysis focused on glycolytic enzymes, as they are known HIF1α targets targets and could

potentially be connected to accumulation of intracellular lactate. To this end, protein lev-

els of both HIF1α and HIF1β as well as a panel of relevant metabolic HIF1α targets

were analysed by Western blot (Figure 3.5). As expected, HIF1α was undetectable in

MCF7 cells in normoxia but rapidly accumulates within the first few hours of hypoxia,

with a peak between 15 and 24 hours. Increases in HIF2α protein levels could not be

detected and the decrease of HIF1α protein levels in chronic hypoxia is consistent with

previous reports (Lin et al., 2011). However, after 3 hours of hypoxia treatment no de-

tectable changes were found in the protein levels of the glycolytic HIF1α targets GLUT1,

HKII, GAPDH, LDHA as well as the activating phosphorylation of LDHA on tyrosine 10

(Fan et al., 2011). A modest upregulation could be observed after 6 hours, while in most

cases the maximal response was seen only after 24 hours of hypoxia. Peak target ex-
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pression therefore occurred considerably later than maximal HIF1α stabilisation, confirm-

ing the delay between the induction of the transcriptional response and its manifestation

on the protein level. Similar changes were observed in PDK1 protein levels and in the

phosphorylation of its target PDH-E1α at serine 293. In summary, 24 hours of hypoxia

were sufficient to induce stable metabolic and transcriptional responses in MCF7 cells.

However, 3 hours of hypoxia treatment also elicited significant metabolic changes, be-

fore transcriptional adaptation could be established at the protein level. It was therefore

next investigated whether the metabolic changes observed in short-term hypoxia were

independent of the HIF-induced transcriptional programme.
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Figure 3.5: Changes in HIF1α target protein levels detected after 6 hours at 1% O2

Western blot showing protein levels of HIF1α and select HIF1α targets in MCF7 cell
lysates after incubation at 1% O2 for different lengths of time. β-actin was used as loading
control. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GLUT1, glucose trans-
porter 1; HIF, hypoxia-inducible factor ; HKII, hexokinase 2; LDHA, lactate dehydroge-
nase A; MCT1, monocarboxylate transporter 1; PDK1, pyruvate dehydrogenase kinase
1; PDH-E1α, pyruvate dehydrogenase E1-α subunit.
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3.2 Early metabolic changes in hypoxia are independent of

HIF-induced transcription

The active HIF heterodimer consists of two subunits, a HIFα subunit and HIF1β/ARNT

(hereafter referred to as ARNT, see Section 1.1.2). While α subunits are regulated by

oxygen concentration at the level of protein stability, ARNT protein levels are stable in-

dependently of the local oxygen concentration. To investigate whether early metabolic

changes are independent of HIF activity in general, a two-pronged approach was em-

ployed targeting both HIF1α as well as the shared ARNT subunit, which is necessary for

the activity of both HIF1α and HIF2α.

3.2.1 ARNT is dispensable for early metabolic changes

ARNT was stably knocked down in MCF7 cells using a lentivirus-based shRNA, which

lead to an almost complete loss of ARNT protein (Figure 3.6A). Metabolite abundances

were measured in shARNT and control MCF7 cells in normoxia and after 3 hours at 1%

O2. Although the cell lines showed differences in the response of several amino acids to

hypoxia (Figure 3.6B), the decrease in aspartate as well as accumulation of lactate was

not prevented by ARNT knockdown (Figure 3.6C and D). Since ARNT dimerises with both

HIF1α and HIF2α and is required for transcriptional activity of both heterodimeric HIF

complexes, these data suggested that neither HIF1α nor HIF2α activity is required for the

metabolic changes in early hypoxia. Although the knockdown efficiency was satisfactory,

some remaining ARNT expression was detected in shARNT cells by Western blot (Figure

3.6A). In addition, despite using validated shRNA targets, RNAi-based approaches can

be prone to confounding off-target effects. For these reasons, a CRISPR-based approach

was chosen for genetic knockout of HIF1α in MCF7 cells.

3.2.2 HIF1α knockout strategy and clone validation

Several protein-coding HIF1α transcripts were listed in the EMBL-EBI Ensembl database.

Exon 2 is shared between all reviewed, protein-coding transcripts and was therefore cho-

sen to design CRISPR target sites. Figure 3.7A schematically shows the domain struc-

ture of HIF1α and the chosen CRISPR target site, which lies within the bHLH domain

responsible for DNA binding (Wang et al., 1995; Jiang et al., 1996). Since HIF1α is unde-

tectable in MCF7 cells (see Figure 3.5). in normoxia, knockout clones were first subjected

to 6 hours at 1% O2 and then screened for successful knockout of HIF1α by Western blot.

One clone exhibited a low-intensity HIF1α band of smaller molecular weight but no de-

tectable full-length HIF1α signal. Since HIF1α protein carrying a truncation within the
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Figure 3.6: Knockdown of ARNT does not prevent metabolic changes in short-term
hypoxia
A. Western blot showing ARNT protein levels in MCF7 cells stably transfected with
shARNT or an empty control plasmid (pLKO.1). α-Tubulin (αTub) was used as loading
control.
B. Heatmap of metabolite abundance changes in MCF7 cells stably transfected with
shARNT or an empty control plasmid (pLKO.1) after 3 hours at 1% O2. Abundances
of polar metabolites were measured by GC-MS with 5 replicates per condition. Colour
scale represents mean log2 fold changes over the mean of control cells (normoxia) of
each cell line. G3P, glycerol-3-phosphate.
C. & D. Abundance of intracellular lactate and aspartate in MCF7 cells stably transfected
with shARNT or an empty control plasmid (pLKO.1, data set shown in B.). Error bars
represent standard deviation and statistical significance was calculated using unpaired
t-tests with Sidak-Holm correction for multiple comparisons (**** p-value<0.0001).
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Figure 3.7: CRISPR/Cas9-engineered HIF1α mutant MCF7 cells fail to upregulate
HIF1α targets in hypoxia
A. Schematic of the protein domain structure of HIF1α (Carroll and Ashcroft, 2005). The
CRISPR guide sequence was designed to target the N-terminal part of the basic-helix-
loop-helix (bHLH) domain. PAS, PER-ARNT-SIM domain; ODDD, oxygen-dependent
degradation domain; TAD, transactivation domain.
B. mRNA expression changes (FDR>0.01) of a panel of HIF1α target genes (Benita
et al., 2009) after 3 or 24 hours at 1% O2 in parental and HIF1α mutant MCF7 cells.
C. Western blot showing a panel of metabolic HIF1α target genes in parental and HIF1α

mutant MCF7 cells during a hypoxia time course (1% O2). β-actin was used as loading
control. GLUT1, glucose transporter 1; HIF, hypoxia-inducible factor; HKII, hexokinase
2; LDHA, lactate dehydrogenase A; PDK1, pyruvate dehydrogenase kinase 1; PDH-E1α,
pyruvate dehydrogenase E1α subunit; PKM2, pyruvate kinase M2 isoform.
D. mRNA expression changes of indicated genes after after 24 hours at 1% O2 in parental
and HIF1α mutant MCF7 cells. Panels show known unique HIF1α targets, targets shared
between HIF1α and HIF2α, and unique HIF2α targets (Keith et al., 2011). Closed circles:
FDR≤0.01, open circles: FDR>0.01 (no significant change between normoxia and 24h
hypoxia).
E. Changes in mRNA expression levels of metabolic genes (Reactome pathway: R-HSA-
1430728) in HIF1α mutant cells compared to parental MCF7 cells in normoxia. Only
changes with FDR≤0.01 were plotted. HIF1α target genes (Benita et al., 2009) are
marked in red and genes associated with glycolysis (Reactome pathway: R-HSA-70171)
are marked in blue.
F. mRNA expression levels of HIF2α and a panel of known HIF2α target genes (Keith
et al., 2011) in HIF1α mutant cells compared to parental MCF7 cells in normoxia. Filled
bards: FDR≤0.01, open bars: FDR>0.01 (no significant change between HIF1α mutant
cells and parental MCF7 cells).
In B. and D.-F., mRNA expression levels were obtained by mRNA sequencing and
bars/points represent three technical replicates.

essential bHLH domain should lack the capacity to bind DNA and activate transcription,

this clone was tested for HIF1α activity after exposure to 1% O2 by RNA sequencing

and Western blot. Similar to what was shown in Figure 3.4, upregulation of some HIF1α

targets could be observed after 3 hours at 1% O2, while the induction was stronger and

more uniform after 24 hours. In both cases, the induction of mRNA expression of most

HIF1α target genes was markedly suppressed in HIF1α mutant cells after 3 and 24 hours

of hypoxia (Figure 3.7B). After 3 hours of hypoxia, and assuming a fold change cut-off of

2, the induction of 158 protein-coding genes was found to be dependent on HIF1α (see

Appendix Table C.1). After 24 hours at 1% O2, the number of HIF1α-dependent protein-

coding genes increased to 717 (see Appendix Table C.2). However, it is important to note

that other transcription factors, such as NF-κB, are known to regulate gene expression in

hypoxia, which may account for gene expression changes that persisted in HIF1α mutant

MCF7 cells (D’Ignazio and Rocha, 2016).
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It was subsequently confirmed on the protein level by Western blot (Figure 3.7C) that

HIF1α mutant MCF7 cells were unable to detectably increase protein levels of GLUT1,

HKII, LDHA, PDK1 and PKM2 in hypoxia. No changes in HIF2α protein could not

be detected in HIF1α mutant cells. Interestingly, phosphorylation of the PDK1 target

PDH-E1α serine 293 was still observed in HIF1α mutant cells. These data agree with

earlier observations, where PDH-E1α phosphorylation increased in hypoxia before PDK1

levels did (see Figures 3.5 and 3.11B).

Although none of the tested metabolic HIF1α target proteins accumulated in HIF1α mu-

tant cells in hypoxia (Figure 3.7C), compensation from HIF2α could not be excluded for

other genes. Therefore, mRNA expression of unique HIF1α targets, targets shared be-

tween HIF1α and HIF2α and unique HIF2α targets was quantified in parental MCF7 and

HIF1α mutant cells in normoxia and after 24 hours of hypoxia (Figure 3.7D). HIF1α was

found to be dominant in its unique targets as well as the shared targets, since their upreg-

ulation in hypoxia was markedly suppressed in HIF1α mutant cells. Most HIF2α targets

were not found to be substantially upregulated compared to normoxia in both cell lines.

Surprisingly, mutation of HIF1α completely suppressed upregulation of EPO, which was

previously shown to be an exclusive HIF2α target (Ratcliffe, 2007). This supports the gen-

eral notion that the activation of HIF target genes is highly context- and system-specific

(Majmundar et al., 2010; Koh and Powis, 2012). In summary, there was no evidence for

a compensatory response by HIF2α in HIF1α mutant cells in hypoxia.

3.2.3 Loss of HIF1α activity suppresses glycolytic gene expression in normoxia

Mutating HIF1α had a surprising effect on the basal protein expression of several

metabolic targets, although HIF1α itself was not detectable by Western blot in normoxia

(Figure 3.5 and 3.7C). HKII protein was almost undetectable in HIF1α mutant cells and

GLUT1, LDHA and PDK1 were markedly decreased. Therefore, HIF1α is necessary for

full expression of some of its targets in MCF7 cells even in normoxic conditions. RNA se-

quencing of HIF1α mutant cells in normoxia revealed a trend towards downregulation of

HIF1α target genes (shown in red in Figure 3.7 E), although both up- and downregulation

occurred. This was also reflected in glycolytic genes in general (shown in blue in Figure

3.7 E). These findings are consistent with a recent report demonstrating that GAPDH in

normoxia is dependent on HIF1α in human synovial fibroblasts (Del Rey et al., 2017).

Expression of HIF2α was increased 1.76 fold in HIF1α mutant cells (Figure 3.7F), consis-
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tent with previous reports demonstrating a reciprocal relationship between HIF1α and

HIF2α expression (Carroll and Ashcroft, 2006). However, within a panel of 8 genes

uniquely targeted by HIF2α, but not by HIF1α (Keith et al., 2011), none were significantly

upregulated in HIF1α mutant cells (Figure 3.7F). This suggests that, in the absence of

functional HIF1α, HIF2α-mediated gene expression is not increased in MCF7 cells.

3.2.4 Suppression of glucose carbon flux into the TCA cycle in long-term hypoxia

is partially reversed in HIF1α mutant cells

HIF1α induces the expression of PDK1, which phosphorylates and inhibits PDH and

thereby reduces glucose-derived carbons flux into the TCA cycle (Papandreou et al.,

2006; Kim et al., 2006). The suppression of glucose entry into the TCA cycle in long-term

hypoxia should therefore be dependent on the presence of functional HIF1α protein.

To test this, glucose-derived flux into the TCA cycle was measured by quantifying the

contribution of uniformly labelled 13C-glucose to the pools of TCA cycle intermediates.

Predicted carbon 13C labelling patterns in glycolysis and the TCA cycle are schematically

shown in Figure 3.8. Glucose flux through glycolysis results in fully labelled (M+3)

pyruvate, which enters mitochondria and is converted into labelled acetyl-CoA (M+2).

The first turn of the TCA cycle will result in M+2-labelled intermediates, while the second

turn will lead to M+4 and M+3 labelling, depending on the metabolite.

MCF7 cells were labelled with 13C-glucose in normoxia and hypoxia for different lengths

of time and the 13C-labelled fractions of several TCA cycle intermediates were quanti-

fied by GC-MS (Figure 3.9). In order to correctly estimate the fractional incorporation of
13C carbons into any metabolite pool, the label derived from naturally occurring heavy

isotopes must be subtracted using a natural abundance stripping algorithm (see Section

2.5.2). This is particularly relevant for elements with highly abundant heavy isotopes,

such carbon, as well as silicon, which is present in the GC-MS derivatisation agent. As

interfering ions can prevent accurate subtraction, it is necessary to test the quality of nat-

ural abundance stripping for every metabolite of interest by analysing unlabelled control

samples. Figure 3.9A shows isotopologue distributions in TCA cycle intermediates for

unlabelled control samples after the stripping algorithm was applied. Natural abundance

stripping is only considered successful when the M+0 isotopologue represents more than

99% of the total peak area. Another important consideration for stable isotope labelling

experiments is the amount of time it takes for a particular tracer to reach steady state

conditions in the metabolites of interest, since steady state labelling is easier to interpret
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Figure 3.8: Predicted carbon labelling patterns from [U-13C]-glucose
Schematic of carbon labelling in glycolysis and the TCA cycle from [U-13C]-glucose (white
circles, 12C carbon atom; red circles, 13C carbon atom; orange circles, 13C carbon atom
derived from acetyl-CoA added in the second turn of the TCA cycle). Acetyl-CoA, Acetyl-
coenzyme A; FBP, fructose-1,6-bisphosphate; GAP, glyceraldehyde-3-phosphate; DHAP,
dihydroxyaceteone phosphate; G3P, glycerol-3-phosphate; 3PG, 3-phosphoglycerate;
Pyr, pyruvate; α KG, α-ketoglutarate; Succ, succinate; Fum, fumarate; Mal, malate; OAA,
oxaloacetate.
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Figure 3.9: Glucose flux into the TCA cycle is decreased in long-term hypoxia and
is partly dependent on HIF1α

A. Unlabelled 12C control samples were used to test the quality of natural abundance
stripping. Bars show the mean of four replicate samples and error bars represent
standard deviation. Ions, which retained less than 1% labelling after natural abundance
stripping, were accepted for quantification of 13C-labelling.
B. & C. 13C-labelled fractions of indicated metabolite pools during a [U-13C]-glucose
labelling time course in normoxia at 1% O2, performed in parental MCF7 cells (B.)
and HIF1α mutant cells (C). Time points indicate duration of hypoxia treatment and
13C labelling. Measurements were performed by GC-MS with four replicates per time
point and condition. Error bars represent standard deviation and statistical significance
was calculated using two-way ANOVA with Sidak correction for multiple comparisons
(*p-value<0.05, **p-value<0.01, ***p-value<0.001, **** p-value<0.0001).
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than dynamic labelling (Buescher et al., 2015). In MCF7 cells, in normoxia as well as

hypoxia, isotopic steady-state and therefore complete turnover of the glucose-derived

pools, was reached within 3 hours of 13C-glucose labelling in all TCA cycle intermediates

(Figure 3.9B). In hypoxia, fractional 13C-labelling of TCA cycle intermediates did not

differ from normoxia within the first 6 hours, but substantial differences were found in

long-term hypoxia. The hypoxia-induced suppression of 13C-labelling in citrate was

markedly smaller in HIF1α mutant cells compared to parental MCF7 cells (Figure 3.9C),

suggesting that this process is indeed partially dependent on HIF1α. This difference,

however, was not seen in other TCA cycle intermediates.

These findings confirm that decreased glucose carbon entry into the TCA cycle is a late

metabolic change, which is at least partially dependent on HIF1α. In addition, the timing

correlates well with the HIF1α-dependent induction of PDK1 expression (see Figures 3.5

and 3.7C), as well as the observation that TCA cycle-related genes are downregulated in

long-term hypoxia (see Table 3.1). The fact that suppression of glucose carbon flux into

the TCA cycle in hypoxia was only partially and not completely reversed in HIF1α mutant

cells could be connected to earlier observations showing that PDH-E1α phosphorylation

does not require accumulation of PDK1 protein (see Figures 3.5 and 3.7C).

3.2.5 Metabolic changes in short-term hypoxia are not dependent on HIF1α

After confirming that HIF1α mutant MCF7 are unable to induce expression of HIF1α

targets in hypoxia and show partial loss of known HIF1α-dependent metabolic changes,

it was next tested whether the metabolic response in short-term hypoxia cells differed

from parental MCF7 cells. After 3 hours and 24 hours at 1% O2, most major metabolite

abundance changes were similar between parental and HIF1α mutant cells, including

the accumulation of lactate and the depletion of aspartate (Figure 3.10A). In addition, the

timing of metabolite abundance changes within the first 6 hours of hypoxia were remark-

ably similar between the two cell lines (Figure 3.10B and C). These data indicate that

metabolic changes in early hypoxia in general, and lactate accumulation and aspartate

depletion in particular, are not dependent on HIF1α in MCF7 cells. Unexpectedly, most

metabolite abundance changes after 24 hours were also preserved in HIF1α mutant cells.

In summary, the metabolic changes in short-term hypoxia described in section 3.1 were

shown to occur independently of HIF1α and ARNT, as well as the transcriptional activation

of HIF1α targets. Although most metabolite abundance changes after 24 hours of hypoxia
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were preserved in HIF1α mutant MCF7 cells, HIF1α was confirmed to partly mediate pre-

viously known long-term metabolic changes, such as the suppression of glucose-derived

carbon flux into the TCA cycle.
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Figure 3.10: Early metabolic changes in hypoxia are not dependent on HIF1α

A. Heatmap of metabolite abundance changes in parental and HIF1α mutant MCF7 at
different times in hypoxia (1% O2). Abundances of polar metabolites were measured
by GC-MS with 4 replicates per condition and normalised to cell number. Colour scale
represents mean log2 fold changes over the control mean (normoxia) for each individual
time point. 3PG, 3-phosphoglycerate; G3P, glycerol-3-phosphate.
B. & C Lactate and aspartate levels in parental MCF7 and HIF1α mutant cells during
a hypoxia time course (1% O2) relative to time point 0 (data shown in A). Error bars
represent standard deviation and statistical significance was calculated using two-way
ANOVA with Sidak correction for multiple comparisons (*p-value<0.05, **p-value<0.01,
***p-value<0.001, **** p-value<0.0001).
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3.3 Metabolic changes preceding the HIF1α response are ob-

served in other cell lines

It was next addressed whether the observed metabolic changes in short-term hypoxia

are specific to MCF7 cells, specific only to cancer cells or whether they represent a

more general cellular response to short-term hypoxia. Therefore, metabolomics mea-

surements after 3 hours at 1% O2 were performed in two other breast cancer cell lines

(BT-474, luminal, and MDA-MB-231, basal) and in an immortalised, non-tumourigenic

mammary epithelial cell line (MCF10A, Figure 3.11A). Of these cell lines, MCF10A and

BT-474 cells qualitatively showed the same response in lactate and aspartate as were

observed in MCF7 cells (see Figure 3.1). This indicates that rapid metabolic changes,

in particular aspartate depletion and lactate accumulation are not specific to MCF7 cells

and occur in other cultured cancer and non-cancer cells.

In addition, HIF1α protein stabilisation in hypoxia and the relative delay in HIF1α target

protein accumulation was confirmed in three other breast cancer cell lines by Western blot

(Figure 3.11B). Although basal HIF1α levels and the timing of HIF1α stabilisation varied

between cell lines, most HIF1α targets tested showed no upregulation after 3 hours at

1% O2. PHD-E1α phosphorylation at serine 293 was an exception, as it increased in

MDA-MB-231 cells before the corresponding kinase PDK1 accumulated, similar to what

was observed in MCF7 cells (see Figure 3.5).
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Figure 3.11: Early metabolic changes prior to HIF1α target protein accumulation
found in other cell lines
A. & B. Intracellular aspartate and lactate levels in indicated cell lines in normoxia and
after 3 hours at 1% O2). Metabolite abundances were measured by GC-MS with 2-5
replicates per cell line and condition. Bars show mean and error bars represent standard
deviation. Statistical significance was calculated using two-tailed t-tests (**p-value<0.01,
***p-value<0.001, **** p-value<0.0001).
C. Western blot showing protein levels of HIF1α and select HIF1α target genes in in-
dicated cell lines after different times at 1% O2. β-actin was used as loading control.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GLUT1, glucose transporter 1;
HIF1α, hypoxia-inducible factor 1α; HKII, hexokinase 2; LDHA, lactate dehydrogenase A;
MCT1, monocarboxylate transporter 1; PDK1, pyruvate dehydrogenase kinase 1; PDH-
E1α, pyruvate dehydrogenase E1-α subunit.
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Chapter 4

The malate-aspartate shuttle is necessary

to upregulate glycolysis in short-term

hypoxia

In Chapter 3 it was shown that upregulation of glycolytic flux and lactate production occur

in MCF7 cells in early hypoxia and that this metabolic response is independent of HIF-

induced protein expression changes. In addition, it was found that the upregulation of

lactate production correlated with changes in aspartate metabolism. Since aspartate is

an integral component of the mitochondrial malate-aspartate shuttle (MAS), the following

chapter investigates whether there is a functional link between redox shuttles and the

upregulation of glycolysis under limiting oxygen conditions. To this end, relevant enzyme

components of the malate-aspartate shuttle were chemically inhibited or knocked out

using CRISPR/Cas9, and it was subsequently tested whether these perturbations affect

the metabolic response to short-term hypoxia.
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4.1 Aminotransferases are required for the increase of gly-

colytic flux in hypoxia

Metabolite pool sizes can be affected by changes in metabolite-producing or metabolite-

consuming reactions, as well as by altered metabolite uptake or release. Figure 4.1A

schematically shows the reactions around aspartate in the metabolic network, which

could be involved in the change of aspartate levels observed in hypoxia (see Figure 3.1).

Changed uptake of aspartate or asparagine can be excluded as the cause of changes

in intracellular aspartate levels, since the cell culture medium used in this work contains

neither aspartate nor asparagine (for exact media formulation see Appendix A, Table

A.1). Therefore, all intracellular aspartate must be produced endogenously. Moreover,

aspartate remained under the detection level in cell culture medium in normoxia as well

as hypoxia, even after up to 24 hours of conditioning and significant changes in aspartate

secretion are therefore unlikely to be the cause for intracellular aspartate depletion in hy-

poxia. Consequently, intracellular aspartate production and consumption reactions must

be the cause for changed aspartate levels in short-term hypoxia.

4.1.1 Aspartate aminotransferase expression is not changed in hypoxia

Two major aspartate-metabolising enzymes are the cytoplasmic and mitochondrial aspar-

tate aminotransferases, GOT1 and GOT2 (see Figure 4.1A, N.B. the terms transaminase

and aminotransferase are used interchangeably). It was therefore first tested, whether

mRNA or protein levels of GOT1 or GOT2 are altered in MCF7 cells after 3 or 24 hours

at 1% O2. Although GOT1 and GOT2 mRNA expression decreased in MCF7 cells after

24 hours of hypoxia in a HIF1α-dependent manner (Figure 4.1B), no changes were found

after 3 hours of hypoxia. In addition, no changes in GOT1 or GOT2 protein levels were

observed during up to 48 hours of hypoxia (Figure 4.1C), suggesting that the depletion of

intracellular aspartate was not due to changes in GOT1 or GOT2 expression.

4.1.2 Transaminase inhibition suppresses upregulation of glycolysis in hypoxia

To test whether aspartate transaminases play a role in upregulation of glycolytic flux in

hypoxia, aminooxyacetate (AOA) was used, a general inhibitor of pyroxidal phosphate-

dependent (PLP-dependent) enzymes such as transaminases. Incubating MCF7

cells with AOA for 3 hours in normoxia led to depletion of intracellular aspartate and

alanine, thereby confirming its effect on both aspartate and alanine aminotransferases

(Figure 4.2 B,I and C, J, respectively). There was no significant change in the levels of

branched-chain amino acids (leucine is shown as representative example in Figure 4.2D
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and K), which could either signify that branched-chain-amino-acid aminotransferase

(BCAT) activity is low in MCF7 cells or that BCATs are less sensitive to AOA in this

context. Importantly, AOA treatment in normoxia did not affect the levels of the glycolytic

intermediates 3PG (Figure 4.2E, L), lactate (Figure 4.2F, M) and G3P levels (Figure

4.2G, N).

Next, the effect of transaminase inhibition on upregulation of glycolysis was tested in

both early hypoxia and after pre-incubation in hypoxia for 21 hours (schematically shown

in Figure 4.2A and H, respectively). While vehicle-treated MCF7 cells showed increased

3PG, lactate and G3P levels after being exposed to 1% O2 for 3 hours, there was no

significant accumulation of any of these metabolites when cells were simultaneously

treated with AOA (Figure 4.2D, E & F). A similar but weaker effect was also seen when

cells were treated with AOA for 3 hours after 21 hours of hypoxia pre-treatment (Figure

4.2J, K & L).

Taken together, these data suggest that although several pathways can contribute to

aspartate production and consumption, inhibition of transaminases could fully account

for the changes in aspartate levels observed in hypoxia. In addition, transaminases play

an important role in the upregulation of glycolysis in hypoxia, particularly during the first

hours of exposure to hypoxic conditions but possibly also at later time points.
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Figure 4.1: Aspartate aminotransferase protein expression is not changed in
hypoxia
A. Schematic illustration of metabolic pathways surrounding intracellular aspartate
(KEGG database, Kanehisa and Goto, 2000). Members of the SLC1 family of plasma
membrane exporters can take up aspartate from the extracellular space. Aspartate is
also produced and consumed by mitochondrial and cytoplasmic aspartate aminotrans-
ferases (GOT2 and GOT1, respectively), which are part of the malate aspartate-shuttle
(also see Section 1.3.4). In addition, aspartate can be converted into asparagine
by asparagine synthase (ASNS) or feed into the urea cycle, purine biosynthesis and
pyrimidine biosynthesis. N.B. aspartate is also a substrate for protein biosynthesis, which
is not shown here.
αKG, α-ketoglutarate; ADSS, adenylosuccinate synthetase; AGC, mitochondrial as-
partate glutamate carrier (SLC25A12/SLC25A13); ASNS, asparagine synthetase;
ASRGL1, L-asparaginase; ASS1, argininosuccinate synthase; OGC, mitochondrial
2-oxoglutarate/malate carrier protein (SLC25A11); PAICS, multifunctional protein ADE2;
SAICAR, phosphoribosylaminoimidazolesuccinocarboxamide; sAMP, adenylosuccinate;
OAA, oxaloacetate.
B. Changes of mRNA expression levels of aspartate aminotransferase 1 (GOT1) and as-
partate aminotransferase 2 (GOT2) after 3 and 24 hours at 1% O2 in parental and HIF1α

mutant MCF7 cells. Relative expression levels were obtained by mRNA sequencing.
Bars represents three technical replicates and changes had FDR<0.01 unless marked
’ns’ (not significant, FDR>0.01).
C. Western blot showing GOT1 and GOT2 protein levels during a hypoxia time course
(1% O2). β-actin was used as loading control. N.B. loading control is duplicated from
Figure 3.5.
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Figure 4.2: Aminotransferase inhibition partially suppresses 3PG and lactate ac-
cumulation in hypoxia
A. Schematic illustration of experiment shown in B.-E.: MCF7 cells were incubated in
normoxia or at 1% O2 for 3 hours in the presence or absence of 1 mM aminooxyacetate
(AOA).
B.-G. Intracellular amounts of indicated metabolites. Metabolite abundances were mea-
sured by GC-MS with 4 replicates per condition and normalised to cell number.
H. Schematic illustration of the experiment shown in G.-J.: MCF7 cells were incubated for
24 in normoxic conditions or at 1% O2 in the presence or absence of 1 mM AOA during
the last 3 hours.
I.-N. Intracellular amounts of indicated metabolites. Metabolite abundances were mea-
sured by GC-MS with 4 replicates per condition and normalised to cell number.
Error bars represent standard deviation and statistical significance was calculated us-
ing two-way ANOVA with Sidak correction for multiple comparisons (*p-value<0.05, **p-
value<0.01, ***p-value<0.001, **** p-value<0.0001). 3PG, 3-phosphoglycerate; G3P,
glycerol-3-phosphate.
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4.2 GOT1 is needed to maintain the cytoplasmic redox state

and to upregulate glycolysis in short-term hypoxia

Changes in aspartate metabolism correlated with increased glycolytic flux in early hypoxia

(Chapter 3) and inhibition of transaminases was found to interfere with the upregulation of

glycolysis in hypoxia (Section 4.1). GOT1 and GOT2 were therefore chosen as targets for

CRISPR/Cas9-mediated knockout in MCF7 cells, with the aim to investigate how genetic

loss of GOT1 or GOT2 affects the cellular metabolic response to short-term hypoxia.

4.2.1 Generation of GOT1 knockout and GOT2 knockout MCF7 cells

The malate-aspartate shuttle consists of two coupled transamination and redox reac-

tions, connected by two transport reactions across the inner mitochondrial membrane

(schematically shown in Figure 4.3A, also see Section 1.3.4). CRISPR guide sequences

were designed against the first exons of the MAS transaminases GOT1 and GOT2,

MCF7 cells were transfected with knockout constructs targeting either GOT1 or GOT2

and clones were screened by Western blot for successful knockout of the target pro-

tein. One knockout clone for GOT1 (GOT1ko c7, hereafter referred to as GOT1ko) and

two knockout clones for GOT2 were obtained. Since initial experiments showed similar

metabolic phenotypes for both GOT2 knockout clones, one clone (GOT2ko c21, here-

after referred to as GOT2ko) was chosen for further investigation. Protein expression of

GOT1 and GOT2 in parental MCF7 cells and both knockout clones is shown in Figure

4.3B. In order to confirm the successful elimination of both alleles, mutant exons were

amplified from genomic DNA, cloned into a TOPO vector and plasmids were isolated

from single bacterial colonies and sequenced. Figure 4.3C shows the alignment of GOT1

mutant alleles with GOT1 cDNA. Both detected alleles harboured small deletions leading

to frame-shift mutations and therefore do not encode for functional GOT1 protein. For

GOT2, exon amplification from genomic DNA was unsuccessful and the exact sequence

of the mutant alleles could not be determined. Proliferation of both knockout cell lines

under basal conditions was similar to the proliferation of parental MCF7 cells (Figure

4.3D).

4.2.2 Metabolic phenotypes of GOT1ko and GOT2ko cells confirm MAS direction-

ality

To test whether knockout of GOT1 or GOT2 has an effect on the basal levels of MAS

metabolites, the abundances of polar metabolites in GOT1ko and GOT2ko cells were

measured by GC-MS (Figure 4.4A and B). Loss of GOT1 led to a 5.8±3.6 fold increase
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Figure 4.3: Generation of GOT1 and GOT2 knockout cell lines
A. Schematic illustration of the malate-aspartate shuttle. Aspartate is produced and con-
sumed by mitochondrial and cytoplasmic aspartate aminotransferases (GOT2 and GOT1,
respectively). The transamination reactions catalysed by GOT1 and GOT2 are coupled to
redox reactions (MDH1 and MDH2, respectively). Two antiporters, AGC and OGC, con-
nect the cytoplasmic with the mitochondrial reactions, resulting in net transport of redox
equivalents into the mitochondrial matrix. αKG, α-ketoglutarate; AGC, mitochondrial as-
partate glutamate carrier (SLC25A12/SLC25A13); MDH, malate dehydrogenase; OGC,
mitochondrial 2-oxoglutarate/malate carrier protein (SLC25A11); OAA, oxaloacetate.
B. Western blot showing GOT1 and GOT2 protein levels in parental MCF7 cells and the
knockout clones GOT1ko c7 and GOT2ko c21. α-Tubulin (αTub) was used as loading
control.
C. DNA sequences of GOT1 mutant alleles compared to wild-type GOT1 cDNA. The
CRISPR/Cas9 target sequence is shown in red. Allele 1 carries a 17bp deletion and al-
lele 2 carries a 1bp deletion, both of which lead to frameshift mutations.
D. Continuous cell growth of parental MCF7, GOT1ko c7 and GOT2ko c21 cells. Points
represent mean of 6 independent growth curves and error bars represent standard devi-
ation.
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Figure 4.4: Aspartate levels in GOT1ko and GOT2ko cells confirm MAS directional-
ity
A. & B. Heatmap of metabolite abundance changes in GOT1ko (A.) and GOT2ko (B.)
cells compared to parental MCF7 cells. Metabolite abundances were measured by GC-
MS with 4 replicates per condition and normalised to cell number. Colour scale represents
mean log2 fold changes over the parental control mean. 3PG, 3-phosphoglycerate; G3P,
glycerol-3-phosphate.
C.-F. Abundances of indicated metabolites in parental, GOT1ko and GOT2ko cells relative
to parental cells. Bars represent averages of 3 independent experiments with 4 replicates
per experiment and error bars represent standard deviation. Statistical significance was
calculated using one-way ANOVA with Dunnett’s test to correct for multiple comparisons
(**p-value<0.01, **** p-value<0.0001).
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of intracellular aspartate (Figure 4.4C), consistent with previous reports about GOT1-

deficient Jurkat cells (Son et al., 2013; Birsoy et al., 2015). At the same time, glutamate

and malate, which are downstream of the GOT1 reaction, were found to be 29.0±7.9%

and 32.7±13.5% decreased in GOT1ko cells, respectively (Figure 4.4D & E). Conversely,

GOT2ko cells were found to have lower aspartate levels than parental MCF7 cells (Figure

4.4C), which is consistent with GOT2 being a major producer of intracellular aspartate.

Concomitantly, malate and fumarate accumulated in GOT2ko cells (Figure 4.4E & F).

Therefore, the metabolic phenotypes of GOT1ko and GOT2ko cells confirm that in nor-

moxic conditions GOT1 primarily consumes aspartate, while GOT2 produces primarily

produces it. This is consistent with the MAS operating in the direction shown in Figure

4.3A, which achieves net transport of redox equivalents into the mitochondrial matrix.

4.2.3 GOT1 contributes to decrease of aspartate in hypoxia

It has previously been shown that under circumstances where aspartate becomes limit-

ing, such as ETC inhibition, the GOT1 reaction can run in reverse to produce aspartate in

the cytosol (Birsoy et al., 2015). To test whether this was the case in hypoxic conditions

and in order assess the roles of GOT1 and GOT2 in the loss of intracellular aspartate in

hypoxia, parental MCF7 as well as GOT1ko and GOT2ko cells were exposed to 1% O2

for 3 or 24 hours and aspartate levels were measured. Although aspartate levels still de-

creased in GOT1ko cells, they retained a significantly higher amount of aspartate after 3

hours and after 24 hours of hypoxia, while GOT2 cells lost aspartate more quickly (Figure

4.5A). These results suggest that GOT1-dependent consumption of aspartate contributes

to the loss of aspartate in hypoxia and that GOT1 reversal counteracting the decrease of

aspartate levels is unlikely to occur under these circumstances.

4.2.4 GOT1 is required for upregulation of glycolysis in hypoxia

Following the effects of AOA (see Section 4.1.2), it was next tested whether the loss of

either aspartate aminotransferase has an effect on the upregulation of glycolysis during

early hypoxia. Parental MCF7, GOT1ko and GOT2ko cells were exposed to 1% oxygen

for 3 hours and glycolytic intermediates were quantified by GC-MS. While in normoxia

3PG and lactate levels in both knockout cell lines did not differ significantly from parental

cells, GOT1ko cells showed decreased accumulation of both of these metabolites in

short-term hypoxia (Figure 4.5B and C). Pyruvate levels were decreased in GOT1ko cells

in both normoxia after hypoxia treatment (Figure 4.5D). The response of GOT2ko cells

to hypoxia was less consistent with a small decrease in 3PG and pyruvate compared to

parental MCF7 cell, but an increase in lactate levels.
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Figure 4.5: Loss of GOT1 leads to impaired upregulation of glucose uptake, as well
as lactate production and secretion in hypoxia
A. Aspartate levels in parental MCF7, GOT1ko and GOT2ko cells in normoxia and af-
ter 3 or 24 hours at 1% O2. Metabolite abundances were measured by GC-MS with 4
replicates per condition and time point. Bars represent mean and error bars represent
standard deviation. Statistical significance was calculated using two-way ANOVA with
Dunnett’s test for multiple comparisons.
B.-D Abundances of indicated metabolites in parental MCF7, GOT1ko c7 and GOT2ko
c21 cells in normoxia and after 3 hours at 1% O2. Bars represent averages of 3 inde-
pendent experiments with 4 replicates per experiment and error bars represent standard
deviation. Statistical significance was calculated using two-way ANOVA with Dunnett’s
test to correct for multiple comparisons. 3PG, 3-phosphoglycerate.
E. 2DG uptake in parental MCF7, GOT1ko and GOT2ko cells in normoxia and after 3h
at 1% O2, shown relative to parental MCF7 cells in normoxia. Measurements were per-
formed in three replicates and normalised to cell number. Bars represent mean and error
bars represent standard deviation. Statistical significance was calculated using two-way
ANOVA with Sidak’s test to correct for multiple comparison.
F. Lactate concentration in the cell culture media of parental MCF7, GOT1ko and GOT2ko
cells at different time points in normoxia and at 1% O2). Lactate concentration was mea-
sured in media samples by GC-MS with 3-4 technical replicates per condition and time
point and normalised to cell number. Error bars represent standard deviation.
G. Hypoxia/normoxia ratio of lactate concentration in medium after 5 hours of incubation
in parental MCF7, GOT1ko and GOT2ko cells (data shown in B.). Measurements at 1%
O2 were divided by the mean value in normoxia. Bars show average and error bars rep-
resent standard deviation. Statistical significance was calculated using two-way ANOVA
with Dunnett’s test to correct for multiple comparisons .
*p-value<0.05, **p-value<0.01,***p-value<0.001, **** p-value<0.0001.

The differential upregulation of glycolytic flux in the different cell lines was also reflected

in the extent to which glucose uptake was upregulated in hypoxia (Figure 4.5E). After 3

hours at 1% O2, glucose uptake in parental cells was increased by 84±4%, while GOT1ko

cells only took up 34±3% more than in normoxia and GOT2 cells increased glucose up-

take by 68±8%. Lactate secretion into the medium in hypoxia was markedly decreased

in GOT1ko cells compared to parental cells (Figure 4.5F). In addition, both knockout cell

lines had a significantly lower upregulation of lactate secretion in hypoxia compared to

normoxia (Figure 4.5G). In summary, these data show that deletion of GOT1 suppresses

the increase of glucose uptake, the accumulation of glycolytic intermediates and the up-

regulation of lactate secretion in early hypoxia.
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4.3 Loss of GOT1 reduces MDH1 flux and affects the cytoplas-

mic redox balance and mitochondrial respiration

The malate-aspartate shuttle (MAS) irreversibly transfers reducing equivalents in the form

of NADH from the cytoplasm into the mitochondrial matrix, without the net transport of

carbons or nitrogens. At the same time, the MAS regenerates NAD+ in the cytosol,

thereby supporting glycolytic flux (Hanse et al., 2017, also see Section 1.3.4). It was

therefore next investigated whether loss of GOT1 has an effect on MAS flux and the

regeneration of cytoplasmic NAD+, and whether this could explain why GOT1ko cells

were less able to upregulate glycolytic flux in hypoxia.

4.3.1 MDH1 flux is decreased but not completely suppressed in GOT1ko cells

Since both GOT reactions directly and indirectly supply cytoplasmic OAA as substrate

for MDH1, it was next investigated to which extent genetic deletion of GOT1 and

GOT2 affects the capacity of MDH1 to regenerate NAD+ from GAPDH-derived NADH

and whether other redox pathways, catalysed by LDHA and GPD1, could potentially

compensate for lower MDH1 flux. Oxaloacetate and malate, the respective substrate

and product of MDH1, exist in two separate pools in the cytoplasm and in mitochondria.

Because it is currently not possible to directly measure subcellular distributions of

metabolites, a deuterium tracing approach using [4-2H]-glucose was used to quantify

the flux of GAPDH-derived NADH through cytoplasmic redox pathways, including

MDH1 (Lewis et al., 2014). In glycolysis, a deuterium atom from [4-2H]-glucose will

be transferred onto NAD+ during the reaction catalysed by GAPDH. If the resulting

NAD2H molecule is subsequently used in reactions catalysed by LDHA, GPD1 or MDH1,

it will be incorporated into their respective products lactate, G3P or malate (predicted

labelling patterns shown in Figure 4.6). M+1-labelled metabolites can then be quantified

by GC-MS-based metabolomics, allowing for simultaneous quantification of NADH flux

through the three major cytoplasmic NAD+-regenerating reactions.

In GOT1ko cells NADH flux through MDH1 was found to be markedly reduced compared

to parental MCF7 cells, while it was unchanged in GOT2ko cells (Figure 4.7 A). Levels

of M+1-lactate were similar in all cell lines, suggesting that there was no compensation

by LDHA for lower MDH1 flux. However, M+1-G3P levels were elevated in GOT1ko as

well as GOT2ko cells. This observation suggests that either there is compensatory flux

through the G3P shuttle to regenerate NAD+ or that increased GPD1 flux is driven by
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Figure 4.6: Predicted deuterium labelling patterns from [4-2H]-glucose
GAPDH transfers a deuterium atom from [4-2H]-Glucose onto cytosolic NADH (white cir-
cles, carbons; red dots, 2H labelling, Lewis et al., 2014). The deuterium label will subse-
quently be transferred to metabolites generated by cytosolic NADH-dependent dehydro-
genases, such as GPD1, LDHA and MDH1. The schematic also illustrates that deuterium
label can be lost in the pentose phosphate pathway.
DHAP, dihydroxyaceteone phosphate; E4P, erythrose 4-phosphate; F6P, fructose-6-
phosphate; FBP, fructose-1,6-bisphosphate; G3P, glycerol-3-phosphate; G6P, glucose-
6-phosphate; GAP, glyceraldehyde-3-phosphate; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; GPD1, glycerol-3-phosphate dehydrogenase 1; LDHA, lactate dehydro-
genase A; OAA, oxaloacetate; R5P, ribose 5-phosphate; Ru5P, ribulose-5-phosphate;
S7P, sedoheptulose-7-phosphate; X5P, xylulose 5-phosphate.
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carbons accumulating in glycolysis upstream of the NAD+-dependent step catalysed by

GAPDH, due to NAD+ deficiency. Since several glycolytic and PPP metabolites cannot

be quantified by GC-MS-based metabolomics for technical reasons, the previous ex-

periments were complemented with liquid chromatography mass spectrometry (LC-MS)

measurements. The PPP intermediate 6-phosphogluconate and glycolytic metabolites

upstream of GAPDH accumulated in GOT1ko and GOT2ko cells, while glycolytic metabo-

lites downstream of GAPDH were depleted in GOT1ko cells (Figure 4.7B). This could

explain why pyruvate and alanine, which is produced from pyruvate by transamination,

were earlier found to be decreased in both cell lines (Figure 4.4A). This observa-

tion further substantiates the idea that GOT1 deletion in particular limits flux through

GAPDH, possibly because of changes in NAD+/NADH ratio due to decreased MDH1 flux.

A possible explanation for why MDH1 flux was not completely abrogated in GOT1ko

cells is that cytoplasmic ATP-citrate lyase (ACLY) supplies part of the OAA used by

MDH1 (schematically shown in Figure 4.7C). ACLY uses citrate exported from mito-

chondria to generate OAA and acetyl-CoA (Pietrocola et al., 2015) and could serve

as an alternative OAA source for MDH1. ACLY is subject to allosteric regulation by

phosphorylation and is known to be a target of several kinases, including Akt (Berwick,

2002). Phosphorylation on serine 455 abolishes the allosteric regulation of ACLY by

its substrate citrate and increases enzyme activity (Potapova et al., 2000). In both

GOT1ko as well as GOT2ko cells, levels of ACLY and ACLY phosphorylation were

unchanged as quantified by Western blot (Figure 4.7D) and ACLY gene expression

not found to be significantly changed in either cell line (not shown). Experiments with

ACLY inhibitors or genetic deletion of ACLY will therefore be needed to confirm whether

ACLY compensation is necessary for cytoplasmic redox balances in GOT1 knockout cells.

In summary, GOT1 was found to be required for upregulation of glycolysis in early hypoxia

and GOT1ko cells exhibited reduced NAD+-regenerating MDH1 flux and a metabolic phe-

notype, which would be consistent with reduced flux through GAPDH. Since these results

collectively point towards a disturbance in cytoplasmic redox homeostasis GOT1ko cells,

it was next attempted to directly measure the cytoplasmic NAD+/NADH ratio.
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Figure 4.7: Decreased MAS flux in GOT1ko cells correlates with decreased metabo-
lite levels in lower glycolysis
A. Abundance of the M+1 isotopologues of indicated metabolites in parental MCF7,
GOT1ko and GOT2ko cells after labelling with [4-2H]-glucose for 3 hours. Metabolite
abundances were measured by GC-MS with 4 replicates per cell line and condition. Er-
ror bars represent standard deviation and statistical significance was calculated using
two-way ANOVA with Sidak correction for multiple comparisons (**p-value<0.01,***p-
value<0.001, **** p-value<0.0001).
B. Heatmap of metabolite abundances in GOT1ko and GOT2ko cells compared to
parental MCF7 cells. Metabolite abundances were measured by LC-MS with 4 replicates
per condition and normalised to cell number. Colour scale represents log2 fold changes
over the parental control mean. 1,3-BPG, 1,3-bisphosphoglycerate; DHAP, dihydroxy-
aceteone phosphate; FBP, fructose-1,6-bisphosphate; PEP, phosphoenolpyruvate; 2PG,
2-phosphoglycerate; PPP, pentose phosphate pathway.
C. Schematic illustration of pathways supplying MDH1 with OAA in the cytosol. GOT1
produces OAA from aspartate and αKG as part of the MAS. Alternatively, citrate can ex-
ported from mitochondria and converted into OAA and Acetyl-CoA by ACLY in an ATP-
and CoA-dependent reaction. The resulting acetyl-CoA can be used for fatty acid and
steroid synthesis or regulation of proteins by acetylation, such as histones (Pietrocola
et al., 2015). αKG, α-Ketoglutarate; ACLY, ATP citrate lyase; AGC, aspartate/glutamate
carrier (SLC25A12, SLC25A13); CTP, citrate transporter (SLC25A1); OAA, oxaloacetate.
D. Western blot showing levels in parental MCF7, GOT1ko and GOT2 cells. β-Actin was
used as loading control.
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4.3.2 GOT1ko cells exhibit a decreased cytoplasmic NAD+/NADH ratio

Historically, the ratio of lactate to pyruvate has been used to infer the cytoplasmic

NAD+/NADH ratio (Williamson et al., 1967). However, this method has been shown

to fail in conditions where glycolytic rates are high and net lactate production occurs,

such as hypoxia (Sun et al., 2012). Changes in NAD(P)H can also be estimated by

recording NAD(P)H autofluorescence, since the oxidised forms NAD+ and NADP+

are not fluorescent. However, autofluorescence measurements cannot distinguish

between NADH and NADPH (hereafter collectively referred to as NAD(P)H, Duchen

et al., 2003). Additionally, it is thought to mainly report protein-bound NAD(P)H, while

free NAD(P)H is thought to be a better readout for the cellular redox state (Zhao et al.,

2016). Moreover, the autofluorescence signal is dominated by mitochondria where the

NAD+/NADH ratio is significantly lower than in the cytoplasm (Williamson et al., 1967).

Lastly, chemical methods, which rely on the separate extraction of intracellular NAD+ and

NADH, can only report the whole-cell NAD+/NADH ratio, while information on subcellular

compartmentalisation is lost. Therefore, to measure the NAD+/NADH ratio in a dynamic,

compartment-specific manner, it was decided to use Peredox, a genetically encoded nu-

clear NADH sensor, which specifically reports the cytoplasmic NAD+/NADH ratio (Hung

et al., 2011). Peredox consists of two subunits of the bacterial redox-sensing repressor

Rex flanking a cpFP (circularly permuted fluorescent protein) variant of T-sapphire. Rex

is in its open conformation when NADH is not bound, but adopts a closed conformation

upon NADH binding, which leads to increased fluorescence of T-sapphire (schematically

shown in Figure 4.8A).

Peredox was stably transfected into MCF7 cells and live-cell confocal microscopy was

used to monitor T-sapphire fluorescence over time. To confirm that the sensor works as

predicted (Hung et al., 2011), MCF7 cells were perfused with varying lactate/pyruvate

ratios and a time course of T-sapphire fluorescence was recorded (Figure 4.8A). Low-

ering the lactate-to-pyruvate ratio led to a decrease in T-sapphire fluorescence intensity

and this change was reversible, confirming that the sensor works as expected in MCF7

cells. Since Peredox signal is dim compared to other similar sensors, (Zhao et al.,

2016), relatively high laser intensity had to be used which led to photobleaching of the

fluorophore after repeated imaging (see later time points in Figure 4.8B). It was there-

fore decided to restrict the imaging frequency as much as possible in further experiments.
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Figure 4.8: GOT1ko cells show lower cytoplasmic NAD+/NADH ratio
A. Schematic drawing of the Peredox NADH reporter (Hung et al., 2011). A variant of T-
sapphire is flanked by two monomers of redox-sensing repressor Rex, a bacterial protein
with an NADH-binding domain. NADH binding induces a conformational change, which
results in enhanced T-sapphire fluorescence.
B. Time course of T-sapphire fluorescence in MCF7 cells stably transfected with Peredox,
relative to conditions at time point 0 (10 mM lactate). Cells were perfused with indicated
ratios of lactate and pyruvate or pyruvate only (10 mM) in a microfluidics system and sin-
gle cells (n=39) were tracked over time. T-sapphire fluorescence was measured once per
minute and the signal was normalised per cell to fluorescence intensity at time point 0.
Error bars represent standard deviation.
C. T-sapphire intensity in parental MCF7 and GOT1ko cells relative to Glc/Gln (5.5 mM
glucose, 2 mM glutamine). Cells were subsequently incubated in imaging buffer contain-
ing only 10 mM lactate (Lac) or 10 mM pyruvate (Pyr) for 5 minutes before fluorescence
intensity was measured. T-sapphire fluorescence was normalised per cell to fluorescence
intensity at the beginning of the experiment (Glc/Gln). Points represent means of inde-
pendent replicates with 25-55 cells per replicate. Statistical significance was calculated
two-way ANOVA with Sidak’s multiple comparisons test (**** p-value<0.0001).
D. As in C., with reversed order of lactate and pyruvate incubations.
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The basal Peredox signal of parental MCF7 and GOT1ko cells was recorded and subse-

quently compared to the maximal and minimal cytoplasmic Peredox signal, which was

achieved by incubating cells with 10 mM lactate or 10 mM pyruvate, respectively (Figure

4.8C). Extracellular lactate or pyruvate should enter cells and alter the cytoplasmic NAD

NAD+/NADH ratio via LDHA (Bücher et al., 1972; Hung et al., 2011). In parental MCF7

cells, the basal Peredox signal was not significantly different from the high NAD+/NADH

state (Pyr), while a dramatic increase in Peredox intensity was seen upon lactate

treatment (Lac). GOT1ko, on the other hand, showed the opposite response, their basal

state not being significantly different from the low NAD+/NADH state (Lac), while a strong

decrease was seen upon pyruvate treatment (Pyr). To exclude any potential confounding

effects due to photobleaching, the treatment order was reversed, which lead to similar

results (Figure 4.8D).

In summary, these results indicate that parental MCF7 cells have a high cytoplasmic

NAD+/NADH ratio in basal conditions, which is conducive to upregulation of glycolytic

flux in hypoxic conditions. The cytoplasmic NAD+/NADH ratio in GOT1ko cell, however,

was signifcantly lower, potentially caused by reduced flux through MDH1 observed earlier

(see Figure 4.7A). Changes in NAD+/NADH ratio unfavourable for glycolytic flux could

therefore be the reason why GOT1ko cells show attenuated upregulation of glycolytic

flux in early hypoxia compared to parental cells. It has previously been shown that in-

creased activity of NAD+-regenerating pathways is required to maintain the cytoplasmic

NAD+/NADH ratio and overall redox balance in conditions of high glycolytic flux, for ex-

ample during glucose-induced insulin secretion (Eto et al., 1999; Tan et al., 2002) or

T-cell activation (Hanse et al., 2017). However, the relative contribution of each of these

reactions to cytoplasmic redox balance under different conditions, their regulation and

their hierarchy in maintaining glycolytic flux is currently not well understood (Locasale

and Cantley, 2011). The next step was therefore to investigate the relative contribution

of redox pathways, including MDH1, LDHA and GP1, to the maintenance of cytoplasmic

redox balance and to test whether NADH flux through these pathways was increased in

MCF7 cells in early hypoxia.

4.3.3 Redox pathways contribute equally to cytoplasmic NAD+ regeneration in

normoxia

MCF7 cells were labelled with [4-2H]-glucose for up to 6 hours in normoxia or at 1% O2

(for labelling patterns see Section 4.3.1) and the abundances of the M+1 isotopologues
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Figure 4.9: NADH flux through LDHA and GPD1, but not MDH1, is increased in hy-
poxia
Abundance of the M+1 isotopologues of indicated metabolites in MCF7 cells at different
time points in normoxia and at 1% O2. Time points indicate duration of hypoxia treat-
ment as well as 2H-labelling. Metabolite abundances were measured by GC-MS with 4
replicates per cell line and condition. Error bars represent standard deviation and statis-
tical significance was calculated using two-way ANOVA with Sidak correction for multiple
comparisons (**p-value<0.01, **** p-value<0.0001).
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of lactate, G3P and malate were quantified. In normoxia, the isotopic tracer reached

steady state in all three metabolites within one hour of labelling, indicating that the cy-

toplasmic NADH pool turns over completely within this time (Figure 4.9, black lines).

Furthermore, the abundance of M+1-labelled malate, lactate and G3P did not differ sig-

nificantly from each other after 6 hours of labelling, which suggests that LDHA, MDH1 and

GPD1 have equal access to the pool of GAPDH-derived NADH and contribute equally to

NAD+ regeneration.

4.3.4 Hypoxia induces increased NADH flux through LDHA and GPD1, but not

MDH1

When cells were exposed to 1% O2, the levels of M+1-lactate and M+1-G3P derived

from [4-2H]-glucose increased significantly compared to normoxia within the first hour

of hypoxia treatment, indicating that GAPDH-derived NADH flux through both LDHA

and GPD1 is induced early in hypoxia (Figure 4.9, blue lines). Since increased NAD+

regeneration by LDHA and GPD1 correlated with increased glycolytic flux (Figure 3.3),

this phenomenon could reflect the increased NAD+ demand of GAPDH (see Section

3.1.3).

Unlike M+1-lactate and M+1-G3P, M+1-labelled malate did not consistently change com-

pared to normoxia when cells were exposed to 1% O2 (Figure 4.9). These data therefore

suggest that LDHA and GPD1, but not MDH1, provide additional NAD+-regenerating

capacity during early hypoxia. Theoretically, this observation could be explained by the

occurrence of hypoxia-specific channeling of GAPDH-derived NADH into LDHA and

GPD1, which would make the increased NADH pool in hypoxia inaccessible to MDH1.

However, since the abundances of M+1-labelled metabolites were similar in normoxia,

which is consistent with equal access to the NADH pool, this is considered a less likely

explanation. It has previously been suggested that increased lactate production, as

observed in hypoxia (see Section 3.1), could characterise conditions where the MAS

itself is saturated (Locasale and Cantley, 2011). Therefore, the MDH1 reaction could

be running at maximum capacity under normoxic conditions and a further increase in

hypoxia might therefore not be possible. Another possibility is that the concomitant

decrease of aspartate in hypoxia (see Figure 3.1), which is the substrate for GOT1-

dependent OAA production, reduces the availability of the MDH1 substrate OAA and

thereby limits flux through MDH1.
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In summary, LDHA, MDH1 and GP1 were found to contribute equally to NAD+ homeosta-

sis in MCF7 cell under normoxic conditions. NADH flux through LDHA and GPD1 was

found to be markedly increased during the first hours of exposure to hypoxic conditions,

while MDH1 flux remained unchanged.
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Chapter 5

Functions of the metabolic response to

short-term hypoxia

Chapter 3 demonstrated that glycolytic flux as well as lactate production and secretion

are upregulated early in hypoxia, which correlates with changes in aspartate metabolism.

This metabolic response during early hypoxia was found to be independent of transcrip-

tional programmes controlled by HIF.

Chapter 4 showed that the hypoxia-induced increase in glucose uptake and accumu-

lation of lactate rely on the activity of cytoplasmic aspartate aminotransferase (GOT1).

Apart from its role in the upregulation of glycolysis in hypoxia, GOT1 was also found

to be critical for glycolytic flux in normoxic conditions, since glycolytic intermediates

downstream of GAPDH were found to be depleted in GOT1ko cells, possibly due to

limiting levels of its cofactor NAD+. Indeed, loss of GOT1 led to reduced flux through

the NAD+-regenerating MDH1 reaction and a considerably decreased cytoplasmic

NAD+/NADH ratio. In combination with the observation that flux through other cyto-

plasmic NAD+-regenerating pathways is upregulated in early hypoxia, while MDH1 flux

stayed constant, these data suggest that maximal MDH1 activity is needed in normoxia

and hypoxia to maintain glycolytic flux.

However, the function of the metabolic response to short-term hypoxia remains an open

question. Therefore, following chapter will explore the possible functions of the metabolic

response to hypoxia, in particular the upregulation of glycolysis, as well as mechanisms

that could be the causes for these metabolic changes.
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5.1 Inhibition or knockout of LDHA impairs glycolytic flux

Long-term hypoxia is known to suppress major ATP-consuming pathways, such as pro-

tein translation, and it was previously suggested that this is a mechanism to preserve

ATP (Koritzinsky and Wouters, 2007). However, it remains controversial whether the

switch from oxidative to glycolytic metabolism is due to bioenergetic reasons or whether it

mainly aims to prevent excessive mitochondrial ROS production (Kim et al., 2006; Zhang

et al., 2008a). MCF7 cells showed an increase in glycolytic flux in the first hours of hy-

poxia without a concomitant decrease in TCA cycle activity (see Chapter 3), which could

represent an intermediate state during the switch from oxidative metabolism to glycoly-

sis (also see Section 1.3.5). To investigate the possible functions of increased glycolysis

and lactate production in short-term hypoxia, the effect of chemical inhibition as well as

genetic knockout of LDHA on the response to hypoxia was tested in MCF7 cells.

5.1.1 LDHA inhibition leads to hypoxia-specific inhibition of lactate production

Oxamate is a pyruvate analogue and well-known competitive inhibitor of LDHA (Figure

5.1A, Novoa et al., 1959). Treatment of cells with oxamate interferes with aerobic and

anaerobic glycolysis and was shown to inhibit cancer cell growth in vitro (Papaconstanti-

nou and Colowick, 1961b,a). MCF7 cells were treated with a range of oxamate concen-

trations for 3 hours in normoxia and at 1% O2 and intracellular metabolites were quantified

by GC-MS. Oxamate treatment did not affect intracellular lactate levels in normoxic con-

ditions although the LDHA substrate pyruvate accumulated substantially (Figure 5.1C).

However, lactate accumulation in hypoxia was inhibited by oxamate in a dose-dependent

manner (Figure 5.1B). The difference between the effects of oxamate on lactate in nor-

moxia and hypoxia could indicate that net production of lactate in normoxia is low and

that significant net lactate production only occurs after exposure to hypoxic conditions.

Oxamate treatment caused depletion of 3PG in both normoxia and hypoxia, which sug-

gests that LDHA inhibition inhibits glycolytic activity in both conditions. Since oxamate

is a competitive inhibitor, it needs to be used at millimolar concentrations in order to be

effective. However, high inhibitor concentrations increase the risk of off-target effects in

other pyruvate-dependent enzymes. The next step was therefore to genetically knock out

LDHA in MCF7 cells.

5.1.2 Generation of LDHA knockout MCF7 cells

CRISPR guide sequences were designed against exon 3 of LDHA and MCF7 knockout

clones were screened for homozygous knockout of LDHA by Western blot. Figure 5.2A



113

Figure 5.1: Inhibition of LDHA by oxamate prevents lactate accumulation in short-
term hypoxia
A. Chemical structure of pyruvate and the competitive LDHA inhibitor oxamate (Novoa
et al., 1959).
B. Lactate levels in MCF7 cells in normoxia and after 3 hours at 1% O2, with and without
indicated concentrations of oxamate.
C. & D. Abundances of indicated metabolites in MCF7 cells in normoxia and after 3 hours
at 1% O2, with and without 10 mM oxamate.
In A.-D. metabolite abundances were measured by GC-MS with three replicates per con-
dition. Error bars represent standard deviation and statistical significance was calculated
using two-way ANOVA with Sidak correction for multiple comparisons (*p-value<0.05,
**p-value<0.01, ***p-value<0.001, **** p-value<0.0001).



114 Chapter 5. Functions of the metabolic response to short-term hypoxia

shows LDHA protein levels in parental MCF7 cells as well as the LDHA knockout clone 5

(hereafter referred to as LDHAko). Knockout of LDHA in MCF7 cells led to a 89±4%

decrease in total intracellular lactate and a 94±2% decrease in glucose-derived lac-

tate. There was a concomitant 7.0±0.3 fold increase of total intracellular pyruvate, and a

7.4±0.3 fold increase of glucose-derived pyruvate (Figure 5.2B). This shows that LDHA

is the main isoform responsible for the production of glucose-derived lactate in MCF7

cells, although this does not exclude the possibility that other isoforms are expressed.

The remaining lactate in LDHAko cells could potentially represent residual lactate taken

up from the dialysed FCS in the medium or it could be produced by other, less active LDH

isoforms (Doherty and Cleveland, 2013). LDHAko cells generally had to be maintained

at higher densities than parental MCF7 cells and confluency measurements shown in

Figure 5.2C suggest that LDHAko cells have a slightly decreased rate of cell proliferation.

To confirm this, counting of cells during the course of the experiment would be required.

5.1.3 Knockout of LDHA restricts flux through lower glycolysis

To test whether loss of LDHA has an effect on the basal metabolic phenotype as well

as the metabolic response to short-term hypoxia, GC-MS-based metabolomics was per-

formed with parental MCF7 and LDHAko cells in normoxia and after 3 hours at 1% O2.

In normoxia, metabolites in upper glycolysis (upstream of GAPDH), such as glucose and

G3P, as well as TCA cycle intermediates and several amino acids were found to be ac-

cumulated in LDHAko cells compared to parental MCF7 cells (Figure 5.3A) and these

changes were found to be highly significant (Z score plot in Figure 5.3B). Conversely,

3PG, which is downstream of GAPDH, was found to be reduced in LDHAko cells. Accu-

mulation of amino acids, TCA cycle and lower glycolytic intermediates became even more

pronounced when cells were exposed to hypoxia for 3 hours. To test whether the deple-

tion of 3PG represented a more general effect on glycolysis, other glycolytic intermediates

were quantified by LC-MS (Figure 5.3C). Judging from the metabolite abundances rela-

tive to parental MCF7 cells, a clear divide between upper glycolysis and lower glycolysis

became apparent. Since the LDHA reaction contributes significantly to the regeneration

of cytoplasmic NAD+ (see Section 4.3.3), this phenotype could caused by a block at

GAPDH due to NAD+ depletion. In support of this argument, the effect on glycolytic in-

termediates in LDHAko cells became more pronounced after 3 hours hypoxia and earlier

observations showed an increased strain on cytoplasmic redox reactions in hypoxia (see

Section 4.3.4). In addition, previous reports have shown that cells have a decreased
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Figure 5.2: LDHAko cells exhibit lactate depletion and accumulation of intracellular
pyruvate
A. Western blot showing LDHA protein levels in parental MCF7 cells and the knockout
clone LDHAko c5. β-Actin was used as loading control.
B. Abundance of lactate and pyruvate in LDHAko cells relative to parental MCF7 cells.
White bars represent total metabolite abundance and black bars represent the fraction
labelled from [U-13C]-glucose after 3 hours. Metabolite abundances were measured
by GC-MS with 4 replicates per condition. Error bars represent standard deviation and
statistical significance of total abundance was calculated using two-tailed t-tests (**** p-
value<0.0001).
C. Continuous cell growth of parental MCF7 and LDHAko cells. Points represent aver-
ages of 6 independent replicates and error bars represent standard deviation.



116 Chapter 5. Functions of the metabolic response to short-term hypoxia



117

Figure 5.3: Knockout of LDHA causes a bottleneck in glycolysis
A. Heatmap of metabolite abundance changes in LDHAko cells compared to parental
MCF7 cells in normoxia and after 3 hours at 1% O2. Metabolite abundances were mea-
sured by GC-MS with 4 replicates per condition and normalised to cell number. Colour
scale represents mean log2 fold changes over the parental control mean in the same
condition.
B. Z score plot of the metabolite abundance changes shown in (A.) relative to parental
control. For details on Z scores see Section 2.5.1.
C. Heatmap of metabolite abundance changes in LDHAko cells compared to parental
MCF7 cells in normoxia and after 3 hours at 1% O2. Metabolite abundances were mea-
sured by LC-MS with 4 replicates per condition and normalised to cell number. Colour
scale represents mean log2 fold changes over the parental control mean in the same con-
dition. 1,3-BPG, 1,3-bisphosphoglycerate; DHAP, dihydroxyaceteone phosphate; FBP,
fructose-1,6-bisphosphate; PEP, phosphoenolpyruvate; 2PG, 2-phosphoglycerate; PPP,
pentose phosphate pathway.
D. Stacked bar graph of the abundance of M+1 isotopologues of indicated metabolites
in parental MCF7 and LDHAko cells after labelling with [4-2H]-glucose in normoxia or at
1% O2 for 3 hours. Metabolite abundances were measured by GC-MS with 2-3 repli-
cates per cell line and condition. Error bars represent standard deviation and statistical
significance was calculated using one-way ANOVA with Sidak’s correction for multiple
comparisons (*p-value<0.05,**p-value<0.01, **** p-value<0.0001).
3PG, 3-phosphoglycerate; G3P, glycerol-3-phosphate, α-KG, α-ketoglutarate.

intracellular NAD+/NADH ratio in long-term hypoxia (Frezza et al., 2011). In theory,

the accumulation of intracellular citrate (Figure 5.3A) could represent another possible

cause of the observed glycolytic bottleneck, since citrate is an allosteric inhibitor of PFK

(Parmeggiani and Bowman, 1963). However, since fructose-1,6-bisphosphate (FBP) and

dihydroxyaceteone phosphate (DHAP) also accumulated, both of which are downstream

of PFK, this is considered a less likely explanation.

In summary, the metabolic changes found in LDHAko cells, including accumulation of

pyruvate, metabolites of upper glycolysis and TCA cycle intermediates, are consistent

with previous reports (Billiard et al., 2013). The changes in glycolytic intermediates seen

in LDHAko cells are qualitatively similar to those observed in oxamate-treated cells (Sec-

tion 5.1.1) as well GOT1ko cells (Section 4.2.2), albeit much more pronounced. It could

therefore be tempting to deduce the relative importance of these two redox pathways in

the maintenance of glycolytic flux from these results. However, in the case of LDHA dele-

tion, glucose flux as well as NADH flux are affected, and in the absence of NAD+/NADH

measurements, it is not possible to distinguish whether the glycolytic block is due to NAD+

depletion or allosteric inhibition by glycolytic products. It should therefore be tested in fu-

ture experiments whether supplementing LDHAko cells with precursors of NAD+ biosyn-
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thesis can alleviate this apparent glycolytic block.

5.1.4 NAD+ regeneration by GPD1 compensates for loss of LDHA

To assess the changes in cytoplasmic NAD+-regenerating fluxes due to loss of LDHA,

parental MCF7 and LDHAko cells were labelled with [4-2H]-glucose for 3 hours in nor-

moxia or at 1% O2 (predicted labelling patterns in Figure 4.6). As shown earlier (Section

4.3.3), LDHA, GPD1 and MDH1 contributed equally to NAD+ regeneration in parental

MCF7 cells in normoxia (Figure 5.3D). LDHAko cells had no detectable levels of lactate

M+1, indicating that LDHA is the only LDH isoform to regenerate GAPDH-derived NADH

in MCF7 cells. In normoxia, the levels of M+1 malate were found to be decreased in

LDHAko cells in normoxia and were undetectable after 3 hours of hypoxia, indicating that

MDH1 flux is suppressed in LDHAko cells. However, the levels of G3P M+1 were sig-

nificantly increased in LDHAko cells in normoxia and to an extent that could potentially

compensate for the loss of NAD+-regenerating capacity. In hypoxia, the accumulation of

G3P M+1 became even more dramatic. In summary, these results do not support a lack

of NAD+-regenerating capacity in LDHAko cells.
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5.2 Knockout of LDHA impairs ATP production and cell sur-

vival in hypoxia

Upper glycolysis consumes 2 molecules of ATP per molecule of glucose, while ATP is

produced downstream of GAPDH by the enzymes phosphoglycerate kinase and pyruvate

kinase. Therefore, the accumulation of metabolites upstream of GAPDH in LDHAko cells

(Figure 5.3A and C) could lead to a decreased contribution of glycolysis to cellular ATP

production. As a consequence of this, LDHAko cells could rely more on mitochondrial

ATP production.

5.2.1 Loss of LDHA leads to increased mitochondrial biogenesis and oxygen con-

sumption and increased dependency on OXPHOS-derived ATP

To test this, the sensitivity of the intracellular ATP pool to inhibition of mitochondrial

H+-ATP synthase by oligomycin A was tested. Parental MCF7 and LDHAko cells were

treated with a range of oligomycin concentrations for 90 minutes before ATP levels were

measured. In parental cells ATP levels were not affected by oligomycin A treatment,

while LDHAko cells showed ATP depletion even at 1nM oligomycin (Figure 5.4A). In

addition, the rate of basal mitochondrial oxygen consumption was increased 1.6±0.2 fold

in LDHAko cells (Figure 5.4B), which is consistent with previous reports demonstrating

that knockdown of LDHA in neu-initiated mammary tumour cell lines causes higher

respiration rates (Fantin et al., 2006).

The higher mitochondrial respiration observed in LDHAko cells was most likely a conse-

quence of transcriptional adaptation since mRNA expression of PGC1α, a major regulator

of mitochondrial biosynthesis, as well as NOS3, which is known to induce PGC-1α tran-

scription and mitochondrial biogenesis, were upregulated in LDHAko cells (Figure 5.4C).

In addition, several mitochondrially encoded genes were upregulated at the mRNA level

and cellular mtDNA content was increased 1.5±0.1 fold compared to parental cells (Fig-

ure 5.4D). Taken together these data suggest that LDHAko cells rely more on OXPHOS-

derived ATP than parental cells, which is in agreement with previous reports showing a

synergistic effect between LDHA inhibition and phenformin, an ETC inhibitor, in highly

oxidative pancreatic cancer cell lines (Boudreau et al., 2016).

5.2.2 LDHAko cells experience ATP depletion in hypoxia

Using a metabolic flux model, previous studies showed that the reliance on glycolysis for

ATP production is increased in hypoxia, while OXPHOS-derived ATP production is
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Figure 5.4: Loss of LDHA leads to increased mitochondrial biogenesis, respiration
and dependency on OXPHOS-derived ATP
A. ATP levels in parental MCF7 and LDHAko cells after 90 minutes incubation with differ-
ent concentrations of oligomycin A, plotted relative to 0nM oligomycin A. Measurements
were performed in triplicates, bars show mean and error bars represent standard devia-
tion. Statistical significance was calculated using one-way ANOVA with Sidak’s correction
for multiple comparisons (****p-value<0.0001).
B. Basal respiration of LDHAko cells relative to parental MCF7 cells, which was corrected
for ROX (residual oxygen consumption due to oxidative side reactions) by addition of the
complex III inhibitor antimycin A (Gnaiger, 2012). Measurements were performed in tripli-
cates and statistical significance was calculated using a two-tailed t-test (*p-value<0.05).
C. Heatmap of mRNA expression changes of PPARGC1A, the gene encoding for per-
oxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α), nitric oxide
synthase 3 (NOS3) and mitochondrially encoded genes in LDHAko cells compared to
parental MCF7 cells. mRNA expression data was obtained by mRNA sequencing with
three technical replicates per cell line and changes with FDR≤0.01 were plotted. Colour
scale represents log2 fold changes over the parental mean.
D. Mitochondrial DNA (mtDNA) content in LDHAko cells relative to parental MCF7 cells.
mtDNA content was quantified by qRT-PCR relative to nuclear DNA (ntDNA) using two mi-
tochondrial genes (mtDNA-tRNALeu(UUR) and mtDNA-16S-rRNA), as described in Vene-
gas and Halberg (2012). These were individually normalised to ntDNA-βmicroglobulin
using the ∆∆Ct method. Statistical significance was calculated using one-way ANOVA
with Dunnett’s test to correct for multiple comparisons (***p-value<0.001).
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decreased (Fan et al., 2013a). Therefore, cells with higher respiration rates and

higher dependency on OXPHOS-derived cellular ATP, such as LDHAko cells, could be

increasingly challenged to maintain cellular ATP levels in low oxygen conditions. In

parental cells, short-term hypoxia only caused a small decrease in cellular ATP levels

(6.0±2.0%), while 24 hours at 1% O2 led to a 31±4% drop (Figure 5.5A). However, ATP

levels in LDHAko decreased by 71±1% after only 3 hours at 1% O2, and by 87±3% after

24 hours. While previous publications have reported ATP depletion in LDHA knockdown

cells, these measurements were performed after 48 hours in hypoxia (Fantin et al.,

2006). LDHAko cells, however, experienced ATP depletion within the first few hours in

hypoxia, which suggests that complete loss of LDHA leaves cells with minimal flexibility

with respect to ATP production.

The ATP deficit observed in LDHAko cells in early hypoxia (Figure 5.5A) correlated with

highly increased phosphorylation of the catalytic α subunit of AMP-activated protein ki-

nase (AMPK) at threonine 172, which is known to be facilitated by high AMP levels and

essential for its activity (Hardie, 2007). Increased AMPKα phosphorylation after 3 hours

or 24 hours at 1% O2 was not observed in parental MCF7 cells (Figure 5.5B), which is

consistent with the ATP measurements (Figure 5.5A). Emerling et al. (2009) previously

reported that activation of AMPK in hypoxia is dependent on mitochondrial ROS and that

this activation could be rescued with antioxidants. LDHA inhibition or knockdown as well

as hypoxic conditions are known to induce ROS formation (Boudreau et al., 2016; Ar-

seneault et al., 2013; Le et al., 2010), and it is therefore possible that hypoxia-induced

AMPK activation in LDHAko cells was due to ROS. It was previously shown that ROS

accumulation caused by LDHA inhibition could be decreased by addition of glutathione

or NAC to the culture medium (Boudreau et al., 2016; Le et al., 2010). Therefore, to test

whether AMPK activation in LDHAko cells in hypoxia was due to increased ROS levels,

LDHAko cells were supplemented with increasing concentrations of reduced glutathione

(Figure 5.5C) and three different antioxidants (Figure 5.5D). However, these treatments

were unable to prevent hypoxia-induced AMPK phosphorylation in LDHAko cells, which

is therefore unlikely to be exclusively caused by increased ROS.

5.2.3 LDHAko cell growth is irreversibly inhibited in hypoxia

While 15 hours at 1% O2 did not cause significant inhibition of the growth of parental

MCF7 cells, the cell mass accumulation of LDHAko cells was decreased by 54±5% (Fig-

ure 5.6B and C). After 24 hours in hypoxia, parental cell mass accumulation was
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Figure 5.5: Short-term hypoxia causes ATP depletion and AMPK activation in
LDHAko cells
A. ATP levels in parental MCF7 and LDHAko cells in normoxia and after 3 or 24 hours at
1% O2. Measurements were performed in triplicates, bars show mean and error bars rep-
resent standard deviation. Statistical significance was calculated using one-way ANOVA
with Sidak’s correction for multiple comparisons (**p-value<0.01,****p-value<0.0001).
B. Western blot showing protein levels of HIF1α, AMPKα pThr172 and total AMPKα in
parental MCF7 and LDHAko cells in normoxia and after 3 hours or 24 hours at 1% O2.
N.B. Western blot panels separated by the dashed line originated from the same film.
C. Western blot showing protein levels of AMPKα pThr172 and total AMPKα in LDHAko
cells in normoxia and after 3 hours at 1% O2 with a range of concentrations of reduced
glutathione (GSH) in the medium.
D. Western blot showing protein levels of AMPKα pThr172 and total AMPKα in LD-
HAko cells in normoxia and after 3 hours at 1% O2 with and without the antioxidants N-
acetylcysteine (NAC, 1 mM), trolox (50 µM), α-tocopherol (α-Toco, 5 µM) in the medium.
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decreased by 15±4% (not significant), while LDHAko cells were decreased by 69±7%.

These results are consistent with previous reports showing that LDHA knockdown

inhibits the growth of neu-initiated mammary tumour cells in hypoxia (Fantin et al., 2006).

Parental MCF7 cells were able to resume proliferation when they were reoxygenated

for 24 hours after 24 hours at 1% O2, but LDHAko cells did not resume cell growth and

remained detached from the plate (Figure 5.6B & D). This result, in combination with

changes in cell morphology (Figure 5.6D), suggests that this was due to cell death,

rather than due to inhibition of cell proliferation.
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Figure 5.6: LDHAko cells are unable to proliferate in hypoxia
A. Schematic illustration of experiment shown in B.-D.: parental MCF7 and LDHAko cells
were exposed to 1% O2 for 15 or 24 hours, or exposed to 1% O2 for 24 hours followed by
reoxygenation for another 24 hours.
B. Crystal violet staining of parental MCF7 and LDHAko cells in normoxia, after 24 hours
at 1% O2, or after 24 hours at 1% O2 and reoxygenation for another 24 hours.
C. Quantification of the crystal violet staining shown in B., plotted relative to parental
MCF7 cells in normoxia. Measurements were performed in triplicates, bars show mean
and error bars represent standard deviation. Statistical significance was calculated using
one-way ANOVA with Sidak’s correction for multiple comparisons (*p-value<0.05, ***p-
value<0.001, ****p-value<0.0001).
D. Bright field images of the cells shown in B., taken before fixation.
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5.3 LDHA plays a role in glucose carbon distribution in nor-

moxia and hypoxia

Cancer cells are known to switch from oxidative to glycolytic metabolism, which is less

efficient in terms of ATP generation but enables them to maintain the production of pre-

cursor molecules as well as cofactors for biosynthesis pathways (Vander Heiden et al.,

2009). This general concept also applies to MCF7 cells, which release a fraction of glu-

cose carbons as lactate even in normoxic conditions (see Section 3.1.3). In the absence

of LDHA, however, the efflux of glucose carbons as lactate is inhibited and these could

potentially be redirected into other pathways. It has previously been shown that cells

treated with the PDK1 inhibitor dichloroacetate (DCA), which are forced to maintain OX-

PHOS, exhibit mitochondrial depolarisation, ROS release and caspase activation (Bon-

net et al., 2007). It is therefore possible that deregulation of glucose carbon entry into

the TCA cycle, characterised by high levels of TCA cycle intermediates (Section 5.1.3),

is another reason for why LDHAko cells are not able to survive in hypoxia.

5.3.1 LDHAko cells have increased glucose carbon flux into the TCA cycle

Since the levels of TCA cycle intermediates were found to be increased LDHAko cells

(see Figure 5.3A), it was tested whether this was due to higher influx of glucose carbons.

Parental MCF7 and LDHAko cells were labelled with uniformly labelled 13C-glucose

or 13C-glutamine for 3 hours and labelling of TCA cycle intermediates was quantified

by GC-MS (Figure 5.7A). The relative contribution of glucose carbons to TCA cycle

intermediates was found to be markedly higher in LDHAko cells, while labelling from

glutamine was decreased. Interestingly, this pattern was also observed in glutamate,

which indicates that more glucose carbons leave the TCA cycle to form glutamate.

RNA sequencing revealed that expression of several genes encoding for components

of the FA degradation pathway were downregulated in LDHAko cells (Figure 5.7B). The

decreased contribution of unknown carbon sources (shown in grey in Figure 5.7A) could

therefore represent decreased anaplerotic activity of the fatty acid oxidation pathway in

LDHAko cells.

5.3.2 Increased glucose-derived fatty acid biosynthesis in LDHAko cells

LDHAko cells showed increased flux of glucose carbons into the TCA cycle (Figure 5.7A

and B), as well as an accumulation of TCA cycle intermediates, including citrate (Figure

5.3A). If this results in more citrate being exported into the cytoplasm in LDHAko cells,



126 Chapter 5. Functions of the metabolic response to short-term hypoxia

Figure 5.7: In LDHAko cells, increased contribution of glucose carbons to TCA
cycle intermediates correlates with decreased expression of FA degradation genes
A. Fractional carbon labelling of indicated metabolites from [U-13C]-glucose and [U-13C]-
glutamine after 3 hours of labelling in parental MCF7 and LDHAko cells. Metabolite
abundances were measured by GC-MS with 4 replicates per condition and normalised to
cell number. Statistical significance was calculated using one-way ANOVA with Sidak’s
correction for multiple comparisons (**p-value<0.01, **** p-value<0.0001).
B. KEGG map of log2 fold mRNA expression changes in fatty acid degradation pathway
(hsa00071) in LDHAko cells compared to parental MCF7 cells. mRNA expression data
was obtained by RNA sequencing with three technical replicates per cell line and only
changes with FDR≤0.01 were plotted.
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there could be an increased availability of cytoplasmic acetyl-CoA for de novo fatty acid

(FA) biosynthesis. In addition, LDHAko cells had increased levels of G3P, which is a pre-

cursor for lipid head groups. For these reasons, the levels of fatty acids and lipid backbone

glycerol, as well as the contribution of glucose carbons to de novo FA biosynthesis were

measured in LDHAko cells by GC-MS. LDHAko cells were found to have higher levels of

all fatty acids quantified (Figure 5.8A, illustrated using C16:0 and C22:0 in Figure 5.8B

and C) as well as lipid-derived glycerol backbone (Figure 5.8D). In addition, 13C-glucose

carbon contribution to fatty acid synthesis was increased in LDHAko cells, both through

de novo synthesis as well as fatty acid elongation (C22:0 is shown as representative

example in Figure 5.8E). Therefore, increased de novo lipid biosynthesis from glucose,

possibly resulting from an overflow of the TCA cycle (precursors for FA synthesis) as well

as upper glycolysis (precursors for backbone synthesis), points towards an important role

of LDHA in the distribution of glucose carbons.

5.3.3 PPP flux is increased in LDHAko cells

NADPH is an essential cofactor for de novo FA biosynthesis and is mainly provided

by the PPP (see Section 1.3.4, Fan et al., 2014b). As LDHAko cells were found to

have increased glucose-derived de novo FA biosynthesis and higher levels of the PPP

intermediate 6-phoshogluconate (Figure 5.3C), it was next tested whether flux through

the PPP was also increased. To measure PPP flux in LDHAko cells relative to parental

MCF7 cells, [1,2-13C]-glucose was used as stable isotope tracer (predicted labelling

pattern in glycolytic metabolites and the pentose phosphate pathway shown in Figure

5.9A). While flux through glycolysis retains both heavy carbons (M+2), flux through

the oxidative branch of the PPP leads to loss of a 13C carbon from the C1 position.

Fructose-6-phosphate (F6P) generated in the non-oxidative branch of the PPP can

subsequently re-enter glycolysis, which gives rise to M+1-labelled glycolytic products. It

is important to note that three molecules of labelled glucose-6-phosphate (G6P) entering

the PPP will only generate two labelled molecules of F6P, which would therefore lead to

an underestimation of absolute PPP flux. However, the M+1 to M+2 ratio of any glycolytic

metabolite downstream of GAPDH can be used to compare PPP flux relative to glycolytic

flux between conditions.

Parental MCF7 cells and LDHAko cells were labelled with [1,2-13C]-glucose for 3 hours

and PPP flux relative to glycolytic flux was estimated using the M+1/+2 ratio of 3PG and

lactate (Figure 5.9B). PPP flux was significantly increased in LDHAko cells, which could
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Figure 5.8: Higher fatty acid levels and de novo FA synthesis from glucose flux in
LDHAko cells
A. Heatmap of metabolite abundance changes in LDHAko cells compared to parental
MCF7 cells. Metabolite abundances of apolar metabolites were measured by GC-MS
after methanolysis with 4 replicates per condition and normalised to cell number. Colour
scale represents mean log2 fold changes over the parental control mean in the same
condition.
B.-D. Abundances of indicated metabolites in the apolar phases of parental MCF7 and
LDHAko cells. Metabolite abundances were measured by GC-MS in four replicates
after methanolysis. Statistical significance was calculated using two-tailed t-tests (*p-
value<0.05, *** p-value<0.001).
E. Abundance of 13C-labelled isotopologues of docosanoic acid (C22:0) in parental MCF7
and LDHAko cells. Cells were labelled with [U-13C]-glucose for 24 hours and 13C-labelling
was quantified by GC-MS with 4 replicates per cell line. Only even-numbered isotopo-
logues are shown.
F. Unlabelled 12C control samples to control for quality of natural abundance stripping.
Bars show average of four replicate samples and error bars represent standard devia-
tion.
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Figure 5.9: Higher PPP flux in LDHAko cells
A. Schematic of carbon labelling from [1,2-13C]-glucose (white circles, 12C carbons; red
circles, 13C carbons). PPP flux relative to glycolytic flux can be estimated by quantifying
the fragments m/z 117 for lactate and m/z 357 for 3PG by GC-MS and calculating the
M+1/M+2 ratio.
3PG, 3-phosphoglycerate; DHAP, dihydroxyaceteone phosphate; E4P, erythrose
4-phosphate; F6P, fructose-6-phosphate; FBP, fructose-1,6-bisphosphate; G3P, glycerol-
3-phosphate; G6P, glucose-6-phosphate; GAP, glyceraldehyde-3-phosphate; R5P, ribose
5-phosphate; Ru5P, ribulose-5-phosphate; S7P, sedoheptulose 7-phosphate; X5P,
xylulose 5-phosphate.
B. M+1 to M+2 ratio in indicated metabolites in parental MCF7 and LDHAko cells
after 3 hours of labelling with [1,2-13C]-glucose. Metabolite levels were measured
by GC-MS with 4 replicates per condition. Following ions were quantified: 3PG,
3-phosphoglycerate, m/z 357; lactate, m/z 117. Error bars represent standard deviation
and statistical significance was calculated using two-tailed t-tests (*p-value<0.05,
**p-value<0.01,***p-value<0.001, **** p-value<0.0001).

provide cofactors for de novo FA biosynthesis (see Figure 5.8). In addition, PPP flux

as quantified with [1,2-13C]-glucose labelling represents a bypass of several reactions of

upper glycolysis, including the rate-limiting PFK step, and might therefore be particularly

relevant in cells with high citrate levels, which is an allosteric inhibitor of PFK (Parmeg-

giani and Bowman, 1963). In addition, NADPH is also essential for the regeneration of

glutathione, a cofactor for antioxidant enzymes (see Section 1.3.4). LDHA inhibition and

knockout has previously been shown to cause increased oxidative stress (Le et al., 2010),

which highlights another possible purpose of increased PPP flux in LDHAko cells.

5.3.4 Hypoxia-specific redirection of glucose carbons into alanine in the absence

of LDHA activity

In LDHAko cells and oxamate-treated cells, intracellular alanine levels increased after 3

hours at 1% O2, which was not observed in parental MCF7 or vehicle-treated cells (Figure

5.10A and B). In oxamate-treated cells, the accumulated alanine was found to be derived

from glucose carbons (Figure 5.10B). Alanine is endogenously produced in a reaction,

which transfers a glutamate-derived amino group onto pyruvate and is catalysed by cyto-

plasmic or mitochondrial alanine aminotransferase (GOT and GPT2, respectively). These

data suggest that in the absence of functional LDHA, alanine production could be an al-

ternative pathway to divert glucose carbons away from the TCA cycle in hypoxia. It will

therefore be important to determine whether increased intracellular alanine in LDHAko

cells in hypoxia also results in increase alanine secretion into medium. Alternatively, ala-

nine production in hypoxia represents glucose carbon overflow in case entry pathways
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Figure 5.10: Increased hypoxia-specific glucose flux into alanine in the absence of
LDHA activity
A. Alanine abundance in parental MCF7 and LDHAko cells in normoxia and after 3 hours
at 1% O2.
B. Abundance of unlabelled (M+0) and fully labelled (M+2) alanine in MCF7 cells in nor-
moxia and after 3 hours at 1% O2. Cells were labelled with [U-13C]-glucose for 3 hours.
C. M+3/M+2 ratio of citrate and fumarate from [U-13C]-glucose in parental MCF7 and LD-
HAko cells in normoxia and after 3 hours at 1% O2

In A. - C. metabolite abundances were measured by GC-MS with 3-4 replicates per
condition. Error bars represent standard deviation and statistical significance was
calculated using two-way ANOVA with Sidak correction for multiple comparisons (*p-
value<0.05,****p-value<0.0001).
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into mitochondria or the TCA cycle are saturated in LDHAko cells. If this is the case,

pyruvate could alternatively enter the TCA cycle via pyruvate carboxylase (PC). Whereas

entry of glucose carbons into the TCA via PDH results in M+2 labelling from 13C-glucose,

entry via PC results in M+3 labelled TCA intermediates. The M+3/M+2 ratio of sev-

eral TCA cycle intermediates increased LDHAko cells compared to parental MCF7 cells,

which became more severe after 3 hours at 1% O2 (Figure 5.10C). These results indicate

that PC flux versus PDH flux is increased in LDHAko cells, which suggests that PDH

could indeed be saturated in these cells.

5.3.5 Expression of cytoplasmic and mitochondrial alanine aminotransferase is

induced in hypoxia in a HIF1α-dependent manner

Gene expression of both cytoplasmic and mitochondrial alanine aminotransferases was

found to be upregulated in hypoxia, which supports the role of alanine as glucose carbon

sink in hypoxia (Figure 5.11A). For mitochondrial alanine aminotransferase (GPT2) this

could also be confirmed on the protein level (Figure 5.11B). Since this upregulation was

not observed in HIF1α mutant MCF7 cells, HIF1α could directly be driving increased

expression of alanine aminotransferase genes in hypoxia. Although GPT2 expression

was previously identified to be VHL-dependent in RCC4 cells (Papandreou et al., 2006),

dependency on HIF1α has not previously been demonstrated for either isoform.

Parental MCF7 cells maintained their intracellular alanine levels in long-term hypoxia

compared to normoxia, while HIF1α mutant cells showed decreased alanine levels in

hypoxia (Figure 5.11C). At the same time, parental MCF7 cells had increased glucose

carbon flux into alanine in hypoxia, while this flux remained stable in HIF1α mutant cells

(Figure 5.11D). Notably, glucose carbon flux into alanine in short-term hypoxia increased

in both cell lines, confirming that HIF1α-dependent processes only take effect at later

time points. Taken together, data suggest that increased glucose carbon flux into alanine

in long-term hypoxia is a HIF1α-dependent process. It will therefore be necessary to fur-

ther investigate the function of increased alanine aminotransferase expression in hypoxia.

In summary, inhibition and knockout of LDHA was shown to interfere with glycolytic flux in

MCF7 cells in normoxia as well as hypoxia. LDHAko cells, which are highly dependent on

OXPHOS-derived ATP, were unable to maintain cellular ATP levels in hypoxia, possibly

because mitochondrial ATP generation is impaired in these conditions. Hypoxia also

caused increased levels of AMPKα phosphorylation in LDHAko cells. Since this pheno
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Figure 5.11: Alanine aminotransferase expression and flux are induced in hypoxia
in a HIF1α-dependent manner
A. mRNA expression levels of alanine aminotransferase 1 and 2 genes (GPT1 and GPT2,
respectively) after 3 and 24 hours at 1% O2 in parental and HIF1α mutant MCF7 cells.
Expression levels were obtained by RNA sequencing. Bars represents three technical
replicates. Expression changes plotted had FDR<0.01, unless marked ’ns’ (not signifi-
cant, FDR>0.01).
B. Western blot showing protein levels of alanine aminotransferase 1 and 2 in parental
and HIF1α mutant MCF7 cells during a hypoxia time course. N.B. loading control is du-
plicated from Figure 3.7C.
C. Alanine levels in parental MCF7 and HIF1α mutant cells during a hypoxia time course.
Normoxia was used as control condition.
D. 13C-labelled fractions of alanine during a [U-13C]-glucose labelling time course in nor-
moxia and at 1% O2, performed in parental MCF7 cells and HIF1α mutant cells.
In C. & D. measurements were performed by GC-MS with four replicates per time point
and condition. Error bars represent standard deviation and statistical significance was
calculated using two-way ANOVA with Sidak correction for multiple comparisons (*p-
value<0.05, **p-value<0.01, ***p-value<0.001, **** p-value<0.0001).
E. Unlabelled 12C control samples to control for quality of natural abundance stripping.
Bars show average of four replicates and error bars represent standard deviation.

type could not be rescued with antioxidants, it is likely that AMPKα phosphorylation is

caused by AMP accumulation rather than oxidative stress. Furthermore, LDHAko cells

are unable to survive in hypoxia. Therefore, one important function of the upregulation of

glycolysis in hypoxia could be to maintain ATP production and ensure cell survival. How-

ever, another possibility is that mitochondrial ROS, due to increased OXPHOS, could

play a major role as cause of LDHAko cell death in hypoxia. Another significant feature

of LDHA inhibition and knockout was downregulation of FA degradation genes, increased

levels of glucose-derived TCA cycle intermediates as well as in accumulation of intra-

cellular lipids. Another important role of LDHA could therefore be to manage the fate of

glucose carbons at the crossroads between TCA cycle and other biosynthetic pathways.

In the absence of LDHA, PC flux relative to PDH flux into the TCA cycle was increased

and glucose carbons were increasingly diverted into alanine production in hypoxia, which

could indicate that entry into the TCA cycle via PDH was saturated in these cells. There-

fore, by diverting glucose carbons away from the TCA cycle in hypoxia, LDHA could

contribute to preserve mitochondrial function and limit ROS production in hypoxia.
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Chapter 6

Bidirectional relationship between

aspartate metabolism and mitochondrial

function

The metabolic response to hypoxia involves early upregulation of lactate production

and secretion, as well as the depletion of intracellular aspartate (Chapter 3). GOT1, a

component of the mitochondrial malate-aspartate shuttle, was shown to be necessary

for the upregulation of glucose uptake and lactate production in hypoxia, most likely by

maintaining flux through MDH1, which supplies glycolysis with electron acceptors in the

form of NAD+ (Chapter 4). Potential functions of increased glycolytic flux in hypoxia

include the maintenance of intracellular ATP, as well as channeling glucose into lactate,

thereby providing a sink for glucose carbons (Chapter 5).

However, the molecular mechanisms causing the early metabolic response remain un-

known. Therefore, the last chapter of results will first explore possible causes for the

metabolic response to short-term hypoxia, in particular the decrease in intracellular as-

partate, and subsequently investigate the physiological implications of changed aspartate

availability.
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6.1 Early metabolic changes are driven by signalling events

not dependent on ROS

To investigate whether the accumulation of lactate and the depletion of aspartate in early

hypoxia were results of intracellular signalling events, it was tested whether they were

reversible responses. It has been demonstrated previously that hypoxia can cause an

increase in mitochondrial ROS production (Chandel et al., 1998). ROS are thought to

be directly involved in oxygen sensing in glomus cells in the carotid body (Gao et al.,

2017) and are known to be necessary for HIF1α stabilisation (Guzy et al., 2005; Chandel

et al., 1998, also see Section 1.1.2). PHD2 itself, which targets HIF1α for proteolytic

degradation, was recently shown to be inactivated by oxidation (Lee et al., 2016). Since

metabolic enzymes, such as PKM2 (Anastasiou et al., 2011), can directly be regulated by

oxidative modifications, it was also tested whether ROS could be involved in the initiation

of metabolic response in short-term hypoxia.

6.1.1 Early metabolic changes are reversible upon reoxygenation

MCF7 cells were exposed to 1% O2 for 3 hours and reoxygenated at ambient O2 for differ-

ent lengths of time, before metabolite levels were measured (experimental design shown

in Figure 6.1A). The hypoxia-induced changes in aspartate and lactate were found to be

reversible upon reoxygenation (Figure 6.1B) and the levels of both metabolites returned

to basal levels within 24 hours of reoxygenation (Figure 6.1C and D, respectively). Al-

though metabolite levels started to normalise within the first hour of reoxygenation, there

were still significant differences from control cells after 5 hours, which could indicate that

cells remain metabolically primed for hypoxia for a certain period of time.

6.1.2 Antioxidants do not prevent lactate accumulation and aspartate depletion

To investigate whether ROS could be involved in the signalling events causing the

metabolic response in early hypoxia, cells were treated with antioxidants to test whether

this would prevent the hypoxia-induced metabolic effects. MCF7 cells were exposed to

1% O2 for 3 hours with or without cell-permeable antioxidants in the cell culture medium.

N-acetylcysteine (NAC) and trolox, a water-soluble analog of vitamin E, were used (Fig-

ure 6.2). Neither lactate nor aspartate levels were affected by antioxidant treatment in

normoxia or hypoxia (Figure 6.2A and B, respectively), although changes in intracellu-

lar cysteine indicated that NAC was taken up by cells (Figure 6.2C). Therefore, although

ROS levels were not directly measured, these data strongly suggest that ROS are unlikely

to be the cause of these metabolic changes.



137

Figure 6.1: Early metabolic changes are reversible upon reoxygenation
A. Schematic outline of the reoxygenation time course after 3 hours at 1% O2. Control
cells were kept in normoxia throughout the experiment but medium was changed at t = 0
hours.
B. Heatmap of metabolite abundance changes in MCF7 cells during reoxygenation after 3
hours at 1% O2. Metabolite abundances were measured by GC-MS with 4 replicates per
condition and normalised to cell number. Colour scale represents mean log2 fold changes
over the normoxic control mean at each individual time point. 3PG, 3-phosphoglycerate;
G3P, glycerol-3-phosphate.
C. & D. Abundances of indicated intracellular metabolites during reoxygenation (reox).
Metabolite abundances were measured by GC-MS with 4 replicates per condition and
time point. Error bars represent standard deviation and statistical significance was
calculated using two-way ANOVA with Sidak correction for multiple comparisons.***p-
value<0.001, **** p-value<0.0001
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Figure 6.2: Antioxidants do not prevent lactate accumulation and aspartate deple-
tion in short-term hypoxia
Intracellular lactate (A.), aspartate (B.) and cysteine levels (C.) after 3 hours at 1% O2 with
or without treatment of cells with antioxidants. Antioxidant treatment with N-acetylcysteine
(1 mM) or trolox (50 µM) for 3 hours. Metabolite abundances were measured by GC-MS
with 4-5 replicates per cell line and condition.
D. M+1 to M+2 ratio in indicated metabolites in MCF7 cells in normoxia, and in short-
term and long-term hypoxia (1% O2). Cells were labelled with [1,2-13C]-glucose for either
3 hours or 24 hours (predicted labelling pattern in glycolytic metabolites and the pentose
phosphate pathway shown in Figure 5.9A). Metabolite levels were measured by GC-MS
with 4 replicates per condition. Following ions were quantified: 3PG, 3-phosphoglycerate,
m/z 357; lactate, m/z 117.
In A.-D. Bars represent mean and error bars represent standard deviation and statisti-
cal significance was calculated using two-way ANOVA with Sidak correction for multiple
comparisons (*p-value<0.05, **p-value<0.01,***p-value<0.001, **** p-value<0.0001).
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6.1.3 PPP flux relative to glycolysis is unchanged in short-term hypoxia

ROS detoxification by antioxidant enzymes depends on reduced glutathione (GSH) as

cofactor, the regeneration of which requires reduced nicotinamide adenine dinucleotide

phosphate (NADPH, also see Section 1.3.4). Diversion of glucose carbon flux into

the pentose phosphate pathway (PPP), a major NADPH-producing pathway, helps to

maintain sufficient reducing potential for the cellular antioxidant response. In addition,

upregulation of the oxidative PPP is known to be an indicator of oxidative stress and

NADPH depletion (Kuehne et al., 2015). To measure PPP flux in MCF7 cells in normoxia

and after 3 hours at 1% O2, [1,2-13C]-glucose was used as isotopic tracer (predicted

labelling pattern in glycolytic metabolites and the pentose phosphate pathway shown in

Figure 5.9A). However, using the labelling patterns of both 3PG and lactate as a readout,

PPP flux relative to glycolytic flux was unchanged or even slightly decreased in MCF7

cells after 3 hours at 1% O2 (Figure 6.2C).

In summary, the metabolic response to early hypoxia was found to be reversible upon

reoxygenation and is therefore likely to represent a bona fide adaptive response, which

could be caused by intracellular signalling events. Antioxidant treatment did not prevent

hypoxia-induced lactate accumulation and aspartate depletion and ROS are therefore

unlikely to be the cause for these changes. In addition, PPP flux relative to glycolytic flux

was unchanged in early hypoxia compared to normoxia.
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6.2 Intracellular aspartate levels in hypoxia are primarily un-

der mitochondrial control

Aspartate efflux from mitochondria, which is mediated by the aspartate-glutamate trans-

porter (AGC, also see Sections 1.3.4 and 4.2.1), is dependent on the co-transport of a

proton (LaNoue and Tischler, 1974; Palmieri et al., 2001). To probe the mechanistic ba-

sis of the decrease of intracellular aspartate in hypoxia, we explored the hypothesis that

hypoxia-induced changes in mitochondrial respiration or the mitochondrial proton gradi-

ent could affect aspartate production and efflux from mitochondria. This hypothesis is

supported by a previous study, which predicted a decrease in aspartate levels during

ischemia using a computational model of cardiac metabolism, which was attributed to

a redistribution MAS metabolites across the mitochondrial membrane (Lu et al., 2008).

However, since it is currently not possible to measure subcellular distributions of metabo-

lites, it was decided to first test whether hypoxia causes changes in mitochondrial aspar-

tate production.

6.2.1 Glutamine-derived aspartate production rapidly decreases in hypoxia

Aspartate is produced in a reaction catalysed by GOT2, in which an amino group from

αKG is transferred onto OAA. The immediate carbon source for aspartate is therefore

OAA, which is itself produced in the TCA cycle. Genetic disruption of TCA cycle flux by

succinate dehydrogenase (SDH) knockout was previously shown to affect steady-state

aspartate levels (Cardaci et al., 2015). Besides GOT1 and GOT2 enzyme levels, which

were found to be unchanged in hypoxia (see Figure 4.1), the rates of the reversible

transamination reaction producing and consuming aspartate are also determined by

substrate availability as well as product concentration (Birsoy et al., 2015; Velick and

Vavra, 1962). The next step was therefore to quantify the contributions of glucose

and glutamine, the main anaplerotic substrates in MCF7 cells (also see Figure 5.7), to

endogenous aspartate production in normoxia and hypoxia using isotopic labelling.

While 13C-glucose labelling mainly results in M+2 and M+3 labelled TCA intermediates

(with the exception of citrate in the second turn of the TCA cycle, see Figure 3.8), 13C-

glutamine labelling generates M+4-labelled intermediates in the first turn and M+3/M+2-

labelled intermediates in the second turn of the TCA cycle (Figure 6.3A). M+3 labelled

metabolites can also be the result of reductive carboxylation of glutamine (Wise et al.,

2011; Metallo et al., 2012, also see Section 1.3.5).
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Figure 6.3: Predicted carbon labelling patterns from [U-13C]-glutamine
A. Schematic of carbon labelling the TCA cycle from [U-13C]-glutamine (white circles, 12C
atom; green circles, 13C atom). Pyr, pyruvate; αKG, α-ketoglutarate; Succ, succinate;
Fum, fumarate; Mal, malate; OAA, oxaloacetate.
B. & C. Fractional labelling of carbons from [U-13C]-glucose and [U-13C]-glutamine in
indicated metabolites in normoxia and at 1% O2 in MCF7 cells. Time points indicate
duration of hypoxia treatment as well as 13C labelling. Measurements were performed by
GC-MS with four replicates per time point and condition. Error bars represent standard
deviation (n.b. error bars are smaller than symbol height) and statistical significance was
calculated using two-way ANOVA with Sidak correction for multiple comparisons (***p-
value<0.001, **** p-value<0.0001).
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MCF7 cells were labelled separately with 13C-glucose or 13C-glutamine in normoxia

and hypoxia for up to 6 hours. At steady state conditions (3 hours of labelling in

normoxia), glucose and glutamine together contributed 91±1% of aspartate carbons.

While aspartate labelling from glucose remained the same when cells were exposed to

1% O2 (Figure 6.3B), carbon labelling from 13C-glutamine relative to normoxia started

to decrease substantially after two hours in hypoxia (Figure 6.3C). The same effect was

also observed in other TCA cycle intermediates, as shown representatively for fumarate,

as well as in glutamate (Figure 6.3C). Therefore, glutamine entry into the TCA cycle or

conversion of glutamine into glutamate by glutaminase could be suppressed early in

hypoxia. Although decreased glutamine entry into the TCA cycle could explain a drop

in aspartate production, the question remains why the absolute levels of other TCA

cycle intermediates were only mildly affected (see Figure 3.1A). In addition, there was a

substantial increase in the fraction of unaccounted carbons in hypoxia, suggesting the

presence or an additional carbon source contributing to aspartate production.

Glutamate entry into the TCA cycle via glutamate dehydrogenase (GDH), as well as TCA

cycle flux itself, requires NAD+ as cofactor. Mitochondrial NAD+ is mainly regenerated by

the electron transport chain in a process, which is dependent on molecular oxygen. It was

therefore next investigated whether mitochondrial respiration is affected by hypoxia and

whether interfering with mitochondrial function can affect intracellular aspartate levels.

6.2.2 Mitochondrial respiration decreases after several hours in hypoxia but is not

suppressed acutely

In MCF7 cells, no immediate change in oxygen consumption was observed over a wide

range of oxygen concentrations (Figure 6.4A). Half maximal respiration of MCF7 cells oc-

curred between 0.25 and 0.5 nmol/ml O2 (Figure 6.4A, insert), similarly to what was pre-

viously shown in isolated rat liver mitochondria (Gnaiger et al., 2000; Hummerich et al.,

1988). This is significantly lower than the oxygen concentrations used during hypoxia

treatments in this work and indicates that these conditions are not acutely limiting for ox-

idative phosphorylation (Table 6.1). However, after several hours of incubation at 1% O2,

respiration of MCF7 cells decreased in a time-dependent manner (Figure 6.4B), as previ-

ously reported for hepatocytes (Chandel et al., 1997). It is nevertheless noteworthy that

63±8% of respiration was preserved after 24 hours of hypoxia, as previously observed in

other cell types (Frezza et al., 2011). Taking into account the high affinity for oxygen of

cytochrome c oxidase (Chandel et al., 1997), these results point towards an
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Figure 6.4: Prolonged exposure to 1% O2 causes a time-dependent decrease in
cellular respiration
A. Oxygen consumption (JO2) of MCF7 plotted relative to the maximal oxygen consump-
tion (Jmax, mean consumption between 50-75 nmol/ml O2) as a function of oxygen con-
centration in the medium (cO2). Three independent replicates are shown. Insert shows a
magnification of the graph between 1-5 nmol/ml O2.
B. ROX-corrected respiration of MCF7 cells, which had been pre-incubated at 1% O2 for
different lengths of time. Basal respiration was corrected for ROX (residual oxygen con-
sumption due to oxidative side reactions) by addition of the complex III inhibitor antimycin
A Gnaiger, 2012. Data shows the combined replicates of two independent experiments.
Statistical significance was calculated using one-way ANOVA with Dunnett’s test to cor-
rect for multiple comparisons (**p-value<0.01, **** p-value<0.0001).

Table 6.1: Oxygen concentrations in cell culture media in normoxia and hypoxia.
Calculations assumed 37◦C and 1013 hPa. N.B. pre-conditioned medium retains more
oxygen than is present in the atmosphere of the hypoxic workstation. It is likely that cells
consume the remaining oxygen until medium oxygen concentration reaches 1% O2.
*Cell culture incubators are supplemented with 5% CO2, which reduces O2 from 20.95%
to 19.9%.
**Overnight equilibration of 100 ml cell culture medium at 1% O2 without cells.

Atmospheric percentage Dissolved oxygen
by volume [%] cO2 [µmol/l]

normoxia 19.9* 200
hypoxia 1 10
pre-equilibrated medium** 50-70 (measured)
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adaptive mechanism downregulating mitochondrial oxygen consumption in prolonged hy-

poxia, which is likely to be partly dependent on HIF1α (Papandreou et al., 2006).

6.2.3 Oligomycin A treatment prevents the decrease of aspartate levels in hypoxia

Previous reports showed that cellular respiration provides NAD+ for aspartate biosyn-

thesis and that inhibition of respiration leads to aspartate depletion (Sullivan et al., 2015;

Birsoy et al., 2015). Therefore, it was next tested whether inhibition of mitochondrial

respiration would have an effect on the hypoxia-induced change of aspartate levels.

Oligomycin A is a direct inhibitor of H+-ATP synthase, which inhibits mitochondrial ATP

production and thereby causes hyperpolarisation of the inner mitochondrial membrane

(IMM). Due to hyperpolarisation, flux through the ETC is inhibited and mitochondrial

oxygen consumption and NADH oxidation are suppressed (schematically shown in

Figure 6.5 A, left and centre panel). Addition of FCCP, an ionophore which allows

transport of protons across the IMM, uncouples ETC flux from ATP production and

therefore restores the mitochondrial membrane potential, oxygen consumption and

NADH oxidation (Figure 6.5A, right panel). In Figure 6.5B, a representative respiration

profile of MCF7 cells is shown, which illustrates the inhibition of respiration by oligomycin

A, as well as the reconstitution of respiration when FCCP is added.

In normoxia, treatment of MCF7 cells with oligomycin A decreased intracellular aspartate

levels (Figure 6.5C, black bars). However, simultaneous treatment with FCCP did not

reverse effect. Therefore, the effect of oligomycin A on aspartate levels in normoxia is

likely to be due to H+-ATP synthase inhibition. In hypoxia, oligomycin A-treated cells had

higher aspartate levels compared to control conditions (Figure 6.5C, blue bars). In con-

trast to normoxia, addition of FCCP reversed this effect in hypoxia, which suggests that

the mechanism by which oligomycin A prevents aspartate depletion in short-term hypoxia

is either through inhibition of respiration or hyperpolarisation of the IMM. Furthermore, the

effect of oligomycin on aspartate was dependent on the presence of GOT2 in normoxia

and hypoxia (Figure 6.5D). In combination with earlier observations, these data suggest

that mitochondrial function as well as GOT1 and GOT2 enzyme levels (see aspartate

levels in GOT1 and GO2 knockout cells, Section 4.2.2) influence intracellular aspartate

levels.

6.2.4 Mitochondrial biogenesis is suppressed in GOT1ko cells

In the sections above it was shown that manipulation of mitochondrial function had an

effect on aspartate metabolism. However, this regulation was also found to extend in the
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Figure 6.5: Oligomycin A treatment prevents hypoxia-induced depletion of aspar-
tate
A. Schematic showing the effects of oligomycin A or a combination of oligomycin
A and FCCP on NADH oxidation, oxygen consumption and the mitochondrial
membrane potential compared to untreated cells. FCCP, carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone.
B. Representative respiration profile of MCF7 cells with oligomycin A and FCCP treat-
ment, according to the coupling control protocol (Gnaiger, 2008). Blue line shows oxygen
concentration within the oxygraph chamber, black line shows the first derivative of oxygen
concentration and indicates the calculated O2 flux. Final concentartions: oligomycin, 2
µg/ml; FCCP 0.5 µM per addition; rotenone, 0.5 µM; antimycin A, 2.5 µM.
C. Aspartate levels in MCF7 cells after 3 hours of treatment with oligomycin A (5 nM),
FCCP (0.5 µM) or a combination of both in normoxia and at 1% O2.
D. Aspartate levels in parental MCF7, GOT1ko and GOT2ko cells after 3 hours of treat-
ment with oligomycin A (5 nM) or DMSO control in normoxia and at 1% O2.
In C. & D metabolite measurements were performed by GC-MS with four replicates con-
dition. Error bars represent standard deviation. Statistical significance was calculated
using two-way ANOVA with Sidak correction for multiple comparisons (*p-value<0.05,
**** p-value<0.0001).

opposite direction. PGC-1α as well as NOS3 mRNA were considerably downregulated

in GOT1ko cells and a concomitant decrease in several mitochondrially encoded mRNAs

was observed (Figure 6.6A). PGC-1α is a transcriptional coactivator and major regulator

of mitochondrial biogenesis and respiratory capacity (Puigserver et al., 1998; Lin et al.,

2005). PGC-1α is partly regulated at the transcriptional level and nitric oxide synthase

3 (NOS3) was shown to induce PGC-1α transcription and mitochondrial biogenesis

(Nisoli et al., 2003). These transcriptional changes in GOT1ko cells correlated with

significantly reduced mtDNA content (Figure 6.6B) and a decrease in basal respiration

(Figure 6.6C). Therefore, manipulation of aspartate metabolism, and in consequence of

NADH transport into mitochondria (i.e. lower MDH1 flux in GOT1ko cells, see Section

4.3.1), had an inhibitory effect on mitochondrial biogenesis and cellular respiration.

In summary, the regulatory relationship between mitochondrial function and aspartate

metabolism appears to be bidirectional. While aspartate levels themselves are regu-

lated by mitochondria, the ability to transfer reducing equivalents into mitochondria via

the malate-aspartate shuttle in turn controls mitochondrial respiration and long-term dis-

ruption of this system affects mitochondrial biogenesis. Therefore, aspartate metabolism

could coordinate the cytoplasmic redox need with mitochondrial respiration.
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Figure 6.6: Mitochondrial biogenesis and content is decreased in GOT1ko cells
A. Heatmap of mRNA expression changes of PPARGC1A, the gene encoding for per-
oxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α), nitric oxide
synthase 3 (NOS3) and mitochondrial genes in GOT1ko and GOT2ko cells compared to
parental MCF7 cells. mRNA expression data were obtained by RNA sequencing with
three technical replicates per cell line and only changes with FDR≤0.01 were plotted.
Colour scale represents log2 fold changes over the parental mean.
B. Mitochondrial DNA (mtDNA) content in GOT1ko and GOT2ko cells relative to parental
MCF7 cells. mtDNA content was quantified by qRT-PCR relative to nuclear DNA (ntDNA)
using two mitochondrial genes (mtDNA-tRNALeu(UUR) and mtDNA-16S-rRNA), as de-
scribed in Venegas and Halberg (2012). These were individually normalised to ntDNA-
β2-microglobulin using the ∆∆Ct method. Statistical significance was calculated using
one-way ANOVA with Dunnett’s test to correct for multiple comparisons (*p-value<0.05).
C. ROX-corrected respiration of GOT1ko and GOT2ko cells relative to parental MCF7
cells. Basal respiration was corrected for ROX (residual oxygen consumption due to
oxidative side reactions) by addition of the complex III inhibitor antimycin A Gnaiger,
2012. Measurements were performed in 4 replicates. Statistical significance was cal-
culated using one-way ANOVA with Dunnett’s test to correct for multiple comparisons
(*p-value<0.05).
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6.3 MCF7 cells counterbalance changes to the intracellular

aspartate pool

Apart from its role in the malate-aspartate shuttle, aspartate is also a biosynthetic pre-

cursor required for nucleotide biosynthesis. Birsoy et al. (2015) reported that the reason

mild respiratory inhibition suppressed cell proliferation was due to the lack of aspartate,

which in this context was found to be limiting for biosynthesis of nucleotide precursors. In

addition, acutely inhibiting aspartate biosynthesis through glutamine deprivation or AOA

treatment has been shown to induce S-phase arrest in KRAS-driven cancer cells, due

to a lack nucleotides (Korangath et al., 2015; Patel et al., 2016). For cells to maintain

their proliferative potential it should therefore be necessary to maintain their intracellular

aspartate pool.

6.3.1 In the absence of GOT2, GOT1 flux is reversed to produce aspartate

GOT2ko cells retained 56±12% of their intracellular aspartate (see Figure 4.4C), which

could explain why their cell proliferation rate was comparable to the rate of parental MCF7

cells (Figure 4.3D). To preserve aspartate, the GOT1 reaction could be running in reverse

to produce aspartate in the cytosol, similarly as during ETC inhibition (Birsoy et al., 2015).

To test this hypothesis parental MCF7 and GOT2ko cells were treated with AOA for 3

hours and aspartate levels were measured. The aspartate pool in GOT2ko cells remained

sensitive to AOA, indicating that it could indeed be produced by GOT1 reversal (Figure

6.7A). Although hypoxia also leads to lower aspartate levels, GOT1 reversal not found to

occur in this condition (Section 4.2.3).

6.3.2 Transcriptional adaptation in GOT1ko and GOT2ko cells could aim to coun-

teract changes in aspartate concentration

To test whether the adaptation of GOT2 towards aspartate preservation was also re-

flected on the gene expression level, RNA sequencing was performed on parental MCF7,

GOT1ko and GOT2ko cells. Gene expression of the aspartate plasma membrane trans-

porter SLC1A1 as well as asparaginase, which produces aspartate from asparagine (see

schematic of aspartate metabolism in Figure 4.1A) was markedly upregulated in GOT2ko

cells, while GOT1ko cells had decreased mRNA levels of aspartate plasma membrane

transporters (Figure 6.7C). In addition, expression of several aspartate-consuming en-

zymes involved in nucleotide biosynthesis was downregulated in GOT2ko cells and up-

regulated in GOT1ko cells. Both GOT1ko as well as GOT2ko cells therefore exhibited

changes in gene expression indicative of transcriptional adaptation within the
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Figure 6.7: Compensatory transcriptional adaptation in aspartate-metabolising
proteins and increased aspartate uptake in GOT2ko cells
A. Aspartate levels in parental MCF7 and GOT2ko cells after treatment with AOA (1 mM)
for 3 hours. N.B. measurements for parental cells are duplicated from Figure 4.2. Statis-
tical significance was calculated using two-way ANOVA with Sidak correction for multiple
comparisons. Metabolite abundances were measured by GC-MS with 4 replicates per
condition and time point. Bars represent mean and error bars represent standard devia-
tion (***p-value<0.001, **** p-value<0.0001).
B. Heatmap of mRNA expression changes of indicated genes in GOT1ko and GOT2ko
cells compared to parental MCF7 cells. Gene expression data was obtained by RNA
sequencing with three technical replicates per cell line and only changes with FDR≤0.01
were plotted. Colour scale represents log2 fold changes over the parental cells.
C. Aspartate levels in parental MCF7, GOT1ko and GOT2ko cells in medium with and
without 1.5 mM aspartate. Metabolite abundances were measured by GC-MS with 4
replicates per condition and time point. Bars represent mean and error bars represent
standard deviation. Statistical significance was calculated using t-tests with Holm-Sidak
correction for multiple testing (**p-value<0.01).
D. Continuous cell growth of parental MCF7, GOT1ko and GOT2ko cell lines with differ-
ent aspartate concentrations in cell culture media. Points represent averages of three
independent growth curves and error bars represent standard deviation.



150 Chapter 6. Aspartate metabolism and mitochondrial function

network of aspartate-metabolising proteins, possibly aiming to counteract the changes in

intracellular aspartate caused by the genetic perturbation. Consistent with the changes

in aspartate plasma membrane transporters shown in Figure 6.7B, aspartate levels

in GOT2ko cells could be raised to parental levels by supplementing the media with

1.5 mM aspartate for 3 hours. In contrast, exogenous aspartate had no influence on

intracellular aspartate levels in parental MCF7 and GOT1ko cells (Figure 6.7C). However,

supplementing media with a range of aspartate concentrations had no influence on cell

proliferation rates of any of the cell lines, confirming that aspartate is not limiting for cell

proliferation in GOT2ko cells (Figure 6.7D, also see Figure 6.8F).

In summary, although cell proliferation was not found to be affected in GOT2ko cells,

which cannot produce aspartate in mitochondria, these cells nevertheless metabolically

adapt to maintain a minimal level of intracellular aspartate. This adaptation was found to

be partially driven by GOT1 reversal and by changes in gene expression.

6.3.3 Exogenous aspartate can rescue certain metabolic effects, but not the

hypoxia-induced decrease in cell proliferation

Exogenous aspartate was previously found to be able to partly rescue the growth of

both respiration-deficient cells as well as SDH mutant cells (Birsoy et al., 2015; Cardaci

et al., 2015). Since hypoxia partially inhibits respiration (see Figure 6.4 and Frezza et al.,

2011), it was next investigated whether aspartate itself is limiting for cell proliferation

in hypoxia and whether replenishing intracellular aspartate pools enhance rescue cell

proliferation at 1% O2. However, exogenous aspartate was only able to raise intracellular

aspartate levels in hypoxia to a small degree (Figure 6.8A), even when supplied in its

cell-permeable, di-methylated form. Labelling cells with [U-13C]-aspartate for 3 hours

resulted in only 9.2±0.5% of the intracellular aspartate pool being fully (M+4-)labelled

(Figure 6.8B). This was not because of pre-steady state conditions, since similar 13C

enrichment was found after 24 hour incubation with the tracer (not shown). Therefore,

the inability of exogenous aspartate to raise intracellular aspartate levels is most likely

due to slow rates of aspartate uptake.

In order to adapt cells to the availability of exogenous aspartate and to potentially achieve

higher uptake rates, MCF7 cells were continuously cultured with 0.5 mM aspartate for

several weeks (aspartate-adapted cells). Cell cultured in media supplemented with 0.5

mM aspartate maintained their intracellular aspartate levels in normoxia as well as after
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Figure 6.8: Aspartate supplementation does not increase cell proliferation in hy-
poxia
A. Aspartate levels in MCF7 cells in normoxia and after 3 hours at 1% O2 with and without
10 mM sodium aspartate (NaAsp) or 1.5 mM dimethyl-aspartate (DM-Asp).
B. 13C-labelling of intracellular aspartate from [U-13C]-aspartate. Cells were labelled with
1.5 mM [U-13C]-aspartate for 3 hours.
C. Unlabelled 12C control samples used to assess quality of natural abundance stripping.
Bars show average of four replicate samples and error bars represent standard deviation.
D. Abundance changes of indicated intracellular metabolites in aspartate-adapted MCF7
cells in normoxia and after 3 hours at 1% O2.
In A.-D. metabolite abundances were measured by GC-MS with 4 replicates per condition
and time point. Error bars represent standard deviation and statistical significance was
calculated using two-way ANOVA with Sidak correction for multiple comparisons.
E. Changes in mRNA expression levels in aspartate-adapted cells compared to parental
MCF7 cells. Points represent three technical replicates and only changes with FDR≤0.01
were plotted. Glutamate/aspartate transporter II (SLC1A2) is marked in red.
F. Relative number of DAPI-stained nuclei after 72 hours in normoxia or at 1% O2 with
different concentrations of aspartate in the cell culture medium. Error bars represent
standard deviation and statistical significance was calculated using two-way ANOVA with
Sidak correction for multiple comparisons.
*p-value<0.05, **p-value<0.01, ***p-value<0.001, **** p-value<0.0001

3 hours at 1% O2 (Figure 6.8D). The levels of neighbouring metabolites, such as

malate and fumarate, were also partially rescued. However, this had no effect on the

hypoxia-induced accumulation of lactate. A concomitant increased in mRNA expression

of the excitatory amino acid transporter 2 (SLC1A2), which transports glutamate and

aspartate across the plasma membrane, was found in these cells (Figure 6.8E), sug-

gesting that transcriptional adaptation was involved in achieving higher aspartate uptake

rates. However, no long-term effects on cell growth in hypoxia were found in aspartate-

adapted cells supplemented with varying concentrations of aspartate, indicating that

aspartate is unlikely to be limiting as biosynthetic substrate for cell proliferation in hypoxia.
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Localised oxygen deficiency, both intermittent and chronic, is a well-established charac-

teristic of the tumour microenvironment (Harris, 2002; Michiels et al., 2016). The occur-

rence of hypoxia in solid tumours correlates with several risk factors, including increased

resistance to radiotherapy and chemotherapy, increased metastatic potential (Semenza,

2012) and resistance to apoptosis (Graeber et al., 1996). In addition, the expression

of hypoxia markers is associated with poor prognosis and increased mortality in sev-

eral cancer types, including breast cancer (Vaupel and Mayer, 2007; Wang et al., 2014).

Therefore, a better understanding of the molecular mechanisms governing the cellular

response to hypoxia in general, as well as the identification of metabolic vulnerabilities of

cells in hypoxia, will be crucial to improve anticancer treatment.

7.1 The metabolic response to short-term hypoxia

Hypoxia is known to cause profound rearrangements within cellular metabolism

(Nakazawa et al., 2016) and interference with this metabolic adaptation impairs cell

growth and survival in hypoxia (Kim et al., 2006). Medium- to long-term metabolic adap-

tations to hypoxia are thought to be mainly orchestrated by HIF1α through the regulation

of gene expression (Eales et al., 2016). Traditionally, studies investigating metabolism in

hypoxia have used treatment lengths of 6 to 24 hours, which allow for hypoxia-induced

gene expression changes to take effect on the metabolic network (Kucharzewska et al.,

2015; Frezza et al., 2011). However, the time scales of oxygen fluctuations within

tumours are known vary from hours to days (Michiels et al., 2016) and even relatively

short periods of oxygen withdrawal have drastic effects the levels of mitochondrial ROS

(Chandel et al., 1998). Yet, it remains poorly understood how oxygen depletion directly

causes changes within the wider metabolic network prior to transcriptional adaptation

and what the physiological functions of this metabolic response are. Since recent reports

have shown that cell mass accumulation rates can change within minutes upon depletion

of nutrients (Son et al., 2015), the hypoxia-induced metabolic response is likely to also

influence long-term physiological parameters, such as cell growth and survival.

Metabolic profiles of MCF7 cells, acquired by targeted GC- and LC-MS-based metabolo-

mics, revealed that both glycolytic flux and mitochondrial aspartate metabolism are

altered within 2-3 hours of exposure to hypoxia, which was characterised by increased

glucose uptake, accumulation of lactate and depletion of intracellular aspartate (Figure

3.1 and 3.3). Time course measurements of metabolite abundances and stable iso-

tope labelling in MCF7 cells also revealed that metabolic and isotopic steady state is
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reached within 3-5 hours in hypoxia, which validates this approach. Glucose uptake

and metabolism have been traditionally thought to be chronic responses to hypoxia in

non-muscle tissues (Lopez-Barneo et al., 2001). However, here we show that these

changes occur earlier than previously thought and that they are not the result of the

activity of HIF1α , which is known to be a major regulator of the metabolic adaptation

to hypoxia (Section 3.2). In addition, since similar changes were found in other breast

cancer and non-tumorigenic breast epithelial cell lines (Figure 3.11), these observations

most likely represent a fundamental cellular response to hypoxia. Since the magnitude

of hypoxia-induced changes in lactate and aspartate varied between cell lines, it is

likely that the underlying genetic and metabolic makeup determine the sensitivity and

responsiveness of the metabolic network at the oxygen concentrations used in this study

(1% O2, discussed further below). Lower oxygen concentrations are expected to induce

similar or more severe changes, but have yet to be tested in these cell lines.

Potential causes and functions of these metabolic changes were subsequently stud-

ied using a combination of chemical inhibitors and genetic manipulation using the

CRISPR/Cas9 system. Although these approaches resulted in similar phenotypes in

these particular cases, the general question remains concerning the best method to

study the function of a particular metabolic enzyme. Acute chemical inhibition of a

metabolic enzyme should theoretically result in the least convoluted cellular response,

since there is not sufficient time for cells to adapt. However, highly specific and potent

inhibitors do not always exist and, even if they do, it is difficult to exclude the absence

of confounding off-target effects in the biological system of interest. This is particularly

relevant for classes of enzymes with similar enzymatic functions, such as aminotrans-

ferases, for which often no specific inhibitors exist. Genetic manipulation has therefore

become a more attractive tool, especially since the availability of CRISPR/Cas9 (Cong

et al., 2013; Mali et al., 2013). CRISPR/Cas9 has improved efficiency and specificity

of genetic manipulation and can prevent confounding issues, such as poor knockdown

efficiency, which are common with siRNA- and shRNA-based approaches. In addition,

unnecessary manipulations, such as viral transduction, can be avoided. However, one

disadvantage of this approach is that the isolation of single-cell clones can introduce

clonal effects. It is therefore necessary to compare knockout phenotypes with acute

chemical inhibition, to analyse multiple knockout clones and ideally to perform rescue

experiments with cDNA-based re-expression of the targeted gene. Another factor to take
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into account is the significant genetic compensation or transcriptional adaptation, which

was observed in all knockouts presented in this work and is often observed after gene

knockout (El-Brolosy and Stainier, 2017). While adaptation might mask the immediate

function of the protein of interest, long-term adaptation could give important information

about the function of the affected pathway. However, to conclusively test whether the

genetic compensation is due to loss of the protein function, or due to other reasons such

as the mutant mRNA itself (El-Brolosy and Stainier, 2017), rescue experiments will have

to be performed.

The metabolic changes in early hypoxia described in MCF7 cells occurred before signifi-

cant accumulation of HIF1α targets could be detected, on both the mRNA and protein

levels (Figure 3.4 and 3.5). Using genetic tools, it was subsequently shown that early

metabolic changes were independent of HIF1α as well as HIF1β (Figure 3.10 and 3.6).

Although the early metabolic response was generally found to be similar to the metabolic

changes in chronic hypoxia (24 hours), the inhibition of glucose-derived TCA cycle flux

was only observed later (>6 hours) and was partially dependent on HIF1α (Figure 3.9).

Similarly, increased flux of glucose carbons into alanine as well as activation of alanine

aminotransferase expression on both the mRNA and protein level at later time points

was found to be dependent on HIF1α (Figure 5.11). Interestingly, some hypoxia-induced

changes in metabolite levels were found to amplified at later time points and while others

were reversed to basal levels (Figure 3.2). Taken together, these results suggest that

the metabolic response and adaptation to hypoxia is taking place in at least two phases,

with an early HIF1α-independent phase and a later, partially HIF1α-dependent phase.

It is currently not known whether the early response is necessary for the metabolic

adaptation to chronic hypoxia, or whether these two processes occur independently.

Potential mechanisms, by which the early phase could contribute to the induction of

the late phase will be discussed in Section 7.3. Loss of functional HIF1α not only

inhibited the accumulation of HIF1α target proteins in hypoxia but, unexpectedly, gene

expression in normoxia was also affected (Figure 3.7). Therefore, HIF1α regulates the

basal expression of glycolytic genes in normoxia, although no HIF1α protein can be

detected in MCF7 cells in these conditions (Figure 3.5 and 3.7). Similar observations

were recently reported for GAPDH in human synovial fibroblasts (Del Rey et al., 2017).

The time line of PDK-dependent phosphorylation of the pyruvate dehydrogenase E1α
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subunit (PDH-E1α) at serine 293 was a notable exception, since it increased earlier

than other HIF1α targets and earlier than PDK1 itself (Figure 3.5). In addition, it was

found to be preserved in HIF1α mutant MCF7 cells, which did not show an increase in

PDK1 levels in hypoxia (Figure 3.7). The increase in PDH-E1α phosphorylation after 6

hours in hypoxia correlated with the decrease of glucose flux into the TCA, which was

partially conserved in HIF1α mutant cells (Figure 3.9). Therefore, either PDK1 activity

increased in hypoxia through other mechanisms not related to protein levels, or PDK1

is dispensable for PDH-E1α phosphorylation in hypoxia, as was recently shown in MIA

PaCa-2 cells (Golias et al., 2016). Alternatively, increased PDH-E1α phosphorylation

is caused by other PDK isoforms (Korotchkina and Patel, 2001a) or through decreased

activity of pyruvate dehydrogenase phosphatases (PDP1 and PDP2), which are known

to be regulated by post-translational modifications (Shan et al., 2014; Fan et al.,

2014a). Moreover, transcription of PDK genes is known to be regulated by a plethora

of other pathways, including insulin signalling and through several nuclear hormone

receptors (Jha et al., 2016), which could compensate for the absence of HIF1α signalling.

The metabolic changes induced by short-term hypoxia, including lactate accumulation

and the decrease of intracellular aspartate levels, were fully reversible upon reoxy-

genation (Figure 6.1). Intracellular signalling events, either through canonical signalling

pathways or through direct regulation of metabolic enzymes, are therefore likely to be

involved in this response. However, the return of metabolite abundances to basal levels

was slower than the initial hypoxia-induced response, which suggests that cells remain

metabolically primed for hypoxia for several hours. In tumours, where oxygen levels

are known to fluctuate (Michiels et al., 2016), this could confer a survival advantage

to cells. Mitochondrial ROS, which are known to accumulate in hypoxia and play an

important role in hypoxia signalling (Chandel et al., 1998; Guzy et al., 2005), are unlikely

to be involved in this signalling mechanism, since antioxidant treatment had no effect on

lactate accumulation and aspartate depletion (Figure 6.2). It will be important to identify

both the hypoxia sensor triggering this response, as well as the nature of the intracellular

signal. Possible mechanisms for hypoxia-induced changes in glycolysis will be discussed

below and the observed changes in aspartate metabolism will be discussed in Section

7.5.

In order to find the trigger for the early upregulation of glycolysis, it will need to be
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determined whether higher glycolytic flux is caused by upregulation of glucose uptake,

or whether increased glucose uptake is instead driven by in increase in downstream

glycolytic flux. Hypoxia-induced re-localisation of glucose transporters, such as GLUT1,

to the plasma membrane could be a potential mechanism for achieving for higher

glycolytic flux in hypoxia (Zhang et al., 1999). Additionally, once at the plasma mem-

brane, GLUT1 activity is acutely regulated by mechanisms not fully understood (Barnes

et al., 2002). A possible experimental approach would be to test whether the reduction

of glucose uptake to the same level as in normoxia, achieved by careful titration of

GLUT1 inhibitors, will reverse increased glycolysis and lactate production in hypoxia.

Moreover, MCF7 and BT474 cells, the cell lines that show the strongest hypoxia-induced

response in lactate and aspartate (Figure 3.1 and 3.11), are both heterozygous for

activating PIK3CA mutations (E545K and K111N, respectively; source: ATCC) and PI3K

signalling is known to regulate glucose uptake and glycolysis (Wieman et al., 2007). One

mechanism is the PI3K/Akt- and AMPK-dependent phosphorylation and degradation of

thioredoxin-interacting protein (TXNIP), a protein which inhibits several GLUT isoforms

both on the transcriptional levels as well as by transporter internalisation (Wu et al., 2013;

Hong et al., 2016; Waldhart et al., 2017). Singalling-induced TXNIP degradation leads to

acute increase in glucose uptake. Alternatively to this model, the activity of downstream

glycolytic enzymes could directly be responsible for upregulation of glycolysis, since

several of them are known to be tightly controlled by allosteric regulation, as well as by

post-translational modifications (Ward and Thompson, 2012). Small-molecule activators

of PKM2 (Anastasiou et al., 2012), for example, could be used to test whether artificial

stimulation of flux through lower glycolysis in normoxia is sufficient to upregulate glucose

uptake. Nevertheless, it remains unclear whether upregulation of glucose uptake and

glycolytic flux is the primary response, or whether it is a consequence of another cellular

signal, possibly originating from mitochondria.

In order to coordinate the hypoxia response of different cellular compartments, the ini-

tial hypoxia stimulus, whether it originates from the cytoplasm or mitochondria, would

have to be relayed to the other compartment. Mechanisms of stress-induced cross-talk

between cellular sub-compartments, such as mitochondria and ER, have been studied

extensively and some are known to rely on the transport of metabolic signals between

organelles, such as lipid molecules (Hu and Liu, 2011). Mitochondrial signalling to the

cytoplasm during protein stress conditions has also been described (Kim et al., 2016).
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The mitochondrial ETC is the primary oxygen consumer in MCF7 cells, as ETC inhibition

almost completely suppressed cellular oxygen consumption in respirometry measure-

ments (Figure 6.5B). Oxygen depletion could therefore acutely affect respiration itself or

cause changes in overall redox balance due to decreased NADH oxidation in mitochon-

dria, which could act as the primary hypoxia stimulus. Although the exposure to 1% O2

did not acutely affect mitochondrial respiration in MCF7 cells, prolonged exposure caused

respiration to decrease in a time-dependent manner (Figure 6.4). Cytochrome c oxidase

(COX, complex IV) activity is known to be allosterically regulated by extra-mitochondrial

ATP (Napiwotzki and Kadenbach, 1998) and decreases after several hours in hypoxia

(Chandel et al., 1997). Therefore, acute changes in cytoplasmic ATP production could

have an effect on COX activity. HIF1α mediates a switch in COX subunit expression,

which optimises ETC activity and minimises ROS production in hypoxia (Fukuda et al.,

2007). Taken together, these could explain the decrease of respiration in MCF7 cells in

hypoxia.

7.2 Redox homeostasis and glycolysis in hypoxia

Cytoplasmic NAD+ regeneration is mainly controlled by three enzymatic reactions

catalysed by LDHA, MDH1 and GPD1 (see Introduction, Section 1.3.4). In some

cancer types, malic enzyme (ME1) contributes to cytoplasmic redox balance, which

involves redirection of a significant proportion of glutamine flux towards alanine and

lactate production (DeBerardinis et al., 2007). This requires glutamine carbons to leave

mitochondria as aspartate, which is converted into oxaloacetate and then malate. ME1

converts malate into pyruvate, producing NADPH, which can be used for biosynthetic

pathways, such as fatty acid biosynthesis. In addition, the GOT1-MDH1-ME1 axis

has been implicated in ROS detoxification and redox homeostasis in pancreatic ductal

carcinoma (Son et al., 2013). Importantly, glutamine labelling into pyruvate or lactate was

not detected in MCF7 cells, which excludes ME1 as a major contributor to cytoplasmic

redox homeostasis.

LDHA, MDH1 and GPD1 all regenerated similar amounts of NAD+ in normoxia (Figure

4.9). However, NADH flux through LDHA and GPD1 increases in hypoxia, while MDH1

flux remains unchanged. This could be due to saturation of the MDH1 reaction itself

or saturation of other malate-aspartate shuttle components, such as the corresponding

mitochondrial transporters. Malate-aspartate shuttle saturation relative to the other

NAD+-regenerating reactions could potentially be assessed by measuring NADH flux
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through MDH1 at a range of glycolytic activities. If malate-aspartate shuttle flux is

saturated at basal conditions, MDH1 flux should plateau earlier than LDHA flux when

extracellular glucose levels are raised or drop more slowly when glucose uptake is

inhibited. However, since glucose itself is used as stable isotope tracer to measure

NADH flux, this would be difficult to measure experimentally.

Due to the observed changes in aspartate metabolism in early hypoxia, it was inves-

tigated whether the malate-aspartate shuttle is necessary to increase glycolytic flux in

hypoxia. GOT1ko cells had decreased NADH flux through MDH1, possibly due to a short-

age of the MDH1 substrate OAA, and GOT1ko cells had a decreased basal cytoplasmic

NAD+/NADH ratio (Figure 4.7 and 4.8). Additionally, the profile of glycolytic intermediates

in GOT1ko cells pointed towards reduced flux of GAPDH, which was more pronounced

in early hypoxia (Figure 4.7). Therefore, GOT1 is important to maintain cytoplasmic re-

dox balance in basal conditions as well as in early hypoxia. Inhibition of transaminases

and genetic knockout of GOT1 both limited with the upregulation of glycolytic flux and

lactate secretion in early hypoxia (Figure 4.5). Therefore, maximal flux through MDH1 is

necessary to maintain cytoplasmic redox balance, basal glycolytic flux and to upregulate

glycolysis in hypoxia. This suggests that mitochondrial capacity is fine-tuned not only

to meet the basal cellular need for NAD+ regeneration but also to allow for a temporary

increase in NAD+ demand. In addition, these results indicate that the activity of mitochon-

drial pathways and mitochondrial NADH oxidation themselves are essential to induce the

transition from oxidative to glycolytic metabolism in hypoxia. Although this appears like

a paradox, there is a large amount of evidence for the role of mitochondrial ROS as well

as TCA cycle flux in hypoxia sensing (Brunelle et al., 2005; Guzy et al., 2005; Mansfield

et al., 2005; Klimova and Chandel, 2008; Ban et al., 2016). Therefore in the long-term,

mitochondrial activity itself would initiate a negative feedback loop, which downregulates

OXPHOS in hypoxia.

A similar, but more severe suppression of glycolysis was observed in LDHAko cells, al-

though NAD+/NADH was not measured directly in these cells (Figure 5.3). A proposed

model is shown in Figure 7.1 to explain the metabolic phenotypes discussed in this sec-

tion. Parental cells could have a certain buffering capacity in their NAD+/NADH ratio,

which allows them to increase glycolytic flux without any negative effects on GAPDH ac-

tivity or intracellular ATP levels. GOT1ko, and LDHAko cells to a greater extent, lose this

buffering capacity since their cytoplasmic NAD+/NADH ratio is decreased in normoxia.
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Figure 7.1: Working model: cytoplasmic redox homeostasis in early hypoxia
Schematic showing the relative cytoplasmic NAD+/NADH ratio of parental MCF7,
GOT1ko and LDHAko cells in normoxia and early hypoxia. Colours represent GAPDH
flux corresponding to the cytoplasmic NAD+/NADH ratio. Upregulation of glycolytic flux
in early hypoxia puts increased demand on NAD+-regenerating pathways. Since parental
MCF7 cells have a sufficiently high cytoplasmic NAD+/NADH ratio to buffer this increased
demand, GAPDH flux is not affected in this condition. GOT1ko cells, which have de-
creased NADH flux through MDH1 and a lower basal cytoplasmic NAD+/NADH ratio,
therefore have a lower capacity to buffer increased demand for NAD+. Hence, they show
decreased GAPDH flux upon exposure to hypoxia. Knockout of LDHA severely compro-
mises GAPDH flux in normoxia, which is amplified by exposure to hypoxia. ATP depletion
and cell death could therefore be a cause of inhibition of glycolytic flux by NAD+ deple-
tion.
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Therefore, in these cells, the upregulation of glycolysis in hypoxia is not possible to the

same extent. In extreme cases, such as LDHAko cells, this could be the reason for the

observed depletion of ATP and, eventually, cell death (Figure 5.5 and 5.6). Apart from

its role in metabolism, cytoplasmic NAD+ also plays an important role in the regulation

of gene expression. Members of the sirtuin (SIRT) family of NAD+-dependent protein

deacetylases are involved in histone deacetylation, which results in heterochromatisation

of DNA and activation of gene expression (Chiarugi et al., 2012), as well as in the direct

regulation of transcription factors (Feige and Auwerx, 2008). In addition, NADH itself has

a direct function in gene repression (Zhang et al., 2002). The levels of NAD+ and NADH

in the cytoplasm therefore provide a link between metabolism and gene expression (Al-

baugh et al., 2011), which could potentially explain some of the gene expression changes

observed in GOT1ko and LDHAko cells. For example, the downregulation of PGC1α in

GOT1ko cells and the concomitant decrease in mitochondrial content (Figure 6.6) could

be due to decreased SIRT1 activity, which is known to deacetylate and activate PGC1α

(Lagouge et al., 2006). In addition to the Peredox measurements (Figure 4.8), which

are a readout of cytoplasmic NADH levels, it would therefore be necessary to directly

measure NAD+ levels in these cells.

7.3 The function of glycolysis in hypoxia

Glucose-derived metabolites, including pyruvate and oxaloacetate, were previously

shown to directly inhibit prolyl hydroxylases and thereby contribute to HIF1α stabili-

sation (Lu et al., 2005; McFate et al., 2008). In addition, decreased NAD+ levels in

hypoxia due to increased glycolytic flux limits SIRT1 activity, which normally negatively

regulates HIF1α stability through acetylation (Lim et al., 2010). Moreover, LDHA

produces 2-hydroxyglutarate (L(S)-2HG), the accumulation of which also inhibits prolyl

hydroxylases (Intlekofer et al., 2015, 2017). Lastly, the resulting lactate itself induces

a RAF-ERK-dependent hypoxic response by binding to NDRG3 (N-myc downstream-

regulated gene 3 protein) and inhibiting its degradation via PHD2 and VHL (Lee et al.,

2015). Therefore, an important function of early upregulation of glycolysis could be to

induce a feed-forward mechanism, which triggers the hypoxia response and increases

HIF1α activity by several mechanisms (schematically shown in Figure 7.2A). In this way

cytoplasmic redox signalling, via its effect on sirtuins as well as metabolic pathways,

provides a link between the short-term metabolic response and long-term metabolic

adaptation to hypoxia.



163

In general, mammalian cells appear to have a certain flexibility with respect to the

their dependency on different substrates and metabolic pathways for ATP production.

Consistent with this idea, previous reports showed that mitochondrial oxidation of

glucose, glutamine and fatty acid oxidation had to be inhibited at the same time in order

to significantly inhibit ATP-linked respiration (Vacanti et al., 2014). Loss of a certain

metabolic enzyme or pathway can limit this metabolic flexibility and lead to dependency

on particular metabolic substrates (Cardaci et al., 2015), which can be exploited for

rational combinations of metabolic inhibitors for cancer therapy. MCF7 cells lacking

LDHA were found to have increased mitochondrial oxygen consumption as well as

increased dependency on OXPHOS-derived ATP (Figure 5.4A and B). This is consistent

with previous reports demonstrating that cells with high dependency on OXPHOS are

inherently resistant to LDHA inhibition and that, conversely, acquired resistance to LDHA

inhibition lead to increased OXPHOS dependency (Boudreau et al., 2016). Exposure

to hypoxia induces ATP depletion and cell death in LDHAko cells but did not change

ATP levels in parental cells (Figures 5.5A and 5.6). It is possible that LDHAko cells have

increased sensitivity to hypoxia because they deplete intracellular oxygen faster due

to higher respiration rates (Figure 5.4B). Supporting this hypothesis, it was previously

shown by live-cell imaging with a fluorescent oxygen probe that inhibition of respiration

can decrease the severity of intracellular hypoxia (Ban et al., 2016). Therefore, targeting

both LDHA and OXPHOS would have a synergistic effect on inhibition of cancer cell and

tumour growth, as has been demonstrated for metformin (Chaube et al., 2015) as well

as DMOG (Zhdanov et al., 2015).

Although the trigger and mechanism for cell death in LDHAko cells in hypoxia has not

been conclusively determined, it most likely proceeds through a caspase-independent

death pathway, since caspase activation could not be observed by Western blot (not

shown). NAD+ depletion itself could potentially be responsible for this death phenotype,

since NAD+ controls several forms of programmed cell death (Preyat and Leo, 2016).

Inhibition of NAMPT, which is the rate-limiting step in NAD+ biosynthesis and salvage

pathways, was previously shown to induce autophagic cell death (Billington et al., 2014).

Inhibition of LDHA is known to induce protective autophagy in certain contexts, which

is activated via the production of ROS and inactivation of the Akt-mTOR pathway (Zhao

et al., 2015). Therefore, increased AMPK activation, which was observed in LDHAko

cells in hypoxia (Figure 5.5B), as well as the decrease of NAD+ could therefore activate
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Figure 7.2: Schematic working models of metabolic hypoxia signalling and LD-
HAko cell death in hypoxia based on the experimental evidence presented in this
thesis
A. Schematic network of the signalling network, which could link the early upregulation
of glycolysis to long-term adaptation of cells in hypoxia. Possible mechanisms why which
hypoxia induces early upregulation of glycolysis are shown in grey.
B. Schematic of events, which could lead to cell death of LDHAko cells in hypoxia. Ex-
perimental approaches needed to further test this model are shown in red.
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autophagy in MCF7 cells, possibly with the initial aim to restore ATP levels. In MCF7

LDHAko cells, the accumulation of PPP intermediates and increased PPP flux relative to

glycolytic flux cells are indicators of increased oxidative stress (Figures 5.3C and 5.9).

Therefore, a combination of these factors could potentially lead to higher levels of ROS

production in hypoxia and it will be important to measure ROS levels or glutathione levels

in these conditions. Increased oxidative stress could also contribute to the apparent

GAPDH block in GOT1ko and LDHAko cells in hypoxia (Figures 4.7 and 5.3), since

the active site cysteine of GAPDH is redox-sensitive and covalent modifications of the

active site affect GAPDH activity (Colell et al., 2009). Hypoxia-induced mitochondrial

ROS diffuse to the cytoplasm (Waypa et al., 2010), where they contribute to HIF1α

stabilisation (discussed in Section 7.2). Therefore, if ROS formation is substantially

higher in LDHAko cells, it could affect other redox-sensitive proteins, such as GAPDH.

Post-translational modifications of GAPDH also play an important role during cell death,

since they can induce the translocation of GAPDH to the nucleus where it is known to

have pro-apoptotic functions.

Increased levels of hypoxia-induced ROS in LDHAko cells could cause DNA damage

and subsequent PARP activation, which is a major NAD+-consuming pathway. PARP

activation can deplete cellular NAD+ and cell death in response to PARP-induced ATP

depletion has been observed before (Zong, 2004). Although it was previously thought

that only severe hypoxia could suppress DNA repair pathways and induce genetic insta-

bility (Luoto et al., 2013), it has since been shown that even moderate hypoxia (1% O2)

induced the formation of γ-H2AX foci in primary human umbilical vein endothelial cells

(HUVEC) cells after 1 or 6 hours of exposure (Economopoulou et al., 2009). In support of

this, Kucharzewska et al. (2015) found increased ADP-ribose levels in glioblastoma cells

at 1% O2, which suggests that PARP activity is indeed increased under these conditions.

Several forms of cell death are characterised by DNA damage and activation of PARP, in-

cluding autophagic cell death (Muñoz-Gámez et al., 2014) and parthanatos, a regulated

form of necrosis (Preyat and Leo, 2016). An overview of the factors possibly contributing

to cell death of LDHAko cells in hypoxia is schematically shown in Figure 7.2B. There-

fore, it will be important to measure DNA damage in LDHAko cells at early time points

in hypoxia, for example by γ-H2AX staining, and to test whether hypoxia-induced cell

death can be rescued by antioxidants. In addition, it should be tested whether the NAD+

deficiency possibly underlying this phenotype could be rescued with PARP inhibitors or
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precursors of NAD+ biosynthesis. However, it is important to note that high concentra-

tions of nicotinamide, which is a precursor for NAD+, can itself induce apoptosis through

inhibition of SIRT1 and activation of p53 (Audrito et al., 2011).

7.4 The role of LDHA in determining glucose carbon fate

It was previously suggested that the Warburg effect, characterised by high glycolytic

flux and lactate production in the presence of oxygen, can be explained by the fact that

intracellular metabolic fluxes need to be carefully balanced to maintain the intracellular

redox balance (Dai et al., 2016). A key decision in the metabolic network regarding the

fate of glucose carbons is made at the level of pyruvate (Olson et al., 2016). Pyruvate can

either be directly channeled into NAD+ regeneration via LDHA and excreted as lactate,

or used in the TCA cycle, where its carbons can be oxidised for NADH production or

contribute to biosynthetic pathways. In chronic hypoxia, PDK prevents glucose carbons

from entering the TCA cycle by inhibiting PDH activity (Kim et al., 2006). In MCF7 cells,

hypoxia caused redirection of glucose carbons into other pathways, including lactate

production, before glucose flux into the TCA cycle declined (Figures 3.1 and 3.9). In cells

without functional LDHA, glucose was redirected into alanine production instead (Figure

5.10).

However, it is unclear by which mechanism glucose carbon flux is redirected into lactate

production in early hypoxia, before PDH activity is inhibited. Apart from the maintenance

of cytoplasmic NAD+ levels, early redirection of glucose carbons into other pathways

could be a preparatory step in order to decrease OXPHOS and to suppress respiration,

which was observed later in hypoxia. There is recent evidence suggesting that excessive

availability of fatty acids due to autophagic degradation of membranes can cause mi-

tochondrial dysfunction, unless they are channelled into lipid droplet formation (Nguyen

et al., 2017). LDHA-dependent channeling of carbons away from mitochondria in hypoxia

could therefore also be a protective mechanism. Alternatively, glucose carbons could be

redirected in order to be stored in preparation for reoxygenation, since in tumours oxygen

depletion and nutrient depletion often co-occur. In support of this hypothesis, it was pre-

viously shown that lipid storage in hypoxia, generated via fatty acid uptake, is important

for ATP production during reoxygenation (Bensaad et al., 2014).

In addition, there is currently no evidence for hypoxia-induced negative regulation of pyru-

vate entry into mitochondria via the mitochondrial pyruvate carrier (MPC). It is therefore

unclear whether pyruvate accumulates in mitochondria once PDH activity is inhibited and
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what the consequences of this might be, or whether there are mechanisms in place to

prevent mitochondrial pyruvate accumulation. The HIF1α-dependent expression of GPT2

in hypoxia, which was observed in MCF7 cells (Figure 5.11), could therefore aim to divert

mitochondrial pyruvate away from the TCA cycle.

7.5 Aspartate biosynthesis and functions of aspartate

metabolism in hypoxia

Aspartate is an essential biosynthetic substrate for nucleotide and protein biosynthesis

and extreme aspartate depletion leads to S-phase arrest and cell death (Birsoy et al.,

2015; Korangath et al., 2015; Patel et al., 2016). Accordingly, MCF7 cells were found to

counter-balance changes to the intracellular aspartate pool induced by aspartate amino-

transferase knockout, both through transcriptional and metabolic adaptation (Figures

6.7). Cells without functional GOT2, which the primary aspartate producer in MCF7 cells

(Figure 4.4), generated aspartate via the reverse GOT1 reaction (Figure 6.7A), similar

to what was previously shown for cells with respiratory dysfunction (Birsoy et al., 2015).

In addition, GOT2ko cells were able to take up extracellular aspartate to replenish the

intracellular pool. In hypoxia, where glutamate-derived aspartate production via GOT2

dramatically decreases, GOT1 still contributed to the decline of aspartate levels and is

therefore unlikely to run in reverse (Figure 4.5). The reason for this might be found in the

observation that hypoxia caused increased flux through cellular redox pathways (Figure

4.9), potentially since increased GAPDH flux requires more NAD+ regeneration to main-

tain the cytoplasmic redox balance. Therefore, in hypoxia the need to maintain MDH1

flux might be prioritised over aspartate production, which would prevent GOT1 reversal.

However, aspartate supplementation was able to maintain intracellular aspartate levels

in hypoxia in aspartate-adapted cells, but not in parental cells.

In MCF7 cells, glutamine carbons were the main contributor to aspartate carbons

(54.7±0.4%, Figure 6.3), similarly to what was previously observed in glioblastoma

cells (DeBerardinis et al., 2007), although glucose carbons also contributed significantly

(36.7±0.8%). The contribution of other carbon sources, such as FAs, was negligible

in basal conditions, but increased in hypoxia. Oxidative production of aspartate from

glutamine requires several NAD+-dependent steps, including the reactions catalysed

by OGDH, MDH2 and GDH. Mitochondrial NADH oxidation is therefore necessary to

maintain endogenous production of aspartate (Sullivan et al., 2015). In early hypoxia,
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the contribution of glutamine to the TCA cycle and aspartate decreased, while paradox-

ically the contribution from glucose remains constant. The only enzyme exclusive to

glutamine-derived aspartate production, but not glucose-derived aspartate production, is

glutamate dehydrogenase (GDH). Changed GDH activity in hypoxia has not previously

been reported, but GDH is known to be subject to complex allosteric regulation and its

activity could therefore be inhibited in early hypoxia (Smith and Stanley, 2008). However,

hypoxia-induced inhibition of GOT2, which also converts glutamate to αKG, would

explain both the decrease of glutamine entry into the TCA cycle and the decrease in

aspartate production.

Confirming the requirement for mitochondrial respiration for aspartate production, treat-

ment with the H+-ATP synthase inhibitor oligomycin A lowered cellular aspartate levels in

normoxia (Figure 6.5C). Since oligomycin A treatment had no effect on aspartate levels

in GOT2ko cells in normoxia or hypoxia, GOT2 is responsible for respiration-dependent

aspartate production (Figure 6.5D). Conversely, oligomycin A prevented the depletion

of intracellular aspartate in hypoxia in a GOT2-dependent manner. Therefore, contrary

to its effect in normoxia, oligomycin A treatment enables mitochondrial aspartate

production in hypoxia. The effect of oligomycin A on aspartate levels in hypoxia can

be reversed by the addition of the uncoupling agent FCCP. Therefore, oligomycin A

prevents hypoxia-induced depletion of aspartate due to its inhibitory effect on respiration

itself or through hyperpolarisation of the inner mitochondrial membrane, and not due

to inhibition of H+-ATP synthase. Hyperpolarisation could positively affect the export

rate of aspartate export from mitochondria through the aspartate-glutamate transporter

(SLC25A12/13), which is dependent on the mitochondrial proton gradient (Satrústegui

et al., 2007). If ETC function, and in consequence mitochondrial membrane potential,

are disturbed in hypoxia, decreased aspartate export from mitochondria could lead to a

buildup of aspartate in the mitochondrial matrix and inhibit GOT2 by mass action.

Another possible role for aspartate during early hypoxia is to compensate for the

decrease in TCA cycle anaplerosis from glutamine. GOT1 was found to be involved

in the consumption of aspartate in hypoxia (Figure 4.5), therefore the most direct

way for aspartate to contribute to TCA cycle anaplerosis is via GOT1-MDH1 and the

mitochondrial malate-αKG transporter. Aspartate was previously shown to have an

anaplerotic role when glutamine entry into the TCA cycle is blocked by chemical inhibi-
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tion or knockdown of α-ketoglutarate dehydrogenase (OGDH, Allen et al., 2016). The

physiological importance of this mechanism is illustrated by the fact that supplementing

cells with aspartate and αKG was shown to be able to mitigate respiratory inhibition, ATP

depletion and mitochondrial dysfunction during hypoxia/reoxygenation in kidney proximal

tubule cells (Weinberg et al., 2000). Conversely, when glucose carbon entry into the TCA

cycle is blocked by chemical inhibition of the mitochondrial pyruvate carrier, aspartate

accumulates (Vacanti et al., 2014). Therefore, an important role of intracellular aspartate

could be to act as a reserve carbon pool for the TCA cycle, which can absorb TCA

cycle carbon overflow and can contribute to TCA cycle flux when other carbon sources

are limiting. Figure 7.3 shows a summary of the factors regulating aspartate levels in

hypoxia, as well as in GOT1ko and GOT2ko cells discussed so far.

Finally, sirtuin proteins could represent another layer of regulation governing aspartate

production in hypoxia. Several members of sirtuin family localise to mitochondria (SIRT3,

4 and 5), of which SIRT3 has the best-studied role in the regulation of metabolism (Kumar

and Lombard, 2015). SIRT3 activity promotes ETC flux and respiration by deacetylating

numerous subunits of ETC complexes and H+-ATP synthase (Yang et al., 2016). In ad-

dition, it has targets in the TCA cycle and amino acid metabolism. It was recently shown

that mitochondrial depolarisation causes dissociation of SIRT3 from the H+-ATP syn-

thase subunit O (ATP5O) and subsequent deacetylation of mitochondrial proteins (Yang

et al., 2016). SIRT3-dependent deacetylation targets GDH, OGDH, GOT2 as well as the

mitochondrial aspartate transporter, which in concert could lead to decreased glutamine

entry into the TCA cycle and decreased aspartate production and export. In the case of

GOT2, SIRT3-dependent acetylation is necessary to maintain the interaction with MDH2

(Yang et al., 2015). Therefore, changes in mitochondrial membrane potential in hypoxia

could affect aspartate biosynthesis by releasing SIRT3 from H+-ATP synthase. Further-

more, (Yang et al., 2016) demonstrated that fatty acid oxidation can be induced within 30

minutes upon mitochondrial depolarisation in a SIRT3-dependent manner, which would

explain the increased contribution of a carbon source other than glucose and glutamine

to aspartate biosynthesis, which was observed in MCF7 cells in early hypoxia (Figure

6.3). SIRT3 was essential for recovery of membrane potential after depolarisation (Yang

et al., 2016), which could partly be achieved by inhibiting processes dependent on the
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Figure 7.3: Schematic working model of aspartate production in different condi-
tions and cellular contexts
Schematic of the malate-aspartate shuttle and other processes regulating aspartate lev-
els in normoxia (A.), early hypoxia (B.), GOT1ko (C.) and GOT2ko cells (D.). IMM, inner
mitochondrial membrane; OMM, outer mitochondrial membrane; PM, plasma membrane.
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mitochondrial membrane potential, such as aspartate export. The effect of hypoxia on

mitochondrial membrane potential was shown to be cell line-dependent (Turcotte et al.,

2002) and other mitochondrial factors could possibly also trigger the redistribution of

SIRT3 upon exposure to hypoxia.

7.6 Future directions

Modulating the cellular redox balance via inhibition of LDHA or the malate-aspartate

shuttle could potentially achieve selective targeting of cancer cells, since previous

publications and the work presented here demonstrate that redox homeostasis in cancer

cells is often additionally challenged by hypoxic conditions in the tumour environment

(Kucharzewska et al., 2015). Additionally, this approach was previously shown to target

cancer stem cells in several types of cancer, which are highly glycolytic (Daniele et al.,

2015; Zhou et al., 2011; Xie et al., 2014). However, it is unlikely that LDHA inhibition

will be useful as single agent, especially since acquired resistance to LDHA inhibition

has been observed in vitro (Boudreau et al., 2016). Therefore, a deeper understanding

of the metabolic vulnerabilities caused by loss of LDHA activity will help to rationally

develop combination strategies. A first approach could be to exploit the fact that loss of

LDHA activity results in a shift of the cytoplasmic redox balance towards higher NAD+

levels. Impairment of the NAD salvage pathway through NAMPT inhibition alone is

known to cause ATP depletion and cell death in cancer cells (Del Nagro et al., 2014;

Preyat and Leo, 2016). In tumours, NAMPT inhibition is a promising new therapeutic

approach (Sampath et al., 2015), which increases sensitivity to radiotherapy, and several

NAMPT inhibitors are currently in clinical development (Kato et al., 2010; Watson et al.,

2009). However, in vitro the sensitivity to NAMPT inhibition was found to vary between

cell lines, possibly driven by genetic heterogeneity (Xiao et al., 2016). Currently, there

is no evidence for possible synergism between NAMPT inhibition and hypoxia although

NAD salvage was shown to be important during recovery from glucose/oxygen-depletion

in cardiomyocyte cell line (Gero and Szabo, 2015). NAMPT inhibition in combination

with metabolic drugs such as metformin, 2DG and DCA have already been suggested

(Chiarugi et al., 2012) and synthetic lethality of LDHA and NAMPT inhibitors in lymphoma

xenografts has been demonstrated before (Le et al., 2010). Therefore, combination

therapy of LDHA or malat-aspartate shuttle and NAMPT inhibition could increase

specificity for cancer cells in the hypoxic niche and could potentially prevent resistance.

NAD+ is an essential cofactor for cellular sensing and repair of DNA damage and NAD+-
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deprived cells should therefore be more sensitive to DNA damage-inducing agents. Long-

term hypoxia is known to suppress DNA repair pathways (Ward et al., 2013a), which

could additionally contribute to the sensitivity to DNA damage. PARP-1 plays an impor-

tant role in the detection and repair of single-strand DNA breaks and PARP1−/− cells are

hypersensitive to agents that cause DNA lesions, such as radiation and genotoxic drugs

(de Murcia et al., 1997). For these reasons, PARP inhibition is very promising target

for therapy of BRCA-deficient tumours (Rouleau et al., 2010). A combination of LDHA

or malate-aspartate shuttle inhibitors, which challenge cellular redox homeostasis, with

DNA damage-inducing agents could target cancer cells in two possible ways: either sub-

sequent PARP activation will lead to NAD+ depletion and cell death (Alano et al., 2010)

or NAD+ depletion will compromise the DNA repair capacity of PARP1 and mimic the

effect of PARP inhibition. It has been previously shown that LDHA silencing sensitises

to chemically induced DNA damage (Allison et al., 2014) and that LDHA inhibition can

re-sensitise cells to treatment with the genotoxic reagent gemcitabine (Giovannetti et al.,

2016). Tirapazamine, a hypoxia-activatable prodrug which induces DNA damage selec-

tively in hypoxic cells (Brown, 1993), could be particularly useful as it would increase the

selectivity of this approach. However, it is important to note that the efficacy of this ap-

proach could be highly dependent on the genetic background of the tumour (Allison et al.,

2014).

7.7 Summary

The work presented in this thesis demonstrates that the cellular metabolic network re-

sponds to changes in oxygen availability before hypoxia-induced transcriptional changes

take effect. Increased glycolysis and lactate production are early metabolic responses,

which occur independently of the transcriptional programme controlled by HIF1α. A func-

tion of the upregulation of glycolysis could be to induce a feed-forward mechanism, which

increases HIF1α activity by several potential mechanisms. In this way the metabolic re-

sponse to short-term hypoxia could induce long-term adaptation, although this still needs

to be confirmed with further experiments. Additionally, there were previously unknown

changes to aspartate metabolism, characterised by the inhibition of mitochondrial as-

partate biosynthesis, which are likely to be caused by a mechanism involving changes to

mitochondrial membrane potential or respiration. These observations could represent yet

another aspect of oxygen sensing by mitochondria. Moreover, this work uncovered an im-

portant function of GOT1. By enabling malate-aspartate shuttle function, GOT1 maintains

cytoplasmic redox balance and basal glycolytic flux and is necessary for the upregulation
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of glycolysis in early hypoxia. In both normoxia and hypoxia, glycolysis was maintained

by the activity of LDHA, which was found to be critical to sustaining ATP production and

cell survival in hypoxia, a function associated with the ability of cells to maintain metabolic

flexibility. There is potential in targeting these pathways for therapeutic purposes, specif-

ically in combination with compounds inhibiting the NAD salvage pathway or genotoxic

agents, which will require further investigation.
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Appendix A

Formulation of cell culture media

Table A.1: Chemical formulation of DMEM (Gibco, #11966)
*Medium containing 25 mM glucose was used for maintenance cell culture, while 5.5 mM
glucose was used during experiments (see Section 2.3.1).

Components Concentration (mM)

Amino Acids
Glycine 0.400
L-Arginine hydrochloride 0.398
L-Cystine 2HCl 0.201
L-Glutamine 4.000
L-Histidine hydrochloride-H2O 0.200
L-Isoleucine 0.802
L-Leucine 0.802
L-Lysine hydrochloride 0.798
L-Methionine 0.201
L-Phenylalanine 0.400
L-Serine 0.400
L-Threonine 0.798
L-Tryptophan 0.078
L-Tyrosine disodium salt dihydrate 0.398
L-Valine 0.803
Vitamins
Choline chloride 0.029
D-Calcium pantothenate 0.008
Folic Acid 0.009
Niacinamide 0.033
Pyridoxine hydrochloride 0.019
Riboflavin 0.001
Thiamine hydrochloride 0.012
i-Inositol 0.040
Inorganic Salts
Calcium Chloride (CaCl2) (anhyd.) 1.802
Ferric Nitrate (Fe(NO3)3·9 H2O) 2.48·10−4

Magnesium Sulfate (MgSO4) (anhyd.) 0.814
Potassium Chloride (KCl) 5.333
Sodium Bicarbonate (NaHCO3) 44.04
Sodium Chloride (NaCl) 110.3
Sodium Phosphate monobasic (NaH2PO4-H2O) 0.906
Other Components
D-Glucose (Dextrose) 25.0*
Phenol Red 0.040
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Appendix B

Tables of mass spectrometry fragment ions

Table B.1: Table of GC-MS fragment ions
FAME, fatty acid methyl ester; TMS, trimethylsilyl.

Metabolite KEGG ID m/z Chemical formula Derivatisation

3-Phosphoglycerate C00197 459 C14O7H36Si4 TMS
Alanine C00041 116 C5NH14Si TMS
Aspartate C00049 334 C12O4NH28Si3 TMS
Citric acid C00158 375 C15O5H31Si3 TMS
Docosanoate (C22:0) C08281 354 C23O2H46 FAME
Dodecanoate (C12:0), C02679 215 FAME
internal standard
Fumarate C00122 245 C9O4H17Si2 TMS
Glutamate C00025 348 TMS
Glycerol-3-phosphate C03189 445 C14O6H38Si4 TMS
Glycine C00037 174 TMS
Isoleucine C00407 158 TMS
Lactate C00186 117 C5OH13Si TMS
Leucine C00123 158 TMS
Lysine C00047 217 TMS
Malate C00149 245 C10O3H21Si2 TMS
Methionine C00073 176 TMS
myo-Inositol C00137 318 TMS
Ornithine C00077 174 TMS
Palmitate (C16:0) C00249 270 C17O2H34 FAME
Phenylalanine C00079 218 TMS
Proline C00148 142 TMS
Putrescine C00134 174 TMS
Pyruvate C00022 174 C6O3NH12Si TMS
scyllo-Inositol, C06153 318 TMS
internal standard
Serine C00065 204 TMS
Succinate C00042 247 C9O4H19Si2 TMS
Threonine C00188 320 TMS
Tryptophan C00078 218 TMS
Tyrosine C00082 218 TMS
Uracil C00106 241 TMS
Valine C00183 144 TMS
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Table B.2: Table of LC-MS fragment ions

Metabolite KEGG ID Polarity m/z Fragments Chemical formula

Phosphogluconate C00345 - 275.0173 96.969,
78.958

C6O10H13P

Fructose-16-
bisphosphate

C00354 + 341.0033 96.970,
78.959

C6O12H14P2

Dihydroxyacetone C00111 - 168.9908 96.970, C3O6H7P
phosphate 78.959
23-Bisphosphoglycerate C03339 - 264.9519 116.975,

78.959
C3O10H8P2

2-Phosphoglycerate C03339 - 184.9857 78.958,
96.969,
166.975

C3O7H7P

Phosphoenolpyruvate C00074 - 166.9750 78.958 C3O6H5P
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Appendix C

Tables of HIF1α-dependent genes

Table C.1: Fold changes in mRNA expression after 3 hours at 1% O2 compared to nor-
moxia in parental MCF7 cells and HIF1α mutant cells. Genes listed change are changed
more than two-fold in parental MCF7 cells and less than two-fold in HIF1α mutant cells
(ns, not significant, corresponds to FDR >= 0.01).

gene name entrez name HIF1α mutant MCF7 parental

S1PR4 8698 sphingosine-1-phosphate receptor 4 ns 48.14

ADM 133 adrenomedullin 1.91 34.08

CA9 768 carbonic anhydrase 9 ns 27.58

RNF183 138065 ring finger protein 183 1.96 13.9

ATP4B 496 ATPase H+/K+ transporting beta subunit ns 13.65

PPP1R3G 648791 protein phosphatase 1 regulatory subunit 3G ns 13.6

NDRG1 10397 N-myc downstream regulated 1 1.34 12.79

PTPRN 5798 protein tyrosine phosphatase receptor type N ns 11.74

MAB21L3 126868 mab-21 like 3 ns 11.55

ANKRD37 353322 ankyrin repeat domain 37 ns 10.73

PPFIA4 8497 PTPRF interacting protein alpha 4 0.59 10.71

PFKFB4 5210 6-phosphofructo-2-kinase/fructose-26-biphosphatase 4 ns 10.38

WISP1 8840 WNT1 inducible signaling pathway protein 1 ns 10.13

TCAF2 285966 TRPM8 channel associated factor 2 ns 9

SLC28A3 64078 solute carrier family 28 member 3 ns 8.3

EPO 2056 erythropoietin ns 7.25

BHLHE40 8553 basic helix-loop-helix family member e40 1.54 6.81

TLL2 7093 tolloid like 2 ns 6.67

HK2 3099 hexokinase 2 ns 6.53

ANGPTL4 51129 angiopoietin like 4 ns 6.49

PDK1 5163 pyruvate dehydrogenase kinase 1 ns 6.35

CASP14 23581 caspase 14 ns 6.23

BHLHA15 168620 basic helix-loop-helix family member a15 ns 6.04

C4orf47 441054 chromosome 4 open reading frame 47 ns 5.8

SLC28A1 9154 solute carrier family 28 member 1 ns 5.6

SLC8A3 6547 solute carrier family 8 member A3 ns 5.45

PFKFB3 5209 6-phosphofructo-2-kinase/fructose-26-biphosphatase 3 0.53 5.4

FUT11 170384 fucosyltransferase 11 0.78 5.27

HOXA13 3209 homeobox A13 ns 5.19

FOS 2353 Fos proto-oncogene AP-1 transcription factor subunit 0.42 5.12

BCKDHA 593 branched chain keto acid dehydrogenase E1 alpha polypeptide ns 5.1

SH2D4B 387694 SH2 domain containing 4B ns 5.06

EDN2 1907 endothelin 2 ns 4.7

UGT1A1 54658 UDP glucuronosyltransferase family 1 member A1 ns 4.5

CIART 148523 circadian associated repressor of transcription 1.46 4.44

KDM3A 55818 lysine demethylase 3A 1.41 4.32

IGFBP3 3486 insulin like growth factor binding protein 3 1.34 4.28

C8orf58 541565 chromosome 8 open reading frame 58 ns 4.15

BNIP3 664 BCL2 interacting protein 3 ns 4.04

JPH2 57158 junctophilin 2 ns 3.99

INHBE 83729 inhibin beta E subunit ns 3.85
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gene name entrez name HIF1α mutant MCF7 parental

VEGFA 7422 vascular endothelial growth factor A ns 3.73

ANKZF1 55139 ankyrin repeat and zinc finger domain containing 1 1.27 3.72

OXGR1 27199 oxoglutarate receptor 1 ns 3.71

MALL 7851 mal T-cell differentiation protein like ns 3.61

ADGRE2 30817 adhesion G protein-coupled receptor E2 ns 3.58

PER1 5187 period circadian clock 1 1.61 3.55

CCNG2 901 cyclin G2 1.9 3.51

EGLN3 112399 egl-9 family hypoxia inducible factor 3 0.62 3.45

UGT1A7 54577 UDP glucuronosyltransferase family 1 member A7 ns 3.44

ISM2 145501 isthmin 2 ns 3.43

SYDE1 85360 synapse defective Rho GTPase homolog 1 ns 3.43

ANKRD33B 651746 ankyrin repeat domain 33B ns 3.38

PHF24 23349 PHD finger protein 24 ns 3.38

ERRFI1 54206 ERBB receptor feedback inhibitor 1 1.44 3.37

ADORA2B 136 adenosine A2b receptor 1.69 3.29

BEND5 79656 BEN domain containing 5 ns 3.27

RCN3 57333 reticulocalbin 3 ns 3.23

RIMKLA 284716 ribosomal modification protein rimK like family member A ns 3.22

SOWAHD 347454 sosondowah ankyrin repeat domain family member D ns 3.22

ALDOC 230 aldolase fructose-bisphosphate C ns 3.2

STC2 8614 stanniocalcin 2 1.86 3.14

GPR146 115330 G protein-coupled receptor 146 ns 3.08

RAB3A 5864 RAB3A member RAS oncogene family 1.68 3.05

IL17C 27189 interleukin 17C ns 3.03

HEY1 23462 hes related family bHLH transcription factor with YRPW motif 1 ns 3.01

CDKL2 8999 cyclin dependent kinase like 2 ns 3.01

RNF122 79845 ring finger protein 122 ns 2.99

AK4 205 adenylate kinase 4 ns 2.91

SFXN3 81855 sideroflexin 3 1.72 2.87

B3GNT4 79369 UDP-GlcNAc:betaGal beta-13-N-acetylglucosaminyltransferase 4 ns 2.86

ZNF395 55893 zinc finger protein 395 ns 2.86

HILPDA 29923 hypoxia inducible lipid droplet associated ns 2.83

PNRC1 10957 proline rich nuclear receptor coactivator 1 1.23 2.79

SLC2A1 6513 solute carrier family 2 member 1 0.82 2.78

GJA3 2700 gap junction protein alpha 3 ns 2.72

SNAP25 6616 synaptosome associated protein 25 ns 2.7

BNIP3L 665 BCL2 interacting protein 3 like ns 2.7

PSAPL1 768239 prosaposin-like 1 (gene/pseudogene) ns 2.69

C2orf72 257407 chromosome 2 open reading frame 72 ns 2.68

FOXD1 2297 forkhead box D1 ns 2.68

PDXP 57026 pyridoxal phosphatase ns 2.68

INSIG2 51141 insulin induced gene 2 ns 2.68

RNF165 494470 ring finger protein 165 ns 2.68

SH2B2 10603 SH2B adaptor protein 2 ns 2.65

FAM110C 642273 family with sequence similarity 110 member C 1.22 2.62

RORA 6095 RAR related orphan receptor A ns 2.62

KCTD11 147040 potassium channel tetramerization domain containing 11 ns 2.59

FLJ31356 403150 uncharacterized protein FLJ31356 ns 2.59

EGLN1 54583 egl-9 family hypoxia inducible factor 1 0.83 2.59

TCP11L2 255394 t-complex 11 like 2 1.49 2.54

HSPA6 3310 heat shock protein family A (Hsp70) member 6 ns 2.53

HMOX1 3162 heme oxygenase 1 1.79 2.51

BMT2 154743 base methyltransferase of 25S rRNA 2 homolog ns 2.5

BHLHE41 79365 basic helix-loop-helix family member e41 ns 2.48

SDS 10993 serine dehydratase ns 2.46

FAM13A 10144 family with sequence similarity 13 member A ns 2.43

SERPINE1 5054 serpin family E member 1 ns 2.43

LOXL2 4017 lysyl oxidase like 2 1.44 2.42

PGM1 5236 phosphoglucomutase 1 ns 2.41

RGS20 8601 regulator of G-protein signaling 20 ns 2.41

ACAP1 9744 ArfGAP with coiled-coil ankyrin repeat and PH domains 1 ns 2.4

S1PR2 9294 sphingosine-1-phosphate receptor 2 ns 2.39

P4HA1 5033 prolyl 4-hydroxylase subunit alpha 1 ns 2.39

KLHL31 401265 kelch like family member 31 ns 2.36

ZNF292 23036 zinc finger protein 292 ns 2.35
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THEMIS2 9473 thymocyte selection associated family member 2 1.68 2.33

BMP4 652 bone morphogenetic protein 4 ns 2.33

PIK3IP1 113791 phosphoinositide-3-kinase interacting protein 1 1.5 2.32

ARID5A 10865 AT-rich interaction domain 5A ns 2.31

AGO4 192670 argonaute 4 RISC catalytic component ns 2.31

OVOL1 5017 ovo like transcriptional repressor 1 0.83 2.3

VLDLR 7436 very low density lipoprotein receptor ns 2.28

N4BP3 23138 NEDD4 binding protein 3 1.66 2.28

RHCG 51458 Rh family C glycoprotein ns 2.27

PPP1R3C 5507 protein phosphatase 1 regulatory subunit 3C 0.3 2.25

EFNA3 1944 ephrin A3 ns 2.24

FOSL2 2355 FOS like 2 AP-1 transcription factor subunit 1.66 2.24

SAMD4A 23034 sterile alpha motif domain containing 4A 1.97 2.24

PTCH1 5727 patched 1 1.63 2.23

ENO2 2026 enolase 2 1.17 2.21

CLDN1 9076 claudin 1 1.99 2.21

ZNF160 90338 zinc finger protein 160 1.15 2.2

CA8 767 carbonic anhydrase 8 1.84 2.2

FAM65C 140876 family with sequence similarity 65 member C 1.49 2.2

IER5L 389792 immediate early response 5 like 1.95 2.19

CCDC110 256309 coiled-coil domain containing 110 ns 2.19

RLF 6018 rearranged L-myc fusion ns 2.19

RHEBL1 121268 Ras homolog enriched in brain like 1 ns 2.18

RIPK4 54101 receptor interacting serine/threonine kinase 4 1.49 2.18

WISP2 8839 WNT1 inducible signaling pathway protein 2 1.41 2.17

PCP4L1 654790 Purkinje cell protein 4 like 1 ns 2.16

RELT 84957 RELT tumor necrosis factor receptor 1.24 2.16

TMEM45A 55076 transmembrane protein 45A ns 2.16

FUT3 2525 fucosyltransferase 3 (Lewis blood group) 1.89 2.14

NTN4 59277 netrin 4 1.33 2.12

SPAG4 6676 sperm associated antigen 4 ns 2.11

MGAT4EP 641515 MGAT4 family member E pseudogene ns 2.09

CNNM1 26507 cyclin and CBS domain divalent metal cation transport mediator 1 ns 2.09

RDH13 112724 retinol dehydrogenase 13 1.15 2.09

ABCB6 10058 ATP binding cassette subfamily B member 6 (Langereis blood group) ns 2.08

SYT13 57586 synaptotagmin 13 ns 2.08

NAGS 162417 N-acetylglutamate synthase ns 2.07

ZNF654 55279 zinc finger protein 654 ns 2.06

GAD1 2571 glutamate decarboxylase 1 1.94 2.06

MYCN 4613 v-myc avian myelocytomatosis viral oncogene neuroblastoma de-

rived homolog

ns 2.06

FGF11 2256 fibroblast growth factor 11 ns 2.05

LDHA 3939 lactate dehydrogenase A ns 2.04

THAP8 199745 THAP domain containing 8 ns 2.04

IRF2BP2 359948 interferon regulatory factor 2 binding protein 2 1.73 2.03

EGR1 1958 early growth response 1 ns 2.03

SNAPC1 6617 small nuclear RNA activating complex polypeptide 1 1.27 2.03

PPP1R3B 79660 protein phosphatase 1 regulatory subunit 3B 1.53 2.03

ARRDC3 57561 arrestin domain containing 3 1.75 2.02

SERTAD2 9792 SERTA domain containing 2 1.48 2.02

CITED2 10370 Cbp/p300 interacting transactivator with Glu/Asp rich carboxy-

terminal domain 2

ns 2.01

SEMA4B 10509 semaphorin 4B ns 2.01

LVRN 206338 laeverin ns 2
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Table C.2: Fold changes in mRNA expression after 24 hours at 1% O2 compared to nor-
moxia in parental MCF7 cells and HIF1α mutant cells. Genes listed change are changed
more than two-fold in parental MCF7 cells and less than two-fold in HIF1α mutant cells
(ns, not significant, corresponds to FDR >= 0.01).

gene name entrez name HIF1α mutant MCF7 parental

CA9 768 carbonic anhydrase 9 ns 1162.67

S1PR4 8698 sphingosine-1-phosphate receptor 4 ns 210.54

PLA2G4D 283748 phospholipase A2 group IVD ns 180.42

CPNE9 151835 copine family member 9 ns 126.58

FAM177B 400823 family with sequence similarity 177 member B ns 114.5

PTPRN 5798 protein tyrosine phosphatase receptor type N ns 102.18

CASP14 23581 caspase 14 ns 77.98

S100A3 6274 S100 calcium binding protein A3 ns 63.77

PPFIA4 8497 PTPRF interacting protein alpha 4 0.68 60.46

TMEM145 284339 transmembrane protein 145 ns 57.78

TMEM74B 55321 transmembrane protein 74B ns 55.91

C4orf47 441054 chromosome 4 open reading frame 47 ns 28.54

TMEM45A 55076 transmembrane protein 45A 0.27 27.87

SLC2A3 6515 solute carrier family 2 member 3 ns 26.85

PFKFB4 5210 6-phosphofructo-2-kinase/fructose-26-biphosphatase 4 1.59 25.18

PPP1R3G 648791 protein phosphatase 1 regulatory subunit 3G ns 24.61

IL34 146433 interleukin 34 ns 23.12

WISP1 8840 WNT1 inducible signaling pathway protein 1 ns 19.6

KCNN1 3780 potassium calcium-activated channel subfamily N member 1 ns 19.41

MAB21L3 126868 mab-21 like 3 ns 18.17

KIAA1549L 25758 KIAA1549 like ns 17.83

TCAF2 285966 TRPM8 channel associated factor 2 1.58 17.48

CDA 978 cytidine deaminase ns 16.97

BNIP3 664 BCL2 interacting protein 3 ns 15.44

PDK1 5163 pyruvate dehydrogenase kinase 1 1.24 15.35

KCNH8 131096 potassium voltage-gated channel subfamily H member 8 ns 15.2

SH3GL3 6457 SH3 domain containing GRB2 like 3 endophilin A3 ns 14.43

RIMKLA 284716 ribosomal modification protein rimK like family member A 0.7 14.18

MGAT4EP 641515 MGAT4 family member E pseudogene ns 13.79

SPAG4 6676 sperm associated antigen 4 1.93 13.61

C16orf89 146556 chromosome 16 open reading frame 89 ns 13.54

PRKAA2 5563 protein kinase AMP-activated catalytic subunit alpha 2 ns 13.21

ANKRD37 353322 ankyrin repeat domain 37 ns 13.02

ISM2 145501 isthmin 2 ns 12.9

PGM1 5236 phosphoglucomutase 1 0.54 12.56

LRP1 4035 LDL receptor related protein 1 1.66 12.01

UPK1A 11045 uroplakin 1A ns 11.91

SLC35F3 148641 solute carrier family 35 member F3 ns 11.7

RASAL3 64926 RAS protein activator like 3 ns 11.7

C6orf223 221416 chromosome 6 open reading frame 223 ns 11.7

EFEMP2 30008 EGF containing fibulin like extracellular matrix protein 2 ns 11.02

LOX 4015 lysyl oxidase ns 10.84

BHLHA15 168620 basic helix-loop-helix family member a15 ns 10.77

AK4 205 adenylate kinase 4 1.29 10.55

BNIP3L 665 BCL2 interacting protein 3 like 1.34 10.4

PHF24 23349 PHD finger protein 24 ns 10.37

RCN3 57333 reticulocalbin 3 ns 10.34

SERPINA12 145264 serpin family A member 12 ns 10.31

FAM13A 10144 family with sequence similarity 13 member A 1.84 10.19

ANGPTL4 51129 angiopoietin like 4 1.82 10.14

IL17C 27189 interleukin 17C ns 10.09

YPEL4 219539 yippee like 4 ns 9.95

ATP4B 496 ATPase H+/K+ transporting beta subunit ns 9.94

PGK1 5230 phosphoglycerate kinase 1 0.78 9.45

ANG 283 angiogenin ns 9.17

TSPAN18 90139 tetraspanin 18 ns 8.78

FAM162A 26355 family with sequence similarity 162 member A ns 8.76

PCP4L1 654790 Purkinje cell protein 4 like 1 ns 8.46

HPCAL4 51440 hippocalcin like 4 ns 8.42
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FBN3 84467 fibrillin 3 ns 8.18

TLE6 79816 transducin like enhancer of split 6 ns 8.14

LDLRAD1 388633 low density lipoprotein receptor class A domain containing 1 ns 8.12

FUT7 2529 fucosyltransferase 7 ns 8.1

SLC2A14 144195 solute carrier family 2 member 14 ns 8.01

COL17A1 1308 collagen type XVII alpha 1 chain ns 7.93

FUT11 170384 fucosyltransferase 11 0.58 7.9

C2orf72 257407 chromosome 2 open reading frame 72 ns 7.9

EPS8L3 79574 EPS8 like 3 ns 7.88

AMPD3 272 adenosine monophosphate deaminase 3 0.63 7.84

HOXA13 3209 homeobox A13 ns 7.7

SH2D4B 387694 SH2 domain containing 4B ns 7.42

AHNAK2 113146 AHNAK nucleoprotein 2 1.59 7.42

ADAMTS10 81794 ADAM metallopeptidase with thrombospondin type 1 motif 10 ns 7.4

LYPD2 137797 LY6/PLAUR domain containing 2 ns 7.37

SLC22A13 9390 solute carrier family 22 member 13 ns 7.37

DUOX2 50506 dual oxidase 2 ns 7.37

PTGS1 5742 prostaglandin-endoperoxide synthase 1 ns 7.32

CPNE5 57699 copine 5 ns 7.18

ANKZF1 55139 ankyrin repeat and zinc finger domain containing 1 1.55 7.16

JAM2 58494 junctional adhesion molecule 2 ns 7.15

RFX8 731220 RFX family member 8 lacking RFX DNA binding domain ns 7.13

DOCK2 1794 dedicator of cytokinesis 2 ns 7.11

NOVA2 4858 NOVA alternative splicing regulator 2 ns 7.09

P4HA1 5033 prolyl 4-hydroxylase subunit alpha 1 ns 7.06

EPO 2056 erythropoietin ns 6.96

CACNA1B 774 calcium voltage-gated channel subunit alpha1 B ns 6.96

VSIG1 340547 V-set and immunoglobulin domain containing 1 ns 6.87

CDHR4 389118 cadherin related family member 4 ns 6.85

INSIG2 51141 insulin induced gene 2 ns 6.85

PFKFB3 5209 6-phosphofructo-2-kinase/fructose-26-biphosphatase 3 0.79 6.8

RNF165 494470 ring finger protein 165 1.45 6.77

C11orf96 387763 chromosome 11 open reading frame 96 ns 6.73

LDHA 3939 lactate dehydrogenase A 0.92 6.7

FOS 2353 Fos proto-oncogene AP-1 transcription factor subunit ns 6.68

C19orf67 646457 chromosome 19 open reading frame 67 ns 6.67

C4orf3 401152 chromosome 4 open reading frame 3 ns 6.42

P4HA2 8974 prolyl 4-hydroxylase subunit alpha 2 ns 6.38

PKD2L2 27039 polycystin 2 like 2 transient receptor potential cation channel ns 6.34

NIM1K 167359 NIM1 serine/threonine protein kinase ns 6.19

MSLN 10232 mesothelin ns 6.12

GPR146 115330 G protein-coupled receptor 146 ns 6.08

EGLN3 112399 egl-9 family hypoxia inducible factor 3 0.66 6.03

PDPN 10630 podoplanin ns 5.95

C7orf61 402573 chromosome 7 open reading frame 61 ns 5.94

AFAP1L1 134265 actin filament associated protein 1 like 1 ns 5.93

HLA-B 3106 major histocompatibility complex class I B 1.33 5.89

COL4A3 1285 collagen type IV alpha 3 chain ns 5.88

PAM 5066 peptidylglycine alpha-amidating monooxygenase 1.13 5.73

ERO1A 30001 endoplasmic reticulum oxidoreductase 1 alpha 1.32 5.69

ATG9B 285973 autophagy related 9B ns 5.6

NOV 4856 nephroblastoma overexpressed ns 5.57

GPR162 27239 G protein-coupled receptor 162 ns 5.57

LY6D 8581 lymphocyte antigen 6 complex locus D 1.73 5.49

SH3D21 79729 SH3 domain containing 21 ns 5.48

ALDH2 217 aldehyde dehydrogenase 2 family (mitochondrial) ns 5.44

PRELID2 153768 PRELI domain containing 2 ns 5.44

ACAP1 9744 ArfGAP with coiled-coil ankyrin repeat and PH domains 1 ns 5.39

B3GNT4 79369 UDP-GlcNAc:betaGal beta-13-N-acetylglucosaminyltransferase 4 0.71 5.39

ZC4H2 55906 zinc finger C4H2-type containing ns 5.32

PTRF 284119 polymerase I and transcript release factor ns 5.31

HLA-G 3135 major histocompatibility complex class I G ns 5.22

LAT 27040 linker for activation of T-cells ns 5.21

GALNT18 374378 polypeptide N-acetylgalactosaminyltransferase 18 ns 5.05

SNTA1 6640 syntrophin alpha 1 1.46 5
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gene name entrez name HIF1α mutant MCF7 parental

KDM3A 55818 lysine demethylase 3A 1.93 4.93

WDR66 144406 WD repeat domain 66 0.59 4.93

ZNF395 55893 zinc finger protein 395 ns 4.92

SBSN 374897 suprabasin ns 4.91

DPYSL4 10570 dihydropyrimidinase like 4 0.53 4.91

HILPDA 29923 hypoxia inducible lipid droplet associated 1.6 4.91

GOLGA6L4 643707 golgin A6 family-like 4 ns 4.89

NTRK2 4915 neurotrophic receptor tyrosine kinase 2 0.13 4.88

COL6A6 131873 collagen type VI alpha 6 chain ns 4.87

ANGPTL6 83854 angiopoietin like 6 ns 4.82

FANK1 92565 fibronectin type III and ankyrin repeat domains 1 1.33 4.77

GYS1 2997 glycogen synthase 1 0.72 4.76

WSB1 26118 WD repeat and SOCS box containing 1 1.94 4.74

ANO7 50636 anoctamin 7 ns 4.71

CELF4 56853 CUGBP Elav-like family member 4 ns 4.71

MMP13 4322 matrix metallopeptidase 13 ns 4.71

GPR155 151556 G protein-coupled receptor 155 ns 4.7

SNAP25 6616 synaptosome associated protein 25 0.3 4.68

CRIP1 1396 cysteine rich protein 1 ns 4.66

GBE1 2632 14-alpha-glucan branching enzyme 1 0.42 4.65

SLC6A20 54716 solute carrier family 6 member 20 ns 4.63

GAPDH 2597 glyceraldehyde-3-phosphate dehydrogenase ns 4.63

CECR1 51816 cat eye syndrome chromosome region candidate 1 ns 4.61

GPR35 2859 G protein-coupled receptor 35 ns 4.61

ATP10D 57205 ATPase phospholipid transporting 10D (putative) ns 4.6

RNF122 79845 ring finger protein 122 ns 4.58

FAM26F 441168 family with sequence similarity 26 member F ns 4.53

ALDOA 226 aldolase fructose-bisphosphate A 1.55 4.53

INHA 3623 inhibin alpha subunit ns 4.48

TCP11L2 255394 t-complex 11 like 2 1.45 4.45

PLIN2 123 perilipin 2 0.67 4.43

PYY 5697 peptide YY ns 4.43

LRRTM2 26045 leucine rich repeat transmembrane neuronal 2 ns 4.43

RORC 6097 RAR related orphan receptor C 1.9 4.43

ARSH 347527 arylsulfatase family member H ns 4.41

AGO4 192670 argonaute 4 RISC catalytic component 1.28 4.41

FAM132A 388581 family with sequence similarity 132 member A ns 4.39

BRWD3 254065 bromodomain and WD repeat domain containing 3 1.47 4.37

SLC34A1 6569 solute carrier family 34 member 1 ns 4.33

CILP 8483 cartilage intermediate layer protein ns 4.31

COL4A4 1286 collagen type IV alpha 4 chain ns 4.31

HLA-C 3107 major histocompatibility complex class I C ns 4.31

PNRC1 10957 proline rich nuclear receptor coactivator 1 1.26 4.27

LAG3 3902 lymphocyte activating 3 ns 4.25

GPI 2821 glucose-6-phosphate isomerase 0.91 4.24

PRKCG 5582 protein kinase C gamma ns 4.22

HHIPL1 84439 HHIP like 1 ns 4.18

ADGRF4 221393 adhesion G protein-coupled receptor F4 1.88 4.18

SEC14L5 9717 SEC14 like lipid binding 5 ns 4.15

QSOX1 5768 quiescin sulfhydryl oxidase 1 1.36 4.14

LPIN3 64900 lipin 3 ns 4.14

FYN 2534 FYN proto-oncogene Src family tyrosine kinase ns 4.14

CKB 1152 creatine kinase B ns 4.13

TRPM2 7226 transient receptor potential cation channel subfamily M member 2 ns 4.13

SLC6A3 6531 solute carrier family 6 member 3 ns 4.13

PPP2R5B 5526 protein phosphatase 2 regulatory subunit B’beta 1.74 4.12

PLCH2 9651 phospholipase C eta 2 ns 4.1

DLEC1 9940 deleted in lung and esophageal cancer 1 ns 4.08

SLC8A3 6547 solute carrier family 8 member A3 0.09 4.04

UNC5CL 222643 unc-5 family C-terminal like ns 4.03

EGFR 1956 epidermal growth factor receptor 1.74 4.02

GPR87 53836 G protein-coupled receptor 87 1.71 4.02

PIK3C2G 5288 phosphatidylinositol-4-phosphate 3-kinase catalytic subunit type 2

gamma

ns 4

VANGL2 57216 VANGL planar cell polarity protein 2 1.97 4
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PFKP 5214 phosphofructokinase platelet 1.27 4

LINGO4 339398 leucine rich repeat and Ig domain containing 4 ns 3.98

MALL 7851 mal T-cell differentiation protein like ns 3.96

RAB39A 54734 RAB39A member RAS oncogene family ns 3.94

GALNT13 114805 polypeptide N-acetylgalactosaminyltransferase 13 ns 3.94

CHAD 1101 chondroadherin ns 3.93

NAGS 162417 N-acetylglutamate synthase ns 3.92

SLC2A1 6513 solute carrier family 2 member 1 1.11 3.92

EGLN1 54583 egl-9 family hypoxia inducible factor 1 0.74 3.92

SCIMP 388325 SLP adaptor and CSK interacting membrane protein ns 3.91

DBH 1621 dopamine beta-hydroxylase ns 3.91

IGFBP6 3489 insulin like growth factor binding protein 6 ns 3.9

EFNA3 1944 ephrin A3 1.33 3.89

S100A6 6277 S100 calcium binding protein A6 1.63 3.87

SGPP2 130367 sphingosine-1-phosphate phosphatase 2 ns 3.82

ITGA5 3678 integrin subunit alpha 5 ns 3.8

PRSS53 339105 protease serine 53 ns 3.79

VLDLR 7436 very low density lipoprotein receptor 1.38 3.76

LAMB3 3914 laminin subunit beta 3 ns 3.75

POTEF 728378 POTE ankyrin domain family member F ns 3.74

TMEM130 222865 transmembrane protein 130 ns 3.74

AVPR2 554 arginine vasopressin receptor 2 ns 3.74

PTPN7 5778 protein tyrosine phosphatase non-receptor type 7 ns 3.74

MDGA2 161357 MAM domain containing glycosylphosphatidylinositol anchor 2 ns 3.74

YPEL1 29799 yippee like 1 1.69 3.73

MMEL1 79258 membrane metalloendopeptidase like 1 0.61 3.72

OBSCN 84033 obscurin cytoskeletal calmodulin and titin-interacting RhoGEF 1.33 3.68

BRSK1 84446 BR serine/threonine kinase 1 1.86 3.68

ROPN1L 83853 rhophilin associated tail protein 1 like ns 3.66

ADAMTS1 9510 ADAM metallopeptidase with thrombospondin type 1 motif 1 ns 3.64

CHRM4 1132 cholinergic receptor muscarinic 4 ns 3.64

LAPTM5 7805 lysosomal protein transmembrane 5 ns 3.64

PRR26 414235 proline rich 26 ns 3.63

NOL3 8996 nucleolar protein 3 0.86 3.6

SMAD9 4093 SMAD family member 9 ns 3.6

TUBA4A 7277 tubulin alpha 4a 1.29 3.59

LENEP 55891 lens epithelial protein ns 3.58

KCNJ13 3769 potassium voltage-gated channel subfamily J member 13 ns 3.57

PPP1R3C 5507 protein phosphatase 1 regulatory subunit 3C 0.57 3.56

ST8SIA6 338596 ST8 alpha-N-acetyl-neuraminide alpha-28-sialyltransferase 6 1.16 3.55

KY 339855 kyphoscoliosis peptidase ns 3.52

PLEKHA2 59339 pleckstrin homology domain containing A2 1.18 3.51

SBK2 646643 SH3 domain binding kinase family member 2 ns 3.5

CCL28 56477 C-C motif chemokine ligand 28 0.79 3.48

VPS37D 155382 VPS37D ESCRT-I subunit 1.65 3.46

APOLD1 81575 apolipoprotein L domain containing 1 ns 3.45

TMPRSS11E 28983 transmembrane protease serine 11E ns 3.44

NREP 9315 neuronal regeneration related protein ns 3.43

KCTD11 147040 potassium channel tetramerization domain containing 11 ns 3.42

DHRS3 9249 dehydrogenase/reductase 3 ns 3.42

CREG2 200407 cellular repressor of E1A stimulated genes 2 1.69 3.42

ISG20 3669 interferon stimulated exonuclease gene 20 1.48 3.41

MMP24 10893 matrix metallopeptidase 24 ns 3.41

GATA1 2623 GATA binding protein 1 ns 3.4

FGF11 2256 fibroblast growth factor 11 0.62 3.38

TFR2 7036 transferrin receptor 2 ns 3.38

CAV1 857 caveolin 1 ns 3.37

TNXB 7148 tenascin XB ns 3.36

MPI 4351 mannose phosphate isomerase ns 3.34

TMEM40 55287 transmembrane protein 40 1.74 3.34

SOWAHD 347454 sosondowah ankyrin repeat domain family member D ns 3.33

ENO1 2023 enolase 1 0.95 3.3

CCDC17 149483 coiled-coil domain containing 17 ns 3.3

TRIB2 28951 tribbles pseudokinase 2 0.69 3.27

BMT2 154743 base methyltransferase of 25S rRNA 2 homolog ns 3.26
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DNASE1 1773 deoxyribonuclease 1 ns 3.24

IPCEF1 26034 interaction protein for cytohesin exchange factors 1 ns 3.23

FOXD1 2297 forkhead box D1 0.54 3.23

EDARADD 128178 EDAR associated death domain ns 3.23

ARID5A 10865 AT-rich interaction domain 5A ns 3.23

ESRRG 2104 estrogen related receptor gamma ns 3.22

STC2 8614 stanniocalcin 2 1.37 3.2

EVPLL 645027 envoplakin like ns 3.18

SLC44A4 80736 solute carrier family 44 member 4 ns 3.17

CAPN12 147968 calpain 12 ns 3.16

THBS4 7060 thrombospondin 4 ns 3.16

TES 26136 testin LIM domain protein ns 3.15

PLOD2 5352 procollagen-lysine2-oxoglutarate 5-dioxygenase 2 0.53 3.15

CCDC180 100499483 coiled-coil domain containing 180 ns 3.15

ADAM28 10863 ADAM metallopeptidase domain 28 ns 3.15

PLAC8 51316 placenta specific 8 ns 3.13

IL17RE 132014 interleukin 17 receptor E 1.97 3.13

ASPH 444 aspartate beta-hydroxylase 1.57 3.13

PDXP 57026 pyridoxal phosphatase ns 3.12

MEIOB 254528 meiosis specific with OB domains ns 3.09

ZNF160 90338 zinc finger protein 160 ns 3.09

PROS1 5627 protein S (alpha) ns 3.08

SLC44A5 204962 solute carrier family 44 member 5 ns 3.08

GJC3 349149 gap junction protein gamma 3 ns 3.08

MXRA7 439921 matrix remodeling associated 7 ns 3.08

BMF 90427 Bcl2 modifying factor 1.87 3.07

CD109 135228 CD109 molecule 1.58 3.07

NARF 26502 nuclear prelamin A recognition factor ns 3.06

DRAXIN 374946 dorsal inhibitory axon guidance protein 1.85 3.06

C2orf82 389084 chromosome 2 open reading frame 82 ns 3.05

PCDHGA5 56110 protocadherin gamma subfamily A 5 0.52 3.05

LANCL3 347404 LanC like 3 ns 3.04

SLC2A12 154091 solute carrier family 2 member 12 ns 3.04

DTX1 1840 deltex E3 ubiquitin ligase 1 ns 3.03

THAP8 199745 THAP domain containing 8 1.77 3.02

PPME1 51400 protein phosphatase methylesterase 1 ns 3.02

GAL3ST4 79690 galactose-3-O-sulfotransferase 4 ns 3.02

NIPSNAP3B 55335 nipsnap homolog 3B ns 3.02

CYP2A6 1548 cytochrome P450 family 2 subfamily A member 6 ns 3.02

CELF5 60680 CUGBP Elav-like family member 5 ns 3.02

PPP1R3E 90673 protein phosphatase 1 regulatory subunit 3E ns 3.01

TMPRSS13 84000 transmembrane protease serine 13 1.56 3

SCARB1 949 scavenger receptor class B member 1 1.56 2.99

YEATS2 55689 YEATS domain containing 2 1.41 2.98

TCEA3 6920 transcription elongation factor A3 ns 2.97

SH2B2 10603 SH2B adaptor protein 2 1.98 2.97

C19orf66 55337 chromosome 19 open reading frame 66 1.45 2.97

KCNQ1 3784 potassium voltage-gated channel subfamily Q member 1 ns 2.97

FBXO2 26232 F-box protein 2 1.84 2.97

CYP2W1 54905 cytochrome P450 family 2 subfamily W member 1 1.58 2.96

FLJ31356 403150 uncharacterized protein FLJ31356 ns 2.95

MB 4151 myoglobin 1.56 2.95

PTGER3 5733 prostaglandin E receptor 3 ns 2.95

TBC1D8B 54885 TBC1 domain family member 8B 0.3 2.95

PIK3IP1 113791 phosphoinositide-3-kinase interacting protein 1 1.56 2.95

IGFN1 91156 immunoglobulin-like and fibronectin type III domain containing 1 ns 2.95

C9orf50 375759 chromosome 9 open reading frame 50 ns 2.94

BCAS1 8537 breast carcinoma amplified sequence 1 1.66 2.94

PTPRH 5794 protein tyrosine phosphatase receptor type H ns 2.94

ILVBL 10994 ilvB acetolactate synthase like 1.19 2.93

RAB40A 142684 RAB40A member RAS oncogene family ns 2.93

RBM43 375287 RNA binding motif protein 43 ns 2.92

FAM110C 642273 family with sequence similarity 110 member C ns 2.92

UGT1A7 54577 UDP glucuronosyltransferase family 1 member A7 ns 2.9

GSTA4 2941 glutathione S-transferase alpha 4 ns 2.9
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HSF4 3299 heat shock transcription factor 4 1.87 2.89

SNTB1 6641 syntrophin beta 1 ns 2.89

TPI1 7167 triosephosphate isomerase 1 0.72 2.89

ADHFE1 137872 alcohol dehydrogenase iron containing 1 ns 2.89

DPCD 25911 deleted in primary ciliary dyskinesia homolog (mouse) 0.79 2.88

EPHA3 2042 EPH receptor A3 0.05 2.88

PGAM4 441531 phosphoglycerate mutase family member 4 0.68 2.87

VEGFC 7424 vascular endothelial growth factor C ns 2.86

AIM1L 55057 absent in melanoma 1-like 1.89 2.85

SIRT4 23409 sirtuin 4 ns 2.85

HPN 3249 hepsin 1.92 2.85

PILRA 29992 paired immunoglobin like type 2 receptor alpha ns 2.85

PLXNB3 5365 plexin B3 ns 2.84

DSP 1832 desmoplakin 1.49 2.84

DSC2 1824 desmocollin 2 1.46 2.83

PKM 5315 pyruvate kinase muscle 0.87 2.83

BTG1 694 BTG anti-proliferation factor 1 1.54 2.82

MYH7B 57644 myosin heavy chain 7B ns 2.82

NECTIN4 81607 nectin cell adhesion molecule 4 1.75 2.81

ASPDH 554235 aspartate dehydrogenase domain containing ns 2.81

WDR54 84058 WD repeat domain 54 ns 2.8

TMEM94 9772 transmembrane protein 94 1.29 2.8

HOXA3 3200 homeobox A3 ns 2.79

KIAA1683 80726 IQ motif containing N ns 2.78

HLA-A 3105 major histocompatibility complex class I A ns 2.78

SVOPL 136306 SVOP like 1.47 2.78

TPO 7173 thyroid peroxidase 1.45 2.78

ZNF292 23036 zinc finger protein 292 1.89 2.76

BDKRB2 624 bradykinin receptor B2 1.48 2.76

SLC6A19 340024 solute carrier family 6 member 19 ns 2.76

ZNF221 7638 zinc finger protein 221 ns 2.76

C1RL 51279 complement C1r subcomponent like ns 2.76

PCP2 126006 Purkinje cell protein 2 ns 2.74

FOSL2 2355 FOS like 2 AP-1 transcription factor subunit ns 2.74

MIF 4282 macrophage migration inhibitory factor (glycosylation-inhibiting fac-

tor)

ns 2.74

ZNF285 26974 zinc finger protein 285 1.99 2.74

CNNM1 26507 cyclin and CBS domain divalent metal cation transport mediator 1 1.82 2.74

TMEM88 92162 transmembrane protein 88 ns 2.73

ARRDC4 91947 arrestin domain containing 4 ns 2.73

RCOR2 283248 REST corepressor 2 1.81 2.73

TPM2 7169 tropomyosin 2 (beta) 1.74 2.73

S100A2 6273 S100 calcium binding protein A2 ns 2.72

AHNAK 79026 AHNAK nucleoprotein ns 2.72

KRT12 3859 keratin 12 ns 2.72

SLC45A3 85414 solute carrier family 45 member 3 1.46 2.72

LRP2BP 55805 LRP2 binding protein ns 2.71

PLAUR 5329 plasminogen activator urokinase receptor 1.54 2.71

HEY1 23462 hes related family bHLH transcription factor with YRPW motif 1 ns 2.71

TUBB3 10381 tubulin beta 3 class III 1.53 2.71

LRP4 4038 LDL receptor related protein 4 ns 2.71

IER3 8870 immediate early response 3 ns 2.71

GIPR 2696 gastric inhibitory polypeptide receptor ns 2.71

MYO7A 4647 myosin VIIA ns 2.71

MKNK2 2872 MAP kinase interacting serine/threonine kinase 2 1.23 2.7

ABCA4 24 ATP binding cassette subfamily A member 4 ns 2.7

GJA3 2700 gap junction protein alpha 3 ns 2.7

PKD1 5310 polycystin 1 transient receptor potential channel interacting 1.37 2.69

MYO15B 80022 myosin XVB 1.48 2.69

PCDHGB2 56103 protocadherin gamma subfamily B 2 ns 2.69

KCNIP2 30819 potassium voltage-gated channel interacting protein 2 ns 2.69

SPACA4 171169 sperm acrosome associated 4 ns 2.69

CATSPER1 117144 cation channel sperm associated 1 ns 2.68

KPNA7 402569 karyopherin subunit alpha 7 ns 2.68

SERGEF 26297 secretion regulating guanine nucleotide exchange factor 1.69 2.67
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P2RY11 5032 purinergic receptor P2Y11 0.74 2.67

AXL 558 AXL receptor tyrosine kinase ns 2.67

SRPX 8406 sushi repeat containing protein X-linked ns 2.67

OLFML2A 169611 olfactomedin like 2A ns 2.67

NAPSA 9476 napsin A aspartic peptidase ns 2.67

NUDT13 25961 nudix hydrolase 13 ns 2.66

EMP3 2014 epithelial membrane protein 3 0.58 2.65

JAKMIP1 152789 janus kinase and microtubule interacting protein 1 ns 2.65

LGALS1 3956 galectin 1 ns 2.65

ZNF610 162963 zinc finger protein 610 ns 2.65

ADORA2B 136 adenosine A2b receptor ns 2.65

RGL3 57139 ral guanine nucleotide dissociation stimulator like 3 1.43 2.63

SDR16C5 195814 short chain dehydrogenase/reductase family 16C member 5 ns 2.63

CCDC110 256309 coiled-coil domain containing 110 ns 2.63

FSCN2 25794 fascin actin-bundling protein 2 retinal 1.39 2.63

TNFAIP8 25816 TNF alpha induced protein 8 1.34 2.62

ANXA1 301 annexin A1 0.68 2.62

CSF1R 1436 colony stimulating factor 1 receptor ns 2.62

CARNS1 57571 carnosine synthase 1 ns 2.62

ODF3B 440836 outer dense fiber of sperm tails 3B ns 2.62

ELL2 22936 elongation factor for RNA polymerase II 2 1.44 2.61

SYT17 51760 synaptotagmin 17 1.72 2.61

PDK4 5166 pyruvate dehydrogenase kinase 4 ns 2.6

Sep-06 23157 septin 6 1.67 2.6

TRIM17 51127 tripartite motif containing 17 ns 2.6

MTFP1 51537 mitochondrial fission process 1 ns 2.59

SPAG8 26206 sperm associated antigen 8 ns 2.59

PGAM1 5223 phosphoglycerate mutase 1 0.71 2.58

ORAI3 93129 ORAI calcium release-activated calcium modulator 3 1.28 2.58

SRMS 6725 src-related kinase lacking C-terminal regulatory tyrosine and N-

terminal myristylation sites

0.71 2.57

OLFM2 93145 olfactomedin 2 1.38 2.57

PDGFB 5155 platelet derived growth factor subunit B 1.22 2.57

CACNG8 59283 calcium voltage-gated channel auxiliary subunit gamma 8 ns 2.57

EXOC3L1 283849 exocyst complex component 3 like 1 ns 2.56

BBX 56987 BBX HMG-box containing 0.86 2.56

ZNF358 140467 zinc finger protein 358 1.5 2.56

KLHL31 401265 kelch like family member 31 ns 2.55

VKORC1 79001 vitamin K epoxide reductase complex subunit 1 0.83 2.55

RAB11FIP5 26056 RAB11 family interacting protein 5 1.5 2.54

ZNF84 7637 zinc finger protein 84 1.51 2.53

LNPK 80856 lunapark, ER junction formation factor ns 2.53

CAPN8 388743 calpain 8 ns 2.53

SERPINA11 256394 serpin family A member 11 ns 2.52

AMIGO2 347902 adhesion molecule with Ig like domain 2 1.46 2.52

SERPING1 710 serpin family G member 1 ns 2.52

SAP30 8819 Sin3A associated protein 30 ns 2.52

HGFAC 3083 HGF activator ns 2.52

MURC 347273 muscle related coiled-coil protein ns 2.51

DOK3 79930 docking protein 3 0.31 2.51

NCKIPSD 51517 NCK interacting protein with SH3 domain ns 2.51

TNNT1 7138 troponin T1 slow skeletal type 1.24 2.51

PGF 5228 placental growth factor ns 2.51

SYTL3 94120 synaptotagmin like 3 ns 2.51

PIAS2 9063 protein inhibitor of activated STAT 2 1.2 2.51

KDM5B 10765 lysine demethylase 5B 1.35 2.5

UCN 7349 urocortin 1.93 2.5

DNAJC18 202052 DnaJ heat shock protein family (Hsp40) member C18 1.9 2.5

TSPAN10 83882 tetraspanin 10 1.87 2.5

SLC11A1 6556 solute carrier family 11 member 1 ns 2.5

MID1 4281 midline 1 1.72 2.5

SFMBT2 57713 Scm-like with four mbt domains 2 ns 2.49

RLF 6018 rearranged L-myc fusion 1.21 2.49

PBXIP1 57326 PBX homeobox interacting protein 1 1.37 2.49

TNIP1 10318 TNFAIP3 interacting protein 1 1.41 2.48
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KDM4C 23081 lysine demethylase 4C 1.18 2.47

RAET1E 135250 retinoic acid early transcript 1E ns 2.47

ALOXE3 59344 arachidonate lipoxygenase 3 ns 2.47

NFATC4 4776 nuclear factor of activated T-cells 4 1.48 2.47

CALCOCO1 57658 calcium binding and coiled-coil domain 1 ns 2.47

PEAR1 375033 platelet endothelial aggregation receptor 1 ns 2.46

LMTK3 114783 lemur tyrosine kinase 3 1.81 2.46

KCTD12 115207 potassium channel tetramerization domain containing 12 0.53 2.46

C3orf58 205428 chromosome 3 open reading frame 58 0.82 2.46

SWT1 54823 SWT1 RNA endoribonuclease homolog 1.52 2.45

CTF1 1489 cardiotrophin 1 ns 2.45

ANKRD9 122416 ankyrin repeat domain 9 1.47 2.45

METTL21B 25895 methyltransferase like 21B 1.47 2.45

MUC1 4582 mucin 1 cell surface associated 1.92 2.45

SHANK1 50944 SH3 and multiple ankyrin repeat domains 1 ns 2.45

GPR156 165829 G protein-coupled receptor 156 ns 2.45

CCDC80 151887 coiled-coil domain containing 80 ns 2.45

HERC3 8916 HECT and RLD domain containing E3 ubiquitin protein ligase 3 1.15 2.44

GLRX 2745 glutaredoxin 1.49 2.44

WFDC2 10406 WAP four-disulfide core domain 2 ns 2.44

PRPH 5630 peripherin 1.73 2.43

KLF7 8609 Kruppel like factor 7 1.35 2.43

AKNAD1 254268 AKNA domain containing 1 ns 2.43

MYO15A 51168 myosin XVA ns 2.43

TMSB10 9168 thymosin beta 10 ns 2.43

ATP6AP1L 92270 ATPase H+ transporting accessory protein 1 like 1.97 2.43

CDK5R2 8941 cyclin dependent kinase 5 regulatory subunit 2 ns 2.42

CELSR3 1951 cadherin EGF LAG seven-pass G-type receptor 3 ns 2.42

GLCCI1 113263 glucocorticoid induced 1 1.42 2.41

CARD14 79092 caspase recruitment domain family member 14 1.29 2.41

EFHD1 80303 EF-hand domain family member D1 1.17 2.41

AZIN2 113451 antizyme inhibitor 2 ns 2.41

CCDC114 93233 coiled-coil domain containing 114 ns 2.41

ZNF511 118472 zinc finger protein 511 0.77 2.41

SMIM10L2A 399668 small integral membrane protein 10 like 2A 0.5 2.41

CCDC146 57639 coiled-coil domain containing 146 ns 2.4

CALD1 800 caldesmon 1 ns 2.4

BIRC3 330 baculoviral IAP repeat containing 3 ns 2.4

DHX40 79665 DEAH-box helicase 40 ns 2.39

PLIN1 5346 perilipin 1 ns 2.39

PCDHB7 56129 protocadherin beta 7 ns 2.39

BCAN 63827 brevican ns 2.39

CLK3 1198 CDC like kinase 3 1.5 2.38

LIMCH1 22998 LIM and calponin homology domains 1 1.64 2.38

MAP3K8 1326 mitogen-activated protein kinase kinase kinase 8 1.65 2.37

LTBP2 4053 latent transforming growth factor beta binding protein 2 1.57 2.37

TSPO 706 translocator protein 1.75 2.37

KRT19 3880 keratin 19 1.39 2.36

S1PR2 9294 sphingosine-1-phosphate receptor 2 1.54 2.36

BCKDK 10295 branched chain ketoacid dehydrogenase kinase ns 2.35

APAF1 317 apoptotic peptidase activating factor 1 ns 2.35

ARID3A 1820 AT-rich interaction domain 3A 1.31 2.35

ZNF264 9422 zinc finger protein 264 1.43 2.35

CSGALNACT1 55790 chondroitin sulfate N-acetylgalactosaminyltransferase 1 ns 2.35

LAMC2 3918 laminin subunit gamma 2 ns 2.35

CNFN 84518 cornifelin ns 2.35

FBXO32 114907 F-box protein 32 1.78 2.35

FBXL8 55336 F-box and leucine rich repeat protein 8 1.35 2.34

GABARAPL1 23710 GABA type A receptor associated protein like 1 1.76 2.34

C17orf107 100130311 chromosome 17 open reading frame 107 ns 2.33

BHLHE41 79365 basic helix-loop-helix family member e41 ns 2.33

DARS 1615 aspartyl-tRNA synthetase ns 2.33

TTC34 100287898 tetratricopeptide repeat domain 34 ns 2.32

CHI3L2 1117 chitinase 3 like 2 ns 2.32

COL11A2 1302 collagen type XI alpha 2 chain ns 2.31
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gene name entrez name HIF1α mutant MCF7 parental

PCDHB6 56130 protocadherin beta 6 ns 2.31

MTRNR2L4 100463285 MT-RNR2-like 4 ns 2.31

MAPT 4137 microtubule associated protein tau 1.29 2.31

ZNF654 55279 zinc finger protein 654 ns 2.3

CACNB4 785 calcium voltage-gated channel auxiliary subunit beta 4 ns 2.3

VWCE 220001 von Willebrand factor C and EGF domains ns 2.3

SCN5A 6331 sodium voltage-gated channel alpha subunit 5 ns 2.3

MST1 4485 macrophage stimulating 1 1.49 2.3

PTPRT 11122 protein tyrosine phosphatase receptor type T ns 2.29

DTNA 1837 dystrobrevin alpha 2 2.29

PCDHGA6 56109 protocadherin gamma subfamily A 6 ns 2.29

PCDHA8 56140 protocadherin alpha 8 ns 2.29

DTX4 23220 deltex E3 ubiquitin ligase 4 1.34 2.29

SSC5D 284297 scavenger receptor cysteine rich family member with 5 domains 0.29 2.28

RELT 84957 RELT tumor necrosis factor receptor ns 2.28

DDTL 100037417 D-dopachrome tautomerase-like ns 2.28

CYP4F22 126410 cytochrome P450 family 4 subfamily F member 22 0.41 2.28

CCDC183 84960 coiled-coil domain containing 183 ns 2.28

CITED2 10370 Cbp/p300 interacting transactivator with Glu/Asp rich carboxy-

terminal domain 2

1.89 2.28

TNFRSF11B 4982 TNF receptor superfamily member 11b ns 2.28

SPTLC3 55304 serine palmitoyltransferase long chain base subunit 3 ns 2.28

TTYH3 80727 tweety family member 3 1.24 2.27

FAM83E 54854 family with sequence similarity 83 member E 1.54 2.27

C21orf2 755 chromosome 21 open reading frame 2 0.67 2.27

KDM6B 23135 lysine demethylase 6B 1.36 2.27

PSORS1C1 170679 psoriasis susceptibility 1 candidate 1 ns 2.27

KIAA1217 56243 KIAA1217 1.34 2.26

KRTAP5-1 387264 keratin associated protein 5-1 1.7 2.26

PANX3 116337 pannexin 3 ns 2.26

KIT 3815 KIT proto-oncogene receptor tyrosine kinase ns 2.26

PAQR5 54852 progestin and adipoQ receptor family member 5 1.73 2.26

KDM4B 23030 lysine demethylase 4B ns 2.26

GPRC5A 9052 G protein-coupled receptor class C group 5 member A 1.4 2.25

MEX3D 399664 mex-3 RNA binding family member D 1.33 2.25

GPR132 29933 G protein-coupled receptor 132 1.97 2.24

JAK3 3718 Janus kinase 3 ns 2.24

C6orf25 80739 chromosome 6 open reading frame 25 ns 2.24

FAM57A 79850 family with sequence similarity 57 member A 0.78 2.24

PPP1R13L 10848 protein phosphatase 1 regulatory subunit 13 like ns 2.24

IMMP2L 83943 inner mitochondrial membrane peptidase subunit 2 ns 2.24

VEGFB 7423 vascular endothelial growth factor B 1.37 2.24

THEM5 284486 thioesterase superfamily member 5 ns 2.23

KIAA0355 9710 KIAA0355 1.53 2.23

N4BP3 23138 NEDD4 binding protein 3 1.37 2.23

C1orf220 400798 chromosome 1 open reading frame 220 ns 2.23

MYO1E 4643 myosin IE 1.5 2.23

PPIL6 285755 peptidylprolyl isomerase like 6 ns 2.22

NKX3-2 579 NK3 homeobox 2 ns 2.22

RIOK3 8780 RIO kinase 3 1.25 2.22

PCDH9 5101 protocadherin 9 ns 2.21

ZNF532 55205 zinc finger protein 532 ns 2.21

POU2F3 25833 POU class 2 homeobox 3 1.94 2.21

TCN2 6948 transcobalamin 2 1.67 2.2

PAQR7 164091 progestin and adipoQ receptor family member 7 ns 2.2

PEX11A 8800 peroxisomal biogenesis factor 11 alpha 0.85 2.2

EVA1B 55194 eva-1 homolog B ns 2.2

VWA7 80737 von Willebrand factor A domain containing 7 1.59 2.2

PCDHGB3 56102 protocadherin gamma subfamily B 3 ns 2.2

SERPINF2 5345 serpin family F member 2 ns 2.19

MACROD2 140733 MACRO domain containing 2 ns 2.19

DDX41 51428 DEAD-box helicase 41 0.88 2.19

SLC27A1 376497 solute carrier family 27 member 1 1.51 2.19

HLA-DRB1 3123 major histocompatibility complex class II DR beta 1 ns 2.19

IGFBP5 3488 insulin like growth factor binding protein 5 0.49 2.19
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B4GALNT4 338707 beta-14-N-acetyl-galactosaminyltransferase 4 1.67 2.18

SEMA4B 10509 semaphorin 4B 1.6 2.18

CLIP3 25999 CAP-Gly domain containing linker protein 3 1.58 2.18

SLC34A3 142680 solute carrier family 34 member 3 1.66 2.18

TMEM238 388564 transmembrane protein 238 ns 2.18

INHBA 3624 inhibin beta A subunit ns 2.18

EHD2 30846 EH domain containing 2 0.81 2.18

TUBA1A 7846 tubulin alpha 1a ns 2.18

PHLDB2 90102 pleckstrin homology like domain family B member 2 ns 2.18

CAV2 858 caveolin 2 ns 2.18

POLL 27343 DNA polymerase lambda 1.46 2.17

AATK 9625 apoptosis associated tyrosine kinase ns 2.17

ADAM8 101 ADAM metallopeptidase domain 8 0.59 2.17

NKPD1 284353 NTPase KAP family P-loop domain containing 1 ns 2.17

TSPAN6 7105 tetraspanin 6 ns 2.16

SLC38A2 54407 solute carrier family 38 member 2 1.39 2.16

SEMA4G 57715 semaphorin 4G 1.95 2.16

PYGL 5836 phosphorylase glycogen liver 1.93 2.16

ZNF337 26152 zinc finger protein 337 1.34 2.16

ANO6 196527 anoctamin 6 1.75 2.16

ASB9 140462 ankyrin repeat and SOCS box containing 9 ns 2.16

FAM117B 150864 family with sequence similarity 117 member B ns 2.15

SEC61G 23480 Sec61 translocon gamma subunit 0.68 2.15

FBXO44 93611 F-box protein 44 1.63 2.15

ZCCHC18 644353 zinc finger CCHC-type containing 18 ns 2.15

GJC2 57165 gap junction protein gamma 2 ns 2.15

C20orf96 140680 chromosome 20 open reading frame 96 1.66 2.15

CDC42EP3 10602 CDC42 effector protein 3 1.98 2.14

HHIPL2 79802 HHIP like 2 ns 2.14

SASH1 23328 SAM and SH3 domain containing 1 1.75 2.14

MXD1 4084 MAX dimerization protein 1 ns 2.14

PLD1 5337 phospholipase D1 1.64 2.14

IFNLR1 163702 interferon lambda receptor 1 1.54 2.14

FRK 2444 fyn related Src family tyrosine kinase 0.63 2.14

ATL1 51062 atlastin GTPase 1 ns 2.13

SCAPER 49855 S-phase cyclin A associated protein in the ER 1.53 2.13

OBSL1 23363 obscurin like 1 0.69 2.13

LRRC6 23639 leucine rich repeat containing 6 ns 2.13

ZDHHC1 29800 zinc finger DHHC-type containing 1 1.84 2.13

EFCAB13 124989 EF-hand calcium binding domain 13 1.26 2.13

IRF6 3664 interferon regulatory factor 6 1.53 2.13

RAB20 55647 RAB20 member RAS oncogene family 1.34 2.13

FAM84A 151354 family with sequence similarity 84 member A ns 2.12

PAQR6 79957 progestin and adipoQ receptor family member 6 1.41 2.12

FBXL2 25827 F-box and leucine rich repeat protein 2 1.75 2.12

SYT16 83851 synaptotagmin 16 ns 2.12

KRBA2 124751 KRAB-A domain containing 2 ns 2.12

ZC3HAV1L 92092 zinc finger CCCH-type containing antiviral 1 like 0.69 2.12

SHF 90525 Src homology 2 domain containing F 1.53 2.12

CFAP43 80217 cilia and flagella associated protein 43 ns 2.12

JAG2 3714 jagged 2 1.25 2.12

ZNF419 79744 zinc finger protein 419 1.57 2.12

FAM214B 80256 family with sequence similarity 214 member B 1.32 2.11

ZNF528 84436 zinc finger protein 528 ns 2.11

MANBA 4126 mannosidase beta 1.63 2.11

COL7A1 1294 collagen type VII alpha 1 chain ns 2.11

SLC6A16 28968 solute carrier family 6 member 16 ns 2.11

CD55 1604 CD55 molecule (Cromer blood group) 1.82 2.1

ATP6V0C 527 ATPase H+ transporting V0 subunit c ns 2.1

NYNRIN 57523 NYN domain and retroviral integrase containing 1.31 2.1

NPR3 4883 natriuretic peptide receptor 3 ns 2.1

RDH13 112724 retinol dehydrogenase 13 1.41 2.1

EPHA6 285220 EPH receptor A6 ns 2.1

RUNX1 861 runt related transcription factor 1 1.55 2.1

MIB2 142678 mindbomb E3 ubiquitin protein ligase 2 ns 2.1
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gene name entrez name HIF1α mutant MCF7 parental

NPIPA7 101059953 nuclear pore complex interacting protein family member A8 ns 2.1

CLDN3 1365 claudin 3 1.68 2.09

GABARAP 11337 GABA type A receptor-associated protein 1.36 2.09

STON1 11037 stonin 1 1.88 2.09

ARHGEF37 389337 Rho guanine nucleotide exchange factor 37 ns 2.09

DFNB59 494513 deafness autosomal recessive 59 ns 2.09

TMCO3 55002 transmembrane and coiled-coil domains 3 1.69 2.09

NAP1L6 645996 nucleosome assembly protein 1 like 6 ns 2.09

CSRP2 1466 cysteine and glycine rich protein 2 0.35 2.09

DYRK1B 9149 dual specificity tyrosine phosphorylation regulated kinase 1B ns 2.09

CDON 50937 cell adhesion associated oncogene regulated 1.19 2.09

LCN12 286256 lipocalin 12 ns 2.09

PPAN 56342 peter pan homolog (Drosophila) ns 2.08

ACMSD 130013 aminocarboxymuconate semialdehyde decarboxylase ns 2.08

OVOL1 5017 ovo like transcriptional repressor 1 ns 2.08

PCMTD1 115294 protein-L-isoaspartate (D-aspartate) O-methyltransferase domain

containing 1

1.12 2.08

SH3BP2 6452 SH3 domain binding protein 2 1.34 2.08

RIPK4 54101 receptor interacting serine/threonine kinase 4 1.56 2.08

PCDHA2 56146 protocadherin alpha 2 ns 2.07

ASCL2 430 achaete-scute family bHLH transcription factor 2 ns 2.07

PCDHB5 26167 protocadherin beta 5 ns 2.07

ZNF284 342909 zinc finger protein 284 ns 2.07

ENOSF1 55556 enolase superfamily member 1 ns 2.07

OPN3 23596 opsin 3 ns 2.07

ACKR2 1238 atypical chemokine receptor 2 ns 2.07

SRRM3 222183 serine/arginine repetitive matrix 3 1.72 2.06

GGN 199720 gametogenetin ns 2.06

DPP4 1803 dipeptidyl peptidase 4 0.32 2.06

PALM3 342979 paralemmin 3 1.69 2.06

INPP5D 3635 inositol polyphosphate-5-phosphatase D ns 2.06

SH3RF2 153769 SH3 domain containing ring finger 2 1.99 2.05

CAPN2 824 calpain 2 1.59 2.05

NOTCH3 4854 notch 3 ns 2.05

NAALADL2 254827 N-acetylated alpha-linked acidic dipeptidase like 2 0.68 2.05

FAM227B 196951 family with sequence similarity 227 member B ns 2.05

AK9 221264 adenylate kinase 9 ns 2.05

ZSWIM4 65249 zinc finger SWIM-type containing 4 1.26 2.05

AHDC1 27245 AT-hook DNA binding motif containing 1 1.42 2.04

C1orf54 79630 chromosome 1 open reading frame 54 1.87 2.04

C12orf76 400073 chromosome 12 open reading frame 76 1.56 2.04

ABCB6 10058 ATP binding cassette subfamily B member 6 (Langereis blood group) ns 2.04

NTSR1 4923 neurotensin receptor 1 0.6 2.04

ADAM12 8038 ADAM metallopeptidase domain 12 0.32 2.04

FRRS1 391059 ferric chelate reductase 1 0.58 2.04

TMEM123 114908 transmembrane protein 123 1.44 2.04

C19orf68 374920 chromosome 19 open reading frame 68 ns 2.04

TP53INP2 58476 tumor protein p53 inducible nuclear protein 2 ns 2.04

SDCBP2 27111 syndecan binding protein 2 ns 2.04

NOXA1 10811 NADPH oxidase activator 1 1.52 2.04

MTMR11 10903 myotubularin related protein 11 1.14 2.03

MFSD10 10227 major facilitator superfamily domain containing 10 1.33 2.03

TYMP 1890 thymidine phosphorylase ns 2.03

TMEM105 284186 transmembrane protein 105 ns 2.03

SPEF2 79925 sperm flagellar 2 ns 2.03

RNF39 80352 ring finger protein 39 ns 2.03

ZNF112 7771 zinc finger protein 112 1.44 2.03

RTN2 6253 reticulon 2 1.45 2.03

MEX3A 92312 mex-3 RNA binding family member A 1.99 2.03

ANKRD35 148741 ankyrin repeat domain 35 ns 2.02

NPAS1 4861 neuronal PAS domain protein 1 ns 2.02

TTC30A 92104 tetratricopeptide repeat domain 30A 0.65 2.02

BMP4 652 bone morphogenetic protein 4 0.53 2.02

THBS3 7059 thrombospondin 3 1.69 2.02

MBNL2 10150 muscleblind like splicing regulator 2 1.99 2.02
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NGEF 25791 neuronal guanine nucleotide exchange factor 1.95 2.01

TSNARE1 203062 t-SNARE domain containing 1 1.71 2.01

ARRDC3 57561 arrestin domain containing 3 1.18 2.01

ZNF16 7564 zinc finger protein 16 1.36 2.01

TMC4 147798 transmembrane channel like 4 1.39 2.01

LHPP 64077 phospholysine phosphohistidine inorganic pyrophosphate phos-

phatase

ns 2.01

PRRT2 112476 proline rich transmembrane protein 2 1.58 2.01

VWDE 221806 von Willebrand factor D and EGF domains ns 2.01

SEC31B 25956 SEC31 homolog B COPII coat complex component ns 2.01

GPER1 2852 G protein-coupled estrogen receptor 1 0.77 2

CA4 762 carbonic anhydrase 4 1.75 2

PCSK1N 27344 proprotein convertase subtilisin/kexin type 1 inhibitor 1.22 2

RASSF7 8045 Ras association domain family member 7
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Colophon

This thesis was set in the Helvetica typeface using LATEX and BibTEX.
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