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ABSTRACT  

Standard cell culture conditions do not mimic the physiological environment of cancer 

cells. Traditional culture media contain metabolites at concentrations that far exceed conditions 

measured in vivo, and oxygen is often unregulated, exposing cells to atmospheric oxygen 

concentrations (~18%), rather than the 0-3% O2 measured in solid tumours in vivo. Recently, 

plasma-like media have been developed to address these limitations, aiming to improve culture 

conditions and maintain biologically relevant cancer phenotypes in vitro. However, these 

conditions remain unrepresentative of interstitial fluid in solid tumours. The goal of this thesis was 

to investigate how physiological culture conditions affect cancer cell behaviours, specifically cell 

metabolism and adaptive metabolic responses. In the first data chapter of this thesis, I explored 

nutrient exhaustion in physiological plasma-like medium (Plasmax) at 18% and 5% O2, and the 

adaptive mechanisms by which cancer cells can maintain survival under metabolic stress 

conditions. Here, I found that glucose and amino acid depletion from Plasmax over 48 hours is 

associated with several adaptive mechanisms consistent with metabolic reprogramming in vivo. 

Given these responses, I hypothesized that a media formulation designed using metabolite 

concentrations from tumour interstitial fluid may modulate metabolic phenotypes in a similar 

manner, providing a more physiologically relevant culture model for cancerous cells. Data chapter 

2 addresses this hypothesis, whereby I formulated a novel cell culture medium using quantitative 

metabolite data from murine pancreatic ductal adenocarcinoma (PDAC) tumour interstitial fluid, 

named Tumour Microenvironment Medium (TMEM), and investigated the effects of TMEM and 

1.5% O2 on an adapted murine PDAC cell line (KPCY). Importantly, I found that tumour-like 

conditions elicited a substantial transcriptional and functional response in cultured cells, 

modulating cell proliferation, migration, glucose utilization, and mitochondrial bioenergetics in 

ways relevant to in vivo cancer biology. Overall, the results of this thesis highlight the 

responsiveness of cultured cells to their environment, and the importance of representative culture 

conditions in the acquisition of biologically accurate experimental data. 
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1.1 GENERAL INTRODUCTION  

Cell growth and function is dependent on the availability, uptake and utilization of 

metabolites from the extracellular environment. Energy acquisition through the catabolism of 

metabolic substrates is necessary for biological processes. Additionally, amino acids, 

carbohydrates, fatty acids, and nucleotides serve as biomass precursors. Thus, to maintain normal 

cell function and viability, metabolic demands must be met by the extracellular metabolome. If 

not, coordinated cellular responses are initiated to reduce metabolic demand and conserve energy 

stores. Conversely, if metabolites are in excess, as is the case for some metabolic diseases, 

metabolism may exceed normal demands, leading to oxidative stress. 

Metabolic demand varies according to the functions and replication rates of cells (Elia, 

1992; Schmidz-Nielsen 1982; Wang et al., 2010). Additionally, the capacity of cells to respond to 

metabolic stress is dependent on their flexibility in using different energy sources, the storage of 

energy reserves, and their ability to regulate energy-consuming processes. For example, while 

most cell types throughout the body are able to use glucose and fatty acids for energy production, 

neurons primarily utilize glucose, and are therefore more vulnerable to hypoglycemia (Auer et al., 

1984; Graveling et al., 2013). On the other hand, hepatocytes, adipocytes, and myocytes store 

excess carbon as lipids and glycogen, making them increasingly tolerant to metabolic stress. 

Interestingly, cellular tolerance to hypoxia is in part related to the function of cells, in particular 

their reliance on ion-motive ATPases (Boutilier & St-Pierre, 2000). With ion pumping accounting 

for over 80% of ATP consumption in neurons, the essential excitability function of these cells 

again makes them more vulnerable to ATP depletion and cell death (Attwell & Laughlin, 2001). 

Alternatively, muscle cells, including cardiomyocytes, can modulate their function and reduce 

contractile activity for an extended period in response to low intracellular ATP levels, and are thus 

more tolerant to prolonged hypoxia exposure (Budinger et al., 1998).  

To meet metabolic demands, mammalian cells have highly integrated mechanisms that 

sense energy and nutrient availability, and subsequently coordinate catabolic and anabolic 

processes. Overall, cell survival requires that net energy production and metabolic availability is 

sufficient to support basal energy consuming processes required for cell maintenance, repair and 

function. Specifically, ATP and biomass required for active transport, signal transduction and 

synthesis of biomolecules must be available, regardless of the proliferative, quiescent or post-

mitotic state of the cell (Buttgereit & Brand, 1995; Palm & Thompson, 2017). Upon metabolic 
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stress, ATP synthesis must thus be coupled to essential cellular processes, with non-essential 

cellular processes inhibited.  

In cancer cells, oncogenic regulation of cell growth and proliferation leads to increased 

metabolic demand that is often uncoupled from nutrient availability (reviewed in DeBerardinis & 

Chandel, 2016; Eisenberg et al., 2020). Thus, despite metabolic constraint within a solid tumour, 

cancer cells do not initially respond to metabolic stress by adopting a quiescent state. Instead, they 

adapt to utilize available fuel sources and conditionally flexible metabolic pathways to drive cell 

survival, tumorigenesis, and metastasis. The in vivo environment of solid tumours is thus a critical 

modulator of cancer cell biology. Furthermore, elucidating the specific mechanisms by which 

cancer cells remodel their metabolism to meet metabolic demands in vivo presents a promising 

avenue for anti-cancer therapeutics. With that said, current cell culture models do not maintain 

metabolic conditions consistent with in vivo tumours. Thus, the unique cellular mechanisms and 

vulnerabilities evoked by cancer cells in vivo are likely not modeled in standard culture, 

compromising the fidelity of basic research performed under such conditions.    
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1.2 CELLULAR METABOLISM  

Cellular metabolism is a fundamental process used by cells to synthesize energy for normal 

cell function. Free energy produced from the oxidative breakdown of organic molecules is 

harnessed and stored in high energy bonds that are later hydrolyzed and used to drive energetically 

unfavourable reactions required by the cell (Dunn and Grider, 2022). Adenosine 5-triphosphate 

(ATP) is the ‘energy currency’ of cells, with its synthesis from ADP to ATP being coupled to most 

energy-yielding reactions, and its hydrolysis coupled to most energy-requiring reactions. Other 

molecules (e.g., NADH, FADH2, GTP) also store free energy in high-energy bonds for specific 

cellular processes and signaling pathways, however ATP is the primary energy source used in most 

biological reactions. 

The generation of ATP is most commonly produced through glycolysis and oxidative 

phosphorylation (OXPHOS), with the primary fuel source being glucose (Lunt & Vander Heiden, 

2011). Glycolysis, that being the catabolism of glucose to pyruvate within the cytosol of the cell, 

produces a net of two ATP, two NADH, and two pyruvate molecules per one molecule of glucose. 

Subsequently, the fate of pyruvate produced through glycolysis depends on the presence of oxygen. 

Under conditions of oxygen availability, pyruvate is used to drive mitochondrial respiration, 

whereby pyruvate is transported across the outer mitochondrial membrane by voltage-dependent 

anion channels (Huizing et al., 1996; Papa et al., 1971), converted into acetyl-CoA within the 

mitochondrial matrix, and fed directly into the tricarboxylic acid cycle (TCA). This cycle involves 

a series of chemical reactions that ultimately produce high energy-yielding carriers (3 NADH, 1 

FADH2) and one molecule of ATP or GTP. NADH and FADH2 subsequently transfer stored 

electrons to specialized proteins localized in the inner mitochondrial membrane, which make up 

the electron transport chain (ETC). Here, aerobic respiration takes place, generating 36-38 

molecules of ATP per glucose molecule. Alternatively, under conditions of low oxygen, anaerobic 

respiration takes place. Pyruvate is converted into lactic acid by lactate dehydrogenase (LDH), 

regenerating NAD+ from NADH to drive glycolysis.  

While the processes summarized above are seemingly straightforward metabolic 

mechanisms that begin with glucose input, the flux of metabolites into and out of these pathways 

are far more complex. Glucose input alone does not represent the only entry point into metabolism. 

Alternatively, lipids, amino acids and other carbohydrates can be incorporated into these pathways 

under conditions of metabolic stress or abundance. For example, the metabolic breakdown of fatty 
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acids and -oxidation of fatty acyl-CoA within the mitochondria produces acetyl-CoA, NADH, 

and FADH2, which can enter the TCA cycle and supply electrons to the ETC (Houten & Wanders, 

2010). Acetyl-CoA produced through fatty acid oxidation may also undergo ketogenesis within the 

liver to produce ketone bodies (i.e. acetone, acetoacetate -hydroxybutyrate), an alternative fuel 

source that is highly soluble, and thus easily transported throughout the body. Amino acids, 

particularly glutamate, can also be converted into intermediates of the TCA cycle, fueling ATP 

production (Chandel, 2021). Additionally, pyruvate can be generated from lactate, malate and 

three-carbon amino acids, rather than glucose (McCommis & Finck, 2015). 

 The contribution of flexible metabolic inputs allows cells to meet energetic demands given 

diverse metabolite availabilities. This flexibility is, however, carefully coordinated by nutrient and 

oxygen sensing pathways. Importantly, cancer cells are extremely proficient at this metabolic 

flexibility, owing to oncogenic metabolic adaptations. This enhances the utilization of available 

resources beyond non-cancerous metabolism, prolonging survival in nutrient constrained 

environments of the tumour.  

1.3 MECHANISMS OF NUTRIENT AND OXYGEN SENSING  

In mammalian cells, cell metabolism, growth, and proliferation are tightly integrated with 

sensing the availability of energy and nutrients (Efeyan et al., 2015; Fernandes & Demetriades, 

2021; Sung et al., 2023). The regulation of cellular metabolism according to metabolite availability 

is achieved by the coordination of several signaling pathways, with metabolites themselves serving 

as signaling molecules. The master regulators of these pathways are AMP activated kinase 

(AMPK) and the target of rapamycin (TOR) complexes, whose functions are closely integrated 

(Figure 1.1). Furthermore, oxygen sensing is accomplished through hypoxia-inducible factor 

(HIF), a master regulator of the cellular transcriptional response to hypoxia. In the following 

section, the regulation and downstream effects of these mechanisms will be discussed in detail.  
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Figure 1.1: Integration of cellular energy status, nutrient availability, and oxygen level 

sensing through AMPK, mTOR, and HIF pathways. mTORC1/2 pathways are activated by 

amino acids and growth factor availability. AMPK signaling is activated by AMP/ADP 

accumulation. HIF signaling occurs under hypoxic conditions in which HIF-1 escapes oxygen-

dependent hydroxylation and proteasomal degradation, allowing for HIF-1 stabilization and 

translocation into the nucleus. These pathways are closely integrated to maintain cellular 

homeostasis. AMPK and HIF-1 negatively regulate mTORC1 activity at TSC1/2. Both mTORC1 

and AMPK regulate HIF-1 transcription and stability, creating a negative feedback mechanism 

on mTORC1 signaling. For mTORC1/2 pathway, mTORC promoting proteins are labeled in 

green, and mTORC inhibiting proteins labeled in red. Created with BioRender.com. 

  

1.3.1 AMPK Pathway 

 The AMPK signaling pathway is a master metabolic regulator of energy homeostasis in 

eukaryotic cells. It is a highly conserved heterotrimeric protein complex composed of a catalytic 

 subunit, scaffolding  subunit, and regulatory  subunit, that together function to sense and 

respond to reductions in cellular energy status resulting from imbalances between energy 

utilization and production (Hardie & Carling, 1997; Mihaylova & Shaw, 2011). In mammals, 

multiple isoforms of each subunit have been identified, including two  subunit isoforms (1, 2), 
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two  subunit isoforms (1,2), and three  subunit isoforms (1, 2, 3). Together, these subunits 

enable AMPK to sense fluctuations in intracellular energy levels and orchestrate appropriate 

responses to restore energy homeostasis. 

AMPK primarily senses changes in cellular energy status by the binding of adenosine 

nucleotides (AMP, ADP, ATP) to the -subunit of the complex. Under conditions of energy 

abundance, AMPK is inactive and bound to free ATP. However, under conditions of energy stress, 

during which ATP stores become depleted and AMP/ADP accumulate, allosteric activation of 

AMPK by AMP/ADP binding increases (Cantó & Auwerx, 2010; Mihaylova & Shaw, 2011). This 

activation induces a conformational change in the AMPK complex, exposing phosphorylation sites 

along the activation loop of the catalytic subunit to kinases. Thr172 within this region is then 

phosphorylated by upstream AMPK kinases such as LKB1 and CAMKK2, further activating the 

catalytic function of AMPK. The active state of the phosphorylated threonine residue is maintained 

so long as AMPK remains bound to AMP/ADP. This shields the Thr172 from phosphatases, while 

allowing the continual phosphorylation of Thr172 by upstream kinases.  

When activated, AMPK functions to directly and indirectly regulate numerous downstream 

targets to promote ATP generating catabolic pathways. AMPK activation stimulates glucose 

uptake through GLUT1 and GLUT4 by promoting GLUT transporter trafficking to the plasma 

membrane (Barnes et al., 2002; Kurth-Kraczek et al., 1999; Pehmøller et al., 2009), and inhibiting 

reuptake of transporters by endocytosis (O’Donnell & Schmidt, 2019). It also promotes glycolysis 

by activating PFKFB2 and PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6- biphosphatase 

isoforms that produce fructose-2,6-bisphosphate (F2,6BP), a potent activator of glycolytic enzyme 

6-phosphofructo-1-kinase (PFK) (Marsin et al., 2000, Marsin et al., 2002). Moreover, AMPK 

promotes fatty acid oxidation by inactivating acetyl-CoA carboxylase-2 (ACC2), and thus 

reducing the production of malonyl-CoA, an inhibitor of mitochondrial fatty acid uptake via the 

carnitine shuttle (Thomson & Winder, 2009).  

In addition to catabolic effects, AMPK inhibits energy consuming anabolic pathways. Fatty 

acid and cholesterol synthesis is inhibited by AMPK through the inactivation of acetyl-CoA 

carbocylase-1 (ACC1) and HMG-CoA reductase (Hardie et al., 1989). Glycogen synthesis, protein 

synthesis, nucleotide synthesis are also inhibited by the phosphorylation and inactivation of 

glycogen synthase, elongation factor-2 kinase (eEF2K), and phosphoribosyl pyrophosphate 

synthase (PRPS), respectively (Johanns et al., 2017; Jørgensen et al., 2004; Qian et al., 2018). 
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Furthermore, chronic AMPK activation promotes mitochondrial biogenesis, GLUT4 transcription, 

and oxidative metabolism through the phosphorylation of mitochondrial regulating transcriptional 

coactivator, PGC-1 (Jäger et al., 2007). AMPK activation also promotes mitophagy through 

phosphorylation of autophagy activating ULK1 (Egan et al., 2011), and mitochondrial 

fusion/fission through phosphorylation of mitochondrial membrane proteins, including 

mitochondrial fission factor (MFF) and mitofusin 1/2 (Mfn1/2) (Ducommun et al., 2015; Toyama 

et al., 2016). 

In addition to metabolic processes, AMPK activation can suppress cell proliferation and 

arrest cell cycle in G1 phase (Imamura et al., 2001). Moreover, in cancer cells, AMPK 

phosphorylates integrins, focal adhesion kinases (FAKs), and epithelial-mesenchymal transition 

(EMT) regulating transcription factor, Twist1, to promote cell motility, adhesion, and invasion,  

(Crosas-Molist et al., 2023; Saxena et al., 2018; Schaffer et al., 2015). Thus, AMPK tunes a wide 

array of metabolic and biologic processes to environmental conditions. 

1.3.2 mTOR Pathway  

The mammalian target of rapamycin (mTOR) is a master regulator of cell growth and 

survival, integrating nutritional and environmental signals into downstream anabolic targets 

(Battaglioni et al., 2022; Saxton & Sabatini, 2017; Shaw, 2008; Zou et al., 2020). mTOR is a 

serine/threonine protein kinase of the phosphatidylinositol kinase-related kinase (PIKK) family 

that forms two structurally and functionally distinct multiprotein complexes, mTOR complex 1 

(mTORC1) and mTOR complex 2 (mTORC2). These complexes are differentially regulated and 

allow mTOR to bind and phosphorylate unique targets in response to nutrients and growth factors 

(Kim et al., 2008; Sancak et al., 2008). mTORC1 is a regulator of cell growth and metabolism, 

while mTORC2 compliments its function as a regulator of cell proliferation and survival. 

In mammals, mTORC1 is a homodimeric complex of heterotrimers composed of mTOR, 

Raptor (regulatory-associated protein of mTOR), and mLST8 (mammalian lethal with SEC13 

protein 8) (Hara et al., 2002; Kim et al., 2002). While mTOR contains the kinase catalytic domain, 

Raptor facilitates the recruitment and binding of mTORC1 substrates to mTOR. Alternatively, 

mLST8 stabilizes kinase activity by binding to the kinase domain of mTOR. Similar to mTORC1, 

mTORC2 contains mTOR and mLST8; however, Rictor (rapamycin insensitive companion of 

mTOR) serves as the recruitment subunit rather than Raptor (Jacinto et al., 2004; Sarbassov et al., 

2004).  
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Activation of mTORC1 is accomplished through the association of the complex with two 

mTORC1-interacting GTPase classes: Rag and Rheb. Rag GTPases (Ras-related small GTP-

binding proteins) are a family of heterodimer forming proteins that are activated when amino acids 

are present in abundance within the cell (Kim et al., 2008; Sancak et al., 2008). Active Rag 

GTPases function to bind cytosolic mTORC1 and anchor it to the lysosomal surface, specifically 

to Ragulator (Rag GTPase regulator) scaffolding (Sancak et al., 2010). Rheb GTPases (Ras 

homolog enriched in brain) are similar small GTP-binding proteins localized to lysosomal surfaces 

that are activated following growth factor signaling. Rheb functions to activate mTORC1 by 

binding the mTOR subunit and allosterically inducing a conformational change that promotes 

kinase activity (Long et al., 2005; Parmar & Tamanoi, 2010; Yang et al., 2017). In contrast, 

mTORC2 activation is primarily regulated by insulin/PI3K signaling whereby insulin signaling 

inhibits mSin1, a phosphoinositide-binding mTORC2 inhibitory subunit, allowing mTORC2 

activation to take place (Liu et al., 2015).   

Regulation of the nucleotide state and activity status of Rag and Rheb GTPases are 

mediated by GTPase-activating proteins (GAPs) (e.g. GATOR1, FLCN-FNIP2, TSC1/2) and 

guanine exchange factors (GEFs) (e.g. Ragulator) (Bar-Peled et al., 2012; Chantranupong et al., 

2014; Inoki et al., 2003; Tsun et al., 2013). In general, GAPS promote the intrinsic hydrolysis of 

GTP to GDP, inactivating Rag GTPases, while GEFs promote the exchange of GDP for GTP to 

activate Rag GTPases. Importantly, GAP and GEF regulating proteins, of which over 26 have been 

identified, make up the nutrient-sensing component of this pathway. 

Amino acids activate mTORC1 signaling through amino acid sensors, SESTRIN2 and 

CASTOR1, which both regulate GAP activity. When amino acids are present and readily bind 

sensors, these proteins indirectly promote GAP inhibition, and subsequent mTORC1 signaling 

(Chantranupong et al., 2014; Wolfson et al., 2016). Alternatively, growth factors activate 

mTORC1 through the inhibition Tuberous Sclerosis Complex (TSC), a GAP that binds and 

inactivates Rheb when growth factor signaling is low. Growth factor extracellular binding (i.e. 

Insulin, IGF-1,Wnt, TNF) and subsequent PI3K-Akt signaling converge on TSC to inactivates 

it. This allows mTORC1 activation through Rheb, similar to mTORC2 activation (Dan et al., 2002; 

Garami et al., 2003; Inoki et al., 2002).  

 When activated mTORC1/2 phosphorylate several effectors to promote anabolic 

mechanisms (Laplante & Sabatini, 2013; Sun et al., 2023). mTORC1 activation promotes protein 
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synthesis through the phosphorylation and inactivation of eukaryotic translation initiation factor 

(eIF4E) binding protein (4E-BP1), and activation S6 kinase 1 (S6K1), a substrate that promotes 

the translation of mRNA encoding elongation factors and ribosomal proteins (Blommaart et al., 

1995; K. Hara et al., 1998). Lipid synthesis is also promoted by mTORC1 activation through 

positive regulation of sterol-regulatory-element-binding proteins (SREBPs), transcription factors 

that regulate the expression of lipogenic genes, including those involved in fatty acid synthesis and 

cholesterol biosynthesis (Le Bacquer et al., 2007; S. Li et al., 2010). Furthermore, mTORC1 

inhibits fatty acid oxidation and ketogenesis through the inactivation of PPAR, a nuclear receptor 

that regulates the expression of genes required for lipid catabolism (Sengupta et al., 2010). Both 

mTORC1 and mTORC2 promote cell proliferation, growth and survival through the activation of 

transcription factor STAT3, and protein kinase B (AKT), respectively (Kim et al., 2009). 

Additionally, mTORC1/2 negatively regulates autophagy (Codogno & Meijer, 2005; Mammucari 

et al., 2007).  

1.3.3 HIF Signalling  

 Hypoxia inducible factor (HIF) is an intracellular oxygen sensor that regulates a multitude 

of intracellular activities in response to hypoxia (Semenza & Wang, 1992). It is a heterodimeric 

protein, composed of  and  subunits, that serves as a transcription factor when stabilized. Three 

isoforms of HIF- have been identified (HIF-1, HIF-2, HIF-3) (Y. Z. Gu et al., 1998; Semenza 

& Wang, 1992; Tian et al., 1997), however only one isoform of HIF- (HIF-1/ARNT) exists 

(Chhipa et al., 2018; Dodd et al., 2015; Land & Tee, 2007).  

Oxygen sensing is accomplished by oxygen-sensitive post-translational modifications of 

HIF that lead to its rapid degradation. Under normoxia (~18% O2), HIF is hydroxylated by 

oxygen-dependent prolyl-4-hydroxylases (PHDs) and subsequently recognized and bound by von 

Hippel-Lindau tumour suppressor protein (pVHL), a ubiquitin ligase (Huang et al., 1998). This 

results in the ubiquitination of HIF-, and subsequent proteasomal degradation. Therefore, 

HIF:HIF dimers do not form when oxygen levels are high. However, when oxygen is limited 

in hypoxia, PHD hydroxylation activity is suppressed, allowing HIF- to accumulate and 

translocate into the nucleus. There, HIF- may dimerize with constitutively active HIF- to form 

the active HIF complex  (Semenza & Wang, 1992). Upon activation, HIF transcriptional regulation 
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is initiated, whereby HIF binds to hypoxia response elements (HREs) of gene targets, promoting 

gene expression.  

Transcriptionally active HIF complexes directly induce the expression of hundreds of 

genes involved in cellular adaptation and survival under low oxygen supply (Reviewed in Dengler 

et al., 2014). Importantly, HIF- isoforms (HIF-1 and HIF-2) confer differential gene target 

selectivity to HIF-1, HIF-2, HIF-3 complexes (Downes et al., 2018; Zhang et al., 2014). Generally, 

HIF-1 is more transcriptionally active following acute hypoxia (<24h), regulating glycolytic 

responses, whereas HIF-2 is more transcriptionally active following chronic hypoxia (>24h), 

regulating angiogenesis, vasodilation, stemness, proliferation and migration. However, there is 

overlap in target genes. While less is known regarding HIF-3 function, genes distinct to HIF-3 

have been identified in zebrafish embryos (sqrdl, mclb, zp3v2) (Zhang et al., 2014), as well as 

those involved in HIF1/2 suppression in human kidney cells (Hara et al., 2001).  

Erythropoietin (EPO), vascular endothelial growth factor A (VEGF-A), angiopoietin 2 

(ANG2), and adrenomedullin (ADM) are among a few of the genes transcriptionally activated by 

HIF-1/2 that serve to rescue oxygen supply by stimulating angiogenesis (Forsythe et al., 1996; 

Semenza & Wang, 1992). Moreover, to maintain energy levels, HIF mediates a shift in metabolism 

to increase glucose fermentation and reduce OXPHOS. HIF-1 suppresses TCA cycle metabolism 

by activating pyruvate dehydrogenase kinase 1 (PDK1), which subsequently inactivates pyruvate 

dehydrogenase (PDH), the enzyme that irreversibly produces acetyl-CoA from pyruvate (Kim et 

al., 2006; Papandreou et al., 2006). HIF-1 also increases lactate dehydrogenase (LDH) expression, 

the enzyme that converts pyruvate to lactate (Semenza et al., 1996). Moreover, glucose transporters 

(GLUT-1, GLUT-3), glycolytic enzymes, and positive glycolysis regulator PFKFB are 

upregulated by HIF-1, increasing glucose uptake and utilization to compensate for reduced 

oxidative metabolism (Iyer et al., 1998). HIF-1 also induces remodeling of cytochrome c oxidase 

(COX) to optimize ETC efficiency, and limit ROS generation (Fukuda et al., 2007). Indeed, 

cytochrome c oxidase subunit 4 isoform (COX4) transcription is modulated by HIF-1, increasing 

COX4-2 expression, while degrading COX4-1 via Lon protease expression. More recent findings 

suggest COX4-2 decreases the affinity of COX to oxygen, limiting ETC function at low oxygen 

levels (Pajuelo Reguera et al., 2020).  

Genes involved in proliferation, motility, EMT, extracellular matrix remodelling, immune 

evasion, and apoptosis are also regulated by HIF1/2 (Dengler et al., 2014). Importantly, these roles 
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are integral to cancer cell biology, and have largely been characterized in cancer models. For this 

reason, HIF-regulated genes implicated in tumorigenesis will be discussed in more detail in later 

sections. 

1.3.4 Integration of Nutrient Sensing Pathways  

 AMPK, mTOR and HIF signaling pathways efficiently sense and coordinate appropriate 

responses to distinct changes in cellular homeostasis through crosstalk between their mechanisms. 

Active AMPK regulates mTORC1 by allosterically inactivating the complex via direct 

phosphorylation of Raptor and TSC2 (Gwinn et al., 2008), subsequently increasing TSC GAP 

activity to Rheb (Inoki et al., 2002). Furthermore, both AMPK and mTORC1 signaling increase 

HIF1 transcription and enhance HIF-1 stability (Chhipa et al., 2018; Dodd et al., 2015; Land & 

Tee, 2007). This suggests HIF activity is increased in response to energy stress, thus facilitating 

increased glycolytic energy production and angiogenesis, as well as in response to nutrient 

abundance, facilitating the expression of metabolic machinery. However, in hypoxic conditions, 

HIF-1 has a negative feedback function on mTORC1, inhibiting mTORC activation through the 

activation of TSC complex (Brugarolas et al., 2004).   

 When coordinated metabolic response pathways are unable to meet energy and biomass 

demands, cellular stress responses are initiated. The integrated stress response (ISR) pathway is a 

common mechanism used by cells to sense disruptions in cellular homeostasis, and subsequently 

coordinate appropriate effector responses (Hu & Zhang, 2021; Pakos‐Zebrucka et al., 2016). The 

eukaryotic translation factor 2 kinase (eIF2 kinase) family, including GCN2, PERK, PKR, and 

HIR, are regulators of this pathway, responding to amino acid deprivation, endoplasmic reticulum 

(ER) stress, viral infection, and heme deprivation, respectively. Under stress conditions, active 

eIF2 kinases converge on eukaryotic translation factor 2 (eIF2), inactivating it through 

phosphorylation. In doing so, global protein synthesis is reduced, while select mRNA ISR effectors 

undergo a preferential increase in translation by phosphorylated eIF2, including activating 

transcription factor 4 (AFT4) (B’chir et al., 2013). Importantly, ISR effectors regulate the 

expression of stress responsive genes, including those involved in amino acid transport, 

biosynthesis, redox regulation, protein folding, and autophagy (Reviewed in Kalinin et al., 2023; 

Neill & Masson, 2023). Furthermore, when conditions cannot be mitigated by IRS effectors, and 

AFT4 expression is prolonged, the IRS induces pro-apoptotic genes (Teske et al., 2013) 
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In summary, AMPK, mTOR and HIF pathways are critical regulators of cellular activities. 

AMPK serves as a sensor of cellular energy levels, activating catabolic pathways to restore energy 

homeostasis when ATP availability is limited. Conversely, mTOR regulates cell growth and 

metabolism, promoting anabolic metabolism when nutrients and growth factors are in abundance. 

HIF responds to oxygen availability, transcriptionally reprogramming cells under hypoxic 

conditions. Moreover, when cellular stress exceeds the regulatory capacities of these pathways, 

the ISR reduces non-essential protein translation and promotes expression of essential homeostatic 

genes. 

1.4 CANCER DEVELOPMENT  

Cancer is a disease that often arises from genetic alterations in specific genes known as 

proto-oncogenes and tumour suppressor genes. In normal cells, these genes serve as regulators of 

cell survival, growth, division and apoptosis (Sanchez-Vega et al., 2018; Vicente‐Dueñas et al., 

2013). However, mutations in these genes lead to unregulated cell proliferation, and suppression 

of normal apoptotic pathways. Proto-oncogene mutations are considered “gain of function” that 

result in increased cell growth and proliferation (Kontomanolis et al., 2020). Alternatively, tumour 

suppressor gene mutations are considered “loss of function” that result in the inability of cells to 

perform programmed cell death pathways, repair damaged DNA, and monitor cell cycle 

checkpoints. Mutations in these genes, whether by point mutation, gene amplification or 

chromosomal translocation, ultimately lead to unregulated cell replication and inhibition of cell 

death. Tumour development occurs through continued neoplastic replication resulting in the 

formation of a solid cellular mass. This cellular niche is distinct from surrounding healthy tissue. 

To date, over 250 oncogenes and tumour suppressor genes have been identified, with 

considerable variation existing in the specific genes and pathways affected between cancer type, 

stage, and individual (Sinkala, 2023). Several commonly altered oncogenes and tumour suppressor 

genes, including KRAS, MYC, and P53, are critical modulators of cell proliferation and likely 

represent the initial drivers of cancer development. However, as tumorigenesis progresses, genetic 

alterations continue to accumulate in cancerous cells, contributing to their survival in increasingly 

hostile metabolic environments established within the tumours. Interestingly, many of the shared 

genetically altered signalling pathways between different cancers mediate metabolic response 

pathways (Eisenberg et al., 2020). For example, oncogenes KRAS, BRAF, and PIK3CA are gene 

members of PI3K/AKT/mTOR and RTK/RAS pathways. Overexpression or constitutive 
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activation of these genes increase pathway signaling without growth factor or metabolite signaling, 

promoting anabolic processes.  

1.5 THE TUMOUR MICROENVIRONMENT 

Solid tumours are complex structures composed of an array of cell types and constituents 

that support cancer cell survival. At a basic level, the components of a solid tumour are organized 

into two compartments: the parenchyma (i.e., cancerous cells) and the stroma (i.e., extracellular 

matrix, blood and lymph vessels, interstitial fluid) (Connolly et al., 2003). Generally, the 

architecture of the tumour involves a compact cancerous core, surrounded and infiltrated by 

fibroblasts and immune cells (Fu et al., 2021; Ribeiro Franco et al., 2020). Extracellular matrix 

(ECM) composed of proteoglycans, glycoproteins and collagen provides a support scaffold for the 

tumour, as well as having a functional role in processes such as cell migration, growth, and 

differentiation (Popova & Jücker, 2022). Blood and lymphatic vessels extend within the tumour to 

provide oxygen and nutrients and remove waste. Tumour interstitial fluid surrounds the cells, 

ECM, and vasculature of the tumour, and contains soluble nutrients, waste products, and cellular 

secretions between neighbouring cells and vessels (Baronzio et al., 2012; Wagner & Wiig, 2015) 

(Figure 1.2). Together, these components make up the tumour microenvironment. 

 

 

 

Figure 1.2: Illustration of the intricate organization of solid tumours. The tumorous mass is 

composed of cancerous cells, immune cells, fibroblasts, structural matrix, and vasculature. These 

components make up the tumour microenvironment. NK=natural killer; T/B Cell = T and B 

lymphocyte; B Cell = Bone Lymphocyte. Created with BioRender.com 
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1.5.1 Tumour Vasculature 

Tumour vasculature tends to be highly disorganized, and immature compared to normal 

tissue. This is due to the overproduction of local pro-angiogenic factors (i.e., VEGF-A, ANG, 

TGF, IL-8), and inhibition of angiogenic inhibitors (i.e., TSP-1) by cancer and stromal cells 

during tumorigenesis (Reviewed in Lugano et al., 2020). In general, the spatial distribution of 

vasculature throughout the tumour is heterogeneous. Additionally, blood flow through this 

vasculature is impaired by abnormal branching patterns and inconsistent changes in vessel 

diameter (Bernabeu et al., 2020; Konerding et al., 2001; Pries et al., 2009; Yuan et al., 1994). 

Moreover, the blood vessels are leaky, having increased fenestrations, large endothelial cellular 

junctions, and poorly developed basement membranes (Gerlowski & Jain, 1986; Yuan et al., 

1994).  

Poor tumour vascularization affects the interstitial fluid pressure (IFP) within the tumour. 

IFP is the pressure exerted by interstitial fluid on the cells and vessels of the tumour. In solid 

tumours, IFP is elevated compared to normal tissue, and positive relative to intravascular pressure 

(Fukumura & Jain, 2007; Gutmann et al., 1992; Roh et al., 1991). High blood vessel permeability, 

low venous and lymphatic drainage, and compact cell density contribute to this phenomenon. 

Accumulation of hyaluronan, a polysaccharide able to absorb water, also contributes to increased 

IFP in some tumours (e.g. pancreatic cancer) (Provenzano et al., 2012; Voutouri et al., 2016). 

Overall, this feature further reduces the function of blood vessels, particularly in regions more 

internal to the tumour, where blood flow, perfusion, and concentration of solutes within the vessel 

are lower (Jain, 1988). This leads to gradients in haemodynamic delivery, and heterogeneity in 

hemoglobulin and oxygenation status throughout the tumour (Li et al., 2020; Stamatelos et al., 

2019). Moreover, nutrient delivery and metabolic waste removal are impaired, likely in a similar 

heterogenous manner as oxygen. Due to the poor fluid dynamics and reduced vascular coverage 

(Jain, 1988), the extracellular environment within the tumour is generally considered hypoxic and 

metabolically constrained. 

1.5.2 Oxygen Availability within the Tumour Microenvironment 

Poor vascularization within the tumour is associated with tumour hypoxia in vivo. This is 

a hallmark feature of solid tumours that has been well characterized over the last 60 years 

(reviewed by Vaupel et al., 1989, Vaupel et al., 2021). In general, median oxygen conditions 

ranging from 0.3 to 4.3% O2 can be expected within solid tumours (McKeown, 2014) (Table 1.1). 
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However, the specific oxygen saturations found within the tumour microenvironment vary within 

individual tumours, and between tumour stages, cancer types, and patients (Li et al., 2020; Pandkar 

et al., 2021; Stamatelos et al., 2019). Moreover, oxygen concentrations fluctuate cyclically, over 

hours and days, coinciding with fluctuations in perfusion (Brurberg et al., 2005; Panek et al., 2017; 

Pigott et al., 1996; K. Wang et al., 2009). This results in heterogeneity in oxygenation within the 

same tumour region.  

 

Table 1.1: Oxygenation status in solid tumours and associated normal tissue.  
 Tumour % O2 Normal Tissue % O2 Reference 

Brain 1.7 3.4 (Vaupel et al., 2007) 

Head and Neck 1.3 5.3-6.7 (Vaupel et al., 2007) 

Lung 1.9 5.6 (Falk et al., 1992) 

Breast 1.3 6.8 (Vaupel et al., 2003) 

Cervical 1.2 5.5 (Vaupel et al., 2007) 

Pancreatic 0.7 3.9-5.3 (Carlsson et al., 1998; Koong 

et al., 2000) 

Prostate 0.8 2.8-4.1 (Movsas et al., 1999) 

Note: Data provided at median, unless range available. 

 

Hypoxia within the tumour microenvironment is associated with HIF-1 stabilization and 

subsequent transcriptional regulation of cell metabolism, as described earlier. In addition to these 

targets, HIF signaling promotes the acquisition of malignant phenotypes in cancer cells. Indeed, 

transcriptional regulators of cell migration and metastasis are direct targets of HIF-1. In pancreatic, 

colon, brain, and gastric cancers, HIF-1 directly induces EMT through the transcription of TWIST 

and ZEB, transcriptional repressors that downregulate epithelial-like genes (Chen et al., 2016; 

Chen et al., 2017; Joseph et al., 2015; Yang et al., 2017). Cell migration, invasion, and ECM 

remodelling are also upregulated by HIF signaling in colon, breast, ovarian, liver, and non-small 

cell lung cancer (Cheng et al., 2013; Feng et al., 2018; X.-Z. Gao et al., 2019; Hoffmann et al., 

2018; X. Liu et al., 2018). Moreover, HIF-1/2 overexpression is associated with metastasis and 

poor prognosis of cancers in vivo (Baba et al., 2010; Gao et al., 2017; Zhong et al., 1999). Thus, 

while hypoxia is generally unfavourable in normal tissue, hypoxia within the tumour 

microenvironment promotes adaptive migratory responses that contribute to metastasis and disease 

aggression.  
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1.5.3 Nutrient Availability within the Tumour Microenvironment 

Tumour interstitial fluid (TIF) supplies cells of the tumour with nutrients delivered by the 

vasculature. The metabolic availability within the tumour microenvironment can thus be estimated 

by the isolation and metabolomic analysis of TIF. However, very few studies that quantify TIF 

metabolite concentrations are currently available. Rather than isolate TIF, most metabolomics 

studies quantitatively characterize the metabolic landscape of solid tumours and adjacent tissue 

using homogenized tumour specimens that include cytosols. Metabolomic data from these studies 

is thus representative of a culmination of intra- and extra-cellular metabolic constituents, rather 

than the extracellular, interstitial microenvironment of the cells. Although successful at 

demonstrating the extent to which the metabolome of tumorous and healthy tissue differ (Hirayama 

et al., 2009; Kamphorst et al., 2015; Kinoshita & Yokota, 1997; Tokunaga et al., 2018), as well as 

the metabolic heterogeneity between cancer types (Reznik et al., 2018), this approach fails to 

delineate the specific nutrient constraints experienced by cells proliferating within these 

microenvironments. It is thus necessary to perform metabolomic analysis on TIF to achieve an 

appropriate estimation of the metabolic availability within the tumour microenvironment. 

Nonetheless, TIF isolation proves difficult due to the risk of cell rupture, vasculature 

contamination, and inflammation associated with sampling techniques (i.e., implanted wicks, 

catheters, micro dialysis, centrifugation) (Reviewed in Wiig & Swartz, 2012). Importantly, while 

TIF isolation methods have been increasingly refined over the last 25 years, almost all studies that 

isolate TIF aim to characterize the proteomic landscape of samples, rather than metabolomic. 

Moreover, those that do perform extensive metabolomic analysis, typically do not provide absolute 

concentrations of metabolites, nor fold changes from plasma levels that may be used to 

approximate TIF concentrations (Vecchio et al., 2021; Wibom et al., 2010). While occasionally 

glucose, lactate, pyruvate, glutamate, and glycerol TIF measurements are available for some 

human cancers (Table 1.2), more extensive metabolite concentrations are generally not available.  
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Table 1.2: Nutrient composition (mM) of human plasma and tumour interstitial fluid.  

 

 

TIF Sampling 

Technique 

 

Glucose Lactate Pyruvate Glutamate Glutamine Glycerol References 

Human 

Plasma  

 

N/A 4.6-5.3 1.1-1.9 9-60 32-140 420-720 331-532 

(Ackermann 

& Tardito, 

2019) 

Renal cell 

carcinoma 

Tumour 

resection and 

centrifugation 

 

3.36 9.05 N/A N/A 0.44 N/A 
(Reinfeld et 

al., 2021) 

Head and 

Neck 
        

Larynx Microdialysis N/A 2.280 0.0506 N/A N/A N/A 
(Schroeder et 

al., 2013) 

Oral cavity Microdialysis N/A 1.677 0.0443 N/A N/A N/A 
(Schroeder et 

al., 2013) 

Hypopharynx Microdialysis N/A 2.657 0.0476 N/A N/A N/A 
(Schroeder et 

al., 2013) 

Oropharynx 

 
Microdialysis N/A 3.397 0.0960 N/A N/A N/A 

(Schroeder et 

al., 2013) 

Glioma* Microdialysis 
2.16 

(2.68) 

8.760 

(3.82) 

137.86 

(95.71) 

40.52 

(74.4) 
N/A 

39.89 

(21.83) 

 

(Roslin et al., 

2003) 

 

Data are median concentrations from multiple biological replicates, except ‘*’ data represents mean (SD). 

 

To date, only one group has performed a comprehensive metabolic analysis of TIF sampled 

from solid tumours (Sullivan et al., 2019). In this study, the metabolite composition of TIF isolated 

from end-stage autochthonous LSL-KrasG12D/+, Trp54flox/flox, Pdx-1-Cre (KP-/-C) murine 

pancreatic ductal adenocarcinoma (PDAC) tumours was measured using liquid 

chromatography/mass spectrometry (LC/MS). Over 118 metabolites were quantified in TIF, 

representing the best approximation for the tumor metabolome existing to date. Results of this 

quantification showed that the composition of TIF does indeed differ significantly from plasma.  

In agreement with other measurements that suggest TIF glucose is 2-9 times lower than in 

plasma, Sullivan et al., (2019) found glucose to be 2-fold less abundant in TIF compared to paired 

plasma measurements. Most essential amino acids were also significantly reduced in TIF (i.e. 

tryptophan, arginine, lysine, and tyrosine), among other metabolites (i.e. pyruvate, sarcosine, 

succinate, -ketoglutarate). Conversely, several non-essential and conditionally essential amino 

acids (i.e. glutamate, glycine, aspartate, hypoxanthine, serine, ornithine) were found to accumulate 

within TIF.   
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In addition to amino acids, Sullivan et al., (2019) found lactate accumulated in PDAC TIF, 

consistent with other cancers (Table 1.2). Importantly, extracellular acidity can be expected to 

increase alongside lactate. While not measured in this study, average pH of 6.8-7.0 have been 

measured in the tumour microenvironment of other cancers in vivo 5/23/2024 2:32:00 PM. 

Importantly, lactate accumulation and acidification of the tumour microenvironment impacts many 

aspects of cell physiology (Kato et al., 2013; Rauschner et al., 2021). In cancerous cells, lactate 

itself is associated with inhibition of anti-tumour innate immune responses through 

immunosuppression of T lymphocytes and macrophages (El-Kenawi et al., 2019; Fischer et al., 

2007), and impaired monocyte migration (Goetze et al., 2011). More recently, an epigenic role of 

lactic acid was also shown, suggesting that lactic acid can regulate gene expression through histone 

modifications (Zhang et al., 2019). 

Cellular consumption and excretion rates cannot be interpreted using in vivo extracellular 

metabolite levels as contributions from microvascular circulation and non-cancerous cells cannot 

be factored into the interpretation. With that said, the poor circulation within the tumour 

microenvironment may allow for some interpretation of metabolic utilization based on TIF 

composition, however, this should be considered cautiously. In this case, the TIF data acquired by 

Sullivan et al. (2019), suggests essential amino acids are consumed, while non-essential and 

conditionally essential amino acids are produced. Moreover, glucose depletion and lactate 

accumulation suggest glycolytic metabolism within the tumour microenvironment. Interestingly, 

differential abundance of metabolites involved in the urea cycle and arginine biosynthesis pathway 

are consistent with arginosuccinate synthase (ASS1) deficiency associated with bladder cancer, 

glioblastomas, myxofibrosarcoma, nasopharyngeal carcinoma, breast cancer, and PDAC (Allen et 

al., 2014; Huang et al., 2013; Liu et al., 2017; Qiu et al., 2014; Syed et al., 2013). However, once 

again, these interpretations should be taken cautiously. Non-cancerous cells of the tumour 

microenvironment also contribute to changes in TIF, alongside unknown changes attributed to 

circulation.  

In summary, the metabolite availability within the tumour microenvironment is 

constrained. Glucose and many essential amino acids are limited, while several metabolite 

intermediates are increased. Considering the mechanisms used by cells to sense and respond to 

nutrient availability previously discussed, these conditions present a distinct metabolic 
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environment that likely modulates the anabolic and catabolic function of cells in ways unique from 

plasma. 

1.5.4 Non-malignant cells in the Tumour Microenvironment  

Due to the dense nature of solid tumours, interaction between cancer cells and their 

surroundings is both inevitable and essential to the growth and metastasis of tumours. Cancer 

associated fibroblasts (CAFs), for example, are activated fibroblasts within the tumour 

microenvironment that both send and receive signals with neighbouring cancer cells. Initially 

activated by cytokine and growth factors released by cancer and immune cells, CAFs exhibit 

cancer-promoting effects through the release of CAF-derived cytokines, chemokines and growth 

factors that enhance cancer cell proliferation (Mao et al., 2021). Moreover, co-culture of CAFs 

with colon and breast cancer cells, promotes single cell migration and invasion through the binding 

of cancer cells fibronectin outgrowths on CAFs (Miyazaki et al., 2020). Similarly, in 3D coculture 

of lung squamous carcinoma with CAFs, CAFs were observed to promote migration and invasion 

of cancer cells, and enhance cell hyperplasia (Chen et al., 2018). In cervical cancer, the ability of 

CAFs to regulate cell invasion, migration and growth was associated with transforming growth 

factor (TGF) 1 and stromal cell-derived factor 1 overexpression (Xiao et al., 2022). Interestingly, 

CAFs were also found to regulate angiogenesis in murine colorectal tumour through STAT3 

activation (Heichler et al., 2020). Thus, it is clear that non-malignant fibroblasts found within the 

tumour microenvironment promote tumorigenesis and metastasis. 

 Immune cells of both the adaptive and innate immune system are also well characterized 

to have regulatory roles within the tumour microenvironment. Interestingly, rather than immune 

cells solely working to combat the growing tumour, some immune cells can be converted to pro-

tumorigenic tumour-associated cells. For example, in glioblastomas, chemokine signaling 

molecules produced in the tumour microenvironment suppress anti-tumour immune responses in 

tumour-associated macrophages (TAMs) through mTOR-dependent upregulation of STAT3 and 

NF-kB (Dumas et al., 2020). Active TAMs produce pro-inflammatory cytokines, however lack the 

ability to stimulate T cell activation. Additionally, TAMs enhance glycolytic metabolism and 

lactate production in cancer cells through the release of extracellular vesicles containing HIF-1-

stabilization long noncoding RNA (Chen et al., 2019). Cross talk between cancerous cells and 

immune cells thus promotes immune escape and regulates cancer cell metabolism. 
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1.6 METABOLIC HALLMARKS IN CANCER PROGRESSION  

 Metabolic reprogramming is a hallmark feature of cancer that involves the enhancement or 

suppression of conventional metabolic pathways to support cancer survival, proliferation and 

metastasis. This is driven by a combination of mutational factors intrinsic to tumour development, 

as well as metabolic availability within the tumour.  

1.6.1 The Warburg Effect  

 The earliest proposed example of metabolic reprogramming in cancer cells suggests that 

tumours are highly glycolytic, favouring glucose fermentation over OXPHOS, even under 

conditions of oxygen availability (Warburg, 1956). This phenomenon, termed the ‘Warburg 

Effect’, has since dominated the attention of cancer biologists in discussion surrounding cancer 

metabolism. Indeed, extensive research suggests that glycolytic metabolism is a metabolic feature 

shared amongst most cancer types in vivo. Glucose uptake, measured using 18F-

fluorodeoxyglucose (FDG), consistently indicates increased glucose metabolism in tumours in 

vivo (Courtney et al., 2018; Jadvar et al., 2009; Martinez et al., 2018; Momcilovic et al., 2018; 

Ong et al., 2008). Additionally, GLUT transporter and LDH-A expression is frequently elevated 

in the tumours of cancer patients (Dong et al., 2017; Koukourakis et al., 2003, 2008; Mohtasham 

et al., 2019; Rong et al., 2013). Early studies attribute the Warburg effect to defective 

mitochondrial function in cancer cells (Pelicano et al., 2006). This was initially supported by the 

identification of mutations in TCA cycle enzymes, including succinate dehydrogenase, fumarate 

hydratase, and isocitrate dehydrogenase (Ricketts et al., 2008; Sjöblom et al., 2006; Tomlinson et 

al., 2002). However, more recent evidence suggests that mitochondrial function is intact in most 

cancers, and in fact cancer cells readily switch between oxidative and glycolytic glucose fates 

depending on oxygen and nutrient availability (Moradi, et al., 2021; Vaupel & Mayer, 2012). 

Furthermore, increased glucose fermentation is now understood to be a metabolic strategy 

employed by rapidly proliferating cells in general, not specifically cancer cells (Ghashghaeinia et 

al., 2019; Sun et al., 2019).  

The longstanding hypothesis behind the ‘Warburg effect’ suggests that increased glucose 

uptake provides carbon mass for macromolecule biosynthesis (Vander Heiden et al., 2009). 

However, recent work involving isotope tracing of glucose and glutamine utilization suggests that 

amino acids primarily contribute to cell mass, rather than glucose (Hosios et al., 2016). 

Alternatively, others have hypothesized that NAD+ demands in proliferating cells exceed the 
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regenerative capacity achieved through OXPHOS, thus requiring glucose fermentation to meet 

demands. Recent work by Luengo et al. (2021) provides evidence for this hypothesis, indicating 

that the ETC is thermodynamically inhibited during ‘Warburg metabolism’ in vitro. Indeed, ATP 

is not hydrolyzed to ADP at a rate sufficient to drive continuous ATP synthase activity in 

proliferating cells, preventing mitochondrial NAD+ regeneration. Rather, ATP production through 

glycolysis alone is sufficient to meet energy demands and produce continuous NAD+ through the 

fermentation of pyruvate to lactate. Furthermore, Wang et al., (2022) demonstrate that cytosolic 

NAD+ regeneration through the malate aspartate and glycerol phosphate shuttle systems, which 

shuttle electrons into the mitochondrial matrix and the intermembrane space, respectively, is 

saturated during ‘Warburg metabolism’. Oxidative phosphorylation thus becomes a bottleneck for 

NADH oxidation, necessitating a metabolic shift to fermentation to meet NAD+ demands.  

Of note, the majority of research elucidating the ‘Warburg effect’ is performed in culture, 

using media with high glucose, or unspecified glucose contributions. Glucose is thus present in 

abundance, with concentrations up to 5-fold greater than in plasma. Under physiological tumor-

like glucose conditions, it may be that glucose availability is not sufficient to overdrive glycolysis 

to the same extent, thereby abolishing the saturation observed. This is one example of how cell 

culture conditions can potentially introduce artifact into experimental results. This will be 

discussed in more detail in Section 1.8. 

1.6.2 Intrinsic and Environmental Regulation of Cancer Metabolism 

While the Warburg effect is not a metabolic remodeling mechanism specifically employed 

by cancer cells, increased glucose uptake and glycolytic metabolism remains a hallmark feature of 

cancer metabolism in vivo. Notably, cancer cells remain proliferative and metabolically active 

even when faced with metabolic constraints. This paradoxical behaviour may be best explained by 

considering the influence of oncogenic and environmental stimuli within the tumour 

microenvironment.  

Most oncogenes commonly dysregulated in cancer belong to the PI3K-AKT-mTOR 

pathway (Reviewed by Lee & Muller, 2010). Overexpression or constitutive activation of 

oncogenes belonging to this pathway thus regulate growth promoting processes in a manner 

uncoupled from canonical pathway stimulation. Rather than requiring growth factors or amino 

acid signaling to activate mTORC, cancerous cells with this oncogenic signature increase 

activation of growth promoting processes in a self-sufficient manner (Ho et al., 2012; Wang et al., 
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2019). KRAS, PI3K, AKT and RAF are among those oncogene proteins involved in this process, 

all of which inactivate TSC, promoting mTORC1 activation. In addition to oncogenes, several 

tumour suppressor gene products also belong to this signaling pathway, and similarly converge on 

TSC (i.e., PTEN, NF1, LKB1); however, to promote TSC activity. Loss of function of these genes 

in mutated cancers promotes mTORC1 activation (Corradetti et al., 2004; Johannessen et al., 2005; 

Ma et al., 2005). Additionally, Myc, a transcription factor overexpressed in many cancer types, 

regulates metabolism and proliferation downstream of various signaling pathways, including 

Ras/Raf/ERK and Wnt/β-catenin (Gurel et al., 2008; Qu et al., 2017). Myc overexpression 

promotes the expression of glycolytic enzymes, GLUT transporters, and monocarboxylate 

transporters in cancer cells, enhancing glycolytic metabolism (Dang et al., 2006; Gan et al., 2016; 

Guo et al., 2000; Kim et al., 2004; Osthus et al., 2000). Oncogenic mutations intrinsic to cancer 

development thus increase metabolic activity independent of canonical nutrient and growth factor 

signaling. Furthermore, in cancers in which Myc is overexpressed, glycolytic metabolism may be 

genetically favoured from cancer onset.  

In addition to oncogenic regulation, environmental conditions within the tumour may also 

contribute to glycolytic metabolism hallmarks. As described earlier, hypoxia, a common feature 

of tumours in vivo, promotes glycolytic metabolism through HIF-1 signaling. Furthermore, 

specific metabolites that accumulate within the tumour microenvironment, known as 

oncometabolites, can also promote HIF- stabilization through the inhibition of PHD2. Indeed, 

oncometabolites such as succinate, fumarate, and 2-hydroxyglutarate (2-HG) are produced in some 

cancers due to mutations in succinate dehydrogenase (SDH), fumarate hydratase (FH), and 

isocitrate dehydrogenase (IDH), respectively (Hoekstra & Bayley, 2013; Schmidt et al., 2021; Xu 

et al., 2011). These metabolites competitively inhibit α-ketoglutarate binding at PHD2, thereby 

promoting HIF- stability (Burr et al., 2016; Isaacs et al., 2005; Selak et al., 2005). Normally, -

ketoglutarate facilitates HIF-1α degradation by enhancing the oxygen-dependent activity of prolyl 

hydroxylases; however, the presence of oncometabolites disrupts this process. Notably, both 

fumarate and 2-HG were increased in PDAC TIF measurements performed by Sullivan et al., 

(2019), with absolute concentrations provided.  

1.6.3 Metabolic Flexibility 

In nutrient limiting conditions, cancer cells must adapt their metabolic utilization strategies 

to sustain intrinsic growth-promoting signals. Critically, while glucose uptake and PI3K-AKT-
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mTOR activation is increased by oncogenes, extracellular nutrient availability is not unlimited in 

vivo. Consequently, cancer cells adapt by enhancing the uptake and utilization of available 

metabolites and macromolecules. This adaptation is most often accomplished by upregulating the 

expression of transporters and enzymes. 

Amino acid transporters are highly expressed in many tumours to increase uptake for 

proteinogenic, signaling and metabolic functions. This is regulated downstream of GCN2/AFT 

cellular stress pathways. For example, large amino acid transporter (LAT1), encoded by SLC7A5, 

is highly expressed in breast cancer, glioblastomas, and pulmonary pleomorphic cancer (An et al., 

2016; Ansari et al., 2018; Kaira et al., 2019). Overexpression of this transporter increases the 

import of branched chain amino acids (BCAA) whose metabolism drives several cancer promoting 

processes. Indeed, BCAA can fuel TCA cycle through their conversion to glutamine by branched 

chain amino acid transaminase 1/2 (BCAT1/2), with BCAT itself being overexpressed in 

glioblastomas, breast cancer and leukemia (Hattori et al., 2017; Tönjes et al., 2013; Zhang & Han, 

2017). Glutamine directly replenishes TCA cycle intermediate -ketoglutarate, namely via 

glutaminase, whose protein levels are again overexpressed in several cancers (Huang et al., 2014). 

Furthermore, BCAA are used for de novo nucleotide and amino acid synthesis as they can supply 

nitrogen and carbon skeletons to biosynthesis reactions (Peng et al., 2020). 

 Additionally, excitatory amino acid transporter 3 (EAAT3) essential for glutamate and 

cysteine import, encoded by SLC1A1, is overexpressed in lung cancer (W. Guo et al., 2021). 

Additionally, neutral amino acid transporters of alanine, serine, and cysteine (ASCT1/2), encoded 

by SLC1A4 and SLC1A5, are overexpressed in virtually all cancers, including prostate, lung, 

breast, cervical, esophageal, ovarian, renal, brain and hepatic cancers (Scalise et al., 2017). 

Moreover, the expression of amino acid transporters is associated with tumor grade and prognosis 

in many of these cancers. Thus, the upregulation amino acid import is a critical adaptive 

mechanism used by cancerous cells to drive anaplerotic and biosynthetic pathways.   

1.7 CELL CULTURE   

Cell culture is a fundamental tool used in biomedical research to study the behavior, 

physiology and molecular mechanisms of mammalian cells. This technique is employed amongst 

most medical and biotechnology industries, with applications in drug discovery and development, 

regenerative medicine, vaccine development, and basic research. It is an indispensable tool.   
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 To successfully culture mammalian cells, conditions that support cell growth, viability, and 

function must be established. Conditions are often tailored to promote specific biological 

phenotypes, such as replicative growth, differentiation, stemness, and metabolic adaptations. 

However, little emphasis has been made in the development of culture conditions that accurately 

replicate the in vivo environment of cells. Standard commercial media formulations, such as 

DMEM and RPMI, frequently contain some constituents at concentrations that far exceed those 

found in blood plasma, while lacking other components present in extracellular fluid. Moreover, 

the regulation of oxygen levels in cell culture is frequently overlooked, resulting in cultured cells 

being exposed to atmospheric levels of ~18% O2, rather than the 2-11% O2 levels measured in 

vivo.  

1.7.1 Timeline of Cell Culture Advancements  

 The first instance of vertebrate cell culture can be traced back to experiments performed 

by German developmental theorist Wilhelm Roux in 1885, during which cells isolated from the 

neural plate of chick embryos were sustained for several days in a saline buffer solution. In 1910, 

research exploring the use of natural tissue components to promote cell survival identified key 

factors present in in vivo cellular environments that may improve cell viability in vitro. 

Characterization of these factors later found glucose to be essential to cell survival (Lewis, 1922), 

proteins and amino acids necessary for cell growth and proliferation (Baker & Carrel, 1926; Carrel 

& Baker, 1926), and hormones and vitamins important factors in several different cellular 

processes and interactions (Vogelaar & Erlichman, 1933). Considering these factors, the 

development of synthetic media that incorporate growth promoting components began. This 

contributed to the establishment of the first mammalian cell lines using mouse fibroblasts in 1943 

(Earle et al., 1943), and the later establishment of the first human continuous cell line from cervical 

cancer cells, HeLa cells (Gey et al., 1952).  

In 1955, Harry Eagle determined the minimum media constituent concentrations required 

by cells in culture, and thus developed a Minimum Essential Medium (MEM). This medium 

included 13 amino acids, 8 vitamins, glucose, protein serum, and 6 inorganic salts (Eagle, 1955a, 

Eagle, 1955b). In 1959, Dulbecco & Freeman modified MEM to increase the concentration of 

glucose, amino acids and vitamins four-fold, thus creating an excess of these constituents. This 

increase ultimately ensured that cells in culture had an excess of nutrients, eliminating the need to 

perform frequent media changes. This media, termed Dulbecco’s Modified Eagle’s Medium 
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(DMEM), was soon adopted by many researchers. Currently, DMEM continues to be the most 

widely used media today with over 28,000 Google Scholar research papers citing its use in 2023.  

Although the use of media with an excess of nutrients has become the standard cell culture 

approach over the past 50 years, recent research conducted through the human metabolome project 

indicates that these media largely misrepresent in vivo cellular environments (Psychogios et al., 

2011; Wishart et al., 2008). DMEM provides cells with supraphysiological concentrations of 

components such as glucose, pyruvate, amino acids and vitamins when compared to human serum 

(Table 1.3). For instance, many formulations of DMEM contain glucose at concentrations as high 

as 25mM, while only being present at 5mM in human plasma. Additionally, there are numerous 

components present in human serum that are not provided in many commercial media, like 

DMEM. DMEM is also formulated with only ~35 components, while over 220,000 metabolites 

have been identified in the human body (Human Metabolome Project). 

The recognition of the impact of using non-physiological media in cell culture has recently 

initiated a movement among a small population of researchers toward producing and using 

physiological media. This initially began with researchers adjusting individual constituent 

concentrations within traditional media to achieve more physiologic levels, as was seen in the 

formulation of Serum-like Modified Eagle’s Medium (SMEM) by Tardito et al., (2015). In this 

case, plasma-like glucose, pyruvate and amino acid concentrations were achieved by manipulating 

existing commercial media. However, the non- physiological levels of the remaining constituents 

were not ideal, thus the need for a physiological media remained. In response to such demands, 

Jason Canter and colleagues formulated the first physiological growth media in 2017, containing 

over 31 metabolites, growth factors and hormones at physiological plasma-like concentrations. 

This medium was termed Human Plasma-Like Medium (HPLM). In 2019, a second physiological 

culture media known as Plasmax was developed to further improve physiological culture 

conditions beyond what was established with HPLM (Vande Voorde et al., 2019). Plasmax was 

formulated with 66 organic components, including many micronutrients significant to cellular 

functions that were missing in HPLM (Table 1.3).  

In addition to media constituent considerations that have arisen over the last decade, 

regulation of oxygen to physiological levels has long since been considered. Molecular oxygen is 

essential for cell survival and function as it plays an important role in several oxygen-consuming 

processes within the cell, the most obvious being aerobic metabolism. Oxygen is delivered to 
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tissues and cells via diffusion and convection of atmospheric O2 at the lungs and through the 

circulatory system. Oxygen partial pressures drop off from atmospheric levels as the oxygen is 

dispersed, with the final oxygen concentrations experienced by cells typically ranging from 1- 

11%, compared to the ~18-21% in the atmosphere (Physoxia Database from Keeley & Mann, 

2019). Thus, to maintain physiological culture conditions for cells, oxygen levels must be 

regulated using O2-regulating incubators. Nonetheless, in most published research O2 is not 

regulated (Abbas et al., 2021). Rather, the use of atmospheric O2 conditions continues to be 

common cell culture practice.  

 Importantly, when regulating oxygen in culture, pericellular oxygen must be considered 

(Maddalena et al., 2017; Pettersen et al., 2005). While oxygen is regulated in the headspace (gas 

phase) of oxygen regulating incubators, diffusion of oxygen from headspace (gas phase) to the 

media (liquid phase), along with the 0.5-1cm distance from the media surface to the cell monolayer 

(pericellular), is limited (Reviewed in Place et al., 2017). Consequently, in static culture, cellular 

respiration depletes pericellular oxygen availability, establishing oxygen gradients within the 

media. Thus, to regulate oxygen to specific partial pressure, pericellular oxygen levels should be 

considered.  

 

Table 1.3: Metabolite concentrations (uM) in Human Plasma and PDAC TIF compared to a 

commercially available Plasmax and DMEM. A 3-point colour scale on concentration 

difference (log fold change) between average TIF and Plasmax was applied. Red colours represent 

increased concentration in TIF (up to log fold change = 2). Blue colours represent increased 

concentration in Plasmax (up to log fold change = -2). Green colours represent metabolites 

quantified in TIF, but not present in Plasmax or DMEM. Yellow colours represent Human Plasma 

and TIF range, and are not part of the colour scale.  

 
Human 

Plasma# PDAC TIF 

TIF 

Average 

 

Plasmax# DMEM# 

Proteinogenic Amino 

Acids 

   

L-Alanine 230 – 510 637.1 – 1458 1122 510 N/A 

L-Arginine 13 – 64 0.9 – 5.2 2.1 64 398 

L-Asparagine 45-130 63 – 146 115 41 N/A 

L-Aspartate 0 – 6 246 – 519 399 6 N/A 

L-Glutamate 32 – 140 789 – 1300 1054 98 N/A 

L-Glutamine 420 – 720 434 – 1330 821 650 4000 

L-Glycine 170 – 330 368 – 626 483 330 400 
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L-Histidine 26 – 120 53 – 117 94 120 200 

L-Isoleucine 42 – 100 92 – 198 130 140 802 

L-Leucine 66 – 170 204 – 426 289 170 802 

L-Lysine 150 – 220 73 – 214 139 220 798 

L-Methionine 16 – 30 35 – 107 74 30 201 

L-Phenylalanine 41 – 68 54 – 106 80 68 400 

L-Proline 110-360 71 – 164 122 360 N/A 

L-Serine 56 – 140 55 – 115 88 140 400 

L-Threonine 92 – 240 145 – 314 252 240 798 

L-Tryptophan 44.8 – 64.2 18 – 71 31 78 78 

L-Tyrosine 45 – 74 36 – 111 60 74 399 

L-Valine 150 - 310 121 – 222 150 230 803 

Non-Proteinogenic 

Amino Acids 

 
  

α-Aminobutyrate 15 – 41 4.7 – 13* 2.93 41 N/A 

Arginosuccinate N/A 0.2 – 1.3 0.75 N/A N/A 

Homocitrulline N/A 0.4 – 2.2* 0.72 N/A N/A 

L-Citrulline 16 - 55 44 – 119 73 55 N/A 

L-Cystine 30 - 65 16 – 111 51 65 201.3 

L-Homocysteine 6.1 - 12.1 N/A N/A 9 N/A 

Methionine Sulfoxide N/A 35 – 107 3.17 N/A N/A 

L-Ornithine 27 - 80 161 - 485 312 80 N/A 

N,N,N-

Trimethyllysine 
N/A 0.9 - 1.7 1.20 N/A N/A 

Sarcosine N/A 0.9 - 9.4* 0.22 N/A N/A 

Amino Acid 

Derivatives 

 

Acetyl carnitine 2.5 - 8.6 19.6 - 34.9* 25 5 N/A 

Acetylglutamate N/A 0.6 - 4.5 1.40 N/A N/A 

N-Trimethylglycine 

(Betain) 
49.6 - 94.4 84 - 219.9* 94 72 N/A 

Glutathione (reduced) 32.2 - 41.8 5.4 - 80.8* 22 37 N/A 

L-a-Aminoadipate N/A 10.7 - 21.9 15 N/A N/A 

L-Carnitine 34.1 - 57.3 27 - 54.6* 40 46 N/A 

L-Carnosine 5.5 - 7.5 0.6 – 3* 0.49 6 N/A 
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N-Acetyl-L-aspartate N/A 2.3 - 6.1* 1.13 N/A N/A 

N-Acetylglycine 69.7 0.1 - 1.8* 23 70 N/A 

N,N-dimethyl-L-

Arginine (ADMA) 
N/A 1.4 - 2.4* 0.84 N/A N/A 

Taurine 45 - 130 1742 - 3070.4 2326 130 N/A 

Other Components    

Acetate 26.8 - 57 N/A 350 42 N/A 

Allantoin N/A 59.7 - 191.2* 63 N/A N/A 

Carbamoyl aspartate N/A 0.3 - 2.2 0.78 N/A N/A 

cis Aconitate N/A 1.4 - 5.5 2.97 N/A N/A 

Citrate 87.2 - 141.2 164.8 - 585.3 339 114 N/A 

Creatine 8.4 – 6 N/A N/A 37 N/A 

Creatinine 60.5 - 87.7 5.5 - 27.3* 12.6 74 N/A 

Cytidine N/A 8.4 - 12.7* 4.60 N/A N/A 

5'-Deoxy-5'-

methylthioadenosine 
N/A 0.0429 – 0.0831 0.0612 N/A N/A 

D-Glucose 4599 - 5344 808 - 10096 2304 5560 25000 

Glycerol 331 - 532 N/A 179 82 N/A 

2-hydroxybutyrate 23.5 - 39.1 N/A 84 31 N/A 

3-hydroxybutyrate 10.6 - 143.2 12 - 218.5 81 77 N/A 

Hypoxanthine 4.5 - 5.3 50 - 152 10 5 N/A 

L-Kynurenine N/A 0.3 - 1.9 1.01 N/A N/A 

Lactate 1118 - 1861 2009 - 6754 3794 500 N/A 

Malate N/A 105.1 - 208.8 156 N/A N/A 

Orotate N/A 0.5 - 1 0.702 N/A N/A 

Pyruvate 9.3 - 60 10.5 - 100.6 42 100 1000 

Sorbitol N/A 0.6 - 2 1.34 N/A N/A 

Succinate 23.5 69.7 - 164.9* 106 23 N/A 

Urea 3920 - 8229 N/A N/A 3000 N/A 

Uric Acid 229 - 315 N/A N/A 270 N/A 

Uridine 1.8 - 4.4 25.8 - 102.5* 61 3 N/A 

Xanthine N/A 4.7 - 13.2* 0.894 N/A N/A 

Vitamins    

Ascorbate 57.9 - 67.3 117.8 - 182.5* 145.7 62 N/A 

Choline 9.2 - 19.8 169.1 - 275.2 227.8 7.1 28.6 
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D-Biotin 0.0006 - 0.0019 0.028 - 0.089 0.0616 4.2 0.53 

D-pantothenate 4.5 - 5.3 1.7 - 5.8 3.74 2.1† 8.4 

Pyridoxal 0.007 - 0.060 0.1 - 0.3 0.0033 4.9 19.4 

TIF=tumour interstitial fluid 

PDAC=pancreatic ductal adenocarcinoma  

N/A = not applicable as metabolite not present in formulation. 

* Semi-quantitative quantification 

 PDAC TIF metabolomics data source (Sullivan et al., 2019). Ranges shown are minimum and maximum 

measurements from 7 TIF samples and 5-18 plasma samples. Averages shown are an average of all measurements > 

0 uM. 

#Plasmax and DMEM media formulations from (Ackermann & Tardito, 2019) 

 

 

1.8 EFFECTS OF NON-PHYSIOLOGICAL CONDITIONS IN CELL CULTURE  

Growing evidence suggests that culture in non-physiological media and oxygen alters 

numerous aspects of cell biology. Processes such as proliferation, glucose utilization, oxygen 

consumption, mitochondrial morphology, redox states, and response to drugs exhibit notable 

changes depending on culture condition.  

1.8.1 High Glucose DMEM in Cell Culture 

Early evidence that non-physiological media alters biological responses can be found in 

research performed using traditional DMEM formulations (high glucose) versus ‘physiological’ 

DMEM (low glucose). For example, proliferation rates measured in human pancreatic cancer cells 

cultured in DMEM with glucose concentrations ranging from 5.5mM to 50mM for 12, 24, or 48 

show a dose dependent increase in proliferation with increasing concentrations (Han et al., 2011). 

Similarly, high glucose DMEM (25mM) increases proliferation and viability in non-small-cell 

lung cancer, breast cancer, and endometrial cancer compared to low glucose DMEM (5mM) (Ding 

et al., 2018; Han et al., 2015; Hou et al., 2017). In human umbilical vein endothelial and 

osteosarcoma cells, basal oxygen consumption rates are reduced in high glucose DMEM (25mM) 

following 6-9 day, and 2-day adaptations, respectively (Balsa et al., 2019; Koziel et al., 2012). 

Similarly, maximum oxygen consumption and spare respiratory capacity is reduced in C2C12 

myoblasts in high glucose DMEM (27.7mM) (Elkalaf et al., 2013). In human skeletal muscle cells, 

high glucose DMEM (20mM) promotes glucose fermentation, increasing basal glycolytic rate and 

lactate production (Lund et al., 2019). ROS generation is significantly increased in pancreatic 

cancer cells cultured in high glucose (25mM) for 24 hours (Luo et al., 2018), and hydrogen 

peroxide production is increased in a cell-line specific manner (Fonseca et al., 2018). This activates 
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oxidative stress responses, including the Nrf2/ARE cascade. Finally, high glucose DMEM 

(25mM) also induces Drp1-dependent mitochondrial fragmentation and impairs mitochondrial 

membrane potential in primary neonatal rat ventricular cardiomyocytes following 72h exposure 

(Wu et al., 2021).  

 In summary, glucose concentration alone is sufficient to alter multiple aspects of cell 

biology. Supraphysiological glucose concentrations increase cell proliferation, drive glycolytic 

and non-oxidative metabolism, and increase oxidative stress in cultured cells. Interestingly, these 

alterations are consistent with Warburg metabolism, suggesting the ‘Warburg Effect’ may be an 

artifact of non-physiological cell culture conditions.  

1.8.2 Effects of HPLM and Plasmax in Cell Culture  

 Given the effect of DMEM glucose concentration on cell metabolism, it is unsurprising 

that media containing physiological concentration of all constituents will have a significant effect 

on cells in vitro. Indeed, both HPLM and Plasmax have been shown to profoundly alter the 

metabolic landscape of cultured cells compared to RPMI and DMEM, respectively.  

Cantor et al. (2017) demonstrate that culture in HPLM has a substantial effect on cellular 

metabolism. While glycolytic flux did not differ between HPLM and RPMI cultured cells, a cell 

line specific reduction in basal OCR was measured. Moreover, the fate of glucose differed in 

HPLM. Using carbon-13 labeled glucose and nitrogren-15 labeled glutamine, they find that in 

HPLM cultured cells, glucose does not feed into the TCA cycle to the same capacity as in RPMI. 

Instead, they suggest that exogenous glucose is used for lipid synthesis. Moreover, the fate of 

glutamine for the biosynthesis of amino acids was increased in HPLM. The most notable finding 

by Cantor et al., (2017) was that exogenous uric acid present in HPLM but not RPMI, is a direct 

inhibitor of uridine monophosphate synthase (UMPS). Moreover, 5-fluorouracil, an antimetabolite 

therapeutic drug that induces cytotoxic effects when metabolized into fluorouridine triphosphate 

by UMPS, is less effective in UMPS-inhibited cells. Thus, culture in HPLM allowed for the role 

of an endogenous metabolite, uric acid, to be elucidated. This work also demonstrates the effect of 

culture media on modulating the effectiveness of drugs.  

 Vande Voorde et al., (2019) demonstrate that culture in Plasmax has broad effects on cell 

proliferation, morphology, and gene expression in human triple negative breast cancer cell lines. 

Importantly, sodium selenite present in Plasmax increased colony formation in cultured cells by 

maintaining glutathione peroxidase activity, reducing lipid peroxidation, and preventing 
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ferroptosis. Additionally, following differential gene expression analysis, DMEM-F12 was found 

to upregulate expression of HIF target and stabilize HIF-1 levels, inducing a pseudohypoxia state 

in cultured cells at atmospheric conditions. Pyruvate, present at concentrations 10-fold greater than 

in Plasmax, was identified as the metabolite responsible for HIF-1 stabilization and subsequent 

HIF signaling. Finally, Vande Voorde et al., (2019) found supraphysiological levels of arginine in 

DMEM-F12 reverse the activity of argininosuccinate lyase (ASL) in the urea cycle, producing an 

metabolic rewiring process not relevant to in vivo biology.  

 Since the publication of Plasmax and HPLM, several other research groups have 

investigated the role of media formulation in cell metabolism. Golikov et al., (2022) show that 

culture in Plasmax increases basal and maximal mitochondrial respiration, but not glycolysis in 

Huh, A549, HeLa, and Vero E6 cell lines adapted for 7 days in their respective condition. 

Moreover, Plasmax increased mitochondrial networking, but not mitochondrial mass or turnover. 

Thus, Plasmax improves mitochondrial efficiency and OXPHOS, in part by rearranging 

mitochondrial network. Moradi, et al., (2021a) also show that Plasmax increases basal, maximal 

and spare OCR, in four cancer cell lines (MCF7, SaOS2, LNCaP, Huh7) at the same atmospheric 

oxygen conditions used by Golikov et al., (2022). Cell line specific increases in mitochondrial 

networking was also observed in these conditions. In contrast, while Golikov et al., (2022) found 

no effect of media on glycolytic metabolism, Moradi, et al., (2021a) show extracellular 

acidification rate (ECAR), a proxy for glycolytic metabolism, is increased in all cell lines cultured 

in DMEM. This agrees with the glycolytic results comparing high and low glucose DMEM 

described above.  

 Furthermore, Moradi, et al., (2021a) investigate the effect of physiological oxygen (5%) in 

combination with media composition. While ECAR was increased in all DMEM cultured cells 

regardless of oxygen, cell-line- and oxygen-dependent effects on OCR were noted. However, in 

all cell lines except SaOS2, 18% O2/DMEM had the lowest OCR, consistent with increased 

glycolytic metabolism in these conditions. In general, OCR was increased in Plasmax at 5% and 

18% O2, with the exception of SaOS2 which was decreased at 18% O2, and LNCaP, which was 

decreased at 5% O2 relative to 5% O2/DMEM and 18% O2/Plasmax. Thus physiological media and 

oxygen culture condition generally promote OXPHOS, with some cell lines decreasing glycolytic 

and oxidative metabolism all together. In agreement with Golikov et al., (2022), media 

composition had no effect on mitochondrial abundance at 18% O2. Further, the specific effect on 
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mitochondrial network was found to be cell-line specific, with increased mitochondrial networking 

observed in Plasmax and 5% O2.  

In a separate study, Moradi, et al., (2021b) show similar findings in C2C12 myoblast cells, 

with Plasmax increasing mitochondrial networking. In contrast to cancer cell lines, 18% O2 and 

Plasmax were found to increase mitochondrial abundance in C2C12, with Plasmax reducing basal 

and maximal respiration regardless of oxygen. Physiological conditions of 5% O2 and Plasmax 

showed the lowest OCR of all conditions. 18% O2 increased basal, maximal and spare respiratory 

capacity in both media. Thus, while Plasmax increases OCR in cancer cells in a cell line specific 

manner, the opposite is seen in myoblasts.  

In addition to metabolism, several recent publications have also emphasized the role of 

physiological culture media in promoting conditionally essential processes and vulnerabilities in 

cancer cells. Using CRISPER/Cas9 genome-wide loss of function genetic screening, Rossiter et 

al., (2021) identify genes conditionally essential to cells according to media composition, including 

those encoding glycolytic enzymes and metabolite transporters. Further, a preprint from Flickinger 

et al., (2023) identify HPLM-sensitive drug treatments that are conditionally lethal depending on 

drug-nutrient interactions within the media. Conditionality of the chemotherapeutics examined 

was attributed to the availability of nucleotide salvage pathway substrates present in HPLM. Along 

these lines, Abbott et al. (2023) demonstrate the differential response of hundreds of metabolism-

targeting drugs with culture in non-physiological (RPMI) versus serum-derived culture medium.  

1.8.3 Effects of Supra-Physiological Oxygen in Cell Culture 

 With oxygen regulation having been performed since the 1950s, the effects of supra-

physiological oxygen on cultured cells have been characterized and reviewed extensively. The first 

observations illustrating the effect of oxygen on cells were performed by Cooper et al. (1958), 

whereby oxygen levels regulated below atmosphere were found to increase growth rate of embryo 

kidney cells. Since then, an abundance of evidence has been published, suggesting the effects of 

hyperoxia are rather broad (Reviewed in Alva, Gardner, et al., 2022). Indeed, several other 

publications suggest that reduced oxygen tensions increase proliferation and replicative lifespan 

of cultured cells, owing to hyperoxia inducing oxidative damage and replicative senescence in 

cells (Packer & Fuehr, 1977; Scaffa et al., 2021). Moreover, the effect of supraphysiological 

oxygen on mitochondrial function appears to be cell-line specific, increasing OXPHOS in human 

stem cells (Estrada et al., 2012), while reducing OXPHOS in most cancerous and non-stem cell 
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lines (Moradi, Moffatt, et al., 2021; Timpano et al., 2019). Conversely, there is unanimous 

agreement that supraphysiological oxygen increases the production of ROS in multiple cell lines, 

leading to oxidative stress (Estrada et al., 2012; Maddalena et al., 2017; Tiede et al., 2011). Finally, 

culture in atmospheric oxygen versus 5% O2 has cell line specific effects on gene expression, with 

HIF targets commonly enriched at 5% O2 conditions in all cell lines (Alva, Moradi, et al., 2022). 

1.9  CHALLENGES AND LIMITATIONS OF PHYSIOLOGICAL MEDIA 

 Advancements in physiological cell culture conditions certainly alter many aspects of cell 

biology. Perhaps most importantly, evidence suggests that cells cultured in physiological media 

exhibit phenotypes that more closely correlate with those observed in vivo (Alva, 2024; Vande 

Voorde et al., 2019). Nonetheless, maintaining cells in physiological plasma-like media presents 

two major challenges.  

 First, plasma-like media are formulated with nutrient contributions substantially lower than 

in standard media. While successful at establishing metabolic conditions that are physiologically 

relevant, the longevity of such media over the course of an experiment has not been defined, at 

least not prior to this thesis. Consequently, cells cultured in Plasmax for prolonged periods may be 

vulnerable to starvation. In standard cell culture practice using DMEM, cultures can be left for 2-

4 days before the media must be replenished. For Plasmax and HPLM, it is likely that similar 

practices would leave cells nutritionally starved. This problem circles back to the initial motivation 

behind the development of DMEM from MEM. Importantly, many publications that cite the use 

of Plasmax or HPLM either do not indicate frequency of media exchange (Coronel et al., 2022; 

Torres-Quesada et al., 2022), or perform exchanges every 2+ days (MacPherson et al., 2022; Wang 

et al., 2022a, 2022b). Thus, defining culture practices that ensure intended physiological conditions 

are maintained throughout experiments is critical.  

  Second, while plasma-like media, particularly Plasmax, is described as a physiological 

media for ‘cancer models', cancerous cells from solid tumour are not directly exposed to circulating 

plasma. Instead, they are bathed in tumour interstitial fluid. Moreover, Plasmax differs quite 

substantially from TIF (Table 1.3), and ultimately does not effectively model the tumour 

microenvironment. Thus, to improve cancer cell culture models, physiological media formulated 

using TIF nutrient concentrations must be achieved.    
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1.10 THESIS OBJECTIVE AND OUTLINE 

The main objective of this thesis was to enhance our understanding of how the nature of in vitro 

models affects cancer cell biology and therefore experimental outcomes. Specifically, I 

investigated how physiological culture conditions affect cancer cell metabolism. In Chapter 2, I 

explore nutrient exhaustion in physiological plasma-like medium (Plasmax), and the adaptive 

mechanisms by which cancer cells can maintain survival under metabolic stress conditions. Here, 

I found that glucose and amino acids are rapidly depleted from Plasmax following a standard 

culture period of 48 hours. Notably, a transcriptional response suggestive of adaptive metabolic 

stress pathways was observed, including enrichment of terms association with amino acid 

biosynthesis and uptake. While results suggested that media replenishment may ameliorate 

metabolic stress responses in physiological culture practices, the adaptive mechanisms were 

consistent with metabolic reprogramming that would be expected in depleted tumour 

environments. I thus hypothesized that the conditions established in nutrient depleted Plasmax 

evoke adaptive metabolic responses representative of in vivo hallmarks. In Chapter 3, I developed 

a novel cell culture medium using tumour interstitial fluid metabolomics data to explore this, 

named Tumour Microenvironment Medium (TMEM). I established nutrient and oxygen culture 

conditions representative of the murine PDAC microenvironment in a PDAC cell line, and 

investigated the adaptive phenotypes acquired by cultured cells compared to plasma-like 

conditions. Importantly, I found that culture conditions representative of the tumour 

microenvironment modulate numerous hallmark features of cancer cells. Cell migration, 

proliferation, glucose consumption and utilization, and mitochondrial bioenergetics were each 

altered in ways relevant to in vivo cancer biology. Overall, these findings highlight the importance 

of representative culture conditions in the acquisition of biologically accurate experimental data. 
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Chapter 2: Rapid Nutrient Depletion to Below the Physiological Range by 

Cancer Cells Cultured in Plasmax  

 

 

 

This chapter is published as: Gardner, G. L., Moradi, F., Moffatt, C., Cliche, M., Garlisi, B., 

Gratton, J., Mehmood, F., & Stuart, J. A. (2022). Rapid nutrient depletion to below the 

physiological range by cancer cells cultured in Plasmax. American Journal of Physiology-Cell 

Physiology, 323(3), C823-C834.  
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2.1 ABSTRACT  

Mammalian cell culture is a fundamental tool used to study living cells. Presently, the 

standard protocol for performing cell culture involves the use of commercial media that contain 

an excess of nutrients. While this reduces the likelihood of cell starvation, it creates non-

physiologic culture conditions that have been shown to ‘re-wire’ cellular metabolism. Recently, 

researchers have developed new media like Plasmax, formulated to approximate the nutrient 

composition of human blood plasma. Although this represents an improvement in cell culture 

practice, physiologic media may be vulnerable to nutrient depletion. In this study I directly 

addressed this concern by measuring the rates of glucose and amino acid depletion from Plasmax 

in several cancer cell lines (PC-3, LNCaP, MCF-7, SH-SY5Y) over 48 hours. In all cell lines, 

depletion of glucose from Plasmax was rapid such that, by 48h, cells were hypoglycemic (<2mM 

glucose). Most amino acids were similarly rapidly depleted to sub-physiological levels by 48h. In 

contrast, glucose and most amino acids remained within the physiological range at 24h. When the 

experiment was done at physiological oxygen (5%) versus standard (18%) with LNCaP cells, no 

effect on glucose or amino acid consumption was observed. Using RNA sequencing, I show that 

this nutrient depletion is associated with enrichment of starvation responses, apoptotic signaling, 

and endoplasmic reticulum stress. A shift from glycolytic metabolism to mitochondrial respiration 

at 5% O2 was also measured using Seahorse analysis. Taken together, these results exemplify the 

metabolic considerations for Plasmax, highlighting that cell culture in Plasmax requires daily 

media exchange.  
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2.2 INTRODUCTION  

Cell culture is a widely utilized technique that has been vital to improving our 

understanding of the cellular, molecular, and biochemical properties of living cells. With well-

established practices and commercially available material produced throughout the world, cell 

culture serves as an accessible and efficient approach in cell biology. Current cell culture practices 

have their origins in the mid-19th century, with the first commercial medium for mammalian cell 

culture being later developed by Harry Eagle in the 1950s (Eagle, 1955b; Eagle 1955a; Eagle, 

1959). This medium, termed Minimum Essential Medium (MEM), included 13 amino acids, 8 

vitamins, 6 inorganic salts, glucose, and protein serum. In 1959, Dulbecco and Freeman modified 

MEM by increasing the concentrations of amino acids approximately four-fold, to avoid their 

depletion over time in static culture (Dulbecco & Freeman, 1959). Dulbecco’s Modified Eagle’s 

Medium (DMEM) has since been widely adopted by researchers and is currently the most widely 

used mammalian cell culture medium, with over 23,000 Google Scholar research papers citing its 

use in 2020. 

Although the use of media like DMEM has been incorporated into a standard cell culture 

workflow, there is a growing awareness of how its failure to mimic the in vivo cellular environment 

impacts cell biology (Cantor et al., 2017; Psychogios et al., 2011; Vande Voorde et al., 2019; 

Wishart et al., 2018). Non-physiological culture media can drive changes in cell phenotypes that 

cause cellular activities to diverge from their in vivo states (Gui et al., 2016; Maeda & Khatami, 

2018; McKee & Komarova, 2017; Muir et al., 2017; Poulsen et al., 2014). In recognition of this 

limitation of commercial media, Canter et al. (2017) developed Human Plasma-Like Medium 

(HPLM), which is modeled after the human blood serum metabolome, containing over 31 

metabolites, growth factors, and hormones at concentrations within their physiological ranges. In 

2019, a second physiological culture medium, Plasmax (Vande Voorde et al., 2019), was 

formulated with 66 organic components, including many micronutrients that are not found in 

HPLM. In the breast cancer cell lines used to characterize the effects of Plasmax, the medium was 

found to influence proliferation, morphology, colony formation, gene expression, and the 

intracellular metabolome (Vande Voorde et al., 2019). 

These observations point to the need for cell culturists to adopt increasingly physiologic 

cell culture conditions, including the use of media like Plasmax. However, since Plasmax does not 

contain nutrients in excess, it is vulnerable to nutrient depletion by cells in static culture, 
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particularly where media exchange is performed every other day. Here I directly addressed this 

concern by determining the rates of nutrient uptake in four commonly studied cancer cell lines 

(PC-3, LNCaP, MCF-7 and SH-SY5Y) over a 48h culture period in Plasmax. The experiments 

were performed at physiological (5% O2), and standard (18% O2) oxygen conditions. In both 

oxygen environments, I found rapid depletion of glucose from Plasmax in all four cell lines such 

that, by 48h, typically only ~20% of the initial glucose remained (~1.5 mM versus ~6 mM at time 

= 0h). Similar rapid depletion was found for most amino acids, most of which had fallen below 

the range reported in human blood plasma by 48h. RNA sequencing performed on LNCaP cells 

cultured for 48h in depleting media indicates that nutrient exhaustion initiates extensive starvation-

mediated stress responses. Similarly, Seahorse metabolic flux analysis suggests that nutrient 

depletion is associated with oxygen-dependent metabolic reprogramming in LNCaP cells.  

 

2.3 MATERIALS AND METHODS  

2.3.1 Cell Culture  

PC-3, LNCaP, MCF-7 and SH-SY5Y cell lines were purchased from the American Type 

Culture Collection (Manassas, VA, USA). All cell lines were cultured in Plasmax media 

supplemented with 2.5% FBS and penicillin (50 I.U./mL) / streptomycin (50 μg/mL). Plasmax was 

formulated according to the protocol outlined by Vande Voorde et al. (2019), with adjustments 

made to produce 5L Plasmax batches.   

Plates were initially maintained in humidified 5% CO2 atmosphere at 37 °C inside Forma 

3110 water-jacketed incubators (ThermoFisher, Waltham, MA, USA). Cell lines were seeded from 

frozen stocks onto 100mm cell culture plates and cultured in Plasmax continuously for two weeks 

prior to the initiation of the experiment to allow cells to equilibrate to the medium (they had 

previously been cultured in DMEM). Cells were incubated using either a standard cell culture O2 

level (~18% O2; superphysiologic) or physioxia (5% O2). All media were conditioned in the 

corresponding incubator for 24hr prior to use to ensure equilibration with the ambient condition. 

Media changes were performed daily, with cell passaging performed when plates reached ~80% 

confluency. After this two-week equilibration period, the experiments were initiated.   

For all experiments, cells were counted using a hemocytometer and seeded between 

300,000 and 1,000,000 cells per 100mm culture plate. Two plates were seeded per cell line and 

oxygen condition. 20mL of Plasmax was added to each plate, and cells were incubated for 48h. At 
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0h, two 1mL media samples were collected directly from the fresh Plasmax bottle. At 24h and 48h, 

two 1mL media samples were collected from each plate. No media changes were performed 

throughout the 48-hour period. The experiment was repeated three times per oxygen condition, for 

a total of six samples per cell line for each O2 level.  

2.3.2 Media Glucose and Amino Acid Analysis  

Two 1mL samples were collected per plate per condition and centrifuged at 200g for two 

minutes to separate media from any cell debris. The supernatant was transferred to cryovials, snap 

frozen in liquid nitrogen, and stored at -80°C for up to eight months. Glucose concentration of 

samples was determined using a GlucCell (CESCO Bioengineering, Taichung, Taiwan, R.O.C) 

measurement device. A glucose standard curve was established using 1.25, 2.5, 5, and 10mM 

glucose standards in Plasmax medium. Each sample and standard was tested 2-3 times.  

2.3.3 Liquid Chromatography – Mass Spectrometry Amino Acid Analysis  

Amino acids were identified and quantified essentially as in Huang et al., 2018 and Ozcan 

& Senyuva, 2006. The samples were analyzed using Agilent LCMS 1260 Infinity II in atmospheric 

pressure chemical ionization mode (APCI). The system consisted of the Agilent 1260 Multicolumn 

Thermostat (Cat #G7116A), Vialsampler (Cat #G7129C), Flexible Pump (Cat #G7104C), and 

MSD (Cat #G6125C) equipped with APCI interface. The software for data analysis and acquisition 

was Agilent OpenLab CDS. Data acquisition was performed in SIM mode using the interface 

parameters: gas temperature at 320°C, vaporizer temperature of 425°C, nebulizer pressure of 55 

psi, and gas flow of 4 L/min. Ions monitored for 15 underivatized amino acids using the 

Quantifying Ions (m/z) and Internal Standard Quantifying ions (m/z) listed in Supplemental Table 

2.1.  

The chromatographic separations were performed with the Agilent InfinityLab Poroshell 

120 HILIC-Z (2.1x100mm) column using 20mM ammonium formate in water at pH=3 (Mobile 

Phase A), and 20mM aqueous ammonium formate at pH=3 in 9:1 acetonitrile/water. The injection 

volume was 5uL, with a flow rate of 0.5mL per minute. A gradient of Mobile Phase A and Mobile 

Phase B was applied as follows: from 0-11.5min isocratic elution with 100% B; from 11.5-12min, 

70% B and 30% A; from 12-25 100% B; from 25min, maintained at 100% B for 5 minutes for re-

equilibration.   

Media samples were thawed from –80°C storage within 30 minutes of sample preparation. 

Samples were vortexed and sonicated for 5 seconds each before being transferred to Agilent 2mL 
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glass vials. 475uL of sample and 25uL of internal standard solution containing the following 

deuterated amino acids from CDN Isotopes were added to each vial: L-Alanine-3,3,3-d3 (Cat. #D-

1297), L-Aspartic-2,3,3-d3 Acid (Cat. #D-0898), L-Glutamic-2,4,4-d3 Acid (Cat. #D-8010), 

Glycine-2,2-d2 (Cat. #D-0064), L-Leucine-d7 (iso-propyl-d7), L-Lysine-3,3,4,4,5,5,6,6-d8 (Cat. 

#D-2555), L-Methionine-d3 (Cat. #D-1292), and L-Phenyl-d5-alanine-2,3,3-d3 (Cat. #D-1241). 

Vials were inverted and vortexed before being placed in the loading dock. Six samples were run 

at a time, with two vials per sample, for a total of 12 vials. Samples were analyzed at room 

temperature, with each run taking ~6 hours to complete. Time 0h samples served as control 

concentrations for each run.  

Quantitative analysis of amino acid concentrations within the samples was accomplished 

using a 5-point calibration curve of Amino Acid Standard analytical standards diluted with HPLC 

LC-MS grade water against the retention factor (Rf, a ratio of the analyte ion area to internal 

standard ion area). A minimum R2 value of 0.96 was ensured for each curve prior to proceeding to 

sample analysis. Sample amino acids were also compared against closely eluting deuterated 

internal standards.  

OpenLab CDS Data Analysis (version 2.4) was used to analyze chromatographs obtained 

from sample readings. Amino acid and deuterated internal standard peaks were manually 

processed according to retention times provided by Huang et al., (2018). The area under the curve 

(AOC) for each peak was then automatically integrated, and amino acid and internal standard 

quantifying ion integrations were compared to determine the Rf. The Rf was then used to calculate 

the concentration of the main acid based on the linear calibration equation.  

2.3.4 Consumption/Cell*Hour Calculation  

To calculate the nutrient consumption rate, I used a cell*hour calculation to estimate the 

number of cells and the time over which they were present throughout the experiment. Exponential 

growth equations were calculated in Excel using the 0h and 48h cell counts. The equation was 

used to estimate the number of cells present over each 1h period from 0h to 48h. Nutrient 

consumption after 48 hours was then divided by the sum of the number of hours each newly 

proliferated cell was present for. Using this cell hour approach to nutrient consumption allowed 

for the exponential increase in cells throughout the study period to be accounted for, whilst also 

considering the number of hours each new cell was present and thus metabolically active.    
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2.3.5 Presens Oxodish Procedure   

24-well disposable Oxodish plates (OD24; PreSens, Regensburg, Germany) were used to 

monitor pericellular oxygen levels in cells cultured under 5% O2 to monitor pericellular hypoxia. 

The number of cells seeded and the final volume of media in each well was adjusted to maintain 

the same cell density and media column height of a typical 100mm culture.  Pericellular O2 levels 

were measured at 10-minute intervals for 50 hours.  

2.3.6 RNA Extraction  

Total RNA was extracted from LNCaP cells cultured in Plasmax for 48 hours with either 

A) a media change performed after 24h or B) with no media change performed. This was repeated 

at both 18% and 5% O2. The Qiagen RNAeasy Mini Plus kit (Hilden, Germany) was used for this 

extraction. RNA samples from three replicates per experimental condition were then pooled into 

one sample. RNA purity and concentration were evaluated using a 260/280 ratio measured using 

a nanodrop spectrophotometer (ThermoFisher Scientific, MA, USA). RNA degradation and 

integrity was assessed using 1% agarose gel electrophoresis. Pooled samples were then snap frozen 

in liquid nitrogen and stored at –80 C until before being sent to Novogene Incorporated 

(Sacramento, CA, USA) for RNA sequencing.  

2.3.7 Library Preparation and Sequencing  

All RNA samples received by Novogene underwent additional quality control (QC) tests 

prior to sequencing to assess RNA integrity and purity. These included Nanodrop 

spectrophotometry and Agarose Gel Electrophoresis. After successfully passing the initial QC 

assessment, the RNA library was constructed for the samples. mRNA within the total RNA 

samples were enriched using poly-T oligo-attached magnetic isolation beads that selected for the 

polyA tails of mRNA, thus purifying the mRNA from total RNA. The cDNA was then synthesized 

from the mRNA template using random hexamer primers, a custom second-strand synthesis buffer 

(Illumina), dNTPs, RNase H and DNA polymerase I. A tailing, sequencing adaptor ligation and 

end-terminal repair were performed, followed by size selection and PCR enrichment to produce 

the completed double-stranded cDNA library. QC was performed on the RNA library using Qubit 

2.0 for preliminary concentration measurements, Agilent 2100 for insert size analysis, and qPCR 

for precise library concentration quantification. mRNA sequencing of the completed cDNA library 

was performed by Novogene on the Illumina NovaSec 6000 Sequencing System with a pair-end 

150bp read length and a read-depth of >20 million reads per sample.  
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2.3.8 RNA Seq Data Analysis  

To improve analysis quality and reliability, raw sequenced read filtering was performed in which 

reads containing adaptors, N>10% (N=bases that cannot be determined), and low quality Qscores 

of <=5 in over 50% of the bases (Qscore=Quality value) were removed. Reads were aligned to the 

reference genome (Homo sapiens GRCh38) using Hisat2 v2.0.5. Gene expression was estimated 

using the FPKM (Fragments per Kilobase of transcript sequence per Millions base pairs 

sequenced) of each gene. Differentially expressed gene lists were provided by Novogene, 

comparing gene expression with no media change versus media change at T24h. These DEGs were 

reduced to genes with a p-value < 0.05, log2(FC) ≥1 (equal to FC ≥ 2), and FPKM value to be a 

minimum of 5 in at least one of the two samples in the comparison to ensure the genes observed 

were strongly affected.  

2.3.9 Functional Enrichment Analysis  

Functional enrichment analysis was performed using Database for Annotation, 

Visualization, and Integrated Discovery (DAVID) version 6.8 with default settings. The reduced 

DEG lists were imputed, using Homo sapiens as the reference species. Enriched GO Terms, KEGG 

Pathways, and Reactome Pathways were reduced to terms with either a p-value <0.05 or a 

Benjamini adjusted p-value <0.05, as indicated.  

2.3.10 Cellular Respiration  

Cellular respiration was evaluated in LNCaP cells cultured in Plasmax. Oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR) were measured using a 

Seahorse Extracellular Flux Analyzer XFe24 Mito Stress test (Agilent, Santa Clara, CA). To 

encourage cell adherence, Seahorse XFe24 plates were coated with Poly-D-lysine hydrobromide 

(Sigma-Aldrich, MO, USA) the night before seeding. Cells were seeded 48h prior to measurement, 

with media change performed on half the wells after 24h.  One hour before the Mito Stress test, all 

wells were replaced with Plasmax media free of serum, sodium bicarbonate and 

penicillin/streptomycin supplementation, and moved to a CO2 free incubator. One final wash using 

the same media was performed directly before the assay. For the Mito Stress Test, 1uM oligomycin 

A, 1 uM FCCP and 0.5uM rotenone/antimycin A were sequentially added by the Flux Analyzer, 

according to standard protocol. Hoechst 33342 nuclear staining dye (Sigma-Aldrich, MO, USA) 

was added to the final injection to visualize, image and count the cells. Cells were imaged using a 

Zeiss Axio Observer 7 (Oberkochen, Germany) and counted using an ImageJ cell counter plugin.  



 44 

 

 

2.3.11 Statistical Analysis  

Statistical analyses were performed using Microsoft Excel version 15.38 software and 

Prism 8.4.3 (San Diego, CA). For glucose concentration experiments, two-way ANOVA and 

Tukey-Kramer Post Hoc tests were performed to test for effect of oxygen level (5% vs. 18%) and 

time (0h, 24h, 48h) on media glucose concentration for each cell line. For glucose uptake rate 

experiments, unpaired t-tests (two-tailed) between 18% and 5% oxygen conditions were performed 

for each cell line. For oxygen consumption experiments, two-way ANOVA and Tukey-Kramer 

Post Hoc tests were performed to test for effect of oxygen level (5% vs 18%) and media exhaustion 

(media change vs. no media change) on OCR and ECAR. Statistical significance was established 

at p-value ≤0.05 unless otherwise stated for RNA sequencing. All averaged data was presented 

with standard error of means [SEM].  

 

2.4 RESULTS  

Cell lines were seeded on 100mm culture plates with 300,000 to 1,000,000 cells to mimic 

seeding densities typical of a cell culture-based experiment. At confluence, plates of this size hold 

close to ten million cells, so for an experiment lasting 48h, this was not a particularly high density. 

Cells were cultured in 20mL of medium, which is greater than some recommendations 

(ThermoFisher Cell Culture Protocols), and within the recommended 1mL/100,000 cells/day 

provided by Vande Voorde et al., (2019). Nonetheless, I saw appreciable nutrient depletion under 

these conditions that could affect the integrity of multi-day experiments that do not incorporate 

daily media changes. 

Target fasting blood glucose concentrations in healthy adults is <5.6 mM (Imran et al., 

2018), with biochemical hypoglycemia diagnosed when glucose concentrations fall below 3.0 mM 

(International Hypoglycaemia Study Group, 2017). Plasmax is formulated with 5.56 mM glucose, 

using Human Serum Metabolome measurements for reference (Psychogios et al., 2011). I used the 

Plasmax formulation reported by Vande Voorde et al., (2019), which is supplemented with 2.5% 

FBS. Although the glucose concentration of FBS is variable, average glucose contributions of ~17 

mM have been reported across different FBS batches (Owens & Kind, 2008). Our 0h glucose 

measurements in Plasmax supplemented with 2.5% FBS averaged 6.0 +/- 0.1 mM (Table 2.1), 

which is consistent with the above values. 
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Table 2.1: Media glucose concentrations for PC-3, SH-SY5Y, MCF-7 and LNCaP cells 

cultured in cultured at 18% or 5% O2 for 48h. Blue colours represent the fold-change depletion 

of glucose in reference to the lower limit of the physiological range. A 5-point cut-off on the colour 

scale was applied to the fold change to assign the colour. Yellow cells represent concentrations 

above the lower limit of the physiologic range. 

Oxygen 

Condition  

Sampling 

Time  

Mean Glucose Concentration [mM] (SEM)    

LNCaP  PC-3  SH-SY5Y  MCF-7    

 18% O2  0h  5.9  

(0.1)  

6.2  

(0.1)  

5.8  

(0.1)  

5.8  

(0.3)  
  

24h  3.1 

(0.2) 

4.0  

(0.3)  

3.4  

(0.3)  

4.5  

(0.5)  
  

48h  1.1  

(0.1)  

1.4  

(0.1)  

1.7  

(0.6)  

1.8  

(0.3)  
  

5% O2  0h  6.2  

(0.1)  

5.9  

(0.2)  

5.7  

(0.1)  

6.2  

(0.5)  
  

24h  2.6  

(0.8)  

2.9  

(0.9)  

3.8  

(0.3)  

5.8  

(0.7)  
  

48h  1.3  

(0.2)  

1.9  

(0.4)  

1.4  

(0.2)  

2.3  

(0.6)  

 

 

Values are in mM and are means (SEM), n=3, except for time 0h which is n=6.  

 
 

Significant glucose depletion from Plasmax was observed over 48h in culture in all cell 

lines and in all experimental conditions (Table 2.1, Supplementary Figure 2.1). At 24h, the 

media glucose concentration averaged across all four cell lines was 3.8 +/- 0.3 mM at 18% O2 and 

3.8 +/- 0.7 mM at 5% O2. Although not considered hypoglycemic, these concentrations were below 

healthy adult human plasma ranges (Psychogios et al., 2011). At 48h, glucose concentrations had 

fallen below 2mM in most cell lines, averaging 1.5 +/- 0.2 mM at 18% O2 and 1.7 +/- 0.2 mM at 

5% O2. Thus, all cell lines were experiencing hypoglycemic conditions following 48h continuous 

culture in Plasmax, with O2 level having no measurable effect on this outcome. I used Presens 

Oxodish technology to measure pericellular O2 levels at 5% O2, since hypoxia can develop under 

these conditions (Maddalena et al., 2017). However, pericellular O2 remained above 3.7% for all 

cell lines cultured at 5% (Figure 2.1), confirming no pericellular hypoxia. 
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Figure 2.1: PreSens Oxodish Pericellular Oxygen Readings for LNCaP, PC-3, SH-SY5Y, 

MCF-7, and control media over 3000 minutes. All cell lines observed to maintain pericellular 

oxygen levels above 3.7% O2 for the entirety of the test period. Date shows means of 4-5 technical 

replicates within one PreSens Oxodish. 

 

Specific glucose consumption rates were calculated for all cell lines. Rates of glucose 

consumption were standardized to cell*hour to account for exponential growth over each 48h 

experiment (See Supplemental Figure 2.2 and 2.3 for growth curves). The glucose consumption 

rates calculated using this method ranged from 740-2312 fmol/cell*h across cell lines (Table 2.2). 

No significant differences were found between rates of glucose consumption at 5% versus 18% O2  

of any cell line, with the exception of SH-SY5Y cells, which consumed glucose at faster rates at 

5% O2, despite showing no signs of pericellular hypoxia.  

 

Table 2.2: Glucose consumption rates of cells lines in Plasmax and standard culture media. 

Data include results of present study and published values.  

Cell Line Glucose 

Consumption Rate 

Conditions Reference 

MCF-7 759 ± 46.7 

fmol/cell*h   

 

742 ± 68.1 

fmol/cell*h   

 

280 fmol/cell*h 

 

 

Plasmax, 18% O2  

 

 

Plasmax, 5% O2  

 

 

RPMI-1640, 21% O2 (10mM 

Glucose, 2mM Lactate, 10% heat 

inactivated FBS)  

Present Study  

 

 

Present study 

 

 

(Prado-Garcia et 

al., 2020)  
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438 fmol/cell*h 

 

 

208 fmol/cell/h 

 

DMEM (5mM Glucose, 20% FBS) 

 

 

IMEM (11mM Glucose, 10% FBS) 

 

(Mazurek et al., 

1997) 

 

(Kaplan et al., 

1990) 

PC-3 1903 ± 552.3 

fmol/cell*h 

 

1821 ± 642.63 

fmol/cell*h 

 

 

208 fmol/cell/h 

 

 

729 fmol/cell/h 

Plasmax, 18% O2  

 

 

Plasmax 5% O2 

 

 

 

RPMI 1640 (11.11mM Glucose, 

10% FBS, atmosphere with 5% CO2) 

 

Complete RPMI-1640 (10% FBS) 

Present Study 

 

 

Present Study 

 

 

 

(Vaz et al., 2012) 

 

 

(Fu et al., 2010) 

LNCaP 1772 ± 105.6 

fmol/cell*h 

 

2159 ± 315.5 

fmol/cell*h 

 

208 fmol/cell/h 

 

Plasmax, 18% O2  

 

 

Plasmax, 5% O2  

 

 

RPMI 1640 (11.11mM Glucose, 

10% FBS, atmosphere with 5% CO2) 

Present Study  

 

 

Present Study 

 

 

(Vaz et al., 2012) 

 

SH-SY5Y  1095 ± 205.1 

fmol/cell*h (#) 

 

2312 ± 75.8 

fmol/cell*h 

 

Plasmax, 18% O2  

 

 

Plasmax, 5% O2  

 

 

Present Study  

 

 

Present Study 

H1299 300 fmol/cell*h 

 

RMPI-1640 or DMEM, 21% O2, 

10% heat inactivated FBS  

(Hosios et al., 

2016) 

A-549 200 fmol/cell*h 

 

 

155 fmol/cell*h 

 

RMPI-1640 or DMEM, 21% O2, 

10% heat inactivated FBS 

 

RPMI-1640, 21% O2 (10mM 

Glucose, 2mM Lactate, 10% heat 

inactivated FCS 

(Hosios et al., 

2016) 

 

(Prado-Garcia et 

al., 2020)  

 

MDA-468 204 fmol/cell*h IMEM with 11mM Glucose (10% 

FCS) 

 

(Kaplan et al., 

1990) 

A-427 

 

700 fmol/cell*h 

 

RPMI-1640, 21% O2 (10mM 

Glucose, 2mM Lactate, 10% heat 

inactivated FCS) 

(Prado-Garcia et 

al., 2020)  
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DU145 687.5 fmol/cell/h Complete DMEM (10% FBS)  (Fu et al., 2010) 

Rates presented in fmol/cell*h and fmol/cell/h due to differences in reporting glucose uptake 

measurements. # represents significantly different from rate at 5% O2. Significance measured by 

unpaired student t-test (two-tailed) between 18% and 5% oxygen conditions. 

 
 

Comparison with published values for glucose consumption rates shows considerable 

variability between reported literature values (Table 2.2). The glucose consumption rates of MCF-

7 cells in our experiments were 2-4 times greater than published values for MCF-7 cells in a variety 

of media. Indeed, glucose consumption rates reported in the literature are not consistent between 

publications and it is unclear whether this is due to differences in media and/or FBS concentrations, 

or other factors. Controlled comparisons of glucose consumption by the same cell line in different 

media will be required to address these discrepancies.  

Concentrations of amino acids in fresh Plasmax were at the high end of the physiological 

range reported in blood plasma or healthy humans for most measurements (Ackermann & Tardito, 

2019). Unfortunately, I could not find data reporting typical concentrations of individual amino 

acids in FBS, thus serum contributions within our measurements could not be compared. Our 0h 

values for individual amino acids reflect the sum of Plasmax and FBS concentrations. Importantly, 

at the beginning of these experiments, all amino acids were within the range reported for human 

blood plasma, or slightly above (Tables 2.3-2.6, Supplementary Figure 2.4).  
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Table 2.3: Amino acid concentrations (uM) in media at 0, 24, and 48h following cell seeding 

for LNCaP cells cultured in Plasmax and incubated at 5% CO2 and either 5% or 18% O2. 

Blue colours represent the fold change depletion of each amino acid in reference to the lower 

limit of the physiological range. A 5-point cut-off on the colour scale was applied to the fold 

change to assign the colour. Yellow cells represent concentrations above the lower limit of the 

physiologic range.  

Amino    

Acid   

Human   

Plasma     

Range (uM)  

   

0h   

   

   24h   

    Time   

  

   

48h   

   

   5% O2   18% O2   5% O2   18% O2   

Alanine   230-510   615.5   

(6.1)   

377.8   

(10.9)   

355.0   

(35.0)   

194.9   

(51.9)   

192.9   

(16.6)   

Arginine   13-64   72.2   

(0.004)   

18.6   

(2.2)   

17.1   

(4.0)   

9.2   

(1.0)   

7.9   

(4.0)   

Aspartic Acid   0-6   6.6   

(0.6)   

5.3   

(0.5)   

4.5   

(1.2)   

1.6   

(0.6)   

1.1   

(0.2)   

Glutamic Acid   32-140   99.0   

(2.0)   

66.5   

(0.9)   

59.6   

(8.2)   

33.8   

(6.0)   

38.1   

(2.2)   

Glycine   170-330   245.6   

(6.9)   

187.3   

(8.6)   

172.4   

(17.1)   

98.0   

(22.5)   

89.0   

(3.8)   

Histidine   26-120   146.3   

(0.005)   

79.7   

(15.6)   

78.9   

(21.4)   

41.1   

(4.3)   

49.4   

(5.3)   

Lysine   150-220   143.7   

(2.6)   

103.0   

(4.7)   

95.5   

(7.1)   

54.7   

(12.1)   

52.7   

(3.9)   

Methionine   16-30   22.3   

(0.4)   

14.5   

(1.0)   

12.9   

(1.3)   

5.0   

(2.2)   

4.8   

(0.7)   

Phenylalanine   41-68   55.3   

(0.5)   

38.2   

(1.6)   

35.2   

(2.8)   

16.5   

(6.0)   

15.1   

(1.6)   

Proline   110-360   264.9   

(16.8)   

192.9   

(14.3)   

188.9   

(20.8)   

105.9   

(29.1)   

105.9   

(7.7)   

Serine   56-140   89.7   

(3.7)   

66.8   

(7.8)   

62.0   

(0.8)   

35.3   

(11.6)   

27.7   

(3.3)   

Threonine   92-240   153.2   

(5.8)   

115.6   

(20.6)   

110.0   

(17.8)   

63.2   

(18.8)   

45.7   

(3.8)   

Tryptophan   45-64   64.6   

(1.0)   

53.3   

(2.1)   

50.9   

(3.1)   

38.2   

(4.1)   

38.4   

(1.5)   

Tyrosine   45-74   59.2   

(1.9)   

48.3   

(2.2)   

47.0   

(4.7)   

33.2   

(2.9)   

33.6   

(1.8)   

Valine   150-310   195.4   

(13.2)   

149.2   

(14.8)   

153.4   

(35.5)   

73.5   

(16.7)   

78.6   

(18.6)  

Values are in µM and are means (SEM), n=3 for each oxygen condition, except for time 0h 

which is n=6. Human Plasma Ranges for individual amino acids were taken from Ackerman and 

Tardito (2019). 

 

 

 

  



 50 

 

 

Table 2.4: Amino acid concentrations in media at 0, 24, and 48h 

following cell seeding for PC-3 cells cultured in Plasmax. Blue  

colours represent the percent depletion of each amino acid in reference  

to the lower limit of the physiological range. A 5-point cut-off on the  

colour scale was applied. Yellow cells represent concentrations above 

 the lower limit of the physiologic range. 

Amino Acid Human 

Plasma 

 Time  

 Range (uM) 0h 24h 48h 

Alanine 230-510 589.4 

(5.0) 

249.7 

(70.2) 

155.2 

(6.1) 

Arginine 13-64 57.2 

(1.7) 

10.4 

(2.9) 

7.0 

(0.2) 

Aspartic Acid 0-6 5.9 

(0.3) 

2.6 

(0.1) 

2.1 

(0.3) 

Glutamic Acid 32-140 97.8 

(3.9) 

47.0 

(10.5) 

29.8 

(0.1) 

Glycine 170-330 283.4 

(6.2) 

132.8 

(34.4) 

76.4 

(2.3) 

Histidine 26-120 139.0 

(4.9) 

46.5 

(8.0) 

36.4 

(0.6) 

Lysine 150-220 164.9 

(1.8) 

71.3 

(22.7) 

42.8 

(1.3) 

Methionine 16-30 26.7 

(0.2) 

7.6 

(4.2) 

2.6 

(0.4) 

Phenylalanine 41-68 66.1 

(0.9) 

25.2 

(10.0) 

12.2 

(1.4) 

Proline 110-360 289.6 

(9.4) 

135.8 

(40.3) 

85.8 

(0.7) 

Serine 56-140 109.4 

(3.4) 

55.4 

(16.3) 

30.2 

(0.3) 

Threonine 92-240 175.1 

(4.8) 

82.9 

(26.8) 

48.7 

(0.5) 

Tryptophan 45-64 77.5 

(1.5) 

43.4 

(8.0) 

34.4 

(1.0) 

Tyrosine 45-74 72.2 

(1.2) 

41.0 

(7.4) 

31.4 

(0.9) 

Valine 150-310 269.2 

(11.3) 

111.9 

(37.1) 

67.9 

(1.1) 

Values are in µM and are means (SEM), n=2 from pooled 18% O2 and  

5% O2 measurements. Human Plasma Ranges for individual amino acids 

were taken from Ackerman and Tardito (2019). 
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Table 2.5. Amino acid concentrations in media at 0, 24, and 48h  

following cell seeding for SH-SY5Y cells cultured in Plasmax. Blue  

colours represent the percent depletion of each amino acid in reference to  

the lower limit of the physiological range. A 5-point cut-off on the colour 

scale was applied to the fold change to assign the colour. Yellow cells represent  

concentrations above the lower limit of the physiologic range. 

Amino Acid Human Plasma  

Time 

 Range (uM) 0h 24h 48h 

Alanine 230-510 598.8 

(7.1) 

373.3 

(40.9) 

254.0 

(79.2) 

Arginine 13-64 57.6 

(1.5) 

15.3 

(0.5) 

10.9 

(5.1) 

Aspartic Acid 0-6 7.3 

(0.6) 

5.5 

(0.1) 

3.4 

(1.0) 

Glutamic Acid 32-140 89.5 

(14.6) 

67.5 

(2.5) 

43.6 

(13.1) 

Glycine 170-330 279.8 

(1.3) 

181.0 

(23.0) 

131.0 

(36.4) 

Lysine 150-220 167.4 

(3.3) 

102.1 

(6.1) 

67.4 

(19.7) 

Methionine 16-30 25.1 

(0.6) 

13.8 

(1.5) 

7.4 

(3.9) 

Phenylalanine 41-68 66.0 

(0.3) 

38.3 

(4.3) 

22.8 

(9.2) 

Proline 110-360 329.5 

(7.0) 

204.4 

(21.5) 

136.1 

(39.4) 

Serine 56-140 101.1 

(1.1) 

68.3 

(0.9) 

43.0 

(10.5) 

Threonine 92-240 180.1 

(9.3) 

108.3 

(8.3) 

75.5 

(18.4) 

Tryptophan 45-64 73.7 

(2.4) 

51.6 

(3.0) 

40.4 

(5.4) 

Tyrosine 45-74 66.0 

(2.9) 

48.0 

(1.9) 

36.5 

(4.9) 

Valine 150-310 252.1 

(0.9) 

163.0 

(13.1) 

95.7 

(30.1) 

Values are in µM and are means (SEM), n=2 from pooled 18% O2 and  

5% O2 measurements. Human Plasma Ranges for individual amino acids 

were taken from Ackerman and Tardito (2019). 
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Table 2.6: Amino acid concentrations in media at 0, 24, and 48h 

following cell seeding for MCF-7 cells cultured in Plasmax.  

Blue colours represent the percent depletion of each amino acid in  

reference to the lower limit of the physiological range. A 5-point cut-off  

on the colour scale was applied. Yellow cells represent concentrations  

above the lower limit of the physiologic range. 

Amino Acid Human Plasma  Time  

 Range (uM) 0h 24h 48h 

Alanine 230-510 687.8 

(70.5) 

489.4 

(28.1) 

350.3  

(98.4) 

Arginine 13-64 69.9 

(0.8) 

18.0 

(0.8) 

11.4 

(2.8) 

Aspartic Acid 0-6 8.2 

(0.1) 

4.9 

(0.7) 

2.6 

(0.7) 

Glutamic Acid 32-140 115.3 

(9.4) 

89.5 

(5.7) 

64.6 

(16.1) 

Glycine 170-330 299.8 

(7.8) 

252.2 

(13.9) 

168.0 

(49.2) 

Histidine 26-120 134.3 

(6.5) 

82.4 

(5.8) 

54.0 

(12.7) 

Lysine 150-220 186.2 

(19.9) 

137.2 

(5.0) 

92.0 

(26.5) 

Methionine 16-30 31.2 

(4.7) 

19.8 

(1.8) 

11.1 

(4.5) 

Phenylalanine 41-68 73.5 

(9.2) 

50.7 

(2.1) 

33.0 

(10.8) 

Proline 110-360 328.1 

(41.6) 

233.4 

(17.1) 

170.5 

(45.5) 

Serine 56-140 107.6 

(3.1) 

85.5 

(5.8) 

59.9 

(17.2) 

Threonine 92-240 185.1 

(7.3) 

139.9 

(0.5) 

88.8 

(13.4) 

Tryptophan 45-64 80.2 

(6.8) 

59.8 

(2.5) 

48.0 

(7.9) 

Tyrosine 45-74 76.8 

(8.3) 

61.1 

(3.1) 

45.9 

(7.3) 

Valine 150-310 263.1 

(33.9) 

201.7 

(20.9) 

124.4 

(37.9) 

Values are in µM and are means (SEM), n=2 from pooled 18% O2 and  

5% O2 measurements. Human Plasma Ranges for individual amino acids 

were taken from Ackerman and Tardito (2019). 
 

Initial experiments with LNCaP cells were performed at both 5% and 18% O2, with media 

sampled at 24h and 48h. At 24h, substantial depletions of individual amino acids were noted, but 

only lysine, methionine and phenylalanine fell slightly below the lower limit of the physiological 
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range (Table 2.3, Supplementary Figure 2.4). By 48h, however, the concentrations of almost all 

amino acids were below the physiological range. As observed for glucose concentrations, no 

significant differences were detected between 5% and 18% O2 conditions. Given the absence of O2 

effects observed in the above experiments, for measurements of amino acid depletion in PC-3, SH-

SY5Y, and MCF-7 cells, I did not compare high and low oxygen.  

Amino acid depletion from Plasmax by PC-3 (Table 2.4), SH-SY5Y (Table 2.5), and 

MCF-7 (Table 2.6) cells was similar to LNCaP cells. In all three cell lines, most amino acid 

concentrations had fallen below their physiological range by 48h. By comparison, most 24h 

concentrations remained within this range. However, lysine, methionine and phenylalanine were 

again exceptions to this trend, with concentrations falling below the physiological range by 24h 

for all cell lines except MCF-7 (only lysine). Rates of amino acid consumption per cell*h were 

calculated for all cell lines (Table 2.7). Interestingly, while these were similar in LNCaP, PC-3, 

and SH-SY5Y cells, the rates were lower by about 50% in MCF-7 cells. This, however, was not 

assessed statistically. I do not have an explanation for this difference beyond cell line specific 

heterogeneity in metabolic function. Glucose consumption rates by MCF-7 cells were similar to 

the other cell lines in this study.  
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Table 2.7: Amino acid consumption rates by LNCaP, PC-3, SH-SY5Y and MCF-7 cell 

lines. 

Amino Acid LNCaP PC-3 SH-SY5Y MCF-7 

Alanine 150.30 

(15.95) 

128.82 

(7.48) 

120.18 

(5.57) 

62.93 

(4.64) 

Arginine 24.03 

(2.34) 

14.72 

(0.54) 

18.61 

(3.95) 

12.40 

(0.05) 

Aspartic Acid 2.24 

(0.26) 

0.94 

(0.04) 

1.34 

(0.24) 

0.49 

(0.13) 

Glutamic Acid 22.61 

(10.38) 

21.51 

(3.68) 

16.69 

(5.30) 

9.08 

(1.31) 

Glycine 68.06 

(7.40) 

59.81 

(1.65) 

50.53 

(0.14) 

23.01 

(8.58) 

Histidine 36.25 

(3.42) 

29.26 

(1.52) 

25.12 

(1.20) 

15.70 

(0.97) 

Lysine 40.47 

(4.01) 

35.60 

(1.42) 

48.84 

(9.26) 

17.56 

(0.97) 

Methionine 7.79 

(0.71) 

7.03 

(0.29) 

6.46 

(0.56) 

3.98 

(0.13) 

Phenylalanine 17.57 

(1.84) 

16.29 

(0.17) 

15.40 

(0.61) 

7.74 

(0.14) 

Proline 68.04 

(6.60) 

63.67 

(7.67) 

67.02 

(0.63) 

29.34 

(0.26) 

Serine 26.43 

(3.35) 

22.55 

(3.79) 

20.45 

(2.26) 

8.45 

(2.91) 

Threonine 44.74 

(4.73) 

37.12 

(5.78) 

36.08 

(0.57) 

17.98 

(0.74) 

Tryptophan 12.47 

(1.21) 

12.91 

(0.97) 

10.88 

(0.01) 

5.74 

(0.10) 

Tyrosine 11.64 

(1.40) 

11.93 

(0.93) 

9.47 

(0.38) 

5.43 

(0.34) 

Valine 50.87 

(6.50) 

64.87 

(1.35) 

55.35 

(4.20) 

25.89 

(0.47) 

Values are in fmol/cell*h and are means (SEM) of 5-6 measurements (LNCaP) or 2 

measurements (PC-3, SH-SY5Y, MCF-7). 
 

Due to the substantial nutrient depletion measured in all cell lines cultured without media 

exchange for 48h, I next evaluated the effect on nutrient depletion from Plasmax on gene 

expression using RNAseq. These experiments were performed in LNCaP cells, which were 

cultured at 18% O2 or 5% O2 for 48 hours, either with or without media exchange at 24h. In cells 

cultured without media replacement, 132 differentially expressed genes (DEGs) were enriched at 

18% O2, and 52 DEGs at 5% O2. Of these enriched DEGs, 37 were shared between the oxygen 

conditions (Supplemental Figure 2.5). GO term enrichment analysis performed using DAVID 
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identified biological processes, cellular components, and molecular functions related to nutrient 

deprivation and cellular stress as being enriched in cells that did not receive media replenishment 

at 24h. At 18% O2, DEGs were most significantly associated with amino acid import and 

biosynthesis (Figure 2.2a, Supplemental Figure 2.6). At 5% O2, DEGS were associated with 

unfolded protein response (UPR) pathways, RNA transcription regulation, and endoplasmic 

reticulum (ER) stress response (Figure 2.2b, Supplemental Figure 2.6). KEGG and Reactome 

analysis revealed that at both 18% and 5% O2, pathways associated with metabolite starvation, ER 

stress, and intrinsic apoptotic signaling were enriched (Figure 2.3).   
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Figure 2.2: Enriched GO terms for LNCaP cells cultured for 48 hours with no media 

change at a) 18% O2 and b) 5% O2. DEG lists for this analysis were reduced to genes with a p-

value ≤ 0.05, log2(FC) ≥1 (equal to FC ≥ 2), and a minimum FPKM value of 5 in at least one of 

the two samples 
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Figure 2.3: Enriched KEGG and Reactome pathways in LNCaP cells cultured for 48 hours 

with no media change at A) 18% O2 and B) 5% O2. DEG lists for this analysis were reduced 

to genes with a p-value ≤ 0.05. 
 

When media exchange was performed at 24h, 100 transcripts were enriched at 18% O2 and 

16 at 5% O2. Of these, only 2 DEGs were shared between the oxygen conditions (Supplemental 

Figure 2.7) At 18% O2, these were associated with DNA replication and cell proliferation, with 

the nucleus being the most strongly affected cellular component (Figure 2.4a, Supplemental 

Figure 6). KEGG and Reactome pathways associated with cell cycle and DNA replication 

processes were also enriched at 18% O2  (Figure 2.4b). At 5% O2, 16 DEGs were enriched with 

the media exchange, however no GO terms, KEGG or Reactome pathways were identified. Taken 

together these data indicate that media exchange after 24h promotes cellular proliferation though, 

interestingly, this is O2 dependent.   
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Figure 2.4: Differentially expressed genes, GO terms and KEGG/Reactome pathways in 

LNCaP cells cultured for 48h with a media change performed at T24h. (a) Enriched GO 

terms associated with media replacement at 18% O2. (b) Enriched KEGG and Reactome 

pathways associated with media replacement at 18% O2. DEG lists for this analysis were reduced 

to genes with a P value ≤ 0.05. 
 

To determine whether nutrient depletion affected cellular bioenergetics and mitochondrial 

metabolism, a Seahorse XF Cell Mito Stress Test was performed on LNCaP cells, again cultured 
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for 48h either with or without a 24-hour media exchange. At 18% O2, nutrient depletion had no 

significant effect on basal oxygen consumption rate (OCR), with proton leak-linked OCR and ATP 

production-linked OCR being largely unaffected (Figure 2.5a). Extracellular acidification rate 

(ECAR) was also not different between media treatment groups (Figure 2.5b). In contrast, nutrient 

depletion in cells cultured under 5% O2 conditions resulted in measurable changes to energy 

metabolism. Basal OCR was significantly increased when no media change was performed, with 

ATP production-linked OCR being the most significant contributor (Figure 2.5a). Concurrently, 

ECAR was significantly greater in cells with a 24-hour media change performed when compared 

to nutrient depleted cells and cells cultured at 18% O2 (Figure 2.5b). This suggests that nutrient 

abundance favours glycolytic metabolism over mitochondrial respiration at physiologic oxygen. It 

was also noted that basal OCR was significantly lower at 5% O2 compared to 18% O2, suggesting 

respiration rates are reduced at physiological oxygen saturations in LNCaP cells.  

 

                         

 

A 



 60 

 

 

                  
 

 

Figure 2.5: Basal oxygen consumption rates (OCR) and extracellular acidification rates 

(ECAR) of LNCaP cells cultured for 48h with media exchange versus cells without media 

exchanged at T24. (A) OCR measured using Seahorse extracellular flux at 18% O2 and 5% O2 

indicate an oxygen-dependent effect of nutrient depletion on basal respiration. Similarly, (B) 

ECAR is differentially affected by media exhaustion. Statistical significance determined by two-

way ANOVA and Tukey-Kramer Post Hoc tests ‘*’ P-value ≤ 0.05. N=8-10 wells from one 

Seahorse plate.  
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2.5 DISCUSSION  

The importance of maintaining physiologic conditions in cell culture has been extensively 

demonstrated (Ackermann & Tardito, 2019; Cantor et al., 2017; Cooper,P.D et al., 1958; Fu et al., 

2010; Kashiwagura et al., 1984; Packer & Fuehr, 1977; Pahl & Baeuerle, 1994; Tiede et al., 2011; 

Vande Voorde et al., 2019). The composition of Plasmax is based on the human blood plasma 

metabolome for the purpose of maintaining a physiologic environment. However, since the 

majority of mammalian cell culture uses static systems in which the medium is not continuously 

exchanged, the composition will change over time such that nutrient depletion is possible. In 

Plasmax, most nutrient concentrations are near the upper limits of the physiological range, which 

can alleviate this problem. Nonetheless, rapidly consumed metabolites are susceptible to 

exhaustion. Our glucose concentration data highlight the extent of this problem in Plasmax. While 

[glucose] remained close to the normoglycemic range over the first 24h (3.8 mM vs 4.6-5.3 mM), 

concentrations had fallen well below this range by 48h in all cell lines such that hypoglycemic 

conditions were experienced by cells. The Plasmax formulation used here, supplemented with 

2.5% FBS, is based on the recommendation of Vande Voorde et al. (2019) and contains ~6 mM 

glucose. The un-supplemented HPLM formulation contains 5 mM glucose (Cantor et al., 2017). 

Based on our findings, I suggest adjusting the Plasmax and HPLM formulations to increase glucose 

concentrations. In adult humans, although fasting blood glucose concentrations of < 5.6mM are 

considered healthy, they can reach up to 10 mM following a meal (Imran et al., 2018; International 

Hypoglycaemia Study Group, 2017). Thus, a starting concentration of 7 mM glucose would slow 

the development of hypoglycemia to beyond 24h, making it easier to stay within the physiological 

range.  

  The same pattern of rapid nutrient depletion was observed for amino acids. Most amino 

acids are present in Plasmax near the high ends of their concentration ranges reported in human 

plasma. Nonetheless, virtually all amino acids had been depleted to well below these ranges by 

48h. Since it would be counterproductive to increase Plasmax amino acid concentrations to values 

above their normal range, this issue is probably best addressed by performing media exchanges 

once per day. Vande Voorde et al. (2019) emphasize this logic, demonstrating that physiological 

concentrations of arginine in Plasmax prevent the reversal of the argininosuccinate lyase catalyzed 

urea cycle reactions observed with supraphysiologic arginine exposure. However, sub-

physiological concentrations of arginine, along with many other amino acids, likely present a host 
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of new problems, and this works against the intent behind physiological media. Thus, more 

frequent media exchanges is the obvious solution. Interestingly, cancer cells growing in solid 

tumours will experience nutrient-poor environments that could be similar to a depleted Plasmax, 

but the development of a defined nutrient-poor medium will be a more reproducible way to provide 

this environment.  

To facilitate comparisons to published values, I calculated specific glucose and amino acid 

consumption rates (Table 2.2). Our rates were generally higher than most published values: 

glucose consumption ranged between 796 and 1984 fmol/(cell*h) in our four cell lines, whereas 

published values range from below 208 (not included in Table 2) to 729 fmol/(cell*h). It is 

important to note that the published calculations are not standardized, nor in some instances, 

provided. This is particularly true regarding the calculation of cell number as it changes over time 

due to proliferative growth. I used an exponential growth equation and estimated the area under 

that curve to calculate cell*h. Other approaches will change this value in the denominator of the 

fraction, driving the values up or down depending on how the calculation is done. In general, it 

seems that glucose consumption rates of cells in Plasmax are comparable to rates in other culture 

media.   

Of equal importance to using culture media with physiologically relevant nutrient 

composition is the use of physioxic conditions. Almost all cells in mammalian tissues experience 

O2 levels corresponding to 2-8% O2, rather than the ~18% O2 of standard cell culture. I included 

some measurements of glucose and amino acid uptake in both O2 environments but did not detect 

differences. It is important to note that 5% O2 is not ‘hypoxic’, but rather at the high end of O2 

concentrations that most cells, particularly cancer cells, will be exposed to. 5% O2 is not, for 

example, sufficiently low to limit oxidative phosphorylation and necessitate glucose fermentation. 

Our research group have previously reported measurements of pericellular O2 under conditions 

used here (Maddalena et al., 2017). I also performed pericellular O2 measurements using the 

Presens SDR Oxodish system and found that O2 levels remained in the physioxic range throughout 

a 48h experiment. I thus conclude that broadly similar nutrient uptake rates occur in both oxygen 

environments.  

The significance of this nutrient depletion was evident in the transcriptomic data, where 

multiple pathways and processes relating to nutrient starvation, endoplasmic reticulum stress, and 

apoptosis were observed in LNCaP cells experiencing nutrient depletion. Although the details of 
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these responses differed between the two O2 levels, enrichment of amino acid starvation processes 

and ER stress responses were present at both 18% and 5% O2. Transcripts implicated in amino acid 

transport and biosynthesis (ATF4, SLC6A9, SLC7A11, SLC1A4, SLC1A5) via the amino acid 

response (AAR) pathway were one such response noted (Chen et al., 2014; Verma et al., 2020). 

Additionally, genes indicative of ER stress and downstream apoptotic unfolded protein response 

(UPR) pathways were also upregulated (AFT3, AFT4, DDIT3/CHOP, SENS2, STC1, DDIT4, 

TRIB3, EIF3CL) (Chantranupong et al., 2014; X. Huang et al., 2008; Mungrue et al., 2009; Ohoka 

et al., 2005; Park et al., 2014; Yamaguchi & Wang, 2004; Zhang et al., 2017). These results 

suggests that amino acid depletion exceeded the capacity of the early AAR to restore intracellular 

stores, resulting in reduced transcription and cell cycle arrest. Corroborating our observations that 

nutrient availability directly influences cellular proliferation pathways, the transcriptomic data of 

LNCaP cells treated with a 24h media exchange suggests that maintaining nutrient availability 

within the physiological range is associated with the upregulation of cell-cycle promoting genes 

at 18% O2 (CSAG2, SLC29A1, MT-TE, TUBA4A) (Yang & Potts, 2020; S. Y. M. Yao et al., 2011). 

Nutrient starvation pathways are understood to have regulatory effects on energy 

production. Indeed, increased mitochondrial respiration is a well-characterized adaptive response 

associated with survival in cells experiencing ER stress (Johnson et al., 2014; Knupp et al., 2019). 

This agrees with our Seahorse Mito Stress test findings where nutrient depletion was associated 

with increased mitochondrial respiration at 5% O2 in LNCaP cells. Conversely, cells in which 

nutrient availability was maintained due to the 24h media exchange had enhanced glycolysis. I 

have no definitive explanation as to why this occurs only at 5% O2, especially considering oxygen 

had no effect on nutrient consumption rates, media replacement had no effect on transcripts related 

to proliferation at 5% O2, and no hypoxia was observed in Seahorse control wells. A more in-depth 

characterization of cellular respiration in LNCaP cells would be required to determine this. 

Regardless, the agreement between our RNA transcriptome data and Seahorse bioenergetic 

conclusions suggest that nutrient deprivation associated with 48h Plasmax use without media 

exchange is sufficient to alter cell physiology such that cellular stress and survival pathways are 

prioritized.  

Conclusion 

We have shown that the rates of glucose and amino acid uptake from Plasmax growth 

media are similar to those reported for other media and sufficient to induce a state of nutrient 
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deprivation within 48h of continuous static culture. This was observed at relatively modest seeding 

densities and a relatively high volume of medium in all four cell lines investigated here. I found 

similar trends when cells were cultured in physioxia and standard cell culture O2 levels. This 

observed nutrient depletion was associated with the induction of endoplasmic reticulum stress and 

apoptotic pathways, as well as metabolic adjustments. Given these observations, Plasmax (and 

presumably other physiologic media) is clearly quite susceptible to nutrient depletion, which 

necessitates media exchanges at least once per day to maintain nutrient levels within the 

physiological range. The movement towards physiological cell culture design is important and will 

aid in translating cell culture results into the clinic. Nonetheless, it will require careful attention to 

the maintenance of targeted nutrient concentrations.  
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2.6 APPENDIX  

 

Supplemental Table 2.1: Underivatized amino acid quantifying ions and internal standard 

quantifying ions used for mass spectrometry. 

  

 Underivatized 

Amino 

Acid 

Deuterated 

Internal 

Standard 

Underivatized 

Quantifying Ion 

(m/z) 

Internal Standard 

Quantifying Ion 

(m/z) 

Alanine Alanine-D3 90 93 

Aspartic Acid Aspartic Acid-D3 134 137 

Glutamic Acid Glutamic Acid-D3 148 151 

Glycine Glycine-D2 76 78 

Lysine Lysine-D8 147 155 

Methionine Methionine-D3 150 153 

Phenylalanine Phenylalanine-D8 166 174 

Proline Leucine-D7 116 139 

Serine Glycine-D2 106 78 

Threonine Glycine-D2 120 78 

Tyrosine Phenylalanine-D8 182 174 

Valine Leucine-D7 118 139 

Arginine Lysine-D8 175 155 

Histidine Lysine-D8 156 155 

Tryptophan Phenylalanine-D8 205 174 
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Supplemental Figure 2.1: Mean glucose concentration (mM) over 48 hours for LNCaP, PC-

3, SH-SY5Y and MCF-7 cell lines cultured at a) 18% O2 and b) 5% O2. Glucose 

measurements performed at T0h, 24h and 48h. Means expressed  SEM. N=3 independent 

experiments. Statistical significance determined by two-way ANOVA followed by Tukey-

Kramer post hoc means comparisons to test for effect of time and oxygen level (18% vs 5%) in 

each cell line. P-value ≤ 0.05. No significance measured between oxygen conditions. ‘*’ 

Indicates significant difference in concentration from 0h measurement for each cell line and 

condition. 
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Supplemental Figure 2.2: Growth curves for a) LNCaP b) PC-3 c) SH-SY5Y and d) MCF-7 

cells lines cultured for 48h at 18% O2 with no media replacement at T24h. Cell counts 

performed and T0h and T48h. N=5-6 experimental replicates per cell line. 

 

 

 
 

 
 

Supplemental Figure 2.3: Growth curves for a a) LNCaP b) PC-3 c) SH-SY5Y and d) MCF-

7 cells lines cultured for 48h at 5% O2 with no media replacement at T24h. Cell counts 

performed and T0h and T48h. N=5-6 experimental replicates per cell line 
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Supplemental Figure 2.4: Mean amino acid concentrations (uM) over 48 hours from pooled 

LNCaP, PC-3, SH-SY5Y and MCF-7 media measurements. Media measurements performed 

at T0h, 24h and 48h. Means expressed  SEM. N=12 from pooled independent experiments. 

Statistical significance determined by one-way ANOVA followed by Tukey-Kramer post hoc to 

compare individual amino acid concentrations and time. P-value ≤ 0.005. ‘*’ Indicates significant 

difference from 0h measurement. 
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Supplemental Figure 2.5: Differentially expressed genes and GO terms in LNCaP cells 

cultured for 48h with no media exchange. (a) Venn diagram showing number of unique and 

shared DEGs at 18% O2 and 5% O2. (b) GO terms (biological process) of DEGs shared between 

oxygen conditions. GO terms were selected from lists reduced with Benjamin adjusted p-

value<0.05 and p-value ≤ 0.05. (c) Top 10 most significantly enriched protein-coding genes 

(adjusted p-value ≤ 0.005) from shared 18% O2 and 5% O2 DEG list. 
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Supplemental Figure 2.6: Significantly differentially expressed genes in LNCaP cells left for 

48h without media exchange versus cells with media exchanged at T24h. The top 5 most 

significant protein-coding DEGs were chosen from each reduced DEG list and compared with 

each oxygen condition. Log2Fold change is relative to the media exchange group as the ‘control’. 

Negative Log2Fold is indicative of DEGs enriched when no media change is performed. Positive 

Log2Fold is indicative of DEGs enriched when media change is performed at T24h. 

 

 

 

 
Supplemental Figure 2.7: Differentially expressed genes, GO terms and KEGG/Reactome 

pathways in LNCaP cells cultured for 48h with a media change performed at T24h. (a) Venn 

diagram showing number of unique and shared enriched DEGs at 18% O2 and 5% O2. (b) Enriched 

GO terms associated with media replacement at 18% O2. (c) Enriched KEGG and Reactome 

pathways associated with media replacement at 18% O2. DEG lists for this analysis were reduced 

to genes with a p-value ≤ 0.05 
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Chapter 3: Investigating the Importance of Physiological Tumour-like 

Conditions in Cultured Pancreatic Cancer Cells  

 

 
 

Portions of this chapter are published as a Poster and Flash Talk abstract for the Mitochondria in 

Aging, Cancer and Cell Death 2023 conference. Biochimica et Biophysica Acta – Molecular Basis 

of Disease.  

 

TMEM media preparation is published as a book chapter as: Gardner, G.L.*, Pinho, S.A.*, Alva, 

R., Stuart, J.A., Cunha-Oliveira, T. (2024) Creating Physiological Cell Environments in vitro: 

Adjusting Cell Culture Media Composition and Oxygen Levels to Investigate Mitochondrial 

Function and Cancer Metabolism. Mitochondrial Bioenergetics: Methods and Protocols, Third 

Edition. 

(*shared first authors) 
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3.1 ABSTRACT  

The tumour microenvironment (TME) is complex and dynamic, characterized by poor 

vascularization, limited nutrient availability, hypoxia, and an acidic pH. This environment plays a 

critical role in cancer progression, driving hallmark changes in cancer cell metabolism, 

morphology, proliferation, and motility. Mammalian cell culture is a foundational tool used to 

study cancer cell biology in vitro. However, standard cell culture practices fail to replicate the in 

vivo cellular environment. Recently, ‘physiologic’ cell culture media that closely resemble human 

plasma (e.g., Plasmax, HPLM) have been developed, along with more frequent adoption of 

physiological oxygen conditions (2-8% O2) rather than standard (~18% O2). Nonetheless, further 

refinement of cell-specific culture conditions may be needed to better maintain the in vivo biology 

of cancer cells. In this study, I describe the development of a tumour microenvironment-like 

medium (TMEM) based on the metabolomic profile of murine pancreatic ductal adenocarcinoma 

tumour interstitial fluid (Sullivan et al., 2019). Using RNA-sequencing, I show that murine 

pancreatic ductal adenocarcinoma cells (KPCY) cultured in tumour-like conditions (TMEM, pH 

7.0, 1.5% O2) exhibit profound differential gene expression compared to those cultured under 

healthy plasma-like conditions (Mouse Plasma-like Medium, pH 7.4, 5% O2). Specifically, the 

expression of genes associated with cell migration, amino acid biosynthesis, angiogenesis, and 

epithelial-to-mesenchymal transition was altered. Using functional assays to validate RNAseq 

data, I found that glucose uptake and lactate production rates were increased in tumour-like 

conditions compared to healthy plasma-like conditions, despite the lower initial glucose 

concentrations in TMEM (2.3 mM vs. 4.4 mM in Mouse Plasma-like Medium). Additionally, 

Seahorse Extracellular Flux Analysis showed an overall reduction in mitochondrial respiratory 

capacity and energy production in tumour microenvironment-adapted cells, suggesting that this 

shifts them toward glycolytic metabolism. Moreover, cell proliferation rates were lower in tumour-

like conditions, while migration assays confirmed increased motility. Taken together, these 

findings demonstrate that growth in a medium designed to simulate the tumour microenvironment 

alters KPCY cell biology in ways that are hallmark to their pathology, highlighting the significance 

of maintaining tumour-like conditions in culture.  

 

Keywords: Cancer Metabolism, Tumour Microenvironment, Cell Culture, Physiological, 

Metabolic Rewiring, Oxygen, Tumour Interstitial Fluid 
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3.2 INTRODUCTION  

The microenvironment of solid tumours is a highly specialized niche that has been well 

characterized as being metabolically constrained. Inadequate and immature vascularization as a 

consequence of rapid tumour growth that exceeds the capacity for angiogenic signaling leads to 

regions of nutrient deprivation, hypoxia, waste accumulation, and increased acidity (Fukumura & 

Jain., 2007; Kamphorst et al., 2015; Pan et al., 2016; Pries et al., 2009; Schaaf et al., 2018; Vaupel 

et al., 2021). Survival of cancerous cells in such conditions requires significant metabolic 

flexibility, with cells adaptively rewiring in response to the dynamic and heterogenous 

environmental changes in order to maintain energy homeostasis, biomass requirements and redox 

homeostasis (Reviewed by DeBerardinis and Chandel 2016). Incidentally, many oncogenes and 

tumour suppressor genes are regulators of metabolic pathways (i.e. PI3K-AKT-mTOR 

deregulation), driving unregulated tumour growth regardless of metabolic constraints (Dey et al., 

2020; Finicle et al., 2018; Furuta et al., 2010; Min & Lee, 2018). Rewiring of conventional 

metabolic pathways is thus accomplished by a combination of environmental cues, and intrinsic 

genetic factors. Ultimately, metabolic rewiring provides cancerous cells with a unique adaptive 

advantage that contributes to tumorigenesis, metastasis, and treatment evasion. Targeting these 

changes in metabolic activity and utilization thus represents a promising avenue for anti-cancer 

treatment.  

Despite the role of nutrient availability in driving metabolic rewiring in tumours, the 

environment in which cancer cells are studied in culture fails to replicate the tumour 

microenvironment. Formulations of standard commercial media, such as DMEM and RPMI, 

frequently include constituents at concentrations that exceed physiological metabolite levels, or 

lack essential components altogether (Ackermann & Tardito, 2019; Golikov, Valuev-Elliston, et 

al., 2022). Moreover, the regulation of oxygen levels in cell culture is frequently overlooked, 

resulting in cultured cells being exposed to levels approaching atmospheric 18-20% O2, rather than 

the 2-11% O2 levels measured in healthy tissues (McKeown, 2014), or the 0-3% O2 levels 

measured in solid tumours in vivo (Vaupel et al., 2021).  

While recent efforts have been made to develop physiologic cell culture media 

representative of human plasma (i.e. Plasmax, HPLM) (Cantor et al., 2017; Vande Voorde et al., 

2019), the plasma metabolome does not closely resemble the tumour microenvironment. Tumour 

interstitial fluid (TIF), i.e. the extracellular fluid that bathes the cells of the tumour, is metabolically 
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unique compared to plasma (Burgess & Sylven, 1962; Hirayama et al., 2009; Nierves et al., 2022; 

Reinfeld et al., 2021; Schroeder et al., 2013; Sullivan et al., 2019; Vecchio et al., 2021). While 

metabolite availability is generally limited in TIF, as is evident for glucose, oxygen and many 

amino acids, several metabolites can accumulate (i.e. lactate, glutamine, succinate, fumarate, and 

D-2-hydroxyglutarate) and serve as signaling molecules for angiogenic and metastatic pathways 

(Baryła et al., 2022; Liu & Yang, 2021). The specific metabolome of TIF may thus contribute to 

tumorigenesis within the tumour microenvironment (Y. Fu et al., 2022). Thus, to improve the 

ability of cell culture experiments to uncover key characteristics of cancer cells, media formulated 

based on TIF is desirable.  

In Chapter 2.0 of this thesis, I observed that cancer cells cultured in nutrient-depleted 

Plasmax showed signs of metabolic remodelling and stress response in as little as 48 hours of 

continuous culture, which was absent in cells given fresh Plasmax at 24h (Gardner et al., 2022). 

While poorly representative of a homeostatic and well perfused tissue, we proposed that the 

nutrient replete culture environment established in exhausted Plasmax is more representative of 

the tumour microenvironment. In this chapter we explore this concept further by designing a 

reproducible cell culture model of the tumour microenvironment, and investigating the effect of 

our tumour-like culture conditions in modulating cancer hallmarks.  

Herein, I describe the formulation of Tumour Microenvironment Medium (TMEM), a 

tumour-like culture medium designed using murine pancreatic ductal adenocarcinoma (PDAC) 

TIF metabolomics data (Sullivan et al., 2019). Using this formulation, I investigate the effect of 

culturing cancer cells in conditions representative of the tumour microenvironment by comparing 

murine PDAC cells (KPCY) adapted to our tumour-like culture model (TMEM and pericellular 

oxygen levels of ~0.7% O2) (Koong et al., 2000), with ‘standard’ plasma-like physiological culture 

conditions (Mouse Plasma Medium (MPM) and pericellular oxygen levels of (~4% O2) (Carlsson 

et al., 1998; Carlsson et al., 2001). Our findings reveal that by refining culture conditions to mimic 

the in vivo PDAC tumour microenvironment, numerous hallmark features of cancer cells are 

modulated including gene expression, cellular proliferation, migration, glucose uptake, and 

mitochondrial bioenergetics. This highlights the pivotal role of the tumour microenvironment in 

driving metabolic rewiring and metastatic phenotypes in cultured cells, exemplifying the 

importance of maintaining physiologically relevant tumour-like conditions when studying cancer 

biology in vitro. 
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3.3 MATERIALS AND METHODS  

3.3.1 Tumour Microenvironment Medium Preparation  

Tumour microenvironment medium (TMEM) was modelled after the nutrient composition 

of tumor interstitial fluid sampled from murine pancreatic ductal adenocarcinomas (PDAC) 

(Sullivan et al., 2019). All components that were measured and commercially available were 

included in the formulation (Table S3.1). For semi-quantitative metabolite measurements, the fold 

change from serum was calculated and applied to healthy murine plasma concentrations. This 

method assumed that serum metabolite concentrations in diseased mice were comparable to 

healthy murine serum. For glucose, tumour concentrations were approximately half that of paired 

plasma concentrations. I applied this conversion to healthy fasted mouse plasma levels to account 

for serum hyperglycemia otherwise managed clinically in PDAC patients (Cantor et al., 2017; 

Fontaine, 2019; Han et al., 2008). This assumed the relationship between plasma levels and tumour 

interstitial fluid availability is linear. The concentration of trace elements used were based on the 

trace element concentrations in DMEM F-12, as done for the PlasmaxTM formulation (Vande 

Voorde et al., 2019). Salt components were based on in vivo murine measurements (Mckee and 

Komarova, 2017). To maximize the number of physiologically relevant metabolites and nutrients 

included in TMEM, if TIF measurements had not been performed but healthy murine 

concentrations were available, the healthy concentrations were used. This can be adapted in future 

formulations as more data on TIF metabolite concentrations become available.  

To make TMEM, seven stock solutions were prepared according to metabolite 

concentration and solubility (Table S3.1) (See Gardner, Pinho et al., 2024 for preparation 

methods). The stock solutions were aliquoted at volumes appropriate for the preparation of 500 

mL media bottles and stored at -80°C. To make a fresh bottle of TMEM, the seven stocks were 

combined with glucose, glutamine, sodium pyruvate, sodium L-lactate and salt components. After 

preparation, the pH was measured using an electronic pH meter and adjusted to 7.0 using 12 M 

HCl.  Media made from stock solutions was prepared fresh bi-weekly and supplemented with 1% 

Penicillin/Streptomycin (P/S) (Sigma-Aldrich, P4333) and 2.5% Fetal Bovine Serum (FBS) 

(Sigma-Aldrich, F1051) to limit serum contributions.   

3.3.2 Mouse Plasma Medium Preparation   

Mouse plasma medium (MPM) was modeled after the nutrient composition of 

healthy mouse plasma sourced from metabolomics studies characterizing mouse plasma (Table 
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S3.1). All components included in TMEM were included in MPM at relevant murine plasma-like 

concentrations. As with TMEM, the concentration of trace elements were based on DMEM-F-12, 

and salt components were based on in vivo murine measurements (Mckee and Komarova, 2017). 

To make MPM, seven stock solutions were prepared according to metabolite concentration and 

solubility. The stock solutions were aliquoted at volumes appropriate for the preparation of 500 

mL media bottles and stored at -80°C. To make a fresh bottle of MPM, the seven stocks were 

combined with glucose, glutamine, sodium pyruvate, sodium L-lactate and salt components. After 

preparation, the pH was measured using an electronic pH meter and adjusted to 7.4 using 12 M 

HCl. Media made from stock solutions was prepared fresh bi-weekly and supplemented with 1% 

P/S (Sigma-Aldrich, P4333) and 2.5% FBS (Sigma-Aldrich, F1051) to limit serum contributions.   

3.3.3 Cell Culture  

The pancreatic ductal adenocarcinoma cell line (KPCY) was purchased from Kerafast 

(MA, USA). Cells were initially thawed and expanded in growth conditions recommended by the 

supplier (DMEM, 10% FBS, Glutamax) in a 37 °C, humidified 5% CO2 atmosphere, within a 

Forma 3110 Series water jacketed incubator (ThermoFisher, Waltham, MA, USA). Cells were 

then transitioned to either TMEM or MPM supplemented with 2.5% FBS and 1% P/S in 

humidified 5% CO2 incubators at 37 °C with headspace oxygen set to 1.5% O2 for TMEM 

(pericellular oxygen levels of ~0.7% O2)  and 5% O2 for MPM (pericellular oxygen levels of ~4% 

O2). Cells were adapted to their respective culture conditions for a minimum of two weeks prior 

to experimentation.  

 For standard maintenance of cells, daily media exchanges were performed to mitigate 

rapid depletion of nutrients in physiological media (Gardner et al., 2021). For initial adaptation, 

media volumes of 20mL in 100mm plates were used. However, volumes for adaption and standard 

maintenance were increased to 30mL in 100mm plates following glucose monitoring and 

pericellular oxygen measurement experiments to maintain target glucose and oxygen levels over 

a minimum of 24 hours. Cell passaging was performed every 3-4 days, or once plates reached 

~80% confluency. For passaging, cells were washed with 1X phosphate buffered saline (PBS) and 

incubated with 0.25% trypsin/EDTA (Sigma-Aldrich, T4049) for 3 minutes at 37ºC. Following 

incubation, trypsin was neutralized by adding an equal volume of supplemented culture media to 

the plate. The cell suspension was then collected, pelleted, and a 1:4 subculture was performed. 
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3.3.4 Monitoring D-Glucose and L-Lactate Media Concentrations  

For all glucose and lactate monitoring experiments, cells were counted using a 

hemocytometer and 1,000,000 cells were seeded per 100mm culture plate. Three plates were 

seeded per condition.  

For preliminary analysis of fresh media metabolite concentrations and to monitor media 

replenishment requirements, media glucose and lactate levels were measured over 48 hours, with 

varied starting media volumes. Adapted KPCY cells were seeded with either, 20mL, 30mL, or 

40mL media per 100mm plate, and cells were incubated for 48h. This was performed with KPCY 

cells under A) tumour-like conditions (1.5% O2/TMEM) or B) plasma-like conditions (5% 

O2/MPM). At 0h, two 1mL media samples were collected directly from the respective media bottle. 

At 24h and 48h, two 1mL media samples were collected from each plate. No media changes were 

performed throughout the 48-hour period. Immediately upon collection, samples were centrifuged 

at 200g for two minutes to separate cell debris from media. Supernatants were transferred to fresh 

Eppendorf tubes, snap frozen in liquid nitrogen, and stored at -80°C for later analysis. Glucose and 

lactate concentration of samples was determined using a YSI 2900 Biochemistry analyzer (Yellow 

Springs, OH, USA) fitted with enzyme-coated glucose and lactate membranes. Glucose and lactate 

standards, prepared in TMEM or MPM, were run alongside experimental samples. A standard 

curve was generated and used to calculate the concentration present in each experimental sample.  

3.3.5 PreSens Oxodish Procedure   

24-well disposable Oxodish™ plates (OD24; PreSens, Regensburg, Germany) were used 

to monitor pericellular oxygen levels in KPCY cells cultured under 1.5% O2 or 5% O2, in their 

respective media. Since pericellular oxygen varies with diffusion distance to cells (media height) 

and number of cells (oxygen consumption per cell), the volume of media used and seeding density 

was calculated to approximate typical experiments performed in a 100mm culture dish. Rather 

than vary headspace oxygen levels to achieve pericellular oxygen levels representative of in vivo 

PDAC tumours and healthy tissue, media volumes of 0.761mL, 1.141mL and 1.521mL were 

initially varied to approximate 20mL, 30mL and 40mL media in a 100mm Corning culture plate, 

respectively (Sample Calculation 3.1), mirroring volumes used for glucose monitoring 

experiments. 25,000 KPCY cells were seeded per well such that by the end of the measurement 

period, wells would near ~80% confluency. Cells were seeded 24 hours prior to measurement. The 

next day, just prior to the initiation of measurement, a media exchange was performed with 
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warmed, pre-equilibrated media. Pericellular O2 levels were then measured at 15-minute intervals 

for 48 hours. 4-6 wells were seeded with KPCY cells per volume, and 6 wells were cell free 

controls. 

Sample Calculation 3.1: Approximating media column height from 10cm plate to OD24 Well 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 10𝑐𝑚 𝑝𝑙𝑎𝑡𝑒 = 𝜋(𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 10𝑐𝑚 𝑝𝑙𝑎𝑡𝑒)2(𝑀𝑒𝑑𝑖𝑎 ℎ𝑒𝑖𝑔ℎ𝑡) 

20𝑚𝐿 =  𝜋(4.025)2(𝑀𝑒𝑑𝑖𝑎 ℎ𝑒𝑖𝑔ℎ𝑡) 

𝑀𝑒𝑑𝑖𝑎 ℎ𝑒𝑖𝑔ℎ𝑡 = 0.3930𝑐𝑚 

By substituting media column height from vessel 1 to equation for vessel 2, volume can be 

calculated.   

𝑉𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑂𝐷24 𝑊𝑒𝑙𝑙 = 𝜋(𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑂𝐷24 𝑊𝑒𝑙𝑙)2(𝑀𝑒𝑑𝑖𝑎 ℎ𝑒𝑖𝑔ℎ𝑡) 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑂𝐷24 𝑊𝑒𝑙𝑙 = 𝜋(0.785𝑐𝑚)2(0.3930𝑐𝑚) 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑖𝑛 𝑂𝐷24 𝑊𝑒𝑙𝑙 = 0.7607𝑚𝐿 

 

Note: Radii used are based on growth area dimensions provided by Corning and Presens.  

3.3.6 PreSens Hydrodish Procedure  

24-well disposable Hydrodish plates (HD24; PreSens, Regensburg, Germany) were used 

to monitor pericellular pH levels in cells cultured under TMEM adjusted to a pH of 7.0. Cells were 

seeded one day prior to measurement in 1.141mL media, representative of the 30mL 

approximation. The next day, just prior to the initiation of measurement, a media exchange was 

performed with warmed, pre-equilibrated media. Pericellular pH levels were then measured at 15-

minute intervals for 24 hours.  

3.3.7 RNA Sample Preparation and Extraction  

Total RNA was extracted from KPCY cells cultured in either A) tumour-like conditions 

(1.5% O2/TMEM) or B) plasma-like conditions (5% O2/MPM). Cells were adapted to their 

respective conditions for ~2 weeks, with daily 30mL media exchanges performed and cell 

passaging performed when plates reached ~80% confluency. After this two-week adaption period, 

cells were counted using a hemocytometer and 1,000,000 cells were seeded to three 100mm plates 

per culture condition, each with a final volume of 30mL of media. Plates were maintained with 

daily media exchanges until confluent, after which cells were trypsinized and the cell pellets were 

collected. Each pellet was washed twice with warm 1X PBS to remove remaining trypsin or serum-

containing media. RNA extraction was then performed on each replicate per experimental 

condition using the Quagen RNAeasy Mini Plus Kit (Hilden, Germany). RNA sample replicates 
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(n=3) were pooled into one sample for sequencing. RNA purity and concentration were evaluated 

for the pooled samples using a 260/280 ratio measured using a Nanodrop spectrophotometer 

(ThermoFisher Scientific, MA, USA). RNA degradation and integrity was assessed using 1% 

Agarose Gel Electrophoresis. Pooled RNA samples were then snap frozen in liquid nitrogen and 

stored at -80˚C before being sent to Novogene Incorporated (Sacramento, CA, USA) for RNA 

sequencing.  

3.3.8 Library Preparation and Sequencing   

All RNA samples received by Novogene underwent additional in-house quality control 

(QC) tests prior to sequencing to assess RNA integrity and purity. These included Nanodrop 

spectrophotometry and Agarose Gel Electrophoresis. After successfully passing the initial QC 

assessment, the RNA library was constructed for the samples. mRNA within the total RNA 

samples were enriched using poly-T oligo-attached magnetic isolation beads that select for the 

polyA tails of mRNA, thus purifying the mRNA from total RNA. Fragmentation buffer was then 

added to the enriched mRNA to fragment the mRNA template. The cDNA was then synthesized 

from the mRNA template using random hexamer primers. Second-strand synthesis was initiated 

using custom second-strand synthesis buffer (Illumina), dNTPs, Rnase H and DNA polymerase I. 

A tailing, sequencing adaptor ligation and end-terminal repair was then performed, followed by 

size selection and PCR enrichment to produce the completed double-stranded cDNA library. QC 

was performed on the library using Qubit 2.0 for preliminary concentration measurements, Agilent 

2100 for insert size analysis, and qPCR for precise library concentration quantification. Following 

library QC, sequencing of the completed cDNA library was performed using the Illumina NovaSec 

6000 Sequencing System with a pair-end 150bp read length and a read-depth of >20 million reads 

per sample.  

3.3.9 RNA Seq Data Analysis  

To improve analysis quality and reliability, raw sequenced read filtering was performed in 

which reads containing adaptors, N>10% (N=bases that cannot be determined), and low quality 

Qscores of ≤ 5 in over 50% of the bases (Qscore=Quality value) were removed. Reads were aligned 

to the reference genome (Mus musculus GRCm38 – mm10) using Hisat2 v2.0.5. Gene expression 

was estimated using the FPKM (Fragments per Kilobase of transcript sequence per Millions base 

pairs sequenced) of each gene. Differential gene expression was assessed by analysing the group 
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means (per condition) and a global means (between conditions) of gene expression. Deviations of 

group means from global means was than calculated, presented as fold change and p-value.  

Differentially expressed gene (DEG) lists were provided by Novogene, comparing gene 

expression in KPCY cells adapted to plasma-like conditions (5% O2/MPM) or tumour-like 

conditions (1.5% O2/TMEM). Once received, additional filtering was performed on DEG lists. 

These DEGs were reduced to genes with a Benjamini adjusted p-value < 0.05, log2(FC) ≥1 (equal 

to FC ≥ 2), and a minimum FPKM value of 5 in at least one of the two samples in the comparison 

to ensure the DEGs observed were strongly affected.  

3.3.10 Functional Enrichment Analysis   

Functional enrichment analysis was performed using the Database for Annotation, 

Visualization, and Integrated Discovery (DAVID) version 6.8 with default settings. The reduced 

DEG lists were imputed, using Mus musculus as the reference species. Enriched GO Terms, KEGG 

Pathways, and Reactome Pathways were reduced to terms with Benjamini adjusted P-value <0.05, 

or a P-value <0.05 as indicated. G:Profiler webserver g:GOSt was used to validate functional 

enrichment analysis using the ‘ordered query’ function. Similar to DAVID, DEG lists were 

imputed, using Mus musculus as the reference species, however the pre-ranked (by significance) 

order of the gene set was factored into the analysis (data not shown).  

3.3.11 Cell Proliferation Analysis  

Cellular proliferation rates of cells adapted to either A) tumour-like conditions (1.5% 

O2/TMEM) or B) plasma-like conditions (5% O2/MPM) was determined by hemocytometer cell 

counts of trypan blue stained cells. Briefly, a known number of viable cells were seeded in a 12-

well plate on Day 0 of the assay. For the next four days, three wells per day were isolated by 

trypsinization and resuspended in PBS. At the time of trypsinization, the remaining wells 

underwent daily media exchanges with pre-equilibrated media. 50uL of 0.4% Trypan blue 

(Bioshop, TRY477) and 50uL of cell suspension were then mixed and incubated at room 

temperature for 3 minutes. The solution was then re-suspended and loaded onto a hemocytometer. 

The hemocytometer was viewed and counted using a Hund Wetzlar Wilovert A inverted 

microscope. The number of clear (viable) and blue (non-viable) cells were counted in four 

secondary squares. For each sample, hemocytometer counts were performed in triplicate and 

averaged to determine the cell density (cells/mL). The average cell density for each well was then 

multiplied by the total volume used to resuspend the isolated cell pellet to determine the final cell 
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count after the elapsed time. The Day 0 to Day 4 growth curves were then plotted and doubling 

time was calculated during exponential growth period of growth using the following formula 

(Equation 3.1) (Hayflick et al., 1973):  

Equation 3.1: Doubling Time  

𝐷𝑜𝑢𝑏𝑙𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 =
(𝑇2 − 𝑇1) ∙ ln (2)

ln (
𝐶𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 𝑎𝑡 𝑇2
𝐶𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 𝑎𝑡 𝑇1

)
 

3.3.12 Cell Migration Scratch Assay  

Cell migration was assessed using a scratch assay in which percent scratch closure was 

measured over 24 hours. KPCY cells adapted in either A) tumour-like conditions (1.5% 

O2/TMEM) or B) plasma-like conditions (5% O2/MPM) were seeded in six-well plates and 

cultured for 3 days until confluent. Each well was then scratched using a sterile 200uL pipette tip 

in a grid pattern previously drawn on the bottom of the plate. Once scratched, cells were washed 

with PBS twice to remove cell debris, and fresh equilibrated media was added to each well. Images 

were then captured at time 0h, 12h, and 24h using a Hund Wetzlar Wilovert A inverted microscope 

on a 4X objective with an OMAX A35 Series microscope camera. Four to six locations were 

imaged per well. To ensure the same location was imaged at each time point, a razorblade was 

used to mark the bottom of the plastic plate. Images were taken either directly above or below the 

mark in the plastic.  

 Migration and scratch closure were quantitatively evaluated using the Fiji/image J 

Wound_healing_size_tool_update plugin (https://github.com/AlejandraArnedo/Wound-healing-

size-tool/wiki) that discriminates between regions of cell monolayer and cell-free regions based 

on pixel intensity variance and thresholding. Percent wound closure is calculated using the cell-

free scratch area (um2) inputted into the formula below (Equation 3.2):  

 

Equation 3.2: Percent Wound Closure   

𝑊𝑜𝑢𝑛𝑑 𝐶𝑙𝑜𝑠𝑢𝑟𝑒 % = (
𝐴𝑟𝑒𝑎𝑡=0ℎ− 𝐴𝑟𝑒𝑎𝑡=∆𝑡

𝐴𝑟𝑒𝑎𝑡=0ℎ
) 𝑥 100% 

 

3.3.13 Cellular Respiration  

Cellular respiration was evaluated in KPCY cells cultured in either A) tumour-like 

conditions (1.5% O2/TMEM) or B) plasma-like conditions (5% O2/MPM). Oxygen consumption 

https://github.com/AlejandraArnedo/Wound-healing-size-tool/wiki
https://github.com/AlejandraArnedo/Wound-healing-size-tool/wiki
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rate (OCR) and extracellular acidification rate (ECAR) were measured using a Seahorse 

Extracellular Flux Analyzer XFe24 Mito Stress test in Hypoxia Mode (Agilent, Santa Clara, CA). 

To regulate headspace oxygen levels to 1.5% and 5% O2, the Seahorse Extracellular Flux Analyzer 

XFe24 was placed in a Coy Hypoxia Box (Coy Laboratory Products Inc, Grass Lake, MI, USA). 

A portable O2 sensor, previously used to calibrate the oxygen regulating incubators, was used to 

validate O2 levels.  

The day prior to the assay, KPCY cells were seeded to an XFe24 microplate and placed in 

their respective incubator until the assay was initiated. Blank ‘Background’ and ‘Hypoxia’ wells 

were left cell free. Overnight, the Coy Hypoxia box containing the Seahorse Analyzer and all 

consumables was turned on, set to the appropriate oxygen level for the assay condition (1.5% O2 

or 5% O2). Assay medium, that being either TMEM or MPM free of serum, sodium bicarbonate 

and antibiotic supplementation, was also equilibrated in the hypoxia box overnight, placed on a 

heating plate to warm the media to 37ºC.  

On the day of the assay, one hour before the initiation of the Mito Stress Test, the XFe24 

plate containing KPCY cells was quickly moved from the incubator to the Coy Hypoxia Box and 

each well was washed with the warmed, equilibrated assay medium. The plate was placed within 

the Seahorse Analyzer for 1 hour, serving as a 37ºC, CO2 free ‘incubator’. Following this wait 

period, a second wash using assay media was performed. For the Mito Stress Test, 1uM oligomycin 

A, 0.5 uM FCCP and 0.5uM rotenone/antimycin A were sequentially added by the Flux Analyzer, 

according to standard protocol and FCCP titrations. Hoechst 33342 (1ug/mL) nuclear staining dye 

(Sigma-Aldrich, MO, USA) was added after the assay was complete to normalize OCR/ECAR to 

total nuclei. Wells were imaged using a Cytation5 (Agilent, Santa Clara, CA) and counted using 

Gen5 fluorescent cell count. 

3.3.14 Statistical Analysis 

Statistical analyses were performed using Prism 8.4.3 (San Diego, CA). For glucose 

concentration experiments, a repeated measures two-way ANOVA was performed to test for effect 

of media volume (20mL, 30mL, 40mL) and time (24h, 48h) on media glucose concentration. 

Similarly, for scratch closure experiments, a repeated measures two-way ANOVA was performed 

to test for effect of time (12h, 24h) and culture condition (5% O2/MPM vs 1.5% O2/TMEM) on 

percent scratch closure. Tukey’s and Sidak’s multiple comparisons post-hoc tests were performed 

for either analysis, respectively. For all remaining experiments, unpaired t-tests between groups 
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were performed. Statistical significance was established at p-value ≤0.05 unless otherwise stated 

for RNA sequencing. All averaged data were presented as means ± standard error of means 

[SEM].  
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3.4 RESULTS  

3.4.1 Formulation of a tumour microenvironment-like medium (TMEM) and mouse plasma 

medium (MPM) 

To design a culture medium representative of in vivo tumour interstitial fluid (TIF), a 

thorough review of available publications quantifying in vivo TIF nutrient levels was performed 

(Table 1.2). Despite this extensive search, only one comprehensive study that provided absolute 

quantification of TIF metabolites was identified (Sullivan et al., 2019). In this study, 136 polar 

metabolites were quantified in TIF sampled from pancreatic ductal adenocarcinoma (PDAC) 

autochthonous KrasG12D Trp53fl/fl Pdx-1-cre (KP-/-C) mouse models. For this reason, I used this 

metabolomics TIF data alone to formulate a medium representative of the tumour 

microenvironment, called Tumour Microenvironment Medium (TMEM). For this formulation, all 

commercially available metabolites quantified by Sullivan et al. (2019) were included at averaged 

concentrations relevant to TIF, with minor adjustments calculated for semi-quantitative 

measurements and glucose (See Materials and Methods and Table S3.1). Trace element 

concentrations used were based on DMEM F-12 formulation, as done for the PlasmaxTM 

formulation (Vande Voorde et al., 2019). Salt components were based on physiological murine 

measurements (McKee & Komarova, 2017). The pH was adjusted to 7.0 to mimic in vivo tumour 

acidification (Anderson et al., 2016; Gerweck & Seetharaman, 1996; Wike-Hooley et al., 1984). 

In total, Tumour Microenvironment Medium, hereafter referred to as TMEM, contains 89 

metabolites total: 57 at concentrations relevant to TIF; 25 at concentrations relevant to murine 

plasma; and 7 at non-physiological levels (Table 3.1).  

To assess the relevance of refining physiological culture media to be representative of the 

tumour microenvironment, I sought to compare PDAC cells cultured in TMEM to the current 

‘gold-standard’ for physiological culture conditions, plasma-like medium, in addition to 

physiologically relevant oxygen levels. Since the nutrient levels used to formulate TMEM were 

sourced from mouse PDAC TIF, a mouse PDAC cell line was selected for this comparison 

(KPCY). Furthermore, to facilitate an appropriate comparison between physiological tumour-like 

and plasma-like conditions within a mouse model, I formulated a physiologically relevant Mouse 

Plasma Medium (MPM), as only human plasma-like media are currently available (Plasmax and 

HPLM) (Cantor et al., 2017; Vande Voorde et al., 2019).  
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MPM was formulated using health mouse plasma concentrations found in the literature 

(See Materials and Methods and Table S3.1). All metabolites included in the formulation of 

TMEM were included in MPM at concentrations relevant to mouse plasma to ensure any influence 

of media on cell response could be attributed to nutrient availability alone, rather than the absence 

or addition of unique metabolites. Similar to TMEM, the concentration of trace elements used were 

based on the trace element concentrations in DMEM F-12 (Vande Voorde et al., 2019), and salt 

components were based on physiological murine measurements (McKee & Komarova, 2017). The 

pH was adjusted to 7.4 to mimic normal tissue. In total, the Mouse Plasma Medium, from here on 

referred to as MPM contains 89 metabolites total: 83 at concentrations relevant to murine plasma; 

and 7 at non-physiological levels (Table 3.1).  

 

Table 3.1: Metabolite concentrations (uM) in Tumour Microenvironment Medium (TMEM) 

and Mouse Plasma Medium (MPM). TMEM formulation is based on tumour interstitial fluid 

data from Sullivan et al. (2019). MPM formulation is based on literature mouse plasma 

metabolomics data from multiple sources.  
 TMEM* MPM** 

Proteinogenic Amino Acids 

L-Alanine1 1122 691 

L-Arginine1 2.1 66 

L-Asparagine1 115 50 

L-Aspartate1 399 7.3 

L-Glutamate1 1054 19 

L-Glutamine 821 934 

L-Glycine1 483 217 

L-Histidine1 94 76 

L-Isoleucine1 130 138 

L-Leucine1 289 270 

L-Lysine1 139 176 

L-Methionine1 74 53 

L-Phenylalanine1 80 96 

L-Proline1 122 71 

L-Serine1 88 96 

L-Threonine1 252 145 

L-Tryptophan1 31 62 

L-Tyrosine1 60 69 

L-Valine1 150 262 

Non-Proteinogenic Amino Acids 

α-Aminobutyrate2 2.93 4.90 

Arginosuccinate6 0.75 0.23 

Homocitrulline2 0.72 0.98 

L-Citrulline1 73 38 

L-Cystine1 51 30 

L-Homocysteine6 3.34 3.34 

Methionine Sulfoxide2  3.17 1.43 

L-Ornithine1 312 23 

N,N,N-Trimethyllysine6 1.20 1.93 

Sarcosine2 0.22 1.93 

Amino Acid Derivatives 

Acetyl carnitine2 25 45 
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Acetylglutamate2 1.40 1.24 

N-Trimethylglycine (Betain)2 94 57 

Glutathione (reduced)2 22 21 

L-a-Aminoadipate2 15 4.53 

L-Carnitine2 40 8.47 

L-Carnosine2 0.49 0.37 

N-Acetyl-L-aspartate2 1.13 4.02 

N-Acetylglycine2 23 65 

N,N-dimethyl-L-Arginine (ADMA)6 0.84 1.23 

Taurine6 2326 763 

Other Components 

Acetate6 350 350 

Allantoin7 63 106 

Carbamoyl aspartate2 0.78 3.19 

cis Aconitate2 2.97 5.97 

Citrate6 339 214 

Creatine6 192 192 

Creatinine2 13 10.05 

Cytidine2 4.60 1.83 

5'-Deoxy-5'-methylthioadenosine2 0.0612 0.0161 

D-Glucose 2304 4381 

Glycerol6 179 179 

2-hydroxybutyrate6 84 84 

3-hydroxybutyrate6 81 849 

Hypoxanthine6 10 0.0232 

L-Kynurenine2 1.01 1.09 

Lactate6 3794 3088 

Malate2 156 18 

Orotate7 0.702 0.964 

Pyruvate 42 150 

Sorbitol2 1.34 0.92 

Succinate2 106 14 

Urea2 25 25 

Urate3 14 14 

Uridine2 61 4.33 

Xanthine7 0.894 0.449 

Vitamins 

Ascorbate5 361 63 

Choline5# 7.16 7.16 

D-Biotin5# 4.09 4.09 

D-pantothenate5# 4.56 4.56 

Folate5# 2.27 2.27 

Myo-inositol5# 11.1 11.1 

Niacinamide5# 8.19 8.19 

Pyridoxal5# 4.91 4.91 

Riboflavin5# 0.27 0.27 

Thiamine5## 2.96 2.96 

Vitamin B125 0.00150 0.00150 

Trace Elements 

Ammonium Metavanadate3 0.0026 0.0026 

Cupric Sulfate3 0.0052 0.0052 

Ferric Nitrate3 0.1238 0.1238 

Ferric Sulfate3 1.0428 1.0428 

Manganous Chloride3 0.0002 0.0002 

Sodium Selenite3 0.0289 0.0289 

Zinc Sulfate3 1.5000 1.5000 

Inorganic Salts 

Ammonium Chloride3 50 50 

Calcium Chloride 1125 1125 

Magnesium Sulfate 475 475 

Potassium Chloride 5050 5050 

Sodium Bicarbonate 18400 18400 
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Sodium Chloride 91700 91700 

Sodium Phosphate Monobasic 2045 2045 

TIF=tumour interstitial fluid 
PDAC=pancreatic ductal adenocarcinoma  

Superscripts for each constituent refers to stock solution number 

# contributions approximated by BME Vitamix 

† (For D-Calcium pantothenate) 

*PDAC TIF metabolomics data source (Sullivan et al., 2019). 

**Healthy mouse plasma metabolomics data sources (Cantor et al., 2017; Leeuwenburgh & Ji, 1995; N. Maeda et 

al., 2000; McKee & Komarova, 2017; Shubitowski et al., 2019; Z. Wang et al., 2020; Watanabe et al., 2014; L. Yao 

et al., 2019) 

 

When comparing TIF and healthy mouse plasma concentration ranges (Table S3.1), as well 

as TMEM and MPM formulations (Table 3.1; Figure 3.1), the metabolic availability between the 

tumour microenvironment and healthy plasma is distinct, however not necessarily suggestive of 

total nutrient deprivation in the tumour. This agrees with observations made by Sullivan et al. 

(2019) when comparing TIF to paired plasma measurements from diseased mice, among numerous 

other studies that have quantified individual metabolites in TIF (Liu & Yang, 2021; Mei et al., 

2022; Nierves et al., 2022; Roslin et al., 2003; Tiziani et al., 2013). Only a few select metabolites, 

including glucose, arginine, tryptophan, sarcosine, N-acetyl-L-aspartate, acetylglycine, carbomyl 

aspartate, cis aconitate, 3-hydroxybutyrate and pyruvate, are at least two-fold lower in TMEM, 

with arginine reduced by 30-fold compared to healthy mouse plasma. Rather, there is an 

accumulation of several unique essential, non-essential and derivative amino acids in TIF, and 

appropriately represented in TMEM (Figure 3.1 A; Table 3.1). Notably, many metabolites 

involved in the urea cycle, including ornithine, citrulline, glutamate, and arginosuccinate appear 

to accumulate within TIF when compared to healthy mouse plasma, thus contributing to increased 

metabolite contributions (mM) in TMEM versus MPM (Figure 3.1 B, C). Succinate, a proposed 

oncometabolite that accumulates due to succinate dehydrogenase deficiency or loss of function 

(Eijkelenkamp et al., 2020; Mu et al., 2017), is also increased in PDAC TIF by 7-fold, as reflected 

in TMEM. Furthermore, while glucose is the largest contributor in MPM, making up 31% of total 

metabolites concentrations, glucose contributions in TMEM are only 14%. Alternatively, lactate 

and taurine make up the greatest contributions in TMEM.  
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Figure 3.1: Metabolite contributions in Tumour Microenvironment Medium and Mouse 

Plasma Medium formulations. Tumour interstitial fluid and healthy mouse plasma metabolomic 

data were used to formulate novel murine cell culture mediums. (A) Comparison of concentration 

(mM) of metabolites used for TMEM and MPM formulations and (B and C) percent contributions 

of metabolites to total formulation. Metabolites with equal mM contributions in TMEM and MPM 

excluded from (A). Trace element and salts contributions excluded from all figures.  

 

3.4.2 Establishing and maintaining PDAC tumour microenvironment conditions in culture 

 To establish a PDAC tumour-like culture model, PDAC cells were cultured in TMEM (pH 

7.0) in incubators with headspace oxygen regulated to achieve relevant medium pericellular 

oxygen levels. A murine PDAC cell line (KPCY) was selected for culture. To validate the culture 

model as being representative of a PDAC tumour microenvironment, as well as to ensure 
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conditions remain within physiological targets for typical culture periods, glucose availability, 

pericellular oxygen, and media pH were monitored in adapted cells.  

Target glucose concentrations representative of the PDAC tumour microenvironment are 

2.3mM in TMEM. Given the rapid nutrient depletion that can be expected under physiological 

plasma-like conditions (Gardner et al., 2022), the more constrained conditions established in 

TMEM were expected to present exasperated risks. To address this, media volumes were increased 

and glucose availability was monitored over 48 hours. Since I previously observed that the 

depletion of several essential and non-essential amino acids follows a trend similar to that of 

glucose, glucose was used as a proxy metabolite to gauge nutrient depletion in this study. Cells 

were seeded on 100mm culture plates with 1,000,000 cells in 20mL, 30mL, or 40mL of TMEM, 

and media glucose levels measured at time 0h, 24h, and 48h (Figure 3.2).  

Our 0h glucose measurement of 2.9mM, although higher than our formulation, is consistent 

with FBS contributions (~17mM) from 2.5% FBS supplementation (Owens and Kind, 2008).  

Importantly, the results of repeated measures two-way ANOVA indicate a significant main effect 

of time (F1.044,6.266 =5094, P < 0.0001), media volume (F2,6 = 60.26, P = 0.0001), and the interaction 

between time and media volume (F4,12 = 67.79, P < 0.0001) on glucose concentration. Thus, both 

factors must be considered in the establishment of culture practices that maintain TMEM glucose 

levels.   

Post hoc analysis indicated significant glucose depletion in all media volumes over 24 and 48 hours 

such that following the first 24 hours, average glucose levels fell by 35-45%. Increased media 

volumes ameliorated glucose depletion at both 24h and 48h when compared to 20mL, however 

this was not sufficient to maintain glucose availability within target concentrations over the course 

of 48 hours. Alternatively, average glucose levels between 0h and 24h were 2.22mM, 2.34mM, 

and 2.375mM for increasing media volumes, respectively, suggesting appropriate glucose 

availability in TMEM only extends over the first 24 hours of culture. Since the glucose level was 

significantly increased with 30mL (P = 0.0173) and 40mL (P = 0.0204) media compared to 20mL, 

but no significant difference was measured between 30mL and 40mL (P = 0.1185), 30mL was 

selected as the optimal volume for further experiments to minimize glucose depletion over 24 

hours. Conclusively, results were indicative of proceeding with 30mL daily media exchanges in 

100mm plates, or ~1mL TMEM per 33,000 cells seeded, with appropriate adjustments made to 

maintain oxygen diffusion distance for alternative culture flasks.  
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Figure 3.2: Mean glucose concentrations (mM) over 48 hours for KPCY cells cultured in 

1.5% O2/TMEM with increasing medium volumes. (A) Glucose measured over 48 hours at time 

0h (fresh media), 24h and 48h. Media volumes of 20mL, 30mL and 40mL were used in 100mm 

plates to achieve target TMEM glucose concentration (2.3mM). (B) Averaged glucose 

concentrations (mM) at each measurement point and media volume. Graphical means expressed  

SEM. N=3 independent experiments. ‘*’ represents significant difference compared to 20mL 

volume (P ≤ 0.05). Statistical significance determined by repeated measures two-way ANOVA 

followed by Tukey’s post-hoc analysis.  

 

 In vivo oxygen levels for PDAC are ~0.7% O2 (Koong et al., 2000) (Table 1.2). 

Considering the poor diffusion of gas phase (headspace) oxygen to liquid phase in static cell 

culture (Place et al., 2017; Rogers et al., 2023), I monitored pericellular oxygen of KPCY cells 

cultured in TMEM to determine the conditions required to achieved tumour-like pericellular 

oxygen. While preliminary experiments initially varied headspace oxygen (1-2%) (data not 

shown), I found 1.5% O2 best approximated pericellular targets of 0.7% O2. Experimental 

conditions (media volumes, seeding densities) were thus manipulated and monitored at this oxygen 

level. Simultaneous to experiments quantifying glucose availability with varied media volumes, I 

measured the pericellular oxygen of cells cultured in a 24-well Oxodish with increasing media 

volumes that approximated the heights of volumes used in the 100mm plates (20mL, 30mL, 

40mL), along with media only controls (Figure 3.3A). Media only wells equilibrated with 

headspace oxygen, with media oxygen levels averaging at 1.43% O2 (± 0.031) over the 48 hours 

following equilibration. Cell containing wells showed a volume-dependent decrease in pericellular 

oxygen level between 0.47-0.88% O2. Importantly, pericellular oxygen in wells approximating 
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30mL in a 100mm culture plate (1.141 mL) averaged at 0.61% O2 (± 0.032) over 48 hours, and 

0.67% O2 (± 0.031) in the first 24 hours (Figure 3.3B). Thus, by regulating headspace oxygen to 

1.5% O2, pericellular oxygen levels representative of the PDAC microenvironment can be 

achieved in parallel to appropriate nutrient levels. For simplicity, and in alignment with how the 

field communicates cell culture oxygen levels, I will henceforth refer to this oxygen condition by 

the headspace oxygen level of 1.5% O2. With that said, this result clearly illustrates the importance 

of controlling for impaired gas phase oxygen diffusion in static cell culture when establishing 

physiological oxygen levels.  

 

  

Figure 3.3: Pericellular oxygen of KPCY cells cultured in TMEM at 1.5% headspace O2. (A) 

Presens Oxodish pericellular oxygen readings (%) in TMEM cultured KPCY cells at increasing 

media volumes and cell free ‘media only’ controls over 48 hours. Labeled O2 values (%) are 

averages of the total 48 hours following stabilization. (B) Averaged pericellular oxygen readings 

(%) over the first and second 24 hours. Data shows the mean of 6 technical replicates per volume  

within one PreSens Oxodish. 

 

The extracellular pH environment of solid tumours ranges from 5.5. to 7.2 (Anderson et 

al., 2016; Thistlethwaite et al., 2022). To achieve a pH representative of the tumour 

microenvironment in 5% CO2 environment, a bicarbonate (HCO3-) buffering system was 

established, with TMEM adjusted to a pH of 7.0 upon preparation. Furthermore, I directly 

monitored the extracellular pH of TMEM cultured KPCY cells and media only control wells using 

a 24-well Hydrodish. The media volume (1.141 mL) and monitoring period (24 hours) used was 

continuous with the results from the glucose and oxygen experiments. Following equilibration, the 
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pH of TMEM stabilized to ~7.1 (± 0.002) at 5% CO2 in media only wells (Figure 3.4). In KPCY 

containing wells, initial pH readings were similar to media controls, however acidification was 

observed over the 24 hours, averaging to ~7.05 (± 0.01). This was attributed to lactic acid 

production surpassing the buffering capacity of the media.  

                      

Figure 3.4: Extracellular pH of KPCY cells cultured in 1.5% O2/TMEM. Presens Hydrodish 

pH readings in TMEM cultured KPCY cells and cell free ‘media only’ controls over 24 hours. 

Data shows the mean of 6 technical replicates within one PreSens Hydrodish. 

 

 Overall, through analysis of our glucose, pericellular oxygen, and pH monitoring data, I 

successfully determined the optimal culture conditions and practices to achieve PDAC tumour-

like conditions in our KPCY model. Thus, for all subsequent experiments, daily media exchanges 

with a minimum of 1mL TMEM per 33,000 cells seeded were implemented. Additionally, the 

specific volume of media used for all other culture vessels was calculated to maintain the same 

media height (diffusion distance) as those monitored (Table S3.2). Furthermore, I maintained cell 

densities comparable those used for validation for remaining experiments, with some adjustments 

made for those experiments requiring longer culture periods. By doing so, I can ensure that 

relatively stable and reproducible tumour-like culture conditions are established. 

Of note, glucose and pericellular oxygen monitoring was also performed for KPCY cells 

cultured in our physiological ‘plasma-like’ conditions (5% O2/MPM) to validate the conditions 

prior to comparison with our tumour-like condition (1.5% O2/TMEM)  (Figure S3.1). Similar 

statistical analysis was performed on the glucose data as TMEM, with a significant main effect of 
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time (F1.083,6.499 = 393.0, P < 0.0001) and media volume (F2,6 = 16.84, P = 0.0035) on glucose 

concentration indicated. However, no effect was seen with increasing media volume in the first 24 

hours (Figure S3.1 A). Nonetheless, to remain consistent with the tumour-like culture protocol, 

daily media exchanges with 1mL MPM per 33,000 cells seeded were maintained. Pericellular 

oxygen levels for MPM cultured KPCY cells at a headspace of 5% O2 averaged to 3.67% O2 

(Figure S3.1 B), mimicking that of normal pancreatic tissue (~4% O2) (Carlsson et al., 1998; 

Carlsson et al., 2001). This will be referred to as 5% O2 hereafter.  

 

3.4.3 Tumour-like culture conditions profoundly affect gene expression in KPCY cells 

compared to plasma-like conditions 

Once initial experiments validated our PDAC tumour-like culture model in KPCY cells, 

the necessity for refining tumour-specific physiological condition was assessed by directly 

comparing KPCY cells adapted to our tumour-like culture condition (1.5% O2/TMEM), to those 

adapted under physiological ‘plasma-like’ culture conditions (5% O2/MPM).  

To evaluate the global effect of tumour-like conditions (1.5% O2/TMEM) versus plasma-like 

conditions (5% O2/MPM) on cultured cells, differential gene expression was evaluated in cells 

adapted to their respective conditions using RNA sequencing. In total, 611 genes were 

differentially expressed between the two conditions: 247 up-regulated genes enriched in 1.5% 

O2/TMEM vs. 5% O2/MPM; and 364 down-regulated genes enriched in 1.5% O2/TMEM vs. 5% 

O2/MPM (Figure 3.5 A). The up-regulated differentially expressed genes (DEGs) in tumour-like 

conditions included transcripts involved in cytoskeletal network organization (Cdh22, Avil, 

Dynap, Tmem132c), metabolic transport (Slc7a3, Slc7a3), and biosynthesis (Ptgs2, Bcat1, Cth) 

(Figure 3.5 B). Alternatively, the top downregulated DEGs in tumour-like conditions included 

transcripts involved in cell adhesion (Tmidg1, Cdhr5, Lgals4, Tm4sf20), lipid metabolism (Pcsk9, 

Cyp2c65) and drug metabolism, (Cyp2c65, Tff2) (Figure 3.5 B).  
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Figure 3.5: Differential gene expression in KPCY adapted to 1.5% O2/TMEM versus 5% 

O2/MPM. A) Volcano plot of the distribution of DEGs in 1.5% O2/TMEM versus 5% O2/MPM. 

Green and red data points show significant negatively (downregulated) and positively 

(upregulated) enriched DEGs, respectively, as defined by P-adj < 0.05, absolute log2(Fold 

Change) ≥ 1, and a minimum FPKM of 5 in at least one of the two samples compared. Grey data 

points show DEGs that did not make cut-off for significantly enriched genes. B) Top 10 protein 

coding DEGs down-regulated (green) and up-regulated (red) in 1.5% O2/TMEM compared to 5% 

O2/MPM. Significant DEGs sorted by log2(fold change) to determine top up- and down- regulated 

genes. 

 

Over-representation analysis was performed on filtered DEG lists using DAVID to identify 

up- and down-regulated GO terms and KEGG/Reactome pathways associated with our culture 

conditions. GO term enrichment revealed several biological processes, cellular components, and 

molecular functions associated with either upregulated or downregulated enriched DEGs from our 

1.5% O2/TMEM vs. 5% O2/MPM comparison. Upregulated DEGs enriched in cells adapted to 

1.5% O2/TMEM were associated with cell migration and motility, proliferation, protein synthesis, 

cytoskeletal dynamics, response to growth factors and cytokines (Figure 3.6 A). Additional 

biological terms associated with vasculature development, angiogenesis, metabolic process, and 

regulation of apoptosis were also identified (Table S3.3). Cellular compartments included the 

extracellular region, plasma membrane, cytoplasm and actin filament.  

Consistent with these findings, KEGG and Reactome pathway enrichment analysis showed 

significant enrichment of pathways involved in amino acid biosynthesis, regulation of 

proliferation, immune response, and apoptosis, including JAK-STAT, TNF, Hippo signaling 
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(Figure 3.6 B). Notably, terms related to axon guidance and neuronal processes also appeared 

enriched, potentially suggesting a role of the tumour microenvironment in establishing neuronal 

cross-talk and recruitment within the tumour niche.  
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Figure 3.6: Top upregulated GO terms (A) and KEGG/Reactome (B) pathways enriched in 

KPCY adapted to 1.5% O2/TMEM versus 5% O2/MPM. DEG lists used for this analysis were 

positively enriched (positive fold change) filtered genes with P (adjusted) value ≤ 0.05, absolute 

log2(FC) ≥1, and a minimum FPKM of 5 in at least one of the two samples compared. Enrichment 

analysis terms were filtered to terms with a Benjamini adjusted P value ≤ 0.05, or P value ≤ 0.05, 

as indicated.  

 

 

Downregulated DEGs enriched in cells adapted to 5% O2/MPM were most significantly 

associated with metabolic and biosynthetic processes involving lipids, secondary alcohols, 

cholesterol, sterols, and steroids (Figure 3.7 A). Additional terms suggestive of cellular respiration 

and glutathione peroxidase/transferase activity were also identified (Table S3.3). Cellular 

compartments included the endoplasmic reticulum, plasma membrane, and peroxisome. KEGG 

and Reactome enrichment analysis confirmed pathways involved in fatty acid, steroid and 

cholesterol metabolism and biosynthesis (Figure 3.7 B).  
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Figure 3.7: Top downregulated GO terms (A) and KEGG/Reactome (B) pathways enriched 

in KPCY adapted to 1.5% O2/TMEM versus 5% O2/MPM. DEG lists used for this analysis 

were negatively enriched (negative fold change) filtered genes with a P (adjusted) ≤ 0.05, absolute 

log2(FC) ≥1, and an minimum FPKM of 5 in at least one of the two samples compared. Enrichment 

analysis terms were filtered to terms with a Benjamini adjusted P value ≤ 0.05, or P value ≤ 0.05, 

as indicated. 

 

 Considering the enrichment analysis results suggesting that culture in 1.5% O2/TMEM 

alters several metastatic and metabolic features in KPCY cells, I closely analyzed DEG lists for 

enrichment of hallmark gene targets contributing to these responses. Selecting for genes relevant 

to cancer biology, I identified several DEGs positively enriched in our tumour-like culture 

condition, implicated in tumorigenesis (Table 3.2). Alongside increased expression of Hif-1α (Padj 

= 0.0463), several HIF-1/2 targets were significantly enriched, including genes involved in 

angiogenesis and vasculature remodelling (Serpine1, Adm2, Pdgfa, Edn1), cell cycle progression 

(Stc2, Pgf), glycolytic metabolism (Pfkfb3), and cell motility (Ctfg). Additionally, downstream 

gene targets of nutrient-responsive metabolic pathways were identified, including those 

specifically involved in amino acid biosynthesis (Phgdh, Aldh18a. Psph), and epithelial-

mesenchymal-transition (EMT) (Snai2, Inhba). Importantly, several of these genes, including 

Snai2 and Pdgfa, are established markers of cancer progression in vivo. Table 3.2 provides a brief 
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description of each of these genes and provides reference to their identification or role in cancer 

progression.  

 

 

Table 3.2: Differentially expressed genes implicated in cancer hallmarks, selected from those 

upregulated in tumour-like culture conditions (1.5% O2/TMEM).  

 
Gene Symbol Gene Name Function Ref Log2FC 

 

HIF 1/2 Targets 

 

   

Serpine1*** Serpin Family E Member 1 / 

Plasminogen activator Inhibitor 

1 

Inhibits fibrinolysis & enhances clot formation 

to maintain hemolysis 

 

(Fink et al., 

2002) 

2.58 

Stc2** Stanniocalcin 2 Promotes cell cycle progression in metabolic 

stress, preventing apoptosis. Induces EMT. 

 

(Law & 

Wong, 2010) 

1.85 

Pgf*** Placental growth factor  Promotes cell proliferation through growth 

factor activity. Member of VEGF family. 

 

(Chaturvedi et 

al., 2012) 

2.44 

 

Pfkfb3** 6-Phosphofructo-2-

kinase/Fructose-2,6-

Biphosphatase 3 

Catalyzes the synthesis and degradation 

of fructose-2,6-bisphosphate, promoting 

glycolysis. Positive regulator of cell 

proliferation via cyclin-dependent kinase 1. 

 

(Minchenko 

et al., 2004) 

1.73 

Ctgf / Ccn2 ** Connective tissue growth factor 

/ Cellular communication 

network factor 2 

Mitoattractant – stimulates cell migration, 

adhesion, proliferation 

 

 

(Higgins et 

al., 2004) 

1.70 

Hmox1* Heme Oxygenase 1 Enzyme essential to heme catabolism. Roles in 

redox homeostasis. 

 

(P. J. Lee et 

al., 1997) 

1.41 

Adm2* Adrenomedullin 2 Promotes angiogenesis and vasodilation. 

 

(Gu et al., 

2020) 

1.39 

Edn1** 

 

Endothelin 1 Vasoconstrictor preproprotein. (J. Hu et al., 

1998) 

2.144 

 

BhlheE41* Basic Helix-Loop-Helix Family 

Member E41 

Transcriptional regulator of genes implicated in 

cellular circadian rhythm (CLOCK* and 

BMAL1) 

(Miyazaki et 

al., 2002) 

1.30 

Pdgfa** Platelet Derived Growth Factor 

Subunit A 

Implicated in promoting cell growth, EMT, and 

angiogenesis. Member of VEGF family. 

(Y. Huang et 

al., 2004) 

1.80 

 

Metabolic Remodelling 

 

   

Phgdh** Phosphoglycerate 

dehydrogenase 

 

Enzyme involved in de novo serine synthesis; 

catalyzes conversion of 3PG to 3PHP 

(Itoyama et 

al., 2021) 

1.64 
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Aldh18a1*** Aldehyde dehydrogenase 18 

family member A1 

Enzyme involved in de novo proline, ornithine 

and arginine biosynthesis.  

 

(Liu et al., 

2012) 

1.22 

Aldh1l2*** 

 

Aldehyde dehydrogenase 1 

family member L2 

Regulatory mitochondrial enzyme involved in 

folate metabolism. Source of NADPH. 

 

(C. Li et al., 

2023) 

2.58 

 

Bcat1*** Branched chain amino acid 

transaminase 1 

Catalyzes the reversible transamination of 

branched-chain alpha-keto acids to branched-

chain L-amino acids essential for cell growth. 

 

(Fox & 

Alvarez, 

2020) 

4.03 

Psph** Phosphoserine phosphatase 

 

Enzyme involved in L-serine formation (Ross et al., 

2017) 

1.98 

Gpt2* Glutamic-pyruvic transaminase 

2 

Mitochondrial alanine transaminase; Reversible 

transamination between alanine and 2-

oxoglutarate to generate pyruvate and glutamate; 

gluconeogenesis and amino acid metabolism 

 

(Hossain et 

al., 2021) 

1.22 

Invasion & Metastasis Markers 

 

   

Tc*** Tenascin C 

 

 

Extracellular matrix protein. Induces migration 

and invasion via JNK/c-Jun. 

(Paron et al., 

2011) 

2.62 

Snai2* Snail family transcriptional 

repressor 2 

 

 

Transcription factor. Regulates expression of 

genes involved in EMT (i.e. CDH1) and 

proliferation.  

 (Gu et al., 

2022)2024-

05-23 2:32:00 

PM 

1.63 

Inhba*** Inhibin β-A Roles in EMT. Activates TFG- β signaling 

pathway 

 

(Yu et al., 

2021) 

2.42 

Avil*** Advillin 

Actin-binding protein that regulates 

cytoskeleton assembly 

(Hossain et 

al., 2021) 

3.99 

     

*Padj<0.05, ** Padj<0.005, *** Padj<0.0005. Abbreviations: EMT, endothelial-mesenchymal-

transition; VEGF, vascular endothelial growth factor; CLOCK, circadian locomotor output 

cycles kaput; BMAL1, Basic Helix-Loop-Helix ARNT Like 1; 3PG, 3-phosphoglycerate; 3PHP, 

phosphohydroxy pyruvate; JNL, Jun N-terminal kinase; CDH1, E-cadherin; TFG- β, 

transforming growth factor-β. Citations are evidence of gene targets or expression associated 

with tumorigenesis.  

 

To directly determine whether our tumour-like culture condition elicits gene expression 

consistent with in vivo PDAC gene expression, I compared DEGs identified in this study to those 

enriched in human-derived PDAC tissue vs. matched adjacent tissue from a meta-analysis of The 

Cancer Genome Atlas Program (TCGA) Pan-Cancer microarray expression database (Atay, 2020). 

Of a total of 28 validated prognostic genes identified in this meta-analysis, two prognostic genes 

associated with poor PDAC survival were up-regulated in our tumour-like condition (Frmd6, 
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Dhrs9). Furthermore, two “hub” protein-coding genes considered to have a large number of 

protein-protein modulatory interactions in PDAC were identified, both of which were grouped 

within an extracellular matrix signaling gene cluster (Tnc, Igfbp3).  

Overall, the gene expression results described here suggest that culture of KPCY cells in 

our 1.5% O2/TMEM model alters the transcriptome of cells in a manner relevant to established 

cancer hallmarks. Further, our model appears to promote tumorigenesis and metastasis in cultured 

cells, consistent with aggressive cancer phenotypes in vivo.  

 

3.4.4 Effect of tumour-like culture condition on cancer hallmarks in KPCY cells 

 Cell proliferation was evaluated in KPCY cells cultured in tumour-like culture conditions 

(1.5% O2/TMEM) versus ‘healthy’ plasma-like culture conditions (5% O2/MPM) to investigate 

the role of metabolic availability on replication. To determine proliferation rate during exponential 

growth, KPCY cells were counted over four days (Figure 3.8 A). In the first 24 hours, proliferation 

was comparable between either condition. However, following this lag period, KPCY cells 

cultured in 1.5% O2/TMEM showed significantly slower proliferation such that by day 4, the final 

number of cells was 4-fold less than those cultured in 5% O2/MPM (P = 0.0044) (Figure 3.8 B). 

Doubling time, calculated during exponential growth for each condition, was significantly 

increased in TMEM cultured cells (P = 0.0076) (Figure 3.8 C), averaging at 35.1 hours  3.7 for 

tumour-like conditions (1.5% O2/TMEM) and 16.7 hours  0.4 for plasma-like conditions (5% 

O2/MPM). This suggests that culture in 1.5% O2/TMEM does not support proliferation to the same 

capacity as 5% O2/MPM. 

 

A 
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Figure 3.8: KPCY proliferation following culture in physiological plasma-like (5% O2/MPM) 

or tumour-like conditions (1.5% O2/TMEM). (A) Cell growth over 4-day proliferation assay 

and (B) final cell count on day 4 of assay. (C) Doubling time, calculated during exponential growth 

period of the 4-day assay for each experiment. Viable cells stained using trypan blue and counted 

manually on hemocytometer. Data shown as means ± SEM; N=3 independent experiments, with 

three wells counted in triplicate per experimental replicate. Statistical significance determined by 

unpaired two-tailed t-test, P-value ≤ 0.05.  

 Since over-representation analysis of KPCY cultured in tumour-like culture conditions 

(1.5% O2/TMEM) was indicative of changes in motility and EMT, I next assessed cell migration 

using a scratch assay. Cells were seeded on 6-well plates and grown to confluency over 2-3 days, 

before a scratch was made through the cell monolayer using a micropipette tip. The size of the 

scratch was then monitored 12 and 24 hours post scratch (Figure 3.9 A). Results of repeated 

measures two-way ANOVA indicate a significant main effect of culture condition (F1,4 =26.8, P = 

0.0069), and time (F1,4 = 439.8, P < 0.0001) on percent wound closure, but not the interaction 
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between the terms (F1.4 = 0.6566 P = 0.4632). Post hoc analysis indicated that the extent of scratch 

closure was significantly greater in KPCY cells cultured in 1.5% O2/TMEM at both 12h (P = 

0.0044) and 24h (P = 0.022), such that by 24h, scratch percent closure from time 0h  was ~80% 

(Figure 3.9 B). In comparison, in cells cultured in 5% O2/MPM, scratch closure by 24h was ~63%. 

Thus, tumour-like culture conditions increased migratory behaviour of the cells, consistent with a 

metastatic phenotype. 

 

 

  

 

 

 

 

 

 

 

 

Figure 3.9: Migration of KPCY cells following culture under physiological plasma-like (5% 

O2/MPM) or tumour-like conditions (1.5% O2/TMEM). (A) Representative images of cell 

migration throughout scratch assay and (B) quantification of migration as percentage wound 

closure 12h and 24h following initiation of scratch assay. Data shown as means  SEM; N=3 

independent experiments, with three wells imaged per experimental replicate. For each well, 

multiple points along the scratch were imaged. Statistical significance determined by repeated 

measures two-way ANOVA followed by Sidak’s post hoc test.  

 Increased glucose uptake, nutrient shunting through alternative metabolic pathways, and a 

shift in glucose utilization toward glycolysis are well noted as hallmark features in many cancers. 

Due to this rewiring hallmark, as well as the RNAseq metabolic hits, I next measured glucose 
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uptake and lactate production in KPCY cells cultured in tumour-like culture conditions (1.5% 

O2/TMEM) versus plasma-like culture conditions (5% O2/MPM). In agreement with these 

hallmark features, glucose uptake at 1.5% O2/TMEM was significantly increased (1362.25  60.89 

fmol/cell*hour) compared to 5% O2/MPM (825.13  9.62 fmol/cell*hour) (Figure 3.10 A). 

Lactate production rate was also significantly greater at 1.5% O2/TMEM (1143.78  72.80 

fmol/cell*hour) compared to 5% O2/MPM (603.27  8.65 fmol/cell*hour) (Figure 3.10 B). This 

suggests that glucose uptake and flux through glycolytic pathways to produce extracellular lactate 

is significantly increased in tumour-like conditions, consistent with increased rates of glycolysis. 

 

  

Figure 3.10: (A) Glucose uptake and (B) lactate production rate in KPCY cells cultured 

under physiological plasma-like (5% O2/MPM) or tumour-like conditions (1.5% 

O2/TMEM). Glucose uptake and lactate production was measured over 24 hour in KPCY cells. 

Data shown as means  SEM; N=3 independent experiments, with 3 technical replicates (plates) 

per experimental replicate. Statistical significance determined by a unpaired two-tailed t-test, p-

value ≤ 0.05 

To further elucidate the effect of tumour-like culture conditions in modulating cellular 

bioenergetics and energy production, a Seahorse XF Cell Mito Stress Test was performed on 

KPCY cells cultured in their respective tumour-like (1.5% O2/TMEM) or plasma-like (5% 

O2/MPM) conditions. Hypoxic Seahorse extracellular flux analysis was performed within a 

hypoxia glovebox with headspace oxygen levels appropriate for either condition (1.5% or 5%), 

with all necessary considerations maintained to perform reliable ‘hypoxia mode’ Seahorse 

assays. In KPCY cells cultured in 1.5% O2/TMEM, the OCR profile was ~3-fold lower 
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compared to OCR in cells cultured at 5% O2/MPM following each injection (Figure 11A). 

Bioenergetic respiratory parameters calculated from basal OCR measurements, and OCR 

following injection of oligomycin, FCCP, and Rotenone/Antimycin A, were all significantly 

reduced in 1.5% O2/TMEM cultured cells. Basal, maximal, and ATP-linked oxygen consumption 

were below 40 pmol/min/10,000 cells in 1.5% O2/TMEM, whereas OCRs in 5% O2/MPM cells 

were over 80 pmol/min/10,000 cells (Figure 11B). Similarly, OCR attributed to proton leak, 

spare respiratory capacity and non-mitochondrial oxygen consumption were below 10 

pmol/min/10,000 cells in 1.5% O2/TMEM, versus 15.8 ( 2.57), 70.96 ( 6.57), 14.92 ( 1.87) 

pmol/min/10,000 cells in 5% O2/MPM cultured cells, respectively (Figure 3.11C). This suggests 

that mitochondrial respiration is reduced in cells cultured under tumour-like oxygen and nutrient 

conditions.  
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Figure 3.11: Oxygen consumption rate (OCR) for KPCY cells cultured under chronic 

physiological plasma-like (5% O2/MPM) or tumour-like (1.5% O2/TMEM) conditions. 

OCR profile (A) and bioenergetic respiratory parameters (B,C) calculated from OCR following 

injection of 1µM oligomycin, 0.5 µM FCCP and 0.5 µM rotenone/antimycin A. Data shown as 

means ± SEM. N=3 independent experiments, with 7-17 wells per condition for each 

experimental replicate. Different shapes for each condition represent technical replicates from 

independent experiments. Statistical significance determined by unpaired, two tailed t-test 

between culture conditions for each parameter, P-value ≤ 0.05. 
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3.5 DISCUSSION  

Rewiring of metabolic pathways was among the key responses regulated in our tumour-

like cell culture model. Consistent with glycolytic hallmarks, genes involved in the regulation of 

glycolysis and gluconeogenesis precursor synthesis were upregulated in 1.5% O2/TMEM cultured 

cells. Functionally, both glucose uptake and lactate production rates were also significantly 

increased in tumour-like conditions. However, mitochondrial respiration was substantially 

decreased, indicating an increased glycolytic flux fated for fermentation. Additionally, genes 

implicated in amino acid biosynthesis and membrane transport were upregulated in 1.5% 

O2/TMEM, despite similar or greater initial concentrations present in TMEM for those amino acids 

indicated (serine, proline, ornithine, glutamate, isoleucine, valine) (Table 3.1 and 3.2). 

Interestingly, this may suggest exogenous amino acid scavenging to support catabolic 

reprograming occurring in our tumour-like conditions (reviewed in (Wei et al., 2021); however, 

metabolomic uptake analysis and amino acid tracing must be performed to confirm this. Consistent 

with our results, numerous studies have shown that dysregulated glucose metabolism, and 

enhanced expression of amino acid synthetases (i.e. ASNS, ASS1), transferases (i.e. BCAT) and 

transporters (i.e. SLC7A11) are central to cancer cell survival under metabolic constraint (Crump 

et al., 2021; Cui et al., 2007; Koppula et al., 2018; Scalise et al., 2020; Shafei et al., 2020). 

Furthermore, PDAC cells specifically have been reported to increase amino acid utilization under 

reduced glucose and amino acid extracellular conditions both in vitro and in vivo, primarily 

through adaptive scavenging mechanisms including transaminase activity and macropinocytosis 

(Kamphorst et al., 2015; Tsai et al., 2021). Thus, our tumour-like model maintains features of 

metabolic remodelling hallmarks, promoting cellular adaptation in ways relevant to in vivo 

metabolism.    

Environmental cues within the tumour microenvironment modulate cell migration, 

invasion, and metastasis through the coordination of several different signaling cascades. 

Metabolic availability is among these cues. Activation of AMPK, inhibition of mTOR, and HIF-

1α signaling in response to metabolic stress coordinates downstream cytoskeletal remodelling, 

linking metabolite and energy homeostasis with cell motility (Crosas-Molist et al., 2023; L. Li et 

al., 2010; Rainero et al., 2015). Our finding that tumour-like culture conditions promote cell 

migration, both transcriptionally and functionally, is thus consistent with this mechanism. 

Furthermore, I identified several migratory terms enriched in 1.5% O2/TMEM conditions that are 
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in vivo markers for EMT programming and metastasis (Carstens et al., 2021; Clere et al., 2020; 

Palamaris et al., 2021). Interestingly, while the downregulation of epithelial signatures 

(cytokeratins, claudins, mucin), and upregulation of mesenchymal signatures (extracellular matrix 

proteins, growth factors) were consistent with classical EMT mechanisms, hallmark differential 

gene expression of E-cadherin adhesion proteins was not identified. This observation may suggest 

an alternate ‘partial-EMT’ programming taking place, a mechanism that was recently 

characterized in murine PDAC tissue in vivo (Aiello et al., 2018). In this study, partial-EMT was 

associated with maintenance of E-cadherin mRNA expression, post translational protein re-

localization of membrane adhesion molecules, and maintenance of epithelial capacities in PDAC 

cells. In breast, prostate and lung cancer, this mechanism of EMT is associated with increased 

metastatic potential, owing to the ability of cells to form intercellular junctions and migrate 

collectively (Armstrong et al., 2011; Lecharpentier et al., 2011; Yu et al., 2013). Our tumour-like 

condition seems to promote this phenotype at a transcriptomic level in KPCY cells, and may serve 

as an appropriate model to elucidate the mechanism by which the tumour microenvironment 

initiates ‘partial-EMT’ in vivo.  

While rather substantial, it is not surprising that the proliferative capacity of KPCY cells 

was also affected in 1.5% O2/TMEM conditions. Culture in human plasma-like media similarly 

slows proliferation in many cell lines compared to those measured in supraphysiological media 

(Cantor et al., 2017; Gardner et al., 2022; Golikov, Karpenko, et al., 2022; Vande Voorde et al., 

2019). Additionally, chronic hypoxia exposure and HIF-1α stabilization have been shown to 

inhibit proliferation in various cultured cancer cells (Hubbi et al., 2013; Koshiji et al., 2004; 

Wilhelm et al., 2021). Given the metabolic constraint established in physiological media and 

hypoxia, the effect our tumour-like conditions have on proliferation is likely an adaptive response, 

mediated by AMPK and HIF-1α signaling, to coordinate replication with energy availability. This 

reduction in proliferation allows cells to maintain energy stores when nutrient and oxygen levels 

are limited. Moreover, while it is difficult to measure cellular proliferation rate in vivo, it is likely 

that replication is not as rapid as in standard culture, particularly in cell populations localized to 

poorly vascularized tumour regions. Notably, quiescent cancer cells, that being non-proliferative 

cells reversibly arrested in G0, have been reported to make up 80% of the total cells in established 

tumours, with their distribution within the tumour correlated with distance from blood vessels 

(Yano et al., 2014). While providing insight into the regulatory role of the tumour 
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microenvironment in proliferation, this finding exposes a limitation in current clinical therapeutic 

regimes that target cell cycle progression. Instead, targeting the adaptive mechanisms by which 

cancer cells dynamically modulate anabolic and catabolic pathways in response to environmental 

availability may offer more promising clinical outcomes.  

Overall, the ability of our tumour-like culture conditions to maintain metabolic and 

metastatic phenotypes representative of in vivo adaptations is the most important result of this 

study (Atay, 2020; Kessler et al., 2008; van Pelt et al., 2023). Given the recent attention to 

metabolism-targeted anticancer drugs, it is imperative that pre-clinical experimental work is 

performed in culture models that maintain adaptive metabolic vulnerabilities characterized in vivo. 

As an example, lactate dehydrogenase (LDH), 6-phosphofructo-2-kinase/fructose-2,6-

biphosphatase 3 (PFKFB3), and phosphoglycerate dehydrogenase (PHGDH) are critical enzymes 

enriched in PDAC tumours in vivo to promote glycolytic metabolism and serine biosynthesis in 

response to metabolic stress (Itoyama et al., 2021; Richardson et al., 2020; Xiao et al., 2017). 

Metabolic inhibitors of these enzymes are thus promising anti-cancer targets currently being 

investigated experimentally. In our tumour-like model, glucose fermentation through LHD was 

increased, and genes encoding PFKFB3 and PHGDH were upregulated as in vivo, making 1.5% 

O2/TMEM a good model to screen for inhibitors. Conversely, plasma-like conditions in which 

these genes were not enriched may underestimate the therapeutic potential in a screening trial. 

Abbott et al. (2023) exemplify this effect of culture condition on screening outcomes, 

demonstrating the differential response of hundreds of metabolism-targeting drugs with culture in 

non-physiological (RPMI) versus serum-derived culture medium. Ultimately, culture conditions 

that poorly model metabolic or metastatic adaptations may limit the accuracy of pre-clinical drug 

screening studies in identifying successful therapeutics.   

The metabolic and phenotypic landscape within solid tumours is heterogeneous and 

dynamic (Daemen et al., 2015; Tanaka et al., 2017; van Ineveld et al., 2021). Moreover, 

intertumoral differences in TIF exist depending on patient diet and tumour location (Sullivan et 

al., 2019). Thus, to illicit more oxidative and proliferative cancer phenotypes, future work may 

adjust the formulation of TMEM to be representative of well perfused tumours. In doing so, the 

need for combination anti-cancer drug therapies that target different sub-populations of cancerous 

cells may be revealed. Additionally, as more TIF quantification data becomes available, our 

formulation can be further adapted to model non-PDAC tumours. Ideally, a tumour-like media 
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such as TMEM should be developed using metabolomics data from several independent studies, 

with different formulations available for specific cancer types, given that TIF metabolomes differ 

substantially. However, without comprehensive metabolomics studies, this is not possible. Until 

then, TMEM may be used. Users may also choose to make adjustments to the formulation using 

whatever few metabolites of known concentrations are available for their specific cancer model 

(See Table 1.1 for summary of currently available TIF values).  

Notably, during the formulation of TMEM and the research described in this study, a 

similar tumour-like medium, Tumour Interstitial Fluid Medium (TIFM), was developed by the 

same group that initially quantified murine PDAC TIF metabolites (Apiz-Saab et al., 2023). 

Although designed using the same TIF metabolomics data, these media differ slightly in 

formulation, owing to the following choices: 1) TMEM metabolite concentrations were selected 

using average TIF measurements, 2) In TMEM, semi-quantitative measurements were corrected 

using fold change applied to absolute literature plasma values, 3) Glucose was corrected using fold 

change applied to fasted glucose plasma values, 4) 2.5% FBS was used for serum supplementation, 

5) pH was adjusted to 7.0. Moreover, while Apiz-Saab et al., (2023) investigate the effects of TIFM 

versus RPMI on cell metabolism at atmospheric oxygen, our work extends these observations. I 

show the importance of refined, microenvironment-specific culture conditions by comparing the 

effects of tumour-like and plasma-like media and oxygen conditions.  

In summary, our results illustrate the importance of using physiological culture conditions 

in studying cell biology in vitro, and provides an example of how cancer biologists may implement 

tumour-like considerations into their research. Moreover, this work provides an appropriate model 

to study the mechanism of tumour microenvironment–mediated adaptations in vitro. Indeed, future 

studies should aim to better characterize this role in the metabolic adaptations implicated in this 

study, including specific amino acid rewiring pathways, and alternative nutrient uptake 

mechanisms (i.e. macropinocytosis). Additionally, the role of our tumour-like culture condition in 

modulating cellular responses to anti-cancer drugs should be investigated. This will provide 

evidence to the importance of tumour-like culture considerations in pre-clinical drug trials.   
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3.6 APPENDIX 

Supplemental Table 3.1: Metabolite concentrations (uM) in PDAC TIF, Tumour 

Microenvironment Medium (TMEM), and Mouse Plasma Medium (MPM), compared to a 

commercially available Plasmax, and DMEM. TMEM formulation is based on tumour 

interstitial fluid data from Sullivan et al. (2019). MPM formulation based on mouse plasma 

metabolomics data listed (see supplementary excel sheet for specifics). A 3-point colour scale on 

concentration difference (log fold change) between TMEM and MPM was applied. A 3-point 

colour scale on concentration difference (log fold change) between Plasmax and MPM was also 

applied. Red colours represent increased concentration in each respective comparison (up to log 

fold change = 2). Blue colours represent decreased concentration in each respective comparison 

(up to log fold change = -2).  
 PDAC TIF TMEM MPM** Plasmax# DMEM# 

Proteinogenic Amino 

Acids 

 
 

L-Alanine 637.1 - 1458 1122 691 510 N/A 

L-Arginine 0.9 - 5.2 2.1 66 64 398 

L-Asparagine 62.9 - 145.5 115 50 41 N/A 

L-Aspartate 246.5 - 519.1 399 7.3 6 N/A 

L-Glutamate 789.1 - 1300.5 1054 19 98 N/A 

L-Glutamine 434.4 - 1329.2 821 934 650 4000 

L-Glycine 367.6 - 626.1 483 217 330 400 

L-Histidine 53.1 - 117.4 94 76 120 200 

L-Isoleucine 91.8 - 197.8 130 138 140 802 

L-Leucine 204.5 - 425.7 289 270 170 802 

L-Lysine 73.4 - 214.5 139 176 220 798 

L-Methionine 35.4 - 106.7 74 53 30 201 

L-Phenylalanine 54.2 - 105.6 80 96 68 400 

L-Proline 70.7 - 164.2 122 71 360 N/A 

L-Serine 54.6 - 115.3 88 96 140 400 

L-Threonine 145 - 314.3 252 145 240 798 

L-Tryptophan 18.4 - 71.3 31 62 78 78 

L-Tyrosine 36.1 - 110.5 60 69 74 399 

L-Valine 120.9 - 222.1 150 262 230 803 

Non-Proteinogenic 

Amino Acids 

  

α-Aminobutyrate 4.7 – 13* 2.93 4.90 41 N/A 

Arginosuccinate 0.2 - 1.3 0.75 0.23 N/A N/A 

Homocitrulline 0.4 - 2.2* 0.72 0.98 N/A N/A 
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L-Citrulline 44.5 - 118.7 73 38 55 N/A 

L-Cystine 16.1 - 110.6 51 30 65 201.3 

L-Homocysteine N/A 3.34 3.34 9 N/A 

Methionine Sulfoxide  35.4 - 106.7 3.17 1.43 N/A N/A 

L-Ornithine 160.1 - 485.4 312 23 80 N/A 

N,N,N-Trimethyllysine 0.9 - 1.7 1.20 1.93 N/A N/A 

Sarcosine 0.9 - 9.4* 0.22 1.93 N/A N/A 

Amino Acid 

Derivatives 

  

Acetyl carnitine 19.6 - 34.9* 25 45 N/A N/A 

Acetylglutamate 0.6 - 4.5 1.40 1.24 N/A N/A 

N-Trimethylglycine 

(Betain) 
84 - 219.9* 94 57 72 N/A 

Glutathione (reduced) 5.4 - 80.8* 22 21 37 N/A 

L-a-Aminoadipate 10.7 - 21.9 15 4.53 N/A N/A 

L-Carnitine 27 - 54.6* 40 8.47 46 N/A 

L-Carnosine 0.6 – 3* 0.49 0.37 6 N/A 

N-Acetyl-L-aspartate 2.3 - 6.1* 1.13 4.02 N/A N/A 

N-Acetylglycine 0.1 - 1.8* 23 65 70 N/A 

N,N-dimethyl-L-

Arginine (ADMA) 
1.4 - 2.4* 0.84 1.23 N/A N/A 

Taurine 1742 - 3070.4 2326 763 130 N/A 

Other Components   

Acetate N/A 350 350 42 N/A 

Allantoin 59.7 - 191.2* 63 106 N/A N/A 

Carbamoyl aspartate 0.3 - 2.2 0.78 3.19   

cis Aconitate 1.4 - 5.5 2.97 5.97 N/A N/A 

Citrate 164.8 - 585.3 339 214 114 N/A 

Creatine N/A 192 192 37 N/A 

Creatinine 5.5 - 27.3* 12.6 10.05 74 N/A 

Cytidine 8.4 - 12.7* 4.60 1.83 N/A N/A 

5'-Deoxy-5'-

methylthioadenosine 

0.0429 – 

0.0831 
0.0612 0.0161 N/A N/A 

D-Glucose 808.2 - 

10096.2 

2304 4381 5560 25000 

Glycerol N/A 179 179 82 N/A 



 112 

 

 

2-hydroxybutyrate N/A 84 84 31 N/A 

3-hydroxybutyrate 12 - 218.5 81 849 77 N/A 

Hypoxanthine 50 - 152 10 0.0232 5 N/A 

L-Kynurenine 0.3 - 1.9 1.01 1.09 N/A N/A 

Lactate 2009 - 6754.1 3794 3088 500 N/A 

Malate 105.1 - 208.8 156 18 N/A N/A 

Orotate 0.5 - 1 

 

0.702 0.964 N/A N/A 

Pyruvate 10.5 - 100.6 42 150 100 1000 

Sorbitol 0.6 - 2 1.34 0.92 N/A N/A 

Succinate 69.7 - 164.9* 106 14 23 N/A 

Urea N/A 25 25 3000 N/A 

Uric Acid N/A 14 14 270 N/A 

Uridine 25.8 - 102.5* 61 4.33 3 N/A 

Xanthine 4.7 - 13.2* 0.894 0.449 N/A N/A 

Vitamins   

Ascorbate 117.8 - 182.5* 361 63 62 N/A 

Choline 169.1 - 275.2 7.16 7.16 7.1 28.6 

D-Biotin 0.028 - 0.089 4.09 4.09 4.2 0.53 

D-pantothenate 1.7 - 5.8 4.56 4.56 2.1† 8.4 

Folate N/A 2.27 2.27 2.3 9.1 

Myo-inositol N/A 11.1 11.1 11.1 11.1 

Niacinamide N/A 8.19 8.19 8.2 32.8 

Pyridoxal 0.1 - 0.3 4.91 4.91 4.9 19.4 

Riboflavin N/A 0.27 0.27 0.3 1.10 

Thiamine N/A 2.96 2.96 3.0 11.2 

Vitamin B12 N/A 0.00150 0.00150 0.0050 N/A 

Trace Elements   

Ammonium 

Metavanadate 

N/A 0.0026 0.0026 0.0026 N/A 

Cupric Sulfate N/A 0.0052 0.0052 0.0052 N/A 

Ferric Nitrate N/A 0.1238 0.1238 0.1238 0.2475 

Ferric Sulfate N/A 1.0428 1.0428 1.0428 N/A 

Manganous Chloride N/A 0.0002 0.0002 0.0002 N/A 

Sodium Selenite N/A 0.0289 0.0289 0.0289 N/A 
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Zinc Sulfate N/A 1.5000 1.5000 1.5000 N/A 

Inorganic Salts   

Ammonium Chloride N/A 50 50 50 N/A 

Calcium Chloride N/A 1125 1125 1800 1802 

Magnesium Sulfate N/A 475 475 813 N/A 

Potassium Chloride N/A 5050 5050 5330 5330 

Sodium Bicarbonate N/A 18400 18400 26191 44048 

Sodium Chloride N/A 91700 91700 118706 110345 

Sodium Phosphate 

Monobasic 

N/A 2045 2045 1010 906 

TIF=tumour interstitial fluid 

PDAC=pancreatic ductal adenocarcinoma  
† (For D-Calcium pantothenate) 

* Semi-quantitative quantification 

 PDAC TIF metabolomics data source ((Sullivan et al., 2019) 

**Healthy mouse plasma metabolomics data sources (Cantor et al., 2017; Leeuwenburgh & Ji, 1995; N. Maeda et 

al., 2000; McKee & Komarova, 2017; Shubitowski et al., 2019; Z. Wang et al., 2020; Watanabe et al., 2014; L. Yao 

et al., 2019) 

#Plasmax and DMEM media formulations from (Ackermann & Tardito, 2019) 

 

 

Supplemental Table 3.2: Volume (mL) used in cell culture vessels. Volumes calculated to 

maintain oxygen diffusion distance throughout experimentation  

 
Cell Culture vessel Volume Used (mL) 

100-mm (Corning) 30  

6-well plate 5.606 

12-well plate 2.263 

24-well plate (Presens) 1.141 
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Supplemental Figure 3.1 Pericellular glucose concentration and oxygen levels of KPCY cells 

cultured in 5% O2/MPM. (A) Glucose was measured over 48 hours at time 0h (fresh media), 24h 

and 48h. Media volumes of 20mL, 30mL and 40mL were used in 100mm plates. (B) Presens 

Oxodish pericellular oxygen readings (%) in MPM cultured KPCY cells and cell free ‘media only’ 

controls over 24 hours. Labeled O2 values (%) are averages of the total 24 hours following 

stabilization. `Data shows the mean of 6 technical replicates per volume.  
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Supplemental Table 3.3: List of top 100 upregulated gene ontology terms enriched at 1.5% 

O2/TMEM vs 5% O2/MPM.
Biological Process Gene Count 

GO:0016477~cell migration 52 

GO:0009966~regulation of signal transduction 79 

GO:0008283~cell proliferation 63 

GO:0048584~positive regulation of response to stimulus 70 

GO:0035556~intracellular signal transduction 69 

GO:0048870~cell motility 54 

GO:0051674~localization of cell 54 

GO:0006928~movement of cell or subcellular component 61 

GO:0030334~regulation of cell migration 38 

GO:0071310~cellular response to organic substance 70 

GO:0030335~positive regulation of cell migration 28 
GO:2000145~regulation of cell motility 38 

GO:0048646~anatomical structure formation involved in morphogenesis 42 

GO:0040011~locomotion 56 

GO:0042127~regulation of cell proliferation 53 

GO:0009967~positive regulation of signal transduction 50 

GO:2000147~positive regulation of cell motility 28 

GO:0010646~regulation of cell communication 81 

GO:0051272~positive regulation of cellular component movement 28 

GO:0023051~regulation of signaling 81 

GO:1902531~regulation of intracellular signal transduction 52 

GO:0040017~positive regulation of locomotion 28 

GO:0070887~cellular response to chemical stimulus 78 

GO:0040012~regulation of locomotion 38 

GO:0008219~cell death 59 

GO:0051270~regulation of cellular component movement 38 

GO:0072359~circulatory system development 40 

GO:0072358~cardiovascular system development 31 

GO:0001944~vasculature development 31 

GO:0001568~blood vessel development 30 

GO:0022603~regulation of anatomical structure morphogenesis 37 

GO:0010941~regulation of cell death 51 

GO:1902533~positive regulation of intracellular signal transduction 37 

GO:0048514~blood vessel morphogenesis 27 

GO:0010647~positive regulation of cell communication 53 

GO:0023056~positive regulation of signaling 53 

GO:0009893~positive regulation of metabolic process 80 

GO:0012501~programmed cell death 54 

GO:0031401~positive regulation of protein modification process 39 

GO:0010033~response to organic substance 79 

GO:0010604~positive regulation of macromolecule metabolic process 74 

GO:0071495~cellular response to endogenous stimulus 41 

GO:0051240~positive regulation of multicellular organismal process 52 

GO:0006915~apoptotic process 51 

GO:0051094~positive regulation of developmental process 45 
GO:0009719~response to endogenous stimulus 48 

GO:0043067~regulation of programmed cell death 46 
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GO:0001525~angiogenesis 23 

GO:0042327~positive regulation of phosphorylation 34 

GO:0051246~regulation of protein metabolic process 65 

GO:0010942~positive regulation of cell death 27 

GO:0031399~regulation of protein modification process 48 

GO:0016310~phosphorylation 54 

GO:0008284~positive regulation of cell proliferation 34 

GO:0051247~positive regulation of protein metabolic process 45 

GO:0042325~regulation of phosphorylation 43 

GO:0040007~growth 33 

GO:0001667~ameboidal-type cell migration 20 

GO:0007166~cell surface receptor signaling pathway 61 

GO:0045937~positive regulation of phosphate metabolic process 35 

GO:0010562~positive regulation of phosphorus metabolic process 35 

GO:0042981~regulation of apoptotic process 44 

GO:0043065~positive regulation of apoptotic process 25 

GO:0019220~regulation of phosphate metabolic process 45 

GO:0006468~protein phosphorylation 47 

GO:0010634~positive regulation of epithelial cell migration 12 

GO:0051174~regulation of phosphorus metabolic process 45 

GO:0048585~negative regulation of response to stimulus 45 

GO:0051128~regulation of cellular component organization 62 

GO:0043068~positive regulation of programmed cell death 25 

GO:0070848~response to growth factor 26 

GO:0097191~extrinsic apoptotic signaling pathway 14 

GO:0001934~positive regulation of protein phosphorylation 31 

GO:0032270~positive regulation of cellular protein metabolic process 42 

GO:0009968~negative regulation of signal transduction 36 

GO:0071363~cellular response to growth factor stimulus 25 

GO:0010632~regulation of epithelial cell migration 14 

GO:0023014~signal transduction by protein phosphorylation 26 

GO:0000165~MAPK cascade 26 

GO:1901700~response to oxygen-containing compound 48 

GO:0048608~reproductive structure development 21 

GO:0061458~reproductive system development 21 

GO:0032268~regulation of cellular protein metabolic process 59 

GO:0051130~positive regulation of cellular component organization 39 

GO:0009628~response to abiotic stimulus 35 

GO:0001932~regulation of protein phosphorylation 38 

GO:0006796~phosphate-containing compound metabolic process 63 

GO:0001890~placenta development 12 

GO:0060548~negative regulation of cell death 33 

GO:0048589~developmental growth 26 

GO:0070555~response to interleukin-1 10 

GO:0006464~cellular protein modification process 72 

GO:0036211~protein modification process 72 

GO:0045595~regulation of cell differentiation 48 

GO:0010648~negative regulation of cell communication 37 

GO:0043410~positive regulation of MAPK cascade 20 

GO:0023057~negative regulation of signaling 37 

GO:0071347~cellular response to interleukin-1 9 



 117 

 

 

GO:0007167~enzyme linked receptor protein signaling pathway 28 

GO:0010631~epithelial cell migration 15 

 

 

Supplemental Table 3.4: List of top 100 downregulated gene ontology terms enriched at 

1.5% O2/TMEM vs 5% O2/MPM.
Biological Process Gene Count 

GO:0006629~lipid metabolic process 91 

GO:1902652~secondary alcohol metabolic process 32 

GO:0008203~cholesterol metabolic process 31 

GO:0008610~lipid biosynthetic process 57 

GO:0016125~sterol metabolic process 31 

GO:0044283~small molecule biosynthetic process 52 

GO:0008202~steroid metabolic process 42 

GO:0016126~sterol biosynthetic process 22 

GO:0006695~cholesterol biosynthetic process 21 

GO:1902653~secondary alcohol biosynthetic process 21 

GO:1901615~organic hydroxy compound metabolic process 49 

GO:0006066~alcohol metabolic process 39 

GO:0032787~monocarboxylic acid metabolic process 55 

GO:0006694~steroid biosynthetic process 29 

GO:0044255~cellular lipid metabolic process 66 

GO:0046165~alcohol biosynthetic process 25 

GO:1901617~organic hydroxy compound biosynthetic process 30 

GO:0043436~oxoacid metabolic process 63 

GO:0019752~carboxylic acid metabolic process 60 

GO:0006082~organic acid metabolic process 63 

GO:0006631~fatty acid metabolic process 36 

GO:0006790~sulfur compound metabolic process 30 

GO:0044712~single-organism catabolic process 48 

GO:0006749~glutathione metabolic process 14 

GO:0051186~cofactor metabolic process 30 

GO:0072330~monocarboxylic acid biosynthetic process 21 

GO:0019637~organophosphate metabolic process 48 

GO:0006633~fatty acid biosynthetic process 18 

GO:0006732~coenzyme metabolic process 26 

GO:0006575~cellular modified amino acid metabolic process 19 

GO:0046890~regulation of lipid biosynthetic process 20 

GO:0033559~unsaturated fatty acid metabolic process 17 

GO:0046394~carboxylic acid biosynthetic process 22 

GO:0016053~organic acid biosynthetic process 22 

GO:0006636~unsaturated fatty acid biosynthetic process 10 

GO:0008299~isoprenoid biosynthetic process 8 

GO:0044282~small molecule catabolic process 21 

GO:0072329~monocarboxylic acid catabolic process 13 

GO:0009410~response to xenobiotic stimulus 25 
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GO:0090181~regulation of cholesterol metabolic process 8 

GO:0044724~single-organism carbohydrate catabolic process 13 

GO:0019218~regulation of steroid metabolic process 12 

GO:0072524~pyridine-containing compound metabolic process 14 

GO:0006720~isoprenoid metabolic process 11 

GO:0006644~phospholipid metabolic process 21 

GO:0019216~regulation of lipid metabolic process 22 

GO:0071466~cellular response to xenobiotic stimulus 15 

GO:0045540~regulation of cholesterol biosynthetic process 6 

GO:0006733~oxidoreduction coenzyme metabolic process 14 

GO:0044723~single-organism carbohydrate metabolic process 24 

GO:0090407~organophosphate biosynthetic process 25 

GO:0050810~regulation of steroid biosynthetic process 10 

GO:0006081~cellular aldehyde metabolic process 10 

GO:0022600~digestive system process 11 

GO:0042180~cellular ketone metabolic process 16 

GO:0046490~isopentenyl diphosphate metabolic process 4 

GO:0009240~isopentenyl diphosphate biosynthetic process 4 

GO:0019362~pyridine nucleotide metabolic process 13 

GO:0016052~carbohydrate catabolic process 13 

GO:0046496~nicotinamide nucleotide metabolic process 13 

GO:0005996~monosaccharide metabolic process 17 

GO:0032933~SREBP signaling pathway 5 

GO:0006793~phosphorus metabolic process 82 

GO:0006805~xenobiotic metabolic process 11 

GO:0071501~cellular response to sterol depletion 5 

GO:0046395~carboxylic acid catabolic process 15 

GO:0016054~organic acid catabolic process 15 

GO:0007586~digestion 11 

GO:0046889~positive regulation of lipid biosynthetic process 10 

GO:0046365~monosaccharide catabolic process 7 

GO:0044241~lipid digestion 5 

GO:1904970~brush border assembly 4 

GO:1901135~carbohydrate derivative metabolic process 38 

GO:0006991~response to sterol depletion 5 

GO:0005975~carbohydrate metabolic process 25 

GO:0006796~phosphate-containing compound metabolic process 79 

GO:0006690~icosanoid metabolic process 11 

GO:1901568~fatty acid derivative metabolic process 11 

GO:0006084~acetyl-CoA metabolic process 6 

GO:0001889~liver development 12 

GO:0008654~phospholipid biosynthetic process 12 

GO:0061008~hepaticobiliary system development 12 

GO:0051048~negative regulation of secretion 13 

GO:1901136~carbohydrate derivative catabolic process 11 

GO:0006692~prostanoid metabolic process 7 



 119 

 

 

GO:0046486~glycerolipid metabolic process 17 

GO:0006063~uronic acid metabolic process 5 

GO:0019585~glucuronate metabolic process 5 

GO:0019318~hexose metabolic process 14 

GO:1901361~organic cyclic compound catabolic process 18 

GO:0050892~intestinal absorption 6 

GO:0060429~epithelium development 41 

GO:0019287~isopentenyl diphosphate biosynthetic process, mevalonate 

pathway 3 

GO:0019439~aromatic compound catabolic process 17 

GO:0015850~organic hydroxy compound transport 15 

GO:0097164~ammonium ion metabolic process 12 

GO:0006767~water-soluble vitamin metabolic process 6 

GO:0045834~positive regulation of lipid metabolic process 12 

GO:1902930~regulation of alcohol biosynthetic process 6 

GO:0030299~intestinal cholesterol absorption 4 
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Chapter 4: GENERAL DISCUSSION 
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4.1 DISCUSSION AND CONCLUSIONS 

Cancerous cells exhibit remarkable adaptability, allowing them to thrive in diverse 

environments. In vivo, the tumour microenvironment plays a pivotal role in driving metabolic 

adaptation. Multiple studies have shown that enhanced expression of amino acid synthetases (i.e. 

ASNS, ASS1) (Crump et al., 2021; Cui et al., 2007), transferases (i.e. BCAT) (Shafei et al., 2020), 

and transporters (i.e. SLC7A11) (Koppula et al., 2018) is central to the adaptive response of cancer 

cells to nutrient deprivation and hypoxia in vivo. Moreover, an abundance of evidence suggests 

that non-physiological conditions in vitro alter a broad range of cellular processes, including 

proliferation, glucose utilization, oxygen consumption, mitochondrial morphology, redox states, 

and response to drugs. Conditions reflective of the tumour microenvironment must therefore be 

considered when modeling cancer biology in culture.  

 In this thesis, I sought to investigate the impact of physiological culture conditions, 

including those reflective of the tumor microenvironment, on cancer cell metabolism and behavior. 

The overall objective of this work was to enhance our understanding of how the nature of an in 

vitro model affects cancer cell biology and therefore experimental outcomes.  

In Chapter 2, I evaluated rates of nutrient depletion and their concomitant effects on cancer 

cell biology by culturing four different cancer cell lines over 48 hours at both 5% and 18% O2 in 

the physiological medium Plasmax. I found that depletion of glucose and amino acids occurred 

rapidly in all four cancer cell lines, such that the ‘plasma-like’ characteristic of Plasmax was 

substantially altered after just 24 hours and profoundly altered by 48 hours. This nutrient depletion 

from Plasmax evoked robust effects detected at the level of the transcriptome and mitochondrial 

bioenergetics assays. LNCAP cells cultured without a media exchange for 48 hours showed 

increased expression of transcripts related to ER stress, amino acid import and biosynthesis, and 

apoptosis. GO terms were consistent with GCN2/CHOP/AFT integrated stress response signaling. 

Interesting, this pathway is also regularly activated under low amino acid/glucose signaling in 

tumours, presumably as cancer cells adapt to nutrient-depleted environments by promoting amino 

acid metabolism to maintain growth (Horiguchi et al., 2012; Williams et al., 2020; Ye et al., 2010). 

Furthermore, this effect of nutrient depletion on OCR and ECAR was oxygen dependent, with 

nutrient depletion increasing oxidative metabolism at 5% O2, and nutrient abundance increasing 

glycolytic flux at 5% O2. No effect of nutrient depletion on OCR/ECAR was seen at 18% O2. This 

is consistent with experiments performed in high vs low glucose DMEM, and DMEM vs Plasmax 
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that suggest increased glucose availability within media promotes glycolytic metabolism (Balsa et 

al., 2019; Moradi et al., 2021).  

I observed that the nutrient-depleted culture environment established in exhausted Plasmax 

following 48h of continuous culture resembles a tumour microenvironment. In Chapter 3, I 

explored this further by creating a cell culture medium based on a tumour microenvironment. 

Using metabolomic data from a mouse pancreatic tumour I created TMEM. Mouse blood plasma 

metabolomic data was used to create MPM, a more nutrient replete medium resembling Plasmax.  

Interestingly, culturing murine PDAC cells (KPCY) in TMEM under hypoxic conditions 

representative of pancreatic tumours indeed elicited profound transcriptional and functional 

changes in the cells. These changes mirrored key aspects of in vivo cancer biology. Notably, cells 

cultured in 1.5%O2/TMEM exhibited increased expression of genes associated with cell migration, 

amino acid biosynthesis, angiogenesis, and epithelial-to-mesenchymal transition. Functional 

assays showed increased glucose uptake and lactate production, with concomitant reduction in 

mitochondrial respiration in 1.5%O2/TMEM. Furthermore, cell proliferation rates were attenuated, 

while migration assays demonstrated increased motility in response to tumor-like conditions. 

These results show that culture in 1.5% O2/TMEM promotes metabolic and metastatic phenotypes 

typical of cancer cells in the context of a tumour in vivo. Future studies should investigate the 

specific utilization of TMEM carbon sources to identify novel metabolic vulnerabilities being 

promoted, which will help with future drug development. However, it is clearly critical that such 

research must be performed under hypoxic and nutrient constrained conditions to elicit the 

conditionally flexible nutrient acquisition strategies employed in vivo.  

4.2 LIMITATIONS AND FUTURE PERSPECTIVES 

While the cell culture tools and protocols used throughout this thesis aim to maintain 

physiologically relevant conditions in cultured cells, it is not yet feasible to control all 

environmental factors in one study. Thus, this presents some limitations to the studies described. 

 Firstly, at the time of this research, I did not have access to a sterile hypoxia work-station 

to perform media exchanges. Thus, in this thesis, cells were briefly re-exposed to atmospheric 

oxygen once daily. To mitigate fluctuation of oxygen during this time, culture work performed 

outside of the incubator was done quickly and media were pre-equilibrated overnight at appropriate 

O2 levels. Future work may be performed using hypoxia work-stations to determine the effect of 

brief reoxygenation during cell maintenance. Moreover, the role of cyclical reoxygenation 
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representative of heterogenous tumour perfusion should also be determined in a similar line of 

experiments, since there is evidence that this occurs in vivo.  

Furthermore, while most constituents of Plasmax, TMEM, and MPM are present at 

physiologically relevant concentrations, trace metals and lipids are not. Instead, trace metals are 

included at the same concentrations as in DMEM. Similarly, the lipid composition of the medium 

is achieved exclusively through serum supplementation and will not resemble the in vivo condition. 

While some physiological concentrations of trace elements (i.e. zinc) and lipids (i.e., DAGs, 

TAGs) have been quantified in plasma, others remain uncharacterized. Moreover, recent evidence 

suggests that there is significant variation in specific concentration of trace elements and FBS 

components between different batches of commercial media and FBS from the same provider 

(Else, 2020; Keenan et al., 2018), thus introducing variability into the cell culture conditions. Until 

more comprehensive quantification of these constituents are performed, however, available 

resources for trace metal and lipid contributions must be used.  

Finally, while both data chapters in this thesis used transcriptomics for genome-wide gene 

expression analysis, differentially expressed genes were not validated with qRT-PCR. I recognize 

that transcriptomic changes do not always translate to proteomic or functional changes, thus 

validation of gene expression is important. Rather than validate gene expression directly, I instead 

performed several functional assays to confirm phenotypic changes indicated by the RNAseq 

results, including glucose uptake, cell migration, cell proliferation, and  mitochondrial 

bioenergetics. Importantly, the results of the functional assays agreed with observations made 

through the functional enrichment analysis. Still, qRT-PCR validation may have enhanced these 

findings.  

4.2 CONCLUSIONS AND FUTURE DIRECTIONS  

Cancer cells are highly responsive to their metabolic environment in culture. Changes in nutrient 

availability promote adaptive phenotypes in cancer cells, whether following exhaustion of plasma-

like media, or through the establishment of sustained tumour-like culture conditions. Critically, 

culture conditions designed to replicate the tumour microenvironment elicit cellular responses 

relevant to tumorigenesis, including those that contribute to poor clinical outcomes in vivo. Thus, 

while plasma-like medium represents a significant achievement in cell biology, refinement of 

culture conditions to specific cellular microenvironments is essential for maintaining the biological 

relevance of experimental models. While I exemplify this in a tumour context, this point is likely 
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true of other cellular microenvironments in vivo. Furthermore, I exemplify that when establishing 

physiologically relevant conditions in culture, careful monitoring of metabolite availability is 

necessary to ensure conditions achieve nutrient and oxygen levels desired. Finally, given that 

achieving and maintaining physiological culture conditions is readily achievable within standard 

cell culture workflows, I unequivocally argue that all cell biologists should transition to 

physiological culture conditions for future experimental work.   
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