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Abstract 
 

One of the hallmarks of cancer is deregulated metabolism, often characterized by 

increased glucose and glutamine uptake for energetic and anabolic purposes. 

Changes in the activity of metabolic pathways can arise as a result of oncogenic 

mutations and tumour cell environment and contribute to signalling pathways 

amplifying cancer progression. 

 

Metabolic changes contribute to well-established tumour heterogeneity, which is a 

major challenge for anti-cancer therapeutics. Visualising and quantifying the spatial 

distribution of metabolites and the activity of metabolic pathways within different 

tumour regions, metastatic lesions and in surrounding healthy tissue can unveil 

metabolic vulnerabilities for novel or combination therapies. 

 

Mass Spectrometry Imaging (MSI) allows mass spectrometric analysis of both the 

composition and structural architecture of intact tissue samples. The ability of MSI 

instruments to detect a broad range of biomolecules allows mapping and 

quantification of endogenous molecules to assess metabolic heterogeneity. In this 

work, MSI methods were developed for specific detection, visualisation and 

quantification of polar and lipid metabolites in situ.  
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F6P  fructose 6-phosphate 

FDG-PET fluorodeoxyglucose-positron emission tomography 

FH  fumarase 

G3P  glycerol 3-phosphate 

G6P  glucose 6-phosphate 

G6PDH glucose 6-phosphate dehydrogenase 

GA3P  glyceraldehyde 3-phosphate 

GAPDH glyceraldehyde 3-phosphate dehydrogenase 

GC-MS  gas chromatography mass spectrometry 

GLDC glycine decarboxylase 

GLS glutaminase 

GLUD glutamate dehydrogenase 

GLUT1 glucose transporter 1 

GMP  guanosine monophosphate 

GNMT glycine methyltransferase 

GOT1/2 aspartate aminotransferase 1/2 

GPI glucose 6-phosphate isomerase 

GS glutamine synthetase 

GSH   reduced glutathione 

GSSG oxidized glutathione 

GTP  guanosine triphosphate 

H&E  haematoxylin & Eosin staining 

HER2  human epidermal growth factor receptor 2 

HK  hexokinase 

HKMT  histone methyltransferase 

IDH  isocitrate dehydrogenase 

IDO  indoleamine-2,3,-deoxygenase 

KMO  kynurenine-3-monooxygenase 
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KYNU  kynureninase 

LAT1  L-type amino acid transporter 1 

LC-MS  liquid chromatography mass spectrometry 

LDH  lactate dehydrogenase 

LM  lung metastasis 

MAT  methionine amino transferase 

MDH  malate dehydrogenase 

MGT  mammary gland tumour 

MMTV mouse mammary tumour virus 

MPC mitochondrial pyruvate transporter 

MS methionine synthase  

MTHFR methylenetetrahydrofolate reductase 

mTOR mechanistic target of rapamycin 

NAD(P)H nicotinamide adenine dinucleotide (phosphate) 

P5C5  pyrroline 5-carboxylate synthase 

PAH  phenylalanine hydroxylase 

PDH  pyruvate dehydrogenase 

PEP  phosphoenolpyruvate  

PFK phosphofructokinase 

PGK1 phosphoglycerate kinase 1 

PGM phosphoglucomutase 

PHGDH phosphoglycerate dehydrogenase 

PKM2 pyruvate kinase 2 

PPP  pentose phosphate pathway 

PR progesterone receptor 

PSAT phosphohydroxythreonine aminotransferase 

PYCR pyrroline 5-carboxylate reductase 

qPCR quantitative polymerase chain reaction 

REDOX reduction and oxidation 

R5P ribose-5-phosphate  

ROS  reactive oxygen species 

RPE ribulose 5-phosphate epimerase 

RPI ribulose 5-phosphate isomerase 

Ru5P ribulose 5-phosphate 
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SAH  S-adenosyl homocysteine 

SAM S-adenosyl methionine 

SARDH sarcosine dehydrogenase 

SCS succinyl-CoA synthetase 

SDH succinate dehydrogenase 

SHMT1/2 serine hydroxymethyltransferase 1/2 

SMA smooth muscle actin 

S7P sedoheptulose-7-phosphate  

TALDO transaldolase 

TAM  tumour-associated macrophage 

TCA   tricarboxylic acid cycle 

TKT  transketolase 

TME  tumour microenvironment 

TNBC  triple negative breast cancer 

X5P  xylulose 5-phosphate 

xCT  cystine/glutamate transporter 
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Chapter 1. Introduction 

1.1 Cancer 

Cancer is an overarching term for a diverse collection of more than 200 types of 

diseases that are characterised by uncontrolled cell growth. Cancer remains a 

leading cause of death worldwide, with 19.3 million new cases and nearly 10 million 

deaths in 2020 [1]. There were 367,167 new cancer cases in the UK alone in 2017, 

and 166,533 deaths [2]. Due to the complex and diverse mechanisms driving 

different types of cancer, continued efforts in cancer research are necessary for 

advancing our understanding of disease progression and development of novel 

therapeutic strategies.  

 

Cancers are distinguished based on tissue and cell type of origin, and further 

classified by specific driver oncogenes. Oncogenes are genes that typically control 

key cellular processes such as cell growth, division, apoptosis and metabolism in 

healthy cells. However, when these genes acquire mutations or amplifications, they 

can instigate a cascade of alternative events in the cell, eventually leading to 

neoplastic disease. Cancer initiation and progression is a complex, multistep 

process and several key changes in normal cell behaviour have been defined as 

the hallmarks of cancer [3], [4]. These include not only increased proliferation and 

continuous replicative immortality, but also evasion of cell death and innate 

immune responses, and resistance to anti-proliferative signalling [4], [5]. 

Furthermore, cancer cells need to upregulate existing or new metabolic pathways 

to meet the increased bioenergetic demands of hyperproliferation [6]–[8], and 

instigate angiogenesis to maintain a sufficient supply of oxygen and nutrients to the 

fast-growing cells [9]–[12]. As cancer progresses, uncontrolled growth often drives 

further genetic deregulation, and unfortunately it is often the case that by the time 

the disease is detected in a patient, the fully-formed tumour is comprised of 

heterogeneous cell population that require multiple convoluted treatment strategies 

[13]–[17]. 
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1.2 Breast cancer 

1.2.1 Disease statistics 

Breast cancer is the most diagnosed cancer, and the leading cancer type among 

women globally, with an estimated 2.3 million new cases in 2020 [1]. It is also the 

leading cancer type in women in the UK, with 54,724 new cases in 2017 [18]. 

Despite high incidence, the prognosis for breast cancer is quite positive compared 

to other cancer types, with a 76% chance of ten-year survival following diagnosis in 

the UK [19]. This is largely due to increased incidence of early detection 

diagnostics strategies, as well as reliable surgical treatment options. However, 

when breast cancer is detected at a late stage, characterised by cancer cells 

evading the primary site and disseminating into the vasculature, lymphatic system 

and eventually, other organs in the body, the survival rate decreases to 25% of a 5-

year survival post-diagnosis [20]. Metastatic breast tumours have been shown to 

be resistant to chemotherapy treatments, due to acquisition of additional mutations 

or environmentally-driven adaptations in response to new stresses and survival 

requirements [21], [22].  

 

1.2.2 Breast Cancer Subtypes 

Breast cancer is a notoriously heterogeneous disease, which has been stratified 

into subtypes based on the expression status of the hormone receptors oestrogen 

receptor (ER) and progesterone receptor (PR), as well as the human epidermal 

growth factor receptor 2 (HER2) [23], [24]. Breast cancer subtypes reflect distinct 

gene expression profiles, morphologies and treatment strategies. The subtypes 

described below are in order from best to worst clinical prognosis [25]–[27].  

 

The most common subtype is Luminal A, found in approximately 40% of all breast 

cancer cases [24], categorised by positive hormone receptor status (ER+ and/or 

PR+), and negative HER2 expression. Similar to Luminal A, the normal-like 

subtype is found in 2-8% of cases and is also hormone receptor positive and HER2 

negative, however with worse prognosis than Luminal A tumours [28]. The Luminal 

B subtype (20% of cases [29]) is also hormone receptor positive (ER+ and/or PR+) 
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and can be either HER2 positive or negative, with a particular characteristic of 

higher proliferation rates as shown by high Ki67 expression [30]. The HER2-

enriched subtype (10-15% of cases [24])  is hormone receptor negative (ER-, PR-) 

and HER2 positive. Finally, the triple negative subtype (TNBC, 15-20% of cases 

[24]) is negative for both hormone receptors as well as HER2 (ER-, PR-, HER2-).  

 

Therapeutic strategies specifically targeting the aforementioned receptors have 

been the widely accepted based on breast cancer subtype, since downstream 

signalling pathways promote key oncogenic processes such as proliferation [31], 

[32], differentiation [33]–[35], and apoptosis evasion [36], [37] (further reviewed in 

[38]). Inhibitors of the oestrogen receptor, such as tamoxifen [39], [40] and 

fulvestrant [41], [42], are used against ER+ breast cancers (Luminal A, normal-like, 

Luminal B), while the monoclonal antibody against HER2, trastuzumab (Herceptin) 

is used against HER2-enriched breast tumours [43]. However, resistance to these 

therapeutics is common, especially with Herceptin, whereby 70% of patients 

develop resistance after one year of treatment [44]. Furthermore, targeted 

treatment options for TNBC are limited beyond traditional chemo- and radiotherapy 

[45], despite patients having the worst prognosis compared to other breast cancer 

subtypes [46]. Hence, there remains a clear need for alternative therapeutic 

strategies that will target downstream effector pathways of the diverse oncogenic 

signalling programs across breast cancer subtypes.  

 

Recently, several studies employed new diagnostics tools such as DNA 

microarrays to further stratify breast cancer and identify links between histological 

subtypes and clinical outcomes [23], [47], [48]. Within the five overarching subtypes 

of breast cancer, tumour samples have been further classified based on specific 

pathway activity [49] and protein biomarkers [50], providing accurate diagnostics 

tools and determinants for combinational therapy strategies. Furthermore, several 

studies have focused specifically on metabolic distinctions between breast cancer 

subtypes [51]. For example, TNBC tumours have been shown to be sensitive to 

arginine depletion [52] and the inhibition of serine biosynthesis from glucose via the 

phosphoglycerate dehydrogenase (PHGDH) reaction [53]–[55]. Different subtypes 

of breast cancer have also been shown to rely on different sources of specific 

metabolites, such as increased de novo biosynthesis of fatty acids in luminal 
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subtypes and increased import of exogenous fatty acids in TNBC [56]. Given the 

heterogeneity across breast cancer subtypes, based on genomic, proteomic and 

histological classifications, it is important to also consider metabolic reprogramming 

when developing therapeutic strategies. 

 

1.3 Cancer metabolism 

One of the key hallmarks of cancer is deregulated metabolism [4]. As the tumour 

grows, cancer cells are faced with mounting stresses in their environment. 

Increased proliferation leads to an increase in bioenergetic demands and additional 

nutrient requirements to maintain cell growth, division and migration [8], [57], [58]. 

Furthermore, the tumour microenvironment (TME) often has limited nutrient and 

oxygen availability due to insufficient vascularisation [59], [60]. Cancer cells adapt 

by promoting angiogenesis and adapting to hypoxic conditions by upregulating 

anaerobic metabolic pathways [61], [62]. Metabolic flexibility – the ability to use 

different nutrient sources to fuel specific metabolic pathways, allows cancer cells to 

survive in stressful conditions when nutrient availability becomes limited [13], [63]–

[66]. Tumour cells can also demonstrate metabolic plasticity by rewiring the 

metabolism of a specific nutrient through alternative metabolic pathway [67], [68]. 

Such metabolic adaptations can promote cancer progression and support 

increased bioenergetic demands as the tumour grows, however upregulation of 

cancer-specific metabolic pathways can also lead to metabolic dependencies, 

which can be exploited as therapeutic strategies [69]–[72]. The field of cancer 

metabolism focuses on identifying metabolic vulnerabilities in different tumours or 

tumour cell populations. While some metabolic adaptations are specific to a 

particular tumour type, many trends of tumour metabolic rewiring have been 

observed across many tumour types [73]–[76]. 
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1.3.1 Glycolysis 

Glucose is a primary nutrient for healthy and cancerous cells. Glucose is 

catabolised to pyruvate in the process of glycolysis, producing energy in the form of 

adenosine triphosphate (ATP) and the reductive cofactor nicotinamide adenine 

dinucleotide (NADH). Glycolytic intermediates feed in to multiple other metabolic 

pathways, including the pentose phosphate pathway (PPP) and nucleotide 

biosynthesis, the hexosamine biosynthesis pathway for protein glycosylation, the 

one carbon metabolism pathway via serine production, and de novo lipogenesis 

through production of glycerol-3-phosphate (G3P) (Figure 1-1). Pyruvate, the end 

product of glycolysis, is typically used as a substrate for the tricarboxylic acid (TCA) 

cycle, for further energy and biomass production. Pyruvate can also be used to 

produce alanine for protein synthesis and additional catabolism. Furthermore, 

pyruvate can be converted into lactate during anaerobic glycolysis, which takes 

place in some healthy tissues such as skeletal muscle when oxygen availability is 

limited [77], [78], or through aerobic glycolysis in highly proliferative tissues such as 

the gut [79]–[81].  

 

Almost a century ago, the earliest observation of deregulated metabolism in cancer 

cells was Otto Warburg’s discovery of cancer cells engaging in the process of 

aerobic glycolysis [82]. This process, coined as “the Warburg effect” by Efraim 

Racker in the 1970s [83], was the observation that cancer cells preferentially 

convert pyruvate into lactate, despite sufficient oxygenation. The Warburg effect 

has been widely studied in the field of cancer metabolism in the past century in 

order to understand why different type of cancer cells undergo this metabolic 

switch.  

 

Oxidative phosphorylation is a much more efficient pathway for ATP production: 38 

molecules of ATP are produced from one molecule of glucose, compared to just 2 

molecules of ATP produced from glucose in aerobic glycolysis [84], [85]. However, 

glucose catabolism into lactate has been shown to occur 10-100 times faster than 

the full oxidative phosphorylation of glucose-derived pyruvate in the mitochondria 

[86]. Lactate has also been shown to be a direct substrate for mitochondrial 

oxidative phosphorylation in some cancer types [87]–[89]. Using an elegant model 
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of stable isotope labelling of lactate and glucose, it has been demonstrated that the 

flux of lactate through  central carbon metabolism is higher than that of glucose in 

most healthy organs and in models of murine lung and pancreatic cancer [90]. 

Indeed, lactate taken up via the monocarboxylate transporter-1 (MCT1) was shown 

to be a predominant carbon source for the TCA in a model of human non-small cell 

lung cancer (NSCLC), and deleting this transporter reduced tumour growth [88].  

On the contrary, another recent study employed metabolic flux analysis and 

mathematical modelling to show that the key substrate for the TCA is glucose 

rather than lactate in healthy tissues [91]. Cancer cells are known to upregulate the 

GLUT family of glucose transporters to support their increased glucose demands 

[92]–[94]. Preferential glucose uptake by most types of cancer cells is the basis of 

the fluorodeoxyglucose-positron emission tomography (FDG-PET) diagnostic tool, 

which uses a radioactive glucose analogue to visualise cancer occurrence and 

dissemination in the body [95]. Taken together, these findings suggest that cancer 

cells undergoing aerobic glycolysis still have the capacity to produce sufficient ATP 

needed for proliferation.  

 

Apart from energy, proliferating cells require increased biomass production to 

sustain rapid cell division. Cancer cells that do not rely on oxidative 

phosphorylation for energy production more readily redirect glycolytic intermediates 

towards anabolic pathways such as  gluconeogenesis, nucleotide biosynthesis via 

the PPP, as well as lipid and amino acid production [96]. Lactate synthesis from 

pyruvate also produces the oxidised nicotinamide adenine dinucleotide (NAD+) 

cofactor, which is needed to support upstream glycolytic reactions [97]. Finally, 

excreted lactate leads to acidification of the tumour microenvironment (TME), which 

has been shown to promote tumour cell migration [98]–[100] and angiogenesis 

pathways [101], [102]. Lower pH in the TME due to excess lactate production has 

also been shown to attenuate CD8+ T cell infiltration and cytotoxic response [103], 

[104], and stimulates tumour-associated macrophage (TAM) activation [105]. 

Hence, increased glycolysis and lactate production is a typical characteristic of 

cancer cells that provides the energy and biomass necessary for rapid proliferation, 

and directly promotes tumour progression and immune evasion.  
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Figure 1-1. The mammalian glycolysis pathway and other downstream metabolic 
pathways.  
 
Metabolites: G6P = glucose 6-phosphate, F6P = fructose 6-phosphate, F1,6BP = fructose 1,6-
bisphospahte, DHAP = dihydroxyacetone phosphate, GA3P = glyceraldehyde 3-phosphate, 
1,3BPG = 1,3-bisphosphoglycerate, 3PG = 3-phosphoglycerate, 2PG = 2-phosphoglycerate, 
PEP = phosphoenolpyruvate. Enzymes and transporters (blue): GLUT1 = glucose transporter 1, 
HK = hexokinase, GPI = glucose 6-phosphate isomerase, PFK = phosphofructokinase, ALDO = 
aldolase, GAPDH = glyceraldehyde 3-phosphate dehydrogenase, PGK1 = phosphoglycerate 
kinase, PGM = phosphoglucomutase, ENO1 = enolase, PKM2 = pyruvate kinase, LDH = lactate 
dehydrogenase. Pathways (grey): PPP = pentose phosphate pathway, TCA = tricarboxylic acid 
cycle. 
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1.3.2 The Pentose Phosphate Pathway 

The PPP uses glucose-derived glucose-6-phosphate (G6P) to produce ribose-5-

phosphate (R5P), a vital precursor for nucleotide biosynthesis (Figure 1-2). As 

described above, increased glycolytic rates and a switch to aerobic glycolysis 

results in a redirection of glucose carbons into the PPP in many cancer types to 

support rapid cell division. Importantly, the PPP also produces two molecules of the 

reductive cofactor nicotinamide adenine dinucleotide phosphate (NADPH), which is 

essential for cellular protection against oxidative stress [106]. NADPH is essential 

for maintaining the REDOX balance in cells by regenerating reduced glutathione 

(GSH) from oxidised glutathione (GSSG) [107]. Hyperproliferation and oxidative 

phosphorylation leads to increased levels of ROS in tumours, especially when 

oxygen supply is not limited in well-vascularised tumours and oxygen-rich organs 

such as the lungs [108]–[112]. PPP upregulation was shown to be coupled to 

increased ROS levels in cancer [113]–[115]. Furthermore, transcription factors 

promoting the epithelial to mesenchymal transition (EMT) in cancer progression 

directly upregulate the PPP in order to support increased oxidative stress in the 

process of metastasis [116], [117]. 
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Figure 1-2. The mammalian pentose phosphate pathway: oxidative and non-oxidative 
branches.  
 
Metabolites: G6P = glucose 6-phosphate, 6PGL = 6-phosphogluconolactone, 6PG = 6-
phosphogluconate, Ru5P = ribulose 5-phosphate, X5P = xylulose 5-phosphate, R5P = ribose 5-
phosphate, GA3P = glyceraldehyde 3-phosphate, S7P = sedoheptulose 7-phosphate. 
Transporter and enzymes (blue): GLUT1 = glucose transporter 1, HK = hexokinase, G6PDH = 
glucose 6-phosphate dehydrogenase, 6PGL = 6-phosphogluconolactonase, 6PGDH = 6-
phosphogluconate dehydrogenase, RPE = ribulose 5-phosphate epimerase, RPI = ribulose 5-
phosphate isomerase, TKT = transketolase, TALDO = transaldolase. 
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1.3.3 The Tricarboxylic Acid Cycle 

In healthy tissues and given sufficient oxygen availability, pyruvate, the end product 

of glycolysis, is converted into acetyl-CoA and catabolised in the mitochondrial TCA 

through oxidative phosphorylation (Figure 1-3). The second major source of 

carbons for the TCA is glutamine, and the incorporation of glutamine as a major 

carbon source for the TCA is increased in many cancers, especially when glucose 

is redirected towards alternative metabolic pathways [118]–[120]. Fatty acids can 

also feed in to the TCA, via beta-oxidation to produce acetyl-CoA [121]–[123]. 

Finally, most essential and non-essential amino acids can feed in to anaplerosis 

reactions that contribute to TCA intermediate pools [124]–[128], and several 

NEAAs can in turn be synthesized as a result of cataplerotic reactions stemming 

from the TCA [129]–[132]. 

 

The primary function of the TCA in healthy cells is to generate substrates for 

oxidative phosphorylation of carbons, which leads to the production of ATP by the 

electron transport chain. Apart from ATP production, TCA intermediates can be 

used for non-essential amino acid (NEAA) biosynthesis, and acetyl-CoA can be 

diverted into the de novo fatty acid biosynthesis pathway or catabolised for 

acetylation [133]. Finally, the TCA generates potent reductive cofactors needed for 

neutralising ROS, NADH and flavin adenine dinucleotide hydroquinone form 

(FADH2) [134], [135]. The TCA is a metabolic focal point for energy, biomass and 

reductive potential, all of which are excessively required by highly proliferative 

cancer cells. Therefore, the enzymes and transporters involved in feeding and 

driving the TCA are often deregulated in cancer progression [136]–[141] and 

directly controlled by key oncogenes such as MYC [120], [142]–[144], KRAS [145]–

[147] and HIF-1α [148]–[150].  

 

 

 

 

 

 

 



 29 

 

 
Figure 1-3. The mammalian tricarboxylic acid cycle and the three main carbon sources 
(glucose, fatty acids, glutamine).  
 
Metabolites: Ac-CoA = acetyl CoA, Cit = citrate, cAcon = cis-aconitate, Iso = isocitrate, aKG = 
alpha-ketoglutarate, Suc-CoA = succinyl CoA, Fum = fumarate, Mal = malate, OAA = 
oxaloacetate. Transporters: GLUT1 = glucose transporter 1, CD36 = fatty acid transporter, 
ASCT2 = alanine serine cysteine transporter 2, MPC = mitochondrial pyruvate transporter (inner 
mitochondrial membrane), CTP = citrate transporter. Enzymes: PDH = pyruvate 
dehydrogenase, ACLY = ATP citrate lyase, ACON = aconitase, IDH = isocitrate 
dehydrogenase, aKGDH = alpha-ketoglutarate dehydrogenase, SCS = succinyl-CoA 
synthetase, SDH = succinate dehydrogenase, FH = fumarase, MDH = malate dehydrogenase, 
CS = citrate synthase, GLS = glutaminase, GLUD = glutamate dehydrogenase. 
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1.3.4 Non-essential amino acid metabolism 

1.3.4.1 Glutamine and glutamate 

Glutamine is the most abundant amino acid in blood and is readily consumed by 

proliferating cells. Glutamine is imported via the alanine/serine/cysteine transporter 

2 (ASCT2) transporter, which is upregulated in many cancer types [151], [152], and 

is a promising emerging target in cancer therapy [153]. As described above, 

glutamine is a major carbon source for the TCA via conversion into glutamate and 

aKG. The nitrogen groups of glutamine are needed for synthesis of other key 

metabolites [13], including nucleotides [154], [155], glucosamine [156], REDOX 

cofactors [157] and other NEAAs [158], [159]. Glutamine conversion into glutamate 

via glutaminase (GLS) is a major rate-limiting step in cancer metabolism, and GLS 

inhibition has been proposed as a potential therapeutic target [160], [161], 

especially in breast cancer [72]. Glutamate conversion into TCA intermediates and 

other NEAAs is modulated by glutamate dehydrogenase (GDH) and 

aminotransferase enzymes, resulting in production of aKG, as well as alanine, 

aspartate and proline (Figure 1-4).  

 

1.3.4.2 Alanine, aspartate, asparagine, arginine and proline. 

Alanine has been shown to be important for proliferation [162], [163], maintenance 

of the TCA carbon pool [164] and metastasis [165].  

 

Aspartate is produced from oxaloacetate and glutamate by aspartate 

aminotransferase (GOT) and acts as a cytosolic nitrogen donor to the urea cycle. 

The urea cycle is used to excrete excess ammonia produced during amino acid 

catabolism [166], [167]. Aspartate is combined with the mitochondria-derived 

nitrogen donor citrulline, to produce argininosuccinate by argininosuccinate 

synthetase. Argininosuccinate is then converted into fumarate and arginine, and 

urea is released when arginine is converted into ornithine. Ornithine is then 

transported back into the mitochondria, where the cycle is completed with ornithine 

and carbamoyl phosphate combining to form citrulline [167]–[169]. Several studies 

have demonstrated a downregulation of the urea cycle in cancer in order to 

preserve nitrogen for pyrimidine production and favour proliferation [169], [170], 
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and a recent study highlighted that urea cycle suppression can result in an 

increased mutational burden and therefore cancer progression in cancer patients 

due to unbalanced levels of purines and pyrimidines [166].  

 

Aspartate also mediates the transport of electrons from the cytosol into the 

mitochondria  via the malate-aspartate shuttle [171]. The reductive cofactor NADH 

is produced during glycolysis and is required to neutralise the electrons produced in 

the mitochondrial electron transport chain. Aspartate is transported out of the 

mitochondria via the aspartate-glutamate carrier (AGC) transporter, and is 

converted to oxaloacetate in the cytosol, which in turn is reduced to malate via 

malate dehydrogenase using NADH. Malate is then transported back into the 

mitochondria via the 2-oxoglutarate carrier (OGC) transporter, where it can be 

oxidized back into oxaloacetate in the TCA, yielding NADH from NAD+ and thus 

transferring the reductive potential back into the mitochondria[172]–[176]. 

Finally, aspartate can also be converted to asparagine via asparagine synthetase 

(ASNS), which is required for protein synthesis and metabolic pathway regulation 

via the mechanistic target of rapamycin (mTOR) [177]. Aspartate is more readily 

synthesized within cancer cells than taken up from external sources [159], [178], 

emphasizing its importance for cancer survival, especially under hypoxic conditions 

[179].  

 

Another NEAA that is produced from glutamate is proline, which is important for 

collagen synthesis and degradation in the extracellular matrix (ECM) [180], which 

has been shown recently to be particularly important during metastatic colonisation 

in the lung [181]. Proline also supports cancer cell survival under hypoxic 

conditions [182] and was shown to be a rate-limiting metabolite in kidney cancer 

protein synthesis [183]. 

1.3.4.3 Serine, glycine and cysteine 

Apart from energy and biomass production, some NEAAs contribute to cellular 

protection against ROS and play a role in epigenetic modifications. Serine is 

synthesized from the glycolytic intermediate 3-PG, and requires glutamate as a 

nitrogen source for the phosphoserine aminotransferase (PSAT) reaction. Serine is 

converted into glycine, simultaneously donating a carbon to the one carbon 
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metabolism pathway (Figure 1-4). The one carbon metabolism pathway and its 

contribution to antioxidant and methylation pathways is described in further detail 

below.  

 

Both of the enzymes responsible for serine synthesis from 3PG, phosphoglycerate 

dehydrogenase (PHGDH) and PSAT, were shown to be deregulated in cancer 

[184]–[188] and several studies showed that inhibition of these enzymes reduced 

tumour growth [54], [189]. Since serine and glycine can be imported from the blood, 

recent studies have showed that combining serine biosynthesis inhibitors with a 

serine and glycine deficient diet significantly reduced cancer cell growth and 

survival due to reduced protein synthesis [186], [190]. Apart from donating its 

methyl group to the one carbon metabolism pathway, serine has been shown to 

allosterically regulate the glycolytic enzyme pyruvate kinase M2 (PKM2) [191], and 

is important for nucleotide [192], [193] and lipid biosynthesis [194], [195].  

 

Serine is also required for cysteine biosynthesis in the transsulfuration pathway, in 

which the one carbon metabolism intermediate homocysteine is combined with 

serine to produce cystathionine, and subsequently cysteine (Figure 1-4). Cysteine 

is integral for protein folding and enzyme catalysis due to its unique thiol side chain 

[196], [197]. The thiol group also allows cysteine to form disulphide bonds, which 

are crucial not only in protein synthesis but also in the antioxidant response 

mediated by glutathione [198]–[200], discussed in more detail below. Most of 

intracellular cysteine is taken up from the extracellular space in the form of the 

oxidized dimer cystine, which is imported into cells through the xCT transporter. 

The xCT transporter requires simultaneous export of glutamate, and this ties 

glutamine metabolism to protein folding and antioxidant defence. Depletion of 

intracellular cysteine was shown to reduce cancer cell growth and elevate 

intracellular ROS in models of leukaemia, breast and prostate cancer [201], and 

therapeutic inhibition of xCT have shown promising results in reducing breast 

cancer growth in vivo [202], emphasizing the importance of cysteine metabolism for 

cancer survival. 
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1.3.4.4 Tyrosine (and phenylalanine) 

Tyrosine is a key amino acid in protein biosynthesis, particularly in tyrosine kinase 

signalling pathways, which are regularly mutated in cancer and drive oncogenic 

transformations [203]–[207]. Notably, the tyrosine kinase epidermal growth factor 

receptor (EGFR) was shown to be mutated in 40% of adenocarcinomas in a 617 

patient cohort [208]. Tyrosine is produced from the essential amino acid (EAA) 

phenylalanine, and deprivation of both phenylalanine and tyrosine was shown to 

decrease survival and migration of prostate and melanoma cells in vitro, due to 

downregulation of focal adhesion kinase and extracellular-regulated kinase (ERK) 

signalling [209]–[211]. The role of other EAAs in cancer is discussed below. 
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Figure 1-4. Non-essential amino acid metabolism pathways.  
 
NEAAs shown in purple. Transporters: GLUT1 = glucose transporter 1, xCT = cystine/glutamate 
transporter, ASCT2 = alanine serine cysteine transporter 2, LAT1 = L-type amino acid 
transporter 1. Enzymes: ALT = alanine aminotransferase, PHGDH = phosphoglycerate 
dehydrogenase, PSAT = phosphohydroxythreonine aminotransferase, SHMT1/2 = serine 
hydroxymethyltransferase 1/2, GS = glutamine synthetase, GLS = glutaminase, GLUD = 
glutamate dehydrogenase, GOT2 = aspartate aminotransferase 2, ASNS = asparagine 
synthetase, ASS1 = argininosuccinate synthase, ASL = argininosuccinate lyase, P5C5 = 
pyrroline 5-carboxylate synthase, PYCR = pyrroline 5-carboxylate reductase 1, PAH = 
phenylalanine hydroxylase. Metabolites: 3PG = 3-phosphoglycerate, Pyr = pyruvate, Ala = 
alanine, 3PHP = 3-phosphohydroxypyruvate, 3PS = 3-phosphoserine, Ser = serine, Gly = 
glycine, Cys = cysteine, Cys-Cys = cystine, Gln = glutamine, Glu = glutamate, P5C = pyrroline 
5-carboxylate, Pro = proline, Phe = phenylalanine, Tyr = tyrosine, aKG = alpha-ketoglutarate, 
OAA = oxaloacetate, Asp = aspartate, Asn = asparagine, Arg = arginine. 
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1.3.5 Essential amino acid metabolism 

1.3.5.1 Branched-chain amino acids 

Mammals cannot synthetize EAAs and require uptake of these metabolites from 

the diet in order to fuel intracellular metabolic pathways. Three EAAs, leucine, 

isoleucine and valine, are structurally classified as branched-chain amino acids 

(BCAAs), and are imported into cells via the L-type amino acid transporter (LAT1), 

encoded by the SLC7A5 gene [212], [213]. LAT1 transports BCAAs and other 

amino acids (Phe, Met, His, Trp, Tyr) into cells, in exchange for glutamine, histidine 

or tyrosine [214]. LAT1 was shown to be upregulated at least three-fold in a variety 

of cancer types (brain, colon, pancreas, melanoma, lung, mammary gland, ovary, 

and more) [215]. Since import of amino acids through LAT1 requires simultaneous 

export of other amino acids, the overexpression of LAT1 frequently correlated with 

overexpression of the glutamine transporter ASCT2 [215], and like ASCT2, the 

expression of LAT1 is under transcriptional control of the MYC oncogene [127], 

[216] as well as HIF2α [217], [218] and Notch [219]. 

 

BCAAs contribute to several key metabolic pathways that are required for 

increased proliferation in cancer cells (Figure 1-5). BCAAs are converted into 

branched-chain keto acids (BCKAs) via the branched-chain amino acid 

transaminases (BCATs), and BCKAs are then converted into acetyl-CoA, which 

can be used to fuel the TCA and de novo lipid biosynthesis [128], [220]–[222]. 

Overexpression of BCAT is common across different cancer types [223]–[228]. 

Furthermore, BCAAs, especially leucine, play an integral role in nutrient sensing 

and metabolic pathway regulation by mTOR [229], [230]. Leucine can directly 

activate mTOR complex 1 (mTORC1) by binding to Sestrin2 [231], and acetyl-CoA 

produced from leucine promotes acetylation of Raptor [232]. Hence, BCAA 

metabolism is integral for cancer metabolism and presents a viable target for 

potential therapeutic strategies.  

1.3.5.2 Tryptophan 

Tryptophan is another EAA that is important for cancer metabolism as it is 

responsible for the kynurenine production pathway. The role of kynurenine in 

cancer development is emerging in several recent studies, particularly in 
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immunosuppressive T-cell signalling and pro-tumorigenic TAM polarization [233]–

[237]. The tryptophan-kynurenine pathway also produces quinolinic acid, a 

metabolite that can then be used to produce the reductive cofactor NADPH, which 

is required for protection against ROS in tumour growth and metastasis [234], 

[238]–[240]. 

 

1.3.5.3 Lysine 

Lysine is a key EAA that is required for histone methylation, as well as 

ubiquitination and acetylation [241]–[244] and therefore is involved in numerous 

oncogenic signalling and metabolism rewiring pathways in cancer progression 

[245], [246]. Lysine can also be used to produce acetyl-CoA and glutamate [247], 

[248], and lysine deprivation was shown to reduce tumour growth in vivo [249]. 

Interestingly, a recent study in breast cancer has shown that lysine directly 

promotes ER+ breast cancer dissemination [250]. 

 

1.3.5.4 Methionine, histidine and threonine 

Methionine is a unique EAA in that while it cannot be synthesized de novo in 

mammalian cells, intracellular methionine pools are continuously maintained via the 

methionine cycle, in which a methyl group from the folate cycle is transferred onto 

homocysteine, producing methionine. The folate and methionine cycles together 

make up the one carbon metabolism pathway, the role of which is described in 

more detail below. Briefly, this pathway is integral for transferring methyl groups 

towards DNA, RNA and protein methylation, as well as purine, polyamine and 

glutathione biosynthesis. The EAAs histidine and threonine are also linked to the 

one carbon metabolism; histidine donates a methyl group to tetrahydrofolic acid 

(THF) to help fuel the folate cycle and produce glutamate [251]–[253], while 

threonine is used to synthesize glycine, which in turn can be converted to serine in 

the mitochondria and also donate a methyl group to the folate cycle [254]–[256]. 

The one carbon metabolism pathway and its role in cancer progression is 

discussed in further detail below. 
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Figure 1-5. Essential amino acid metabolism pathways.  
 
EAAs shown in orange. Folate cycle and methionine cycle are components of the one carbon 
metabolism pathway. Transporters: LAT1 = L-type amino acid transporter 1, ASCT2 = alanine 
serine cysteine transporter 2, CAT = cationic amino acid transporter. Enzymes: IDO = 
indoleamine-2,3-dioxygenase, KMO = kynurenine-3-monooxygenase, KYNU = kynureninase, 
3HAO = 3-hydroxyanthranilate-3,4-dioxygenase, QPRT = quinolinate 
phosphoribosyltransferase, BCAT = branched-chain amino acid aminotransferase, BCKD = 
branched-chain keto acid dehydrogenase, GLDC = glycine decarboxylase, SHMT = serine 
hydroxymethyltransferase, AKCT = amino-ketobutyrate-CoA lyase, TDH = threonine-3-
dehydrogenase, mTOR = mechanistic target of rapamycin. Metabolites: Trp = tryptophan, 
BCAAs = branched-chain amino acids (valine, leucine, isoleucine), Met = methionine, His = 
histidine, aKG = alpha-ketoglutarate, Glu = glutamate, Ala = alanine, Pyr = pyruvate, Ac-CoA = 
acetyl-CoA, Gly = glycine, Ser = serine, Lys = lysine, Arg = arginine. 
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1.3.6 One carbon metabolism and glutathione synthesis 

1.3.6.1 Folate cycle 

One carbon metabolism is composed of two metabolic pathways, the folate cycle 

and the methionine cycle. Folate is converted into THF, which is then able to 

accept a methyl group from serine or histidine, simultaneously producing either 

glycine or glutamate, respectfully. The methyl group can then be used for re-

methylation of homocysteine to produce methionine, a reaction mediated by the co-

factor vitamin B12 (Figure 1-6). Intermediates of the folate cycle also donate formyl 

and methylene functional groups for purine and pyrimidine biosynthesis. The 

integral role of the one carbon metabolism in cancer was first observed in the 

1940s, with the observation that folate restriction in the diet of leukaemia patients 

reduced neoplastic cell numbers [257]. More recent studies demonstrated the role 

of serine and glycine in fuelling the folate cycle and thereby supporting increased 

nucleotide biosynthesis and antioxidant pathways in cancer progression [186], 

[190], [193], [258]–[262]. Furthermore, the folate pathway contributes ATP 

production [263] and replenishes NADPH pools and therefore contributes to 

antioxidant defence [264], [265].   

 

1.3.6.2 Methionine cycle 

Methionine and ATP are used for the production of S-adenosyl-methionine (SAM), 

which in turn donates the methionine-derived methyl group towards various 

methylation reactions, yielding S-adenosyl-homocysteine (SAH) [266], [267] (Figure 

1-6). The glycine methyltransferase (GNMT) reaction transfers the SAM-derived 

methyl group onto glycine to produce sarcosine, which can then be directed back 

into the folate cycle [268]. The resulting SAH is converted back to homocysteine, 

releasing free adenosine. Homocysteine then accepts a methyl group from methyl-

THF or choline-derived betaine to replenish methionine pools. Homocysteine also 

acts as an important substrate of the transsulfuration pathway to produce 

cystathionine and glutathione, described in further detail below.  

 

Apart from its role as a methyl group donor, SAM can also undergo decarboxylation 

to fuel polyamine biosynthesis [269]–[271]. Importantly, decarboxylated SAM has 
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been shown to directly inhibit DNA methyltransferases, and therefore activation of 

the polyamine biosynthesis pathway can have a direct effect on epigenetic 

regulation [269], [272]. The polyamine biosynthesis pathway is under direct control 

of the MYC oncogene [273]–[275], is upregulated in several cancer types [276]–

[279], and is being considered for therapeutic interventions [271], [280], [281]. 

Furthermore, SAM modulates mTORC1 sensing of intracellular methionine levels 

by activating the SAMTOR protein. When methionine and therefore SAM levels are 

low, SAMTOR is free to bind to the GATOR1 complex and mediates inhibition of 

mTORC1 and its downstream signalling pathways [282]–[284].  

 

1.3.6.3 Transsulfuration pathway and glutathione metabolism 

In the transsulfuration pathway, homocysteine is combined with serine to produce 

cystathionine, which in turn is used to make cysteine. Although cysteine can be 

taken up from the ECM in the form of cystine in healthy tissues, cystine 

concentration in tumour interstitial fluid was decreased compared to plasma levels 

in several tumour models [147], [285]. The two key enzymes of the transsulfuration 

pathway, cystathionine β-synthase (CBS) and cystathionine γ-lyase (CTH) were 

shown to be upregulated in several different human cancers, and CBS knockout 

prevented the growth of several cancer cell lines under cysteine-starved conditions 

[286].  

 

Cysteine, glutamate and glycine are three amino acids that are required for de 

novo glutathione synthesis (Figure 1-6). The reduced form of glutathione (GSH) 

neutralises ROS, producing the oxidized dimer form of glutathione (GSSG) and 

water. The conversion of GSSG back into GSH requires NADPH, which is why this 

cofactor plays a key role in antioxidant defence [107], [287]. The GSH:GSSG ratio 

is a measure of reductive potential in cellular compartments, with lower ratio 

indicating oxidative stress [288], [289].  

 

GSH levels are elevated in several types of human tumours in comparison with 

healthy tissues [290], [291], and elevated GSH levels have been linked to an 

increased incidence of metastasis [292], [293]. Furthermore, a study has 

demonstrated that cancer-associated fibroblasts (CAFs) upregulate glutathione 
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levels to modulate resistance to ROS-inducing chemotherapy treatment [294], and 

similar GSH-mediated resistance has also been observed in several cancer models 

and patient-derived xenografts (PDXs) [295]–[298].  

 

Glutathione synthesis is under control of key signalling oncogenes, including 

phosphoinositide 3-kinase (PI3K) [299]–[302], and the nuclear factor E2-related 

factor 2 (NRF2), which is activated directly by oxidative stress [303]–[306]. 

Interestingly, there have been conflicting reports on the relationship between MYC 

activation and GSH metabolism. MYC was shown to directly stimulate GSH 

synthesis in response to oxidative stress in human melanoma cells . However, 

glutamate cysteine ligase (GCL), the enzyme responsible for de novo GSH 

synthesis, was downregulated in MYC-driven liver cancers, causing a vulnerability 

to oxidative stress [307]. 

 

ROS are a normal biproduct of aerobic metabolism, however their accumulation 

lead to widespread cellular damage and induce apoptosis [108], [109], [308], [309]. 

Highly proliferative cancer cells require robust antioxidant metabolism pathways in 

order to adapt to increased ROS generation, especially in well-oxygenated 

environments [310]–[312]. On the other hand, moderate levels of ROS can drive 

cancer progression [313], [314], emphasizing the reliance of cancer cells on tightly 

regulated antioxidant metabolism. Enzymes involved in glutathione production and 

recycling have been shown to be upregulated in several cancer types and linked 

directly to ROS levels [315]–[317], and downregulation of GCL, the rate limiting 

step in glutathione synthesis, slowed tumour growth in vivo [318].  
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Figure 1-6. One carbon metabolism pathways and glutathione biosynthesis.  
 
One carbon metabolism primary metabolites shown in violet. Transporters: RFC = reduced 
folate carrier, LAT1 = L-type amino acid transporter 1, ASCT2 = alanine serine cysteine 
transporter 2, xCT = cystine/glutamate transporter. Enzymes: DHFR = dihydrofolate reductase, 
SHMT1 = serine hydroxymethyltransferase 1, MTHFR = methylenetetrahydrofolate reductase, 
methylenetetrahydrofolate dehydrogenase, MS = methionine synthase, MAT2A = methionine 
amino transferase, SAMDC = S-adenosyl methionine decarboxylase, GNMT = glycine 
methyltransferase, SARDH = sarcosine dehydrogenase, DNMT = DNA methyltransferase, 
HKMT = histone methyltransferase, PRMT = protein arginine methyltransferase, AHCY = S-
adenosyl homocysteine hydrolase, CBS = cystathionine beta-synthase, CSE = cystathionine 
gamma-lyase, GCL = glutamate-cysteine ligase, GS = glutathione synthase, GR = glutathione 
reductase, GP = glutathione peroxidase, GLS = glutaminase. Metabolites: DHF = dihydrofolate, 
THF = trihydrofolate, 5,10-meTHF = 5,10-methyl-THF, 10-fTHF = 10-formyl-THF, 5-meTHF = 5-
methyl-THF, Gluc = glucose, Ser = serine, Gly = glycine, His = histidine, Thr = threonine, Vit. 
B12 = vitamin B12, Met = methionine, SAM = s-adenosyl methionine, SAH = S-adenosyl 
homocysteine, Hcy = homocysteine, CSH = cystathionine, Cys = cysteine, Cys-Cys = cystine, 
gamma-Glu-Cys = gamma-glutamyl cysteine, GSH = reduced glutathione, GSSG = oxidized 
glutathione, Glu = glutamate, Gln = glutamine, ROS = reactive oxygen species. 
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1.3.7 Fatty acid metabolism 

Fatty acids (FAs) are the molecular building blocks of lipids, and are composed of a 

carboxyl residue and a chain of hydrocarbons of different lengths and saturation 

levels. FAs can be imported into the cell by fatty acid transporters such as CD36 

[319], or synthesized de novo from acetyl-CoA (Figure 1-7). Palmitate is the first FA 

produced in the de novo FA biosynthesis pathway, and can then undergo a series 

of elongation and desaturation reactions to produce other FAs and various lipids, 

the metabolism and physiological roles of which are discussed in detail below 

[320].  

 

Apart from lipogenesis, FAs play an important role in ATP and NADH generation 

via the beta-oxidation pathway, in which CoA-bound FAs are transported into the 

mitochondria and converted back into acetyl-CoA, which can then be used to fuel 

oxidative phosphorylation [122]. NADH is produced by both FA beta-oxidation and 

in the TCA, therefore FA metabolism contributes to protection against ROS [321], 

[322]. 

 

Another functional role of the FA arachidonic acid is the metabolic precursor for 

eicosanoid biosynthesis. Eicosanoids are a class of lipids produced from the FA 

arachidonic acid, which play integral roles in immune signalling pathways and 

include prostaglandins, leukotrienes and thromboxane [323]. Cyclooxygenase 

(COX) enzymes that mediate prostaglandin biosynthesis are upregulated in many 

cancer types [324]–[327] and play an important role in immunosuppression and 

angiogenesis [328], [329]. 

 

The importance of FA metabolism in cancer has been widely demonstrated, 

highlighting that many cancer types are able to produce FAs de novo [330], [331]. 

Recent studies have shown that driver oncogenes such as MYC [332]–[335], RAS 

[336], [337], and PI3K/AKT [338]–[340] directly upregulate the rate limiting enzyme 

fatty acid synthase (FASN) [341], [342], and increased FAs are needed to support 

high levels of proliferation through ATP production and lipogenesis [343], [123]. 

FASN overexpression is associated with poor patient prognosis [342], [344], [345], 
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and a recent study showed that FASN is required for breast cancer cell migration 

[346].  

 

Other enzymes involved in FA biosynthesis also play a key role for cancer 

progression. Acyl-CoA synthetase short-chain family member 2 (ACSS2), the 

enzyme responsible for acetyl-CoA synthesis from acetate, is correlated with poor 

prognosis and promotes migration of cancer cells [347], [348]. Furthermore, 

ACSS2 is a key regulator of histone acetylation when translocated to the nucleus 

[349]. ATP-citrate lyase (ACLY), the enzyme that mediates the conversion of citrate 

to acetyl-CoA, is activated by PI3K/AKT signalling [350], is required for proliferation 

of  several tumour types [351], [352], and promotes colon cancer cell metastasis by 

stabilising beta-catenin [353]. Acetyl-CoA production from either acetate or glucose 

is required for both FA biosynthesis and fuelling the TCA, and enzymes producing 

it have been reported as promising anti-cancer therapy targets [354], [355]. 

 

Exogenous fatty acids taken up via the CD36 transporter and have been shown to 

support the increased bioenergetic demands and progression of many tumour 

types [356]–[360], as well as promote survival of non-tumour cells in the tumour 

microenvironment:  CAFs [361], regulatory T-cells [362], and TAMs [363]. Recent 

studies have shown that tumour cells can mediate a resistance to therapeutic 

treatment targeting de novo FA biosynthesis by upregulating exogenous FA import 

[362], [364]. CD36 overexpression is associated with poor prognosis in patients 

[365], and CD36 inhibition impaired metastasis of breast cancer and melanoma 

PDX tumours [358]. Exogenous FAs are stored in lipid droplets [366], and used for 

lipogenesis or undergo beta-oxidation to fuel ATP synthesis and protection against 

ROS [367], [368]. 

 

1.3.8 Glycerophospholipid metabolism 

1.3.8.1 Phosphatidic acid 

The first lipid class produced from free FAs and G3P are phosphatidic acids (PAs) 

(Figure 1-7). The intermediate lipid class lyso-PA (LPA) can alternatively be taken 

up externally via the LPA receptors, which have been shown to be overexpressed 

in cancer [369]–[371]. LPAs can directly bind to G-protein-coupled receptors 
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(GPCRs) and activate proliferation and migration , through HER2 [372], RAS [373] 

and AKT signalling [374]. PA lipids can also act as signalling molecules, binding 

directly to mTOR and regulating nutrient sensing and metabolism [375], [376]. PAs 

play a central role in phospholipid membrane composition and flexibility and 

mediate interactions between transporter proteins and the cellular membrane [377], 

[378]. As discussed in further detail below, PAs are also required for synthesis of 

diacylglycerols (DAGs) and therefore play a pivotal role in lipid storage. 

 

1.3.8.2 Phosphatidylglycerol and cardiolipins 

Phosphatidylglycerol (PG) lipids are synthesized from DAGs and CTP and are 

present in the phospholipid membrane as well as the synthesis of other lipid 

classes. Cancer cells require additional membrane phospholipids to sustain the 

demands of increased proliferation, and a recent study has demonstrated that 

increased PG synthesis in breast cancer is mediated by MYC and coupled to 

increased FA synthesis [379]. PGs also play a key role in the synthesis of 

cardiolipins (CLs). CLs are a key constituent of the inner mitochondrial membrane 

and are upregulated in several cancer types to mediate increased oxidative 

phosphorylation and other mitochondrial biogenesis [380]–[383].  

 

1.3.8.3 Phosphatidylinositol 

Like PGs, phosphatidylinositol (PI) lipids are synthesized from DAGs and CTP, and 

are important in phospholipid membrane structure, migration and signalling [384]–

[386]. PIs undergo phosphorylation by PI kinases to produce various 

phosphoinositide-phosphates (PIPs) (Figure 1-7). PIP lipids are integral in cell 

signalling pathways, most notably the PI3K/AKT pathway that promotes cell 

growth, survival and metabolism and is often deregulated in various types of cancer 

[339], [387]–[390][320], [368]–[371]. Alterations to the phospholipid membrane 

composition of aggressive tumours has been demonstrated in breast cancer, 

revealing differential profiles of PIs, as well as PE and PC lipids (described below) 

in comparison to healthy cells [391], [392]. These changes have been attributed to 

changes in cell signalling pathways, as well as plasticity and invasive capacity.  
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1.3.8.4 Phosphatidylserine 

Phosphatidylserine (PS) lipids are localised on the cytoplasmic side of the 

phospholipid cell membrane due to their innate negative charge, and are produced 

from DAGs and serine. During apoptosis, PS lipids are expressed on the outer 

layer of the cell membrane, acting as a signal for degradation caspase-mediated or 

macrophage degradation [393]. Externalization of PS lipids on the cell membrane 

has also been demonstrated in non-apoptotic cell death [394], and in response to 

elevated oxidative stress in cancer cells [395], [396]. Interestingly, this 

characteristic of many aggressive cancer cell types has led to the development of 

drug delivery systems targeting externalised PS lipids [397], [398].  

 

1.3.8.5 Phosphatidylethanolamine 

Phosphatidylethanolamine (PE) lipids are another common lipid class in the 

phospholipid membrane of cells, synthesized from ethanolamine, which is taken up 

from the diet, recycled during apoptosis or derived from other lipid classes [399]. 

PE lipids are typically located attached to the inner layer of the cell membrane and 

play a key role in cell structure due to the chemical shape of the ethanolamine 

head group [400]. PEs are also important in modulating ferroptosis [401], an 

alternative cell death programme mediated by iron-dependent lipid peroxide 

accumulation and emerging as a novel therapeutic target [402], [403]. 

 

1.3.8.6 Phosphatidylcholine 

Phosphatidylcholine (PC) lipids are synthesized from extracellular choline and are 

the most abundant phospholipid class, comprising an estimated 50% of cellular 

phospholipids [404], [405]. PC lipids have been shown to be upregulated in several 

cancer types [406]–[408] and furthermore, PC upregulation was revealed as a 

biomarker in breast cancer patients and elevated PC levels are associated with 

poor prognosis [409]. PC lipids can be synthesized from PE lipids in a methylation 

reaction mediated by phosphatidylethanolamine N-methyltransferase (PEMT), 

using the one carbon intermediate SAM as a methyl donor [410], [411], [412]. It has 

been shown that this reaction is important for glutathione synthesis through the 

transsulfuration pathway and alters histone methylation profiles [410]. 
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1.3.9 Metabolism of other lipid classes: glycerolipids, sphingolipids and 
cholesterol 

1.3.9.1 Glycerolipid metabolism 

Glycerolipids the main energy storage lipid in the human body, and are composed 

of a glycerol head group with one (mono-acyl glycerol, MAG), two (di-acyl glycerol, 

DAG) or three (tri-acyl glycerol, TAG) fatty acid side chains [413]pose. Adipose 

tissue is composed primarily of stored TAGs, and excess lipids in the form of TAGs 

are stored in many cell types within lipid droplets to prevent lipotoxicity. DAGs ire 

synthesized from phosphatidic acid (PA) via PA phosphatase (PAP), and TAGs are 

subsequently produced via diglyceride acyltransferase (DGAT) . Like many 

enzymes involved in lipogenesis, TAG-producing enzymes are localised to the 

endoplasmic reticulum [414]. Stored glycerolipids are broken down during lipolysis 

to glycerol and free FAs, both of which can contribute to ATP synthesis and further 

metabolic pathways (Figure 1-7).  

 

TAG accumulation in the blood is a predictor of cancer risk [415], and higher TAG 

levels were reported in several types of cancer in comparison with healthy tissue 

[416]–[419]. Adipocytes have been shown to directly transfer FAs and TAGs to 

breast cancer cells, promoting FA oxidation [420]. Furthermore, ATGL, the first 

enzyme in TAG lipolysis has been linked to poor prognosis, and has recently been 

shown to regulate mTOR activation in highly proliferative cancer cells [421], [422]. 

In line with extra-tumour TAGs supporting tumour metabolism, cancer-associated 

cachexia has been reported to be driven by TAG depletion from adipocytes and 

blood [423].  

 

1.3.9.2 Sphingolipid metabolism 

Sphingolipids are produced from serine and palmitoyl-CoA by a series of reactions 

that lead to the synthesis of ceramide, which can then be converted into 

sphingosine, sphingomyelin, sulphatide and glycosphingolipids [424], [425]. All 

sphingolipids share the characteristic sphingoid bases, which allow them to act as 

signalling molecules and interact with the cell membrane [426].  
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Ceramide induces apoptotic signalling by releasing cytochrome C from 

mitochondria [427], [428]. In cancer, elevated ceramide in the membrane lead to 

apoptotic cell death [429]–[431], and therapies which induce ceramide biosynthesis 

have shown to promote sensitivity to chemotherapy agents and potentiating cell 

death in different cancer models [432]–[436]. Although ceramide itself potentiates 

cell death, its downstream metabolites sphingosine and sphingosine 1-phosphate 

are important for cell proliferation, survival and metastasis [437]–[440]. 

Sphingomyelin, another class of ceramide derivatives, promotes chemotherapy 

resistance and tumour proliferation, and has also been shown to inhibit autophagy 

[441]–[443]. Importantly, sphingolipids together with cholesterol are integral 

components of plasma membrane lipid rafts, which potentiate protein binding, cell 

adhesion and signalling cascades and have been demonstrated to mediate 

numerous pro-tumorigenic functions [444].  

 

1.3.9.3 Cholesterol metabolism 

Cholesterol is a steroid lipid that can be synthesized in cells from acetyl-CoA via 

the mevalonate pathway [445] or imported in the form of low-density lipoprotein 

(LDL) [446]. Cholesterol is localised to the cell membrane and regulates membrane 

rigidity [447], [448]. The amount of cholesterol in the membrane varies with cell 

type and is inversely correlated with motility [449]. In line with this, cholesterol 

biosynthesis was downregulated in a metastatic breast cancer cell line [450] and 

increased cholesterol inhibited macrophage migration [451].  

 

On the other hand, downregulation of cholesterol lead to reduced activity of CD44, 

a primary cell adhesion protein that is important for metastatic dissemination [452]. 

This is due to reduced formation of lipid rafts, which are cholesterol- and 

sphingolipid-rich residues on the plasma membrane that mediate adhesion and 

binding of proteins, including CD44 [453]. Another study showed the importance of 

cholesterol biosynthesis for survival of cancer stem cells, and revealed a 

correlation between activation of cholesterol biosynthesis and poor prognosis [454]. 

Furthermore, cholesterol-lowering statin drugs, which inhibit the HMG-CoA 

reductase enzyme in the mevalonate pathway, have been successfully used in the 

clinic in breast cancer patients to reduce tumour growth [455]. Cholesterol can 
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activate several oncogenic pathways, including the PI3K/AKT pathway [456], [457], 

and the Hedgehog signalling pathway [458]. Thus, regulation of cholesterol 

metabolism is important for cancer survival and progression, and may potentiate 

different effects depending on oncogenic signalling and tumour type. 
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Figure 1-7. Pathways of de novo fatty acid and lipid biosynthesis.  
 
Transporters: LDLR = low-density lipoprotein receptor, CD36 = fatty acid transporter. Enzymes: 
GPDH = glycerol-3-phosphate dehydrogenase, GPAT = glycerol-3-phosphate acyltransferase, 
LPAAT = lysophosphatidic acid acyltransferase, PPAP = phosphatidic acid phosphatase, DGAT 
= diacylglycerol acetyltransferase, EPT1 = ethanolamine phosphotransferase 1, ACLY = ATP 
citrate lyase, ACC = acetyl-CoA carboxylase, FASN = fatty acid synthase, SCD = stearoyl-CoA 
desaturase, FADS = fatty acid desaturase, ELOVL = elongation of very long chain fatty acids 
protein, SPT = serine palmitoyl transferase, SMS = sphingomyelin synthase, SPHK = 
sphingosine kinase, COX1/2 = cyclooxygenase. Metabolites: DHAP = dihydroxyacetone 
phosphate, Gly-3P = glycerol-3-phosphate, LPA = lysophosphatidic acid, PA = phosphatidic 
acid, CDP-DAG = cytidine diphosphate diacylglycerol, PI = phosphatidylinositol, PIP = 
phosphatidylinositol phosphate, PG = phosphatidylglycerol, CL = cardiolipins, DAG = 
diacylglycerol, TAG = triacylglycerol, LDs = lipid droplets, PE = phosphatidylethanolamine, PC = 
phosphatidylcholine, PS = phosphatidylserine, FA = fatty acid, Ac-CoA = acetyl-CoA, Ma-CoA = 
malonyl-CoA, MUFA = monounsaturated fatty acid, PUFA = polyunsaturated fatty acid, Ser = 
serine, Cer = ceramide, Sph = sphingosine, S1P = sphingosine-1-phosphate, LDL = low density 
lipoprotein. 
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1.4 MYC and cancer metabolism 

MYC is a “master regulator” transcription factor which controls up to 15% of the 

human genome [459]. Downstream targets of MYC are involved in the processes 

vital for cell survival, including proliferation, apoptosis, migration and metabolism 

[460], [459]. MYC was found to be overexpressed or deregulated in 70% of human 

cancers [461], and in 30-50% of high-grade breast cancers [462]. Since MYC has 

the power to influence such a broad range of key cellular functions, the expression 

of MYC is meticulously regulated at a transcriptional, translational and post-

translational level [463]–[467]. Furthermore, in order to act as a transcription factor, 

MYC is required to form a dimer with its binding partner protein, MYC-associated 

factor X (MAX) [468]. The dimerization of MYC and MAX is further regulated by 

MAX dimerization protein (MAD), which binds to MAX and subsequently can 

downregulate the transcriptional power of MYC [469], [470].    

 

MYC has been shown to influence multiple metabolic pathways in cancer [471]. 

MYC regulates aerobic glycolysis by directly driving transcription of most glycolytic 

genes. MYC also regulates the transcription of many genes involved in 

mitochondrial biogenesis pathways [472], [473], and promotes glucose 

incorporation into the pentose phosphate pathway (PPP) for nucleotide 

biosynthesis and maintenance of oxidative stress in the tumour microenvironment 

[474], [475]. Furthermore, MYC directly regulates expression of glucose [476] and 

amino acid transporters [127], [216], [477], facilitating increased metabolic flux of 

these nutrients in tumour cells. MYC has also been shown to upregulate 

glutaminolysis [120], [478], [479] as well as de novo glutamine synthesis [143], and 

furthermore induces catabolism of branched chain amino acids (BCAAs) [223]. 

Recently, a study in breast cancer demonstrated the control of lipogenesis by MYC 

through the induction of the transcription factor sterol-regulated element-binding 

protein (SREBP1), which leads to de novo fatty acid biosynthesis and elongation 

[379]. MYC additionally upregulates serine synthesis from glucose [480], as well as 

the serine-glycine interconverting enzymes, SHMT1 and SHMT2 [481], thereby 

fuelling the one carbon metabolism pathway (further discussed below). The role of 

MYC has also been demonstrated in nutrient sensing via mammalian target of 

rapamycin (mTOR) to promote nutrient uptake and regulate cell growth [482]. 
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Importantly, the diverse role of MYC on metabolic flexibility in cancer has been 

demonstrated in a MYC-driven model of hepatocellular carcinoma. MYC was able 

to upregulate the glycolytic enzyme hexokinase 2 (HK2), both isoforms of the 

glutaminolytic enzyme glutaminase (GLS1 and GLS2), as well as the serine 

synthesis enzyme PSAT and the de novo fatty acid biosynthesis enzyme FASN in 

response to genetic, pharmacological and dietary interventions [13].  

 

Despite diverse metabolic reprogramming capabilities, metabolism regulation by 

MYC has been shown to differ between different tumour types [75]. In the context 

of breast cancer, high MYC expression and activity is associated with triple 

negative breast cancer [483], and MYC expression correlated with higher glutamine 

catabolism and fatty acid production [152], [334], [484].  

 

1.5 Metabolic reprograming in metastatic progression 

Metastatic disease is the primary cause of mortality across all cancer types [485]. 

The process of metastasis requires tumour cells to adapt to various nutrient and 

oxygen gradients as they leave the primary tumour site and migrate throughout the 

body [486]–[488].  

 

The metastatic cascade is often instigated by tumour cells undergoing an epithelial-

to-mesenchymal (EMT) progression, during which cells show mesenchymal 

phenotypes like extracellular matrix (ECM) degradation and migration [489].  

 

Changes in metabolism have been shown to drive EMT initiation. Motility and 

invasiveness of cancer cells was shown to be increased as a result of upregulation 

of glycolytic enzymes hexokinase 2 in pancreatic cancer [490], and pyruvate kinase 

muscle isozyme M2 (PKM2) in lung cancer [491]. Additionally, phosphoglucose 

isomerase (PGI) was demonstrated to act as a signalling molecule that caused 

NFkB upregulation and EMT initiation [492]. Changes in TCA enzyme expression 

and metabolite levels have also shown to instigate EMT [493], [494]. A recent study 

has demonstrated that availability of the amino acid asparagine in the tumour 

microenvironment can directly promote EMT in breast cancer, and limiting it 



 52 

reduces tumour aggressiveness [495]. Furthermore, a recent study has 

demonstrated that suppression of genes associated with mitochondrial metabolism 

were correlated with increased metastatic risk and poor patient prognosis in several 

cancer types, potentially due to a glycolytic switch favouring the Warburg Effect 

[496].  

 

Furthermore, transcription factors that initiate EMT can initiate metabolic changes 

that prepare the cells for survival in different environments; the transcription factor 

SNAI1 directly downregulates fructose-1,6-bisphosphatase (FBP1) in order to 

promote PPP metabolism in gastric cancer , meanwhile ZEB1 activation lead to the 

upregulation of a glucose transporter, GLUT3 in non-small cell lung cancer 

(NSCLC), leading to increased glycolysis [497].  

 

Once tumour cells successfully leave the primary tumour site, they encounter an 

increased oxygen availability and levels of reactive oxygen species (ROS) in the 

blood vasculature [498]. Circulating tumour cells (CTCs) from breast cancer were 

shown to increase oxidative phosphorylation when in the blood stream, utilising the 

additional oxygen availability for energy production [499]–[502]. Several metabolic 

studies on CTCs reported increased antioxidant biosynthesis compared to cells in 

the primary tumour [116], [503]. Furthermore, inhibiting the folate cycle reduced 

instances of metastases in a melanoma model, suggesting that this pathway is 

needed to cope with increased ROS in the blood [504]. In line with these findings, 

another study demonstrated that treating CTCs with an antioxidant compound, N-

acetylcysteine, promoted melanoma aggressiveness [505]. 

 

ROS levels are also elevated in the lungs, one of the most common organ 

colonised by metastatic cells [506]. Consequently, metastatic cells in the lung have 

been shown to increase antioxidant metabolic pathways, irrespective of the site of 

tumour origin [181], [504], [507]. A recent study has also demonstrated that due to 

increased pyruvate availability in the lung, breast cancer metastatic cells in the lung 

upregulate pyruvate anaplerosis [66]. Another study showed the role of fatty acid 

oxidation for the survival of metastatic breast cancer cells in the lung. 
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These findings showed how metabolic plasticity allows metastatic cells to adapt to 

differential nutrient availability in the organ they colonise. Similarly, metastases to 

the liver show an upregulated propensity for fructose metabolism, which may be a 

potential alternative nutrient source more readily available in the liver [508].  

 

Metabolic crosstalk between tumour and non-tumour cells in the metastatic niche is 

a growing interest in the context of metabolism, since metastatic cells have been 

shown to exploit their surroundings to maximise their own survival. A recent study 

demonstrated how breast cancer metastasis to the brain rewire their metabolism to 

import and catabolise the neurotransmitter gamma-amino butyric acid (GABA), 

which is readily secreted by neuron cells [509]. Metastases to the brain also require 

an upregulation of de novo serine biosynthesis due to limited serine and glycine 

levels in the brain microenvironment, and a recent study reported upregulation of 

the serine synthesis enzyme PHGDH in brain metastases of several cancer types 

[510]. Another adaptation in the serine biosynthesis pathway was reported in breast 

cancer metastasis to the bone. Metastatic cells upregulate serine biosynthesis and 

export, increasing healthy bone breakdown by osteoclasts to create space for the 

metastases to grow [511].  

 

Metabolic changes often take place in the non-tumour component of the primary 

tumour and metastatic niche. Cancer-associated fibroblasts upregulate glycolysis 

and lactate production when co-cultured with metastatic gastric cancer cells [512]. 

CAFs also upregulate FASN-mediated fatty acid and phospholipid biosynthesis in 

co-culture with metastatic colorectal cancer (CRC) cells, which were shown to take 

up lipid species produced by CAFs [513]. Furthermore, in this study, FASN 

knockdown in CAFs inhibited the migratory capacity of CRC cells in vitro and in 

vivo. Another immune cell population that mediates tumour survival and migration 

are tumour-associated macrophages (TAMs) [514]. TAMs are the resident 

macrophages within a tumour, and have several proposed roles in tumour growth 

[515] and metastasis [516]–[518]. TAMs upregulate glycolytic enzymes and the 

glucose transporter GLUT1 in response to co-culture or conditioned media from 

aggressive pancreatic tumour cells, and support metastatic progression by inducing 

angiogenesis, tumour cell extravasation  and releasing lactate that can be taken up 

by tumour cells to meet increased bioenergetic demands [519]. TAMs also 
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upregulate the FA transporter CD36 and increases lipogenesis upon activation by 

cancer cells, in order to mediate immunosuppressive functions and polarization  

[520]–[523].  

 

The heterogeneous population of cells within a tumour or the metastatic niche adds 

complexity to the intricate cancer metabolic signalling. In the next section I will 

introduce a series of mass spectrometry imaging techniques that allow the 

observation of metabolite distributions in situ.  
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1.6 Mass Spectrometry Imaging 

1.6.1 Metabolomics analysis principle 

Mass spectrometry (MS) refers to the analysis technique in which the mass-to-

charge (m/z) ratio of chemical ions is measured. Commonly in the field of biological 

-omics analysis, MS is paired with a chromatography-based separation technique, 

such as liquid- (LC-MS) or gas-phase (GC-MS) separation. Ions are first separated 

based on the time it takes for them to pass through a chromatographic column (the 

retention time), and this is based on the ion’s stereochemistry, size, orientation and 

interaction with the stationary column phase. Ions are then directed to a mass 

analyser, such as a Time-of-Flight (ToF) or more recently, the state-of-the art 

Orbitrap mass analyser [524]–[528]. The m/z ratio of each detected ion can then be 

plotted against its intensity to produce a full mass spectrum. In metabolomic 

analysis, m/z values typically range between 0 and 300 m/z for polar metabolite 

species, and up to 1200 m/z for larger apolar metabolites. Chromatographic 

separation provides an additional degree of confidence when assigning a chemical 

formula identity to m/z values, and metabolite standards are typically used in LC- 

and GC-MS experiments to determine the exact retention time [529]–[531].  

1.6.2 Mass Spectrometry Imaging principle 

Mass Spectrometry Imaging (MSI) is an analytical tool that was developed over 50 

years ago for studying surface integrity in the semiconductor industry [532], but has 

been increasingly enhanced for biological sample analysis in the past 30 years 

[533]. There are several distinct technological platforms for MSI, each of which has 

their own advantages and challenges. The overarching principle of MSI is that an 

ionisation source is focused on the surface of a sample, and this causes dislodging 

and ionisation of chemical species, which are then transferred to a mass analyser. 

The key advantage of MSI over traditional metabolomics techniques is that the 

sample remains intact, and the ionisation source is sequentially rastered across the 

entire sample, commonly a tissue section. The result is a spatially resolved image, 

with a full mass spectrum collected at each pixel. Spatial resolution varies between 

MSI modalities, but can range from as low as 2 μm to 100 μm in pixel diameter, 

allowing for segmentation of chemically distinct features [534]–[536]. 
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There are three prominent MSI modalities that have been used for biological 

sample analysis [536]–[538] . The primary differences between MSI instruments 

are the ionisation sources, sample preparation requirements, and various mass 

analysers, including ToF and Orbitrap. 

 

The oldest technique, secondary ion mass spectrometry (SIMS) traditionally uses a  

primary ion beam to ionise metabolites on the surface of the sample and these 

“secondary” ions are then collected for MS analysis. SIMS is a relatively destructive 

technique due to the harsh, collision-based ionisation of the primary ion beam, 

which often results in additional fragmentation of endogenous metabolites when 

analysing biological samples [539]–[541]. Recently, the OrbiSIMS, a hybrid SIMS 

instrument with a milder gas cluster ion beam and an Orbitrap mass analyser has 

been developed to facilitate biological sample analysis [534], [542].  

 

Another MSI modality, matrix-assisted laser desorption ionisation (MALDI)-MSI was 

developed specifically for biological sample analysis with the aim to preserve 

metabolite integrity [543]–[546]. MALDI sample preparation requires coating the 

sample in different chemical matrices, which help promote metabolite ionisation 

and can be tailored to promote ionisation of different metabolite classes in different 

polarities [547]–[550]. The ionisation source in MALDI is a laser that is also quite 

destructive to the tissue, however the variety of matrices that can facilitate the 

detection of a wide range of biological molecules, from small polar metabolites to 

large proteins, is a definite advantage of this technique. 

 

The most recently developed of the three MSI techniques is desorption 

electrospray ionisation (DESI)-MSI. This technique was developed for ambient 

sample analysis, avoiding the need for an inner vacuum chamber that the other two 

modalities require [551], [552]. The ionisation source in DESI-MSI is a relatively 

“soft” charged electrospray, which causes minimal disruption to biological tissue 

samples [553], [554]. Charged droplets of the typically methanol-based solvent are 

deposited on the sample surface, causing simultaneous desorption and ionisation 

of metabolites, which are then transferred to a mass analyser [555], [556]. 
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Figure 1-8. Comparison of MSI modalities.  
 
(A) Schematic comparing MALDI, SIMS and DESI ionisation sources. Lateral resolution (μm) 
and ion mass range (Da) of each technique listed below. MALDI (matrix assisted laser 
desorption ionisation): standard instruments equipped with UV nitrogen lasers (337 nm 
wavelength) as ionisation source, matrix application is required prior to analysis to promote 
ionisation of specific chemical species in the sample. SIMS (secondary ion mass spectrometry): 
primary ion beams vary, for biological sample analysis typically an argon gas cluster ion beam 
(GCIB) is used due to less destructive impact with the sample surface. DESI (desorption 
electrospray ionisation): charged solvent spray, typically 95% methanol, used for simultaneous 
desorption and ionisation of analytes from the sample surface. Mass analysers vary depending 
on instrument, traditionally time-of-flight (TOF) mass analysers preferred, but recently state-of-
the-art Orbitrap mass analysers have greatly advanced the mass resolving power of MSI 
instruments (MRP up to 240,000 at 200 m/z, compared with ~10-20,000 on a TOF analyser). 
(B) Detailed schematic of the principle of DESI-MSI. The ionised solvent is focused onto the 
sample surface, where analytes are dissolved and released towards the ion transfer inlet. The 
efficacy of ionisation and desorption depend on parameters including the flow rate and charge 
of the solvent, and the geometry of the instrument components. The distance of the sprayer tip 
to the sample (d1) and the distance of the ion transfer inlet to the sample (d2) are modified to 
obtain the ultimate incident (α) and collection (β) angles. The stage is positioned in the x, y, z 
co-ordinates and moves the sample under the electrospray during image acquisition. The set-up 
shown here is entirely under ambient conditions, however the ion transfer capillary acts as the 
vacuum interface and the mass analyser is located under high vacuum.  
MSI in cancer research 
In the last decade, considerable work in the field of MSI has been focused on 

adapting methods and technology platforms for biological applications, and the field 

is expanding particularly quickly towards cancer biology. MSI can be a highly useful 
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tool to study the complex histological, genetic and metabolic heterogeneity that is 

observed between and within tumours, as well as in comparison to healthy tissue. 

Previously established limitations including tissue damage during sample 

preparation and ion suppression effects caused by the abundance of molecules 

present in biological samples are currently being addressed. Several tissue 

embedding protocols have been established in order to facilitate tissue 

preservation during cryosectioning and speed up throughput, including gelatin [557] 

and a newly-developed mixture of HPMC/PVP [558]. Furthermore, nitrocellulose 

coating of samples has been shown to prevent metabolite delocalization during 

imaging [559]. On-tissue derivatization has also proven useful to promote ionisation 

of specific classes of metabolites, including fatty acids [560], neurotransmitters 

[561], and glycans [562]. Importantly, methods are currently being developed for 

imaging formalin-fixed tissue samples to make MSI compatible with standard 

histological guidelines for tissue collection and storage, and this has been 

particularly successful in peptide imaging  [562]–[565]. Methods have been 

developed for studying protein composition of the ECM following a decellularization 

protocol [566], and MALDI has been used after laser ablation and lipid digestion 

[567]. 

 

While the work presented in this thesis focuses on the use of MSI to study 

metabolism, it should be noted that proteomics was the first biological application of 

MSI, particularly MALDI [568]. MALDI-TOF instruments have been reported to 

detect proteins in the range of 2 to 70 kDa [569], [570]. In breast cancer studies, 

proteomic MALDI was used to visualize ER and PR receptor status [563], another 

study reported a proteomic signature of HER2 receptor status in human tumour 

samples [571]. Peptide MSI was used as a robust diagnostics tool not only in 

breast, but also in lung [572], gastric [573], prostate [574], ovarian [575], thyroid 

[576] and oral carcinoma samples [577]. 

 

MSI is also extensively used to image the distribution of lipids in biological samples. 

MALDI-MSI was used to stratify breast tumour samples by oncogenic subtype 

[578], [579], and lung cancer samples by histological grade [580]. Lipidomic 

profiling has also been achieved using SIMS-MSI, however due to the destructive 

nature of the ionisation technique, many SIMS studies have been conducted in 
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single cells. One such study distinguished breast cancer stem cells from non-stem 

cells by fatty acid content [581], while another study demonstrated trends in fatty 

acid chain length and saturations in breast cancer cell lines of different subtypes 

[582]. On-tissue TOF-SIMS imaging revealed distinctions in lipid composition of 

tumours correlating with grade [583], and furthermore, lipid profiles of basal cell 

carcinoma samples were shown to be distinctly altered following chemotherapy 

treatment [584]. Intra-tumour heterogeneity was demonstrated with TOF-SIMS lipid 

imaging in breast [585] and glioblastoma [586] tumours, with the lateral resolution 

of SIMS allowing segmentation between tumour, stroma and necrotic regions.  

 

DESI-MSI has also been widely used for lipidomic studies, and often favoured over 

other MSI modalities due to the minimal sample preparation requirements and the 

ambient imaging conditions that maintain metabolite localization. DESI-MSI was 

used to distinguish tumour-specific lipid profiles in comparison to the surrounding 

tissue patient samples from oesophageal cancer lymph node metastases [587], as 

well as breast [409], [588], brain [589] and bladder cancer samples [590]. A recent 

study used DESI-MSI to visualize phospholipid localization in breast tumours, 

demonstrating how the lipid landscape changed following MYC activation [379]. 

Interestingly, several of these studies converged on the lipid PI(18:0/20:4) as a 

marker of malignant tissue, whereas several PS and PE lipids had opposite 

localization profiles [579], [587]. DESI-MSI lipidomics studies contributed to the 

development of an innovative clinical tool known as the iKnife. This technology 

allows surgeons to distinguish cancerous from healthy tissue in real time, coupling 

together standard cauterization surgery procedures and rapid evaporative 

ionisation mass spectrometry (REIMS) [591]. In a unique study, the oncometabolite 

2-hydroxyglutarate (2HG) was used during an intra-operative study in glioblastoma 

patients, where surgical margins were established based on 2HG detection by 

DESI-MSI on excised tissue smears directly in the operating theatre. While MSI 

has been proven to be a valuable diagnostics tool, currently there is a rising 

interest in developing methodologies to image endogenous small polar metabolites, 

and infer functional meaning behind heterogeneous metabolite distribution in 

tumour samples.  
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The work compiled in this thesis has been done as part of the Cancer Research UK 

(CRUK) Grand Challenge Rosetta Team, which aims to spatially map metabolite 

distributions within a variety of tumour models and clinical samples. A recent 

publication from Kevin Brindle’s lab of the Rosetta Team has demonstrated the 

ability of DESI-MSI to visualize distribution of stable-isotope labelled glucose, 

pyruvate and lactate. This study demonstrated how DESI-MSI can be combined 

with hyperpolarized MRI to study the metabolic flux in different regions of the 

tumour, in the context of its surrounding organ [592]. Several studies have also 

shown localization of amino acids and glucose in diverse biological tissues and 

tumours [593]–[595]. Nevertheless, using MSI for cancer metabolism studies 

remains an exceptionally novel and exciting field. The work presented in this thesis 

aims to advance the current understanding of methods and capabilities of MSI to 

study metabolic heterogeneity between primary mammary tumours and their 

metastases to the lung. 
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1.7 Thesis Aims 

• Develop the methodology and assess the capabilities of mass 
spectrometry imaging as a tool for analysing spatially-resolved tumour 
metabolism. 

 

• Evaluate the metabolic heterogeneity in mouse mammary gland 
tumours induced by the Myc oncogene. 

 

• Compare the metabolic profile of primary mammary gland tumours with 
lung metastasis derived from them.  

 
• Determine potentially-targetable metabolic vulnerabilities of metastatic 

tumour cells. 
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Chapter 2. Methods 
2.1 Reagents and Chemicals 
2.1.1 Cell culture media 

Tumour and lung metastasis cells were cultured on cell-adherent plates using the 

following media, originally developed to support growth of mammary epithelial cells 

(MMEC Media). Tumour cell lines were isolated in Collagenase Buffer. 

 
Table 1: MMEC Media 
 

Component Supplier Catalogue Number Final Conc. 
DMEM/F12 Life Technologies 21331-046 - 

FBS Gibco 10270 10% 

HEPES Gibco 15630-056 10 mM 

Glutamine Gibco 25030-024 2 mM 

Insulin Sigma I1882 5 µg/mL 

Hydrocortisone Sigma H0888 1 µg/mL 

EGF Life Technologies PMG8043 10 ng/mL 

Pen/Strep Gibco 15140-122 100 µg/mL 

 
 
Table 2: Collagenase Buffer 
 

Component Supplier Catalogue Number Final Conc. 
DMEM/F12 Life Technologies 21331-046 - 

BSA Gibco 10270 1% 

HEPES Gibco 15630-056 10 mM 

Glutamine Gibco 25030-024 2 mM 

Insulin Sigma I1882 5 µg/mL 

Hydrocortisone Sigma H0888 1 µg/mL 

Collagenase (Type L) Sigma C8176 1 mg/mL 

Pen/Strep Gibco 15140-122 100 µg/mL 
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Table 3: SDS-PAGE gel (8%) 4x solution – 40 mL 
 

Component Supplier Volume 
Water (milliQ) - 22 mL 

40% Bis-Acrylamide Bio-Rad 8 mL 

1.5 M Tris, 0.4% 

SDS (pH 8.8) - 10 mL 

10% APS Sigma 400 μL 

TEMED Sigma 20 μL 

 
 
Table 4: Stacking gel (4%) 4x solution – 20 mL 
 

Component Supplier Volume 
Water (milliQ) - 12.9 mL 

40% Bis-Acrylamide Bio-Rad 2.1 mL 

1.5 M Tris, 0.4% 

SDS (pH 8.8) - 5 mL 

10% APS Sigma 200 μL 

TEMED Sigma 20 μL 
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2.1.2 Stable Isotope-Labelled Metabolites 

The following isotope labelled metabolites were used for in vivo infusions of 

tumour-bearing and wildtype mice. Stable isotope metabolites were dissolved in 

sterile saline solution and either used immediately or stored at -20 °C.  
 
Table 5: Stable Isotope Labelled Metabolites 
 

Compound Supplier Catalogue Number Concentration 

13C6-Glucose 
Cambridge Isotope 

Laboratories 
110187-42-3 200 mg/mL 

13C5-Glutamine 
Cambridge Isotope 

Laboratories 
184161-19-1 40 mg/mL 

 
 

2.1.3 Metabolite Extraction 

Reagents used for polar and apolar metabolite extractions for LC-MS and GC-MS. 
 
Table 6: Metabolite extraction reagents 
 

Reagent Supplier Cat. Number 
Acetonitrile Sigma 271004 

Chloroform Sigma 372978 

HPLC-grade methanol Sigma 494291 

HPLC-grade water Sigma 270733 
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2.1.4 Antibodies 

The following antibodies were used for immunofluorescence and 

immunohistochemistry staining. 

 
Table 7: Antibodies 
 

Marker Target Supplier Cat. 
Number 

IF 
Dilutio

n 

WB 
Dilutio

n 
alpha-
SMA 

Activated 
fibroblasts (CAFs), 

basal cells 
Sigma A5228 1:300 - 

FASN FA synthesis Cell 
Signalling 3180 1:100 - 

CD163 Macrophages (M2, 
TAMs) Abcam ab18242

2 1:500 - 

Ly6G Neutrophils Biolegend 127601 1:100 - 
CD45-
PerCP 

Pan-immune 
marker Biolegend 103129 1:400 - 

CD68 Macrophages (M1) Biolegend 137001 1:100 - 
E-

Cadherin Epithelial cells BD 
Pharmingen 610182 1:100 1:1000 

TTF-1 Pneumocytes Abcam ab22765
2 1:100 - 

Vimentin Stroma, 
mesenchymal cells Abcam ab92547 1:300 1:1000 

c-Myc cMyc (Y59 clone) Abcam ab32072 1:100 1:1000 

CK8/18 Luminal epithelial 
cells Abcam ab53280 1:100 - 

CD3 Activated T cells 
(Th and Tc) Biolegend 100208 1:50 - 

B220 B cells BD 
Pharmingen 550286 1:200 - 

phospho-
Erk 

RAS signalling (P-
p44/p42 MAPK) 

Cell 
Signalling 9101 - 1:1000 

Erk RAS signalling 
(p44/p42 MAPK) 

Cell 
Signalling 9102 - 1:1000 

phospho-
Akt PI3K signalling Cell 

Signalling 9271 - 1:1000 

Akt PI3K signalling Cell 
Signalling 9272 - 1:1000 

p53 p53 Santa Cruz 
Bio sc-6243 - 1:1000 

beta-actin beta-actin Sigma A3854 - 1:5000 
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2.2 Mouse models and in vivo experimental procedures 
2.2.1 Mouse Models 

All mouse procedures followed United Kingdom Home Office regulations and were 

approved by the Animal Welfare and Ethical Review panel of the Francis Crick 

Institute. 

 

The following mouse models were used in this project: 

 

• Wildtype FVB/NJ females (Francis Crick Institute in-house colonies) 
• MMTV-MYC (Tg(MMTV-MYC)141-3Led), originally acquired from the 

Jackson Laboratory (MGI ID: 2447500). 
 

2.2.2 Tumour initiation by mammary fat pad injection 

Mammary gland tumour cells of the Myc310 cell line were used in this project, and 

originally established in-house by Dr. Emma Still by multiple in vitro passages of 

cells isolated from a transgenic MMTV-MYC tumour.  

 

Myc310 MGT or isolated lung metastasis cells were grown in MMEC media 

overnight prior to injection into mice. Cells were detached from the plate using 

Trypsin (Gibco) then passed through a 23 gauge syringe to dissociate into 

individual cells. Cells were then counted and washed twice with PBS to remove any 

remaining media. Then, 50,000 cells per mouse were resuspended in 50 uL 

Matrigel (Corning, 356230) on ice. Cells were then injected into the fourth inguinal 

mammary fat pad of 6-8-week-old virgin FVB/NJ mice, ensuring a subcutaneous 

injection directed just below the nipple. Tumours were detected after approximately 

2 weeks, and in the case of metastatic models, mice were closely monitored for 

signs of metastatic burden (laboured breathing, weightloss).  

 

2.2.3 Tumour and metastasis cell isolation and propagation 

Mammary gland tumours were collected when the tumour diameter reached 1 cm 

by palpation. Tumours were cut up into small chunks using sterile blades. The 

tumour pieces were then transferred into a falcon tube containing 20 mL 
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Collagenase Buffer, sealed, and placed in a benchtop shaker for 1 hour at 37°C at 

200 rpm. The tissue suspension was then filtered through a 70 µm filter using a 

syringe if necessary to break up bigger tumour pieces, if any remained. Next, the 

filtered tissue suspension was spun down at 530 xg for 5 minutes, and the 

supernatant was discarded. The pellet was then resuspended in TAC buffer (170 

mM Tris, 150 mM ammonium chloride, pH 7.4), and placed in a 37°C water bath in 

order to lyse any red blood cells. The cell suspension was then spun down again 

and resuspended in MMEC Media for cell propagation, or frozen in Freezing Buffer 

(10% DMSO in FBS) for long term storage.  

 

For metastasis cell isolation, whole lungs were collected and the same exact 

dissociation method was applied. Once individual cells were isolated, they were 

grown in MMEC media for up to two weeks, at which time any metastatic cells 

present were visible.  
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2.3 Molecular Biology Methods 
2.3.1 Immunofluorescence 

All immunofluorescent staining was performed on fresh frozen tissue samples in 

order to optimise post-MSI immunological staining. Tissues were fixed with 4% 

PFA for ten minutes at room temperature, then washed once with PBS-T (PBS + 

0.1% Tween-20).  Slides were then blocked in blocking buffer (1% BSA, 5% normal 

goat serum in PBS-T) for 30 minutes at room temperature. Blocking buffer serum 

was matched with secondary animal host animal, goat or donkey. Primary 

antibodies were diluted in blocking buffer, and added to the tissues. Primary 

incubation was typically performed for 2 hours at room temperature, or overnight at 

4°C. Slides were then washed with PBS-T (5x) and then secondary antibodies 

were added, diluted also in blocking buffer. Secondary antibody incubation was 

done in the dark for 1 hour at room temperature. Slides were washed in PBS (5x) 

and then stained with a 1:10,000 DAPI solution for 10 minutes. Finally, slides were 

washed once in PBS, and a coverslip was placed using ProLong Gold Antifade 

Mounting Media (Thermofisher).  

 

Immunofluorescence staining in cells was performed on ~50% confluent cells 

grown on 10mm coverslips (VWR) in a standard 24-well cell culture plate. Media 

was removed and the cells were washed once with pre-warmed (37°C) PBS. Cells 

were then fixed with pre-warmed 4% paraformaldehyde (PFA) for 10 minutes, then 

washed once with PBS. Cells were then permeabilised using 0.5% Triton-X100 

(Sigma) for 10 minutes. The following staining steps for blocking, washes, primary 

and secondary antibody staining were performed as described above for tissue IF. 

Once staining was completed, the coverslips were mounted cells-down onto 

standard SuperFrost Plus slides (Thermofisher) using ProLong Gold Antifade 

Mounting Media (Thermofisher).  

 

Immunofluorescence images were acquired using either confocal microscopy 

(Leica TCS SP8) or a fluorescent slidescanner (Olympus VS200) for whole slide 

imaging.  
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2.3.2 Haematoxylin & Eosin Staining 

H&E staining was performed at the Experimental Histopathology (EHP) Scientific 

Technology Platform at The Francis Crick Institute, using a Tissue-Tek Prisma Plus 

Automated Slide Stainer & Coverslipper (Sakura Finetek). The slides were 

incubated in the following reagents at the given time intervals: 

 

• Fixation: 10% neutral buffered formalin (NBF) 10 min. 

• Water       30 sec. 

• Haematoxylin      90 sec. 

• Water       30 sec. 

• Acid alcohol      10 sec. 

• Water       30 sec. 

• Eosin       2 min. 

• 70% ethanol      30 sec. 

• 95% ethanol      30 sec. 

• 100% ethanol      30 sec. 

• 100% ethanol (new)      30 sec. 

• Xylene       30 sec. 

• Xylene (new)       30 sec. 

 

Slides were then coverslipped using dibutylphthalate polystyrene xylene (DPX) 

mounting media (Sigma), and imaged using a brightfield Axioscan 7 Microscope 

Slide Scanner (Zeiss). 

 

2.3.3 BCA Assay for Protein Quantification 

BCA assay was used for quantification of protein concentration for metabolomics 

normalisation and Western Blot analysis. Dried pellets from polar metabolite 

extractions, or pulverised frozen tumour powder (~3g) were dissolved in Tris-SDS 

Lysis Buffer (62.5 mM Tris, 2% SDS, pH 6.8). Samples were vortexed, sonicated 

for 16 minutes, then placed in a 95°C heat block for 10 minutes to ensure complete 

lysis. Samples were then spun down at 13,000 rpm for 20 minutes and the 

supernatant was used for protein quantification. The Pierce BCA Protein Assay Kit 
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(96-well plate) was used (Thermofisher) according to manufacturer instructions. 

Briefly, a 50:1 solution of Reagent A and Reagent B was made, and 70 μL of the 

resulting solution was combined with 4 μL of sample, in triplicate. Samples were 

incubated for 30 minutes at 37°C. Absorbance was measured in an Infinite M1000 

PRO Multimode Microplate Reader (Tecan Group). 

 

2.3.4 Western Blot 

SDS-PAGE (8%) running gel and 4% stacking gels were used (see Tables 1.3 and 

1.4). Following protein quantification (section 1.3.2), each sample was diluted in 4x 

Laemli Buffer for a final concentration of μg/μL. For Western Blot analysis, 20 μg of 

protein was loaded into each well of the gel. The gels were run in Protein Running 

Buffer (2.5 mM Trizma Base, 19.2 mM glycine, 0.10% SDS; made in-house), at 

110V for approximately 80 minutes, or until sufficient protein separation was 

observed. A Precision Plus Protein Dual Color Standard mix (Bio-Rad) was run in 

one of the wells for identifying molecular weight of proteins. 

 

Proteins were then transferred onto a nitrocellulose membrane (Bio-Rad) using an 

electrophoresis transfer chamber with Transfer Buffer (20% methanol, 2.5 mM Tris, 

19.2 mM glycine, 0.2% SDS, pH 8.3; made in-house) at 120 V for 2 hours at 4°C. 

Ponceau staining was performed to visualise any anomalies in the gel or during 

transfer. The membrane was then blocked in 5% milk for 1 hour at room 

temperature. Primary antibodies were added to a solution of 1% BSA in PBS-T, 

and membranes were incubated overnight at 4°C. Membranes were then washed 

quickly in PBS-T (5 minutes, 3 times) and stained for 1 hour at room temperature, 

using an HRP-conjugated secondary antibody diluted in 1% BSA in PBS-T (goat 

anti-rabbit IgG-HRP, 1:3000 dilution (Santa Cruz sc-2301)). Membranes were then 

washed in PBS (3 minutes, 3 times) and incubated using the Amersham ECL 

detection kit (GE Healthcare) to visualise chemiluminescence, before imaging 

using an Amersham Imager 680 (GE Healthcare).  
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2.3.5 DNA extraction 

Genomic DNA was purified for PCR genotyping using the Monarch® Genomic DNA 

Purification Kit (NEB) following manufacturer’s instructions. gDNA was eluted using 

LC-MS grade water instead of the provided elution buffer, then quantified using the 

NanoDrop™2000 1-Position Spectrophotometer (Thermo Scientific). 

2.3.6 PCR Genotyping 

PCR genotyping was performed by first combining the PCR reagents as follows, 

per sample (total sample volume 21 μL): 

• 2x	MyTaq™	Red	Mix	(Meridian	Bioscience)	 10	μL	
• Primer	Mix	(100	μM)	 	 	 	 0.25	μL	(x2)	
• Purified	gDNA	 	 	 	 	 1	μL	
• ddH2O	 	 	 	 	 	 9.5	μL	

 

PCR program used on a C100 Thermocycler (Bio-rad): 

• 94°C 3min 
• 94°C, 15 sec 
• 65°C, 15 sec 
• 72°C, 20 sec 
• Repeat steps 2-4 for 34 cycles 
• 72°C, 5 min 

Primer sequences:  
 

1.  MMTV promoter (825bp) 
 
M022   5’-CCCAAGGCTTAAGTAAGTTTTTGG-3’ 
 
M023   3’-GGGCATAAGCACAGATAAAACACT-5’ 
 
 

2. MMTV-Myc (human Myc) (~500bp) 
 
h-Myc   5’-GGTGATAGTCCCTTCACATC-3’ 
 
h-Myc   3’-GTGCCACCTGACGTCTAAGA-5’ 
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2.4 Metabolomics Methods 
2.4.1 Stable isotope infusions and tumour collection for metabolomics 

When mammary gland tumours reached 1 cm in diameter, mice were weighed and 

placed under anaesthesia and infused with stable isotope labelled 13C6-glucose 

(200 mg/kg) or 13C5-glutamine (40 mg/kg) for three hours. Serum was collected 

using cardiac puncture prior to Schedule One Killing (S1K) [596] and tumour 

collection. Tumours and lungs were dissected and plunge frozen in liquid nitrogen.  

 

2.4.2 Metabolite Extraction for LC-MS 

 

Half of each MGT was used for LC-MS metabolite extraction and half was 

preserved for MSI analysis. For metabolite extraction, tumours were pulverized 

using a pestle and mortar submerged in liquid nitrogen. Lung metastases were 

cryo-dissected from frozen whole lungs in the same conditions using pre-frozen, 

sterile scalpel and forceps. Tumour powder and whole metastases were then 

lyophilised and weighed prior to metabolite extraction.  

 

Polar metabolite extraction was performed based on methods previously described 

[597]. Per sample, 300 μL of polar metabolite extraction buffer (50% methanol, 

30% acetonitrile, 20% HPLC-grade water) was added to approximately 3 mg of 

dried tissue powder or whole dried metastasis. A LC-MS internal standard, 13C-15N-

Valine was added to each sample at a final concentration of 5 μM. Each sample 

was then vortexed, sonicated three times, and spun down in a 4°C centrifuge at 

13,000 rpm for 20 minutes. The supernatant was then moved to a new Eppendorf 

tube, and the pellet was once again re-extracted using 150 μL of polar extraction 

buffer, this time without internal standard. The samples were vortexed, sonicated 

and spun down once more and the supernatants were pooled for a final extract 

volume of 450 μL. For LC-MS analysis, 80 μL of polar extract was used, and 

pooled batch quality controls (PBQC) were prepared. 

 

For apolar metabolite extraction, the dried pellet left over from polar metabolite 

extraction was then resuspended in 150 μL polar extraction buffer 
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(choloroform:methanol solution, 2:1). The samples were vortexed, sonicated and 

spun down as above. The supernatant was then used for apolar LC-MS analysis. 

The apolar extract was dried, then resuspended in 50 μL of butanol/10 mM 

ammonium formate in methanol (1:1).  

 

2.4.3 Derivatisation for GC-MS 

If extracts were to be analysed by GC-MS, 3 nanomoles of the internal standard 

scyllo-inositol were added per sample during polar metabolite extraction. Polar 

metabolite extracts were subject to derivatization prior to GC-MS analysis. Each 

sample was dried entirely in an RVC 2-33CD vacuum concentrator (Christ), and 

washed twice with methanol, followed by complete drying again. Then, 20 μL of 

methoxamine hydrochloride (Sigma, 20 mg/ml in pyridine) was added and samples 

were incubated overnight at room temperature. The next day, 20 μL of the 

derivatisation agent N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA) containing 

1% trimethylchlorosilane (TMCS) (ThermoFisher) was added per sample. 
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2.5 MSI Sample Preparation 

MSI sample preparation method optimisation was performed to optimise sectioning 

techniques and settings, and to maximize metabolite preservation and slide 

cleanliness. The following methods were determined to be optimal for the purpose 

of this project. 

 

Fresh frozen tumour and lung samples were cryosectioned onto Superfrost slides 

for DESI-MSI analysis, and onto indium tin oxide (ITO)-coated slides (Bruker) for 

OrbiSIMS analysis. Sections were made using a Leica CM3050s cryostat and 

section thickness was set to 10 μM. Adjacent sections were stained with H&E to 

confirm presence of metastases in lung sections. Each frozen tissue sample was 

embedded onto a cryostat chuck using pre-cooled HPLC-water, taking care not to 

allow any tissue thawing. The cryostat temperature was kept at -22°C for lung 

sectioning, and -16°C for tumour sectioning. 

 

Prepared slides were then dried using a nitrogen sprayer, and immediately 

vacuum-packed in individual slide containers, and stored at -80°C until analysis to 

prevent any thermal degradation of metabolites.  

 

2.6 Metabolomics and MSI technology platforms and data 
analysis 

2.6.1 LC-MS 

LC-MS analysis was performed with the help of Dr. Nathalie Legrave at the Francis 

Crick Institute’s Metabolomics facility. LC-MS analysis was performed on the Q 

Exactive Plus Mass Spectrometer (Thermofisher) for polar metabolite analysis. The 

chromatographic separation was performed on a SeQuant® Zic®pHILIC (Merck 

Millipore) column (5 μm particle size, polymeric, 150 x 4.6 mm). Apolar LC-MS 

analysis was performed on the Q Exactive Mass Spectrometer (Thermofisher). The 

chromatographic separation was performed on a C18 Zorbax Eclipse plus (Agilent) 

column (1.8 μm particle size, Rapid Resolution HD, 100 x 2.1 mm). The mass 

resolving power was set to 70,000 for both analyses, and both negative and 

positive ion polarities were used for maximal metabolite coverage. LC-MS data 
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were analysed using the Xcalibur software (Thermofisher) for selecting peaks of 

interest and an in-house LC-MS data analysis script developed by Dr. Avinash 

Ghanate, which allowed natural isotope abundance correction (https://avi-

crick.shinyapps.io/MSIso/). For each metabolite, the area under the curve was 

normalised to the area under the curve of the internal standard (13C-15N-valine) 

and by dried sample weight measured prior to metabolite extraction. 

 

2.6.2 GC-MS 

GC-MS analysis was performed with the help of Dr. Nathalie Legrave, Dr. Jim Elils 

at the Francis Crick Institute’s Metabolomics facility. Samples were analysed using 

the Agilent 7890A-5975C GC-MS instrument, using a 0.25 mm DB-5MS + DG 

column (Agilent), at 270°C injection temperature using helium carrier gas and 

electron ionisation mode. The exact GC-MS acquisition parameters were 

previously reported [13]. GC-MS data were analysed using the MassHunter 

software (Agilent), correcting for natural isotope abundance. For each metabolite, 

the area under the curve was normalised to the area under the curve of the internal 

standards (scyllo-inositol and L-norleucine) and by dried sample weight measured 

prior to metabolite extraction. 

 

2.6.3 DESI-MSI 

DESI-MSI was performed with the help and guidance of Vincen Wu at the lab of 

Professor Zoltan Takats at Imperial College London. Tissue sections were thawed 

at room temperature before breaking the vacuum seal to prevent moisture 

accumulation on the sample surface. DESI-MSI was performed using the Xevo™ 

G2-XS QToF mass spectrometer (Waters). The optimised parameter of the DESI 

sprayer and inlet geometry are summarised in the table below in Table 1.5 (see 

Figure 1-8b for detailed DESI schematic). Following DESI-MSI, samples were re-

vacuum packed to preserve tissue morphology, and stored at -80°C. For post 

DESI-MSI H&E staining, samples were rehydrated in decreasing ethanol 

concentrations prior to fixation and staining. DESI-MSI data analysis was 

performed using the HDImaging software (Waters), the MATLAB-based MSI data 

analysis software developed at the National Physical Laboratory, SpectralAnalysis 
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[598], and an in-house DESI-MSI data visualisation script developed by Dr. 

Avinash Ghanate (https://clvd1-ws-u-p-58.thecrick.org/MIMA/e6194c9e457c1/). 

DESI-MSI ion annotation was performed using the CEUMass Mediator WCGNA 

analysis was performed by Dr. Avinash Ghanate, as reported and developed by Dr. 

Paolo Inglese [599], [600]. 

 

Table 8: DESI Imaging Parameters 
Parameter Setting 
Spray voltage 4.5 kV 

Nitrogen gas pressure 5 bar 

Solvent composition 95% methanol in HPLC-grade water 

Solvent flow rate 1.5 μL/min. 

Sprayer to inlet capillary distance 3 mm 

Sprayer to surface distance (d1) 0.5 mm 

Sprayer impact angle (α) 75° 

Collection angle (β) 10° 

Mass range 50 - 1000 m/z 

Scan rate 1 scan/sec 

Acquisition speed 100 um/sec 

Mass resolving power 10,000 at 200 m/z 

Pixel diameter 100 um 
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Table 9: KEGG Pathways used for DESI-MSI spectra annotation 
 
KEGG Pathways Code 
Alanine, aspartate and glutamate metabolism 00250 

Amino sugar and nucleotide sugar metabolism 00520 

Arginine and proline metabolism 00330 

Ascorbate and aldarate metabolism 00053 

beta-Alanine metabolism 00410 

Biosynthesis of amino acids 01230 

Citrate cycle (TCA cycle) 00020 

Cysteine and methionine metabolism 00270 

Glutathione metabolism 00480 

Glycine, serine and threonine metabolism 00260 

Glycolysis / Gluconeogenesis 00010 

Histidine metabolism 00340 

Inositol phosphate metabolism 00562 

Lysine degradation 00310 

One carbon pool by folate 00670 

Oxidative phosphorylation 00190 

Pantothenate and CoA biosynthesis 00770 

Pentose and glucuronate interconversions 00040 

Pentose phosphate pathway 00030 

Phenylalanine metabolism 00360 

Primary bile acid biosynthesis 00120 

Purine metabolism 00230 

Pyrimidine metabolism 00240 

Pyruvate metabolism 00620 

Taurine and hypotaurine metabolism 00430 

Tryptophan metabolism 00380 

Tyrosine metabolism 00350 

Valine, leucine and isoleucine degradation 00280 
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2.6.4 OrbiSIMS 

OrbiSIMS method development for biological sample analysis was conducted by 

me with the help and guidance of Dr. Melissa Passarelli, Dr. Rasmus Havelund and 

Dr. Jean-Luc Vorng in Professor Ian Gilmore’s lab at the National Physical 

Laboratory.  

 

The exact sample preparation and image acquisition procedures followed for 

biological tissue samples by OrbiSIMS has been described in detail in a publication 

that I contributed to [601]. The OrbiSIMS instrument was operated and data was 

subsequently analysed using the SurfaceLab (IONTOF) and Q Exactive 

(Thermofisher) software. The argon gas cluster ion beam (GCIB) of the OrbiSIMS 

was set to a cluster size of Ar3000, with 20 keV energy. The Orbitrap mass 

analyser was calibrated using a silver block prior to each acquisition, for positive 

and negative ion mode consecutively. Vacuum-packed biological samples on ITO-

coated slides were allowed to thaw and dry at room temperature before opening 

the vacuum seal. Slides were then mounted onto the OrbiSIMS stage and 

transferred into the OrbiSIMS instrument’s vacuum chamber for imaging.  
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Chapter 3. Assessing the metabolism of metastatic 
MYC-driven mammary gland tumours. 

3.1 Introduction 

As reviewed in detail in the Introduction chapter of this thesis, specific metabolic 

reprogramming has been shown to be associated with a driver MYC oncogene in 

several tumour types (upregulated glycolysis [476], [602], glutaminolysis [120]-

[478], lipid metabolism [334]-[603]. Many MYC-driven metabolic changes have 

been demonstrated in specific tumour types and may be dependent on the organ of 

tumour origin. In breast cancer, MYC expression has been shown to be highly 

heterogeneous, which adds to the complexity of metabolic transformations 

supporting tumour growth and progression [604]–[608].  

 

Metabolic heterogeneity is particularly pertinent in the context of metastasis. 

Different clonal sub-types of tumour cells may exhibit different metabolic profiles 

defining their capacity to metastasise [609]–[611]. Non-tumour components of the 

tumour microenvironment (TME) [612], [613] and the metastatic niche [22], [614] 

also contribute to metabolic reprogramming of the tumour cells, and this has been 

shown to support metastatic dissemination and progression. Furthermore, it has 

been shown that transcription factors driving epithelial-to-mesenchymal transition 

(EMT), a process widely characterised as integral to metastatic dissemination, can 

stimulate metabolic changes [117], [497]. On the other hand, metabolic changes in 

the tumour have been shown to drive EMT [490], [615], [616]. MYC overexpression 

in human breast tumours has been linked to poor prognosis and increased 

malignancy [617], however, the relationship between MYC-dependent metabolism 

and metastatic tumour progression has not been evaluated so far. 

 

The transgenic MMTV-MYC mouse line is widely used to study the role of MYC in 

breast tumourigenesis [618], [619]. In this model, MYC is ectopically overexpressed 

at the MMTV promoter. These mice develop tumours at the age of 20-30 weeks, 

and tumours are typically collected for metabolomic studies at a diameter of ~10 

mm (500 mm3 volume). I used the MMTV-MYC model to compare the metabolic 
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changes between MYC-driven MGTs and their lung metastases. Lung metastasis 

incidence in the MMTV-MYC mouse tumours was relatively low, and any visible 

metastases were very small (<100 μm diameter) at the time of collection (Figure 3-

1a), in accordance with previous reports of low metastatic potential in this model 

[620], [621]. However, we observed that one of the tumour cell lines generated 

from a MMTV-MYC tumour by a previous PhD student, Dr. Emma Still, yielded lung 

metastasis when it was injected into the fat pad of wildtype FVB/NJ female mice. 

This cell line, referred to as Myc310, originated from a mouse that surprisingly had 

three separate MGTs at the same time (typically only one MGT is observed per 

mouse), and was previously propagated in vitro over multiple passages for 

approximately a year. Unfortunately, the lungs from the original Myc310 mouse 

were not collected therefore the metastatic burden is unknown, although it is likely 

that the original tumour had a metastatic propensity. Nonetheless, the incidence 

and size of lung metastases from mice injected with Myc310 cells was on average 

significantly larger compared to MMTV-MYC MGTs (Figure 3-1b), therefore this 

was selected as a model to study the metabolism of MYC-driven metastatic 

tumours and their lung metastases. 

 

Since MYC-driven tumours are notoriously heterogeneous, I first evaluated the 

metabolism of tumours formed by the injection of the metastatic Myc310 cells and a 

range of transgenic MMTV-MYC MGTs of comparable size. The aim of these 

experiments was to determine whether a particular metabolic transformation was 

associated with the higher metastatic burden of Myc310 MGTs. Notably, when 

looking at the timeline between tumour detection (typically at around 5 mm in 

diameter) and tumour collection (1.0-1.2 cm in diameter), Myc310 tumours were 

comparable in proliferation rate to transgenic tumours (Figure 3-1c). Interestingly, 

Myc310 MGTs on average showed lower levels of MYC than transgenic MGTs 

(Figure 3-1d). Since ectopic MYC is expressed from the luminal MMTV promoter in 

this model, the de-differentiation of primary tumour cells that often occurs during 

EMT [622], [623] may lead to promoter downregulation and therefore lower MYC 

expression in Myc310 tumours. This is concurrent with higher expression of the 

mesenchymal marker vimentin in Myc310 tumours, and higher expression of the 

epithelial marker E-cadherin in transgenic tumours (Figure 3-1d).  
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Figure 3-1.  Comparison of metastatic burden and primary tumour characteristics 
between transgenic and Myc310 MGTs. 
 
 (A) Lung from mouse with a transgenic MMTV-Myc tumour, showing micro-metastasis in the 
lung. (B) Lung from mouse with a Myc310 tumour, showing larger metastasis. (C) Growth of 
primary transgenic and Myc310 MGTs from day of detection (~5-6 mm diameter) to collection 
(~10-12 mm diameter). (D) WB comparing protein levels of the MYC oncogene, epithelial 
marker E-Cadherin and mesenchymal marker vimentin in normal mammary glands (NMGs), 
transgenic MGTs and Myc310 MGTs. (E) PCR genotyping with two sets of primers against the 
MMTV promoter and the MMTV-Myc transgene confirming that Myc310 MGTs originated from a 
transgenic MMTV-MYC tumour. EB = ear biopsy. (F) Western blots comparing levels of proteins 
in several oncogenic signalling pathways: P-Erk/Erk (P-p44/p42 MAPK) as a readout for RAS 
activation, and P-Akt/Akt as a readout for PI3K activation. 
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In order to demonstrate that the Myc310 cell line was derived originally from a 

transgenic MMTV-MYC tumour, PCR genotyping followed by agarose gel 

electrophoresis was performed, using two sets of primers that were previously 

reported to confirm the expression of the MMTV-MYC transgene (Figure 3-1e). The 

first set of primers was designed against the MMTV long terminal repeat (LTR) 

sequence and the p21 gene that follows the MMTV-LTR on the 3’ end [624]. The 

second set of primers was reported to specifically recognise the MMTV-MYC 

transgene [625]. Tissues negative for MMTV-MYC were used as negative controls, 

including NMGs, liver and ear biopsy (EB) from WT mice, a liver tumour that was 

not driven by MYC. Transgenic MMTV-MYC tumours and an EB from a MMTV-

MYC positive mouse was used as positive controls. 

 

The MMTV-MYC model has been reported to harbour multiple secondary 

oncogenic mutations [75], [604], [626]. To better characterise how the Myc310 cell 

line and Myc310 MGTs compare to the transgenic MGTs, western blot analysis 

was performed to survey the activity of three major oncogenic signalling pathways 

(Figure 3-1f). The levels of Erk (p44/p42 MAPK) and phosphorylated Erk were 

lower in the Myc310 MGTs, and there was no phospho-Erk expression in the 

Myc310 cell line. This suggests that there is a higher activation of the RAS 

oncogenic signalling pathway in transgenic tumours [627], [628]. On the other 

hand, Myc310 MGTs and Myc310 cells had higher levels of Akt and 

phosphorylated Akt than transgenic MGTs, suggesting a higher activation of the 

PI3K signalling pathway [629]–[631]. Taken together, the Myc310 cell line shows 

several oncogenic distinctions from transgenic MGTs, and tumours derived from 

this cell line show differential oncogenic signalling in vivo compared to the cell line 

in vitro. Activation of secondary oncogene signalling pathways on top of the 

expression of MYC was therefore likely a clonal selection in vitro as the MYC310 

cell line was being established. Further investigation is needed to determine if 

these differences in oncogenic signalling are responsible for the more aggressive 

phenotype of these cells, as well as their ability to metastasize and survive in the 

vasculature and distal organs such as the lung.   

 

Having better characterised the Myc310 model, transgenic MMTV-Myc MGTs were 

compared to Myc310 MGTs first using LC-MS. The polar metabolite extraction, as 
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well as LC-MS instrumental and data analysis methods used are described in 

details in the Methods chapter of this thesis. Notably there was a wide distribution 

of metabolite levels in the transgenic MGTs, aptly reflecting the high degree of 

heterogeneity in MYC-driven MGTs. The Myc310 cells were propagated in vitro for 

multiple passages, possibly undergoing a clonal selection that resulted in more a 

homogeneous metabolic profile in tumours generated from these cells.  

  

3.2 Glycolysis, TCA and PPP 

First, the levels of central carbon metabolites were compared between transgenic 

MMTV-MYC and Myc310 MGTs. Metabolites that were significantly higher in the 

more metastatic Myc310 MGTs are summarised in Figure 3-2. The levels of 

glycolytic intermediates dihydroxyacetone phosphate (DHAP), 2- and 3-

phosphoglycerate (2/3PG) and phosphoenolpyruvate (PEP) were significantly 

higher in Myc310 MGTs than in transgenic MGTs, suggesting higher glycolytic flux 

in Myc310 MGTs Figure 3-2a). Pyruvate could not be detected using the LC-MS 

that was used throughout this study. The exact reason for this was not investigated 

as it was outside of the scope of this project, however this may be due to the 

column that was used, or as a result of the pH of the mobile phase, as other 

studies have frequently demonstrated pyruvate detection by LC-MS [66], [191], 

[634], [635]. 

 

Given the limitations in pyruvate detection by our established LC-MS methods, the 

polar extracts from the same samples were further analysed using GC-MS, which 

revealed higher pyruvate levels in Myc310 MGTs just below the significance 

threshold (Figure 3-2a). This was in line with the LC-MS-based hypothesis that 

Myc310 MGTs have higher glucose catabolism than transgenic MGTs. Lactate 

levels were comparable between the two tumour groups, which may indicate a 

preference for glucose catabolism into the TCA cycle in Myc310 MGTs. 

Consistently, although most TCA cycle intermediates were present at comparable 

levels between the two groups, citrate and cis-aconitate levels were significantly 

higher in Myc310 MGTs than in transgenic MGTs.  Using stable isotope tracing is 
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necessary to determine the degree of carbon contribution from glucose and 

glutamine to the TCA cycle in these two tumour models. 

 

Furthermore, higher levels of 6-phosphogluconate (6PG), ribose-5-phosphate 

(R5P) and sedoheptulose-7-phosphate (S7P) in Myc310 MGTs compared to 

transgenic MGTs suggested increased PPP activity in Myc310 tumours (Figure 3-

2c). Indeed, the PPP has been shown to be upregulated in more aggressive 

tumours [636], [637]. In particular, the increased production of NADPH in the PPP 

results in a higher reductive potential, which can support metastasising tumour 

cells and promote their survival and growth in environments with increased levels 

of ROS [116], [638]. 
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Figure 3-2.  LC-MS metabolomics results comparing glycolysis.  
(A), TCA (B) and PPP (C) pathways in MMTV-Myc transgenic mammary gland tumours and 
tumours derived by intra-fat pad injection of Myc310 tumour cells. Unpaired t-test statistics used 
to generate significance levels (* p < 0.05, ** p < 0.01, *** p < 0.001).   
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3.3 Amino acids 

Levels of essential and non-essential amino acids showed no significant changes 

between the two tumour groups, with the exception of significantly elevated levels 

of glycine in Myc310 MGTs (Figure 3-3 a-c).  

 

3.4 Nucleotide biosynthesis and associated metabolites 

The levels of mono- and di-phosphorylated purines and pyrimidines were 

comparable between Myc310 and transgenic MGTs. However, nucleotide 

triphosphates (ATP, GTP, UTP) were all significantly increased in the Myc310 

MGTs, as well as the levels of free uracil (Figure 3-4a). The ATP/AMP ratio was 

noticeably but not significantly higher in the Myc310 MGTs, possibly indicating a 

higher energetic capacity in these tumours. The GTP/GMP and UTP/UMP ratios 

were significantly elevated in Myc310 MGTs (Figure 3-4b).  

 

Consistently, Myc310 MGTs had higher levels of creatine-phosphate Figure 3-5c), 

indicating an increased storage of phosphate groups to support bioenergetic 

demands. Finally, Myc310 MGTs also had significantly increased levels in 

glucosamine-6-phosphate suggesting increased nucleotide sugar biosynthesis from 

glutamine (Figure 3-4c).  
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Figure 3-3. LC-MS metabolomics results comparing MMTV-Myc transgenic mammary 
gland tumours and tumours derived by intra-fat pad injection of Myc310 tumour cells.  
Levels essential amino acids (A), conditionally non-essential amino acids (B), non-essential 
amino acids (C) compared, with only glycine showing significantly higher levels in Myc310 
MGTs. Unpaired t-test statistics used to generate significance levels (* p < 0.05, ** p < 0.01, *** 
p < 0.001).  
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Figure 3-4. LC-MS metabolomics results comparing nucleotide levels  
(A), ratios of tri-phosphated to mono-phosphated nucleotides, and (C) glucosamine-6-
phosphate and creatine-phosphate levels in transgenic and Myc310 tumours. Unpaired t-test 
statistics used to generate significance levels    (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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3.5 One carbon metabolism and glutathione 

One carbon metabolism intermediates were present in comparable levels between 

the two tumour groups, with the exception of betaine, which was significantly higher 

in Myc310 MGTs (Figure 3-5a). Notably the SAM/SAH ratio, which is an indicator of 

methylation capacity in the cells, was elevated in Myc310 MGTs (p = 0.028) (Figure 

3-5b). Furthermore, while levels of reduced glutathione were also comparable, 

levels of oxidized glutathione were significantly raised in Myc310 MGTs. This 

translated into a lower GSH/GSSG ratio in Myc310 tumours (although below 

significance threshold), which may be an indicator of higher oxidative stress in 

comparison to transgenic tumours.  

 

3.6 Vitamins 

The levels of vitamin C (ascorbic acid) and vitamin B5 (pantothenic acid) were 

notably different between the two tumour types. However, both of these differences 

did not reach statistical significance due to high variability in the transgenic MGT 

group (Figure 3-5c). The higher levels of ascorbic acid in Myc310 MGTs in 

comparison with MMTV-Myc tumours are consistent with its role in protein 

biosynthesis and, importantly, in REDOX homeostasis, protecting cells from 

oxidative stress. The latter is in line with increased levels of PPP intermediates and 

decreased GSH/GSSG ratio suggesting that Myc310 cells have increased activity 

of antioxidant pathways protecting from increased ROS production.   

Pantothenic acid was the only polar metabolite that was detected at higher levels in 

the transgenic MGTs compared to Myc310 MGTs (Figure 3-5c). Given higher 

proliferation rates, it can be assumed that the bioenergetic and biomass demands 

of Myc310 MGTs were overall higher to support tumour growth. Pantothenic acid is 

a vitamin that is used for synthesis of Coenzyme A, which in turn is a key cofactor 

in the oxidation reactions involved in the TCA and fatty acid biosynthesis. Lower 

pantothenic acid levels in Myc310 MGTs can be a result of its higher usage in 

these pathways.  
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Figure 3-5. LC-MS metabolomics results comparing one carbon metabolism and 
glutathione metabolism. 
One carbon metabolism and glutathiones (A), SAM/SAH and GSH/GSSG ratios (B) and 
vitamins (C) in MMTV-Myc transgenic and Myc 310 tumours. Unpaired t-test statistics used to 
generate significance levels (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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3.7 Chapter Discussion 

In this chapter I have described the similarities and differences in metabolite levels 

between transgenic and Myc310 MGTs. Several metabolic changes, namely 

increased glycolysis [96], [639] and nucleotide biosynthesis [85], [154], [640] have 

been attributed to increased bioenergetic demands of highly proliferative tumours. 

Also, increased ATP/AMP ratio indicates an active proliferative state [641]. While I 

have shown that the tumour growth rate between initial detection and resection 

were comparable, the actual proliferation rate and viability of Myc310 MGT cells 

may be upregulated than that of transgenic MGTs and needs to be further 

investigated by examining proliferation marker expression such as Ki-67. Tumour 

size measurements do not take into account the proportion of apoptotic or necrotic 

cell death within the tumour compared to viable cells.  

 

Myc310 MGTs had higher total levels of the antioxidant metabolites glutathione 

[642], [643] and ascorbic acid [644]–[646], as well as a lower GSH/GSSG ratio 

[504], [647], suggesting increased oxidative stress. Furthermore increased PPP 

has been shown to be associated with metastatic progression and NADPH 

production in oxidative stress [116], [638], [648], [649]. The ability of tumour cells to 

cope with elevated levels of ROS has been reported as a feature of increased 

proliferation [650], [651], but also as a key metabolic adaptation associated with 

tumour aggressiveness and metastasis [313], [652], [653]. Therefore, these 

adaptations may be playing a direct role in allowing Myc310 MGT cells to survive in 

high oxygen environments, such as inside the vasculature [654] and lung tissue 

[655], resulting in metastatic tumour formation [499], [503], [656]. Upregulation of 

de novo nucleotide biosynthesis, as seen in Myc310 MGTs, has recently been 

shown to directly drive metastasis through activation of cGMP-dependent protein 

kinase downstream of MAPK [657]. Furthermore, the increase in SAM and the 

SAM/SAH ratio suggests a higher methylation capacity [658] in the Myc310 MGTs. 

This observation is of particular interest since epigenetic modifications directly link 

metabolism to changes in gene expression that can support cancer progression 

[659], [660] and metastasis [661]. 
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Western blot analysis revealed lower protein levels of MYC in Myc310 MGTs 

compared to transgenic MGTs, and differential levels of MYC are likely to directly 

impact metabolism in these tumours. Lower MYC levels were contradictory to the 

comparable proliferation rates of Myc310 tumours, since MYC is a known driver of 

proliferation [662]. On the other hand, high levels of MYC have also been reported 

to be associated with apoptosis [663], [664], potentially explaining slower 

development of the transgenic tumours. In this model, MYC is overexpressed at the 

MMTV promoter, which is expressed in mammary luminal epithelial cells [665]. A 

common feature of more aggressive tumours is a de-differentiation program, during 

which tumour cells revert to a more stem-like state [666], [667] that may facilitate 

EMT and metastasis [622], [668]. Since the Myc310 cell line was generated as a 

result of numerous continuous in vitro passages, it is highly likely that a clonal 

selection event had occurred, selecting for a particularly aggressive clone or 

clones. To confirm MMTV levels in the two tumour types qPCR analysis of MMTV 

expression should be performed. 

 

The metabolic differences between transgenic and Myc310 MGTs, including 

upregulated PPP, nucleotide biosynthesis, and antioxidant response pathways, can 

be attributed to both increased proliferation and more aggressive phenotype of the 

latter tumours. These changes potentially can be exploited in targeted therapies to 

prevent MYC-driven tumours from metastasising. However, further work is needed 

to confirm the dependency of Myc310 MGTs on these pathways and to determine 

their exact impact on metastatic burden. In order to accurately deduce information 

about metabolic flux and activated pathways, stable isotope tracing needs to be 

performed. Furthermore, enzyme and transporter expression need to be assessed 

in order to confirm metabolomic findings. For example, while amino acid levels 

were comparable between transgenic and Myc310 MGTs, the Myc310 MGTs were 

more proliferative and are therefore likely to have a higher amino acid turnover. In 

this case, comparative levels may signify upregulated amino acid transporters or 

increased biosynthesis of particular amino acids in these tumours. Due to time 

constraints and a primary focus on studying metabolic changes between MGTs and 

lung metastases, these changes were not assessed further in the scope of this 

project, however this exploratory analysis introduced several avenues of interest for 

future projects in the lab.  
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Chapter 4. Comparing the metabolism of metastatic 
mammary gland tumours and lung 
metastases derived from them. 

4.1 Introduction 

Having established several metabolic adaptations in metastatic Myc310 MGTs 

compared to average MMTV-MYC transgenic MGTs, I evaluated the metabolic 

differences between Myc310 MGTs and their lung metastases (Myc310 LMs). The 

aim of this experiment was to determine metabolic adaptations which may be 

required for metastasis survival and growth in the lungs.  

 

Although Myc310 MGTs were associated with higher incidence of metastasis and 

metastatic burden than transgenic MGTs, the metastases were still on average 

very small and therefore still difficult to dissect accurately from the infiltrated lungs. 

In the cases when the size allowed I dissected metastatic lesions from flash-frozen 

lungs to preserve metabolism in its native state as much as possible.  The 

dissected metastatic lesions and their parental tumours were analysed by LC-MS. 

In Chapters 6 and 7 I will present how LC-MS analysis was followed by DESI-MSI 

to visualise the distribution of metabolites not only within MGTs but also in the 

metastatic lung distinguishing between tumour cells and components of their 

microenvironment.   

 

The sample set analysed in this experiment included four mice; only one LM was 

identified in two of them, one mouse had two, and one mouse had six individual 

LMs, excluding 5 other LMs that were too small to accurately detect all common 

polar metabolites in (less than 0.4 mg dry weight). Grouped analysis between 

Myc310 LMs (n = 10) and Myc310 MGTs (n = 4) was first conducted using an un-

paired t-test to generate p-values. However, this analysis had several limitations, 

including variations in LM size and therefore dissection accuracy, as well as the 

possibility of inherently heterogeneous metabolic profiles of MGTs. Because of this, 

fold change analysis of metabolite levels of each Myc310 LM compared to the 

Myc310 MGT that it originated from was performed. These fold changes were then 
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averaged between Myc310 LM and Myc310 MGT groups, and this is referred to as 

the “grouped” analysis in this section. Paired t-tests could not be conducted in this 

case since there were four MGTs, and different numbers of LMs resulting from 

each, therefore including the same MGT multiple times in cases where there are 

more than one LM would lead to inaccuracies of the mean and standard deviation 

in the MGT group. It was important to demonstrate metabolite levels in individual 

metastases rather than simply comparing the two groups in order to highlight the 

possibility of heterogeneous metabolic profiles in different metastases and the 

surrounding niche. Taking advantage of mass spectrometry imaging (described in 

Chapter 6 and 7), I was able to demonstrate how different metastatic lesions within 

even the same lung lobe can be metabolically different. An important consideration 

is the cellularity of individual metastatic lesions. LC-MS results were normalised to 

sample dry weight prior to metabolite extraction, however this did not account for 

the amount and identity of cells making up the metastatic lesion. This poses a 

limitation to the analysis presented here, however protein pellets from each sample 

were preserved for future RNAseq analysis, from which the contribution of different 

cell types to the total population of LMs and MGTs can be derived. 

 

4.2 Glycolysis and PPP 

Grouped LC-MS analysis between all Myc310 LMs and Myc310 MGTs revealed 

significantly higher levels of F1,6BP, 1,3BPG and 3PG (Figure 4-1a,b). Paired 

analysis comparing each Myc310 LM to the Myc310 MGT that it originated from 

similarly showed significantly elevated levels F1,6BP and 1,3BPG, with 3PG falling 

below significance threshold (Figure 4-1c). Conversely, G6P levels were lower in 

LMs in all groups by both grouped and paired analysis (Figure 4-1c).  

 

Among PPP intermediates, both grouped and individual comparison between 

Myc310 LMs and Myc310 MGTs showed a significant decrease in 6PG levels in 

LMs in both grouped and paired analyses (Figure 4-2a-c). The rest of the PPP 

metabolites detected had comparable levels between the two groups, with only a 

few instances of differential levels in individual Myc310 LMs compared to paired 
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Myc310 MGTs. All together these results suggest an increased glycolysis and 

decreased PPP in Myc310 LMs in comparison with Myc310 MGTs. 

 
Figure 4-1. LC-MS metabolomics results comparing glycolysis between Myc310 MGTs 
and Myc310 LMs.  
(A) Grouped comparison (* p < 0.05, ** p < 0.01, *** p < 0.001). (B) Pathway diagram, indicating 
changes based on grouped comparison. (C) Metabolite levels in individual samples, arrows 
indicating pair-wise significance between each LM and the MGT that it originated from (log2FC 
> 1).  
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Figure 4-2. LC-MS metabolomics results comparing PPP between Myc310 MGTs and 
Myc310 LMs.  
(A) Grouped comparison (* p < 0.05, ** p < 0.01, *** p < 0.001). (B) Pathway diagram, indicating 
changes based on grouped comparison. (C) Metabolite levels in individual samples, arrows 
indicating pair-wise significance between each LM and the MGT that it originated from (log2FC > 
1).  
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4.3 TCA Cycle and NEAAs 

4.3.1 TCA Cycle 

Despite increased levels of glycolytic intermediates in Myc310 LMs in comparison 

with Myc310 MGTs, their levels of lactate were comparable (Figure 4-1). Although 

the levels of both fumarate and malate were significantly higher in Myc310 LMs in 

comparison with Myc310 MGTs, albeit not reaching statistical significance in paired 

comparison (Figure 4-3c).  Consistent with increased levels of fumarate and 

malate, Myc310 LMs had significantly higher levels of glutamate and aspartate in 

comparison with Myc310 MGTs (Figure 4-4a). Aspartate was also significant in 

paired analysis, while glutamate was below the significance threshold (Figure 4-

4b). Surprisingly the levels of citrate and cis-aconitate were significantly decreased 

in Myc310 LMs in comparison with Myc310 MGTs (Figure 4-3a,b).  
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Figure 4-3. LC-MS metabolomics results comparing TCA between Myc310 MGTs and 
Myc310 LMs.  
(A) Grouped comparison (* p < 0.05, ** p < 0.01, *** p < 0.001). (B) Pathway diagram, indicating 
changes based on grouped comparison. (C) Metabolite levels in individual samples, arrows 
indicating pair-wise significance between each LM and the MGT that it originated from (log2FC > 
1).  
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4.3.2 Non-essential amino acids 

Glucose and glutamine are two major substrates for the activity of the TCA cycle. 

The levels of glutamine were significantly increased in LMs in grouped and paired 

comparisons (Figure 4-4a,b), which can be the result of either increased uptake 

and catabolism or biosynthesis. These results are consistent with recent findings 

that glutamine metabolism is correlated with invasiveness of breast cancer cells 

[72], [669]–[671], and can be required to support invasiveness of breast cancer 

cells through glutamate release and activation of the metabotropic glutamate 

receptor, which in turn drives ECM degradation the MT1 matrix metalloproteinase 

[669]. The contribution of glucose and glutamine to the activity of the TCA cycle in 

LMs will be further discussed in the next chapter where it was evaluated using 

stable isotope tracing. 

 

Proline levels were decreased in LMs in grouped comparison, but this change was 

only significant in one LM in paired comparison (Figure 4-4a,c). This finding is 

consistent with recent studies demonstrating that in a model of metastatic breast 

cancer, more aggressive cells have lower intracellular proline levels than less 

aggressive cells due to upregulated proline catabolism, which contributes to ATP 

synthesis and ECM remodelling [165], [181]. 
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Figure 4-4. LC-MS metabolomics results comparing NEAAs between Myc310 MGTs and 
Myc310 MGTs.  
Levels of conditionally NEAAs (A) and NEAAs (B) (* p < 0.05, ** p < 0.01, *** p < 0.001). (C) 
Metabolite levels in individual samples, arrows indicating pair-wise significance between each 
LM and the MGT that it originated from (log2FC > 1).  
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4.4 Nucleotide biosynthesis 

The levels of all analysed nucleotide mono-, di- and triphosphates remained 

comparable between Myc310 LMs and Myc310 MGTs in grouped analysis. There 

was a significant increase in uric acid, the biproduct of purine biosynthesis, and a 

significant decrease in thymine and thymidine in LMs in comparison with MGTs 

(Figure 4-5a). However, the paired analysis revealed a wide spread of levels of 

nucleotide metabolites between different Myc310 LMs and in some cases between 

different Myc310 MGTs (Figure 4-5b). For example, two out of ten LMs showed 

significantly higher ATP levels, and five LMs showed increased GTP levels 

compared to their respective MGTs. The significance of thymine and thymidine 

being significantly decreased in the Myc310 LMs group is dictated by higher levels 

of these metabolites in some of the Myc310 MGTs, while the overall level across 

Myc310 LMs remains relatively comparable. GTP and uric acid was near-

significantly up in paired analysis, however in the case of uric acid this again is due 

to only a small subset of metastases exhibiting significantly higher levels. These 

results suggest that the energetic demands of specific LMs may be responsible for 

differential levels of nucleotides, and this must be considered when using 

metabolite levels to form overarching hypotheses about the metabolic changes in 

metastases. Also, the ratio of tri-phosphorylated to di-phosphorylated nucleotides 

as a readout for the energetic state of the tissue. The ATP/ADP and GTP/GDP 

ratios suggest that there is no significant difference between MGTs and LMs in 

grouped analysis and only a few cases of significantly higher ratios in individual 

metastases (Figure 4-5b). 
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Figure 4-5. LC-MS metabolomics results comparing nucleotides between Myc310 MGTs 
and Myc310 LMs.  
(A) Grouped comparison (* p < 0.05, ** p < 0.01, *** p < 0.001). (B) Metabolite levels in 
individual samples, arrows indicating pair-wise significance between each LM and the MGT that 
it originated from (log2FC > 2).  
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4.5 EAAs, one carbon metabolism and glutathione 

4.5.1 Essential amino acids 

There was a trend towards increased levels of leucine, histidine and valine in 

Myc310 LMs in comparison with MGTs in grouped analysis albeit it did not reach 

statistical significance (Figure 4-6a). The levels of threonine were statistically 

significantly higher in Myc310 LMs than in MGTs (Figure 4-6a). Consistently, paired 

analysis of each LM to its MGT showed significant variability in histidine and 

leucine levels between metastases, with histidine levels higher in four out of ten 

LMs and leucine levels higher in three out of ten LMs (Figure 4-6b).  
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Figure 4-6. LC-MS metabolomics results comparing EAAs between Myc310 MGTs and 
Myc310 LMs.  
(A) Grouped comparison (* p < 0.05, ** p < 0.01, *** p < 0.001). (B) Metabolite levels in 
individual samples, arrows indicating pair-wise significance between each LM and the MGT that 
it originated from (log2FC > 1).  
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4.5.2 One carbon metabolism 

One carbon metabolism plays an important role in cellular growth and survival by 

providing carbon units for DNA, RNA and protein methylation, as well as 

contributing to synthesis of polyamines, phospholipids and several amino acids. 

Importantly it also contributes to glutathione synthesis, which is required to 

neutralise reactive oxygen species, and this process is supported by the reductive 

cofactor NADPH. 

 

Grouped analysis showed significantly higher levels of S-adenosyl homocysteine 

(SAH) as well as significantly higher levels of oxidized glutathione (GSSG) and 

NADP in Myc310 LMs in comparison with Myc310 MGTs (Figure 4-7a). Paired 

comparison further revealed that due to the heterogeneity in LM metabolism, some 

LMs have significantly higher levels of other intermediates, including S-adenosyl 

methionine (SAM), with six out of ten metastases have paired higher levels 

compared to the parental MGTs (Figure 4-7b). On the contrary, in pairwise 

comparison, SAH is not deemed as significantly upregulated in LMs (Figure 4-

7a,b).  

 

The SAM/SAH ratio is used to measure the methylation capacity of the cell ([658], 

[672]), which can contribute to the control of different stages of cancer progression 

including proliferation ([673]) and metastasis ([661], [674]). The SAM/SAH ratio in 

grouped analysis showed no significant difference between MGTs and LMs (Figure 

4-7a), however pairwise analysis revealed that four of the ten LMs had a 

significantly higher SAM/SAH ratio than the parental MGTs (Figure 4-7b). This 

suggests that some LMs have an upregulated methylation capacity, and elevated 

levels of these metabolites may be necessary for a survival of a specific metastasis 

subset or development stage.  

 

Pairwise comparison showed a significant decrease in GSH/GSSG ratio, a readout 

for oxidative stress, in four out of ten LMs (Figure 4-8b) even though grouped 

comparison reveals no significant difference (Figure 4-7a). Therefore, some LMs 

can be faced with higher levels of ROS than others, potentially depending on their 

size or other environmental factors such as vascularisation and intra-pulmonary 
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invasion. Finding vulnerabilities in a subset of LMs can reveal the relationship 

between specific metabolic activities and specific environmental factors and can 

also help to identify targeted therapies towards resistant lesions.  
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Figure 4-7. LC-MS metabolomics results comparing one carbon metabolism between 
Myc310 MGTs and Myc310 LMs.  
(A) Grouped comparison of metabolite levels and ratios of SAM/SAH and GSH/GSSG (* p < 
0.05, ** p < 0.01, *** p < 0.001). (B) Pathway diagram, indicating changes based on grouped 
comparison.  
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Figure 4-8. LC-MS metabolomics results comparing one carbon metabolism between 
Myc310 MGTs and Myc310 LMs.  
(A) Metabolite levels and ratios of GSH/GSSG and SAM/SAH in individual samples, arrows 
indicating pair-wise significance between each LM and the MGT that it originated from (log2FC > 
1).  
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4.6 Chapter Discussion 

In this chapter I have described the metabolic differences between Myc310 LMs 

compared to the MGTs that they originated from. Myc310 LMs had higher levels of 

glycolytic intermediates, which is in line with several studies showing glycolytic 

enzymes upregulated in more aggressive tumours [675], [676]. Glycolytic enzymes 

also directly promote EMT and metastasis survival [490], [677], [678] and 

transcription factors responsible for driving the metastatic cascade were shown to 

upregulate glycolysis [679]–[681]. Furthermore, the expression of the glucose 

transporter GLUT1 is correlated with expression of matrix metalloproteinases in 

metastatic pancreatic cancer [682]. Glucose flux analysis requires stable isotope 

labelling, which will be discussed further in the next chapters. However, from total 

metabolite levels it was observed that Myc310 LMs had lower levels of PPP 

intermediates than Myc310 MGTs. PPP produces NADPH, which is required to 

support antioxidant pathways. As cells in the primary tumour undergo EMT, they 

often upregulate antioxidant pathways in preparation for the harsh oxygenated 

conditions in the blood stream and well-perfused distal organs like the lung [683]. In 

fact, EMT transcription factors have been shown to promote PPP in metastatic 

gastric tumours [117]. Since EMT signalling can evoke various metabolic 

transformation, the EMT status and transcription factor expression of Myc310 

MGTs and Myc310 LM lesions needs to be investigated further.  

 

Despite higher levels of glycolytic intermediates than in Myc310 MGTs, Myc 310 

LMs had lower levels of citrate and cis-aconitate, suggesting a reduced influx into 

the TCA or increased de novo fatty acid biosynthesis from acetyl-CoA. Since 

glutamine, glutamate, fumarate, malate and aspartate are all present at higher 

levels in Myc310 LMs, this hints at the metastases increasing glutamine catabolism 

towards the TCA and aspartate production. As discussed above, increased 

glutamine catabolism is correlated with aggressiveness [669], [670], however 

stable-isotope labelling is required to conclusively understand glutamine flux. 

Importantly, both the primary tumour and the metastatic lesion are made up of a 

variety of cells, which may exhibit differential metabolism and this diversity needs to 

be considered when drawing conclusion from bulk tissue metabolomics analysis. In 
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chapters 6 and 7 I will discuss how mass spectrometry imaging can help elucidate 

the distribution of different metabolites within these complex tissues.  

 

One of the key characteristics of LMs was higher levels of oxidized glutathione 

(GSSG). There were also higher levels of NADP, the oxidised product formed from 

NADPH when GSSG is converted back to reduced glutathione (GSH). Since GSH 

levels were comparable between MGTs and LMs, these findings indicate a 

potential increased utilisation of NADPH for glutathione recycling by glutathione 

reductase in LMs, rather than increased de novo glutathione biosynthesis ([684], 

[685]). However, spontaneous NADPH oxidation during metabolite extraction must 

be considered in future work ([686]). Importantly, levels of GSSG were 

heterogeneous between different LMs. When metabolite levels were plotted against 

resected LM dry weight, there was a significant linear relationship (R2 = 0.912) 

between dry weight and increased GSSG, but not GSH levels (Figure 4-9a). These 

result point to increased ROS in bigger LMs, which may occur as a result of 

increased proliferation ([687]), or originate from non-tumour cells in the metastatic 

niche ([688], [689]). The potential impact of infiltrating immune cells and lung cells 

on the metabolism of LMs will be further discussed in future chapters.  

 

GSH production via the transsulfuration pathway requires the one carbon 

metabolism intermediate homocysteine. While this metabolite was not detected 

using our LC-MS method, other intermediates of this pathway, including SAM and 

SAH were upregulated in Myc310 LMs. Upregulated one carbon metabolism in 

metastases is further supported by increased levels of the EAAs leucine, threonine 

and histidine. Threonine and histidine contribute carbons to the folate pathway. 

Leucine is a potent regulator of mTOR, which in turn upregulates de novo serine 

biosynthesis, which contributes to one carbon metabolism [186], [690], and also 

expression of the xCT transporter, which regulates cysteine import for glutathione 

synthesis [691].  

 

The elevated levels of SAM and SAH in Myc310 LMs compared to Myc310 MGTs 

indicate an increased methylation capacity in Myc310 LM cells ([658], [692], [693]). 

SAM acts as a methyl group donor for DNA methylation, which has been linked to 

metastatic progression and aggressiveness in several cancer types ([694], [695]), 
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including breast cancer ([661], [696]). Notably, increased SAM synthesis from 

serine was shown to drive DNA hypermethylation in pancreatic cancer ([697]), 

however serine levels were comparable in the Myc310 model. On the other hand, 

SAM as also shown to impede tumour invasion and metastasis in another model of 

breast cancer ([698]), highlighting that DNA methylation is involved in both pro- and 

anti-metastatic signalling in different tumours. Interestingly, SAM was not increased 

in all LMs, supporting the emerging trend of inter-LM metabolic heterogeneity. As 

with GSSG, SAM levels were found to be correlated with LM size, however the 

relationship was the opposite, with lower SAM levels in larger LMs (Figure 4-9b). 

This finding requires further analysis of the methylation targets and expression of 

methyltransferase enzymes in these tumours. Correlating the levels of different 

metabolites with the size of metastasis, however, must be considered with caution 

because of the limited accuracy of dissection from frozen lung samples.  

 

 
Figure 4-9. Regression analysis of metabolite levels with metastasis size. 
Levels of GSSG and GSH (A), and SAM and SAH (B) as a function of dissected metastasis dry 
weight (mg). Positive correlation with metastasis size was observed in GSSG levels, and 
negative correlation with metastasis size was observed in SAM levels.  
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Although the results of the analysis performed in this chapter have already 

identified metabolic pathways differentially presented in Myc310 LMs and MGTs, I 

subsequently used stable isotope labelling to confirm the differential activity of 

these pathways. I have also addressed the question of whether the metabolic traits 

of LMs are acquired in response to different tissue environment or if they are an 

internal characteristic of primary tumour cells that enables them to survive and 

grow in the distant organ. 
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Chapter 5. Comparing the metabolism of mammary 
gland tumours formed by injection of lung 
metastasis cells into the fat pad, and the lung 
metastases derived from them. 

In the previous chapter I have described LC-MS experiments showing metabolic 

heterogeneity of MGTs derived from Myc310 tumour cells and their lung 

metastases. My results demonstrated several notable changes in LM metabolism in 

comparison with MGTs. Next, I evaluated if the observed changes in metabolism of 

LMs were environmentally-driven or a result of an inherently different metabolism of 

mammary gland tumour cells that were able to form metastasis in the lung. To 

address this question metastasis cells were isolated from the lungs of Myc310 

MGT-bearing mice. Once LM cells were expanded in vitro, they were re-injected 

into the fat pads of wild type female mice.  

 

5.1 Assessing metabolic plasticity of lung metastasis cells 

5.1.1 Isolation and propagation of metastasis cells 

Tumours derived from Myc310 cells were collected when the diameter of the MGT 

reached 10 mm. Following the same procedure as typically used to isolate tumour 

cells from MGTs (see Methods), all five lobes were collected from several mice with 

Myc310 MGTs, dissociated and passaged in MMEC media to establish lung 

metastasis (LM) cell lines. Cells isolated from lungs were left to grow for 2 weeks, 

changing media after one week. After 2 weeks in culture, individual LM cell 

colonies could be observed, and after one passage the proliferation rate of the cells 

in culture was comparable to the original Myc310 cells.  

 

The identity of LM cells was confirmed by positive immunofluorescence staining of 

the driver oncogene Myc and the luminal epithelial marker cytokeratin 8 (CK8) 

(Figure 5-1a, b). Presence of fibroblasts in the cultures was monitored by staining 

for vimentin, as well as the cancer associated fibroblast (CAF) marker alpha-
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smooth muscle actin (alpha-SMA) [699]. Cells positive for alpha-SMA were seen in 

cultures that were passaged once, however they were entirely absent in cultures 

after two passages (Figure 5-1c). Importantly, all LM cells were vimentin-positive, 

as were cells in the original Myc310 cell line. This suggests a mesenchymal 

phenotype in LM and Myc310 cells that is often associated with increased 

metastatic potential [700]–[702].  

 

 
Figure 5-1. Immunofluorescent staining of Myc310 cells, and cells isolated from the lungs 
of mice with Myc310 MGTs.  
Passage number of Myc310 LM cells denoted by P0-P2. After two passages the MYC (A) and 
CK8 (B) positive cells expand and phenotypically resemble Myc310 cells. Vimentin-positive 
fibroblasts and aSMA-positive CAFs present in early cultures are depleted after two passages, 
and cancer cells continuously express vimentin (C). Myc310 LM cells (P2) injected into the fat 
pad of wildtype mice successfully formed tumours, confirming their neoplastic identity.  
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5.1.2 Re-injection of lung metastasis cells into the mammary fat pad 

Once the identity of Myc310 LM cell lines was established, four of these cell lines 

were injected individually into the fat pads of recipient wildtype mice (Figure 5-2a). 

Myc310 LM cells were injected at the same cell number (50,000 cells) as the 

parental Myc310 cells in previous experiments. Tumours were collected when they 

reached 10 mm in diameter, which was approximately 3 weeks after the injection of 

cells into the fat pad (Figure F-2b). Myc310 LM cells injected into the fat pad 

developed tumours that yielded significantly bigger and more frequent metastatic 

lesions (LM2) than Myc310 cell derived tumours (Figure 5-2c).  

 

These results demonstrated that the cells originated from lung metastases had 

higher metastatic potential in comparison with the parental cells, which can either 

be caused by  clonal selection of more metastatic and/or fit cells from a primary 

tumour [703]–[706], genetic or epigenetic reprogramming via EMT-driving 

transcription factors [707]–[709], metabolic remodelling  , or a combination of these 

factors. Each of these selective events results in the better capacity of tumour cells 

to migrate out of the primary tumour, survive in the lung micro-environment, or 

both. Interestingly, a recent study demonstrated that breast cancer sub-clones are 

predisposed to dissemination to specific distal organs, and are reprogrammed to 

secrete vascular mimicry proteins to potentiate migration and metastasis [609].  

 

The larger size of metastasis derived from Myc310 LM and their higher frequency 

allowed for more reliable analysis not only by mass spectrometry imaging, but also 

by LC-MS and stable isotope tracing of glucose and glutamine catabolism. The 

metabolomics results of these studies will be discussed in further detail below. 
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Figure 5-2. Lung metastasis model to assess environmental impact and flexibility of 
metabolic changes between MGTs and LMs.  
(A) Schematic of the Myc310 LM model, where cells isolated from Myc310 MGT-bearing mice 
are expanded in vitro and re-injected into the fat pad of WT female mice to generate MGTs with 
increased metastatic potential. (B) Growth curve of Myc310 MGTs and LM MGTs. (C) Increased 
metastasis incidence and size of LM MGTs compared to Myc310 MGTs. 
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5.2 Comparing metabolism of Myc310 MGTs and LM MGTs 

To assess if the metabolic changes of the LMs were driven by the lung 

environment or were an inherent property of these cells regardless of location in 

the body, I compared polar metabolite levels of LM MGTs to Myc310 MGTs. Stable 

isotope labelling of glucose and glutamine was also performed in order to assess 

the metabolic flux. Overall, the two tumour types showed similar levels and 

enrichment patterns in most metabolites analysed, however there were a few 

notable differences. 

 

5.2.1 Glycolysis and PPP 

13C6-glucose infusion resulted  in a significantly higher glucose M+6 fractional 

enrichment in LM MGTs in comparison with Myc310 MGTs (Figure 5-3a). Total 

levels and enrichment of glycolytic intermediates were comparable between the 

two tumour types (Figure 5-3b), except for a significant increase in PEP M+2 

enrichment from glucose in LM MGTs (Figure 5-3c); this may suggest higher PEP 

carboxykinase (PEPCK) activity, which synthesizes PEP from oxaloacetate, 

following one cycle of the TCA. PEPCK activity was show to support increased 

glucose catabolism, mTOR activity and anabolic production of lipids and nucleic 

acids in cancer cells [714]. Mitochondrial isoform of PEPCK (PCK2) plays a role in 

tumour initiation and is upregulated in metastasis compared to primary tumours in a 

study of NSCLC [715], supporting cancer cell growth through ATP production and 

maintaining the REDOX balance [716]. Importantly, PCK2 activity in the liver may 

be contributing to the presence of PEP M+2 in tumours, through excretion and re-

uptake of glucose-derived pyruvate or lactate [717]. Furthermore,  
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Figure 5-3. LC-MS metabolomics results comparing glycolysis metabolite levels and 
13C6-glucose label incorporation between Myc310 MGTs and LM MGTs.  
(A) Normalised relative abundance and fractional enrichment of glucose isotopologues. (B) 
Total levels of glycolytic intermediates. (C) Phosphoenolpyruvate (PEP) fractional enrichment 
from 13C6-glucose, showing significant increase in PEP M+2 in LM MGTs. Significance 
calculated using an unpaired parametric t-test (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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While glucose derived enrichment in lactate did not differ between two tumour 

types (Figure 5-4a), the total and glucose-derived lactate levels were significantly 

decreased in LM MGTs in comparison with Myc310 MGTs (Figure 5-4a).  

Furthermore, 13C5-glutamine infusion resulted in lower levels and 13C enrichment of 

glutamine-derived lactate in LM MGTs in comparison with Myc310 MGTs (Figure 5-

4b). Lactate is produced from glutamine through malic enzyme (ME) activity, which 

synthesizes pyruvate from malate, and pyruvate is then converted to lactate via 

lactate dehydrogenase (LDH). These results suggest lower lactate production from 

both glucose and glutamine lactate in LM MGTs in comparison with Myc310 MGTs.  
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Figure 5-4. LC-MS metabolomics results comparing levels and enrichment of lactate.  
Total and isotopologue levels of lactate from 13C6-glucose (A) and 13C5-glutamine (B) infusions 
of Myc310 MGTs and LM MGTs. Significance calculated using an unpaired parametric t-test (* 
p < 0.05, ** p < 0.01, *** p < 0.001). 
 
 
 
Neither total and glucose-derived levels of PPP intermediates, nor their glucose-

derived enrichment, differed between two tumour types (Figure 5-5a), except a 

minor increase in sedoheptulose 7-phosphate (S7P) M+5 enrichment from glucose 

in LM MGTs (Figure 5-5b).  
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Figure 5-5. LC-MS metabolomics results comparing PPP intermediates in Myc310 MGTs 
and LM MGTs.  
(A) Total levels and fractional enrichment from 13C6-glucose. (B) Total and isotopologue levels 
and fractional enrichment of sedoheptulose-7-phosphate, showing a significant increase in M+5 
fractional enrichment in LM MGTs. Significance calculated using an unpaired parametric t-test (* 
p < 0.05, ** p < 0.01, *** p < 0.001). 
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5.2.2 TCA Cycle and Glutaminolysis 

Although LMs had higher levels of malate, fumarate, aspartate and glutamate than 

Myc310 MGTs (Figure 4-3 and 4-4), the total levels and enrichment of TCA cycle 

intermediates were comparable between two types of tumours infused with 13C6-

glucose (Figure 5-5a, Figure 5-6a). While the levels of glutamate also did not differ, 

LM MGTs had higher glucose-derived enrichment of glutamate as the result of 

increased enrichment of M+4 and M+5 isotopologues. Since glutamate M+2 was 

not changed although it should be the predominant isotope of glutamate originating 

from glucose, more biological replicates may be required to confirm these findings. 

 

LM MGTs tumours infused with 13C5-glutamine had decreased levels and 

glutamine-derived enrichment of glutamate and decreased enrichment of TCA 

cycle intermediates, including malate and fumarate, in comparison with Myc310 

MGTs (Figure 5-5b, Figure 5-6b).  These findings indicate a potentially reduced 

glutamine catabolism in LM MGTs compared to Myc310 MGTs and are in contrast 

to previously published results demonstrating  that increased glutaminolysis 

correlates with more aggressive tumours ([718]–[720]).  
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Figure 5-5. LC-MS metabolomics results comparing TCA cycle metabolites. 
Total and isotopologue levels and fractional enrichment from 13C6-glucose (A) and 13C5-
glutamine (B) infusions of Myc310 MGTs and LM MGTs. Decreased glutamine-derived label 
incorporation into glutamate was observed in LM MGTs. Significance calculated using an 
unpaired parametric t-test (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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Figure 5-6. LC-MS metabolomics results comparing glutamine and glutamate.  
Total and isotopologue levels of glutamine and glutamate and fractional enrichment from 13C6-
glucose (A) and 13C5-glutamine (B) infusions of Myc310 MGTs and LM MGTs. Decreased 
glutamine-derived label incorporation into glutamate was observed in LM MGTs. Significance 
calculated using an unpaired parametric t-test (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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5.2.3 One carbon metabolism, EAAs and nucleotides 

Although there was a significant increase in the levels of one carbon metabolites in 

LMs in comparison with Myc310 MGTs (Figure 4-7), the levels of these metabolites 

were mostly comparable between the two tumour types (Figure 5-7a), except for a 

significant increase in choline levels and a decrease in betaine levels in LM MGTs 

(Figure 5-7b). Betaine is produced from choline in the mitochondria and is used as 

an additional methyl group donor for the methionine cycle. The methyl group is 

added to homocysteine, producing methionine and dimethylglycine (Figure 1-6). 

These findings suggest that LM MGTs may have a lower requirement for this 

alternative methyl donor than Myc310 MGTs. 

 

In the previous chapter I showed that Myc310 LMs had higher level of the EAAs 

histidine, threonine and leucine compared to Myc310 MGTs. The levels of these 

metabolites were comparable between LM MGTs and Myc310 MGTs (Figure 5-7c), 

suggesting that their elevation in LMs is reversible and may be required for 

specifically metastatic growth and survival.  
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Figure 5-7. LC-MS metabolomics results comparing one carbon metabolism 
intermediates, glutathione and EAAs glutamine in Myc310 MGTs and LMs.  
(A) Total levels of metabolites previously shown to be upregulated in Myc310 LMs are 
comparable between LM MGTs and Myc310 MGTs. (B) Choline levels are increased and 
betaine levels are decreased in LM MGTs, suggesting an increased choline carbon 
incorporation into the methionine cycle. (C) Levels of EAAs are comparable between LM MGTs 
and Myc310 MGTs, despite histidine, leucine and threonine levels being significantly 
upregulated in Myc310 LMs suggesting a transient, lung-specific metabolic reprogramming. 
Significance calculated using an unpaired parametric t-test (* p < 0.05, ** p < 0.01, *** p < 
0.001). 
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Nucleotide levels between Myc310 MGTs and LM MGTs were also comparable, 

and this correlates with similar growth rates of the two tumour types (Figure 5-8). 

The increased metastatic potential of LM MGTs, therefore, is not likely a factor of 

the bioenergetic state in the primary tumour.  

  

 

 
Figure 5-8. LC-MS metabolomics results comparing nucleotides. 
Nucleotide levels (A) and ratios (B) in LM MGTs and Myc310 MGTs. Significance calculated 
using an unpaired parametric t-test (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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5.2.4 Discussion 

Altogether my results demonstrate a flexible metabolism of LM cells. While LMs 

had increased levels of glycolytic intermediates, glutamate and most of TCA 

intermediates, significantly higher levels of one carbon metabolism intermediates 

and glutathione, the mammary gland tumours derived from LM cells did not present 

most of these differences when compared to Myc310 tumours.  

 

Notably, LM MGTs had higher glucose uptake, increased PEPCK activity and lower 

lactate production from both glucose and glutamine than Myc310 MGTs suggesting 

higher flexibility of LM MGTs. Increased PEPCK activity may provide a metabolic 

advantage for metastasis generation through potentiating not only gluconeogenesis 

for ATP production, but also regulate central carbon metabolism and TCA flux 

through mTORC1 signalling [714], [721]. Furthermore, a recent study demonstrated 

that PEPCK silencing resulted in increased ROS formation due to increased 

oxidative metabolism [716], and the importance of antioxidant responses and 

REDOX balance in metastasis has been widely demonstrated in several cancer 

models [683], [722], [503]. On the other hand, increased LDH activity has been 

shown to help drive EMT and its expression in the primary tumour correlates with 

poor prognosis [723], [724]. Furthermore, the LDH reaction requires the reductive 

co-factor NADH, and has been reported to increase ROS levels [725], therefore 

metastatic tumours that are more dependent on antioxidant responses may 

downregulate LDH activity to minimise ROS. The correlation with LDH activity and 

HIF-1a expression suggests that primary MGTs may be more hypoxic than lung 

metastases [726]–[728], however this needs to be confirmed in future studies. 

 

In the previous chapter I showed that LMs were more glycolytic than Myc310 MGTs 

from which they originate. The findings shown here suggest that when LM cells are 

injected into the fat pad, many of these metabolic transformations revert back to a 

more MGT-like state, however some adaptations, such as increased glucose 

utilisation, are retained. PPP was not increased in metastases, however the 

increased S7P labelling from glucose may be indicative of PPP playing a role in the 

increased metastatic potential of LM MGTs compared to Myc310 MGTs [729]–
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[731]. This is consistent with Myc310 MGTs having significantly higher levels of 

PPP intermediates compared to less-metastatic transgenic MMTV-Myc tumours.  

 

Altogether, these results suggest that the metabolic differences observed between 

Myc310 cells and their metastasis could rather be induced by the environment of 

the lung, for example due to varying oxygen or nutrient availability and required for 

the tumour cells to survive at the secondary cite [732], [733]. It should also be 

taken into account that the LM cells were expanded in culture for two weeks prior to 

injection into the fat pad, therefore media conditions may also have influenced 

some of these metabolic changes. Finally, the differences between LMs and MGTs 

might be attributed to the presence of lung-specific cells that infiltrated metastases 

or the surrounding metastatic niche and had specific metabolic profiles [734]. 

These cells were removed during in vitro expansion of the metastatic cells; this 

may be particularly true for lipid species that are produce by specific immune or 

lung cells. Lipid changes will be further explored in Chapter 7 using apolar LC-MS 

and DESI-MSI. 
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5.3 Comparing the metabolism of LM MGTs and their lung 
metastases 

I have demonstrated that when Myc310 LM cells were injected into the mammary fat 

pad, they formed tumours which were highly metastatic. The metabolism of LM 

MGTs closely resembled that of Myc310 MGTs, suggesting that metabolic changes 

previously seen between LMs and MGTs were driven by the environment in which 

these cells reside. To confirm the metabolic rewiring observed in LMs in comparison 

with MGTs I compared the metabolism of LM MGTs and their metastases (LM2s) 

using LC-MS. The increased maximum size and incidence of LM2s allowed to 

evaluate the activity of metabolic pathways using stable isotope labelling and more 

accurate dissection and therefore more reliable LC-MS results. 

 

5.3.1 Effect of stable isotope infusions on metabolite levels 

Animals bearing LM MGTs were infused with either 13C6-glucose or 13C5-glutamine. 

Importantly, 13C6-glucose infusions resulted in higher levels of glucose in LM2s, 

however this was not seen in 13C5-glutamine infusions (Figure 5-10a). Total levels of 

other metabolites were comparable between 13C6-glucose or 13C5-glutamine 

infusions, with the exception of higher alanine levels in the 13C6-glucose-infused set  

(Figure 5-10 a-c). There was a slight increase in glutamine levels in the 13C5-

glutamine-infused set. These findings show that long term (3 hour) isotope labelling 

may stimulate higher uptake and subsequent catabolism of the infused metabolite, 

and could have an effect on total levels of downstream metabolites. Transporter 

availability and downstream enzyme kinetics are likely bottlenecks, but in future 

experiments it would be beneficial to compare isotope-labelled metabolite infusions 

with non-labelled metabolite infusions to fully understand the effect on global 

metabolism. The three hour timepoint for infusions was chosen guided by previous 

reports of isoflurane anaesthesia toxicity following long term exposure, while still 

maximising the amount of isotope label incorporation into downstream pathways 

[735]–[738].  
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Figure 5-10. LC-MS metabolomics results comparing metabolite levels between heavy 
isotope infusion experiments. 
(A) Glycolysis, (B) TCA, and (C) NEAAs levels in LM MGTs and metastases derived from them 
(LM2s), in mice infused with 13C6-glucose or 13C5-glutamine.  
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5.3.2 Glycolysis and PPP 

Changes in glycolysis between LM2s and LM MGTs were consistent with the 

results described in the previous chapter (Chapter 4, Figure 4-1). Total levels of 

G6P and DHAP were decreased while levels of F1,6BP and 2-PG were increased 

in LM2s in comparison with LM MGTs (Figure 5-11a). Employing 13C6-glucose 

tracing allowed me to demonstrate that there was an overall higher glycolytic flux in 

LM2s with significantly higher fractional enrichment in F1,6BP and 2-PG, and just 

below significance level in G6P and glucose (Figure 5-11b). Glucose-derived total 

fractional enrichment of PEP M+3 was higher in LM2s in comparison with LM 

MGTs, and lower in M+1 and M+2 isotopologues (Figure 5-11c), demonstrating 

increased synthesis of PEP directly through glycolysis in LM2s and decreased 

contribution of PEPCK (Figure 5-11d). 

 

Consistently with previous findings, PPP intermediates were present at lower levels 

in LM2s in comparison with their parental tumours (Figure 5-11e), with reduced 

fractional enrichment from 13C6-glucose in R5P (just below significance, p = 0.07), 

and S7P (Figure 5-11f). This confirms that PPP activity fuelled by glucose is 

downregulated in LMs in comparison with mammary gland tumours. Interestingly, 

enrichment in 6PG was significantly higher in LM2s, despite significantly lower 

levels. This may be a result of overall higher labelled glucose intake by LM2s. Also, 

6PG synthesis generates NADPH and thus increases the reductive potential in 

LM2s (Figure 5-11g). ROS levels are increased in the lung microenvironment due to 

increased oxygen availability: 100 mmHg oxygen pressure in lung alveoli compared 

to 1-45 mmHg in other peripheral organs [739], [740]. Hence, the oxidative arm of 

PPP can still be functional in order to support REDOX balance in metastasis cells 

[731], [741]. 
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Figure 5-11. LC-MS metabolomics results comparing glycolytic and PPP glucose flux in 
LM MGTs and metastases derived from them (LM2s).  
(A) Total levels and (B) fractional enrichment from 13C6-glucose of glycolytic intermediates. (C) 
Differences in phosphoenolpyruvate (PEP) fractional enrichment from glucose suggestive of 
PEPCK activity (D). (E) Total levels and (F) fractional enrichment from 13C6-glucose of PPP 
intermediates. (G) Schematic of decreased PPP flux in LM2s. Significance calculated using an 
unpaired parametric t-test (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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5.3.3 TCA Cycle 

Consistent with the results obtained from the Myc310 MGTs and LMs comparison 

(Figure 4-3), the total levels, the levels of 13C6-glucose-derived isotopologues and 

fractional enrichment of citrate, isocitrate and cis-aconitate were reduced in LM2s in 

comparison with LM MGTs (Figure 5-12 a-c). The total levels of these 

intermediates, however, were not different in LM2s and LM MGTs from 13C6-

glutamine-infused animals (Figure 5-12 d,e), suggesting that LM MGTs have a 

higher capacity to catabolise glucose into citrate than LM2s.  
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Figure 5-12. LC-MS metabolomics results comparing TCA flux in LM MGTs and 
metastases derived from them (LM2s).  
(A) Total levels and (B) fractional enrichment from 13C6-glucose. (C) Isotopologue levels of 
citrate and cis-aconitate showing lower 13C6-glucose carbon incorporation in (LM2s). (D) Total 
levels and (E) enrichment from 13C5-glutamine, showing no changes except for a significant 
increase in malate levels. Significance calculated using an unpaired parametric t-test (* p < 
0.05, ** p < 0.01, *** p < 0.001). 
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Despite comparable total levels of citrate between LM MGTs and LM2s in the 13C5-

glutamine-infused set, individual levels of citrate isotopologues (M+3, M+5 and 

M+6) were significantly decreased in LM2s in comparison with LM MGTs (Figure 5-

13a). Furthermore, glutamine-derived fractional enrichment of M+5 citrate, cis-

aconitate and isocitrate was decreased, identifying that reductive carboxylation of 

alpha-ketoglutarate is downregulated in LM2s in comparison with LM MGTs (Figure 

5-13 b-d).  

 

 

 
 
Figure 5-13. LC-MS metabolomics results comparing TCA flux in LM MGTs and 
metastases derived from them (LM2s) following 13C5-glutamine infusions.  
(A) Total levels and (B) fractional enrichment of citrate from 13C5-glutamine. (C) Fractional 
enrichment from 13C5-glutamine of the M+5 isotopologue of alpha-ketoglutarate (aKG), isocitrate 
(Iso), cis-aconitate (cAcon) and citrate (Cit), showing decreased reductive carboxylation of 
glutamate in LM2s (D). Significance calculated using an unpaired parametric t-test (* p < 0.05, ** 
p < 0.01, *** p < 0.001). 
 
Consistent with the Myc310 MGTs and LMs comparison, the total level of malate 

was higher in LM2s in comparison with LM MGTs from animals infused with either 
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13C6-glucose (p = 0.07) (Figure 5-12a, 5-14a) or 13C5-glutamine (Figure 5-12d). 

Fumarate levels were slightly increased as well, albeit below the significance 

threshold (Figure 5-12a). Although the levels of 13C6-glucose-derived malate 

isotopologue levels were higher in LM2s in comparison with LM MGTs, glucose-

derived enrichment was lower in the M+2 (Figure 5-14b). This suggests that 

although glucose catabolism through the TCA cycle is increased in LM2s, its 

contribution to TCA cycle pools is proportionally lower than in LM MGTs. 

Interestingly, 13C5-glutamine-derived malate and fumarate enrichment was not 

higher in LM2s than in LM MGTs (Figure 5-14c-f) suggesting that another carbon 

source is contributing to the TCA cycle in LM2s. Glutamine-derived fractional 

enrichment of malate and fumarate M+3 was significantly decreased in LM2s in 

comparison with LM MGTs (Figure 5-14d,f), in line with increased reductive 

carboxylation of alpha-KG (Figure 5-13d).  
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Figure 5-14. LC-MS metabolomics results comparing malate and fumarate. 
Levels and fractional enrichment in LM MGTs and metastases derived from them (LM2s) 
following 13C6-glucose (A) and 13C5-glutamine (B) infusions. Decrease in glucose-derived M+2 
malate enrichment and glutamine-derived M+3 malate enrichment in LM2s. Significance 
calculated using an unpaired parametric t-test (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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5.3.4 Non-Essential Amino Acids 

Consistent with the results from the comparison between Myc310 MGTs and LMs 

(Chapter 4), LM2s also had significantly higher levels of glutamine and glutamate 

compared to their parental tumours (Figure 5-15a). Increased levels of 

isotopologues derived from 13C6-glucose and 13C5-glutamine demonstrated that 

both nutrients were contributing to increased levels of glutamine in LM2s (Figure 5-

15b), even though glutamine contribution to TCA cycle was not increased (Figure 

5-12e).  

 

In line with previous findings, LM2s had higher aspartate and asparagine levels 

than LM MGTs (Figure 5-15c). Despite higher levels, fractional enrichment of 

aspartate derived either from glucose or glutamine was lower in LM2s than in LM 

MGTs (Figure 5-15d), suggesting an external source of aspartate in LM2s. 

Aspartate can then feed into the TCA cycle as an alternative carbon source via the 

aspartate amino transferase reaction (Figure 5-15f). Furthermore, there was no 

labelling in asparagine from glucose or glutamine (Figure 5-15e), indicating that 

asparagine is taken up from the environment by LM2s more than by LM MGTs, 

rather than produced from aspartate [177], [495], [742]. 
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Figure 5-15. LC-MS metabolomics results comparing NEAAs. 
Levels and fractional enrichment in LM MGTs and metastases derived from them (LM2s). (A) 
Glutamine (Gln) and glutamate (Glu) total levels and (B) isotopologue fractional enrichment 
following 13C6-glucose and 13C5-glutamine infusions. (C) Aspartate (Asp) and asparagine (Asn) 
total levels and (D) isotopologue fractional enrichment following 13C6-glucose and 13C5-
glutamine infusions. (E) Glucose-derived aspartate fractional enrichment is decreased in LM2s, 
suggesting increased aspartate aminotransferase (AST) activity (F). Lack of labelling in 
asparagine suggests that asparagine synthestase (ASNS) is not active in LM MGTs or LM2s. 
Significance calculated using an unpaired parametric t-test (* p < 0.05, ** p < 0.01, *** p < 
0.001). 
 



 141 

Isotope levels and glucose-derived fractional enrichment of another amino acid 

alanine were also increased in LM2s in comparison with LM MGTs (Figure 5-16a-c). 

These results are consistent with recently reported observation that increased 

alanine synthesis from pyruvate via alanine aminotransferase is increased in breast 

cancer metastases for the production of alpha-KG, specifically due to elevated 

pyruvate levels in the lungs [165]. It is reported that alpha-KG produced in this 

reaction is needed for collagen hydroxylation via P4HA, which leads to ECM 

remodelling and increased migration of metastasis cells [165]. alpha-KG is also 

needed for the aspartate aminotransferase reaction in which aspartate carbons are 

incorporated into the TCA (Figure 5-15f).  

 

 
Figure 5-16. LC-MS metabolomics results comparing alanine.  
 
Total levels (A) and fractional enrichment from 13C6-glucose (B) in LM MGTs and metastases 
derived from them (LM2s). Increased levels and glucose-derived enrichment suggests an 
increased alanine aminotransferase (ALT) activity in LM2s (C). Significance calculated using an 
unpaired parametric t-test (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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5.3.5 Essential amino acids 

Similar to the Myc310 analysis (Chapter 4), the levels, and therefore import, of 

essential amino acids histidine, threonine and leucine were higher in LM2s 

compared to LM MGTs (Figure 5-17a). Increased leucine levels suggest higher 

LAT1 transporter activity in LM2S, and imported branched chain amino acids 

(BCAAs) contribute to the TCA cycle flux via branch chain aminotransferases 

(BCATs) (Figure 5-17b). Histidine and threonine can contribute carbons towards 

intermediates of the one carbon metabolism pathway (Figure 5-17c) [251], [255], 

[256], [743], which has been hypothesized to be upregulated in LMs in the context 

of this project, from findings discussed in the previous chapter.  

 

 
 
Figure 5-17. LC-MS metabolomics results comparing EAAs 
Total levels (A) in LM MGTs and metastases derived from them (LM2s). Increased levels of 
histidine (His), threonine (Thr) and leucine (Leu) in LM2s suggests an increased activity of the 
LAT1 transporter and branched-chain amino acid (BCAA) catabolism (B), as well as increased 
carbon contribution to the one carbon metabolism pathway from threonine and histidine (C). 
Significance calculated using an unpaired parametric t-test (* p < 0.05, ** p < 0.01, *** p < 
0.001). 
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5.3.6 One carbon metabolism 

Consistently with the findings in the previous chapter, several intermediates of the 

one carbon metabolism pathway were increased in LM2s compared to the MGTs 

from which they originate, including SAM, SAH, betaine and dimethylglycine, as 

well as the SAM/SAH ratio in LM2s (Figure 5-18a,b). Furthermore, levels of both 

GSH and GSSG were significantly higher in LM2s in comparison with LM MGTs, 

with a reduced GSH/GSSG ratio (Figure 5-18c,d), suggesting increased glutathione 

biosynthesis, and increased oxidative stress. Interestingly, the fractional 

enrichment from both glucose and glutamine, in both GSH and GSSG, was 

increased in LM MGTs. This suggests that in LM2s, the precursors for glutathione 

biosynthesis, glutamate, glycine and cysteine, are either imported into the cells or 

synthesized from other metabolites.   

 

Serine and subsequently glycine, the substrates for one carbon metabolism, can 

either be produced from glucose or taken up from the circulation. Glucose-derived 

enrichment of serine was not different while the enrichment of glycine 

isotopologues (M+1 and M+2) were lower in LM2s in comparison with LM MGTs 

(Figure 5-18f, Figure 1-6). This suggested that the increased levels of one carbon 

metabolites and glutathione can be fuelled by the increased uptake of nutrients 

from the circulation. 
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Figure 5-18. LC-MS metabolomics results comparing one carbon metabolism and 
contributing metabolites LM MGTs and metastases derived from them (LM2s).  
 
(A) One carbon metabolism intermediates betaine (Bet), dimethylglycine (DmGly), S-
adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH) levels are increased in LM2s, 
as well as the ratio of SAM/SAH (B), suggesting a higher methylation capacity. (C) Elevated 
levels of both reduced (GSH) and oxidized (GSSG) glutathione in LM2s, as well as reduced 
ratio of GSH/GSSG (D), suggesting increased oxidative stress. (E) Decreased fractional 
enrichment in GSH and GSSG from 13C6-glucose and 13C5-glutamine in LM2s suggesting 
alternative external sources. (F) Fractional enrichment of serine and glycine from 13C6-glucose 
is reduced in LM2s, in line with reduced labelling in glutathione. Significance calculated using an 
unpaired parametric t-test (* p < 0.05, ** p < 0.01, *** p < 0.001). 



 145 

5.3.7 Consideration of whole body metabolism in in vivo stable isotope 
labelling studies. 

While cancer metabolomics studies employing stable isotope labelling often focus 

on the incorporation into the tumour, or in this case the primary tumour and its 

secondary metastatic lesions, it is important to consider the metabolic functions of 

other organs in the body and how that may contribute to the patterns of stable 

isotope labelling that are observed. The fractional enrichment of labelled 

metabolites in the serum is an indication of the availability of these compounds to 

not only the tumour and metastases, but also to other vital organs that 

preferentially consume and are able to secrete certain metabolites [90], [744]. The 

metabolic steady state is achieved in vivo when the flux between the blood and 

other organs or tumours in the body are maintained at a constant [745], [746]. 

Isotopic steady state is only achieved after an initial increase in utilisation of the 

labelled substrate, and needs to account for a continuous flux of many metabolic 

intermediates between cells and organs of the body. Furthermore, the time it takes 

to reach isotopic steady state in different metabolic pathways depends on many 

factors, including metabolite flux, enzyme kinetics and alternative substrate 

availability[744], [745], [747]. Time-course labelling experiments are required to 

determine when exactly the steady state is reached, however in this study all 

labelling was performed for three hours due to potential isoflurane-induced toxicity 

following this time point [735]. 

 

Analysis of fractional enrichment serum from 13C6-glucose labelling showed that the 

tumour and metastases consume more glucose and have a higher level of labelled 

glycolytic intermediates (Figure 5-19a). On the other hand, from 13C5-glutamine 

fractional enrichment comparison to serum, there was a higher enrichment of 

labelled glutamine in serum than in the tumours or metastases (Figure 5-19b). 

Since the fractional enrichment from glutamine in downstream metabolites, such as 

NEAAs and TCA cycle intermediates is overall decreased in serum compared 

tumours and metastases, glutamine catabolism is active in these tissues. A higher 

fractional enrichment of labelled glutamine may be indicative of glutamine being 

secreted from the tumours, for example to accommodate LAT1 transporter activity 

[214], [748]. 
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Fractional enrichment in serum can be used to compare the preferential substrate 

for different metabolic pathways in the tumours of interest compared to the rest of 

the body. In this study, the fractional enrichment of TCA cycle intermediates from 
13C6-glucose and from 13C5-glutamine are relatively comparable, falling within the 5-

20% range. In both MGTs and LMs, however, the glucose contribution to the TCA 

cycle falls in the range of 30-60% fractional enrichment, while contribution from 

glutamine is only 10-40%. Since the serum fractional enrichment is comparable 

from glucose and glutamine, this suggests that TCA cycle intermediates are not 

readily excreted from malignant tissues. 
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Figure 5-19. LC-MS metabolomics results comparing total fractional enrichment from in 
serum compared to LM MGT and LM2s. 
Total fractional enrichment (%) from (A) 13C6-glucose and (B) 13C5-glutamine three hour 
infusions.  
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5.3.8 Chapter Discussion  

By injecting Myc310 LM cells into the fat pad of wildtype FVB/NJ mice, I was able 

to create a robust metastatic model of MYC-driven breast cancer, and the 

increased number and size of lung metastases formed (compared to the initial 

Myc310-injected mice) allowed me to perform stable isotope labelling experiments 

and accurately dissect the formed LM2s for LC-MS analysis.  

 

Many of the metabolic differences in metabolite levels between LM MGTs and LM2s 

reproduced the ones observed between the original Myc310 MGTs and their 

metastases, which instilled confidence that these changes are metastasis-specific. 

These included an increase in glycolysis and decrease in PPP in LM2s. Stable 

isotope labelling showed that not only levels, but also enrichment from glucose was 

increased in glycolytic intermediates in LM2s, and reduced in PPP intermediates 

R5P and S7P, although 6-phosphogluconate enrichment from glucose was higher 

in LM2s. This finding demonstrates differential fates for glucose carbons between 

mammary gland tumours and their lung metastasis. Further investigation into the 

expression levels of PPP enzymes including G6PDH, 6PGDH and TKT, and of 

transcription factors modulating PPP such as nuclear erythroid 2-related factor 2 

(NRF2) and the EMT transcription factors [730], [749], [750]. Several studies have 

reported upregulated PPP in more aggressive tumours, and have attributed 

NADPH production for maintenance of the antioxidant balance as the metabolic 

advantage for PPP upregulation [731], [751], [752]. Thus, despite increased levels 

of GSH and GSSG and a decreased GSH/GSSG ratio in LMs suggesting increased 

oxidative stress compared to MGTs, conflictingly LMs do not upregulate the PPP 

for NADPH production to support glutathione recycling. LM cells may rely on 

NADPH production from alternative pathways, including the TCA cycle, or the 

activity of malic enzyme or glutamate dehydrogenase [753]. 
 

Changes in the TCA cycle were consistent with the findings in the Myc310 model. 

Citrate, cis-aconitate and isocitrate levels were decreased in LM2s, while fumarate 

and malate levels were increased, compared to LM MGTs. 13C5-glutamine labelling 

revealed decreased reductive carboxylation of alpha-KG in LM2s in comparison 

with LM MGTs, as seen by decreased levels of M+5 citrate, cis-aconitate and 
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isocitrate, as well as increased M+3 malate, fumarate and aspartate. Reductive 

carboxylation has been shown to support growth of cancer cells with mitochondrial 

defects or when oxygen availability is limited [150], [754], and may be 

downregulated in LM2s since oxygen is abundant in the lung microenvironment 

[739]. Furthermore, the reductive IDH reaction requires NADPH, which supports 

ROS neutralisation by glutathione, therefore metastatic tumours may conserve 

NADPH for antioxidant pathways. Conversely, it has been reported that in an 

anchorage-independent tumour spheroid model, citrate and isocitrate produced by 

reductive carboxylation could be transferred into the mitochondria and fuel NADPH 

production for ROS protection [755]. The overarching role of reductive 

carboxylation in metastases, therefore, requires further investigation. Another 

method of stable-isotope labelling that can help confirm the activity of the reductive 

carboxylation pathway is through infusions of 1-13C-glutamine [150]. The first 

position carbon of glutamine will be excluded from the oxidative TCA pathway as 

carbon dioxide, however if reductive carboxylation is active, it will be incorporated 

onto citrate and downstream metabolites [150], [756]. 

 

Stable isotope labelling showed that the increased levels of malate and fumarate in 

LM2s were not coupled with an increased fractional enrichment from either glucose 

or glutamine, suggesting alternative carbon sources in LM2s for the TCA cycle. A 

possible metabolite which can feed into the TCA cycle is exogenous aspartate, 

imported into cells via the SLC1A3 transporter [179]. Notably, it has been shown 

that aspartate synthesis from asparagine via asparaginase was not possible in 

mammalian cancer cell lines, therefore an exogenous import of aspartate is the 

most likely alternative source [757]. Aspartate was still produced via the AST 

reaction, with enrichment from glucose significantly higher in the LM MGTs than 

LM2s. Alpha-KG is required for the incorporation of aspartate into the TCA cycle via 

AST, and concurrently, alpha-KG is produced during the ALT reaction, in which 

alanine is synthesized from pyruvate. Alanine levels and enrichment from glucose 

were significantly higher in LM2s, which is in line with recent work showing the 

importance of the ALT reaction for alpha-KG production and subsequent collagen 

hydroxylation in lung metastasis development [165].  
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Glucose- and glutamine-derived labelling was observed in aspartate, however no 

labelling was seen in asparagine (<0.001%), despite overall significantly higher 

levels in LM2s suggesting that ASNS activity is either quite low or entirely 

downregulated in both LM MGTs and LM2s and asparagine is taken up from the 

environment.  A recent study described that asparagine levels and ASNS 

expression directly influenced metastatic burden in a breast cancer cell line [495]. 

Asparagine directly activates mTORC1 and regulates key cellular pathways 

including nucleotide biosynthesis and proliferation [177], [758]. In my model, no 

labelling from glucose or glutamine was observed in asparagine despite the 

incorporation of labelled carbons from both sources into aspartate, suggesting that 

ASNS activity is either quite low or entirely downregulated in both LM MGTs and 

LM2s. 

 

BCAAs can be another source of carbons for the TCA cycle, and indeed leucine 

levels were increased in LM2s. Through the BCAT reaction, BCAAs are converted 

into branched chain keto-acids (BCKAs), which in turn can be used to produce 

acetyl-CoA for the TCA or lipogenesis [225], [759], [760]. Stable isotope leucine 

labelling and further inquiry into BCAA transporters such as LAT1 would be 

required to conclude the role of the increased leucine in LM2s. LAT1 is also used in 

the import of other amino acids, including histidine and threonine, both of which 

were also increased in LM2s and feed in to one carbon metabolism. Recently, LAT1 

has been shown to be crucial for the development and survival of metastatic 

pancreatic cancer, playing a role in protein synthesis and amino acid metabolism 

[761]. 

 

In line with previous findings from the Myc310 LMs, there were increased levels of 

one carbon metabolism intermediates (betaine, dimethylglycine, SAM and SAH) in 

LM2s, as well as increased levels of both reduced and oxidized glutathione, and a 

decreased GSH/GSSG ratio. As discussed in Chapter 4, the increased levels of 

intermediates of one carbon metabolism pathway, as well as the increased pools of 

both GSH and GSSG, support the hypothesis that tumour cells in the lung 

experience elevated levels of ROS [762] and therefore require metabolic 

adaptations to be able to neutralise these species and survive ([68], [504], [507]). 

Elevated levels of SAM also suggest an increased methylation capacity in the LM 
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cells, which may provide a functional link between metabolism and gene 

expression in the context of metastasis [658], [660], [694]–[696], [763]. A few 

recent works have demonstrated the role of serine and one carbon metabolism in 

metastasis [186], [263], [690], [764], [765], although the epigenetic implications 

remain unclear. The final part of my project focused on understanding the role of 

changes in the one carbon metabolism in LM cells further, with the overarching aim 

to potentially target this pathway and ultimately the ability of tumour cells to form 

metastasis.  

 

The LC-MS experiments discussed in this and the previous chapters revealed a 

high degree of heterogeneity in metabolite levels with MGT and LM tumour sets, 

Furthermore, dissecting metastatic lesions from the surrounding lung introduces a 

high risk of non-tumour cells being included in the metabolite extraction, in addition 

to the known heterogeneous cell population within the metastatic niche, made up of 

connective tissue, immune cell infiltrates and lung pneumocytes in addition to 

tumour cells. In order to understand more clearly the distribution of metabolites 

within heterogeneous MGTs and the metastatic niche, a large proportion of my 

project was dedicated to developing mass spectrometry imaging methods using 

several technology platforms.  
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Chapter 6. Using DESI-MSI to analyse spatial 
distribution of polar metabolites in primary 
mammary gland tumours and their lung metastases. 

 

6.1 Introduction 

LC-MS metabolomics results showed several changes in polar metabolite pools 

between Myc310 MGTs and their LMs, especially when considering paired analysis 

between LMs and MGTs in the same animal. Many of these changes were also 

conserved between tumours generated by re-injection of LM cells into the fat pad 

(LM MGTs), and the metastases generated from them (LM2s). However, a high 

degree of metabolic heterogeneity was observed within MGT and LM sample 

groups. One of the key focuses of my project was to establish methods to 

understand the origin of the observed metabolic heterogeneity, and to assess the 

limitations of traditional metabolomics techniques such as LC-MS when analysing 

complex tissue samples. 

 

Indeed, several considerations should be taken into account when performing bulk 

tissue analysis in the lung metastasis model we use. First of all, grinding the entire 

tumour before extracting polar metabolites does not allow to discern any 

information about the distribution of metabolites within the tumours, which is 

especially pertinent given the histological heterogeneity of Myc-driven tumours 

[626], [766]. Secondly, most LMs were too small to accurately cryo-dissect prior to 

LC-MS analysis, without including some of the surrounding lung tissue. Closer 

histological evaluation by H&E and immunofluorescence stains also demonstrated 

that the metastatic lesions are very rarely composed of exclusively tumour cells 

and are often infiltrated by immune cells and pneumocytes (Figure 6-1). In fact, it 

has been shown in several recent studies that immune cells and other non-tumour 

cells in the metastatic niche and tumour microenvironment play an important role in 

metastasis development, survival and progression, often through metabolic 

crosstalk [486], [767]–[770].  
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Figure 6-1. Immunofluorescent staining of a metastatic lung from a mouse that had a LM 
MGT.  
(A) Cytokeratin 8 (CK8) staining for luminal epithelium highlighting the metastatic lesions 
(bronchial alveolar tissue also CK8+). (B) E-cadherin staining showed low expression in the 
metastatic lesions and high expression in the surrounding lung, with some pneumocytes 
infiltrating into the metastatic lesion. CD45 staining (pan-immune cell marker) revealed high 
degree of immune cell infiltration in the metastatic lesion.  
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These nuances must be kept in mind in order to identify metabolic requirements 

and vulnerabilities of the tumour cells and their interaction with the components of 

their environment. In order to elucidate how metabolites are distributed within 

tumours and metastatic lungs, I used mass spectrometry imaging (MSI). MSI 

allows the visualisation of the spatial distribution of metabolites within tissues 

without the need for dissection. Several MSI modalities are being developed for 

biological sample analysis, as reviewed in detail in the Introduction chapter. 

Throughout the length of my project I used two MSI platforms with different spatial 

resolutions, DESI-MSI (50-100 μm) and Orbi-SIMS (2 μm).  

 

DESI-MSI allowed relatively quick whole-section imaging and detection of a wide 

range of polar metabolites within and between different tissue types, including 

primary tumours, lung metastasis and metastasis-surrounding lungs. First, I 

performed targeted analysis of DESI-MSI data and supervised clustering with 

histological segmentation of images into regions of interest (ROIs) to evaluate the 

localisation of metabolites detected by LC-MS in different histological regions. To 

obtain a more comprehensive picture of metabolite distribution, I have also 

performed untargeted analysis of DESI-MSI data using unsupervised multivariate 

analysis methods. Furthermore, Orbi-SIMS imaging allowed me to visualise 

metabolite distribution at a much higher lateral resolution than DESI-MSI, albeit 

with limited metabolite detection. In this chapter I will discuss how using MSI has 

enhanced our understanding of metabolic heterogeneity both within individual 

tumours and in the wider context of the whole organ in which metastatic tumours 

reside. 

 

6.2 Experimental set-up and sample preparation 

MGTs and whole lungs were cryo-sectioned for DESI-MSI sample analysis (sample 

preparation described in detail in the Methods chapter). Lungs from wildtype 

animals were prepared the same way and included on each slide for the 

comparison with the metastatic lungs. DESI-MSI images were acquired and pre-

processed (see MSI Methods) prior to metabolite analysis. As discussed in the 

Methods section, negative ion polarity was used to acquire images due to a much 
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higher polar metabolite coverage as compared to the positive ion polarity. Possible 

adduct forms that were considered in negative ion mode were deprotonation ([M-

H]-), loss of a water molecule and deprotonation ([M-H2O-H]-), and chlorination 

([M+Cl]-). The pixel size of these DESI images was set to 100 μm, which in some 

cases was larger than the diameter of micro-metastases. While the DESI 

instrument can acquire images as low as 50 μm, lateral resolution is a trade off with 

image acquisition time and limited instrument availability. Images from several 

biological replicates of both Myc310 MGT and LM pairs, as well as LM MGT and 

LM2 pairs are highlighted in the next two chapters to illustrate the advantages and 

findings of the DESI-MSI analysis. As described above, there was a range of sizes 

of LMs present in the lungs of mice with Myc310 MGTs, and while metabolite 

distribution is more reliably assessed in larger metastases, all detectable LMs were 

analysed to account for potential variations in the metabolic profile of metastases of 

different sizes. 

 

6.3 Targeted DESI-MSI analysis: LMs vs. MGTs, comparison to 
LC-MS results. 

The first analysis method that was applied to the DESI images is a targeted 

approach whereby the datasets were mined for all polar metabolites analysed in 

the LC-MS datasets. Central carbon metabolism has not been analysed using MSI 

in great detail to date. Historically, biological MSI was largely focused on lipid 

analysis [771]–[773], [392], [533], [774], and adapting the instrumentation to 

preserve and detect small polar metabolites is currently a novel and rapidly-

growing interest [775]–[779]. Figure 6-2 shows the coverage of LC-MS matched 

polar metabolites across four DESI imaging sessions, and Table 10 below shows 

the exact metabolite identities, adducts and ppm error of ions identified from DESI-

MSI that match with polar metabolites. The metabolite annotations were assigned 

based on putative matching of m/z values using the CEUMass Mediator database 

search [780], however as discussed throughout this section, m/z matching is often 

not sufficient to confidently assign ion identity when an ion matches multiple 

metabolites within the accepted mass resolving power (~15 ppm) and further 

confirmation by MS/MS is required. The figure shows the variability in metabolite 
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detection between imaging sessions that can be influenced by different external 

factors including room temperature and geometry of the sprayer and ion collection 

inlet. Nevertheless, it also shows that a significant number of ions were consistently 

detected in all biological replicates.  
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Figure 6-2. DESI-MSI coverage of polar metabolites. 
DESI-MSI spectra were mined for polar metabolites typically analysed by LC-MS, across four 
biological replicates (BR). Each BR comprised of paired MGT and lung, as well as wildtype 
lung.  
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Table 10. DESI-MSI ion annotation to polar metabolites detected by LC-MS. 
Isobaric species highlighted cannot be discerned based on m/z matching alone.  
 

  

DESI m/z Metabolite Adduct LC m/z ppm
89.024 Lactate M-H 89.02445 5.1

102.0551 Dimethylglycine M-H 102.05605 9.3
111.0198 Uracil M-H 111.01995 1.4
114.0568 Proline M-H 114.05605 6.6
115.0035 Fumarate M-H 115.00365 1.3
115.0035 Malate M-H2O-H 115.00365 1.3
116.0723 Betaine M-H 116.07175 4.7
116.0723 Valine M-H 116.07175 4.7

117.019 Succinate M-H 117.01935 3.0
118.0508 Threonine M-H 118.05095 1.3
124.0074 Taurine M-H 124.00745 0.4
127.0498 Glutamine M-H2O-H 127.05125 11.4
128.0352 Glutamate M-H2O-H 128.03535 1.2
130.0875 Isoleucine M-H 130.08745 0.4
130.0875 Leucine M-H 130.08745 0.4
131.0458 Asparagine M-H 131.04615 2.7
131.0825 Ornithine M-H 131.08255 0.4
132.0298 Aspartic acid M-H 132.03025 3.4
133.0141 Malate M-H 133.01435 1.9
133.0141 Xanthine M-H2O-H 133.01555 10.9
140.0117 Serine M+Cl 140.01205 2.5
145.0615 Glutamine M-H 145.06185 2.4
145.0964 Lysine M-H 145.09825 12.7
146.0458 Glutamate M-H 146.04585 0.3
151.0267 Xanthine M-H 151.02615 3.6
152.9962 Glycerol-phosphate M-H2O-H 152.99595 1.6
152.9962 Succinate M+Cl 152.99605 1.0
154.0621 Histidine M-H 154.06215 0.3
160.0637 Glucosamine M-H2O-H 160.06155 13.4
162.0572 Tyrosine M-H2O-H 162.05605 7.1
164.0723 Phenylalanine M-H 164.07175 3.4
167.0211 Uric acid M-H 167.02105 0.3
167.0211 Asparagine M+Cl 167.02285 10.5
171.0065 Glycerol-phosphate M-H 171.00645 0.3
173.0087 Aconitate M-H 173.00925 3.2
173.0087 Citrate M-H2O-H 173.00925 3.2
173.0087 Isocitrate M-H2O-H 173.00925 3.2
175.0247 Ascorbic acid M-H 175.02485 0.9
175.0247 Glucuronic acid M-H2O-H 175.02485 0.9
180.0664 Tyrosine M-H 180.06665 1.4
191.0198 Citrate M-H 191.01975 0.3
191.0198 Isocitrate M-H 191.01975 0.3

isobaric

isobaric

isobaric

isobaric

isobaric

isobaric



 159 

 
 

 

 

 

 

 

 

195.0507 Gluconate M-H 195.05105 1.8
202.9958 Uric acid M+Cl 202.99775 9.6

208.985 Aconitate M+Cl 208.98595 4.5
211.001 Ribose-phosphate M-H2O-H 211.00135 1.7
211.001 Ascorbic acid M+Cl 211.00155 2.6

214.0483 Glucosamine M+Cl 214.04895 3.0
216.0432 Tyrosine M+Cl 216.04335 0.7
218.1036 Pantothenic acid M-H 218.10355 0.2
223.0719 Thymidine M-H2O-H 223.07235 2.0

225.101 Carnosine M-H 225.09935 7.3
226.9965 Citrate M+Cl 226.99645 0.2
226.9965 Isocitrate M+Cl 226.99645 0.2
231.0274 Gluconate M+Cl 231.02785 1.9
241.0135 Fructose-phosphate M-H2O-H 241.01195 6.4
241.0135 Glucose-phosphate M-H2O-H 241.01195 6.4
254.0786 Pantothenic acid M+Cl 254.08025 6.5
275.0185 6-phosphogluconate M-H 275.01745 3.8

277.06 Thymidine M+Cl 277.05975 0.9
288.0653 GSH M-H2O-H 288.06605 2.6
306.0767 GSH M-H 306.07665 0.2
323.0288 UMP M-H 323.02865 0.5
346.0555 AMP M-H 346.05585 1.0
362.0497 GMP M-H 362.05075 2.9
362.0497 GMP M-H 362.05075 2.9
365.1002 SAH M-H2O-H 365.10375 9.7
383.1163 SAH M-H 383.11445 4.8
408.0133 ADP M-H2O-H 408.01155 4.3
422.1222 Folic acid M-H2O-H 422.12195 0.6
426.0221 ADP M-H 426.02205 0.1
440.1328 Folic acid M-H 440.13245 0.8
606.0746 UDP M-H 606.07435 0.4
611.1453 GSSG M-H 611.14465 1.1

isobaric

isobaric

isobaric
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6.3.1 Histological ROI Segmentation of DESI Images 

Slides were stained with H&E following DESI image acquisition, and the H&E 

image was then scaled and overlaid with the DESI image in Matlab. Histological 

segmentation of the H&E images into areas of interest (LMs, MGT, metastatic lung, 

WT lung) were used to generate ROI masks, which were then applied onto the 

DESI image (Figure 6-3a,b). In order to facilitate image interpretation, especially in 

cases where ion counts are low, the mean intensity of a specific ion was calculated 

for selected ROIs. However, DESI ion intensities are not deemed truly quantitative 

due to potential differences in ion suppression and matrix effects across the 

sample. As shown in this chapter, representative images from two biological 

replicates revealed that there were both correlations and inconsistencies between 

certain metabolite levels between DESI and LC-MS experiments. 

 

To evaluate the metabolite distribution between ROIs, intensities of ions matching 

in m/z values to LC-MS polar metabolites were first analysed by PCA (Figure 6-3c). 

Although in this instance the multivariate analysis is illustrative due to small sample 

size of each tissue type on a slide, clear segregation was observed between LMs, 

MGTs, metastatic and wildtype lungs. The loadings for each principal component 

were then used to select representative ions that contribute most strongly to the 

separation between principal components. In the example shown, high scores in 

PC1 represent ions most present in lung tissue. In PC2, lower scores represent 

ions highly localised to the MGTs, whereas higher scores depict ion signals 

localised in and around high-grade LMs. Furthermore, hierarchical clustering of 

metabolite intensities resulted in histology-based ROI separation (Figure 6-3), 

clustering grouped wildtype lung with the less-metastatic Myc310 lung. The two 

MGTs clustered together, and most of the metastasis clustered together as well.  

 

These multivariate approaches instilled confidence that variations in polar 

metabolite distributions in DESI images were driven by histological regions and 

therefore specific cell types. Later in the chapter I will discuss how untargeted DESI 

image analysis can help elucidate even further metabolic heterogeneity, unrelated 

to histological features.   
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Figure 6-3. Histological segmentation of DESI-MSI images.  
(A) Post-DESI whole slide H&E staining. (B) ROI segmentation based on post-DESI H&E stain. 
(C) Polar metabolites identified from all histology-based ROIs from a DESI-MSI image were 
sufficient to separate MGTs, LMs and lung tissues, indicating heterogeneous distribution 
between tissue types. (D) Heatmap showing hierarchical clustering of ROIs from the same 
DESI-MSI image with relative levels of the detected polar metabolites. 
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6.3.2 Glutamine, glutamate and TCA.  

Glutamine and glutamate are two amino acids that are consistently detected with 

high confidence in DESI-MSI using our current method. Both of these metabolites 

were shown by LC-MS to be higher in LMs compared to MGTs (Figure 6-4).  

 

However, DESI images of the distribution of these two ions revealed the 

remarkable advantage of MSI in analysing the spatial distribution of metabolites in 

different tissues non-invasively. DESI imaging of several biological replicates 

showed that the average glutamate signal was indeed higher in the LM ROIs 

compared to the MGT ROI consistent with LC-MS results (Figure 6-4b). However, it 

also demonstrated that glutamate is not uniformly distributed in MGTs; a feature 

that could not be identified by bulk tissue analysis using LC-MS. The higher levels 

of glutamate in some areas of MGTs and lower levels in others result in average 

levels that are overall lower than in LMs.  DESI shows that the levels of glutamate 

are comparable between LMs and specific regions of histologically viable tumour 

cells in the MGT (Figure 6-4c).  

 

Furthermore, while by LC-MS analysis glutamine levels were higher in LMs than in 

MGTs (Figure 3-9, Figure 5-15), DESI images show that the majority of the 

glutamine signal is localised to the metastasis-infiltrated lung, rather than in the LM 

lesions. These results suggest that some surrounding lung tissue may have been 

included in the LC-MS polar extract of the LMs contributing to higher glutamine 

levels in that samples. Lower levels of glutamine and higher levels of glutamate in 

metastasis versus metastasis-infiltrated lung suggest that metastasis have higher 

glutamine catabolism than the surrounding tissue. 
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Figure 6-4. DESI-MSI imaging of glutamine and glutamate. 
DESI-MSI of two biological sample (BR) slides, each containing a Myc310 MGT, metastatic lung 
from the same animal, and a wildtype lung for comparison. (A) Post-DESI H&E. (B) Spatial 
distribution of ions matching to glutamine and glutamate [M-H]- in two biological replicates, with 
relative intensities between histology-segmented ROIs shown in bar graph. Importantly, ion 
levels are relative and not considered quantitative. (C) Distribution of ion matching to glutamate 
[M-H]- shows differential distribution within the MGT between areas of proliferative tumour 
tissue and necrosis. 
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To confirm the differential distribution of glutamine and glutamate, I used stable 

isotope labelling, where mice bearing MGTs were infused with 13C5-glutamine. 

DESI analysis confirmed the differential distribution of glutamine and glutamate 

between MGTs, LMs, metastatic and wildtype lungs (Figure 6-5 a-c). The M+5 

isotopes of both amino acids were consistently detected using our DESI-MSI 

methods, and their distribution matched that of the unlabelled ions. The signal of 

glutamine M+5 was higher in metastasis than in MGTs and even further increased 

in the metastasis-infiltrated lung. The signal of glutamate M+5, on the other hand, 

was higher in most of the metastasis in comparison with the MGTs and surrounding 

lung. The distribution of both amino acids was heterogeneous within MGTs. These 

results confirmed that overall glutamine catabolism is increased in metastasis in 

comparison with primary tumours and there is glutamine accumulation in the 

metastasis-infiltrate lungs. Increased levels of glutamine in the metastatic lung 

surrounding the metastatic lesions may be a sign of a metastatic niche cell 

population which increases glutamine uptake, possibly as a pro-tumorigenic 

response. For example, glutamine availability has been shown to promote cancer-

associated fibroblast (CAF) migration and tumour invasiveness [781], and CAFs 

also promote de novo glutamine biosynthesis in nutrient deplete conditions to 

promote tumour growth [782]. It has also recently been shown that lung fibroblasts 

require increased glutamine in the progression of fibrotic disease [783].  
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Figure 6-5. DESI-MSI imaging of heavy isotope labelled glutamine and glutamate. 
DESI-MSI of one slide containing a Myc310 MGT and paired metastatic lung, a LM MGT and 
paired metastatic lung, and a wildtype lung for comparison. All animals were infused with 13C5-
glutamine for 3 hours prior to tissue collection. (A) Post-DESI H&E, metastases circled in blue. 
(B) Spatial distribution of ions matching to glutamine and glutamate [M-H]-, with relative 
intensities between histology-segmented ROIs shown ass bar graphs. (C) Spatial distribution of 
ions matching to glutamine [M+5-H]- and glutamate [M+5-H]-, with relative intensities between 
histology-segmented ROIs shown as bar graphs. Importantly, ion levels are relative and not 
considered quantitative. 
 
 
 
Assigning peak identities to DESI-MSI peaks matching TCA metabolites proved 

difficult. Due to the deprotonation and loss of a water molecule that occurs during 

ionisation in DESI, the ions for fumarate [M-H]- and malate [M-H2O-H]- have the 

exact same chemical formula and therefore m/z value. In this case, since fumarate 

and malate are often found in equilibrium, this ion (m/z 116.0036) can be used as 

readout for both of these metabolites, with due caution. In line with LC-MS findings, 

DESI images of this ion were either comparable between LMs and MGTs, or 

elevated in LMs (Figure 6-6a,b). In the DESI BR3 slide it can be seen that this ion 

is distributed heterogeneously within the MGT, and post-DESI H&E stains showed 

that these areas were predominantly densely packed with, viable tumour cells. 
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Figure 6-6. DESI-MSI imaging of TCA cycle intermediates. 
DESI-MSI of two biological sample (BR) slides, each containing a Myc310 MGT, metastatic lung 
from the same animal, and a wildtype lung for comparison. (A) Post-DESI H&E. (B) Spatial 
distribution of ion matching to either fumarate [M-H]- or malate [M-H2O-H]- (or a combination of 
these two metabolites) in two biological replicates, with relative intensities between histology-
segmented ROIs shown in bar graph. Importantly, ion levels are relative and not considered 
quantitative.   
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6.3.3 Nucleotides 

When analysing nucleotide ions, individual ion peaks were annotated with a higher 

degree of certainty since there were no alternative database matches to these m/z 

values. However, only mono-phosphated nucleotides were detected consistently 

and sufficiently across all images. While LC-MS analysis demonstrated higher 

levels of ADP, ATP, GDP and GMP in some of the metastasis in comparison with 

MGTs (Figure 3-10), DESI showed elevated levels of AMP and GTP (Figure 6-7b). 

The absence of di- and triphosphate nucleotides in DESI images may be indicative 

of loss of phosphates from di- and tri-phosphate nucleotides during DESI image 

acquisition. Striking heterogeneity in nucleotide levels between LMs is shown very 

clearly by the BR3 image in which only one LM has elevated levels of GMP and 

AMP, while the other is comparable to the average signal in the MGT (Figure 6-7b). 

Since the true phosphate status of these nucleotides cannot be determined from 

this analysis, it is difficult to determine the exact biological significance of this 

observation, however upregulated nucleotide biosynthesis is vital for the 

bioenergetic demands of proliferation and metastatic colonisation [657], [784].  

 

 An ion matching to uric acid, a biomarker for nucleotide degradation and cell death 

[785], [786], showed severely different localisations between LMs and MGTs 

between biological replicates (Figure 6-7b). This may be determined by the number 

of dying cells  in LMs, since the bigger LMs in the BR2 image show significantly 

higher levels of uric acid than the comparatively smaller LMs in the BR3 image. 
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Figure 6-7. DESI-MSI imaging of nucleotides. 
DESI-MSI of two biological sample (BR) slides, each containing a Myc310 MGT, metastatic lung 
from the same animal, and a wildtype lung for comparison. (A) Post-DESI H&E. (B) Spatial 
distribution of ions matching to nucleotides GMP, AMP and uric acid [M-H]- in two biological 
replicates, with relative intensities between histology-segmented ROIs shown in bar graph. 
Importantly, ion levels are relative and not considered quantitative. 
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6.3.4 GSH, GSSG and one carbon metabolism.  

The only metabolite that was identified by DESI-MSI from the one carbon 

metabolism pathway was dimethylglycine. The ion images show clearly that this ion 

was detected at higher levels in the LMs compared to the MGTs, consistent with 

LC-MS findings (Figure 6-8). This finding is limited by dimethylglycine having the 

same chemical formula and therefore m/z value as gamma-aminobutyric acid 

(GABA), however may be indicative of the increase in one carbon intermediates in 

LMs as seen by LC-MS (Figure 6-8). Furthermore, both reduced (GSH) and 

oxidized glutathione (GSSG) were consistently detected and annotated with a high 

degree of confidence in the DESI-MSI images. GSH showed some heterogeneity in 

levels in different metastases (Figure 6-8d), however on average both GSH and 

GSSG intensities in LMs were higher than in MGTs across all biological replicates, 

consistent with LC-MS findings (Figure 3-11, Figure 5-18). Metastasis-infiltrated 

lungs had comparable signal intensity of GSSG as in LMs and significantly higher 

than in the normal lung (Figure 6-8b,d). These results demonstrate the highly 

oxidative environment of the metastatic niche, which is consistent with published 

observations [787], [788], and that LMs increase GSH production to be able to 

survive in it. This is consistent with recent findings demonstrating that increased 

oxidative stress due to inhibition of the glutathione cycle suppresses distant 

melanoma metastases [789]. These results, as well as the distribution of glutamine 

in LMs and the metastatic lung show that given correct and verified m/z annotation, 

DESI imaging can serve as an extremely valuable tool to understand metabolite 

distribution within complex tissue sections.  
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Figure 6-8. DESI-MSI distribution of glutathione and dimethylgycine.  
(A) Post-DESI H&E of sample containing Myc310 MGT, paired metastatic lung and wildtype 
lung. (B) Spatial distribution of ions matching to dimethylgycine, reduced glutathione (GSH) and 
oxidized glutathione (GSSG) [M-H]-, with relative intensities between histology-segmented ROIs 
shown in bar graph. (C) Post-DESI H&E of sample containing a Myc310 MGT and paired 
metastatic lung, a LM MGT and paired metastatic lung, and a wildtype lung for comparison. (D) 
Spatial distribution of ion matching to reduced glutathione (GSH) [M-H]-, with relative intensities 
between histology-segmented ROIs shown in bar graph. Ions matching to dimethylglycine and 
GSSG [M-H]- were not detected in this imaging run. Importantly, ion levels are relative and not 
considered quantitative. 
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6.4 Intra-tumour heterogeneity revealed by DESI-MSI. 

6.4.1 Introduction 

Many LC-MS-matched DESI ions showed heterogeneous distribution within the 

same MGT ROI, highlighting the need to assess intra-tumour heterogeneity within 

a single tissue section using DESI-MSI. In this section I will discuss how MSI can 

be used to visualise heterogeneous metabolite distributions in complex tissue 

samples, and the potential complications that heterogeneity may introduce when 

comparing bulk tissue metabolites by LC-MS with DESI-MSI. I will also 

demonstrate how unsupervised multivariate analysis of DESI-MSI data can help 

identify specific regions of metabolic heterogeneity within a tissue section, and 

finally, demonstrate how higher lateral resolution MSI can be used to visualise 

metabolic differences between different cell types. 

 

6.4.2 Metabolic heterogeneity in targeted DESI-MSI analysis 

When mining the DESI-MSI datasets for specific polar metabolites that were 

analysed by LC-MS, there were often discrepancies between levels of metabolites 

in MGTs and LMs between the two techniques. For example, by LC-MS the levels 

of glycolytic intermediate G6P were significantly lower in LMs than in MGTs (Figure 

6-9b), yet they appear to be comparable between MGT and LM ROIs in DESI, with 

the exception of the smallest LM in the DESI BR2 slide. Lactate levels were higher 

in LMs by LC-MS, but appeared to be clearly higher in MGTs by DESI-MSI (Figure 

6-9b). Importantly, post-DESI H&E staining revealed that the lactate localisation 

correlates closely to necrotic areas within the tumour. There are several potential 

explanations for these discrepancies, which should be kept in mind throughout the 

comparisons between LC-MS and DESI images. First of all, DESI ion annotation 

relies exclusively on m/z matching, which means isobaric species which have the 

same chemical formula will not be distinguishable, and the ion image at a particular 

m/z can be the combination of several different ions. In this case, the m/z 

annotated as G6P will match with any hexose-phosphate (e.g. fructose-6-

phosphate, glucose-1-phosphate), and the m/z for lactate also matches that of 

glyceraldehyde, which has the same chemical formula. This highlights an important 
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limitation of DESI-MSI due to lack of chromatographic separation, but MS/MS 

analysis may help to discern the true identity of the ion. Furthermore, the LC results 

showed a great degree of heterogeneity in MGTs and LMs as described in previous 

chapters, and more DESI images may need to be required to fully encompass 

potential variation in metabolic profiles. In the case of lactate, this heterogeneity 

might be explained by different amounts of necrosis within these tumours, but this 

was not confirmed.  

 

 

 
 
Figure 6-9. DESI-MSI imaging of glucose 6-phosphate and lactate. 
DESI-MSI of two biological sample (BR) slides, each containing a Myc310 MGT, metastatic lung 
from the same animal, and a wildtype lung for comparison. (A) Post-DESI H&E. (B) Spatial 
distribution of ions matching to glucose-6-phosphate [M-H2O-H]- and lactic acid [M-H]- in two 
biological replicates, with relative intensities between histology-segmented ROIs shown in bar 
graph. Importantly, ion levels are relative and not considered quantitative. 
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Several amino acids, vitamins and related polar metabolites detected with DESI-

MSI, showed heterogeneous distribution within MGT samples. Matching with LC-

MS findings, taurine detected uniformly distributed between LMs and MGTs. 

Matching with LC-MS findings, taurine detected uniformly distributed between LMs 

and MGTs. Importantly, taurine is present at much higher levels in the peritoneal 

muscle that was attached to the tumour in DESI image BR3 (Figure 6-10b). This 

histology of this sample reveals that it has infiltrated into the muscle wall, and 

therefore it is probably that samples with higher taurine in LC-MS may contain 

some surrounding smooth muscle tissue. This muscle-specific localisation can also 

be seen in alanine, ornithine, carnosine and creatinine images by DESI-MSI, and 

these metabolites were either not detected or detected at very low levels in DESI 

image BR2 which did not have any muscle tissue identified by histology (Figure 6-

10c). This example highlights a great advantage of DESI-MSI to identify the exact 

cell type in which a particular metabolite is overexpressed.  
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Figure 6-10. DESI-MSI imaging of other polar metabolites heterogeneously distributed in 
MGTs, in line with LC-MS findings. 
DESI-MSI of two biological sample (BR) slides, each containing a Myc310 MGT, metastatic lung 
from the same animal, and a wildtype lung for comparison. (A) Post-DESI H&E. (B) Spatial 
distribution of ions matching to taurine [M-H]- in two biological replicates, showing predominant 
localisation in the peritoneal muscle attached to one MGT, and differential distribution between 
MGTs and LMs between biological replicates. (C) Spatial distribution of ions matching to 
ornithine, alanine, carnosine and creatinine [M-H]-, with alanine and carnosine [M-H]- detected 
only in one biological replicate, and localised mainly to peritoneal muscle adjacent to the MGT. 
Absence from other BRs may therefore be due to lack of peritoneal muscle and below-threshold 
levels of these metabolites in MGT and lung tissues. 
 



 177 

Other metabolites which had no overall change between LMs and MGTs by LC-

MS, were shown in DESI images to be localised to particular regions within MGTs. 

This can be seen in the distribution of ascorbic acid which is confined to the viable 

tumour regions and LMs, showing an opposite localisation pattern to lactate, which 

localised in necrotic tumour regions (Figure 6-11b). Ascorbic acid acts as an 

antioxidant and can be used by proliferating tumour cells to neutralise ROS 

accumulation due to an increased oxidative metabolism. Serine was detected as 

the chlorinated adduct and while its levels showed a differential distribution 

between LMs and MGTs (higher in some LMs, lower in others), it should be noted 

that this ion can also be annotated as O-phosphoethanolamine [M-H]- (Figure 6-

11c). Similarly, glucosamine [M+Cl]- shows interesting heterogeneous distribution 

within MGTs and between LMs, however the ion also matches to 

glycerylphosphoryl-ethanolamine [M-H]- (Figure 6-10d). An ion matching in m/z 

value to histidine [M-H]- was identified across DESI images, however while LC-MS 

shows histidine as elevated in LMs, the DESI image of this ion shows the opposite 

localisation, mainly in MGTs (Figure 6-11d). A potential explanation is that this m/z 

matches also to 2-oxoarginine, a metabolite that has been identified as a biomarker 

for urea cycle disfunction [790], [791]. Robust and trustworthy ion identification is a 

priority that has been raised due to the findings in this study. 
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Figure 6-11. DESI-MSI imaging of other polar metabolites heterogeneously distributed in 
MGTs, in contrast to LC-MS findings.  
DESI-MSI of two biological sample (BR) slides, each containing a Myc310 MGT, metastatic lung 
from the same animal, and a wildtype lung for comparison. (A) Post-DESI H&E. (B) Spatial 
distribution of ions matching to ascorbic acid [M-H]-, (C) serine [M+Cl]-, (D) glucosamine 
[M+Cl]- and (E) histidine [M-H]- in two biological replicates.  
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6.4.3 Metabolic heterogeneity in untargeted DESI-MSI analysis 

Targeted analysis of DESI images was used to compare metabolite coverage 

between DESI and LC-MS, however DESI-MSI detects several thousand of peaks 

per pixel. In order to determine ions that are heterogeneously localised in different 

regions of the samples beyond central carbon metabolism, untargeted analysis was 

performed. MSI data are largely analysed using unsupervised clustering methods 

such as k-means clustering [792], NMF or PCA [793]–[795], or more recently, more 

complex neural-network assisted nonlinear dimensionality reduction techniques 

such as tSNE in order to dissect the images into chemically similar regions [796]. 

These techniques are useful for detecting differential metabolic patterns between 

areas with known histological difference, but also the metabolically-different areas 

that may otherwise be indistinguishable by post-DESI histological analysis.  

 

Untargeted DESI image analysis revealed that there were many chemically-distinct 

regions within the same MGT, which adds complexity to the comparison between 

LMs and MGTs. The BR2 image was again used as an example in figures in this 

section, however similar heterogeneity was observed in all analysed MGTs. It 

should be noted that intra-tumour heterogeneity was not the primary focus of this 

project due to time constraints, and further in-depth exploration of these DESI 

results is needed. However, here I aim to demonstrate the degree of metabolic 

heterogeneity in MGTs and how some of it may be explained by distinct histological 

regions, while other regions may be histologically-comparable but chemically 

distinct.  

 

The ions that were identified as significantly enriched in the MGT compared to LMs 

localised in several distinct patterns within the tumour. Representative ion images 

from five of the most prominent areas are shown (Figure 6-11). Ion images were 

aligned to post-DESI H&E staining to determine if any distinct histological 

characteristics may be responsible for the metabolic profiles. Four 200 um2 areas 

were randomly selected from regions where representative ion intensity was 

highest, in order to closely visualise the histological features (Figure 6-12). 
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Area 1 contained ions that showed a localisation similar to lactate, matching to 

necrotic regions in the tumour (Figure 6-12). Area 2 contained hotspots of lipid-

laden cells (closely resembling lipid-laden macrophages), and the majority of ions 

localising to this region were annotated as lipids (Figure 6-12). The histology of 

Area 3 was even more heterogeneous, however stromal infiltrates were observed 

in all four selected areas so ions with highest levels in this area may be originating 

from the stroma (Figure 6-12). Further analysis of the post-DESI H&E stain in 

relation to each chemically distinct region was harder to link to a particular cell type 

without further histological staining. 

 

It is highly important to consider this degree of heterogeneity when analysing such 

complex tumours with traditional metabolomics approaches such as LC-MS, 

keeping in mind that the mean signal of a particular metabolite may not accurately 

represent the levels across the whole tumour. 
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Figure 6-12. Intra-tumour metabolic heterogeneity linked to histological phenotypes.  
(A) Post-DESI H&E of sample containing a Myc310 MGT, metastatic lung from the same 
animal, and a wildtype lung for comparison. (B) Representative DESI-MSI ions with matched 
metabolite identities, which show the five predominant localisation patterns of metabolites within 
a MGT. Four regions were randomly selected from high intensity areas of each representative 
ion image, and the post-DESI H&E was used to map the histological profile of these regions. 
Importantly, only the last two regions in the MGT express ions that are also present, notably 
heterogeneously, in LMs (m/z 357.2789 and m/z 195.0502).   
 
 

6.4.4 Network analysis of DESI-MSI imaging. 

DESI-MSI generates huge datasets due to the abundance of chemical information 

acquired at each pixel of the image. Developing multivariate analysis method for 

DESI-MSI data has been the focus of several projects both in our lab and with 

several collaborators. To help discern the full extent of metabolic heterogeneity 

observed in my samples, with the help of Dr. Avinash Ghanate in our lab, my DESI 

images were subjected to a multivariate analysis technique that has been 

developed and described by Dr. Paolo Inglese at Imperial College London. Briefly, 

the method uses weighted co-expression network analysis (WGCNA) to separate 

DESI-MSI images into regions of similar metabolic composition. When grouping 

areas of the DESI image into distinct metabolic “modules”, WGCNA groups 

together ions that are often co-localised. This proximity-based approach produces 

circle plots of ions that contribute to each module, highlighting the colocalization 

instances. We can then use metabolite databases to assign identities to the m/z 

values and gain an understanding of the possible biological significance of each 

module.  

 

For the purpose of my project, network analysis was used to demonstrate the 

degree of metabolic heterogeneity and introducing a robust DESI data analysis tool 

for future work. The results of this analysis have not been further mined for specific 

metabolite annotations, however this analysis presents a new avenue for the future 

analysis of metabolic heterogeneity in these and other samples. Network analysis 

of one DESI image generated 32 modules, six of which are shown in Figure 6-13 

and demonstrate the most strikingly different metabolite distributions across the 

sample. It can be seen how some modules correlate to histological tissue identities, 

such as Module 1 localised in WT and less-metastatic lung, and Module 2 
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highlighting all lung tissue. Module 3 highlights a particular region in both MGTs but 

is absent from lung tissues. On the other hand, Modules 4, 7 and 29 demonstrate 

ions that are present both in LMs and MGTs, however their distribution varies 

greatly, especially within MGTs. Annotating the ions of each module and 

immunohistochemical staining for different cell populations in MGTs and lungs will 

help link metabolic observations with biological function in future work. Network 

analysis demonstrates the wealth of novel information that can be generated from 

DESI-MSI images and introduces a robust method for analysing such complex data 

sets in the future.   
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Figure 6-13. Module analysis of DESI-MSI data to assess metabolic heterogeneity. 
WCGNA module analysis of DESI-MSI image containing a Myc310 MGT and paired metastatic 
lung, a LM MGT and paired metastatic lung, and a wildtype lung for comparison (see Figure 6-
12 for post-DESI H&E). Representative images of ion localisation in a selection of 6 modules 
that had the most heterogeneous distribution among tissue types: Module 1 – WT and less-
metastatic lung, Module 2 – all lung tissue, Module 3 – MGT-specific localisation in distinct 
areas of the tumour, Module 4/7/29 – comparable distributions between different areas of MGTs 
and LMs. Circle plots show co-expressed ions that contribute to each module. 
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6.5 Exploring inter-tumour metabolic heterogeneity further 
with a higher spatial resolution modality, the Orbi-SIMS 

So far, I have demonstrated whole-section metabolic heterogeneity in MGTs using 

DESI-MSI. One limitation of this platform is limited lateral resolution, and therefore 

the size of histological features that can be accurately detected. With the DESI 

pixel size diameter of 100 um, histological segmentation is limited to macro 

features such as metastases, necrotic pools or areas of desmoplasia. In order to 

look closer at the metabolic differences between individual cell types, I set out to 

optimise methods using a state-of-the-art MSI platform, the Orbi-SIMS.  

 

The advantages and limitations of different MSI modalities must be considered 

when choosing a particular platform for analysis. In DESI-MSI, polar metabolites 

can be detected and analysed with confidence due to the minimal ion 

fragmentation in the proses of desorption and ionisation with a charged, methanol-

based electrospray [773], [797], [798]. However, the ionisation source in the 

OrbiSIMS is an argon gas cluster ion beam (GCIB), which has been shown to 

cause metabolite fragmentation upon impact [799]. On the other hand, the crater 

size of the GCIB permits the acquisition of metabolite images with pixel size as low 

as 2 um [534]. Furthermore, the Orbitrap mass analyser in the OrbiSIMS provides a 

mass resolving power of up to 240,000, facilitating ion separation in the mass 

spectrum and therefore more accurate ion annotation. The chemical formulae of 

ions determined from the m/z can match to polar metabolites through database 

searches, however there is no way to determine if the ion represents an intact 

metabolite due to high in-source fragmentation. 

 

OrbiSIMS images were acquired in different regions of Myc310 MGTs in order to 

observe metabolic heterogeneity at a single cell level. Post-OrbiSIMS H&E stains 

were performed to gain understanding of the histological subtype of cells in the 

imaged areas. Due to the low pixel size of 2 um in the OrbiSIMS, it was important 

to develop a method for accurately aligning the imaged area with the post-

OrbiSIMS H&E stain. Since the OrbiSIMS is a hybrid instrument, it has retained 

features of TOF-SIMS MSI instruments, which are more widely used for surface 

chemistry analysis both in and outside of biological research. One of these features 



 186 

is a high-energy caesium focused ion beam (FIB), which can be used to rapidly cut 

into the sample to study the chemical composition of multiple planes. For my 

analysis, following GCIB imaging, I used the FIB to completely remove tissue 

outside of each corner of the imaged area, without disturbing any tissue that was 

imaged (Figure 6-14a). The exact area that was imaged can be detected by taking 

a secondary electron image directly after GCIB imaging, and this can then be used 

as a guide for the FIB. The fiduciary markers were then used to align post-

OrbiSIMS H&E stains and revealed bands of stromal fibroblasts closely interknit 

between tumour cells. PCA was performed on the image using the full spectrum 

collected by OrbiSIMS (Figure 6-14b), revealing a segmentation between tumour 

and stromal cells. Representative ions from PC1 loadings show ions matching to 

purine metabolites adenine and hypoxanthine in the tumour cells, representative of 

more proliferative cells. The stromal region was similarly defined by ions matching 

to sulphuric acid (likely a fragment of chondroitin sulphate), and arachidonic acid, a 

primary metabolite in immune cell signalling. 

 

The OrbiSIMS instrument is still in development stages and further work is required 

to minimise ion fragmentation and maximise ion detection for robust analysis of 

biological samples. However, during my project I was able to contribute to the 

development of preliminary methods for imaging metabolic heterogeneity in mouse 

tissue samples at a cellular level.  
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Figure 6-14. Orbi-SIMS imaging shows heterogeneous metabolite distribution between 
tumour cells and stromal infiltrate in a Myc310 MGT.  
(A) Optical image and (B) secondary electron image of the tumour areas imaged by Orbi-SIMS, 
highlighting the fiduciary markers used for post-MSI histology co-localisation (C). (D) PCA of 
Orbi-SIMS image revealed separation between tumour and stroma cells in PC1 and PC2, 
respectfully. Representative ions obtained from the PC loadings of each component match to 
adenine [M-H]- and hypoxanthine [M-H]- in the tumour cells, and sulphuric acid [M-H]- and 
arachidonic acid [M-H]- in the stroma. 
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6.6 Metabolic heterogeneity in the metastatic lung 

6.6.1 Polar metabolic heterogeneity between metastases 

Our LC and targeted DESI analysis demonstrated that the intensity of signals for 

some of the polar metabolites differed between different lung metastases even in 

the same lung lobe.  DESI images allow an accurate comparison of metabolite 

levels between different ROIs on the same slide image with a high degree of 

certainty. In this section I will highlight an example of extreme metabolic 

heterogeneity between two metastases in the same lung lobe. Notably, the larger 

LM from this lung was successfully dissected out for LC-MS analysis after DESI 

slides were made. However, it was not possible to analyse the smaller LM by LC-

MS because of its size and tight integration into the surrounding lung. Therefore, 

DESI-MSI played an integral role in visualising the distinct metabolic profiles 

between these two LMs, within their in vivo micro-environment. 

 

Before starting the ROI-based analysis, the DESI BR3 image was subjected to NN-

tSNE analysis in order to determine if the two metastases have a significantly 

distinct metabolic profile. This analysis projects pixels with similar chemical 

compositions into an RGB colour space, and then the image is reconstructed using 

those colour assignments. The tSNE image shows a distinct metabolic profile 

between LMa and LMb (Figure 6-15b). The tSNE also shows that each of the two 

LMs has a similar metabolic composition to distinct regions within the MGT. This 

finding demonstrates the entirely novel dimension of metabolism analysis that is 

provided exclusively by MSI. The distinct heterogeneous metabolite distribution 

supported the need for a more detailed study of the specific metabolic differences 

between the two LMs. 

 

For each LM in the BR3 image (LMa and LMb), individual ROIs were drawn using 

the colocalised post-DESI H&E stain (Figure 6-15a). Average ROI intensities were 

compared between the two LMs, and a threshold of average intensity of 1 was 

applied to select for the more abundant ions. There were 353 ions which were 

significantly (log2(FC) > 1) higher expressed in LMa, and 424 ions higher 

expressed in LMb. In order to gain insight into the metabolites behind these 
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changes, database mining was conducted for the m/z values in each significant 

group.  

 

First, to identify polar metabolites that differed between the two LMs, ion annotation 

was restricted to metabolites found in mammalian metabolic pathways using 

CEUMass Mediator to mine the KEGG database (pathways included specified in 

Table 9 (Methods)). All annotations are putative, and the identity of metabolites of 

interest need to be confirmed using MS/MS. Of the ions significantly upregulated in 

each LM, there were positive matches for 47 out of 353 ions in LMa, and 42 out of 

424 ions in LMb. For many m/z values there were several possible metabolites 

identified for the same ion, either due to isobaric species or different adduct forms 

falling within the accepted ppm threshold. In particular, specific pathways including 

the ‘Alpha Linolenic Acid and Linoleic Acid Metabolism’, ‘Steroidogenesis’, 

‘Arachidonic Acid Metabolism’ and ‘Bile Acid Biosynthesis’ pathways contained 

multiple intermediates that have the same chemical formula and therefore many 

possible metabolites were matched to a particular m/z value. However, when the 

matches were limited to a specific pathway, the ion image may be composed of 

several ion species and higher intensity of this particular ion peak may be the result 

of upregulated activity of the whole pathway.  

 

Figure 6-15c shows selected ion images of the most prominent metabolites from 

the analysis comparing ions enriched in each of the LMs in the DESI BR3 image, 

matching to KEGG mammalian metabolite pathways. LMa had increased signals of 

pantothenic acid, required for acetyl CoA biosynthesis, in comparison with LMb. 

The signals of some nucleotides including AMP, GMP and UMP, as well as free 

adenine, were also higher in LMa than in LMb. The signals of many free fatty acids, 

including palmitic, oleic, linoleic and stearic acid, were also enriched in LMa in 

comparison with LMb. In LMb on the other hand, there was an increase in 

metabolite signals from the arachidonic acid metabolism pathway, which contains 

prostaglandins and other immune signalling molecules. There was also an increase 

in nucleotide degradation metabolites xanthine and xanthosine, as well as inosine 

which plays a role in both nucleotide synthesis and breakdown. There were also 

several intermediates of linolenic acid metabolism higher in LMb, such as DHA, 

THA and lithocholic acid, as well as the glycerophospholipid biosynthesis 
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intermediate glycerol 3-phosphate. Another interesting metabolite that was 

significantly enriched in LMb was S-lactoylglutathione, an intermediate of glyoxylate 

metabolism which has been shown to be an alternative source of glutathione in the 

mitochondria [800].  

 

Overall, these ROI-based comparisons using the KEGG database revealed that the 

two metastases showed biologically-relevant metabolic distinctions. LMa had 

higher levels of nucleotides, fatty acids and pantothenic acid, which is suggestive of 

a more proliferative state. On the other hand, the multiple upregulated immune 

signalling metabolites seen in LMb, in line with its deeper integration into the lung, 

suggests a higher degree of interaction of LMb with immune cells in the metastatic 

niche. As seen with the NN-tSNE analysis, most of the metabolites that are 

upregulated in one of the LMs are also expressed at higher levels in particular 

regions of the MGT.  

 

Importantly, metabolic distinction between the two LMs discussed here is not 

limited to polar metabolites. In the next chapter, I will revisit this dataset and 

explore changes in distribution of lipid species. 
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Figure 6-15. Metabolic heterogeneity between two metastatic lesions in the same lung 
lobe shown by DESI-MSI.  
(A) Post-DESI H&E of sample containing a Myc310 MGT, metastatic lung from the same 
animal, and a wildtype lung for comparison. (B) k-means clustering of the DESI-MSI image 
revealing that the two LM lesions belong to separate clusters, each correlating in metabolite 
expression to different regions in the MGT. The ROIs from two LMs (LMa and LMb, highlighted 
in (A)) were used to compare metabolite levels upregulated in each LM. (C) Ions present at 
higher levels in LM1 and (D) LMb that were matched to known polar and lipid metabolites.  
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6.6.2 Polar metabolic heterogeneity between wildtype and metastatic lung 

DESI analysis allows the comparison of metabolite distributions between any 

regions on the same slide, therefore it was also possible to observe chemical 

differences between normal and metastasis-infiltrated lungs (Figure 6-17).  Once 

again post-DESI H&E stains were used to generate ROIs for each region. While 

the ROI segmentation of metastatic lung away from the LMs was profoundly more 

accurate than cryo-dissection of the metastatic tumours for LC-MS analysis, there 

was still a limitation due to an inter-mixed population of cells within the metastatic 

lesion, and potential individual tumour cells present in the metastatic lung.  

 

The metabolite species that were upregulated in the metastatic lung in comparison 

with the normal lung based on KEGG database matching included oxidized 

glutathione and GMP, as well as several lipid species which will be described in the 

next chapter. Next, I analysed which ions were downregulated in the lungs in the 

presence of metastases. Ions that were significantly higher in the wildtype lung 

were selected. KEGG-annotated ions included 2-hydroxethanesulfonate (taurine 

metabolism), hydroxy-oxoglutarate (vitamin B6 metabolism), pantothenic acid, and 

an ion matching either fumarate [M-H]- or malate [M-H2O-H]-, suggesting a 

potentially increased central carbon metabolism. The presence of metastases in 

the lung may therefore compromise healthy metabolism of the cells in the lung, 

potentially due to physically obstructed oxygenation or elevated nutrient uptake by 

the tumour cells. Indeed, the fumarate and pantothenic acid images demonstrate 

that the levels of these metabolites are comparable between the wildtype lung, the 

metastases and specific areas of the MGT, however present at much lower levels 

in the surrounding metastatic lung.  
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Figure 6-17. Metabolic heterogeneity between metastatic and wildtype lungs by DESI-
MSI.  
(A) Post-DESI H&E of sample containing a Myc310 MGT, metastatic lung from the same 
animal, and a wildtype lung for comparison. (B) Ions present at higher levels in the wildtype lung 
and (D) metastatic lung that were identified as polar metabolites. 
 

 

 

 

 

 



 194 

6.7 Chapter Discussion 

MSI as a field is still in the beginning stages for biological sample analysis, 

however it has already proven to be a highly useful tool to bring another dimension 

of information that we can discern from a variety of samples. In comparison with 

other MSI methods, DESI-MSI in particular allows minimal sample preparation and 

the acquisition of chemical images of multiple tissues in one imaging run. While 

metabolite coverage and ion identification from DESI-MSI runs still pose difficulties 

at times, it has been shown in this and other projects recently that many key polar 

and lipid metabolites can be detected consistently. With this technology it is 

possible to visualise the metabolite distribution without disturbing the morphology 

and structure of the samples. This is particularly valuable when looking at the 

metabolism of metastases in the context of the organ they are residing in. Only with 

MSI can the metabolite distributions be captured between different cell types and 

across various environmental gradients such as hypoxia and nutrient bioavailability. 

Furthermore, as part of this study, I was able to assess the capability of DESI-MSI 

to visualise the distribution of heavy isotope labelled compounds within MGTs and 

metastatic lungs. Visualising metabolic flux in situ presents a truly state-of-the-art 

approach for assessing metabolic heterogeneity. 

 

As seen in the comparison between two metabolically distinct metastatic lesions in 

the same lung lobe, from one DESI image it is possible to not only study the 

metabolite distributions between different tumours and the lung in which they 

reside, but also trace those metabolic profiles to distinct metabolically 

heterogeneous zones within the MGT. More work is needed to determine whether 

these similar chemical profiles between areas in the MGT and specific LMs 

highlight the tumour regions from which those LMs may have originated, or whether 

environmental factors such as oxygen or nutrient availability is what governs these 

metabolic differences. An important limitation in MSI is determining the effect of 

matrix effects on the ionisation potential of different metabolite species. It has been 

shown that differential chemical and physical properties of tissues can promote or 

suppress ionisation of certain metabolites. To further assess differences in ion 

abundance in particular regions, a metabolite standard can be uniformly sprayed 
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across tissue samples to determine whether matrix effects may be interfering with 

accurately visualising in situ metabolite distribution. 

 

I have shown that many polar metabolites that are traditionally analysed by LC-MS 

can be detected using DESI-MSI, however reliable ion annotation remains a 

challenge. A majority of the ions that emerge from various untargeted data analysis 

methods, including histological ROI segmentation and unsupervised clustering, did 

not match any metabolites in the database searches. Furthermore, it is a common 

instance that a m/z value matches to several different metabolites given the mass 

resolving power and ppm threshold. Ion annotation and the possibility of alternative 

fragmentation or adduct formation in DESI-MSI is currently an active area of 

interest in the community, and further work is needed to accurately identify 

metabolites of interest from the DESI images. Nonetheless, the example discussed 

in this section highlights a prominent advantage that MSI can provide when 

exploring the metabolism of metastases in the context of the organ in which they 

reside.   

  



 196 

Chapter 7. Using MSI to analyse spatial distribution 
of lipid metabolites in lung metastases and the 
metastatic niche. 

 

7.1 Introduction 

So far, the focus of my investigation has been focused on polar metabolite analysis 

between LM MGTs and LM2s using LC-MS and DESI-MSI. Since MSI does not 

require any metabolite extraction procedures, both polar and lipid metabolites are 

collected and detected within the same imaging run. Many of the species identified 

as differentially distributed between MGTs and LMs in DESI analysis were 

identified by database m/z matching to lipid species. In this chapter, I will discuss 

some of the observations of apolar metabolite heterogeneity that was observed. 

Furthermore, to draw parallels between DESI and LC-MS comparisons, I extracted 

apolar metabolites from the same MGT and LM samples that were used for polar 

metabolites (see LC-MS Methods). Due to the already large scope of my project, 

data analysis of apolar LC-MS data was performed by a visiting Master’s student, 

Mia Cabantous, with the help of Dr. Avinash Ghanate in our lab.  

 

7.2 Distinctions in lipid metabolites between two LMs localised 
in the same lung lobe by DESI-MSI.  

In the previous chapter, I have described polar metabolite distinctions between two 

LMs in the same lung lobe. I used the KEGG database to assign annotations to 

ions which were significantly changing between the two LMs, however a large 

proportion of the differentially-distributed ion peaks had higher m/z values (> 500 

m/z), suggestive of lipid species.  

 

To annotate heavier ions, I used CEUMass Mediator to search the LipidMaps and 

HMDB databases in order to curate ions matching with lipid species that were 

present at different levels between the two LMs. Lipid analysis by database m/z 
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value matching alone can be misleading due to many metabolites from different 

lipid classes having the same chemical formula, especially when taking different 

adduct formation into account. From the 353 ions that had significantly higher 

average intensity in LMa compared to LMb, there were 3045 matches for possible 

lipid species. These results were used to quantify the number of metabolites from 

the same lipid class which were detected at higher levels in one of the LMs. For the 

purpose of this analysis, if a m/z value matched within the ppm threshold several 

metabolites of different classes, that ion was counted as both lipid groups. To add 

to the complexity, without MS/MS it is impossible to know the exact fatty acyl chain 

lengths of lipid groups, therefore all the possible combinations of chain lengths in a 

particular lipid were returned by the database search. All lipids were therefore 

putatively annotated with the name of the lipid class, total chain length and number 

of unsaturated bonds. Any lipid annotations which contained odd chain length fatty 

acyls were excluded from the analysis, since the formation of odd chain lengths is 

unlikely in mammalian species. It is possible that these ions formed as a result of 

fragmentation of larger lipid species during desorption or while travelling through 

the DESI instrument. 

 

Representative images from each lipid class that was overall enriched in one of the 

LMs are shown in Figure 7-1c,d. DG and TG species were significantly enriched in 

LMa, as well as the majority of PC and PE species. On the other hand, in LMb 

there were more PG, PS and PI lipids observed. In the previous chapter, I 

discussed the polar metabolic differences between these two LM lesions, which 

suggested that LMa has a more proliferative phenotype, while LMb has more 

immune signalling metabolites (Figure 6-15). The distinctions in lipid classes 

between these two LMs are in line with these findings. 

 

The cell membrane phospholipid composition can play an important role in motility 

and proliferation, and upregulated synthesis of a particular lipid class in metastatic 

cells may be necessary for their survival and development in the lung. PC and PE 

lipids are the two most abundant lipids in the cell membrane [801], [802] and 

increased PC lipid levels have been reported in malignant tissues [406]–[408], 

[803]. PC lipids can be produced from PE lipids via phosphatidylethanolamine N-

methyltransferase enzyme (PEMT), which requires SAM as a methyl group donor 
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and is a poor prognosis marker in cancer [804]. Apart from their role in 

phospholipid membrane synthesis, PE lipids regulate membrane rigidity and 

ferroptosis [400], [402]. Increased pools of stored di- and triglycerides have been 

shown to protect cells from stress by providing unsaturated fatty acids to counteract 

the build-up of toxic saturated lipid species in hypoxic conditions [805].  

 

PS lipids, upregulated in LMb, play a role in ROS signalling, therefore oxidative 

stress may be elevated in this metastasis [396]. Furthermore, a recent study 

demonstrated a link between MYC expression and PG lipid biosynthesis, therefore 

higher expression of these lipids in LMb and specific regions of the MGT may be 

related to higher MYC activity [379], and this hypothesis needs to be further 

explored using immunohistochemistry.  

 

Apart from revealing differential functions in cancer cells, lipids may be used as 

biomarkers of a particular cell type in the metastatic niche [513], [806], [807]. This 

summary analysis requires closer inspection of the exact lipid species detected and 

their biological significance. In the next chapter I will further explore the differences 

in apolar metabolites in the metastatic niche and between LMs and MGTs.  
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Figure 7-1. Metabolic heterogeneity between two metastatic lesions in the same lung 
lobe shown by DESI-MSI.  
(A) Post-DESI H&E of sample containing a Myc310 MGT, metastatic lung from the same 
animal, and a wildtype lung for comparison. (B) k-means clustering of the DESI-MSI image 
revealing that the two LM lesions belong to separate clusters, each correlating in metabolite 
expression to different regions in the MGT. The ROIs from two LMs (LMa and LMb, highlighted 
in (A)) were used to compare metabolite levels upregulated in each LM. (C) Ions matching to 
lipid metabolites from different lipid classes present at higher levels in LMa and (D) LMb that 
were matched to known polar and lipid metabolites.  
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7.3 Analysing lipid metabolite distribution in metastatic and 
WT lungs by DESI-MS. 

In the previous chapter I discussed polar metabolite differences between the 

metastatic and wildtype lung as revealed by DESI-MSI (Figure 6-17). A database 

search of the ions upregulated in the two tissue types using LipidMaps revealed 

members of different phospholipid classes, including PI-Cer, PI, PA, PG, PS and 

PE lipids, present at higher levels in the metastatic lung compared to the wildtype 

lung (Figure 7-2c). These findings are in line with the previously published works 

demonstrating that the metastatic lung is higher infiltrated with immune cells which 

produce lipid signalling molecules and may be composed of lipid species distinct 

from those that make up pneumocytes or tumour cells [787], [808]–[812]. 

Interestingly, a distinct pattern of lipid species was detected on the periphery of the 

large LM (Figure 7-2c). and this was a phenomenon observed across multiple DESI 

images analysed. Further investigation of these lipid-rich peri-metastatic regions is 

discussed below, combining DESI-MSI, immunofluorescence and OrbiSIMS.  

 

LipidMaps database mining also identified ions matching to DG, TG and PC lipid 

species, which were downregulated in the metastatic lung in comparison to the 

wildtype lung (Figure 7-2b). PC is the major phospholipid class which comprises 

pulmonary surfactant, which in turn has been shown to reduce progression of lung 

tumours via inhibition of immune signalling [813]. Therefore, the observed reduction 

of PC species the metastatic lung may play a role in metastasis progression. 
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Figure 7-2. Metabolic heterogeneity between metastatic and wildtype by DESI-MSI.  
(A) Post-DESI H&E of sample containing a Myc310 MGT, metastatic lung from the same 
animal, and a wildtype lung for comparison. (C) Ions present at higher levels in wildtype and (D) 
metastatic that were matched to known polar and lipid metabolites.  
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7.4 Comparing changes in lipid classes between Myc310 MGTs 
and LMs using LC-MS and DESI-MSI. 

7.4.1 Apolar LC-MS 

Apolar metabolites from LM MGTs and LM2s were analysed using untargeted LC-

MS (see Methods). Untargeted lipid class analysis was used to identify 2447 lipid 

metabolites in the entire dataset. Fold change analysis further determined that 370 

of these metabolites were significantly (log2(FC) ≥ 2), enriched in LM2s compared 

to MGTs, of which 55 ions were annotated to specific lipid species using an R-

based workflow, LipidMatch [814]. There were 349 apolar metabolites significantly 

enriched in MGTs, out of which 150 ions were successfully annotated using 

LipidMatch. Importantly, LipidMatch uses not only m/z values, but also LC-MS 

retention times and summed fragment intensities based on in silico predicted 

fragmentation patterns to assign ion identities.  

 

Figure 7-3a shows a volcano plot distribution of detected lipid species between 

LM2s and LM MGTs, and Figure 7-3b shows a dot plot of intensity fold changes 

between metabolites belonging to different lipid classes. Di- and triacylglycerols 

(DG, TG) were significantly higher in LM MGTs than in LM2s. In LM2s, specific 

ceramides and sphingomyelin lipids were present at significantly higher levels than 

in LM MGTs. The distribution of intensity fold changes between other lipid classes 

either varied within a class, or there were very few species identified per class.  

 

Due to the large variety of lipid species and classes found in biological samples, an 

exploratory analysis is the first step of understanding changes in lipid species. A 

more detailed lipidomics analysis, using metabolite standards and MS/MS of ions 

with significantly distinct intensities is needed to draw further conclusions.  
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Figure 7-3. Apolar LC-MS analysis of lipid classes between LM2s and LM MGTs – higher 
fold change represents enrichment in LM2s.  
(A) Volcano plot showing lipid metabolites differentially expressed between LM2s and LM 
MGTs, with lipid classes labelled. (B) Fold change analysis of metabolites in each lipid class 
significantly changing between LM2s and LM MGTs. Higher log2(FC) signifies higher levels in 
LMs. Point colours represent parametric t-test significance (* p < 0.05, ** p < 0.01, *** p < 
0.001). Lipid classes: AcCar = acyl carnitine, CE = cholesterol ester, Cer = ceramide, Cer-NDS 
= ceramides containing non-hydroxy FA-dihydrosphingosine, Cer-NS = ceramide containing 
non-hydroxy FA-sphingosine, CL = cardiolipin, DG = diacylglycerol, LPC/PE = lyso-PC/PE, MG 
= monoacylglycerol, OxPC/PE/TG = oxidized PC/PE/TG, PC = phosphatidylcholine, PE = 
phosphatidylethanolamine, PG = phosphatidylglycerol, SM = sphingomyelin, TG = 
triacylclycerol. 
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7.4.2 Apolar DESI-MSI 

Following identification of metabolic heterogeneity between LMs and MGTs using 

apolar LC-MS, DESI-MSI images were subjected to untargeted lipid metabolite 

analysis using the LipidMaps database. Both DGs and TGs were enriched in MGTs 

in comparison with LMs. By DESI, TG ions were rarely identified, and those that 

matched to TG species had a homogenous distribution between all tissue samples 

(Figure 7-4c). On the other hand, many DG species were seen in DESI-MSI 

images, localised to specific areas of MGTs, and not present at all in lungs or LMs. 

The particular DG-high areas contained lipid-laden cells in post-DESI H&E stains 

(Figure 7-4b,c). These cells are likely to be adipocytes remaining from the 

mammary fat pad; they are more likely to be found in mammary tissue than the 

lung, and they are known to be sites of TG synthesis from DGs [815], [816]. TGs 

may not be accurately detected in MSI due to possible fragmentation or lack of 

ionisation potential. Notably, while DESI-MSI analysis was performed in negative 

ion polarity for maximising polar metabolite coverage, lipid metabolite detection 

may be improved in the positive polarity [817]. 

 

In accordance with LC-MS findings (Figure 7-3), several ions matching to ceramide 

and sphingolipid species were upregulated in LMs (Figure 7-4d). Interestingly, 

Myc310 LMs have strikingly higher signals of these lipid species than LM2s. 

However, this may also be related to metastasis size, since Myc310 LMs were on 

average smaller than LM2s. Recently, it has been shown that sphingolipid and 

ceramide metabolism has been implicated in metastatic progression in breast 

cancer, through TGFb signalling and EMT initiation [443]. DESI-MSI in combination 

with LC-MS confirmed the exact localisation of ions matching to these lipid classes, 

but understanding their biological role in metastatic progression requires further 

inquiry.  

 

Untargeted DESI-MSI also revealed heterogeneous distributions of ions matching 

to several other lipid classes, shown with representative images in Figure 7-4e, 

between MGTs, LMs and lungs. Several PG lipids were found exclusively in lung 

tissue, regardless of the presence of metastases (Figure 7-4e, top left). On the 

other hand, ions annotated as cardiolipin species were present in wildtype lungs 
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but their intensity reduced with increasing metastatic burden in the lung (Figure 7-

4e, top right). Furthermore, there were several PE lipids that localised within 

Myc310 LMs, however were excluded from larger LM2 lesions (Figure 7-4e, bottom, 

left). Finally, an ion matching the chemical formula of a PIP lipid showed specific 

localisation within all LMs, and distinct areas of MGTs (Figure 7-4e, bottom, right).  

 

Untargeted apolar DESI-MSI analysis provided annotations for many ions which did 

not match to any polar metabolites, and revealed yet another dimension of 

metabolic heterogeneity in these complex samples. Lipids are involved in multiple 

vital process in tumour progression and metastasis, including proliferation, 

migration, vascular permeability, immune signalling and bioenergetics [818], [819].  

Further work is needed to understand the role of lipids in MGTs and the metastatic 

niche. 
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Figure 7-4. Assessing lipid heterogeneity between MGTs and the metastases 
derived from them, by DESI-MSI. (A) Post-DESI H&E of sample containing a 
Myc310 MGT and paired metastatic lungs, LM MGT and paired metastatic lungs, 
and a wildtype lung for comparison. (B) Overlay of DESI-MSI image of m/z 
623.4458, matching to DG(34:4) [M+Cl]-, with post-DESI H&E, revealing co-
localisation of glycerolipid metabolites with cells that phenotypically resemble 
adipocytes. Heterogeneous distribution of (C) glycerolipid, (D) sphingolipids and (E) 
phospholipids between MGTs, LMs and lung tissue. 
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7.5 Exploring peri-metastatic lipid accumulation using the 
Orbi-SIMS. 

In the previous chapter I described how Orbi-SIMS MSI allows the acquisition of 

metabolite images with a high lateral resolution (2 um pixel size). However, peak 

annotation is a challenge due to potential metabolite fragmentation upon impact of 

the GCIB ionisation source and during ion transfer. The predecessors of OrbiSIMS 

is ToF-SIMS, which has been used consistently to image lipid metabolite 

distribution in biological samples [582], [585], [583]. Since apolar metabolite 

detection has been well characterised by SIMS techniques, and following the 

observations of heterogeneous lipid distribution between LMs and the metastatic 

lung as seen by DESI-MSI, I wanted to more closely explore the metastatic niche 

using the Orbi-SIMS. 

 

Due to high ion fragmentation, negative ion polarity and low collisional cooling 

during ion transfer, intact lipid species were not abundantly detected using the 

Orbi-SIMS. However, I observed distinct hotspots of fatty acid accumulation on the 

periphery of a metastatic tumour (Figure 7-5). The ion signal matching to adenine 

was localised in the metastasis, with lower signals originating from surrounding 

lung epithelium. From previous Orbi-SIMS images of MGT heterogeneity (Figure 6-

14), the ion annotated as adenine was consistently upregulated in specifically the 

tumour cells compared to the stroma, and hence was considered a chemical 

marker of tumour cells in our Orbi-SIMS images. This may be a read-out for high 

nuclear density of these cells as adenine can be fragmented from nucleotides.  

Alignment of post-SIMS H&E staining confirmed that there was a specific lipid-

laden cell type that co-localised perfectly with the areas of increased fatty acid 

accumulation as seen with OrbiSIMS imaging. Taken together with the specific lipid 

accumulation in the whole metastatic lung as seen by DESI-MSI (Figure 7-2), this 

observation demonstrates the novel perspective that MSI provides the link between 

specific histological features with metabolic signatures. 
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Figure 7-5. Peri-metastatic lipid accumulation in metastatic lung identified by Orbi-SIMS 
imaging.  
(A) Post-MSI H&E stain highlighting metastatic lesion. (B) Ions identified by database mining 
using Orbi-SIMS m/z values: ion matched to adenine [M-H]- localised in the metastatic lesion, 
whereas ions matching to arachidonic acid [M-H]- and its derivative, adrenic acid [M-H]- are 
localised on the metastatic periphery. (C) RGB overlay of the three ion images in (B). (D) 
Magnified H&E stain from (B) lower-right panel revealing exact co-localisation of lipid-rich areas 
with lipid-laden cells; yellow circles represent areas of high lipid accumulation from (B). 



 209 

7.6 Identifying the cell population within the metastatic niche 
that accumulates lipids on the metastatic border. 

Following my observation of specific cells accumulating lipids at the periphery of 

lung metastasis, I first wanted to determine if there was an increase in expression 

of enzymes involved in lipid biosynthesis in these areas. Immunofluorescence 

staining for fatty acid synthase (FASN) revealed that its expression was increased 

in a specific cell sub-population in the metastatic lung, compared to MGT and WT 

lung (Figure 7-6b,c).   

 

Next, I aimed to identify the cell type that is responsible for this phenotype. By Orbi-

SIMS, one of the identified ions localised to these lipid hotspots was arachidonic 

acid, which is a key signalling molecule in immune cell activation [820]–[822]. I 

used immunofluorescent staining on consecutive metastatic lung sections to 

evaluate if there was an accumulation of a particular immune cell type around lung 

metastases that would have increased FASN expression. Co-staining for FASN 

and CD45 highlighted the high degree of immune cells infiltrating both the 

metastatic lung and the LM (Figure 7-6d). Independent co-localisation staining 

against FASN and M1 macrophages (CD68) showed that macrophages mainly 

reside within the LM lesion, and are not the cells overexpressing FASN (Figure 7-

6e). Staining for T-cells (CD3) and B cells (B220) showed that while there are 

abundant populations of both of these cell types specifically in the metastatic lung, 

there was no co-expression of these markers with FASN (Figure 7-6f,g). 

 

 

 

 

 

 

 

 

 



 210 

 
Figure 7-6. Analysis of FASN distribution in the metastatic lung. 
Immunofluorescent staining of an LM MGT, the metastatic lung from the same animal and a 
wildtype lung reveals upregulation of fatty acid synthase (FASN) in the metastatic lung. (A) H&E 
stain of near-adjacent tissue slices to those imaged by IF. (B) IF staining of FASN and DAPI 
across the three tissues. (C) Magnified image of the region surrounding the LM lesion, showing 
upregulation of in the metastatic lung but not within the LM itself. (D)-(G) Co-staining of FASN 
and immune cell markers on adjacent slices of the metastatic lung. CD45 = pan-immune marker 
(D), CD68 = M1 macrophage marker (E), B220 = B-cell marker (F), CD3 = T-cell marker (G).  
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During the course of my immunofluorescence experiments, while determining a 

robust IF marker for metastases, I discovered that Myc310 LMs and LM2s are E-

cadherin low, suggesting a more mesenchymal phenotype. The lung epithelium, 

however, was E-cadherin high, with virtually every pneumocyte clearly expressing 

a high level of E-cadherin in comparison to other cell types in the lung (Figure 7-

7a). Co-staining of E-cadherin and FASN was performed to determine whether it is 

the lung cells that are upregulating de novo lipid biosynthesis in response to the 

presence of an LM tumour in the lung (Figure 7-7a). Due to time limitations and the 

lack of metastatic lung consecutive sections, the FASN and E-cadherin co-

localisation was evaluated in a new set of LM MGTs and their metastatic lungs. 

Indeed, clear co-localisation of the FASN signal was observed when co-stained 

with E-cadherin. A fascinating discovery was that some LMs had a high degree of 

E-cadherin-positive lung cells inside the LM lesion, suggesting that the tumour cells 

were able to migrate between and around pneumocytes as they colonise the lungs 

(Figure 7-7b,c). FASN-high lung cells included within the LM region would be 

impossible to dissect and are inevitably included in any bulk tissue analysis by LC-

MS. On the other hand, many LM lesions, even in the same lung lobe, were not 

able to penetrate into the lung and are therefore clear of pneumocytes and 

subsequently, are predicted to have lower lipid accumulation due to low expression 

of FASN (Figure 7-7).  
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Figure 7-7. Immunofluorescence staining to identify which cells in the metastatic lung 
upregulate FASN.  
(A) E-cadherin (green) epithelial cell marker is not expressed in the LM lesions, suggesting a 
mesenchymal phenotype. Lung epithelium is E-cadherin positive. FASN (red) is expressed in 
the LMs and at a higher level in the surrounding lung, especially in the per-metastatic region. 
(B) Magnification of the FASN stain demonstrating that FASN expression is upregulated at the 
metastatic boundary and inside the invasive LM lesion. (C) Overlay of E-cadherin, FASN and 
DAPI IF shows that two different LM lesions differ in invasiveness: the left lesion has not yet 
penetrated into the lung epithelium, whereas the right lesion is heavily infiltrated with 
pneumocytes. (D) Magnified IF images show co-localisation of FASN-high cells with E-cadherin 
positive lung cells at the periphery of the LM lesion. 
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7.7 Chapter Discussion 

Lipid metabolism plays multiple vital roles in tumour progression and metastases, 

including proliferation, maintenance of bioenergetic reactions, remodelling of the 

tumour microenvironment, immune cell signalling and coping with increased 

oxidative stress [819]. Specifically in the context of breast cancer, due to the 

surrounding adipocyte-rich environment of the mammary fat pad, lipid metabolism 

provides additional nutrients that support tumour development [823], [824], [197]. 

The scope of my project did not allow for a detailed study of lipid metabolism in 

MGTs and LMs, however MSI revealed notable changes in specifically lipid 

metabolites in the metastatic niche and therefore it was important to explore this 

finding further. 

 

Apolar LC-MS analysis showed the enrichment of DG and TG species in the MGTs 

compared to LMs, and in turn, several species of sphingolipids and ceramides were 

enriched consistently in the metastases. As with the polar LC-MS analysis, crude 

dissection of metastases remains a limitation to bulk tissue analysis, especially 

when considering the immense diversity of immune and lung cells which were 

found within LM tumours. DESI-MSI and OrbiSIMS imaging allowed me to trace the 

exact location of lipids in the same classes as shown to be significantly changing 

between LMs and MGTs by LC-MS. Heterogeneous distribution of DG species was 

seen within MGTs, located in regions which appear to be populated by adipocytes 

or other lipid-laden cells. Lipid-laden cells in areas of the metastatic lungs 

surrounding LMs were also observed by OrbiSIMS and confirmed by H&E staining. 

Even though OrbiSIMS ion annotations must be taken with caution due to a high 

degree of in-source fragmentation, this approach allowed me to discover an 

accumulation of cells in the metastatic niche that upregulate de novo lipogenesis 

through FASN overexpression. It is still unknown whether the FASN-high cells have 

a lipid-laden phenotype, and further immunohistochemistry studies are required to 

determine this.  

 

Combining MSI and immunofluorescent staining I was able to determine that the 

cells upregulating FASN in the metastatic lung are a population of E-cadherin 

positive lung epithelial cells. These cells are not suspected to be tumour cells 
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undergoing mesenchymal-to-epithelial transition due to the complete absence of 

the MYC oncogene in these cells. The particularly intriguing finding is that only lung 

cells which have been infiltrated by metastatic tumour cells show an upregulated 

level of FASN, and is absent in lung cells that are located near metastatic lesions 

that has not yet penetrated into the lung organ. This observation suggests the 

upregulation of lipid biosynthesis by lung cells is instigated by direct contact or 

signalling of migrating tumour cells, but future investigation is required. 

Interestingly, a recent study demonstrated how lung metastases stimulate the 

remodelling of the lung epithelium, provoking a cancer-associated phenotype which 

supports metastatic cell growth [787]. Changes in lipid metabolism in the lung 

epithelium in response to metastasis has not yet been reported and understanding 

the mechanism of this phenotype remains a key interest in the lab.  

 

Taken together, MSI as a multimodal approach to exploring metabolic 

heterogeneity is increasingly proving to be a requirement to understand the full 

scope of complex metabolic crosstalk between different cell types, both within 

tumours and in the context of metastasis.  
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Chapter 8. Discussion 
 

The primary aim of this project was to establish a robust methodology to study 

metabolic heterogeneity in the context of metastatic disease. During the course of 

my work I was able to develop a model to study the metabolism of MYC-driven 

mammary gland tumours and their lung metastases, and determine the 

environmental impact of the surrounding organ on metabolic transformation and 

plasticity. Using several mass spectrometry imaging platforms, I was able to study 

metabolite distribution in situ, uncovering metabolic heterogeneity within individual 

MGTs, between MGTs and the LMs derived from them, and also importantly in the 

unperturbed metastatic niche. My work has demonstrated the unique and powerful 

advantages that MSI modalities bring into the field of cancer metabolomics, 

although numerous limitations remain in these still relatively new and developing 

techniques.  

 

The results of LC-MS and DESI-MSI experiments and their significance in the 

context of metabolic vulnerabilities of metastatic development and survival have 

been discussed at the end of each chapter. In this chapter, I will discuss the model 

used in this thesis to study metastasis, briefly summarize the key changes in 

metabolism between MGTs and their lung metastases, and will then focus in 

greater detail on the advantages and limitations of using a combination of 

traditional LC-MS with the novel MSI technology platforms for studying metabolic 

heterogeneity in cancer. I will conclude with an outline of the future directions that 

will be pursued in the lab as a result of my findings. 
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8.1 Developing a method to study the metabolism of lung 
metastases. 

 

Incidence of metastasis of transgenic MMTV-MYC tumours has previously been 

observed by Dr. Emma Still in our lab, however transgenic tumour lung metastases 

were too small to dissect for LC-MS metabolomic analysis. In my project, I used the 

Myc310 cell line, originally derived from a transgenic MMTV-MYC tumour and 

passaged in vitro more than thirty times. When injected into the mammary fat pad 

of wildtype mice, the Myc310 cell line yielded metastases to the lungs that were 

visibly detectable, albeit still periodically too small for dissection. Several metastatic 

breast cancer mouse models have been established and are widely used in various 

studies of metabolism, such as the MMTV-PyMT and 4T1 models. For my project I 

wanted to focus specifically on MYC-driven metastatic mammary gland tumours, 

given the poor prognosis in patients with triple negative breast cancer driven by 

MYC amplification [484], [607], [825], [826]. Apart from MYC as the driver 

oncogene, the advantages of the Myc310 model include the reproducibility and 

relatively fast tumour development in vivo. Gene expression analysis for additional 

oncogenic drivers, such as RAS, PI3K and p53, as well as EMT transcription 

factors, will help elucidate the underlying mechanisms of metastatic progression in 

these cells.  

 

The mechanism behind the increased metastatic potential of tumours generated by 

injection of the Myc310 cell line, compared to transgenic MMTV-MYC tumours, 

requires further investigation, and will be pursued in future work. Initial metabolomic 

comparison of transgenic MMTV-MYC MGTs to Myc310 MGTs revealed several 

metabolic pathways which may be associated with a higher propensity for 

metastasis. Myc310 MGTs had increased levels of glycolytic and TCA cycle 

intermediates, as well as increased levels of nucleotides. Furthermore, the 

increased levels of PPP intermediates, as well as increased glutathione 

biosynthesis could be attributed to a metabolic signature that facilitates metastatic 

progression, since antioxidant pathways have been shown to be upregulated in 

higher grade tumours and metastases [731].  
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As part of my project I wanted to understand if the observed metabolic differences 

between Myc310 MGTs and their LMs were dictated by the surrounding lung 

environment. The isolation, in vitro propagation and re-injection of LM cells into the 

mammary fat pad of wildtype mice generated significantly more metastatic tumours 

in both incidence and size of lung metastasis lesions. However, LM MGTs were 

comparable in proliferation rates and metabolism to less-metastatic Myc310 MGTs. 

This model allowed me to observe the plasticity of metabolic reprogramming in 

these cells, although the mechanism behind the increased aggressiveness has not 

yet been explored. As discussed in Chapter 5, the LM cells are likely a selected 

clonal sub-population of Myc310 cells that are more prone to migration, survival in 

circulation and the lung, immunosuppression or apoptotic resistance. The 

metabolic distinctions between LMs and MGTs are maintained in both Myc310 LMs 

and LM2s, and are discussed below and in detail in Chapters 4 and 5. Overall the 

majority of metabolic changes exhibited by LMs are absent when comparing LM 

MGTs to Myc310 MGTs, suggesting flexible metabolic reprogramming that is 

governed by the environment of the tumour cells. Given the preservation of 

metastasis-specific metabolic characteristics, it would be worthwhile to assess the 

same metabolic reprogramming in other models of metastatic breast cancer, as 

well as metastatic patient-derived xenografts (PDXs). Elucidating overarching 

metabolic vulnerabilities of lung metastasis would allow for more wide-ranging 

therapeutic approaches that may be beneficial irrespective of primary tumour origin 

or genetic lesion. 
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8.2 Metabolic changes between MYC-driven mammary gland 
tumours and their metastases to the lung. 

The MYC oncogene has been widely characterised as a metabolic regulator in 

cancer development and progression [142], [827], however most studies involving 

MYC-induced metabolic changes have been focused on comparing tumour cells 

with normal cells [130], [143], [144]. At the same time, MYC has been identified as 

a marker of poor prognosis and metastatic disease [825]. Therefore, one of the 

aims of this project was to assess changes in metabolism between MYC-driven 

mammary gland tumours and their metastases to the lung.  

 

8.2.1 Lung metastases have increased bioenergetic demands than 
mammary gland tumours, as demonstrated by increased glycolysis, 
amino acid metabolism and nucleotide biosynthesis. 

 

LC-MS analysis revealed that LMs had higher levels of glycolytic intermediates and 

non-essential amino acids, including alanine, glutamine, glutamate, aspartate and 

asparagine. Furthermore, levels of nucleotides and the ATP/AMP ratio were also 

increased in some LM lesions, suggesting a degree of bioenergetic heterogeneity 

between them. Experiments using 13C6-glucose labelling showed that LMs  also 

had higher enrichment in glycolytic intermediates, alanine, glutamate, and 

glutamine. The increased alanine production in metastases is in line with recent 

findings that lung metastases upregulate the alanine aminotransferase reaction in 

order to produce alpha-ketoglutarate, which in turn drives ECM remodelling and 

metastasis progression [165]. The TCA intermediates fumarate and malate were 

elevated in LMs, however levels and labelling from glucose of citrate, cis-aconitate 

and alpha-ketoglutarate was decreased. These findings suggest that acetyl-CoA in 

LMs may be redirected towards lipid biosynthesis, and also that LMs have reduced 

reductive carboxylation of alpha-ketoglutarate than MGTs. 13C5-glutamine labelling 

supported this finding with reduced M+5 enrichment in these metabolites in LMs. A 

possible explanation for this shift is that LM cells require NADPH for antioxidant 

metabolism and therefore downregulate other pathways that require this cofactor, 

including the reductive carboxylation of alpha-ketoglutarate by IDH.  
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The observation that the PPP is reduced in LMs compared to MGTs is conflicting 

with the hypothesis that LMs require increase protection against ROS, since PPP is 

the primary source of intracellular NADPH production, and has been shown in other 

models to be upregulated in more aggressive tumours [115], [741], [828], [829]. 

The underlying mechanism for a downregulation of the PPP in LMs requires further 

inquiry. Since EMT transcription factors signal directly to upregulate PPP enzymes, 

the reduced activity of this pathway in LMs may signify that the metastatic cells are 

undergoing the reverse, mesenchymal-to-epithelial transition (MET), and therefore 

EMT-derived metabolic signalling is reduced. In Chapter 7, however, I showed that 

LM lesions have low expression of the epithelial marker E-cadherin, therefore it is 

unlikely that these cells reverted back to an entirely epithelial state at the point of 

resection. Further investigation into EMT transcription factor levels and signalling 

and PPP enzyme expression levels in LMs and MGTs is needed to draw final 

conclusions about the mechanism behind reduced levels of PPP intermediates in 

LMs.  

 

8.2.2 Lung metastases have an upregulated one carbon metabolism and 
glutathione biosynthesis. 

The increase in one carbon metabolism intermediates SAM and SAH were 

consistently significant in Myc310 LMs and LM2s, compared to the MGTs that they 

originated from. The SAM/SAH ratio was also increased, suggesting a higher 

methylation capacity in LMs. This link between metabolism and epigenetic 

regulation is an extremely interesting and novel observation to date. A primary 

focus of future work will be assessing the methylation status of histones, DNA and 

proteins in LMs and MGTs, in order to identify the mechanistic purpose of this 

observation. As discussed in chapter 5, SAM is a global methyl donor that is used 

by numerous methyltransferases, not only in epigenetic regulation reactions but 

also in phospholipid and polyamine biosynthesis and regulation of nutrient sensing 

by mTOR. Therefore, this metabolic phenotype is likely to directly link to other 

processes driving metastatic progression and therefore SAM production presents 

an appealing therapeutic target against metastasis development in our model.  

 



 220 

Importantly, many intermediates of the one carbon metabolism, including most of 

the folate cycle metabolites were not detectable using our current LC-MS analysis 

method. Upregulated levels of the essential amino acids threonine and histidine in 

LMs hint towards an upregulated folate cycle, however this has to be confirmed 

with enzyme expression and activity assays. In order to fully understand the one 

carbon metabolism upregulation in LMs, future work will focus on tailoring the 

metabolite extraction and LC-MS analysis method for better detection of these 

species. Furthermore, 13C5-methionine labelling in the diet can be used to assess 

the flux into SAM, SAH and other one carbon metabolism intermediates. 

 

Both reduced and oxidized forms of glutathione were consistently upregulated in 

LMs, and the GSH/GSSG ratio was reduced, suggesting elevated oxidative stress 

in LMs. This observation supports established findings regarding elevated ROS in 

highly proliferative tumours, especially in the highly-oxygenated lung 

microenvironment. Given the upregulation in one carbon metabolism intermediates, 

we hypothesized that glutathione synthesis from homocysteine through the 

transsulfuration pathway is likely. Glutathione production via the transsulfuration 

pathway requires glutamine, however 13C5-glutamine-derived enrichment in GSH 

and GSSG was significantly reduced in LMs compared to MGTs. This finding was 

surprising, however it may indicate that LMs upregulate glutathione recycling rather 

than de novo biosynthesis, conserving glutamine for other catabolic pathways such 

as nucleotide biosynthesis. Overall the fate of glutamine-derived carbons in LMs 

remains unclear, due to a lack of significant increase in 13C5-glutamine-derived flux 

into the TCA, aspartate or other downstream pathways. However, glutamine efflux 

through the LAT1 transporter plays an important role in essential amino acid influx, 

and upregulated levels of EAAs were observed in LMs. EAAs can be catabolised in 

the mitochondria for energy and biomass production, and leucine regulated mTOR 

activation, which drives metabolic reprogramming and proliferation. Furthermore, 

efflux of glutamine-derived glutamate through the xCT transporter drives cystine 

import, which yields cysteine and contributes to glutathione biosynthesis. 

Therefore, the role of glutamine in LMs needs to be further investigated by 

assessing the expression status of the LAT1, xCT and ASCT2 receptors, as well as 

downstream enzymes involved in EAA catabolism and glutathione synthesis in the 

transsulfuration pathway. 
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With regards to glutathione, the expression and activation of glutathione 

peroxidase, the enzyme that recycles GSSG back to GSH, also needs to be 

assessed. Given that NADPH is required for this reaction, it will be beneficial to 

measure NAD(P)+ and NAD(P)H using LC-MS metabolomics, however this 

remains a challenge due to spontaneous oxidation of the reduced species during 

extraction. 

8.2.3 Limitations of LC-MS for assessing metabolism of metastasis 

Traditional metabolomics techniques such as LC-MS require accurate tumour 

dissection from the surrounding organ for bulk analysis of the metabolome. This 

approach is advantageous due to the reputable polar and lipid metabolite detection 

and quantification methods. However, the crude dissection of metastatic lesions 

from the frozen lung in this project presented a substantial limitation, and the LC-

MS results presented in this body of work are limited by the likely presence of some 

surrounding lung tissue in the LM samples.  

 

To date, the vast majority of studies of metastatic metabolism rely on in vitro 

models such as 3D tumourspheres and suspension cultures to mimic the 

anchorage-independent growth of metastatic lesions. These methods have 

profound limitations due to the influence of in vitro media composition and oxygen 

levels, as well as lack of non-tumour cells that normally contribute to metastasis 

growth, signalling and metabolism. The reason for using such models lies in the 

difficulty of isolating individual metastatic lesions from the surrounding organ. As 

shown in this and other studies, metastatic lesions are composed of a 

heterogeneous population of cells, which include not only tumour cells but also 

various immune infiltrates and cells from the organ that is being colonised. 

Furthermore, metastatic dissemination begins with single cells that extravasate into 

distal organs, and it is often impossible to accurately resect these lesions for 

metabolomics analysis. Recently, advances in laser capture microdissection have 

demonstrated the ability to perform genome, transcriptome and proteome analysis 

on specific cell populations in complex tissue samples, however this technique 

relies heavily on tissue fixation, which is problematic for metabolomic studies 

[830]–[833]. Taken together, there is a clear need for spatially-resolved 

metabolomics methods that could assess metabolite distribution in heterogenous 
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tissues such as metastatic lesions. In this work I demonstrate how mass 

spectrometry imaging can be used for this purpose and introduce several metabolic 

vulnerabilities of metastasis that were observed using these techniques. 

 

8.3 Advantages and limitations of MSI for studying metabolic 
heterogeneity in complex tissues.  

MSI is a powerful analytical tool for visualising metabolite distribution in situ without 

the need for dissection. Using immunofluorescent staining I have demonstrated the 

diverse cell populations in MGTs and within the metastatic niche, and highlighted 

that understanding how different components of these tissues contribute to 

metabolism is vital for successful therapeutic strategies.   

 

8.3.1 DESI-MSI reveals heterogeneous distribution of metabolites within 
MGTs and in the metastatic lung. 

DESI-MSI image segmentation into histological ROIs revealed heterogeneous 

distribution of LC-MS-matched polar metabolites between MGTs, LMs, metastatic 

and wildtype lungs. Hierarchical clustering of polar metabolite ions revealed 

similarities between larger LMs and MGTs, while smaller metastatic lesions were 

clustered closer to the metastatic lungs. The limitations of histological ROI 

segmentation are similar to those present with dissection for LC-MS, since diverse 

cell types are analysed together. However, images of ions upregulated in specific 

ROIs can then be closer inspected and combined with post-MSI histological 

staining to determine specific cell sub-populations that co-localise with the 

metabolic signals. Furthermore, I have briefly introduced the WCGNA module 

analysis method that reveals metabolically distinct regions in DESI-MSI images, 

factoring in proximity and underlying biological pathways of metabolite species 

[600], [834]. This and other multivariate data analysis techniques, such as the 

neural network tSNE approach, are methods by which the true complexity of 

chemical mapping by MSI can be assessed [796]. For the purpose of my 

investigation I focused on coupling DESI-MSI findings with LC-MS, however further 

data analysis efforts are required for a more encompassing, untargeted data 

analysis of the DESI-MSI data sets. 
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DESI-MSI results were complimentary to LC-MS findings in demonstrating the 

increased levels of glutathione and the one carbon metabolism intermediate 

dimethylglycine in LMs compared to MGTs. Imaging of GSSG distribution further 

revealed that the metastatic lungs had similarly high levels compared to LMs, 

suggesting that LM presence causes ROS accumulation in the entire organ.  

On the other hand, DESI-MSI revealed new information that was conflicting with 

LC-MS findings, highlighting the limitations behind bulk tissue analysis by LC-MS. 

Glutamine was consistently enriched in the LMs by LC-MS, however DESI-MSI 

revealed it’s upregulation in the metastatic lung, rather than in the LM itself. 

Furthermore, I was able to acquire DESI-MSI images of 13C5-glutamine and 

glutamate following stable isotope infusions, and the localisation of the labelled 

metabolites was consistent with higher glutamine in the metastatic lung. 

Upregulated glutamate in the LM lesion is a visual demonstration of glutamine 

catabolism in the LM. The increased levels of glutamine in the metastatic lungs 

requires further investigation to understand if the presence of a metastatic lesion 

stimulates increased glutamine uptake in the entire organ, and potentially support 

metastatic growth.  

 

Both targeted and untargeted DESI image analysis showed that in many cases, 

metabolites that were deemed to be present at higher levels in LMs were actually 

present at comparable levels in specific regions of the MGT. In some cases, 

absence of polar metabolites can be traced to areas of necrosis in the post-DESI 

H&E staining, however in other cases it remained unclear why certain metabolites 

localised to certain tumour regions. LMs often chemically resembled particular 

regions within the MGT. These regions of the tumour may contain cells with 

metastatic properties and undergoing EMT. Furthermore, such comparative 

metabolic profiles may represent regions of comparable oxygen availability and 

therefore ROS, or simply regions of comparable proliferation rates. Indeed, in post-

DESI H&E stains, both LMs and the MGT regions which express a similar 

metabolic profile are mostly made up of de-differentiated, proliferating tumour cells. 

Further histological analysis of the tumours imaged by DESI-MSI is needed to 

identify the drivers of similar metabolic profiles between certain regions in the MGT 

and the LMs derived from it. 
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Intra-tumour heterogeneity was addressed in this study using DESI-MSI and also 

the relatively novel MSI modality, the OrbiSIMS. Method development for biological 

tissue analysis by OrbiSIMS is still in development, however as part of this project I 

was able to demonstrate metabolic differences between tumour and stroma cells. 

The harsh ionising conditions of the gas cluster ion beam of the OrbiSIMS 

instrument and in-source ion fragmentation present a difficulty in accurately 

assigning metabolite identities to specific ions. However, I was able to see enriched 

arachidonic acid in the tumour stroma. Whether this is a free fatty acid or a cleaved 

head-group from eicosanoid lipids is yet to be determined, however in this case, 

regardless of fragmentation this signal is suggestive of increased immune 

signalling. The high-vacuum conditions of the OrbiSIMS are also problematic for 

biological tissue analysis due to tissue desiccation and ion suppression effects. 

Recently, a method was developed to analyse biological samples in the OrbiSIMS 

in their native state using high-pressure freezing and cryogenic imaging at -150°C, 

which significantly improved polar metabolite detection and tissue morphology 

preservation [542], as well as detection of lipids and hydrocarbons that are typically 

volatile under high vacuum [835]. Such impactful developments in the methodology 

for biological tissue analysis are continuously advancing the MSI field. 

 

8.3.2 Lipid biosynthesis is upregulated by lung cells in close proximity to 
invasive metastatic lesions. 

One of the key findings resulting from OrbiSIMS studies was the observation of 

lipid accumulation in specific spherical regions on the periphery of the metastatic 

lesion, resembling individual cells in shape and size. Co-localisation with post-MSI 

H&E stains indeed revealed individual lipid-laden cells in the vicinity of LM tumours. 

The high spatial resolution of the OrbiSIMS, therefore, allowed the visualisation of a 

metabolic signature in a particular cell type in the innate in situ context. The lipid 

accumulation around metastases was also seen by DESI-MSI, although at a much 

lower spatial resolution, showing a more global accumulation of lipids surrounding 

LMs. These findings were followed up with immunofluorescent stains against the 

rate limiting enzyme of de novo fatty acid biosynthesis, FASN. In accordance with 

OrbiSIMS and DESI-MSI images, FASN expression was also upregulated in the 
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peri-metastatic regions. Further immunohistological probing revealed that the 

FASN-expressing cells were E-cadherin positive lung cells, and not an immune cell 

sub-population as initially hypothesized. This finding is crucial in demonstrating 

how MSI can drive novel therapeutic target identification, and investigating the 

impact of lipid accumulation in the lung cells on metastatic progression remains a 

key interest in the lab.  

 

Recently it has been showed that lung pneumocytes play a key role in driving 

progression and supporting growth of metastases, however the underlying 

metabolic reprogramming remains unknown [787]. The role of lipid metabolism 

upregulation in neutrophils to support metastasis has also been recently 

demonstrated [767], [807]. Eicosanoid biosynthesis supports metabolism and 

vascular remodelling in the context of metastasis and the pre-metastatic niche, 

however these findings have only been shown in tumour and immune cells [836]–

[838]. Furthermore, increased ROS were shown to induce lipid accumulation in lipid 

droplets in hepatocytes and cancer cells [839]–[841], and lipid droplet formation 

protects the cell from ROS induced by lipid-peroxidation [842]–[844]. Also, while 

increased fatty acid oxidation is a known source of ROS [134], [845]–[847], long-

chain poly-unsaturated fatty acids (PUFAs) have been identified as potent 

antioxidants and anti-inflammatory mediators [848]–[853]. Therefore, identifying the 

exact fatty acid and lipid species that are enriched in the metastatic lung is required 

to better our understanding of the mechanistic importance of this observation.  

 

There are several possible reasons for FASN upregulation in lung cells in proximity 

to invasive metastatic lesions. Fatty acid production can support fatty oxidation for 

ATP production, which has been shown to drive triple negative cancer metastasis 

[854]. Furthermore, FASN inhibition has been shown to reduce growth of breast, 

lung and ovarian cancers [855]–[857], and to support the transition to anchorage-

independent growth [858]. Interestingly, the IF staining of FASN in my metastatic 

model does not show a FASN upregulation in the metastases themselves, but 

rather in the adjacent lung cells. De novo fatty acid biosynthesis consumed 

NADPH, limiting the cell’s reductive capacity, and therefore the metastasis cells 

may be downregulating this pathway to preserve NADPH for glutathione recycling 

[107], [859]. It remains unclear if the metastasis cells are able to induce 
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upregulation of FASN in pneumocytes, or if there is a lipid transfer between lung 

cells and metastasis cells that support metastatic tumour growth. These questions 

can be addressed through selective knockdowns of FASN in pneumocytes, and 

measuring the expression of FA transporters such as CD36 in LM cells.  

 

Increased lipid production in the lung may be a mechanistic response to metastatic 

invasion. A recent study demonstrated that upon lung injury by bleomycin, FASN is 

needed to support ATP production in the context of mitochondrial damage and 

maintain surfactant lipid synthesis [860]. In this study, targeted FASN knockdown in 

alveolar epithelial cells mediated critical lung fibrosis following bleomycin-induced 

cell damage. Therefore, in the context of lung metastases, FASN upregulation may 

relate to lung cell damage as a result of metastatic cell invasion, or local elevated 

ROS production. Conversely, another study showed that pharmacological FASN 

inhibition in fibroblasts reduced pro-fibrotic signalling and improved lung function 

following bleomycin treatment [861]. Future work will focus on confirming the exact 

subtype of lung cells that are overexpressing FASN in response to metastasis, and 

determining the mechanism and function of this upregulation.  

 

8.3.3 Future challenges for MSI analysis of complex biological tissues.  

I have demonstrated how MSI techniques can be used to complement findings by 

traditional metabolomics methods, and also unveil a new dimension of spatially-

resolved metabolic heterogeneity. However, MSI for biological sample analysis is a 

relatively novel field, and many limitations and complications remain. As discussed 

in chapters 6 and 7, MSI modalities are more robust and routinely used for imaging 

of lipid species and exogenous drug compounds [579], [773], [862], [863], and 

therefore polar metabolite detection is at times limited, although DESI-MSI 

maintains a comparatively broad metabolite coverage compared to other modalities 

[862], [864], [865]. Factors that have been shown to affect ionisation include 

sprayer geometry, solvent composition, ion transfer and surface wettability, and 

modulating these parameters may help increase sensitivity [553], [556], [798], 

[866]. Furthermore, attributing metabolite identities to ions based on purely m/z 

values is problematic due to isobaric species, varied adduct formation and to a 

lesser extent in ambient metabolomics such as DESI, chemical fragmentation 
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[867]. Future method development strategies should focus on confirming ion 

annotations through the use of MS/MS and metabolite standards, which can be 

uniformly sprayed across a sample to investigate potential heterogeneous ion 

suppression effects of diverse biological tissues [868]–[870]. Developing reliable 

ion annotation strategies is particularly relevant in lipidomics studies, since many 

lipids share common fragments and identical chemical formulae.  

 

It is important to note that the sheer volume of data generated from a single MSI 

experiment is profound, and while this work focuses on parallels between MSI and 

LC-MS findings, there remains a plethora of information that can be extracted from 

these datasets using multivariate data analysis approaches. Unlike LC- and GC-

MS, MSI modalities are able to simultaneously extract spatial information of polar 

and lipid metabolites, providing a more thorough coverage of the sample 

metabolome. Current work in the field is advancing MSI data analysis pipelines and 

several MSI-specific databases for ion annotation have been curated [871]–[873].  
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8.4 Conclusion 

In the scope of this work, I was able to establish novel methods for biological 

sample analysis by MSI, including detection of stable isotope labelled compounds. I 

have also highlight how MSI can be used to complement and enhance findings 

from traditional metabolomics techniques, and uncovered specific metabolic 

changes within the metastatic niche that may provide new targets for therapeutic 

intervention in treatment of metastatic breast cancer. While many challenges in 

biological analysis by MSI still remain, this work has advanced our understanding 

of metabolite coverage by MSI modalities, and provided novel insight into the 

distribution of these metabolites within heterogeneous biological samples. Further 

method development and biological metabolic studies continue in Professor Zoltan 

Takáts’s and Professor Ian Gilmore’s lab to advance the use of DESI-MSI and 

OrbiSIMS modalities for cancer research. In future work, I and others in Dr. Mariia 

Yuneva’s lab will pursue the role of increased methylation capacity via SAM in lung 

metastases originating from MYC-driven mammary gland tumours. We aim to 

identify the enzymes and methylation targets that are involved in the metabolic 

regulation of metastasis in this model, with the overarching aim of identifying a 

potential therapeutic target that can mediate a reduction in metastasis tumour 

incidence and growth. Furthermore, the role of FASN and lipid biosynthesis 

upregulation in the metastatic lung is another exciting avenue for further 

investigation. 
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