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Introduction 
Colorectal cancer ranks as the third most common cancer type globally, accounting for 
about 1,9 million new cases annually. Its high mortality rate highlights the urgent need 
for earlier detection. The progression of colorectal cancer is generally a long process that 
starts with benign growths called polyps, which can then develop into a malignant 
tumour through the accumulation of multiple genetic alterations. The rapid cell growth 
and proliferation associated with cancer development significantly amplify energy 
demands in malignant cells.  

Metabolic reprogramming is one of the hallmarks of cancer, showing that cancer cells 
alter their energy metabolism to sustain rapid proliferation and survival in the tumour 
microenvironment. The famous theory from Otto Warburg suggests that cancer cells 
have impaired mitochondria and favour glycolytic energy production even in sufficient 
oxygen concentrations. However, new studies demonstrate high rates of oxidative 
mitochondrial respiration in various cancer types. Furthermore, cancer cells can 
simultaneously activate both glycolysis and oxidative phosphorylation, thus exhibiting a 
hybrid phenotype that contributes to the plasticity of metabolism. A comprehensive 
understanding of metabolic reprogramming during colorectal cancer development could 
lead to the discovery of novel diagnostic biomarkers. 

Traditionally, metabolic studies focus on single targets, such as genes or proteins. 
Moreover, these studies often use 2D cell cultures, which unfortunately do not always 
accurately represent in vivo conditions, as cell metabolism depends on the surrounding 
microenvironment. This thesis employs a range of methods that allow the evaluation of 
metabolic differences at several levels. The methods include high-resolution respirometry 
to study the functional changes in mitochondrial outer membrane permeability and 
quantitative reverse transcription polymerase chain reaction to assess differences in 
transcript levels. All experiments were performed on postoperative clinical material to 
replicate natural conditions best.  
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1 Literature Review 

1.1 Colorectal Cancer Development 
Colorectal cancer (CRC) is a malignant tumour type resulting from upregulated cell 
proliferation in the colon or rectum. It is the third most prevalent cancer type globally, 
accounting for approximately 1,9 million new cases annually (World Health Organization, 
2023). CRC typically exhibits a long, asymptomatic development during its early stages, 
leading to late-stage diagnoses when cancer has metastasized to distant organs, 
complicating treatment efforts (Kuipers et al., 2015; Simon, 2016). As a result, CRC ranks 
second in cancer-related mortality, making it one of the leading causes of cancer death 
(World Health Organization, 2023).  

The development of CRC tends to be a slow, multistep process involving a series of 
morphological, histological, and genetic alterations that accumulate over time (Figure 
1A) (Frank, 2007). It typically begins from benign, precancerous growths called polyps. 
Polyps derive from cells within the intestinal mucosa and form through the aggregation 
of abnormal cells that finally protrude into the intestinal lumen. Two types of polyps have 
a malignant potential – adenomas and sessile serrated polyps (SSPs). Adenomatous or 
neoplastic polyps are the more common cause of CRC, with around 60-70% of all CRCs 
developing from adenomas, while the remaining 25-35% originate from SSPs  (Conteduca 
et al., 2016). The likelihood of polyps developing into CRC increases as they grow in size, 
and genetic mutations and epigenetic changes start accumulating in the growth. Finally, 
these alterations enable the polyps to invade nearby tissues. The transformation from 
adenomatous polyps into carcinoma is known as the adenoma-to-carcinoma sequence 
(Ahnen, 2011; Shussman & Wexner, 2014). The cumulative genetic alterations contributing 
to this transformation can be categorized into three subgroups: 

a) mutations in proto-oncogenes;
b) mutations or deletions reducing the activity of tumour suppressor genes;
c) mutations damaging genes involved in the DNA repair system (Shussman &

Wexner, 2014).
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Adenomas exhibit low-grade dysplasia, presenting minimal cellular and structural 
atypia. The accumulation of genetic alterations accompanying the hyperproliferation of 
cells in polyps can lead to a higher-grade dysplasia, triggering the transformation into 
invasive carcinoma (Frank, 2007). This malignant tissue can then protrude through the 
walls of the colon and rectum and invade nearby tissues. In addition, the malignant 
growth often upregulates vascularisation, promoting the possible spread of cancerous 
cells to distant organs (Ahnen, 2011; Shussman & Wexner, 2014; Simon, 2016). 

1.1.1 Oncogenic Mutations in Colorectal Cancer Development 
Adenomas and SSPs generally follow different genetic pathways when developing into 
carcinomas (Figure 1B) (Bateman, 2014). Adenomas are associated with the 
chromosomal instability pathway, characterized by an accumulation of genetic 
mutations. The pathway typically begins with mutations within the tumour suppressor 
gene APC, the most common mutation in CRC. Mutations in APC lead to subsequent 
mutations in several proto-oncogenes, mainly in the KRAS oncogene. Finally, these 
mutations collectively result in the loss of function of the p53 gene, one of the primary 
tumour suppressor genes, which normally prevents uncontrolled cell growth and 
proliferation (Pino & Chung, 2010). However, the development of SSPs usually starts with 
mutations in the BRAF oncogene (Bateman, 2014; Yamane et al., 2014). 

Point mutations in KRAS and BRAF oncogenes are some of the most well-characterized 
genetic alterations in CRC development and are used in clinical settings as prognostic and 

Figure 1: Genetic alterations initiating the development of colorectal cancer. (A) Colorectal cancer 
starts with hyperproliferation of cells in the colon or rectal wall, forming benign polyps. As polyps 
grow, the cells develop high-grade dysplasia and can finally penetrate the colon wall and invade 
nearby tissues. (B) Different genetic alterations affect the development of colorectal cancer from 
adenomas or sessile serrated polyps. The adenomatous pathway involves mainly mutations in the 
APC, KRAS, and p53 genes, while BRAF mutations often initiate the serrated pathway. 
Tumourigenesis is frequently accompanied by microsatellite instability (MSI) caused by impaired 
DNA mismatch repair. Created with BioRender.com. 
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predictive biomarkers (Kocarnik et al., 2015). For a long time, mutations in these genes 
were considered mutually exclusive; however, recent evidence suggests that, although 
rarely, they can occur concomitantly in some patients (Midthun et al., 2019).  

The KRAS oncogene belongs to the Ras superfamily, which comprises more than 160 
small GTPases in humans (Rojas et al., 2012). RAS proteins are crucial in several cellular 
processes, including the cell cycle and survival, making them essential in cancer 
development (Colicelli, 2004). Mutations in RAS genes are found in more than 30% of 
human cancers (Cicenas et al., 2017). The Ras superfamily has five subfamilies, with the 
Ras subfamily being the most prominent in cancer research. One of the first RAS genes 
discovered was KRAS (Chang et al., 1982), which is now also one of the most studied 
oncogenes. The KRAS protein is vital in cellular signalling pathways that control 
proliferation, anti-apoptosis, survival, and differentiation (Karnoub & Weinberg, 2008). 
Point mutations in the KRAS gene can affect cancer initiation and progression through 
three pathways (Figure 2) (Cicenas et al., 2017):  

1) The most important and well-characterised is the role of RAS proteins in the
MAPK pathway, where GTP-bound activated RAS proteins interact with and
activate the RAF proteins. These RAF proteins, in turn, will phosphorylate
mitogen-activated protein kinase kinases (MEK), which subsequently will
activate mitogen-activated protein kinases (ERK). The pathway determines the
activation of several transcription factors that control and regulate cell division,
and therefore, KRAS mutations can cause continuous cell proliferation (Marais et
al., 1995).

2) RAS proteins also activate the PI3K/AKT/mTOR pathway by directly interacting
with and activating PI3K. This interaction leads to the phosphorylation of several
target proteins, including AKT. AKT kinases are responsible for critical cellular
processes, such as proliferation, survival, and cell growth, making their constant
activation potentially cause tumourigenesis (Rodriguez-Viciana et al., 1994).

3) Lastly, RAS proteins can activate RAS-related RAL proteins, which regulate cellular
processes like gene expression, cell migration, proliferation, and suppression of
apoptosis through the NF-κB pathway (Cascone et al., 2008).



14 

KRAS mutation is one of CRC's most prevalent genetic alterations, accounting for 
approximately 40% of all diagnosed incidences (Muzny et al., 2012). The most frequent 
are activating missense mutations in codons 12 and 13, affecting the GTPase functions 
and leading to constant RAF activation (Scheffzek et al., 1997). BRAF mutations are not 
as common, being detected in around 11% of all CRCs (Muzny et al., 2012). Most 
commonly found are V600E mutations, altering the Valine 600, which BRAF requires to 
retain the inactive conformation without RAS activation. Therefore, the mutation causes 
continuous signalling of the RAF-MEK-ERK pathway (Wan et al., 2004).  

1.2 Mitochondrial Respiration 
Mitochondria are the double membrane organelles in cells. Although they are mainly 
known as the powerhouses of the cell, mitochondria have many distinct responsibilities 
and contribute to several cellular processes. In addition to being a site for oxidative 
phosphorylation (OXPHOS), mitochondria are also a location for many anabolic pathways. 

Figure 2: The three tumourigenic pathways downstream of KRAS mutation. Point mutations in the 
KRAS gene promote cell proliferation, differentiation and survival by activating the PI3K/AKT/mTOR 
pathway, the MAPK pathway, or the NF-κB pathway. Created with BioRender.com. 
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Furthermore, mitochondria regulate apoptosis and Ca2+ homeostasis while contributing 
to cellular signalling pathways through reactive oxygen species (ROS) production (Herst 
et al., 2018; Simula et al., 2017).  

ATP synthesis in the cell generally starts from glycolysis, which takes place in  
the cytosol, where several enzymatic steps finally convert glucose into pyruvate.  
The voltage-dependent anion channel (VDAC) and mitochondrial pyruvate carrier then 
transport pyruvate into the mitochondria, where it undergoes two subsequent metabolic 
processes – tricarboxylic acid cycle (TCA cycle) and OXPHOS. Cellular respiration 
theoretically produces a total of 36 ATP molecules per glucose molecule, with the 
majority (34 molecules) generated through mitochondrial processes (Bonora et al., 2012; 
Cox, 2013; Siekevitz & Potter, 1955).  

Mitochondria contain major enzymatic systems that produce energy using oxygen. 
Each part of mitochondria has its specific role and carries out different steps of ATP 
production. The TCA cycle, or the Krebs cycle, takes place in the mitochondrial matrix. 
Carbohydrates enter the mitochondria as pyruvate, which is then converted into  
acetyl-CoA. The TCA cycle consists of seven biochemical reactions to release energy 
through acetyl-CoA oxidation. As a result of the TCA cycle, NADH and FADH2 will carry 
the free energy as electrons to the electron transport chain (ETC) (Cox, 2013; Fernie  
et al., 2004).    

The mitochondrial outer membrane (MOM) separates mitochondria from the cytosol 
while allowing the transport of metabolites through the VDAC (Colombini et al., 1996) 
and the transport of nuclear-encoded proteins through MOM translocase (Pfanner & 
Wiedemann, 2002). However, the mitochondrial inner membrane (MIM) is the primary 
location for OXPHOS. MIM forms the functional structures of mitochondria, called the 
cristae, to expand the surface area of the membrane and thus increase the OXPHOS 
efficiency (Mannella et al., 1994; Palade, 1952). The ETC carries out OXPHOS in cristae 
(Gilkerson et al., 2003). ETC contains five enzyme complexes and two electron carriers 
carrying redox reactions to transfer electrons from electron donors to electron acceptors 
(Chance & Williams, 1955). The first complex (CI), NADH dehydrogenase, and the second 
complex (CII), succinate dehydrogenase, catalyse the transfer of electrons from reducing 
agents to coenzyme Q (UQ). CI uses NADH as its substrate, while CII uses succinate via 
FAD (Hatefi, 1985). The lipophilic UQ then carries the electrons to cytochrome c (cyt c) 
oxidoreductase, the third complex (CIII) in the respiratory chain (Kröger & Klingenberg, 
1973). CIII subsequently transfers the electrons from the reduced UQ to the hydrophilic 
heme protein cyt c located on the outer surface of the MIM (Margoliash et al., 1973). 
This protein then conveys the electrons to the fourth ETC complex (CIV), which catalyses 
the transfer of electrons from cyt c to molecular oxygen. CI, CIII, and CIV generate a 
proton gradient across the MIM. This proton gradient is then utilized by the fifth ETC 
complex, ATP synthase, to synthesize ATP from ADP and inorganic phosphate (Burke, 
2017; Cox & Nelson, 2000). 

1.2.1 The Role of Mitochondria in Tumourigenesis 
Due to its diverse roles in bioenergetics, biosynthesis, and signalling, mitochondria are 
the crucial mediators of tumourigenesis, and some groups have even proposed that 
cancer is a mitochondrial metabolic disease (Vyas et al., 2016). Mitochondria generate 
the vast majority of ROS in the cells. However, ROS production is often enhanced even 
further in cancers, which can contribute to genomic instability, cause genetic mutations, 
and promote tumourigenesis (Shadel & Horvath, 2015; Sullivan & Chandel, 2014). 
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Additionally, evidence shows that ROS-mediated oncogenic signalling can promote 
tumour cell migration and, therefore, cancer metastasis (Porporato et al., 2014).   

The primary source for ROS production in mitochondria is the ETC, and there is much 
evidence showing that the activity of the ETC is often deregulated in cancer cells.  
For example, the mtDNA mutations of CI can initiate cancer by enhancing the metastatic 
potential through ROS (Ishikawa et al., 2008; Koshikawa et al., 2017). Additionally,  
CI deregulation could induce tumourigenesis by limiting apoptosis (Park et al., 2009).  
The role of CIII in carcinogenesis is similar to CI as it contributes to ROS production.  
The upregulation of CIII has been shown in several human tumours, like lung 
adenocarcinoma and breast cancer (Gao et al., 2016; Y. Han et al., 2019). Additionally,  
a subunit of CIII, UQCR2, negatively regulates one of the most important tumour 
suppressor genes, p53, by inducing its degradation and, therefore, promoting 
tumourigenesis (Raimondi et al., 2020).  

The subunits of CII act as tumour suppressors. Even though the exact mechanism 
remains unclear, research has reported that the accumulation of succinate due to 
compromised CII activity contributes to a higher hypoxia-inducible factor (HIF) activity, 
which in turn activates the transcription of various genes promoting tumourigenesis 
(Tseng et al., 2018). Studies have shown decreased CII activity in renal cell cancer 
(Hoekstra & Bayley, 2013; Ricketts et al., 2008) and breast cancer (Kim et al., 2013). 
However, in CRC, the CII is clearly active (Kaldma et al., 2014). 

CIV does not directly participate in ROS production but can promote tumourigenesis 
through collaboration with the BCL-2 oncogene family. BCL-2 proteins bind to  
pro-apoptotic proteins on the MIM and thus inhibit apoptosis (Campbell & Tait, 2018; 
Raimondi et al., 2020). BCL-2 overexpression has been presented in several human 
tumour types, like breast cancer, prostate cancer, and colorectal adenocarcinomas 
(Campbell & Tait, 2018; Chen & Pervaiz, 2007; Suvarna et al., 2019).   

Mitochondria also support the rapid proliferation of cancer cells by housing several 
anabolic pathways within the mitochondrial matrix. For example, the TCA cycle and 
folate-mediated one-carbon metabolism enable cells to convert carbohydrates and 
amino acids into lipids, non-essential amino acids, nucleotides, glutathione, heme, and 
other cellular components necessary for new cellular building blocks (Ahn & Metallo, 
2015). Due to their plasticity, mitochondria self-regulate and constantly adapt their  
mass according to the cell’s metabolic needs. In cancer cells, mitochondrial biogenesis  
is often upregulated, while mitophagy regulates the turnover of damaged and 
dysfunctional mitochondria (Herst et al., 2018; Vyas et al., 2016). Additionally, normal 
cells maintain the mitochondrial mass through the balance of fission and fusion. 
However, studies show that cancer cells increase fission while decreasing fusion,  
leading to a fragmented mitochondrial network (Senft & Ronai, 2016). This altered 
mitochondrial dynamics is an important characteristic of KRAS-mutated cancer  
cells. KRAS stimulates mitochondrial fragmentation by regulating the phosphorylation of  
Drp1 via the MAPK pathway. The remodelling of mitochondrial networks in  
KRAS-mutated tumour cells led to impaired cell growth and mitochondrial function, 
demonstrating the tumourigenic effect of mitochondrial fragmentation (Serasinghe  
et al., 2015).  
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1.3 Metabolic Reprogramming in Cancer 
Cancer as a neoplastic disease is characterised by deregulated cell growth and 
proliferation in addition to suppression of cell death. Cancer cells must adapt their energy 
production pathways to fuel abnormal growth and proliferation. In their second version 
of Hallmarks of Cancer in 2011, Hanahan and Weinberg (Hanahan & Weinberg, 2011) 
proposed reprogramming energy metabolism as one of the emerging hallmarks 
characterising cancer cells. While the general idea of metabolic reprogramming is not 
new, the exact process remains largely unknown.  
 

1.3.1 Warburg Effect 
The oldest and one of the most well-known theories on the metabolic reprogramming of 
cancer cells is their switch toward aerobic glycolysis. In healthy human cells, glucose 
metabolism generally goes through glycolysis and OXPHOS and ends in CO2. Only in 
anaerobic conditions is glucose fermented to produce lactate. Otto Warburg proposed 
in the 1920s that cancer cells use more glucose for energy production than other tissues, 
and therefore, the phenomenon is now known as the Warburg effect (Warburg, 1925). 
Warburg extended his hypothesis by proposing that the reason behind increased 
glycolysis is dysfunctional mitochondria, which he believed to be the primary cause of 

 

Figure 3: The reprogramming of glucose metabolism in cancer cells. First, the glucose transporter 
transports glucose into the cell, where it is then phosphorylated into glucose-6-phosphate (G6P) by 
voltage-dependent anion channel (VDAC) bound hexokinases (HK). Pyruvate, the end product of 
glycolysis, can then either (A) enter the mitochondrial matrix through VDAC and pyruvate carrier or 
(B) go through the fermentation into lactate via lactate dehydrogenase (LDH). Lactate exits the cell 
through monocarboxylate transporters, lowering the pH of the extracellular environment, which in 
turn promotes tumourigenesis. Created with BioRender.com. 
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cancer (Warburg, 1956). Decades later, many groups presented evidence that cancer cells 
have respiratory capability and that the fundamental initiating role of tumourigenesis relies 
upon oncogenes. Nowadays, there is a lot of scientific evidence showing that both 
anaerobic and aerobic glycolysis can operate simultaneously in cancer cells (Figure 3), 
and furthermore, tumour cells can exhibit high rates of OXPHOS (Herst et al., 2018; 
Liberti & Locasale, 2016). However, the Warburg effect remains a hot topic, and the 
possible benefits of high glycolytic activity have been thoroughly explored.  

One big question regarding the Warburg effect is why cancer cells with increased 
energy needs would shift toward a glycolytic pathway if the ATP production through 
OXPHOS is much more efficient. Following are the three possible explanations for the 
phenomenon: 

1) ATP synthesis through glycolysis is 10-100 times faster than the complete process 
of OXPHOS in mitochondria, thus compensating for the theoretical 18 times 
smaller net ATP production (Shestov et al., 2014). The increased glycolytic activity 
might give the rapidly proliferating cells, such as cancer cells, an advantage in 
competing for limited energy resources (Pfeiffer et al., 2001; Slavov et al., 2014). 
For example, the high glucose uptake by cancer cells limits nutrient availability 
for tumour-infiltrating lymphocytes, helping cancer evade the immune system 
(Chang et al., 2015; Ho et al., 2015).  

2) Uncontrollably dividing cells require the upregulation of anabolic processes to 
support biosynthesis. By increasing glucose consumption, cancer cells have a 
higher availability of carbon, which is then directed into synthesising nucleotides, 
lipids, and proteins (Cairns et al., 2011; DeBerardinis et al., 2008; Vander Heiden 
et al., 2009). Additionally, there is a hypothesis that rapidly proliferating cells, 
such as cancer cells, may require more reducing equivalents in the form of 
NADPH. Increasing glycolytic activity enables significantly higher NADPH synthesis, 
which cells then use in reductive biosynthesis, mainly de novo lipid synthesis 
(Vander Heiden et al., 2009).  

3) The elevated lactate secretion accompanying increased glycolysis might benefit 
the multicellular tumour microenvironment. For instance, the decreased pH of 
the surrounding microenvironment supports cell migration and invasion by 
disrupting the cell-cell adhesions (Han et al., 2013). Additionally, the acidified 
microenvironment could contribute to M2 tumour-associated macrophage 
polarization, which produces immunosuppressive cytokines and promotes 
cancer cell motility and metastasis (Colegio et al., 2014).  

1.3.2 The Role of Hexokinases in the Warburg Effect 
Glucose metabolism begins with glucose entering the cell through glucose transporters 
(GLUTs) in the cell membrane. Inside the cell, the glycolytic pathway starts with the 
phosphorylation of glucose into glucose-6-phosphate (G6P), catalysed by the hexokinase 
(HK) (Moreno-Sánchez et al., 2014). In mammals, five isoforms of HKs have been 
characterised: HK1-HK4 (Katzen & Schimke, 1965; Wilson, 2003) and hexokinase  
domain-containing protein-1 (Zapater et al., 2022), each varying in their subcellular 
locations, functions, and kinetics. This thesis will focus on HK1 and HK2, both of which 
have a high affinity for glucose and are responsible for a large portion of G6P synthesis. 
HK1 is found ubiquitously in all mammalian tissues, while HK2 is predominantly 
expressed in tissues with high energy needs, such as the heart and skeletal muscles,  
as well as several cancer types (Wilson, 2003).  
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The overexpression of HK2 in many tumour types has provoked the hypothesis that 
it plays a crucial role in the Warburg effect. In the 1970s, Bustamante and Pedersen 
showed (Bustamante & Pedersen, 1977) that cells with high glycolytic activity tend to 
overexpress HK2. They later proposed that the binding of HK2 to MOM through VDAC is 
the critical switch toward the Warburg effect in cancer cells. According to this model, 
mitochondrially produced ATP is preferentially directed to VDAC-bound HK and glycolysis 
while VDAC remains in the open state, allowing exogenous ADP a free access to 
mitochondria through MOM (Pedersen, 2007; Pedersen et al., 2002).  

In addition to mediating the permeability of MOM and increasing the glycolytic 
activity, the binding between VDAC and HK provides other benefits for cancer cells. 
Firstly, increased glucose metabolism promotes cell survival in hypoxic conditions 
(Infantino et al., 2021). Secondly, VDAC-bound HK provides resistance against apoptosis 
by preventing the release of cyt c (Pastorino et al., 2002; Zaid et al., 2005). Thirdly, since 
G6P is a vital precursor molecule for most building blocks necessary for new cells,  
the increased activity of HK2, and thus increased production of G6P, vigorously promotes 
the growth and proliferation of cancer cells (Rao et al., 2015).  

While the roles of the other HK isoforms have been studied less extensively, some 
groups have shown the overexpression of HK1 and its binding to VDAC (Duan et al., 2019; 
Neumann et al., 2010). However, there are three possible reasons for tumours to 
upregulate HK2 selectively: (1) Along with HK1 and HK3, HK2 has a high affinity towards 
glucose (Pedersen, 2007; Wilson, 1995; Wilson, 2003), which is favourable from a 
metabolic standpoint; (2) HK2 has an N-terminal hydrophobic domain that facilitates the 
binding to VDAC, which in turn increases the enzyme’s affinity for ATP fivefold 
(Bustamante & Pedersen, 1977); (3) compared to HK1, HK2 has a catalytic affinity in both 
of its glucokinase-equivalent domains (Ardehali et al., 1999; Tsai & Wilson, 1996).  

1.3.3 Metabolic Plasticity  
Inspired by Otto Warburg, many research groups have explored cancer metabolism, 
revealing that metabolic reprogramming in cancer cells extends beyond just a shift 
toward glycolysis. Evidence shows that tumour cells have fully functional mitochondria; 
in some cancer cells, mitochondrial respiration could even be upregulated (Herst et al., 
2018). 

The cancer microenvironment is highly heterogeneous, necessitating the adaptation 
of tumour cell metabolism to support rapid growth and proliferation under both  
well-oxygenated and hypoxic conditions. This concept has led to the current hot topic in 
cancer metabolism: metabolic plasticity (Fendt et al., 2020; Niu et al., 2023; Palm, 2021). 
Metabolic plasticity allows cancer cells to quickly adapt to changing conditions during 
cancer progression and metastasis. As previously described, tumourigenesis is a multistep 
process that provides new metabolic challenges to malignant cells. Furthermore,  
as tumourigenesis progresses and vascularisation occurs, the availability of nutrients and 
oxygen dynamically changes, requiring cancer cells to adapt to ensure sustained growth 
and proliferation continuously. 

A model proposed by Jia and colleagues (Jia et al., 2019) demonstrates that metabolic 
plasticity in cancer cells arises from a hybrid metabolic state in which both glycolysis and 
OXPHOS are both activated. In this model, cytosolic and mitochondrial ROS mediate the 
complex interplay between HIF-1 and AMP-activated protein kinase (AMPK) (Vander 
Heiden et al., 2009). Hypoxia stabilises HIF-1α and HIF-2α, transcription factors that 
regulate several genes promoting cell survival in low-oxygen conditions. For example,  
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the stabilisation of HIF-1 upregulates several glycolytic enzymes and glucose uptake,  
as well as a vascular endothelial growth factor, which promotes angiogenesis (Berridge 
et al., 2010; Landis et al., 2020). As described above, HIF-1α activity can also be induced 
by the accumulation of succinate in the case of ETC CII downregulation, which causes 
pseudohypoxia (Hayashi et al., 2019). The precise mechanism regulating the hybrid 
metabolic phenotype and metabolic plasticity remains largely unknown. However, 
understanding these mechanisms could uncover new diagnostic or therapeutic targets 
for cancer treatment. 

1.4 Phosphotransfer Pathways  
Efficient ATP production is undeniably essential to support the rapid growth and 
proliferation of cancer cells. However, the effective transport of ATP to the  
energy-consuming sites within the cell is equally important. This transport is facilitated 
by energy transport pathways, such as the creatine kinase (CK) and adenylate kinase (AK) 
systems (Figure 4) that carry the energy-rich phosphate group (Dzeja et al., 2007;  
Saks et al., 2006). These pathways are fundamental in cells and tissues that require a lot 
of energy for functioning, such as muscles, the brain, and cancer cells (Watts, 1973).  
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1.4.1 Creatine Kinase System 
CKs are responsible for maintaining ATP homeostasis in cells by catalysing the reversible 
conversion of creatine (Cr) and ATP into phosphocreatine (PCr) and ADP (Bessman & 
Geiger, 1981; Wallimann & Hemmer, 1994). The diffusion of ATP and ADP alone in cells 
is generally insufficient to maintain ATP homeostasis (Jacobus, 1985). Additionally, PCr 
and Cr can move through MOM much faster than ADP and ATP (Kuznetsov et al., 1996; 
Timohhina et al., 2009; Wallimann et al., 2011). The CK system consists of five isoforms 
encoded by four genes. The three cytosolic isoforms are CK-BB, CK-MM, and CK-MB. 
While CK-MM and CK-MB are predominantly specific for skeletal and heart muscles, the 
brain-type CK-BB is also expressed in other tissues like the brain, kidneys, and neuronal 
cells (Schlattner et al., 2006). The two mitochondrial CK isoforms are the ubiquitous 
mtCK1 and the sarcomeric mtCK2. These mtCK isoforms are functionally connected to 

 

Figure 4: Intracellular phosphotransfer pathways. Creatine kinases (CKs) and adenylate kinases 
(AKs) form the phosphotransfer networks to carry ATP to energy-consuming sites. (A) Mitochondrial 
CK isoforms (mtCK) and cytosolic brain isoform (CKBB) catalyse the reversible transfer of phosphate 
from ATP to creatine (Cr), creating phosphocreatine (PCr) and ADP. (B) Cancer cells often upregulate 
the AK network, which catalyses the interconversion of adenosine nucleotides. ANT – adenine 
nucleotide translocase; VDAC – voltage-dependent anion channel. Created with BioRender.com. 
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adenine nucleotide translocase (ANT) in MIM to facilitate the movement of adenine 
nucleotides near the ATP production site. The cytosolic isoforms are close to ATPases to 
regenerate in situ ATP from the PCr pool at the ATP-consuming site. 

Given the high energy demand in malignant cells, many groups have studied the role 
of CKs in tumourigenesis and metabolic reprogramming. The results from these 
numerous studies vary significantly, as CK isoforms can be either upregulated or 
downregulated in cancer. While the precise mechanism underlying the role of the CK 
system in tumourigenesis remains unknown, several hypotheses describe the 
relationship. Firstly, many groups have demonstrated that cancer cells require CK 
isoforms to fight against metabolic stress and inhibit apoptosis (Li et al., 2013; Qian  
et al., 2012). Secondly, cytosolic CKs can associate with glycolytic enzymes to enhance 
the conversion of ATP generated by glycolysis to PCr (Gerlach & Hofer, 1986; Kraft et al., 
2000; Li et al., 2013). Thirdly, CKs may promote cell motility and metastasis by 
modulating ATP homeostasis required for cytoskeletal rearrangements (Mulvaney et al., 
1998; Yan, 2016). Normal colon epithelium exhibits a high expression of CKs. Therefore, 
a decrease in CK activity could be necessary for the dedifferentiation of normal cells into 
tumour cells (Kaldma et al., 2014). Instead, the growth of CRC is associated with the 
upregulation of the AK system.  

1.4.2 Adenylate Kinase System 
Like the CK system, the AK network plays a vital role in cellular energy homeostasis. 
However, AKs catalyse a reversible interconversion of adenine nucleotides (AMP, ADP, 
ATP). The AK family consists of nine isoforms, each varying in subcellular location and 
kinetic parameters (Carrasco et al., 2001; Panayiotou et al., 2014). The thesis focuses on 
isoforms AK1, AK2, AK4, and AK6. 

AK1 is a cytosolic isoform found in most human tissues but is predominantly 
expressed in tissues with a high energy demand (Dzeja & Chung, 2011). Researchers have 
proposed that AK1 downregulation may have a tumour-initiating effect. For example, 
decreased AK1 expression has been linked to haemolytic anaemia (Matsuura et al., 1989) 
and the transformation of mouse embryonic fibroblasts into tumour cells (Vasseur et al., 
2005). Conversely, studies have shown AK1 upregulation in breast cancer cell lines, 
suggesting its role in tumourigenesis initiation (Choong & Lim, 2010).  

AK2 is in the intermembrane space of mitochondria, mediating the transfer of  
high-energy phosphoryl group between mitochondria and the cytosol (Dzeja & Terzic, 
2009). Studies propose that the interplay between AK2 and mtCKs in the mitochondrial 
intermembrane space could play a role in malignant transformation (Klepinin et al., 
2020). As mtCKs get downregulated in several cancer types, AK2 seems to be upregulated 
in response (Kaldma et al., 2014; Klepinin et al., 2016; Ounpuu et al., 2017; Klepinin  
et al., 2020). Furthermore, AK2 could provide a prognostic and therapeutic value in lung 
adenocarcinomas; its knockdown suppresses proliferation, migration, and invasion while 
inducing apoptosis and autophagy in human lung adenocarcinoma cells (Liu et al., 2019). 

AK4, another mitochondrial isoform, is located in the mitochondrial matrix and 
actively regulates the TCA cycle and OXPHOS (Liu et al., 2009). Research suggests that 
AK4’s regulation of mitochondrial respiration could have a strong tumourigenic effect. 
According to one model, AK4 interacts with ANT, VDAC, and HK to form a transmembrane 
complex, supporting high glycolytic activity in hypoxic conditions by enabling efficient 
ADP recycling between mitochondrial ATP synthesis and glucose phosphorylation by HK 
(Fujisawa et al., 2016; Pedersen, 2007). AK4 has been extensively studied in lung cancer, 
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where its high expression is associated with poor clinical outcomes. By enhancing HIF-1 
stability, AK4 overexpression could promote lung cancer metastasis (Jan et al., 2019; Jan 
et al., 2019). AK4 upregulation can also promote cell proliferation and invasion in breast 
and bladder cancer (Xin et al., 2019; Zhang et al., 2019).  

AK6, localised in the nucleus, provides energy for nuclear processes such as gene 
transcription, DNA damage response, and genome stability (Ren et al., 2005). Also known 
as the human coilin interacting nuclear ATPase protein (hCINAP), AK6 is a unique isoform 
because it functions as an AK and an ATPase (Xu et al., 2021). hCINAP affects the 
metabolic reprogramming in CRC by binding to lactate dehydrogenase (LDH), causing a 
hyperactive Warburg effect (Ji et al., 2017). Additionally, cancer cells may increase AK6 
activity in hypoxic conditions via HIF-1α signalling, protecting against apoptosis (Zhang 
et al., 2020). By regulating rRNA processing and ribosome assembly, AK6 strongly induces 
cancer-associated gene translation, thus promoting tumourigenesis (Bai et al., 2016). 
AK6 upregulation has been observed in several solid tumours, including breast cancer 
(Bai et al., 2016) and CRC (Ji et al., 2017), suggesting its significant role in cancer initiation.  

By regulating cellular AMP levels, AKs directly affect AMP signalling. AMP acts as a 
secondary messenger, activating the energy stress-responsive AMPK. As a master regulator 
of cellular energy homeostasis, AMPK controls various cellular processes, such as 
glycolysis (Marsin et al., 2000) and the TCA cycle (Cai et al., 2020). By detecting changes 
in adenine nucleotide ratios, AMPK activates catabolic processes while shutting down 
anabolic pathways, thereby upregulating energy production and limiting energy 
consumption during energy deficits (Hsu et al., 2022). AMPK can function as both a 
tumour suppressor and an oncogene. As a tumour suppressor, AMPK inhibits the 
mTORC1 signalling, which is responsible for protein synthesis, cell proliferation, and 
growth (Gwinn et al., 2008). Furthermore, AMPK has several other downstream targets 
through which it controls cell proliferation, differentiation, and cell cycle progression 
(Jones et al., 2005; Liang et al., 2007; Shen et al., 2013). However, increasing evidence 
supports its role as an oncogene, promoting cancer cell survival by maintaining NADH 
homeostasis (Jeon et al., 2012) and contributing to cancer metastasis via involvement in 
the EGF/AKT signalling pathway (Han et al., 2018). Therefore, AMPK's precise role in 
carcinogenesis remains unknown despite its obvious alterations in various cancer types. 
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2 Aims of the Thesis 
Few published studies are exploring the energy metabolism in colorectal cancer clinical 
material, and the metabolic reprogramming of colorectal polyps remains an even bigger 
mystery. However, assessing the metabolic phenotype of premalignant tumours would 
allow us to better understand the entire carcinogenesis of colorectal cancer and 
consequently provide us with information that could potentially lay a foundation for 
earlier diagnosis. Therefore, the aims of this thesis are: 

• to explore and characterise the efficacy of mitochondrial respiration in colorectal 
polyps and colorectal cancer tissue and compare it with healthy control colon 
tissue; 

• to describe the reprogramming of glycolytic pathway in benign and malignant 
tumours by assessing the changes in the transcript levels of several glycolytic 
genes; 

• to determine the role of phosphotransfer pathways in tumourigenesis by 
evaluating the changes in creatine kinase and adenylate kinase systems; 

• to study if and how KRAS and BRAF mutational status could affect the direction 
of metabolic reprogramming during the development of colorectal cancer; 

• to explore whether the metabolic phenotype of a colorectal cancer sample 
could be a prognostic marker for a more aggressive disease.  
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3 Materials and Methods 
To characterize the complex metabolic network of human colorectal cancer and polyps, 
this study employed the following methods, which are described in detail in the 
respective publications: 

• Clinical material – Publications I, III, and Manuscript 
• Preparation of tumour samples and permeabilisation for high-resolution 

respirometry – Publications I, III, and Manuscript 
• Calibration of ADP stock solutions – Publication III 
• Oxygraphic measurements – Publication I, III, and Manuscript 
• DNA extraction – Publications I and III 
• KRAS and BRAF mutation analysis – Publications I and III 
• RNA extraction – Publication III and Manuscript 
• cDNA synthesis and real-time quantitative polymerase chain reaction – 

Publication III and Manuscript 
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4 Results 

4.1 The Permeability of the Mitochondrial Outer Membrane for ADP is 
Different in Control Colorectal Tissue Compared to Polyps and Cancer 
Tissue 

4.1.1 The Functional Parameters for ADP-dependent Mitochondrial 
Respiration (Publication III) 
To study the changes in the kinetics of OXPHOS and, therefore, determine the possible 
reprogramming of metabolism in colorectal polyps and CRC, we applied high-resolution 
respirometry on permeabilised postoperative tissues, as described in Publications I, III, 
and the Manuscript. We calculated the values for the maximal ADP-induced respiration 
rate (Vmax) and the apparent Michaelis-Menten constant for ADP (Km(ADP)), which 
characterises the MOM affinity to exogenous ADP.  
 

Both colorectal polyps and CRC had significantly increased Vmax values compared to 
the control tissue (Figure 5A), suggesting an increased OXPHOS capacity in the disease. 
Interestingly, polyps had an even higher Vmax value than CRC, showing that the average 
maximal respiration was higher in benign polyps than malignant tumours. However, 
Km(ADP) values were significantly lower in polyps compared to control and cancer (Figure 
5B). We showed no difference in Km(ADP) values between control and CRC. Furthermore, 
the catalytic efficacy of OXPHOS determined by Vmax/Km(ADP) was highest in the polyps 
(0,039 min-1 mg-1 mL) ) while being similar in cancer tissue (0,019) and the control tissue 
(0,013). 

4.1.2 Mitochondrial Outer Membrane Permeability in KRAS- and BRAF-mutated 
Tissues (Publications I and III) 
We determined the mutations in KRAS codon 12 and 13 of exon 2 and BRAF codon 600 
of exon 15 (V600E) in polyp and cancer samples using the high-resolution melt analysis 
described in Publications I and III. We then stratified the samples into three groups based 
on their mutation status and compared the kinetic parameters Vmax and Km(ADP) 
between the groups.  

 

Figure 5: Kinetic parameters of mitochondrial respiration in control colorectal tissue, colorectal 
polyps, and colorectal cancer (CRC) tissue. Comparative analysis of (A) the maximal ADP-stimulated 
respiratory rate (Vmax); and (B) apparent Michaelis-Menten constant values for ADP (Km(ADP)) in 
control tissue (n=46), colorectal polyps (n=42), and CRC tissue (n=57). Data is presented as mean ± 
SEM. ** p < 0,01, *** p < 0,005 (unpaired t-test).  
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While kinetic profiles were similar between KRAS-mutated and wild-type polyps, 
BRAF-mutated polyps had lower Vmax and Km(ADP) values than KRAS-mutated polyps 
(Figure 6). The observed changes in kinetic parameters indicate that BRAF V600E 
mutation could already promote metabolic reprogramming at the early steps of CRC 
development.  

We observed no statistically significant differences in Km(ADP) values between the 
molecular subtypes of CRC and control tissue (Figure 7B). However, the average Vmax 
values showed a significant diversity. Similarly to polyps, BRAF-mutated CRC 
demonstrated the lowest Vmax value among the studied groups, which is interestingly 
similar to the control tissue (Figure 7A). The Vmax values in KRAS-mutated tumours were 
higher than those with BRAF mutation. Furthermore, we demonstrated the highest 
maximal respiration in wild-type CRC samples. These results suggest that the metabolic 
phenotype of the tumour can largely depend on the driving oncogenic mutation.  

 

Figure 6: Kinetic parameters of mitochondrial respiration in KRAS- and BRAF-mutated and wild-type 
polyps. Comparative analysis of (A) the maximal ADP-induced respiratory rate (Vmax), and (B) 
apparent Michaelis-Menten constant values for ADP (Km(ADP)) in KRAS-mutated polyps (n=14), 
BRAF-mutated polyps (n=6), and wild-type polyps (n=21). Data is presented as mean ± SEM.  
* p < 0,05, ** p < 0,01 (unpaired t-test). 

 

Figure 7: Kinetic parameters of mitochondrial respiration in KRAS- and BRAF-mutated and wild-type 
colorectal cancer (CRC). Comparative analysis of (A) the maximal ADP-induced respiratory rate 
(Vmax), and (B) apparent Michaelis-Menten constant values for ADP (Km(ADP)) in KRAS-mutated 
cancer (n=19), BRAF-mutated cancer (n=7), and wild-type cancer (n=16). Data is presented as mean 
± SEM. * p < 0,05, ** p < 0,01 (unpaired t-test). 
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4.1.3 The Kinetic Parameters for Mitochondrial Respiration as Prognostic 
Markers (Manuscript) 
We collected disease progression data for 57 patients since 2017 and compared their 
average Vmax and Km(ADP) values. We observed a total of 12 fatalities, out of which 10 
had been initially diagnosed with stage 0-II CRC and two with stage III-IV CRC. There was 
a clear difference in Vmax and Km(ADP) values in patients who were still alive and who had 
succumbed to the disease (Figure 8). The average Vmax value was 1,39 ± 0,83 for alive 
patients and 2,83 ± 0,20 for the lethal group (p < 0,001) (Figure 8A). Additionally, we 
noted a significantly lower Km(ADP) in the patients who had passed away since the initial 
analysis (Figure 8B). The catalytic efficiency for the alive group was 0,012 min -1 mg -1 mL, 
while in the lethal group, it was 0,042, indicating a more effective OXPHOS system in 
patients with a more aggressive disease.  

4.2 The Genes of the Glycolytic Pathway Are Deregulated in Polyps and 
Cancer  

4.2.1 mRNA Levels of Glucose Transporter 1 and Hexokinases (Publication III) 
To explore the possible upregulation of glycolysis in polyps and CRC, we measured the 
mRNA levels of SLC2A1, coding for GLUT1, HK1 and HK2 using the RT-qPCR as described 
in Publication III. The GLUT family proteins facilitate the glucose transport into the cell 
through the plasma membrane. The family contains fourteen transporter proteins, 
among which GLUT1 is the predominant isoform studied in tumourigenesis (Carvalho  
et al., 2011; Young et al., 2011; Zambrano et al., 2019). Our results demonstrated 
increased GLUT1 transcript levels in both benign and malignant tumours compared to 
control tissue (Figure 9A), suggesting a higher glucose uptake in the diseased than in the 
healthy tissue.  

As described in the literature review, several groups have hypothesised that HK-VDAC 
binding could promote the Warburg effect and affect VDAC permeability (Bustamante & 
Pedersen, 1977; Luo et al., 2019). To observe the regulations of HKs in CRC and polyps, 

 

Figure 8: Kinetic parameters of mitochondrial respiration in alive and dead patients. Comparative 
analysis of (A) the maximal ADP-induced respiratory rate (Vmax) and (B) apparent Michaelis-Menten 
constant for exogenously added ADP (Km(ADP)) in patients that are alive (n=45) or have passed 
away (n=12; stage 0-II n=10 and stage III-IV n=2) since their tumour samples were collected. Data 
is presented as mean ± SEM.  * p < 0,05, *** p < 0,001 (unpaired t-test). 
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we measured the mRNA levels of HK1 and HK2. Polyps demonstrated a two-fold increase 
in the average HK1 transcript level compared to control tissue, while the expression of 
HK2 was similar in these two groups (Figure 9B). Interestingly, in CRC, both HK1 and HK2 
showed a significant decrease in mRNA levels compared to control tissue. The data 
indicates a higher glycolytic activity in polyps but not in CRC.  

4.2.2 Transcript Levels of Genes Coding for Essential but Non-Controlling Steps 
of Glycolysis (Publication III) 
We studied the deregulation of LDHA further to assess the reprogramming of glycolysis 
during cancer development. LDHA is an essential enzyme in the glycolytic pathway, 
converting pyruvate into lactate. Therefore, it marks the point of metabolism where the 
cell chooses whether pyruvate enters preferentially mitochondria or stays in the cytosol, 
where it is fermented into lactate.  

The results demonstrated a significant increase in LDHA transcript levels in polyps, 
while CRC and control tissue had similar average values for mRNA levels (Figure 10).  
The high transcript level of LDHA in polyps once again suggests a shift towards a glycolytic 
metabolism in polyps.  

 

Figure 9: The characteristics of glucose transporter 1 (GLUT1) and hexokinases (HKs) in colorectal 
polyps and colorectal cancer (CRC) tissue. The transcript levels of (A) GLUT1 and (B) HK1 and HK2 
in control colon tissue (n=27), polyps (n=9), and colorectal cancer (CRC) tissue (n=27). Data is 
presented as mean ± SEM. * p < 0,05, ** p < 0,01, *** p < 0,001 (unpaired t-test). 
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Lactate is transported out of the cell through monocarboxylate transporters (MCTs). 
The MCT family contains 14 transmembrane isoforms that mediate the transport of 
short-chain monocarboxylates. Only four isoforms – MCT1, MCT2, MCT3, and MCT4 – 
have a high affinity for lactate (Halestrap & Wilson, 2012), so we explored all of them 
except MCT3 here.  

We measured the mRNA levels of SLC16A1, SLC16A7, and SLC16A3, which encode the 
previously mentioned isoforms, respectively. The transcript levels of MCT1 were similar 
in control and polyp tissue, but the transcription of MCT2 and MCT4 showed 
upregulation in polyps. However, in cancer tissue, the expression of MCT1 and MCT2 was 
downregulated, while MCT4 demonstrated overexpression compared to control tissue 
(Figure 11).  

 

Figure 10: The transcript levels of LDHA in control colon tissue (n=16), colorectal polyps (n=8), and 
colorectal cancer tissue (n=9). Data is presented as mean ± SEM.  *** p < 0,001 (unpaired t-test). 
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4.3 Intracellular Phosphotransfer Pathways (Publication III, 
Manuscript) 
Alterations in intracellular phosphotransfer pathways, e.g., CK and AK systems, are 
characteristic of many cancer types, including CRC. We determined the transcript levels 
of several CK and AK isoforms using qRT-PCR to explore the reprogramming of these 
pathways during the development of CRC.  

CKs are crucial in cells with high energy needs, such as cancer cells. We measured the 
transcript levels of CK isoform CKBB, mtCK1, and mtCK2 in control colon tissue, polyps 
and CRC (Figure 12A). The results demonstrated a high expression of all three isoforms 
in polyps. Both mitochondrial isoforms presented significant upregulation in polyps 
compared to a healthy colon. However, cancer tissue showed a strong downregulation 
of CK-BB and mtCK1 compared to control, suggesting that CKs are not crucial in 
maintaining energy homeostasis in CRC. Interestingly, CRC’s mtCK2 transcript levels were 
higher, although its overall expression remains low. AK system could compensate for the 
downregulation of the CK system in CRC.  

 

 

Figure 11: The expression levels of MCT1 and MCT2 in healthy tissue (n=16), colorectal polyps (n=8), 
and colorectal cancer (CRC) tissue (n=9), and expression levels of MCT4 in healthy tissue (n=24), 
colorectal polyps (n=8), and CRC tissue (n=22). Data is presented as mean ± SEM. * p < 0,05,  
** p < 0,01, *** p < 0,001 (unpaired t-test). 
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We studied the transcript levels of isoforms AK1, AK2, AK4, and AK6 (Figure 12B). 
Interestingly, polyps again increased the expression of three out of four isoforms. 
Therefore, polyps could upregulate two pathways simultaneously. In CRC, we expected 
to see the upregulation of AKs in compensation to the downregulation of CKs. However, 
while AK4 and AK6 expression levels were similar in control and CRC, AK1 and AK2 were 
even downregulated.  

AKs regulate cellular AMP levels and, therefore, can affect AMP signalling in the cell 
through AMPK. AMPK is a master regulator of cellular energy that is activated in high 
concentrations of AMP, which is caused by nutrient deprivation, hypoxia, or oxidative 
stress. As described in the literature review, it can act as both a tumour suppressor and 
an oncogene. To study its role in CRC tumourigenesis, we measured the transcript level 
of 5’-AMP-activated protein kinase catalytic subunit alpha-1 (PRKAA1) in control colon 
tissue and CRC (Figure 12C). The results showed downregulation in cancer, suggesting 
that AMPK could act as a tumour suppressor in colon cells.  
 
 

 

Figure 12: The characteristics of phosphotransfer pathways in colorectal polyps and colorectal 
cancer (CRC) tissue. The transcript levels of (A) creatine kinase isoform CKBB, mtCK1, and mtCK2 
and (B) adenylate kinase isoforms AK1, AK2, AK4, and AK6 in control colon tissue (n=19), colorectal 
polyps (n=9), and colorectal cancer (CRC) tissue (n=15). (C) The transcript levels of 5’-AMP-activated 
protein kinase catalytic subunit alpha-1 (PRKAA1) in control colon tissue (n=24) and CRC tissue 
(n=24). Data is presented as mean ± SEM.  * p < 0,05, ** p < 0,01, *** p < 0,001 (unpaired t-test). 
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5 Discussion 

5.1 The Mitochondrial Outer Membrane Permeability is Different in 
Colorectal Polyps and Cancer 
The flux of ADP, ATP, and inorganic phosphorus through MOM acts through VDAC,  
as described in the literature review. Therefore, the permeability of VDAC essentially 
regulates the efficacy of OXPHOS. We applied high-resolution respirometry to study the 
regulation of OXPHOS and assess the movement of adenine nucleotides through VDAC. 
It has been shown before that measuring the Km(ADP) could easily reflect the restrictions 
in VDAC permeability, as the limitations to ADP movement are visible in permeabilised 
cells and not in isolated mitochondria (Kay et al., 1997). 

When applying high-resolution respirometry, the mitochondrial O2 consumption  
upon increasing ADP concentration follows the Michaelis-Menten kinetics. Therefore,  
by describing the affinity of MOM for ADP, Km(ADP) characterises the permeability of 
MOM for adenine nucleotides and, thus, the VDAC permeability (Publication II).  
The previous work has shown significant differences in Km(ADP) values between oxidative 
and glycolytic muscles (Kuznetsov et al., 1996), where glycolytic tissue presents a much 
lower Km(ADP), indicating less structural and functional restrictions for adenine nucleotide 
movement through VDAC. In addition, the maximal ADP-dependent oxygen consumption 
(Vmax) can characterise OXPHOS efficacy and indicate the tissue’s mitochondrial content.  

We found significant differences in Km(ADP) and Vmax values between control tissue, 
polyps and CRC, suggesting different metabolic profiles in the groups. Both disease groups 
demonstrated higher Vmax values than control colon tissue, indicating an increased 
number of mitochondria in the tissue that facilitate the extra energy production needed 
by rapidly proliferating cells. The observation that CRC tissue had a higher Vmax value than 
control was in agreement with previous studies (Chekulayev et al., 2015; Kaldma et al., 
2014; Koit et al., 2017). Interestingly, polyps had a higher Vmax value than cancer.  
The reason could be that while cancer cells have had time to regulate their energy 
production pathways to work most efficiently, polyps upregulate several pathways to 
release the proliferative stress and ensure sufficient ATP production. The Km(ADP) values 
were similar in control and cancer. On the other hand, polyps demonstrated a much 
lower average value, suggesting fewer restrictions in adenine nucleotide movement 
through VDAC and a potential shift towards a more glycolytic metabolic phenotype. 
However, since the previous studies have measured the Km(ADP) of 10 µM for glycolytic 
muscle, the Km(ADP) of  67 µM in polyps together with the high Vmax strongly suggests 
that OXPHOS remains active, and the mitochondria in the tissue stay functional while 
having fewer restrictions in VDAC permeability.  

Furthermore, the catalytic efficiency (Vmax/Km(ADP)) was highest in the polyp group 
(0.039 min-1 mg-1 mL), while it was similar and lower in cancer and healthy tissue (0,019 
and 0,013, respectively). Therefore, the results suggest that during the first steps of 
cancer development, cells have the highest OXPHOS efficiency while simultaneously 
increasing the glycolytic activity. This hybrid metabolism, in turn, could show that polyps 
can quickly adapt and readily use several metabolic pathways according to different 
tumour microenvironments and, therefore, are characterised by metabolic plasticity.  



34 

5.1.1 The Role of Different Oncogenic Mutations in Metabolic Reprogramming 
Point mutations in the KRAS and BRAF oncogenes often drive CRC development by 
activating the MAPK pathway (Muzny et al., 2012). Studies show that KRAS mutations 
can promote metabolic reprogramming by stimulating glucose metabolism and channelling 
glycolytic intermediates into anabolic pathways (Bryant et al., 2014; White, 2013). Similarly, 
BRAF mutations are linked to increased glycolytic activity in various cancer types (Soumoy 
et al., 2020).  

The results demonstrated that metabolic reprogramming already accompanies the 
early stages of cancer development, suggesting that oncogenic mutations might affect 
mitochondrial respiration. Therefore, we determined the presence of KRAS and BRAF 
mutations to analyse whether these mutations have a different effect on metabolic 
reprogramming by comparing the average Vmax and Km(ADP) values. In both cancer  
and polyps, BRAF-mutated samples exhibited significantly lower Vmax values than  
KRAS-mutated samples, suggesting a more efficient mitochondrial energy production in 
tumours with KRAS mutation. Interestingly, BRAF-mutated polyps also had a significantly 
lower average Km(ADP) value than those with KRAS mutation, indicating lower diffusion 
of adenine nucleotides through MOM in polyps with BRAF mutations. The cells with BRAF 
V600E mutation could potentially display more active glycolysis with a parallel moderate 
downregulation of OXPHOS. However, no statistically significant difference was observed 
despite a general trend towards a lower Km(ADP) in BRAF-mutated cancer samples. 
Unfortunately, based on this data, it remains unclear whether these oncogenic mutations 
directly cause metabolic programming or if cancer cells adjust energy production in 
response to increased proliferation caused by the mutations.  

5.1.2 Kinetic Markers as Hallmarks of a More Aggressive Disease 
Earlier work by Koit suggested that patients with a more aggressive disease tend to initially 
exhibit higher Vmax values, while no differences in Km(ADP) were shown (Koit et al., 2017). 
This study included 32 patients. To validate these results further, we selected 57 patients 
for whom Km(ADP) and Vmax values had been calculated, and we requested follow-up data 
from the treating hospital. The data confirmed the earlier finding, showing significant 
differences in Vmax values between deceased and alive patients. Thus, a higher Vmax value 
(and Vmax/Km(ADP) ratio) could be an indicator of a more aggressive disease. One patient 
in the surviving group had a Vmax of 4,1 and was excluded from the calculations as an 
outlier. However, monitoring this patient’s disease progression could provide valuable 
insights into whether a high Vmax could serve as a prognostic marker. 

Additionally, the results revealed that patients who succumbed to the disease had 
initially lower average Km(ADP) values. This suggests that aggressive tumours might possess 
high OXPHOS capacity concurrently with an upregulated glycolysis. Such metabolic 
plasticity could explain their ability to thrive, proliferate, grow, and metastasize more 
easily.  

5.2 Exploring the Glycolytic Pathway  
Otto Warburg showed in the 1920s that cancer cells upregulate glycolysis even in aerobic 
conditions (Warburg, 1925), and researchers applied this idea of metabolic reprogramming 
for all cancers. However, nowadays, it is clear that although cancer cells could increase 
glycolytic activity, OXPHOS remains active in most cancer types. Our results from  
high-resolution respirometry demonstrated that CRC might have a slight upregulation of 
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OXPHOS efficacy while having similar MOM permeability as control tissue. However,  
the decreased Km(ADP) values indicated a possible increase of glycolytic activity in polyps. 
The mechanism underlying metabolic reprogramming during the tumourigenesis of CRC 
remains largely unknown. Therefore, we aimed to additionally explore the glycolytic 
pathway on the transcript level.  

GLUT1 and its role in tumourigenesis have been widely studied in many cancer types 
(Carvalho et al., 2011; Zambrano et al., 2019) to see whether cells promote glucose 
uptake to support the Warburg effect. GLUT1 upregulation could be a significant 
determinant of metabolic reprogramming of CRC since healthy colonocytes do not 
primarily depend on glucose for energy supply. The results revealed an increase in GLUT1 
expression in disease. Colon polyps had slightly but statistically significantly higher 
transcript levels than healthy colon, but in CRC, the expression was around two times 
higher than in control tissue. These data suggest that glucose uptake by cells might 
increase throughout the tumourigenesis to support the elevated need for energy. 
However, glucose uptake is not a determinant of aerobic glycolysis or Warburg effect.  

HK is the key enzyme that starts the glycolytic pathway by phosphorylating the 
glucose in the cytosol into G6P. The HK family in humans consists of five isozymes that 
vary in their subcellular location and kinetics (Wilson, 2003). The most common and  
well-studied isoforms are HK1 and HK2, which are essential in metabolic reprogramming 
in cancer cells. Many groups, including Pedersen and colleagues (Bustamante & 
Pedersen, 1977; Pedersen et al., 2002), have demonstrated HK-VDAC binding in cancer 
cells and hypothesised that the coupling between HK2 and VDAC could be pivotal in 
promoting the Warburg effect by directing the mitochondrially produced ATP 
preferentially towards glycolysis. In the current study, we showed increased HK1 
transcript levels in polyps compared to control tissue, while HK2 mRNA levels remained 
similar in control and polyp tissues. Interestingly, both isoforms were downregulated in 
cancer tissue compared to normal colon and polyps. The higher transcript levels of HK1 
and HK2 in polyps, together with lower Km(ADP) values, could suggest a higher activity of 
the HK system in benign tumours and their possible role in increasing glycolytic activity. 
However, contrary to the previous belief that CRC is a glycolytic cancer type where HK is 
upregulated, the results presented lower HK transcript levels in CRC tissue, thus 
suggesting that they might not promote the glycolytic phenotype in this cancer type.  

In healthy cells, the end-product of glycolysis is generally pyruvate, which then enters 
the mitochondria. Only in anaerobic conditions is pyruvate converted into lactate by 
LDHA. However, according to the Warburg effect, cancer cells would upregulate lactic 
acid fermentation even in aerobic conditions (Warburg, 1925, 1956). Research has 
demonstrated increased LDHA expression in many cancer types (Claps et al., 2022). 
Patients with CRC often have elevated blood LDH levels (Xie et al., 2022). We showed 
increased transcript levels of LDHA in polyps but not in cancer tissue. Based on decreased 
Km(ADP) values and increased HK transcript levels, we proposed that colon polyps might 
increase glycolytic activity. The elevated LDHA mRNA levels suggest that lactate 
production in polyps increases and further supports the hypothesis above. 

Increased lactate production and its release to extracellular space can have a  
tumour-promoting effect. By decreasing the pH of the tumour microenvironment, 
elevated lactate levels support the immunosuppression and, therefore, help cancer cells 
avoid the host immune response (Colegio et al., 2014; Kim et al., 2007). An acidic 
environment can also break cell-cell adhesions, such as cadherins (Takeichi, 1993), 
promoting cancer cell migration. The kinetic parameters suggested a shift towards 
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glycolytic metabolism in more aggressive cancers. Therefore, we can assume that one 
benefit of stimulating glycolytic activity is increasing lactate production, which makes 
cancer more aggressive by promoting cell migration and, thus, metastasis.  

Lactate export is carried out by MCT proteins, which facilitate the transport of 
monocarboxylates, such as lactate and pyruvate, as well as short-chain fatty acids like 
butyrate. Butyrate is the most critical molecule for energy supply in healthy colonocytes. 
While most cells in the human body preferably use carbohydrates or fatty acids, around 
60-70% of the energy produced by cells in the colon is derived from butyrate (Brahe  
et al., 2013). The microbiota largely influences the metabolism of a healthy colon.  
By breaking down dietary fibres through microbial fermentation, bacteria located in the 
lower intestinal tract produce several short-chain fatty acids (Liu et al., 2018), including 
butyrate. MCT1 carries out butyrate uptake (Lambert et al., 2002). The transcript level of 
MCT1 was similar to control in polyps but downregulated in cancer, indicating that while 
polyps keep using butyrate as a nutrient, cancer cells have reprogrammed their metabolism 
and do not depend on butyrate. The decrease in butyrate uptake could be complemented 
by increased glucose uptake in cancer cells, as suggested by the almost two-fold increase 
in GLUT1 mRNA levels in CRC.  

Polyps upregulated the transcription of both MCT2 and MCT4. MCT2 has a high affinity 
towards pyruvate (Lin et al., 1998), suggesting its primary role in pyruvate transport. 
MCT4, however, has a low affinity towards pyruvate and a high affinity towards lactate. 
Furthermore, it has a higher affinity for intracellular lactate than extracellular lactate 
(Pinheiro et al., 2010). The increased mRNA levels of MCT2 and MCT4, together with a 
high MCT1, could suggest that polyps upregulate several metabolic pathways 
simultaneously to enhance nutrient availability and ensure highly effective energy 
production. CRC cells downregulated MCT2 transcription but upregulated MCT4. MCT4 
is upregulated by HIF-1α in hypoxia, which is often a characteristic of CRC and could 
explain increased transcript levels. Studies show MCT4 relocation to mitochondria in 
breast cancer cell lines (Hussien & Brooks, 2010). A recent study by Cai and colleagues 
showed that lactate can enter the mitochondrial matrix and stimulate mitochondrial ETC 
(Cai et al., 2023). Therefore, it is possible that by relocating to the mitochondrial 
membrane, MCT4 facilitates lactate transport into the mitochondria in malignant tissue.  

5.3 The Rearrangements of Energy Transfer Pathways in Benign and 
Malignant Tumours 
Cells with high energy requirements rely considerably on phosphotransfer pathways to 
maintain rapid intracellular energy transport and production. These highly organised 
pathways mediate communication between ATP-consuming and ATP-producing sites, 
thus maintaining ATP homeostasis in the cell. Considering the increased energy 
requirements, malignant cells are expected to adapt CK and AK systems to improve 
metabolic efficacy.  

The CK system consists of cytosolic isoforms and mitochondrial isoforms. The cytosolic 
isoforms can promote the Warburg effect by interacting with glycolytic enzymes (Gerlach 
& Hofer, 1986; Li et al., 2013). We showed increased transcript levels of cytosolic CKBB 
in colon polyps. As discussed above, polyps upregulate the transcription of several 
glycolytic transporters and enzymes, such as GLUT, HKs, and LDHA. The increased mRNA 
levels of CKBB suggest that it could promote glycolysis in polyps by interacting with 
glycolytic enzymes and enhance the consumption of ATP produced by glycolysis by 
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converting it to PCr. The CKBB mRNA level was lower in cancer than in healthy colon; 
therefore, it is probably less important in cancer cells.  

As MOM permeability for adenine nucleotides changes, the functional relationship 
between mtCKs and ANT becomes more significant. The movement of Cr and PCr through 
MOM is significantly more convenient than that of adenine nucleotides (Kuznetsov et al., 
1996; Timohhina et al., 2009). Therefore, mtCKs facilitate the recycling of ADP and ATP 
in the mitochondrial matrix and MIM and transport the energy into the cytosol as PCr. 
Polyps demonstrated increased transcription of both mtCK isoforms. Upregulation of CKs 
could promote tumour development already at the benign stage by inducing proliferation 
and modulating ATP homeostasis required for cytoskeletal rearrangements (Yan, 2016). 
CRC tissue downregulated mtCK1 while upregulating mtCK2. However, the total 
expression of CKs in cancer remains much lower than in control tissue, which is in 
correlation with previous studies by our group. Kaldma (Kaldma et al., 2014) and 
Chekulayev (Chekulayev et al., 2015) demonstrated that the enzymatic activity of CKs 
decreases more than two-fold in CRC compared to normal tissue. Both publications 
presented the compensatory increase in the efficacy of the AK system by showing higher 
AK enzymatic activity and measuring AK coupling in permeabilised tissues using high-
resolution respirometry.  

The AK family consists of nine isoenzymes that vary in function and subcellular 
location (Carrasco et al., 2001). We studied the mRNA content of cytosolic AK1, 
mitochondrial AK2 and AK4, and nucleus-located AK6. The results did not show the 
expected upregulation of the AK system in CRC. Instead, AK1 and AK2 transcript levels 
were lower in cancer tissue than in control. Considering the increased activity of AKs 
presented in other studies, further research is needed to understand the functional 
regulation of AKs. They may interact with different protein complexes, like glycolytic or 
mitochondrial enzymes, to improve localized AMP/ADP/ATP conversion. Interestingly, 
polyps increased the transcription of AK isoform, suggesting that both energy transfer 
pathways are upregulated at early stages of tumour development to ensure efficient 
energy transfer in new stress conditions.  

As discussed earlier, AKs are crucial in intracellular energy sensing and metabolic 
signalling. By regulating the conversion between adenine nucleotides, they are able to 
amplify a slight change in the ADP/ATP ratio into relatively significant changes in AMP 
concentration. AMP, however, is a secondary messenger, and its high concentrations 
activate AMPK. The role of AMPK in tumourigenesis remains unclear since it can act as 
an oncogene or a tumour suppressor (Liang & Mills, 2013). We observed decreased 
transcript levels of PRKAA1, a gene coding for the catalytic subunit of AMPK in cancer 
tissue, suggesting its role as a tumour suppressor in CRC. An increase in AMP 
concentrations, and thus AMPK activation, is usually a result of oxidative stress, nutrient 
deprivation, or hypoxia. When activated, AMPK shuts off the ATP-consuming anabolic 
process to preserve energy (Hsu et al., 2022). Therefore, it acts as a tumour suppressor 
by inhibiting protein synthesis, cell growth, and proliferation. 

While we did not explore AMPK regulation in polyps, it could potentially provide 
exciting insights into AMPK’s role in CRC development. The highly elevated expression of 
AKs in polyps could subsequently promote AMPK activation. Colon epithelium is 
generally characterized by hypoxia since it is exposed to a relatively low O2 concentration 
(Colgan & Taylor, 2010). Since vascularisation is usually promoted later during 
tumourigenesis, the microenvironment in benign tumours could be even more hypoxic. 
Hypoxia, in turn, activates the transcription factor HIF-1α, which regulates several vital 
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proteins in the glycolytic pathway (Landis et al., 2020). According to the model described 
in the literature review (Jia et al., 2019), cells with active HIF-1 and AMPK display a hybrid 
metabolic pathway where glycolysis and OXPHOS work simultaneously, thus having 
metabolic plasticity. Metabolic plasticity would also explain why polyps have high Vmax, 
characteristic of increased oxidative metabolism, and low Km(ADP), which suggests 
decreased diffusion restrictions in VDAC permeability and is usually a determinant for 
glycolytic metabolism (Publication II). However, the interplay between HIF-1α and AMPK 
in colorectal polyps and CRC needs further exploration as it could provide novel insights 
into how metabolic plasticity is regulated and how it benefits the cells during the multiple 
steps of cancer development. 

5.4 Limitations of the Study 
The study has several limitations that could be addressed in future research. Firstly,  
the sample size, especially for polyps, was limited due to difficulties obtaining material 
from hospitals. Increasing the number of samples could lead to stronger statistically 
significant differences between groups and provide more conclusive evidence. It would 
also allow stratification of samples into smaller groups based on their clinicopathological 
factors to analyse correlations between metabolic phenotype and a specific tumour type.  

Secondly, while measuring the mRNA levels offers valuable insights into the metabolic 
changes, the transcript levels alone may not be sufficient to draw strong conclusions and 
fully describe the extent of metabolic reprogramming. Complementary analyses, such as 
protein quantification and enzymatic assays, are necessary to confirm that the observed 
transcriptomic alterations lead to functional changes at the protein level. Although the 
Manuscript demonstrates some differences in protein levels between cancer and control 
samples, these results were not included in the thesis due to the small sample size and 
the lack of polyp samples in the dataset.  

Thirdly, the thesis primarily focuses on glycolysis and OXPHOS. Expanding the scope 
to include other metabolic pathways, such as the pentose phosphate pathway or lipid 
metabolism, could offer a more comprehensive understanding of CRC metabolism. 
Addressing these limitations in future studies will enhance our understanding of the 
metabolic reprogramming accompanying the development of CRC. 

5.5 Concluding Remarks  
The primary aim of the thesis was to explore the metabolic reprogramming that 
accompanies the development of CRC. The goal was to use comprehensive methodology 
to explore the complex process of metabolic deregulation represented by changes in 
transcript levels, as well as differences in kinetic parameters measured by high-resolution 
respirometry.  

A majority of energy metabolism studies are conducted on 2D cell cultures. However, 
the microenvironment strongly influences cell metabolism, e.g., the media’s oxygen and 
glucose concentrations. Therefore, the current study aimed to utilise postoperative 
clinical material that could provide valuable insights by representing the in vivo 
conditions.  

Historically, CRC has been considered a hypoxic tumour type that upregulates the 
glycolytic pathway and presents elevated glucose consumption and lactate production 
rates. The current study demonstrated that CRC is not fully glycolytic; in fact, the results 
suggest that it might prefer oxidative mitochondrial respiration.  
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While the metabolism of cancer cells has been studied quite thoroughly, our 
knowledge about polyps remains very limited. The thesis revealed several crucial aspects 
of metabolic reprogramming in these benign tumours. Firstly, the upregulation of 
glucose transporters and several glycolytic enzymes suggest that colorectal polyps 
increase glycolytic activity. This notion was supported by decreased Km(ADP) values that 
indicate fewer restrictions in MOM permeability. Secondly, polyps demonstrated a high 
Vmax value, suggesting higher mitochondrial count and elevated OXPHOS capacity. 
Therefore, polyps might be characterised by metabolic plasticity, meaning that energy 
production works simultaneously through glycolytic and oxidative metabolism. Thirdly, 
polyps showed upregulation of CK and AK systems, suggesting that both pathways are 
activated at early stages of CRC development to rapidly regulate ATP homeostasis and 
ensure highly effective energy transport. 

In conclusion, the research provides valuable insights into the metabolic 
reprogramming during the development of CRC. The integral approach of combining 
different methods and studying changes at several levels unveiled aspects of energy 
metabolism that have not been described before. By enhancing our knowledge about 
the early steps of metabolic reprogramming, the results could provide us with possible 
targets for developing new biomarkers for diagnostics or determining a correct 
treatment strategy. 
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6 Conclusions 
• The bioenergetic profiles of colorectal polyps and cancer are significantly 

different from healthy colon, determined by high-resolution respirometry: 
o Colorectal polyps demonstrate increased glycolytic activity while 

preserving oxidative metabolism (Publication III). 
o Contrary to an old belief, colorectal cancer preferably utilises 

mitochondrial respiration and is not a highly hypoxic glycolytic cancer 
type (Publication III). 

o Mutations in the BRAF oncogene can induce a shift towards glycolytic 
energy production already at the early stages of tumourigenesis 
(Publication I).  

o A high Vmax value could be an indicator of a more aggressive disease 
(Manuscript). 

• Both benign and malignant tumours present deregulation of the glycolytic 
pathway, determined by differences in transcript levels measured by qRT-PCR: 

o Polyps upregulate the transcription of GLUT1, HK1, LDHA, MCT2, and 
MCT4 (Publication III). 

o Cancer cells upregulate the transcription of GLUT1 and MCT4 but 
downregulate HK1, HK2, MCT1, and MCT2 (Publication III).   

• Creatine kinase and adenylate kinase pathways are modified during the 
development of colorectal cancer. 

o Colorectal polyps upregulate creatine kinases and adenylate kinases 
simultaneously (Publication III). 

o Colorectal cancer demonstrated downregulation of both 
phosphotransfer systems (Publication III). 

• Colorectal polyps exhibit characteristics of a hybrid metabolism and, therefore, 
can be considered metabolically plastic (Publication II).  
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Abstract 

Metabolic Reprogramming Accompanying the Development 
of Colorectal Cancer 
Approximately 1,9 million people annually are diagnosed with colorectal cancer (CRC), 
making it the third most common cancer type worldwide. A long asymptomatic 
development of CRC leads to a high number of late diagnoses, which complicates cancer 
treatment and contributes to high mortality. There is a massive need for novel methods 
to allow earlier CRC detection. CRC development is a long multi-step process that 
generally starts with precursor lesions called polyps, which will finally develop into cancer 
via the accumulation of several genetic alterations, e.g. point mutations in KRAS and 
BRAF oncogenes.  

All living cells need a constant supply of energy. However, cancer cells are highly 
proliferative and have enhanced growth, significantly increasing their energy 
requirements. Therefore, they undergo metabolic reprogramming to sustain the 
uncontrolled cell division and growth. Otto Warburg's famous theory from the 1920s 
states that all cancer cells use aerobic glycolysis because of damaged mitochondria and 
cannot produce energy through oxidative phosphorylation (OXPHOS). Although many 
cancer types can upregulate glycolytic activity, nowadays, there is increasing evidence 
showing that cancer cells can exhibit high rates of OXPHOS. Furthermore, cancer cells 
can adapt a hybrid metabolic phenotype by dynamically switching between the two 
metabolic pathways depending on the tumour microenvironment. This phenomenon is 
called metabolic plasticity.  

The aim of the thesis was to characterize the metabolic reprogramming that 
accompanies CRC development. Most cancer metabolism studies use 2D cell cultures, 
which is not the best as the metabolic phenotype of cultured cells depends significantly 
on the conditions in which they were grown. The current thesis used a comprehensive 
approach of combining several methods, and all experiments were conducted on 
postoperative clinical material. The primary method was high-resolution respirometry, 
which allowed the measurements of mitochondrial oxygen consumption and the rate of 
ATP synthesis. In addition, the transcript levels were assessed using the quantitative 
reverse transcription polymerase chain reaction.  

The results suggested that metabolic reprogramming starts at the early stages of CRC 
development as polyps demonstrated a distinct metabolic profile compared to control 
and cancer tissue.  Furthermore, the mutations in KRAS and BRAF affect metabolic 
reprogramming differently; polyps and cancer with BRAF mutations presented a possible 
shift towards glycolysis, suggested by decreased Vmax and Km(ADP) values.  

Polyps upregulated several genes from glycolytic pathways, such as GLUT1, HK1, 
LDHA, MCT2, and MCT4. They also had a lower Km(ADP) value than the control tissue, 
indicating less structural restrictions for adenine nucleotide movement through the 
mitochondrial outer membrane, a characteristic of glycolytic tissues. However, they also 
had a higher average Vmax than the control colon tissue, indicating elevated mitochondrial 
oxygen consumption and a highly active OXPHOS system. Polyps also upregulated 
transcription of creatine kinases and adenylate kinases that facilitate intracellular energy 
transfer and help maintain the ATP homeostasis in the cell. Therefore, colorectal polyps 
exhibit characteristics of a hybrid metabolism where glycolysis and OPXHOS are 
simultaneously used for energy production. This metabolic plasticity in benign tumours 
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could support cell proliferation and growth in the dynamically changing tumour 
microenvironment and promote cancer development.  

To sum it up, the results clearly showed that the development of CRC is characterized 
by metabolic reprogramming. Furthermore, the data demonstrate that benign polyps 
have a distinct metabolic profile that is substantially different from that of a healthy 
colon. These insights can provide us with possible targets for developing novel diagnostic 
methods.  
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Lühikokkuvõte 

Kolorektaalvähi arenguga kaasnev metaboolne 
ümberprogrammeerimine 
Aastas diagnoositakse kolorektaalvähk ehk jämesoolevähk maailmas umbes 1,9 miljonil 
inimesel, mis teeb sellest kolmanda kõige levinuma vähitüübi. Kolorektaalvähk võib 
areneda pikalt ilma sümptomiteta, mistõttu avastatakse see tihti liiga hilja. Hiline vähi 
avastamine teeb aga ravi keeruliseks ning seetõttu on jämesoolevähile omane kõrge 
suremus. Sellest tulenevalt on kliiniliselt suur vajadus uute diagnostika meetodite järele, 
mis võimaldaksid kolorektaalvähi varasemat diagnoosimist. Jämesoolevähi areng on pikk 
mitmeastmeline protsess, mis algab enamasti healoomulistest kasvajatest ehk 
polüüpidest. Polüübi kasvamisel hakkavad kogunema erinevad geneetilised muutused, 
näiteks mutatsioonid KRAS ja BRAF geenides, mis lõpuks soodustavad polüübi arenemist 
vähiks. 

Kõik rakud vajavad toimimiseks pidevat energia tootmist. Vähirakke iseloomustab aga 
väga kiire kasv ja jagunemine, mistõttu on nende energiavajadus veelgi suurem. Et 
toetada neile omast kontrollimatut jagunemist, läbivad vähirakud metaboolse 
ümberprogrammeerimise. Otto Warburg väitis oma kuulsas artiklis 1920. aastatest, et 
kõik vähirakud eelistavad kasutada aeroobset glükolüüsi, sest nende mitokondrid ei ole 
funktionaalsed ja seetõttu ei saa nad energia tootmiseks kasutada oksüdatiivset 
fosforüülimist. Kuigi mitmed vähitüübid tõepoolest võivad glükolüüsi aktiivsust 
suurendada, on tänapäeval üha rohkem tõestusmaterjali selle kohta, et vähirakke võib 
iseloomustada ka väga kõrgelt aktiivne oksüdatiivne fosforüülimine. Vähirakud teeb 
veelgi erilisemaks see, et nad võivad omandada niiöelda hübriidfenotüübi, mille korral 
on glükolüüs ja oksüdatiivne fosforüülimine paralleelselt aktiveeritud ning rakud saavad 
valida endale sobiva metaboolse raja vastavalt kasvaja mikrokeskkonnale. Sellist nähtust 
nimetatakse metaboolseks plastilisuseks.  

Käesoleva töö eesmärk on iseloomustada kolorektaalvähi arenguga kaasnevat 
rakkude metaboolset ümberprogrammeerimist. Suur hulk vähi metabolismi uurivaid 
teadustöid kasutab 2D rakukultuure. Rakukultuuri metaboolne fenotüüp sõltub aga 
suuresti tingimustest, milles neid rakke on kasvatatud ning seetõttu ei peegelda see 
ilmtingimata inimorganismis toimuvat. Antud töös on kombineeritud mitmeid erinevaid 
meetodeid ning kõik eksperimendid on sooritatud kliinilisel materjalil. Alustuseks 
mõõdeti kudede ATP sünteesi kineetilised parameetrid ning seejärel määrati mitmete 
geenide ekspressioonitase.  

Töö tulemused näitavad, et metaboolne ümberprogrammeerimine algab juba 
kolorektaalvähi arengu varajastases staadiumites. Seda ilmestab polüüpide väga eriline 
metaboolne profiil, mis erineb selgelt kontroll- ja vähikoest. Lisaks leiti, et KRAS ja BRAF 
mutatsioonidel on erinev roll metabolismi mõjutamisel. BRAF mutatsiooniga polüüpides 
ja kasvajamaterjalis on madalamad Vmax ja Km(ADP) väärtused, mis viitavad metabolismi 
nihkumisele glükolüüsi suunas.  

Polüüpides tõuseb mitmete glükolüütilise raja geenide, nagu GLUT1, HK1, LDHA, 
MCT2 ja MCT4, ekspressioon. Lisaks mõõdeti polüüpides madalam Km(ADP) väärtus kui 
kontrollkoel, mis näitab, et adeniinnukleotiitide liikumisel läbi mitokondri 
välismembraani on vähem struktuurilisi piiranguid. See on tavaliselt omane 
glükolüütilistele kudedele. Samas oli polüüpidel ka kõrgem maksimaalne hingamiskiirus 
kui tervel soolekoel, mis omakorda viitab võimalikule aktiivsele oksüdatiivsele 
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fosforüülimisele. Lisaks on polüüpides üleekspresseeritud ka mitmed kreatiinkinaaside ja 
adenülaatkinaaside isovormid, mis hõlbustavad rakusisest energia transporti ning 
aitavad säilitada ATP tasakaalu rakus. Seega on soolepolüüpidele omane metabolismi 
hübriidne fenotüüp, kus on paralleelselt energia tootmiseks kasutuses nii glükolüüs kui 
ka oksüdatiivne fosforüülimine. Selline metaboolne plastilisus healoomulistes kasvajates 
võib toetada rakkude kiiret jagunemist ja kasvu dünaamiliselt muutuvas kasvaja 
mikrokeskkonnas ja seeläbi soodustada vähi arengut.  

Antud tööst järeldub, et kolorektaalvähi arengut iseloomustab kasvaja metabolismi 
ümberprogrammeerimine. Seejuures on eriti oluline, et just healoomulisi polüüpe 
iseloomustab väga eriline metaboolne profiil, mis erineb selgelt tervest soolekoest. Need 
uued teadmised võivad anda aluse leidmaks võimalikke sihtmärke uute 
diagnostikameetodite väljatöötamiseks.  
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Publication II 
Reinsalu, L; Puurand, M; Chekulayev, V; Miller, S; Shevchuk, I; Tepp, K; Rebane-Klemm, E; 
Timohhina, N; Terasmaa, A; Kaambre, T (2021). Energy Metabolic Plasticity of Colorectal 
Cancer Cells as a Determinant of Tumor Growth and Metastasis. Frontiers in Oncology, 
11:698951. doi: 10.3389/fonc.2021.698951 
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	���"!Ò�Oa#������	� �!�"#����������D������$b���	��C�����������
������	����	��	
��������������	
��	�������	�
�	��"���������
���E ������	
�������������	�������
��������S���


���	��	
������U"��
������!OM#$Q�������	���������	��������������	
	��	����"C�������������������	
�
����������
��
�����������	�������	
	���������$���	���
�����������	������������	��VPc�	�������������	���Vc�	�
	�����	�	
�������������!M#��
���	��̀Oc�	����	CV���������
�!̀W#$U�������������	���������	�����d
���	����	��	
�����	��"�	�������������	�����������������	�����	���	������������������	
$�������������������������	��������	��������������	�
��
���������������!̀W#��
��������
�		��������
�������������������D�	��"C����
��
����������	
���������
���!̀̀ #$U���	���E ���������
��D������	
������	�E ��
�E V�
����	
	���������	�����	�
	����������!M�̀ #̀$G
�	�����
	�������	���
��������E V���	�	����S���������!M�̀W#$U���
�������	
	�E �	�E V�������������
����	������
������	��
��������e!�#��������������
�������������������	������� �	���
�
�
����	�����f!V#���
��������������	����	�������	������
�����������	�����������	������	���	D���	
����	
�f!W#�������������������������
���	��	��	����
���	�����	
��	�	D�������������������C�	�
�E �������
�
��C��	��	�����	���
!LW�OLNOg#$���CE �
�������	
���������������
�����	��	�E V!�$�$�WC��	�	��������#��
����
�������������������CE �
�������	
�������
���������
����
��������!LW�gPNgW#$G�������	���	������������
��
�	������D������	
�����T��
������������	��������	
	����������
���������
��!�
�����
����#!g̀#$h5&&i&4,.j9>9:*+-2(+45(::*+8/012<&5=&,>*:*4?*+272���	���
��	�������C������
�	���������
��
�	�����������
��	�������
��������������������������	
!ga#$U��k l
mnopqrstuvwxyzw{|y}~z���w�w{w~�y|v��w��w�x|��zvyv�|��y������y|vy���z���{w|�xy���y�~�zyw��xy����w|v�z��x�wzw|y���z����y|������yzz���wz��}y�xy�y�xy�����w������yz���u������y�w|y��|w~}�������xy���y�~�zyw��xy�vw�y���w��xw~�w{��yv��w��w�x|���������w|v�z��x�w����z��wvy����y|�yzz���v��w|�vw~��w{�y�w�����y�������w~�x�w��u���x~��z��y�v��w��w�x|��zu� �w�������y}z��wz����� |wx~�yxu� �������yzyx�����w��yv��w��w�x|��zv��|��¡¢£��u���x�xy���y�~�zyw��xy�|���zw���y�u¤��{w|~�y��w��x����y��w���w|�z���w���¥ ��¦����u��y|vy���z������z�w|y}~z��yx���~�~z�����x��}�u��|y�~z�w{�y����~�~z�����u����y|����w����y��u���zy���y|vy��zy�w�xy���y�~�zyw��xy���������~|��|wvw�y��yzz��w~�y�|y����y�����y������x�xy��z��y�����y�u��y�y|}��|���{y|�y��w|��{w|���|��yzz~z�|x���|��~��w�w{��}��y�y|}���w�����y�����w��w�x|��z���y|vyv�|��y����y���¦��|y��x��}v��w��w�x|��z����������{~����w��zz��w~�zyx�wu¤���~|���}�¥ ��¦�w�yxy�y�xy��w�u� w|�}������}{|wv����|y����w�����w��w�x|��zu���w{w|vu�§~�y�u� ������}��|w~}���u���xu� ������}��|w~}�u¤��w�|wx~�yu� ���������v~z��y��¥ ��¦���y�yy�y|}��|����w|�����yv��|w��xy{yyx�����y��yy�u� �w��~v���w���x�����y�����̈��yxw���|y��v����x~�y�����|y��yx�vw~��w{���w~�x�w��u�����xx���w����u�����y�|~����yx�����y|v��~����|w�y��y��������yx��|y��w��y�ww��x����y��|y�����y|wzyw{�~�~z������y|y}~z���w�w{��u��y|vy���z���|yv����~��zy�|�����y���y|����w�w{�|~����yx��u������~�~z��v�}���y�v���|yx���yu�§��������������y|�yzz������|y��yx�|y�~z���}��y�����yx~��z�����w�w{y��|��v��w��w�x|��zu� �w�¥ ��¦��������y|v��w��w�x|��zvyv�|��y©��¦����y|vyv�|��y����y�

�y����z~y��z� ª�y|}��y���wz�� z��������w{�wzw|y���z����y|

«|w���y|������wzw}�t����{|w���y|����w|} ¬~z�§§®t�wz~vy®®tu|���zȳ °±°²®²
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Publication III 
Rebane-Klemm, E*, Reinsalu, L*, Puurand, M, Shevchuk, I, Bogovskaja, J, Suurmaa, K, 
Valvere, V, Moreno-Sanchez, R, & Kaambre, T (2023). Colorectal polyps increase the 
glycolytic activity. Frontiers in oncology, 13, 1171887. 
https://doi.org/10.3389/fonc.2023.1171887 
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½LPQXOMLNOQ¾QVPRPÛ TLPQXOMLNOQGPLU¿̧



�����������	
�����	�
	����������
������������������������	�
�
	�
�������������
��������������������������
	������
���
�
�������	����������	������� �!���"�#�$	��!���!���
������	��������%&�'(�����	��
�	�
�
���)���	���	������
�
��"*#�+���������������
	
������	������!�
���
������
����������
�
	������!�
��!�	����
�������������������	
��,����������-����!�������&�'"���
��.	����
�����������������	���!��.	����
��	��������������%������������!���������
��������	��
��	������
��.	����
���������"*#%��	�	!������������������
	�������
�������	��	��
����
��
���������������	���	�������	������������������/�������������
	�����
������ �!���"0#�	�
	��
�	��
���!�
�����!!���������
�
	�
����1������	!��
��2���	���
���������%	�������
��������������345�!�����	�#�6
�����%�
���������������!���������������
	� �!���"�#��	�
	��
��	�����	!�������������	�
�����	������!���
�����������������������!����������
��	����
��2�	����������
�7����6$ 2789:;8#�"<#�$������	��
�	���=>?@�89:;8���������	�������	�
�
	�
����	�����AB#�'�����������
��!�	!����	���
����	��
�������	
�����	�����	���
����������������	�
�����!����������)�����2�����������C���������������	�	!������
������
����
����������
�D(��	��
	�	���
	��	���������	����������E�����
�
!������
���A7%A(#�F �
����������������%����������	
���������	!�
���
�����������
	
������	�
�
	�
������	��!����	��	������������������������
������
�
��!�	��
	�

GHGHGIJKLMNOPPQPMLRSTURSTKLMJUVOLRMKSWMXUMLOQRLOYQPMKOZ[JNTPTJRTPXRU\��	����1�	���\]#	������	�1�	����]#���	���
��	��
���	�̂����	!���
��
	����\'_��	�������
�������\'_�
	������
	���
���	!��
���
��	������������%������
		��������
�\'_��
�����
	�!���
�����	�D̀ _6D/#�������������������
�\'_�����)��
	�\'_���#�
����
���
��������
����
��
������AabAA#�\]�����)���������������	����
	�����
	
���	�	�	����
������\&_%\+_%\'_#%	������������	������	�����
�
��	���������	����
��������	!�	�\&_����
�����!	��	!�Ac#�/��������
	
�\]��
���
��	�����	��	�\&_!�	����
	�	�	��������%	��
	��,��	�����!	��	!���
�!�\&_]%��!�������!!���	!���
��	����	�����
	
����!		���	��
����
	%�	�����	!�	�
	��
����������������	
���	���
�������
	�Ad#�e�	��������	���	����1�	����
�	)�����\]72<#������	���	��.��	���������)���
���	���	�������%�������	!�������	�
�!		���������������������
	��$	��������	������%���!�	���������
	�����
�fg�%fg�%fg�%	�fgh��	��)���\]7������������	������
�
����!��������	���	%����%�1������������%	�������
������A*#�_����
��������������
�	���\]��������	������
�����������!�����	�		
������
��A<#�\]7�����	��
�
����
��	�!������!���
�
��
�
������	��������
���	��$����������
	������	����
���!�
������1�����
�	��	������������	���!	�.�	�����!����
������
������!�
��� �!���A\#�

i j
k

lmnopqrstuuvwxuyyz{|}u~u}y{�uyyu|�z�}���|{|��{|�x{}}z|�y�uwyz|�}��{}�yzy���stuuvwxuyyz{|}u~u}y{����������������������������z|tu�}�t��zyy�u�|�� �¡�{}{xu���}w{}�wy�|�¢�¡�|£�{}{xu���}��|�ux�¤¥¤��zyy�u�|�¦�§�̈�stuvwxuyyz{|}u~u}y{�©{|{��x�{v�}��u�x�|yw{x�uxyª«¬�|£�®�ª«¬̄ z|tu�}�t��zyy�u�|�� �¡�{}{xu���}w{}�wy�|�¢��|£�{}{xu���}��|�ux�¤¥¤��zyy�u�|�¦�°�|£uvwxuyyz{|}u~u}y{�ª«¬±z|tu�}�t��zyy�u�|�²³�¡�{}{xu���}w{}�wy�|�¢��|£¤¥¤�zyy�u�|�²²�́ wµ¶¡¶·¡́ ẃµ¶¡¶�¡́´́wµ¶¡¶¶�����uy��§
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Curriculum vitae 
Personal data    

Name:   Leenu Reinsalu 
Date of birth:  22.12.1995 
Place of birth:  Pärnu, Estonia 
Citizenship:   Estonia 
 

Contact data 
E-mail:   leenu.reinsalu@gmail.com 
 

Education 
2020–2024   Tallinn University of Technology, PhD 
2018–2020  Tallinn University of Technology, Gene Technology, MSc  

cum laude 
2015–2018   Tallinn University of Technology, Gene Technology, BSc  
2012–2015   Pärnu Koidula Gymnasium 
2003–2012   Pärnu Kuninga Street Basic School 
 

Language competence 
Estonian  Native speaker 
English   Fluent 
Finnish  Basic 
German  Basic 
 

Professional employment 
2023–…  Swixx Biopharma, Medical Advisor 
2020–… National Institute of Chemical Physics and Biophysics,  

Junior Researcher 
6/2019–8/2019,  
6/2020–8/2020 West Tallinn Central Hospital, Lab Technician 
3/2020–6/2020 SYNLAB Eesti OÜ, Lab Technician 

 
Honors and awards 

2022 Estonia Academy of Sciences’ competition “Science in 3 
minutes” – Top 5 and the winner of public voting 

2018 Estonian Biochemical Society’s student research contest – 
First prize 

 
Conferences 

September, 2023 Baltic Congress of Oncologists and Surgeons,  
Oral presentation: Energy metabolism is reprogrammed 
during colorectal cancer development 

November, 2022 XIV Science Conference of the School of Science,  
Oral presentation: Dietary preferences of colorectal cancer 

June, 2022 FEBS3+ Conference of Estonian, Latvian and Lithuanian 
Biochemical Societies,  
Poster presentation: Metabolic plasticity supports colorectal 
cancer 
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September, 2021 EMBO workshop “Systems approaches in cancer”,  
Poster presentation: Metabolic reprogramming in colorectal 
cancer and colon polyps 

 
Public appearances 

November, 2022 TV show Uudishimu tippkeskus – episode on cancer and its 
treatment 

May, 2022 TV show Terevisioon – discussing cancer and cancer metabolism 
March, 2022 TV show Laser – episode on colon cancer 
February, 2022 Radio show Nutikas – discussing cancer and working as a 

scientist 
 
Supervised dissertations 

Janne Jegorkina, Bachelor’s Degree, 2023, (sup) Leenu Reinsalu, 
The occurrence of genetic and protein changes in the energy metabolism of 
colorectal cancer, Tallinn University of Technology, School of Science, 
Department of Chemistry and Biotechnology.  

 
Betty Abel, Bachelor’s Degree, 2022, (sup) Leenu Reinsalu, 

Rearrangements in energy metabolism promoting the development of colorectal 
cancer, Tallinn University of Technology, School of Science, Department of 
Chemistry and Biotechnology.  

 
Publications 

Rebane-Klemm, Egle*; Reinsalu, Leenu*; Puurand, Marju; Shevchuk, Igor; 
Bogovskaja, Jelena; Suurmaa, Kulliki; Valvere, Vahur; Moreno-Sanchez, Rafael; 
Kaambre, Tuuli (2023). Colorectal polyps increase the glycolytic activity. 
Frontiers in Oncology, 13,  1171887. DOI: 10.3389/fonc.2023.1171887. 
 
Tepp, Kersti; Aid-Vanakova, Jekaterina; Puurand, Marju; Timohhina, Natalja; 
Reinsalu, Leenu; Tein, Karin; Plaas, Mario; Shevchuk, Igor; Terasmaa, Anton; 
Kaambre, Tuuli; (2022). Wolframin deficiency is accompanied with metabolic 
inflexibility in rat striated muscles. Biochemistry and Biophysics Reports, 30,  
101250. DOI: 10.1016/j.bbrep.2022.101250.  
 
Reinsalu, Leenu (2022). Kasvajate edukus tuleneb nende kavalast energia 
tootmisest. ERR Novaator. 
 
Reinsalu, Leenu; Puurand, Marju; Chekulayev, Vladimir; Miller, Sten; Shevchuk, 
Igor; Tepp, Kersti; Rebane-Klemm, Egle; Timohhina, Natalja; Terasmaa, Anton; 
Kaambre, Tuuli (2021). Energy Metabolic Plasticity of Colorectal Cancer Cells as 
a Determinant of Tumor Growth and Metastasis. Frontiers in Oncology, 11,  
ARTN 698951. DOI: 10.3389/fonc.2021.698951. 
 
Rebane-Klemm, Egle; Truu, Laura; Reinsalu, Leenu; Puurand, Marju; Shevchuk, 
Igor; Chekulayev, Vladimir; Timohhina, Natalja; Tepp, Kersti; Bogovskaja, Jelena; 
Afanasjev, Vladimir; Suurmaa, Külliki; Valvere, Vahur; Käämbre, Tuuli (2020). 
Mitochondrial Respiration in KRAS and BRAF Mutated Colorectal Tumors and 
Polyps. Cancers, 12 (4),  ARTN 815. DOI: 10.3390/cancers12040815. 
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Elulookirjeldus 
Isikuandmed 

Nimi:    Leenu Reinsalu 
Sünniaeg:   22.12.1995 
Sünnikoht:   Pärnu, Eesti 
Kodakondsus:  Eestlane 
 

Kontaktandmed 
E-post:   leenu.reinsalu@gmail.com 
 

Hariduskäik 
2020–2024  Tallinna Tehnikaülikool, PhD 
2018–2020  Tallinna Tehnikaülikool, Geenitehnoloogia, MSc cum laude 
2015–2018  Tallinna Tehnikaülikoo, Geenitehnoloogia, BSc 
2012–2015  Pärnu Koidula Gümnaasium, kuldmedal 
2003-2012  Pärnu Kuninga Tänava Põhikool 
 

Keelteoskus 
Eesti keel  emakeel 
Inglise keel    kõrgtase 
Soome keel  algtase 
Saksa keel  algtase 
 

Teenistuskäik 
2023–…  Swixx Biopharma, Meditsiiniala nõunik 
2020–… Keemilise ja Bioloogilise Füüsika Instituut, nooremteadur 
6/2019–8/2019,  
6/2020–8/2020 Lääne-Tallinna Keskhaigla, laborant 
3/2020–6/2020 SYNLAB Eesti OÜ, laborant 
 

Teaduspreemiad ja tunnustused 
2022 Eesti Teaduste Akadeemia konkursi ”Teadus 3 minutiga” 

laureaat ja rahva lemmik 
2018 Eesti Biokeemia Seltsi üliõpilaste teadustöö konkursi 

peapreemia 
 

Konverentsid 
September, 2023 Baltic Congress of Oncologists and Surgeons,  

Suuline ettekanne: Energy metabolism is reprogrammed 
during colorectal cancer development 

November, 2022 Tallinna Tehnikaülikooli Loodusteaduskonna XIV 
teaduskonverents  
Suuline ettekanne: Dietary preferences of colorectal cancer 

Juuni, 2022 FEBS3+ Conference of Estonian, Latvian and Lithuanian 
Biochemical Societies,  
Posterettekanne: Metabolic plasticity supports colorectal 
cancer 



 

137 

September, 2021 EMBO workshop “Systems approaches in cancer”,  
Posterettekanne: Metabolic reprogramming in colorectal 
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