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Introduction 

In this doctoral thesis, we delve into metabolic reprogramming in colorectal cancer (CRC). 

This field has garnered increasing attention due to its potential impact on cancer 

prognosis and treatment strategies. The choice to investigate this area stems from the 

rising prevalence and mortality rates associated with CRC, alongside the urgent need to 

understand its underlying molecular mechanisms.  

The thesis mainly utilizes high-resolution respirometry, immunofluorescence, western 

blot, mutation analysis, and a comprehensive review of current literature and clinical 

data. The critical aspect of the methodology is the use of high-resolution respirometry to 

analyse the role of oxidative phosphorylation (OXPHOS) in adenosine triphosphate (ATP) 

synthesis in the studied samples. By evaluating the ADP-dependent respiration rate in 

permeabilized tissue samples, we can ascertain two crucial parameters of OXPHOS:  

the maximal exogenous ADP-activated respiration rate (Vmax), and the apparent affinity 

of mitochondria for exogenous ADP, denoted as the apparent Michaelis-Menten 

constant (Km(ADP)). Consequently, this study investigates and elucidates the metabolic 

reprogramming occurring in colorectal polyps, cell line models and CRC tissues.  

This approach not only enhances our understanding of CRC at a molecular level but also 

may contribute to developing more effective diagnostic and therapeutic methods.  

Clinical material provides a unique and realistic perspective of CRC, offering a closer 

representation of the disease in its natural physiological state. This approach also 

augments our understanding of CRC at a molecular level and enhances the potential for 

developing more effective diagnostic and therapeutic methods. 
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Abbreviations  

ADP Adenosine diphosphate 
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MtCK Mitochondrial creatine kinase 

N2a NEURO 2a cells 
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Pi Inorganic phosphate 

SEM Standard error of the mean 

SSLs Sessile serrated lesions 
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uN2a Undifferentiated N2a cells 

VDAC Voltage-dependent anion channel 

Vmax Maximal respiration rate 

Vo Rate of basal respiration 
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1. Review of literature 

1.1. The definition and etiology of colon polyps and colorectal cancer 

Colorectal cancer (CRC) is a diverse malignant tumour caused by uncontrolled growth of 
mutated cells in the large colon or rectum with different subtypes characterized by 
distinct molecular and pathological features. In most cases of sporadic CRC, the disease 
progresses gradually from non-cancerous polyps to malignant tumours (Figure 1). While 
the majority of colorectal polyps are harmless, some can transform into invasive 
adenocarcinomas with malignant properties, and most CRC cases develop from 
precancerous adenomatous and serrated polyps. Around 70% of sporadic CRCs originate 
from adenomatous polyps. In comparison, 25% to 30% arise from sessile serrated lesions 
(SSLs) following the SSL-to-carcinoma pathway, although the specific mechanisms behind 
this transformation are not yet fully understood. Well-established risk factors for 
conventional adenomas and CRC include advancing age, male gender, having a family 
history of the disease, being overweight or inactive, and consuming red meat. On the 
other hand, white race, tobacco, and alcohol use are significant risk factors for serrated 
polyps, which have a different set of risk factors compared to conventional adenomas. 
Additionally, a history of abdominopelvic radiation, acromegaly, hereditary 
hemochromatosis, or prior ureterosigmoidostomy also increases the risk of CRC (Sninsky, 
Shore et al. 2022). 

 

Figure 1. The progression of colorectal cancer. The various stages, and the primary genetic 
alterations throughout the advancement of the tumour (Mahmod, Haif et al. 2022). 

1.2. The incidence and survival of colorectal cancer worldwide and in 
Estonia 

Colorectal cancer also referred to as bowel cancer, ranks as the third most prevalent 
cancer globally and is the second most common cause of cancer-related deaths in 
Europe. It holds the 3rd position among cancers affecting men and the 2nd position 
among cancers affecting women. In the year 2020 alone, there were approximately 
1,931,590 newly diagnosed cases of CRC, accounting for around 10% of all cancer cases 
worldwide. Additionally, CRC was responsible for 915,880 deaths, which constituted 
9.2% of all cancer-related deaths (Globocan 2020).  
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According to the Estonian National Institute for Health Development, the incidence of 
CRC in Estonia has steadily risen over the past 30 years, with the number of affected 
individuals continuously increasing (Database 2020). Approximately 500,000 people are 
diagnosed with CRC in Europe each year. In Estonia, 972 new cases of CRC were 
diagnosed in 2018. Annually, over 400 people die from CRC in Estonia, with 495 deaths 
reported in 2019 (Development 2020). 

However, when detected early, colorectal cancer is one of the most treatable forms 
of cancer, thus emphasizing the urgent need to develop more effective treatment 
strategies. 

1.3. Prognosis and treatment 

The implementation of colorectal cancer screening has played a significant role in 
reducing the occurrence and death rates of CRC in the past two decades. This has proven 
to be clinically valuable as it can prevent cancer-related illnesses, deaths, and excessive 
treatment expenses. By identifying significant abnormalities before they develop into 
cancerous growths and detecting early-stage cancer that has not spread beyond the 
bowel wall, we can increase the relatively low survival rate (Society 2008). The 5-year 
overall survival rate of individuals diagnosed with CRC is at 64%. Notably, patients with 
localized cancer (stages I, IIA, and IIB) exhibit a high 90% survival rate, while those with 
regional cancer (stages IIC and III) have a slightly lower rate at 71%. However, the survival 
rate sharply decreases to 14% for individuals with distant cancer (stage IV). In the case 
of rectal cancer, the 5-year cumulative prognosis is at 67%. Patients with localized cancer 
have an 89% survival rate, whereas those with regional cancer show a 70% survival rate. 
Unfortunately, the survival rate drops significantly to 15% for individuals diagnosed with 
distant cancer (stage IV) (Mattiuzzi, Sanchis-Gomar et al. 2019). 

Currently, CRC screening focuses on the removal of adenomas and sessile serrated 
lesions, as well as the identification of early-stage disease. On the other hand, the survival 
rate drops significantly for those diagnosed with late-stage CRC, which involves the 
spread of cancer to distant organs. Treatment primarily focuses on relieving symptoms 
at this advanced stage, and the associated financial burdens are at their highest. 
Molecular alterations and response to chemotherapy can vary based on the location of 
the cancer within the colon or rectum. Tumours located in the proximal colon, distal 
colon, or rectum exhibit distinct molecular characteristics and may respond differently 
to chemotherapy (Shaukat, Kahi et al. 2021). 

It has also been shown that the mutations in the KRAS and BRAF genes are significant 
influencers in the regulation of metabolic reprogramming across various cancers, 
including CRC (Hutton, Wang et al. 2016). They are thought to contribute to cancer 
development by driving the proliferation of cells with these initiating mutations 
(Shirasawa, Furuse et al. 1993). The BRAF V600E mutation in exon 15, codon 600, is linked 
to an unfavourable prognosis for CRC (Shirasawa, Furuse et al. 1993). Meanwhile, 
activating KRAS mutations in codon 12 and 13 of exon 2, which are prevalent in CRC 
(occurring in 30-50% of tumours), are associated with reduced survival rates and 
decreased responsiveness to chemotherapy (Phipps, Buchanan et al. 2013).  
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1.4. Metabolic plasticity of cancer cells 

Tumour cells possess the ability to reconfigure metabolic processes, which plays a crucial 
role in disease advancement. This metabolic reprogramming allows tumour cells to adapt 
to the increased energy demands and fluctuating environmental conditions throughout 
the development of tumours (Goodpaster and Sparks 2017), while it exerts a profound 
influence on cell differentiation, the tumour microenvironment, and gene expression 
(Pavlova and Thompson 2016).  

Metabolic reprogramming has been included as one of the hallmarks of cancer 
development (Hanahan and Weinberg 2000). Cancer cells encounter various 
physiological challenges during the process of metastasis, such as limited nutrient 
availability, hypoxia, and exposure to therapeutic agents. The crucial factor for the 
survival of tumour cells lies in their capability to adjust their metabolic activities to 
sustain energy production and fulfil biosynthetic requirements throughout the 
progression of the disease (McGuirk, Audet-Delage et al. 2020). Hence, cancer cells are 
compelled to fulfil the demands of accelerated growth and survival, while also possessing 
the capability to swiftly adapt to alterations in the tumour microenvironment. This 
molecular possibility, known as metabolic adaptability, relies on metabolic flexibility or 
plasticity and encompasses the ability to efficiently process substrates via multiple 
metabolic pathways while concurrently orchestrating the production of bioactive factors 
that actively contribute to the processes of oncogenic progression and therapeutic 
resistance (Fendt, Frezza et al. 2020). 

1.5. Glycolysis and Warburg effect in cancer cells 

Otto H. Warburg demonstrated in the 1920s that cancer cells, despite the presence of 
oxygen, primarily produce energy through glycolysis. The characteristic of this modified 
metabolism is the increased uptake of glucose and the conversion of glucose into lactate 
through fermentation, even when mitochondria are fully functional. This phenomenon is 
referred to as the “Warburg Effect” (Warburg, Wind et al. 1927). 

This glycolytic phenotype has been found in a significant number of human tumours. 
However, the bioenergetic importance of oxidative phosphorylation and glycolysis varies 
according to histological type, growth stage, and vascularization (Vander Heiden, Cantley 
et al. 2009). The first type of cancer cells exhibits high glycolytic activity, the second type 
is characterized by deficient OXPHOS, and the third type shows enhanced OXPHOS.  
The existing evidence indicates that akin to normal cells, cancer cells concurrently 
undergo both aerobic and anaerobic glycolysis. The rates of glycolysis in cancer cells, as 
demonstrated in cell culture studies, are significantly elevated compared to non-tumour 
cells (Moreno-Sanchez, Marin-Hernandez et al. 2014). Current knowledge supports the 
observation of increased glucose consumption in colorectal cancer cells, leading to the 
utilization of glycolysis even in the presence of oxygen (Warburg and Dickens 1930, 
Warburg 1956, Izuishi, Yamamoto et al. 2012). However, it has been shown that OXPHOS 
serves as the primary source of ATP rather than glycolysis in these malignancies. Cancer 
cells are classified based on their metabolic remodelling pattern, balancing glycolysis and 
OXPHOS (Bellance, Pabst et al. 2012).  

CRC has been regarded as a purely hypoxic tumour of the Warburg phenotype for 
many years, where normal colonocytes use OXPHOS as the primary energy source.  
Short-chain fatty acids undergo β-oxidation to form acetyl-CoA, which enters into the 
tricarboxylic acid (TCA) cycle to yield citrate, NADH, and finally ATP. However, CRC cells 
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cannot utilize butyrate as an energy source, which might refer to the truncated TCA cycle 
(Donohoe, Garge et al. 2011).  

Consequently, it becomes evident that the bioenergetic profiles of tumours exhibit 
significant heterogeneity, which underscores the need for personalized treatment 
strategies that are specifically tailored to address the unique metabolic characteristics of 
each tumour. 

1.6. The role of MOM in metabolic reprogramming 

For adenosine triphosphate (ATP) synthesis in the matrix by ATPase, adenosine 
diphosphate (ADP) from the cytosol needs to be conveyed across both mitochondrial 
membranes. The key facilitators of this adenine nucleotide exchange between the matrix 
and the cytosol include the adenine nucleotide translocator (ANT) on the mitochondrial 
inner membrane (MIM) and the voltage-dependent anion channel (VDAC) on the 
mitochondrial outer membrane (MOM). The flux of ATP, ADP, and inorganic phosphate 
(Pi) through the MOM is facilitated via the VDAC. Consequently, the regulation of 
OXPHOS is predominantly coordinated through the control of VDAC since the closure of 
this channel would limit the substrate supply for respiration and would stop the 
exchange of ADP and Pi for ATP during OXPHOS (Wallace 1999, Lemasters and 
Holmuhamedov 2006).  

Research involving permeabilized muscle fibers has shown that cellular respiration 
and ATP synthesis are governed by a protein complex referred to as the Mitochondrial 
Interactosome (MI) (Guzun, Kaambre et al. 2015). MI is a multiprotein transmembrane 
complex that, among others, consists of VDAC, ATP synthasome, adenylate kinase (AK), 
hexokinase (HK), and mitochondrial creatine kinases (MtCK), which regulate the 
permeability of MOM for adenine nucleotides. The regulation of adenine nucleotides 
within VDAC is evident through the determination of the apparent affinity of 
mitochondria for exogenous ADP (Km(ADP)), achieved via high-resolution respirometry 
on permeabilized cells and tissues and not in isolated mitochondria (Kay, Li et al. 1997, 
Puurand, Tepp et al. 2018). This indicates that the metabolic plasticity of cancer cells is 
linked to regulating VDAC permeability with respect to ADP. 

Studies have demonstrated that VDAC is a crucial regulator determining the balance 
between the OXPHOS and glycolysis in cancerous cells (Carre, Andre et al. 2002, 
Maldonado 2017). This finding suggests that targeting VDAC could be a promising 
approach for developing a new generation of cancer therapies. The mitochondrial VDAC 
not only plays a significant role in maintaining high OXPHOS rates but also contributes to 
the activation of apoptotic pathways (Shoshan-Barmatz, Israelson et al. 2006, Shoshan-
Barmatz, Zakar et al. 2009, Shoshan-Barmatz, Krelin et al. 2017).  

There is limited scientific research on CRC pathogenesis, particularly concerning the 
critical processes of maintaining energy homeostasis and mitochondrial bioenergetic 
function. A novel and highly effective approach could involve manipulating the energy 
metabolism of cancer cells, enabling the selective identification of malignant tumours 
(Gogvadze, Orrenius et al. 2009). Intracellular ATP levels may be a crucial determinant of 
chemoresistance in CRC cells (Zhou, Tozzi et al. 2012), and mitochondria may play a 
supportive or even initiating role in the metastasis of cancer cells (Amoedo, Rodrigues  
et al. 2014). Evidently, the glycolytic pathway and associated genes play an important 
role in CRC tumorigenesis, yet further research is needed to understand their molecular 
mechanisms. The malignant transformation of cells results in reprogramming various 
signalling and metabolic pathways, particularly those related to energy metabolism. 
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Targeting the energy metabolism of tumour-initiating and cancer cells has been suggested 
as a promising and specific approach for eliminating malignant tumours (Moreno-Sanchez, 
Rodriguez-Enriquez et al. 2007, Gogvadze, Orrenius et al. 2009, Lamb, Bonuccelli et al. 
2015). 

1.7. Michaelis-Menten kinetics as the classical and simple method for 
investigating the permeability of the mitochondrial outer 
membrane  

High-resolution respirometry can be used to assess the metabolic plasticity. The 
relationship between ATP synthesis (mitochondrial oxygen consumption) and ADP 
concentration adheres to Michaelis-Menten kinetics (Figure 2). This enables the 
assessment of the apparent Michaelis-Menten constant for ADP (Km(ADP)) in various 
tissues, cancers, and cell cultures. Measured in permeabilized cells and tissues, Km(ADP) 
represents the mitochondria’s affinity for exogenous ADP and defines the permeability 
of the MOM via the VDAC for adenine nucleotides (Saks, Belikova et al. 1991, Kuznetsov, 
Tiivel et al. 1996) (Figure 3b).  

The permeabilization technique facilitates the examination of mitochondrial function 
within cells in their native environment, preserving the connections between 
cytoskeletal structures and the MOM without necessitating the separation of these 
organelles. Treatment with agents that form complexes with cholesterol, such as 
digitonin, saponin, or filipin, interact with cholesterol molecules, which are prevalent in 
the plasma membrane (the polar heads of cholesterol and phospholipids associate). This 
interaction leads to a loss of membrane integrity (permeabilization), eliminating the 
barrier between the intracellular space and surrounding medium. As a result, the cytosol 
and its solutes are washed away, aligning the composition of the intracellular 
environment with the experimental incubation medium. The cholesterol levels in 
internal organelles or membrane structures like mitochondria or the sarcoplasmic 
reticulum are significantly lower, and the concentration of the cholesterol-complex-
forming agent used for the permeabilization of the outer cell membrane does not disrupt 
these structures, enabling the investigation of mitochondria (Kuznetsov, Veksler et al. 
2008). 

𝑉 =
𝑉𝑚𝑎𝑥 × [𝑆]

𝐾𝑚 + [𝑆]
 

Figure 2. The Michaelis–Menten equation. V shows the initial reaction velocity, Vmax is the maximum 
reaction velocity (the rate where the enzyme is saturated with substrate), [S] is the substrate 
concentration and Km is the Michaelis constant, which is the substrate concentration at which the 
reaction velocity is half of Vmax (Michaelis and Menten 1913).  
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Cell-specific differences in Km(ADP) are likely a result of the unique structural and 
functional organization of energy metabolism. For instance, cells with a low Km(ADP) 
value (~10 µM), such as glycolytic muscle cells, experience fewer structural and 
functional constraints on ADP/ATP movement through the MOM when compared to 
oxidative muscles with a Km(ADP) value around 300 µM (Kuznetsov, Tiivel et al. 1996). 
Therefore, using the analogy of muscles, the Km(ADP) value serves as an indicative 
parameter for describing the primary setting of energy metabolism arrangement. 
According to the model proposed by Saks V. et al, the proportion of mitochondria with 
low oxidative capacity in the tissue can be inferred from the Km(ADP) value (Saks, Veksler 
et al. 1998). 

Figure 3. Michaelis-Menten kinetics and mitochondrial respiration. Michaelis-Menten kinetics can 
be applied to study ADP-dependent respiration in biopsy and postoperational materials from 
human colorectal cancer and polyps. (a) Presentative traces show oxygen consumption rates 
activated by adenosine diphosphate (ADP) in permeabilized tissue from colorectal cancer. CytoC is 
cytochrome C (to confirm the integrity of the MOM); CAT is carboxyatractyloside (to confirm the 
integrity of the MIM). (b) Km(ADP) and Vmax values can be determined through non-linear regression 
using the Michaelis-Menten equation (Publication III). 

In addition to Km(ADP), the maximal ADP-dependent oxygen consumption (Vmax) is a 
defining characteristic of metabolic plasticity and is correlated with mitochondrial 
density in the tissue. Vmax values are higher in CRC compared to normal colon tissue 
(Kaldma, Klepinin et al. 2014), indicating robust metabolic activity. However, further 
studies are required to confirm the extent to which high Vmax values correlate with 
tumour aggressiveness. 
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1.8. Energy transfer pathways  

The cellular phosphotransfer system is a complex network of enzymes crucial for 
intracellular energy transfer and signalling processes. This system plays a vital role in 
cellular energy metabolism and regulation, particularly in facilitating efficient energy 
transfer and distribution, thereby ensuring cellular economy and energetic homeostasis 
(Dzeja and Terzic 2003). The key elements of the system are AK, CK, and HK. CK and AK 
enzymes are involved in cancer cell proliferation (Klepinin, Chekulayev et al. 2014, 
Ounpuu, Klepinin et al. 2017). 

AKs play the key role in facilitating AMP metabolic signalling and optimizing the ATP 
supply. Efficient high-energy phosphoryl exchange between the mitochondria and 
cytosol is enabled by the position of the AK2 in the mitochondrial intermembrane and 
cristae space. Two AK isoforms, AK3 and AK4, are situated in the mitochondrial matrix 
and participate in the control of the mitochondrial Krebs cycle and OXPHOS. (Dzeja and 
Terzic 2009).  

Both essential phosphotransfer enzymes AK2 and MtCK are located in the 
intermembrane/cristae space in mitochondria (Saks, Dzeja et al. 2006, Dzeja and Terzic 
2009). AK2 and MtCK mediate metabolic signalling, while facilitating the export of ATP 
from mitochondria and receiving feedback signals from the cytosol, including ADP, AMP, 
and creatine (Dzeja, Zeleznikar et al. 1998, Dzeja and Terzic 2009). In 2016, Fujisawa with 
colleagues proposed a mechanism through which AK4 regulates mitochondrial 
respiration in cancer cells. The mechanism stated that AK4 expression is elevated under 
hypoxic conditions, leading to the formation of a complex with HK2, VDAC, and adenine 
nucleotide translocase (ANT), promoting increased ADP recycling. The efficiently 
recycled ADP within the mitochondrion is then converted into ATP by ATP synthase. This 
ATP, in turn, serves as a substrate for HK2, amplifying glycolytic activity in cancer cells 
(Pedersen 2007, Fujisawa, Terai et al. 2016).  

Hexokinases, which are evolutionarily preserved enzymes, facilitate the virtually 
irreversible initial stage of the glycolytic pathway. In this process, glucose is phosphorylated 
to glucose-6-phosphate, simultaneously accompanied by the de-phosphorylation of ATP. 
When attached to mitochondria, HK1 and HK2 enhance the survival of both healthy and 
cancerous cells, while also improving their efficiency in utilizing glucose (Mathupala,  
Ko et al. 2006). The upregulation of HK2 in cancer cells might indicate a shift in the 
metabolic activity within the cells as a strengthened connection between mitochondria 
and the process of glycolytic phosphotransfer (Han, Patten et al. 2019), leading to a 
possible unrestrained energy distribution across the cancer cells.  

Numerous results have shown that in CRC (Kaldma, Klepinin et al. 2014), breast cancer 
(Kaambre, Chekulayev et al. 2012), neuroblastoma (Klepinin, Chekulayev et al. 2014), 
prostate cancer (Amamoto, Uchiumi et al. 2016), and embryonic stem cells (Ounpuu, 
Klepinin et al. 2017) the MtCK was downregulated. The decrease in the levels of MtCK in 
cancer cells was associated with the upregulation of adenylate kinase AK2 isoform in 
intermembrane space, which enhances the utilization of extra-mitochondrial AMP for 
OXPHOS (Kaambre, Chekulayev et al. 2012, Kaldma, Klepinin et al. 2014, Klepinin, 
Ounpuu et al. 2016, Ounpuu, Klepinin et al. 2017). It has also been shown that the 
intestinal cells can deactivate the CK circuit and activate the AK pathway, demonstrating 
metabolic plasticity (Klepinina, Klepinin et al. 2021). 
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1.9. The role of free tubulin isotypes in the metabolic regulation of 
cancer 

Tubulin serves as the protein subunit of microtubules, forming dimers that can exist as 
either heterodimers (composed of α and β subunits) or homodimers (consisting of either 
α or β subunits) (Ludueńa, Shooter et al. 1977). It has been shown in humans that there 
are 10 α-tubulin and nine β-tubulin genes within the tubulin gene family. Regarding gene 
expression, it has been noted that genes TUBB2A (IIα), TUBB2B (IIβ), TUBB3 (IIIβ), and 
TUBB4 (IVα) exhibit high expression levels in the brain. In contrast, TUBB2C (IVβ) 
demonstrates elevated expression in the heart and skeletal muscles. Nevertheless, the 
contribution of the various isotypes to the total beta-tubulin content varies across tissues 
and displays a complex pattern (Findeisen, Mühlhausen et al. 2014). Notably, tumour 
cells are characterized by a significant increase in the expression of TUBB3 (IIIβ), while 
the expression of TUBB6 (V) is markedly reduced in most tumours (Leandro-Garcia, 
Leskela et al. 2010). TUBB2B (IIβ) is often highly expressed in tumours while the 
corresponding normal cells express minimal or no βII (Yeh and Luduena 2004). 

Tubulins fulfil diverse roles within a cell, serving structural functions when polymerized 
into microtubules and regulatory roles when they exist in unpolymerized tubulin 
(Rostovtseva, Gurnev et al. 2018). For example, microtubules shape the subcellular 
organization and movement of mitochondria in skeletal and cardiac muscle cells (Tepp, 
Mado et al. 2014). Nonetheless, the regulatory function of unpolymerized tubulin in 
bioenergetics might be associated with the modulation of VDAC permeability within the 
MOM (Puurand, Tepp et al. 2019). However, the function of tubulin in controlling the 
permeability of the MOM in cancerous cells remains uncertain. 

Research involving VDAC reconstituted into planar lipid bilayers, along with model 
experiments using isolated mitochondria, has demonstrated that tubulin significantly 
reduces the permeability of VDAC for specific adenine nucleotides like ADP and ATP. This 
has led to the suggestion that this effect may be a key player in controlling mitochondrial 
function in both healthy and cancerous cells (Rostovtseva, Sheldon et al. 2008, 
Maldonado and Lemasters 2012) 

Research has shown the presence of a supercomplex called the mitochondrial 
interactosome (MI). This complex includes the ATP synthasome, MtCK, VDAC, and 
tubulin and plays a crucial role in regulating mitochondrial respiration. Studies have 
indicated that in rat heart cardiomyocytes (CMs), βII-tubulin binds to VDAC, which 
regulates the permeability of this mitochondrial channel for adenine nucleotides. This 
process promotes the generation of phosphocreatine (PCr) through MtCK (Timohhina, 
Guzun et al. 2009, Guzun, Kaambre et al. 2015). Additionally, it has been observed that 
during carcinogenesis, the composition and structure of the MI can undergo significant 
reorganization due to substantial changes in the expression of its components 
(Chevrollier, Loiseau et al. 2011). It is proposed that βIII-tubulin plays a role in governing 
cellular metabolism and enhancing the signalling response to glucose stress, thus 
promoting cell survival and reducing cell dependence on glycolytic metabolism. In cancer 
cells, βIII-tubulin variants with particular post-translational modifications have been 
observed to be situated in mitochondrial membranes (Cicchillitti, Penci et al. 2008).  

Further research is required to explore the connection between mitochondrial and 
cytosolic βII/βIII-tubulin variants, their involvement in the development and 
advancement of malignancies, and their potential role in drug resistance. 
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1.10. The complex regulation of the mitochondrial outer membrane 

Multiple models have been proposed for the regulation of MOM for the permeability of 
adenine nucleotides in colorectal cells, but we still do not have a clear understanding of 
this. Two proposed mechanisms govern the regulation of the MOM permeability in 
cancer cells. Firstly, as per the model suggested by Pedersen and colleagues, the 
interaction between VDAC and HK2 stands out as a primary pathway mediating the 
Warburg effect or aerobic glycolysis in cancer cells (Pedersen 2007, Mathupala, Ko et al. 
2009). It has been established that the binding of HK2 to the VDAC channel maintains it 
in an open state (Majewski, Nogueira et al. 2004) enabling HK2 to utilize intra-
mitochondrially generated ATP for the phosphorylation of glucose (Cesar Mde and 
Wilson 1998). This means that low Km(ADP) values can be expected. The possible model 
for the regulatory mechanisms governing MOM permeability to adenine nucleotides is 
proposed for both normal and CRC cells (Figure 4). VDAC serves as the channel facilitating 
the movement of adenine nucleotides into and out of mitochondria. In normal cells 
(Figure 4a), a minor fraction of HK is associated with VDAC, utilizing mitochondrial ATP 
to initiate glycolysis. The resulting ADP is directed back to the mitochondrial matrix 
through VDAC and ANT for incorporation into OXPHOS. Tubulin binding further 
modulates VDAC permeability, making it less receptive to adenine nucleotides due to the 
interaction between beta-tubulin and VDAC. Consequently, cells are prompted to use CK 
and AK energy transfer networks for the intracellular distribution of high-energy 
phosphates. The MtCK, situated in the intermembrane space (IMS) of the mitochondria, 
is functionally connected to the ANT, thereby creating a dependency of OXPHOS on ADP 
produced from the MtCK reaction. The mitochondrial AK isoform AK2 utilizes AMP 
passing through VDAC and ATP passing through ANT to generate ADP, thereby 
stimulating OXPHOS. These energy transport systems establish a feedback loop between 
ATP consumption and synthesis.  The role of tubulin in regulating VDAC permeability 
remains ambiguous, as the interaction of truncated VDAC with tubulin might be 
compromised (Pedersen 2007, Reinsalu, Puurand et al. 2021). 
 

 

Figure 4. Regulatory mechanisms in normal cells and CRC. Possible model for the regulatory 
mechanisms governing the MOM permeability proposed for adenine nucleotides in both normal (a) 
and CRC cells (b). In cancer cells the mitochondrial MtCK might be downregulated or entirely absent. 
Voltage-dependent anion channel (VDAC); hexokinase (HK), adenine nucleotide translocase (ANT); 
oxidative phosphorylation (OXPHOS); creatine kinase (CK); adenylate kinase (AK); mitochondrial 
outer membrane (MOM); mitochondrial inner membrane (MIM); intermembrane space (IMS). 
Figure modified from (Reinsalu, Puurand et al. 2021). 
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The second mechanism, proposed by Maldonado and colleagues, reveals that in 
hepatocarcinoma cells, VDAC is obstructed by free tubulin, prompting malignant cells to 
transition to aerobic glycolysis (Maldonado, Patnaik et al. 2010). They have 
demonstrated that an increase in non-polymerized α-β heterodimer tubulin level in liver 
cancer cells results in an elevation of mitochondrial membrane potential, leading to the 
closure of VDAC. Our investigation into rat muscle tissues suggested that only  
non-polymerized βII-tubulin in heart and soleus muscles significantly influences the 
regulation of MOM permeability for ADP (Varikmaa, Bagur et al. 2014). Nevertheless, 
both studies underscore that the impact of free dimeric tubulin on VDAC permeability is 
dependent on the polymerized/dimeric tubulin ratio. 

It has also been illustrated that multiple other proteins are able to interact with VDAC. 
For example, a VDAC binding protein erastin effectively prevented and reversed the loss 
of mitochondrial membrane potential following exposure to microtubule destabilizers in 
intact cells. It also acted against the tubulin-induced inhibition of VDAC in planar lipid 
bilayers (Maldonado, Sheldon et al. 2013). The disruption caused by erastin in the 
tubulin-VDAC interaction counteracts the Warburg metabolic effect, ultimately restoring 
oxidative mitochondrial metabolism. Furthermore, it has been observed in cardiac tissue 
that both desmin and αβ-crystallin are localized at the mitochondria-associated 
membranes, where they engage with VDAC. The protection provided by overexpressed 
αβ-crystallin involves keeping mitochondrial proteins at the needed levels, preventing 
unusual changes in the mitochondrial permeability transition pore, and maintaining the 
energy potential of the mitochondria (Diokmetzidou, Soumaka et al. 2016). These 
interactions between VDAC and other proteins are currently not fully understood and 
need further investigation.  



21 

2. Materials and methods 

In this research, a range of techniques were employed, and for more comprehensive 
information on each, please refer to the accompanying publications (see appendixes). 

• Clinical materials and patients – Publication I, II and III 

• Preparation and permeabilization method for permeabilized tumour samples – 
Publication I and III 

• Mitochondrial respiration / oxygraphic measurements – Publication I, II and III 

• Immunofluorescence analysis – Publication II  

• DNA extraction – Publication III 

• KRAS and BRAF mutation analyses – Publication III 
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3. Results and discussion 

3.1. ADP-regulated mitochondrial respiration in human colorectal 
cancer (Publication I) 

Most of our knowledge about how CRC changes its molecular metabolism comes from 
research on cell culture models, whereas few studies have used clinical samples. 
Additionally, the diverse conditions of cell culture introduce variations that can 
significantly impact the cellular metabolic profile. Thus, we wanted to see the dynamics 
of mitochondrial function within cells in their native environment, preserving the 
connections between cytoskeletal structures and the outer membranes of mitochondria. 
For this, we measured the apparent (Km(ADP)) values and maximum respiration rates 
(Vmax) for ADP in the human CRC and adjacent colon control tissues. 

Table 1. Apparent Km and maximum respiration rate (Vmax) values for CRC and the corresponding 
adjacent healthy tissues. Apparent Km (Km(ADP)) and maximum respiration rate (Vmax) values were 
determined for ADP-dependent respiration in samples from CRC and the corresponding adjacent 
healthy tissues. Vmax values are expressed as nMO2/min/mg dry tissue weight, excluding proton 
leak rates. Km and Vmax values for ADP were derived from the respective titration curves by fitting 
experimental data to a non-linear regression equation based on a Michaelis–Menten model. The 
analysis included data from 35 patients (Publication I). 

Table 1 from the publication I outlines the ADP-regulated mitochondrial respiration 
parameters calculated for permeabilized tissue samples. Here, it is observed that the 
Km(ADP) value for adjacent colon control tissue is 2,7 times greater than that for CRC 
tissue and the Vmax value for control tissue is 3,4 times lower than in the CRC tissue.  

Discrepancies in the rates of Vmax in colon tissue samples correlate with variances 
identified in our previous study (Kaldma, Klepinin et al. 2014), indicating higher 
mitochondrial quantity in CRC cells with a 50% increase compared to healthy control 
tissue. According to numerous studies (Chance and Williams 1955, Saks, Kuznetsov et al. 
1995, Saks, Veksler et al. 1998, Kuznetsov, Strobl et al. 2002), the Km(ADP) value for ADP 
in isolated mitochondria is shown to be minimal, approximately 15 μM. Mitochondria 
from human colorectal cancer demonstrate an elevated affinity for exogenous ADP 
compared to normal colon tissues; however, this preference is still 6 times higher than 
the Km(ADP) for isolated mitochondria (Table 1) (Chance and Williams 1955). When 
comparing the results for cancer biopsies and the adjacent healthy tissue (Table 1; Figure 
5a), we demonstrate that the glycolytic and OXPHOS activity in CRC has not changed. 
These results contradict the observations obtained from cell culture studies, particularly 
in human colorectal adenocarcinoma cells (Caco2), where the Km(ADP) was recorded at 
40 µM, highlighting a discrepancy between in vitro and in vivo data (Kaambre, Chekulayev 
et al. 2012, Chekulayev, Mado et al. 2015, Ounpuu, Truu et al. 2018). Despite using the 
same preparation method, the difference observed between cultured cells and clinical 
samples highlights distinctions in these two sample groups, emphasizing substantial 
differences in MOM permeability.  

Tissues Km(ADP), µM ± SEM Vmax ± SEM 

Human colorectal cancer tissue 93.6 ± 7.7 2.41 ± 0.32 

Human adjacent colon control tissue 256 ± 34 0.71 ± 0.23 
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According to the findings from our laboratory, it is conceivable that a low Km value for 
ADP may be a prevalent trait for cancer cells in vitro. However, in in vivo tumour samples, 
the modulation of MOM permeability appears to be more intricate, likely associated with 
the interplay between energy transfer pathways, alterations in the phosphorylation state 
of VDAC channels and modulation of the cytoskeleton or membrane potential arising 
from tumour formation. This underscores the limitations of cell culture studies and 
emphasizes the significance of utilizing clinical material to assess the mechanisms 
underlying cancer metabolic plasticity. 

3.2. The heterogeneity of colon tissue (Publication I) 

Permeabilized samples were subjected to increasing concentrations of ADP, and the 
rates of O2 consumption, normalized to Vmax, were analysed in relation to the 
corresponding ADP concentration values using double reciprocal Lineweaver–Burk plots 
(Figure 5a and 5b) (Saks, Veksler et al. 1998). The outcomes of the Lineweaver–Burk 
analysis of the experimental data associated with ADP-regulated mitochondrial 
respiration in samples of CRC and healthy colon are depicted in Figure 5a. The Vmax and 
Km values were derived through the linearization method. As demonstrated by Saks and 
colleagues, a biphasic pattern in respiration regulation on the graph curve suggests the 
presence of two distinct populations of mitochondria with varying affinities for ADP.  
Our findings indicated such distinctions in healthy colon tissue but not in CRC tissue. 
 

Figure 5. Analysis of the normalized respiration rate patterns for CRC.  (a) Analysis of the normalized 
respiration rate patterns for CRC (dotted line) and samples from healthy colon tissues (dashed line) 
is depicted in double reciprocal Lineweaver–Burk plots. This data comes from an examination of 10 
colorectal cancer patients. (b)  ADP-dependent respiration in samples of healthy colon mucosa (as 
control2) and smooth muscle (as control1) tissues. This is presented in the form of a Michaelis–
Menten curve, and the data is derived from 8 samples. Vo and Vmax represent the rates of basal and 
maximal ADP-activated respiration, respectively (Publication I). 

CRC tissue exhibits monophasic regulation in mitochondrial respiration, whereas in 
healthy colon tissue, a distinct pattern emerges with the identification of two 
mitochondrial populations possessing markedly different properties (Figure 5a). The first 
population of mitochondria is characterized by a lower Km value (42 ± 14 μM), while the 
Km(ADP) value for the second mitochondrial population is nearly seven times higher  
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(288 ± 67 μM). Subsequently, we isolated mucosal and smooth muscle sections from the 
colon samples for additional Km measurements to discern their individual contributions.  
The Km(ADP) value for the mucosal part was determined to be 74.7 ± 4.3 μM, while for 
colon smooth muscle tissues, the corresponding value was 362 ± 60 μM (Figure 5b). 
Consequently, the results following the separation process elucidate the outcomes of the 
initial experiment, where the entire colon wall was analysed, revealing the presence of 
two distinct groups of mitochondria. 

3.3. Mitochondrial Vmax as a biomarker for cancer aggressiveness 
(Publication I) 

Figure 6. Comparison of the maximal mitochondrial respiration rate (Vmax) across different stages 
of CRC.  (a) Comparison of the maximal mitochondrial respiration rate (Vmax) across different stages 
of CRC. Stage I includes data from 13 patients, IIA and IIB from 13 patients, IIIB from 4 patients, IIIC 
from 3 patients, and IVB from 1 patient. Control colon tissue data is collected from 34 patients and 
used as a reference for comparing Vmax. The error bars represent standard error of the mean (SEM), 
and significant differences are indicated as ∗∗ (p < 0.005). In part (b), the study looks at Vmax in CRC 
patients in a follow-up context. Among 32 patients, 7 have unfortunately succumbed to CRC (with 
Vmax = 3.19 ± 0.34), while 25 patients remain in remission (with Vmax = 1.70 ± 0.17). Significant 
differences are indicated as ∗∗∗ (p < 0.001) (Publication I). 

We compared the disease stage with the average Vmax value corresponding to each 
CRC stage (Figure 6a, Publication I). While an increase in Vmax during initial stages shows 
significant differences in comparison to control samples, the decline in Vmax for stages 
IIIC and IVB deviates from this upward trend. It becomes apparent that relying solely on 
the disease stage at the time of diagnosis is not a dependable indicator of aggressiveness, 
potentially sparking debates about the validity of such graphical representations. 
Consequently, we collected initial longitudinal data on patient progression within our 
CRC cohort. We validated that out of 32 eligible patients, seven had succumbed to the 
disease (median follow-up time of 47.3 ± 4.9 months). The Vmax values in patients who 
did not survive were significantly higher than those in the group that did not experience 
progression (Figure 6b). Hence, it can be argued, based on this observed similarity, that 
higher tumour respiratory parameters in deceased CRC patients indicated a more 
aggressive form of the disease. 
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3.4. Mitochondrial Respiration in CRC and Polyps: ADP Regulation and 
KRAS/BRAF Mutation (Publication III) 

Furthermore, we explored the dynamics of ATP production through OXPHOS in human 
tissues across the progression from normal colon tissue to polyps and cancer. We aimed 
to elucidate the influence of BRAF and KRAS mutations on the process since the 
distinctiveness of cancer metabolism compared to normal cellular metabolism 
underscores a significant gap in understanding the interconnected relationships between 
cancer mitochondrial respiration and key oncogenic driver genes such as KRAS and BRAF. 
This emphasizes the necessity to explore and shed light on the associations between 
cellular respiration and these mutations, providing valuable insights into cancer biology. 

Our approach involved employing high-resolution respirometry. This enabled the 
measurement of the maximal rate of ADP-activated respiration (Vmax). Additionally, we 
determined Km(ADP) values for exogenously added ADP (Km(ADP)) using permeabilized 
postoperative tissues, encompassing CRC, colon polyps, and normal colon tissue. These 
methodological steps laid the groundwork for our research results. 

Figure 7. Regulation of mitochondrial respiration in tumours with KRAS+, BRAF+ mutations, wild-

type tumours, and control tissues. (a) The analysis compares the maximal ADP-activated 

respiratory rate (Vmax). (b) The comparison of apparent Michaelis–Menten constant (Km(ADP)) 

values for ADP. KRAS+: tumours with KRAS mutations; BRAF+: tumours with BRAF mutations; WT: 

Wild type; CRC: Colorectal cancer; Control: Control tissue. * Indicates statistical significance at p < 

0.05, ** at p < 0.01 (Publication III). 

It is evident that among all the studied groups, tumours with wild-type characteristics 
exhibited the highest Vmax, whereas BRAF or KRAS mutated tumours displayed 
significantly lower values (Figure 7a). This observation underscores the involvement of 
oncogenic KRAS and BRAF in the metabolic reprogramming of colon mucosa. 
Additionally, notable differences in Vmax values were observed between BRAF mutated 
and KRAS mutated tumours (Figure 7a). Intriguingly, the Vmax of BRAF mutated tumours 
resembled that of control tissues. These results suggest a distinctive role of mutated 
KRAS and BRAF in influencing mitochondrial biogenesis and likely contributing to tissue 
differentiation. 
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Figure 8. Regulation of mitochondrial respiration in polyps with KRAS+, BRAF+ mutations, wild-type 
polyps, and control tissues. (a) The analysis compares the maximal ADP-activated respiratory rate 
(Vmax). (b) The comparison of apparent Michaelis–Menten constant (Km(ADP)) values for ADP. 
KRAS+P: polyps with KRAS mutations; BRAF+P: polyps with BRAF mutations; WT: Wild type; Control: 
Control tissue. ** Indicates statistical significance at p < 0.01; *** p<0.001 (Publication III). 

In colorectal polyps, the Vmax pattern closely mirrored that of the corresponding 
tumours. Respiration rates in polyps from both KRAS mutated and wild-type molecular 
groups exhibited significantly higher Vmax values compared to the control tissue, where 
Vmax values were 2.19 ± 0.19 and 1.95 ± 0.28 for the KRAS mutated and wild-type groups, 
respectively, p < 0.001 and p = 0.004 as compared to the control group (Figure 8a). Polyps 
harbouring the BRAF mutation displayed a tendency toward lower OXPHOS rates  
(Vmax = 1.41 ± 0.27) compared to mutated KRAS and wild-type groups. Similar to the BRAF 
CRC group, polyps with mutated BRAF did not exhibit a difference from the control tissue 
(Figure 8a). Surprisingly, KRAS mutated polyps showed signs of stimulated mitochondrial 
biogenesis, hinting at a potential progression toward highly metastatic malignant 
tumours. This unexpected finding contrasts with previous associations of KRAS gene 
mutations with elevated glycolysis and reduced oxygen consumption in cell cultures, 
which was shown to be a combination of heightened expression of glucose transporter 1 
(GLUT1) and HK2, along with mitochondrial dysfunction (Yun, Rago et al. 2009, Iwamoto, 
Kawada et al. 2014, Wang, Song et al. 2015). This implies that changes in mitochondrial 
biogenesis are an early occurrence, already manifesting in the pre-malignant stage.  

To explore potential regulatory changes impacting OXPHOS in carcinogenesis, we 
assessed the apparent affinity of mitochondria for ADP. In all CRC and polyp groups, the 
respective Km(ADP) values were calculated, and the recorded values (Figure 7) were 
determined to be 4 to 8 times higher than those observed in isolated mitochondria 
(15 μM, as measured by Chance and Williams (Chance and Williams 1955)). From this, 
colon polyps and CRC displayed heightened rates of maximal ADP-activated respiration, 
indicating increased mitochondrial mass compared to normal colon tissue. This discovery 
also suggests the presence of limitations on the movement of ADP through mitochondrial 
membranes.  
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Therefore, the comparatively low Km(ADP) observed in colorectal polyps 
(approximately 50-60 μM) suggests a metabolic reprogramming favouring the glycolytic 
phenotype with functional OXPHOS, similar to the glycolytic muscle (Figure 8; Figure 9; 
Figure 7). Conversely, the elevated Km(ADP) values in CRC (approximately 100-120 μM) 
indicate a transition to the oxidative phosphorylation phenotype with heightened 
intracellular complexity, similar to the oxidative muscle (Figure 7; Figure 9). 

3.5. The low oxidative capacity of mitochondria in colon lesions 
(Publication III) 

To assess the percentage of mitochondria with regulated (oxidative) and unregulated 
(glycolytic) MOM permeability, we applied a mathematical model adapted for our tissue 
studies based on a previously proposed model (Saks, Veksler et al. 1998). Calculated from 
the Km(ADP) value as an inverse asymptotic dependence, the percentage of low oxidative 
capacity mitochondria indicates a metabolic shift to a glycolytic state in all colon polyps, 
excluding KRAS mutated and wild-type tumours when compared to control tissue (Table 
2). Early changes in glycolytic markers have been observed in the premalignant colorectal 
mucosal field, suggesting the promotion of increased glycolysis (Cruz, Ledbetter et al. 
2017).  

The Km(ADP) values in polyp molecular groups were 55.3 ± 7.4 μM, 52.5 ± 4.7 μM, and 
60.1 ± 6.3 μM for KRAS mutated, BRAF mutated, and wild-type groups, respectively. 
These were lower than in control tissue (Figure 9), showing significant changes in the 
regulation of MOM permeability. Despite similar Vmax values in KRAS mutated polyp and 
CRC groups, the difference in Km(ADP) between these groups was significant 
(p = 0.014; Figure 9). Our findings, showcasing a relatively low Km value for ADP in 
colorectal polyps, suggest an early metabolic reprogramming toward the glycolytic 
phenotype with functional oxidative phosphorylation.  

Figure 9. The apparent Michaelis-Menten constant (Km(ADP)) values for ADP in colorectal polyps, 
CRC and control tissues. KRAS+—KRAS mutated; BRAF+—BRAF mutated; WT—wild type; CRC—
colorectal cancer; P—polyps; Control—control tissue. * p < 0.05; ** p < 0.01; *** p<0.001 
(Publication III). 
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3.6. Effect of CRC location (Publication III) 

Furthermore, we investigated whether the observed alterations in Vmax and Km(ADP) 
values correlate with tumour location. CRC is more frequently observed in the distal 
colon (left colon, from the splenic flexure to the rectum) than in the proximal side (right 
colon, from the cecum to the transverse colon) (Missiaglia, Jacobs et al. 2014).  
Prior studies have indicated variations in epidemiology, biology, histology, and microbial 
diversity between tumours arising from the left and right colon (Missiaglia, Jacobs et al. 
2014, Drewes, Housseau et al. 2016). Our study compared all distal and proximal tumours 
revealed differences in Km(ADP) but not in Vmax values (Figure 10). 
 

Figure 10. Comparison of maximal respiration (Vmax) and apparent Michaelis–Menten constant 
(Km(ADP)) values for ADP for both distal and proximal tumours. ** indicates a significant difference, 
p < 0.01. 20 distal and 24 proximal samples (Publication III). 

 

Table 2. Modelled percentage of mitochondria with low oxidative capacity in tumours with KRAS, 
BRAF mutations, wild-type tumours (Publication III). 
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3.7. Overview of sample types exhibiting diverse Km values 
(Publications I, II and III) 

The measured Km(ADP) values vary across different experimental materials: approximately 
110 µM for normal human colon mucosa (Rebane-Klemm, Truu et al. 2020), around  
100 µM for CRC tissue (Koit, Shevchuk et al. 2017, Rebane-Klemm, Truu et al. 2020), 
roughly 60 µM for colon polyps ((Rebane-Klemm, Truu et al. 2020), about 40 µM for the 
Caco2 cells (Ounpuu, Truu et al. 2018) and approximately 20-30 µM for murine sarcoma 
cells (HL-1) and NEURO 2a (N2a) cell lines (Publication II) . These values suggest a shift in 
the control mechanisms regulating the permeability of VDAC and OXPHOS throughout 
the progression of malignancy. Thus, the regulation of the MOM permeability to adenine 
nucleotides in cancer tissues diverges from that in normal cells ((Koit, Shevchuk et al. 
2017, Klepinin, Ounpuu et al. 2018). Notably, Km(ADP) values measured in cell cultures 
are markedly lower than those in tissue biopsies. They are similar to Km(ADP) values for 
isolated mitochondria at around 15 µM (Chance and Williams 1955, Saks, Belikova et al. 
1991). This indicates that the cell line models and colon polyp tissues experience fewer 
structural and functional constraints on ADP/ATP movement through the MOM, showing 
a metabolic shift towards aerobic glycolysis. Therefore, the Km(ADP) value serves as a 
crucial characteristic for describing metabolic plasticity. 

3.8. The potential role of βII-tubulin in aerobic glycolysis (Publication II) 

It has been shown that the VDAC in the MOM acts as the primary regulator, toggling 
between mitochondrial OXPHOS and glycolysis in malignant cells (Carre, Andre et al. 
2002, Maldonado 2017). This discovery suggests that VDAC could serve as a promising 
target for a novel generation of cancer therapies. 

The proteins regulating VDAC permeability for adenine nucleotides in colonocytes and 
their corresponding cancer cells remain unidentified. As previously mentioned, two 
potential mechanisms have been proposed for this regulation. Where the first proposes 
that the overexpression of mitochondria-bound HK2 in cancer cells promotes increased 
permeability of VDAC to adenine nucleotides, channelling ATP toward the glycolytic 
pathway, thereby facilitating aerobic glycolysis and initiating malignant metabolic 
reprogramming (Pedersen 2007). In the second model, the restriction of mitochondrial 
metabolism in cancer cells is proposed through the inhibition of VDAC by free tubulin 
(Maldonado, Patnaik et al. 2010). From this, we used cell line models to further 
understand whether unbound βII-tubulin may contend with HKs for attachment to VDAC 
within cancer cells. This competition is suggested to potentially play a role in modulating 
aerobic glycolysis in tumour cells. 

It has been proposed that only non-polymerized βII-tubulin in the heart and soleus 
muscle play a crucial role in regulating the permeability of the MOM for ADP (Varikmaa, 
Bagur et al. 2014). It was indicated that the free dimeric tubulin affects VDAC 
permeability, but its impact is contingent on the polymerized/dimeric tubulin ratio. Thus, 
we wanted to show, in cancer cells, whether free βII-tubulin could compete with HK2 for 
binding sites on VDAC, thereby regulating aerobic glycolysis in tumour cells. The objective 
was to elucidate the involvement of free/polymerized βII-tubulin and HK2 in the 
regulation of energy transfer in malignancies. 

In our investigation, we analysed the total β and β-II tubulin levels in HL-1 cells.   

The findings revealed that β-II tubulin makes up approximately half of the total β-tubulin 

content in these cells (Figure 11a). Interestingly, we found that the quantities of free 
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versus polymerized β-II tubulin are comparable to the total β-tubulin amount (Figure 

11b). Using confocal microscopy, we observed that mitochondria within HL-1 cells exhibit 

a varied distribution: some are randomly dispersed, while others are anchored to  

βII-tubulin microfilaments and are predominantly located near the cell nucleus, a region 

characterized by higher energy requirements (Figure 13). 

 

Figure 11. Western blot analysis for the presence of total β and βII-tubulin in HL-1 cells. (a) 

Densitometric quantification of the total β and βII-tubulin in the soluble and insoluble fractions of 

HL-1 cells. (b) Illustrative immunoblot test for free and polymerized total β and βII-tubulin in HL-1 

cells. Error bars represent the mean ± standard error from three separate experiments. *p < 0.05 

when compared to total β-tubulin in HL-1 cells; **p < 0.005 when compared to βII-tubulin in HL-1 

cells (Publication II). 
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Given that βII-tubulin has been identified as a regulator of MOM permeability in brain 
synaptosomes (Monge, Beraud et al. 2008), our study extended to evaluating the  
β-tubulin isoforms in cancer cells of neurological origin. We cultured N2a cells in both 
differentiated and undifferentiated states to assess the variations in β-tubulin 
concentration and distribution during differentiation. Our findings indicated notable 
shifts in the βI- and βIII-tubulin levels, while the amount of βII-tubulin stayed consistent 
(Figure 12). 

Immunofluorescence analysis further revealed that the differentiation process in N2a 
cells resulted in significant changes in the cellular distribution of the primary β-tubulin 
isoforms. In undifferentiated N2a (uN2a) cells, βI-, βII-, and βIII-tubulins were mainly 
concentrated around the cell nucleus. Contrastingly, in retinoic acid-treated cells, 
portions of the isoforms of these β-tubulin formed filamentous structures spanning the 
entirety of the cell and extending into the neurites (Figure 14 a-c). 

Figure 13. Confocal immunofluorescence imaging of the mitochondrial VDAC1 protein, βII-tubulin, 
the nucleus and their overlapping presence in HL-1 tumour cells. Cell nuclei were stained with DAPI 
(blue), VDAC1 protein (green), βII-tubulin (red), the scale bars are set at 10 μm (Publication II). 

Figure 12. Western blot analysis for tubulin isoforms in N2a cells. (a) The expression levels of βI-, 
βII-, and βIII-tubulin in both undifferentiated and retinoic acid (RA)-differentiated N2a cells. The 
error bars represent the mean ± SE derived from five independent experiments (Publication II). 
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Our confocal microscopy analysis of immunostained preparations of both uN2a and 
dN2a cells revealed a similar degree of HK2‒VDAC colocalization, showing a tight 
coupling between VDAC and HK2, indicating that these cells are prone to aerobic 
glycolysis (Figure 15).  
 

 

 

 

 

 

 

 

 

Figure 14. Confocal immunofluorescence imaging of the mitochondrial VDAC1 protein, tubulin 
isoforms and the nucleus in N2a cells. (a) Visualised mitochondrial VDAC1 protein (red), βII-tubulin 
(green), and their colocalization in undifferentiated (uN2a) and retinoic acid-differentiated (dN2a) 
cells with confocal immunofluorescence imaging. The distribution of βI-tubulin isoforms (red) (panel 
b) and βIII-tubulin isoforms (green) (panel c) in uN2a and dN2a cells was examined. Cell nuclei were 
stained with DAPI (blue); scale bars represent 10 μm (Publication II). 
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Table 3. The effect of taxol and colchicine treatment in uN2a, dN2a, and HL-1 cells. Taxol and 

colchicine treatment on mitochondrial affinity for externally added ADP in undifferentiated (uN2a), 

retinoic acid-differentiated (dN2a), and HL-1 tumour cells.* significance towards untreated cells;  

p < 0.05. These cells were treated overnight (a) or for 20 minutes (b) with 10 μM colchicine or  

10 μM taxol before respiratory studies (Publication II). 

 

Furthermore, we measured the Km(ADP) values after stabilizing microtubules with 
taxol or destabilizing them with colchicine. Taxol stabilizes assembled microtubules and 
inversely decreases free tubulin content, while colchicine increases free tubulin levels in 
cells by inhibiting microtubule polymerization (Maldonado, Patnaik et al. 2010). We did 
not see any impact on the MOM permeability for ADP in either N2a or HL-1 cells  
(Table 3).  
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Figure 15. Confocal immunofluorescence imaging of VDAC1 and HK2. (a) Imaging via confocal 
microscopy of VDAC1, HK2 and their colocalization in HL-1 cells. (b) The colocalization of VDAC1 
and HK2 in both uN2a and dN2a. The cell nucleus is shown in blue (DAPI), HK2 in red, and VDAC1 in 
green; scale bars represent 10 μM (Publication II). 

These observations conclude that βII-tubulin does not compete with HK for binding 
sites on VDAC in cancer cells. An intriguing possibility is the involvement of an alternate 
tubulin isoform, other than βII, in the regulation of MOM. In dN2a cells, compared to 
their undifferentiated counterparts, both βI- and βIII-tubulin expressions are significantly 
reduced. Therefore, βIII-tubulin emerges as a potential candidate for the regulatory 
protein of VDAC in neuroblastoma and other cancer cells. 

The regulation of MOM permeability is a complex process that involves more than just 
the interaction between the VDAC channel and a single type of protein molecule. This 
study reveals that the presence of mitochondria-bound HK2 can influence the “Warburg 
effect” observed in murine neuroblastoma (NB) and cardiac sarcoma cells. We found that 
βII-tubulin has a limited role in regulating energy metabolism in sarcoma cells. Our 
findings also suggest that the binding sites within the MI for tubulin and HK differ in 
cancer cells. Additionally, alterations in MOM permeability for adenine nucleotides 
appear to be a distinctive trait of malignant tumours. While these findings are promising, 
they underscore the need for further research to fully understand the regulatory roles of 
different tubulin isoforms in VDAC function and cancer cell metabolism.  
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Conclusions 

The findings from this thesis showed a notable distinction in the metabolic profiles 
between clinical materials in the respiratory experiments: 

• The Vmax value for colon control tissue is 3,4 times lower than in CRC tissue. 

• Human CRC mitochondria exhibit higher Km(ADP) values than normal tissues, 
yet these values are still 6 times higher than those for isolated mitochondria. 

• Deceased patients demonstrated significantly elevated Vmax values in comparison 
to patients who remained alive. 
 

Significant differences were also seen in the respiration experiments on KRAS/BRAF 
mutated clinical materials of colon polyps and CRC: 

• Wild-type tumours showed higher Vmax than BRAF or KRAS mutated tumours, 
indicating the role of these mutations in the metabolic shift to glycolysis in CRC. 

• KRAS mutated polyps show signs of stimulated mitochondrial biogenesis, 
indicating early changes in the pre-malignant stage. 

• Km(ADP) values in CRC and colon polyps were 4-8 times higher than in isolated 
mitochondria, indicating limitations on ADP movement through mitochondrial 
membranes. 

• Low Km(ADP) in colorectal polyps suggests early metabolic reprogramming 
toward a glycolytic phenotype with functional oxidative phosphorylation. 

 
The experiments for MOM permeability in cell line models gave the following results: 

• βII-tubulin does not regulate MOM permeability for adenine nucleotides in N2a 
or HL-1 cell models, nor compete with HK for VDAC binding sites in cancer cells. 

• Tight coupling between VDAC and HK2 in cancer cells was demonstrated. 
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Abstract 

The permeability of mitochondrial outer membrane and 
metabolic plasticity in colorectal cancer 

This doctoral thesis provides a detailed investigation into the metabolic reprogramming 
of colorectal cancer (CRC), emphasizing the crucial role of mitochondrial alterations in 
cancer progression and the potential for targeted therapies. The novelty of this work lies 
in its in-depth examination of mitochondrial function in CRC using clinical samples in 
addition to cell culture models. This approach offers a more accurate representation of 
the molecular metabolism of the disease, contributing to a better understanding of CRC. 

Employing high-resolution respirometry, the study measured the maximal rate of 
ADP-activated respiration (Vmax) and determined apparent Km values for exogenously 
added ADP (Km(ADP)) in permeabilized postoperative tissues, including CRC, colon 
polyps, and normal colon tissue. The methodologies encompassed a range of techniques 
such as mitochondrial respiration/oxygraphic measurements, immunofluorescence 
analysis, KRAS, and BRAF mutation analysis. 

The research findings revealed that tumours with wild-type characteristics exhibited 
the highest Vmax, whereas BRAF or KRAS mutated tumours displayed significantly lower 
values, indicating a glycolytic shift in mitochondrial metabolism. This observation 
underscores the involvement of oncogenic KRAS and BRAF in steering CRC metabolism 
toward a more glycolytic profile. In addition, notable differences in Vmax values were 
observed between BRAF mutated and KRAS mutated tumours, with the Vmax of BRAF 
mutated tumours resembling that of control tissues. Whereas, the result that polyps with 
KRAS mutations exhibited indications of enhanced mitochondrial biogenesis was 
unexpected, suggesting a possible evolution towards aggressively metastatic malignant 
tumours. This suggests that alterations in mitochondrial biogenesis might be an initial 
event, already evident in the pre-malignant phase. 

The study also found that an increase in Vmax during the initial stages of CRC showed 
significant differences in comparison to control samples, but this trend declined in 
advanced stages. This result challenges the reliability of the disease stage at the time of 
diagnosis as a dependable indicator of aggressiveness. The Vmax pattern in colorectal 
polyps closely mirrored that of the corresponding tumours, while polyps harbouring the 
BRAF mutation displayed a tendency toward lower OXPHOS rates compared to mutated 
KRAS and wild-type groups. This suggests a distinctive role of mutated KRAS and BRAF in 
influencing mitochondrial biogenesis and likely contributing to tissue differentiation. 

Furthermore, the heterogeneity of colon tissue was explored, revealing a biphasic 
pattern in respiration regulation in healthy colon tissues. Higher Vmax values in CRC cells 
compared to normal colon tissue suggest robust metabolic activity and are correlated 
with mitochondrial density. 

In the study, it was found that βII-tubulin does not influence the permeability of the 
mitochondrial outer membrane (MOM) for adenine nucleotides in N2a and HL-1 cell 
models. Consequently, it appears that βII-tubulin is not a competitor for HK in attaching 
to the VDAC binding sites in cancer cells. This is further supported by the observation of 
a close association between VDAC and HK2, suggesting a predisposition of these cells 
towards aerobic glycolysis. In conclusion, this thesis underscores the complexity and 
significance of metabolic reprogramming in CRC, particularly in the regulation of 
mitochondrial respiration.  
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The results provide valuable insights into the metabolic heterogeneity of CRC and 
highlight the importance of considering mitochondrial density and metabolic plasticity in 
understanding CRC progression. This research contributes significantly to the field by 
elucidating metabolic alterations at the mitochondrial level and their implications in 
cancer development and progression, paving the way for further studies to explore the 
potential of targeting mitochondrial metabolism in cancer therapy. 
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Lühikokkuvõte 

Mitokondrite välismembraani läbitavus ja metaboolne 

plastilisus käärsoolevähis 

See doktoritöö pakub põhjalikku uurimust käärsoolevähi (CRC) ainevahetuse 
ümberprogrammeerimisest, rõhutades mitokondriaalsete muutuste olulisust vähktõve 
arengus ja sihipäraste teraapiate potentsiaali. Selle töö uuenduslikkus seisneb CRC 
mitokondrite funktsiooni süvitsi uurimises, kasutades kliinilisi proove lisaks rakukultuuri 
mudelitele. Selline lähenemine pakub täpsemat ülevaadet haiguse molekulaarsest 
ainevahetusest, aidates paremini mõista käärsoolevähi teket ja arengut. 

Kasutades kõrglahutusega respiromeetriat, mõõdeti uurimuses ADP-aktiveeritud 
hingamise maksimaalset kiirust (Vmax) ja määrati Michaelis-Menteni konstant ADP suhtes 
(Km(ADP)) permeabiliseeritud postoperatiivsetes kudedes, sealhulgas käärsoole vähis, 
polüüpides ja normaalses soolekoes. Töös kasutati erinevaid metoodikaid nagu 
oksügraafilised mõõtmised, immunofluorestsentsanalüüs, KRAS ja BRAF mutatsioonide 
analüüs. 

Uurimistulemused näitasid, et metsiktüüpi omadustega kasvajad ilmutasid kõrgeimat 
Vmax väärtust, samas kui KRAS ja BRAF mutatsioonidega kasvajad näitasid selle oluliselt 
madalamaid väärtusi, viidates glükolüütilisele nihkele mitokondriaalses ainevahetuses. 
See leid rõhutab onkogeensete KRAS ja BRAF mutatsioonide osalust CRC ainevahetuse 
suunamisel glükolüütilise profiili suunas. Lisaks täheldati olulisi erinevusi Vmax väärtustes 
KRAS ja BRAF mutatsioonidega kasvajate vahel, kusjuures BRAF mutatsioonidega 
kasvajate Vmax oli võrreldav kontrollkoe omaga. Samas oli üllatav, et KRAS 
mutatsioonidega polüüpidel ilmnes stimuleeritud mitokondriaalsele biogeneesile 
vihjavaid parameetreid, mis viitab potentsiaalsele arengule agressiivsete metastaatiliste 
pahaloomuliste kasvajate suunas. See näitab omakorda, et muutused mitokondriaalses 
biogeneesis võivad ilmuda juba koe premaliigsetes faasides. 

Töös leiti samuti, et Vmax väärtuse suurenemine juba käärsoolevähi algfaasides näitas 
olulisi erinevusi võrreldes kontrollproovidega, kuid see trend vähenes haiguse hilises  
staadiumis. See avastus seab küsimärgi alla haiguse staadiumi kui diagnoosimise hetkel 
kasutatava agressiivsuse indikaatori usaldusväärsuse. CRC polüüpides täheldatud Vmax 
väärtuste muster oli sarnane vastavate kasvajate omaga, samal ajal kui BRAF 
mutatsiooniga polüübid näitasid madalamat oksüdatiivse fosforüleerimise kiirust 
võrreldes KRAS mutatsioonidega ja metsiktüüpi grupiga. See viitab KRAS ja BRAF 
mutatsioonide erinevatele rollidele mitokondriaalse biogeneesi mõjutamisel ja tõenäoliselt 
koe diferentseerumisele. 

Lisaks tehti käärsoolekoe heterogeensuse uuringuid, mille käigus ilmnes, et tervete 
käärsoolekoe rakkude hingamise regulatsioon varieerub sõltuvalt koe tüübist. Kõrgemad 
Vmax väärtused käärsoolevähi rakkudes võrreldes normaalse käärsoolekoe rakkudega 
viitavad suurele metabolismi aktiivsusele ja on seotud mitokondrite arvukuse tõusuga. 

Töös leiti ka, et βII-tubuliin ei mõjuta mitokondriaalse välismembraani (MOM) 
läbilaskvust ADP-le N2a ja HL-1 rakumudelites. Seetõttu näib, et βII-tubuliin ei konkureeri 
heksokinaasiga (HK) pingest-sõltuva anioonkanali (VDAC) sidumiskohtadele 
kasvajarakkudes.  

Kokkuvõttes rõhutab see doktoritöö käärsoolevähi energiametabolismi 
ümberprogrammeerimise keerukust ja olulisust, eriti ATP sünteesi regulatsiooni osas. 
Tulemused pakuvad väärtuslikke teadmisi CRC ainevahetuslikust heterogeensusest ja 
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rõhutavad mitokondrite tiheduse ja metaboolse plastilisuse tähtsust kasvaja arengu 
mõistmisel. Uurimus annab olulise panuse onkoloogia ja molekulaarbioloogia valdkonda, 
selgitades ainevahetuslikke muutusi mitokondrites ja nende mõju vähi arengule ja 
progresseerumisele, sillutades teed edasistele uuringutele, et uurida mitokondriaalse 
ainevahetuse potentsiaali suunatud vähiravis ja diagnostikas. 
  



51 

Appendix 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Publication I 

Koit, A., I. Shevchuk, L. Ounpuu, A. Klepinin, V. Chekulayev, N. Timohhina, K. Tepp,  

M. Puurand, L. Truu, K. Heck, V. Valvere, R. Guzun and T. Kaambre (2017). “Mitochondrial 

Respiration in Human Colorectal and Breast Cancer Clinical Material Is Regulated 

Differently.” Oxid Med Cell Longev 2017: 1372640. 





����������	
����
��������
������
���
��
���������������������������������
�
��������
�� ���!������"
##������$%����&�
�'( !��)��*���+'(,$���
��-�����'(%��+�����&���
�
�'(.���
�
����+���$�*'(/����0�1
����
��'(&����
1���'(���0�2������'(,����1���'(&����

�����+'3.����.��*���'3�
��4�5��'6���1���
&���7��(89:;�<=��	=�>=?@
=�A��B�	
��CD�	
=A��EA�	
	F	�=?G��H
���I�>�
���AJ@
=K�>�
��CL���
AACM�	=A
�NOA�=�=B>�AJP��H�	=�=B>G�
A
��		��D=�	�M�	=A
�Q�J
���G�A	��CL���
AACM�	=A
�R;�<=��	=�>=?SFAJ�H�A	���AJ�KK�
�J@
=�A��B�	
��CEDTM�QCUA
V���
	>W��A=<����K��CU:XYYW��A=<��CS��A��ZT��==�=?D�	F���T�
�A����AJP���	�CL���
AAUA
V���
	>CL���
AACM�	=A
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�|YX ^Ŵ^ô
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	���̀�-�����a"&�����a���������������������@�@	�����	�����-�{���
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Curriculum vitae 

Name Laura Truu 

Date of birth 23.06.1991 

E-mail laura.truu@gmail.com 
 

 

 

Institutions and positions 

01.09.2022–...    SYNLAB Eesti OÜ, Head of Production (1,00) 

2021–2022    SYNLAB Eesti OÜ, Head of Molecular Biology Department 
(1,00) 

2019–2021    SYNLAB Eesti OÜ, Laboratory specialist (1,00) 

2016–31.08.2016    National Institute of Chemical Physics and Biophysics, 
Engineer (1,00) 

09.09.2015–28.01.2016    Boğaziçi University, Laboratory of Genome Regulation, 
Junior Researcher (0,25) 

2013–2015    Competence Center for Cancer Research, Junior 
Researcher (0,50) 

 

Language skills 

Estonian Native language 

English Advanced 

Finnish Mid-range 

Russian Beginner 

Academic degrees 

Laura Truu, Master’s Degree, 2016, (sup) Anu Planken; Andres Valkna, Molekulaar- 
bioenergeetiline vaatenurk kasvajaliste protsesside mõistmisel (Molecular- bioenergetic 
perspective in understanding oncogenic processes), Tallinn University of Technology. 
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Publications 

Kaup, Karl Kristjan; Toom, Lauri; Truu, Laura; Miller,Sten; Puurand, Marju; Tepp, Kersti; 
Käämbre Tuuli; Reile, Indrek (2021). A line-broadening free real-time 31P Pure Shift NMR 
method for phosphometabolomic analysis. The Analyst, 146 (18), 5502−5507. DOI: 
10.1039/d1an01198g.  

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.  

Koit, Andre; Timohhina, Natalja; Truu, Laura; Chekulayev, Vladimir; Gudlawar, Shivakumar; 
Shevchuk, Igor; Lepik, Katrin; Mallo, Lea; Kutner, Riina; Valvere, Vahur; Kaambre, Tuuli 
(2020). Metabolic and OXPHOS Activities Quantified by Temporalex vivoAnalysis Display 
Patient-Specific Metabolic Vulnerabilities in Human Breast Cancers. Frontiers in 
Oncology, 10, ARTN 1053. DOI: 10.3389/fonc.2020.01053.  

Gnaiger, E; Aasander, Frostner, E; Abumrad, NA; Acuna-Castroviejo, D; Adams, SH;  
Ahn, B; Ali, SS; Alves, MG; Amati, F; Amoedo, ND; Andreadou, I; Arago, Belenguer, M; 
Aral, C; Arandarcikaite, O; Armand, AS; Arnould, T; Avram, VF; Bailey, DM; Bajpeyi, S; 
Bajzikova, M ... Zvejniece, L (2019). Mitochondrial respiratory states and rates: Building 
blocks of mitochondrial physiology. 1−40. DOI: 10.26124/mitofit:190001.v6.  

Ounpuu, Lyudmila; Truu, Laura; Shevchuk, Igor; Chekulayev, Vladimir; Klepinin, Aleksandr; 
Koit, Andre; Tepp, Kersti; Puurand, Marju; Rebane-Klemm, Egle; Käämbre, Tuuli (2018). 
Comparative analysis of the bioenergetics of human adenocarcinoma Caco-2 cell line and 
postoperative tissue samples from colorectal cancer patients. Biochemistry and Cell 
Biology. DOI: 10.1139/bcb-2018-0076.  

Klepinin, Aleksandr; Ounpuu, Lyudmila; Mado, Kati; Truu, Laura; Chekulayev, Vladimir; 
Puurand, Marju; Shevchuk, Igor; Tepp, Kersti; Planken, Anu; Kaambre, Tuuli (2018). The 
complexity of mitochondrial outer membrane permeability and VDAC regulation by 
associated proteins. Journal of Bioenergetics and Biomembranes. DOI: 10.1007/s10863-
018-9765-9.  

 

Education 

2016–...    Tallinn University of Technology , Department of Gene 
Technology, PhD student  

11.09.2015–31.01.2016    Boğaziçi University, Istanbul, Turkey. Exchange student 

2013–2016    Tallinn University of Technology, M.Sc (Gene Technology), 
diploma cum laude 

2010–2013    University of Tartu, B.Sc. (Biology) 

2002–2010    Kuristiku Gymnasium of Tallinn 

1998–2002    Lilleküla Gymnasium of Tallinn 
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Koit, Andre; Shevchuk, Igor; Ounpuu, Lyudmila; Klepinin, Aleksandr; Chekulayev, Vladimir; 
Timohhina, Natalja; Tepp, Kersti; Puurand, Marju; Truu, Laura; Heck, Karoliina;  
Valvere, Vahur; Guzun, Rita; Kaambre, Tuuli (2017). Mitochondrial Respiration in Human 
Colorectal and Breast Cancer Clinical Material Is Regulated Differently. Oxidative 
Medicine and Cellular Longevity, 2017 (1372640), 1−16. DOI: 10.1155/2017/1372640.  
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mitochondrial function and in the efficiency of energy transfer pathways during 
cardiomyocyte aging. Molecular and Cellular Biochemistry, 432 (1-2), 141−158. DOI: 
10.1007/s11010-017-3005-1.  

Chekulayev, Vladimir; Mado, Kati; Shevchuk, Igor; Koit, Andre; Kaldma, Andrus;  
Klepinin, Aleksandr; Timohhina, Natalja; Tepp, Kersti; Kandashvili, Manana; Ounpuu, 
Lyudmila; Heck, Karoliina; Truu, Laura; Planken, Anu; Valvere, Vahur; Kaambre, Tuuli 
(2015). Metabolic remodeling in human colorectal cancer and surrounding tissues: 
alterations in regulation of mitochondrial respiration and metabolic fluxes. Biochemistry 
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