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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.



Abbreviations

ADP Adenosine diphosphate

AK Adenylate kinase

AMP Adenosine monophosphate
ANT Adenine nucleotide translocator
ATP Adenosine triphosphate

BRAF Proto-oncogene B-Raf oncogene
Caco2 Human colorectal adenocarcinoma cells
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CK Creatine kinase
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CRC Colorectal cancer
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Km Michaelis-Menten constant

KRAS Kirsten rat sarcoma virus oncogene
Ml Mitochondrial interactosome
MIM Mitochondrial inner membrane
MOM Mitochondrial outer membrane
MtCK Mitochondrial creatine kinase
N2a NEURO 2a cells

NADH Reduced nicotinamide adenine dinucleotide
OXPHOS  Oxidative phosphorylation

PCr Phosphocreatine

Pi Inorganic phosphate

SEM Standard error of the mean

SSLs Sessile serrated lesions

TCA Tricarboxylic acid cycle

TUBB Tubulin beta gene

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).
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Healthy colon Colon cancer
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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, 11A, and 11B) exhibit a high 90% survival rate, while those with
regional cancer (stages IIC and Ill) 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 B-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). Ml 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).

_ Vmax X [S]
~ Kp + [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 Ky, 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 uM), 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 uM (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).
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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) Kn(ADP) and V ey values can be determined through non-linear regression
using the Michaelis-Menten equation (Publication Ill).

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 a and B subunits) or homodimers (consisting of either
a or B subunits) (Luduena, Shooter et al. 1977). It has been shown in humans that there
are 10 a-tubulin and nine B-tubulin genes within the tubulin gene family. Regarding gene
expression, it has been noted that genes TUBB2A (lla), TUBB2B (lIB), TUBB3 (llIB), and
TUBB4 (IVa) exhibit high expression levels in the brain. In contrast, TUBB2C (IVB)
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, Miihlhausen et al. 2014). Notably, tumour
cells are characterized by a significant increase in the expression of TUBB3 (llIB), while
the expression of TUBB6 (V) is markedly reduced in most tumours (Leandro-Garcia,
Leskela et al. 2010). TUBB2B (lIB) is often highly expressed in tumours while the
corresponding normal cells express minimal or no Bl (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), Bll-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 Ml can undergo significant
reorganization due to substantial changes in the expression of its components
(Chevrollier, Loiseau et al. 2011). It is proposed that BllI-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, Blll-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  BlI/Blll-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).
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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 (OXPHQOS); 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).

19



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 a-p 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 Bll-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 af-crystallin are localized at the mitochondria-associated
membranes, where they engage with VDAC. The protection provided by overexpressed
apB-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.
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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, Il and IlI

Preparation and permeabilization method for permeabilized tumour samples —
Publication I and IlI

Mitochondrial respiration / oxygraphic measurements — Publication I, Il and Il
Immunofluorescence analysis — Publication Il

DNA extraction — Publication Il

KRAS and BRAF mutation analyses — Publication Ill
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3. Results and discussion

3.1. ADP-regulated mitochondrial respiration in human colorectal
cancer (Publication 1)

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 Ky, (Km(ADP)) and maximum respiration rate (Vmay) values were
determined for ADP-dependent respiration in samples from CRC and the corresponding adjacent
healthy tissues. Vmax values are expressed as nMO,/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 ).

Tissues Km(ADP), puM £ 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

Table 1 from the publication | 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 VmaxVvalue 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 uM. 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 uM, 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.
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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 Oz consumption, normalized to Vma, 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.
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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
control?) and smooth muscle (as control) tissues. This is presented in the form of a Michaelis—
Menten curve, and the data is derived from 8 samples. V, and Vmax represent the rates of basal and
maximal ADP-activated respiration, respectively (Publication 1).

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 Kn, value (42 + 14 uM), while the
Km(ADP) value for the second mitochondrial population is nearly seven times higher
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(288 + 67 uM). 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 uM, while for
colon smooth muscle tissues, the corresponding value was 362 + 60 uM (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 1)
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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 | includes data from 13 patients, IIA and II1B from 13 patients, IlIB from 4 patients, IlIC
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 Ve = 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 Ill)

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.
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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 Il).

It is evident that among all the studied groups, tumours with wild-type characteristics
exhibited the highest Vma, 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 (K,(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 Ill).

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 uM, 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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Figure 9. The apparent Michaelis-Menten constant (K,(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 I11).

Therefore, the comparatively low Kn(ADP) observed in colorectal polyps
(approximately 50-60 uM) 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 uM)
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 Ill)

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 uM, 52.5 + 4.7 uM, and
60.1 + 6.3 uM 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 Kmn value for ADP in
colorectal polyps, suggest an early metabolic reprogramming toward the glycolytic
phenotype with functional oxidative phosphorylation.
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Table 2. Modelled percentage of mitochondria with low oxidative capacity in tumours with KRAS,

BRAF mutations, wild-type tumours (Publication Ill).

Sample % of Low Oxidative Capacity of Mitochondrion
KRAS tumors 28.1
KRAS polyps 65.9
BRAF tumors 43.0
BRAF polyps 68.6
Wild-type tumors 324
Wild-type polyps 61.7
All controls 29.0

3.6. Effect of CRC location (Publication Ill)

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).
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Figure 10. Comparison of maximal respiration (Vme) 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 Ill).
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3.7. Overview of sample types exhibiting diverse Kmn values
(Publications I, Il and IlI)

The measured Km(ADP) values vary across different experimental materials: approximately
110 uM for normal human colon mucosa (Rebane-Klemm, Truu et al. 2020), around
100 uM for CRC tissue (Koit, Shevchuk et al. 2017, Rebane-Klemm, Truu et al. 2020),
roughly 60 uM for colon polyps ((Rebane-Klemm, Truu et al. 2020), about 40 uM for the
Caco2 cells (Ounpuu, Truu et al. 2018) and approximately 20-30 uM for murine sarcoma
cells (HL-1) and NEURO 2a (N2a) cell lines (Publication Il) . 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 uM (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 Bll-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 BlI-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 Bll-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 Bll-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 Bll-tubulin and HK2 in the
regulation of energy transfer in malignancies.

In our investigation, we analysed the total f and B-Il tubulin levels in HL-1 cells.
The findings revealed that -1l tubulin makes up approximately half of the total B-tubulin
content in these cells (Figure 11a). Interestingly, we found that the quantities of free
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versus polymerized B-II tubulin are comparable to the total B-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
Bll-tubulin microfilaments and are predominantly located near the cell nucleus, a region
characterized by higher energy requirements (Figure 13).
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Figure 11. Western blot analysis for the presence of total 8 and 8ll-tubulin in HL-1 cells. (a)
Densitometric quantification of the total 8 and 8lI-tubulin in the soluble and insoluble fractions of
HL-1 cells. (b) lllustrative immunoblot test for free and polymerized total 8 and 8lI-tubulin in HL-1
cells. Error bars represent the mean + standard error from three separate experiments. *p < 0.05
when compared to total 8-tubulin in HL-1 cells; **p < 0.005 when compared to 8lI-tubulin in HL-1
cells (Publication Il).
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Figure 12. Western blot analysis for tubulin isoforms in N2a cells. (a) The expression levels of 8-,
B8Il-, and 8llI-tubulin in both undifferentiated and retinoic acid (RA)-differentiated N2a cells. The
error bars represent the mean + SE derived from five independent experiments (Publication Il).

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

VDAC Rll-tubulin DAPI Merge

HL-1

Figure 13. Confocal immunofluorescence imaging of the mitochondrial VDAC1 protein, 8lI-tubulin,
the nucleus and their overlapping presence in HL-1 tumour cells. Cell nuclei were stained with DAPI
(blue), VDAC1 protein (green), BliI-tubulin (red), the scale bars are set at 10 um (Publication l).

Immunofluorescence analysis further revealed that the differentiation process in N2a
cells resulted in significant changes in the cellular distribution of the primary B-tubulin
isoforms. In undifferentiated N2a (uN2a) cells, Bl-, Bll-, and Blll-tubulins were mainly
concentrated around the cell nucleus. Contrastingly, in retinoic acid-treated cells,
portions of the isoforms of these B-tubulin formed filamentous structures spanning the
entirety of the cell and extending into the neurites (Figure 14 a-c).
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Figure 14. Confocal immunofluorescence imaging of the mitochondrial VDAC1 protein, tubulin
isoforms and the nucleus in N2a cells. (a) Visualised mitochondrial VDACI protein (red), 8lI-tubulin
(green), and their colocalization in undifferentiated (uN2a) and retinoic acid-differentiated (dN2a)
cells with confocal immunofluorescence imaging. The distribution of 8I-tubulin isoforms (red) (panel
b) and 8lli-tubulin isoforms (green) (panel c) in uN2a and dN2a cells was examined. Cell nuclei were
stained with DAPI (blue); scale bars represent 10 um (Publication Il).

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).
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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 uM colchicine or
10 uM taxol before respiratory studies (Publication I1).

Cells and their treatments K™ for ADP, uM + SEM; n =4 K™ for ADP, uM + SEM; n=4®
HL-1 cells, control 16.7+£2.2

HL-1, colchicine 16+2

HL-1, taxol 25:L:5%

uN2a cells, control 20+2 31.7+39

uN2a, colchicine 15+2 24.6+3.7

uN2a, taxol 37+3* 30.4+4.5

dN2a, control - 11.0+0.5

dN2a, colchicine - 12.3£17

dN2a, taxol 11.0+1.1

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).

33



a VDAC Hexokinase 2 DAPI Merge

—

5

i

b VDAC Hexokinase 2 DAPI Merge
m ..
oN

=2

)

| -.
oN

=

©

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 uM (Publication Il).

These observations conclude that BlI-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 Bll, in the regulation of MOM. In dN2a cells, compared to
their undifferentiated counterparts, both BI- and BllI-tubulin expressions are significantly
reduced. Therefore, Blll-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
BlI-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.



Conclusions

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

The VmaxVvalue 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:

Bll-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 BlI-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 Bll-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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Liihikokkuvote

Mitokondrite valismembraani ldbitavus ja metaboolne
plastilisus kaarsoolevahis

See doktoritod6 pakub pdhjalikku uurimust k&arsoolevahi (CRC) ainevahetuse
imberprogrammeerimisest, réhutades mitokondriaalsete muutuste olulisust vahktéve
arengus ja sihipdraste teraapiate potentsiaali. Selle t66 uuenduslikkus seisneb CRC
mitokondrite funktsiooni siivitsi uurimises, kasutades kliinilisi proove lisaks rakukultuuri
mudelitele. Selline Iahenemine pakub tdpsemat Ulevaadet haiguse molekulaarsest
ainevahetusest, aidates paremini mdista kadrsoolevahi teket ja arengut.

Kasutades kdorglahutusega respiromeetriat, moddeti uurimuses ADP-aktiveeritud
hingamise maksimaalset kiirust (Vmax) ja maarati Michaelis-Menteni konstant ADP suhtes
(Km(ADP)) permeabiliseeritud postoperatiivsetes kudedes, sealhulgas kadrsoole vihis,
polltpides ja normaalses soolekoes. To0s kasutati erinevaid metoodikaid nagu
oksligraafilised mootmised, immunofluorestsentsanalliis, KRAS ja BRAF mutatsioonide
analids.

Uurimistulemused néitasid, et metsiktiilipi omadustega kasvajad ilmutasid kdrgeimat
Vmax vaartust, samas kui KRAS ja BRAF mutatsioonidega kasvajad nditasid selle oluliselt
madalamaid vaartusi, viidates glukolldtilisele nihkele mitokondriaalses ainevahetuses.
See leid r6hutab onkogeensete KRAS ja BRAF mutatsioonide osalust CRC ainevahetuse
suunamisel gliikolldtilise profiili suunas. Lisaks taheldati olulisi erinevusi Vmax vaartustes
KRAS ja BRAF mutatsioonidega kasvajate vahel, kusjuures BRAF mutatsioonidega
kasvajate Vmax oli vOrreldav kontrollkoe omaga. Samas oli dllatav, et KRAS
mutatsioonidega politpidel ilmnes stimuleeritud mitokondriaalsele biogeneesile
vihjavaid parameetreid, mis viitab potentsiaalsele arengule agressiivsete metastaatiliste
pahaloomuliste kasvajate suunas. See nditab omakorda, et muutused mitokondriaalses
biogeneesis vdivad ilmuda juba koe premaliigsetes faasides.

To06s leiti samuti, et Vmax vadrtuse suurenemine juba kdarsoolevahi algfaasides naitas
olulisi erinevusi vorreldes kontrollproovidega, kuid see trend vahenes haiguse hilises
staadiumis. See avastus seab kiisimargi alla haiguse staadiumi kui diagnoosimise hetkel
kasutatava agressiivsuse indikaatori usaldusvaarsuse. CRC polllpides taheldatud Vmax
vadrtuste muster oli sarnane vastavate kasvajate omaga, samal ajal kui BRAF
mutatsiooniga polllbid naitasid madalamat oksidatiivse fosforileerimise kiirust
vorreldes KRAS mutatsioonidega ja metsiktlilipi grupiga. See viitab KRAS ja BRAF
mutatsioonide erinevatele rollidele mitokondriaalse biogeneesi mdjutamisel ja tdenaoliselt
koe diferentseerumisele.

Lisaks tehti kaarsoolekoe heterogeensuse uuringuid, mille kdigus ilmnes, et tervete
kaarsoolekoe rakkude hingamise regulatsioon varieerub séltuvalt koe tiilibist. Kdrgemad
Vmax vadrtused kdarsoolevdhi rakkudes vorreldes normaalse kdarsoolekoe rakkudega
viitavad suurele metabolismi aktiivsusele ja on seotud mitokondrite arvukuse tdusuga.

ToOs leiti ka, et BlI-tubuliin ei mdjuta mitokondriaalse valismembraani (MOM)
labilaskvust ADP-le N2a ja HL-1 rakumudelites. Seetdttu naib, et Bll-tubuliin ei konkureeri
heksokinaasiga (HK) pingest-sdltuva anioonkanali (VDAC) sidumiskohtadele
kasvajarakkudes.

Kokkuvottes réhutab see  doktoritéé  kdarsoolevdhi  energiametabolismi
imberprogrammeerimise keerukust ja olulisust, eriti ATP siinteesi regulatsiooni osas.
Tulemused pakuvad vaartuslikke teadmisi CRC ainevahetuslikust heterogeensusest ja
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r6hutavad mitokondrite tiheduse ja metaboolse plastilisuse tahtsust kasvaja arengu
mdistmisel. Uurimus annab olulise panuse onkoloogia ja molekulaarbioloogia valdkonda,
selgitades ainevahetuslikke muutusi mitokondrites ja nende md&ju vahi arengule ja
progresseerumisele, sillutades teed edasistele uuringutele, et uurida mitokondriaalse
ainevahetuse potentsiaali suunatud vahiravis ja diagnostikas.
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We conducted quantitative cellular respiration analysis on samples taken from human breast cancer (HBC) and human colorectal
cancer (HCC) patients. Respiratory capacity is not lost as a result of tumor formation and even though, functionally, complex I in
HCC was found to be suppressed, it was not evident on the protein level. Additionally, metabolic control analysis was used to
quantify the role of components of mitochondrial interactosome. The main rate-controlling steps in HBC are complex IV and
adenine nucleotide transporter, but in HCC, complexes I and III. Our kinetic measurements confirmed previous studies that
respiratory chain complexes I and III in HBC and HCC can be assembled into supercomplexes with a possible partial addition
from the complex IV pool. Therefore, the kinetic method can be a useful addition in studying supercomplexes in cell lines or
human samples. In addition, when results from culture cells were compared to those from clinical samples, clear differences
were present, but we also detected two different types of mitochondria within clinical HBC samples, possibly linked to two-
compartment metabolism. Taken together, our data show that mitochondrial respiration and regulation of mitochondrial
membrane permeability have substantial differences between these two cancer types when compared to each other to their
adjacent healthy tissue or to respective cell cultures.

1. Introduction tumors, glycolysis is the main energy provider, but in others,

OXPHOS is still crucial for survival and progression and

The field of cellular bioenergetics is gaining increased atten-
tion and studies performed during the last years have shown
that targeting cancer cell energy metabolism may be a new
and promising area for selective tumor treatment [1]. The
literature describing changes in energy metabolism and
mitochondrial function during carcinogenesis is, unfortu-
nately, full of contradictions. Majority of previous studies
about the bioenergetics of malignant tumors were performed
in vitro on different cell models with the conclusion that
cancer cells have increased glucose uptake and, due to mito-
chondrial damage, it is not metabolized via oxidative phos-
phorylation (OXPHOS) [2-4]. It is clear that for many

produces necessary ATP [1, 5, 6]. Recently, a new concept
for tumor metabolism was proposed—metabolic coupling
between mitochondria in cancer cells and catabolism in stro-
mal cells—which promotes tumor growth and development
of metastases. In other words, tumor cells induce reprogram-
ming in surrounding nontumor cells so that the latter acquire
the Warburg phenotype [7] and start producing and export-
ing the necessary fuels for the anabolic cancer cells (“reverse
Warburg”). The cancer cells will then metabolize these fuels
via their tricarboxylic acid cycle and OXPHOS [8-10].
Complex interplay between developing cancer cells and host
physiology, possibly mediated by “waves” of gene expression



in the tumor [11, 12], can only develop in vivo and therefore
in vitro studies cannot give conclusive information about the
functional activity and capacity of OXPHOS in human sam-
ples. In vitro models ignore many factors arising from the
tumor microenvironment (TME), which can and will exert
significant effects in vivo. TME consists of nonmalignant
cells, soluble growth factors, signaling molecules, and extra-
cellular matrix that support tumor progression [13], but high
heterogeneity within cancers cell population on top of it con-
tributes to even further complexity in clinical samples [14].
At the same time, the metabolic profiles of tumor cells that
are grown in culture have significant variations primarily
due to the culture conditions, such as concentrations of
glucose, glutamine, and/or fetal serum. Cells grown in
glucose-free medium display relatively high rates of oxygen
consumption, but cultivation in high-glucose medium
increases their glycolytic capacity together with reduced
respiratory flux [15-19].

In addition to intercellular differences, there are also
intracellular rearrangements resulting from tumor forma-
tion. The functional units within cells are often macromolec-
ular complexes rather than single species [20]. In case of
OXPHOS, it has been shown that complexes of the respira-
tory chain can form assemblies—supercomplexes—that lead
to kinetic and possibly homeostatic advantages [21]. There-
fore, pure genome or transcriptome data are not sufficient
for describing the final in situ modifications and the final out-
comes of a pathway or cellular processes are defined by actual
activities of their separate proteins—or their assemblies—to-
gether with the respective regulatory mechanisms. More spe-
cifically, previous studies have shown that in cardiac and
yeast cells, a large protein supercomplex is centrally posi-
tioned in regulation of mitochondrial respiration and mito-
chondrial energy fluxes. The supercomplex consists of ATP
synthasome, mitochondrial creatine kinase (MtCK) or hexo-
kinase (HK), voltage-dependent anion channel (VDAC), and
some regulatory proteins expectedly coordinate the selective
permeability of it. This complex is known as mitochondrial
interactosome (MI) [22], and it is located in the contact sites
of outer and inner mitochondrial membranes. This unit also
includes supercomplexes formed by the respiratory chain
[23, 24]. Changes in the content of ATP synthasome and
respiratory chain supercomplexes in pathological conditions
are still poorly studied. Inhibiting key respiratory enzymes or
avoiding restructuring of mitochondrial supercomplexes in
tumors has potential to disrupt disease progression without
affecting normal cells, thus, providing a powerful new
approach for developing novel therapeutic targets. Specifi-
cally, Rohlenova et al. recently demonstrated that breast can-
cer cells expressing HER2 oncogene develop specific RC
supercomplexes which make complex I in these susceptible
to treatment with chemically altered tamoxifen called Mito-
Tam [25]. MitoTam is taken to a phase I clinical study [25],
and there are other clinical studies undergoing that target
OXPHOS in different cancer types (e.g, trial numbers
NCT01957735 and NCT02650804). Therefore, despite the
assumed glycolytic nature of human tumors, inhibition of
oxidative respiration is proving to be a viable therapeutic
strategy and further studies are needed to define differences
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between cancer types but also individual patients in regard
to such treatment.

We have previously shown on clinical samples that both
human breast cancer (HBC) and human colorectal cancer
(HCC) are not purely glycolytic, but these tumors have sus-
tained OXPHOS as a substantial provider of ATP [26-28].
Here, we extend our studies by comparing bioenergetics of
HBC and HCC using kinetic methods.

2. Materials and Methods

2.1. Chemicals. All chemicals were purchased from Sigma-
Aldrich (USA) and were of the highest purity available
(>98%).

2.2. Clinical Materials. The tissue samples were provided by
the Oncology and Haematology Clinic at the North Estonia
Medical Centre (Tallinn). All the samples were analyzed
immediately after surgery. Only primary tumors were exam-
ined and information from respective pathology reports was
provided by the North Estonia Medical Centre for all the
analyzed samples. Informed consent was obtained from
all the patients and coded identity protection was applied.
All investigations were approved by the Tallinn Medical
Research Ethics Committee and were in accordance with
the Helsinki Declaration and Convention of the Council
of Europe on Human Rights and Biomedicine. The entire
group consisted of 34 patients with breast cancer and 55
with colorectal cancer.

2.3. Cell Cultures. MDA-MB-231 and MCF-7 cells were
grown as adherent monolayers in low glucose (1.0g/L)
Dulbecco’s modified Eagle’s medium (DMEM) with stable
L-glutamine and sodium pyruvate (from Capricorn Scientific
GmbH) supplemented with 10% heat-inactivated fetal
bovine serum, 10 ug/mL human recombinant Zn insulin,
and antibiotics: penicillin (100 U/mL), streptomycin
(100 pg/mL), and gentamicin at a final concentration of
50 pug/mL. Cells were grown at 37°C in a humidified incu-
bator containing 5% CO, in air and were subcultured at
2-3-day intervals.

2.4. Mitochondrial Respiration in Saponin-Permeabilized
Tissue Samples. Numerous studies have demonstrated that
isolated mitochondria behave differently from mitochondria
in situ [29-32]. We therefore have investigated respiratory
activity of tumor and control tissues in situ using the skinned
sample technique [26, 28, 29, 33]. This method allows analy-
sis of the function of mitochondria in cells in their natural
environment and leaves links between cytoskeletal structures
and mitochondrial outer membranes intact [34-37]. Cyto-
chrome c test was used to confirm integrity of the mitochon-
drial outer membrane (MOM) [22, 26, 28, 33]; mitochondrial
inner membrane quality was checked using a carboxyatracty-
loside (CAT) test as the last procedure in every experiment
[22, 26, 28, 33]. Rates of O, consumption were assayed at
25°C using Oxygraph-2k high-resolution respirometer (Oro-
boros Instruments, Innsbruck, Austria) loaded with pre-
equilibrated respiration buffer medium B [26]. Activity of
the respiratory chain was measured by substrate-inhibitor
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titration as described earlier [26, 38]. The solubility of oxygen
at 25°C was taken as 240 nM/mL [39]. The solubility of oxy-
gen is much lower at 37 than at 25°C, but also, the skinned
samples from malignant clinical material are more stable
at 25°C. All rates of respiration (V) are expressed in nM
O,/min per mg dry tissue weight for solid tumors and in
nM O,/min per million cells for cell cultures.

2.5. Metabolic Control Analysis. Metabolic control analysis
(MCA) is a method for studying regulatory mechanisms in
complex metabolic systems [40-42]. Flux control coefficient
(FCC) is defined as the ratio of fractional change in a system
variable to fractional change in a biochemical activity that
caused the change in the given system [42]. FCC or CJ, is
the extent to which an enzyme in a pathway controls the flux
()); it corresponds to the percentage decrease in flux caused
by a 1% decrease in the activity (v;) of that enzyme [41, 43]:

y _ (dJldv;)  din] (1)
- " diny;

This method shows how the control is shared between
the enzymes and the transporters of the pathway and enables
to identify the steps that could be modified to achieve suc-
cessful alteration of the flux or metabolite concentration in
the pathway. But it also permits the identification of system
components that are crucial in the regulation of energy
transfer and regulatory networks [40-42, 44-46].

MCA has previously been applied in our lab to human
breast and colorectal cancer skinned samples to determine
the FCCs for respiratory chain complexes. The flux was mea-
sured as the rate of O, consumption in permeabilized tissues
derived from HCC patients when all components of the
OXPHOS system were titrated with specific irreversible or
pseudoirreversible inhibitors to stepwise decrease selected
respiratory chain complex activities according to a previously
published method [26, 27, 47, 48].

2.6. Western Blot Analysis of the Level of Mitochondrial RC
Complexes Expression. Postoperative human tissue samples
(70-100 mg) were crushed in liquid nitrogen and homoge-
nized in 20 volumes of RIPA lysis buffer (50 mM Tris-HCI
pH 8.0, 150 mM NaCl, 2mM EDTA, 0.5% sodium deoxycho-
late, 0.1% SDS, 0.1% Triton X-100, and complete protease
inhibitor cocktail (Roche)) by Retsch Mixer Mill at 25Hz
for 2min. After homogenization, samples were incubated
for 30 min on ice and centrifuged at 12,000 rpm for 20 min
at 4°C. The proteins in the supernatants were precipitated
using acetone/TCA to remove nonprotein contaminants.
Briefly, supernatants were mixed with 8 volumes of ice-cold
acetone and 1 volume of 100% TCA, kept at —20°C for 1h
and then pelleted at 11500 rpm for 15 min at 4°C. The pellets
were washed twice with acetone and resuspended in 1x
Laemmli sample buffer.

Proteins were separated by polyacrylamide gel electro-
phoresis, transferred to a polyvinylidene difluoride (PVDF)
membrane, and subjected to immunoblotting with the total
OXPHOS antibody cocktail (ab110411). Then, the mem-
branes were incubated with corresponding horseradish

peroxidase-conjugated secondary antibody and visualized
using an enhanced chemiluminescence system (ECL; Pierce,
Thermo Fisher Scientific). After chemiluminescence reac-
tion, the PVDF membranes were stained with Coomassie
brilliant blue R250 to measure the total protein amount.
The complexes I-V signal intensities were calculated by
Image] software and normalized to total protein intensities.

Expression levels of complex I in HCC and normal
tissues were additionally estimated using anti-NDUFA9
antibody that corresponds to NADH dehydrogenase 1a sub-
complex 9 (SAB1100073). The samples were incubated and
visualized as described above. Levels of NDUFA9 encoding
protein were normalized to total protein content.

2.7. Citrate Synthase Activity. Activity of citrate synthase in
tissue homogenates was measured as described by Srere
[49]. Reactions were performed in 96-well plates containing
100 mM Tris-HCI pH 8.1, 0.3 mM AcCoA, 0.5 mM oxaloace-
tate, and 0.1 mM DTNB using FLUOstar Omega plate reader
spectrophotometer (BMG Labtech).

2.8. Data Analysis. Data in the text, tables, and figures are
presented as mean + standard error (SEM). Results were ana-
lyzed by the Student t-test; p values <0.05 were considered
statistically significant.

3. Results and Discussion

3.1. Respiratory Chain Analysis and Presence of
Supercomplexes. Suppression of mitochondrial electron
transport chain function is widespread in cancer, and this is
closely connected to apoptosis resistance [50-54]. However,
studies are often conducted on cell cultures and therefore lit-
tle is known about respiratory chain (RC) function in clinical
human breast and colorectal carcinomas in situ. To reveal
possible disturbances, we conducted comparative quantita-
tive analysis on the respiration rates for different RC com-
plexes in permeabilized HBC and HCC and their adjacent
normal tissue samples. Data for healthy breast tissue has been
left out from most of the following calculations due to
very low ADP-dependent oxygen consumption in this tis-
sue type as it is not sufficient to assess inhibitory effects of
antimycin A or rotenone or compare these results to other
studied samples.

Multiple substrate-inhibitor titration protocol was used
for measuring respiratory capacities of different respiratory
chain segments (Table 1) [30, 55]. All respiration rates
corresponding to the activities of different RC complexes
are increased in both investigated human cancers when com-
pared to their adjacent normal tissue. The mean value of
basal respiration (state 2, Vo) in skinned HCC samples is
higher than that in normal tissue and depends on the used
respiratory substrates. Specifically, in the presence of gluta-
mate and malate, HCC and its control tissue fibers exhibit
lower state 2 respiration rates than in the presence of
glutamate, malate, and succinate; similar dependence was
observed for the breast cancer samples (Figure 1). One possi-
ble reason for this difference can be succinate-dependent
proton leak in tumor tissue [56-58]. Addition of 2mM



MgADP for studying complex I-based state 3 (in the pres-
ence of glutamate and malate without succinate) increased
mitochondrial respiration rates in all tissue samples and
following addition of complex I-specific inhibitor (rotenone)
inhibited the respiration back to the initial state 2 levels
(Table 1). Similarly, the function of complex II was quan-
tified upon ADP-stimulated respiration in the presence of
rotenone and succinate; at these conditions, the complex
I activity is inhibited and apparent respiration rate origi-
nates from complex II. Complex III in both HBC and
HCC was confirmed to be fully functional as an addition
of antimycin A inhibited the electron flow from complex
III to mitochondrial complex IV (COX) (Table 1). The
activation of mitochondrial complex IV (addition of
5mM ascorbate and 1mM tetramethyl-p-phenylenedia-
mine) resulted in a remarkable increase in the rate of O,
consumption in all examined samples, both cancerous
and normal, but the increase was nearly two times higher
in cancer tissue.

Complex I deficiency is the hallmark of multiple mito-
chondrial diseases and is generally considered to be an
intrinsic property of some cancers [58-63]. Indeed, our
experiments confirm that development of HCC results in
reduced Vg, / Vi, ratio which indicates relative suppression
of the complex I-dependent respiration [58]. Similar results
have previously been described for gastric and ovarian cancer
tissues but also in some cancer cell cultures [58, 63-66]. Defi-
ciency of complex I in some tumors might be an early event
causing an increase in mitochondrial biogenesis in an attempt
to compensate for the reduction in OXPHOS function [63].
Computer modeling predicts that the mechanisms of this
compensation can use multiple pathways like -oxidation of
fatty acids, mitochondrial folate metabolism, and others
[67]. Our results showed that this suppression is pronounced
on the functional level in HCC (Figure 2(a)), but to identify
the changes on the protein expression level, we analyzed the
RC complexes with total OXPHOS antibody cocktail
(Figure 3). Based on this type of approach, the suppression
of RC complex I was found to be absent if the results were
normalized to total protein. The suppression of complex
I in HCC was additionally studied by Western blot
analysis with antibodies against only one complex I subu-
nit—NDUFA9 (see Supplementary Fig 1 available online
at https://doi.org/10.1155/2017/1372640). This result, how-
ever, confirmed the suppression of complex I. As seen
from those experiments, analysis of RC, using the semi-
quantitative WB method, can be strongly dependent on
experimental conditions: against what complex I subunit
the antibodies were used and which normalization
conditions are applied. Additionally, complex II in colon
samples did not indicate possible suppression in that alter-
native pathway as differences in Vg, /Vox ratios were
not significant (Figure 2(b)) [68].

In contrast to HCC, mitochondrial respiration in HBC
samples is not accompanied with suppression of complex I-
dependent respiration (Figures 2(a) and 2(b)). Altogether,
the relative complex I deficiency on the functional level in
our oxygen consumption measurements is characteristic for
HCC but not for HBC tissue.
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TaBLe 1: Characterization of respiratory parameters of
permeabilized tissue samples derived from patients with breast or
colorectal cancer.

HBC patients, n =7 [26] HCC patients, n =7

Parameters [28]
Tumor Control Tumor Control

Vo 0.294+£0.024 0.004+£0.007 1.06+0.14 0.82+0.15
Vapp 0.71+0.06 0.055+0.004 2.02+0.21 1.39+0.21
Vrot 0.34+0.04 0.070+0.015 091+0.11 0.85+0.14
Vouee 0.74+0.10 0.076+0.008 2.22+0.26 133+0.18
VANM 0.38+0.04 0.071+0.018 1.04+0.09 0.69+0.07
Veox 2.36+0.33 1.23+0.18 6.59+0.71 3.84+0.58

Note: here, each data point is the mean + SEM of respiratory values. Vo: basal
respiration without ADP or ATP; V,,p: ADP-stimulated respiration (final
concentration 2 mM) in the presence of 5mM glutamate and 2 mM malate
(indicating the function of the respiratory chain complex I); Vrot: rates of
respiration after addition of 50 uM rotenone (an inhibitor of complex I);
Vet ADP-stimulated respiration in the presence of rotenone and 10 mM
succinate (to estimate the function of complex II); VANM: rates of
respiration after addition 10 ¢M antimycin-A (an inhibitor of complex III);
Veox: rates of O, consumption in the presence of complex IV substrates
(5 mM ascorbate jointly with 1 mM tetramethyl-p-phenylenediamine).

2.5 4

1.5 -

1.0 -

V (state 2), nM O, (dw mg min)

0.5 4

Colon control  HCC Breast contol HBC

O Glutamate/malate

B Glutamate/malate/succinate

FIGURE 1: Assessment of state 2 respiration rates of the
permeabilized HCC, HBC, and normal adjacent tissue samples in
the presence of different combinations of respiratory substrates
(5mM glutamate, 2mM malate, and 10 mM succinate). Bars are
SEM, n=8 for colon samples, and n=12 for breast tissue
samples, *p < 0.05.

Remarkable numbers of studies have shown that RC
complexes can form protein assemblies (supercomplexes).
These supramolecular structures provide kinetic advantage
such as substrate channeling, increased efficiency in electron
transport, prevention of destabilization, and degradation of
respiratory enzyme complexes [21] and means to regulate
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ratio of ADP-stimulated respiration rate in the presence of 5mM glutamate and 2 mM malate (activity of complex I) to ADP-stimulated
respiration rate in the presence of 50 uM rotenone and 10 mM succinate (activity of complex II). (b) Vg, ./Vcox is the ratio of complex II
respiration rate to complex IV respiration rate. Data shown as mean + SEM; n =7 for colon [28] and breast tissue samples [26], “p < 0.05.
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Figure 3: Quantitative analysis of the expression levels of the respiratory chain complexes in HCC and normal tissue samples (a) along with a
representative Western blot image (b). Protein levels were normalized to total protein staining by Coomassie blue; data shown as mean + SEM

of 5 independent experiments.

ROS levels in the cell (most of the mitochondrial ROS origi-
nates from complexes I and III) [69] and hence, homeostasis.
The RC complex I is considered to be the most important
component in these assemblies, and it is a member of almost
all known respirasomes [70-74]. In previous studies, com-
plexes I, IIL, and IV were found to be assembled into super-
complexes in different configurations, but complex II was
not confirmed to be a component of these RC supercom-
plexes and was assumed to move freely in the mitochondrial
inner membrane [70, 75, 76]. Relative deficiency of the RC
complex I on the functional level (as shown above) may be
a result of changes in supercomplex composition as a part
of malignant transformation.

In addition to RC supercomplexes, along with respira-
somes, one more molecular transmembrane protein
supercomplex (which is known as ATP synthasome; [77])

was identified as the component of the OXPHOS system.
The ATP synthasome complex consists of ATP synthase,
inorganic phosphate carrier, and adenine nucleotide translo-
cator (ANT) [48]. The current model of mitochondrial inter-
actosome (MI) considers the ATP synthasome and RC
complexes together with voltage-dependent anion channel
(VDAC) and mitochondrial creatine kinase (MtCK) as
components of intracellular energetic units [22]. Even
though MI is proven in striated muscles, the functional
role of it, together with MtCK, in malignant samples
remains controversial [78], but it indicates that both ATP
synthasome and RC complexes can form even more complex
functional structures.

In addition to steady-state proteome studies, kinetic
testing of metabolic fluxes using MCA can provide prelimi-
nary information about supramolecular organization in the
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F1GURE 4: FCCs for ATP synthasome and RC complexes as determined by MCA. Two ways of electron transfer were examined: NADH-
dependent and succinate-dependent electron transfers, and respective sums of FCCs are calculated as the last bars. Data for HBC is
published before in [26], except for complex II with atpenin A5. Isolated mucosal tissue was used for colon control.

energy transfer system and enables to quantify the flux
exerted by the different RC and the ATP synthasome com-
plexes [27, 28, 79]. MCA can discriminate between two pre-
vailing models: the former model, based on the assumption
that each enzyme can be rate controlling to a different extent,

and a subsequent model, where whole metabolic pathway can
behave as a single channel and inhibition of any of its compo-
nents would give the same flux control [80]. Bianchi et al.
proposed that both complexes I and III are highly rate con-
trolling in NADH oxidation, suggesting the existence of
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TaBLE 2: FCCs for different components in mitochondrial Interactosome and ranges of the concentrations of inhibitors.

MI component Inhibitor Range of inhibitor concentration FC.C

HCC Control colon tissue (mucosa) HBC
Complex I Rotenone 1-100 nM 0.56 0.45 0.46"
Complex II Atpenin A5 0.1-6 uM 0.12 0.13 0.28
Complex III Antimycin 1-200 nM 0.68 0.66 0.54"
Complex IV Na cyanide 0.1-40 uM 0.31 0.50 0.74*
ANT Carboxyatractyloside 1-200 nM 0.28 0.97 1.02*
ATP synthase Oligomycin 1-600 nM 0.25 0.24 0.61*
Pi transporter Mersalyl 1-200 uM 0.43 0.53 0.60*
Sum 1, 3-7 Total (NADH) 2.08 2.82 3.36
Sum 2-7 Total (succinate) 2.07 3.03 3.78

Note: *from [26].

functional association between these two complexes [80]. To
confirm the formation of supercomplexes in HCC- and
HBC-skinned samples using MCA, we investigated the flux
control coefficients (FCCs) for the complexes involved in aer-
obic NADH oxidation (I, III, and IV), in succinate oxidation
(II, I11, and IV), and for components of the ATP synthasome.
For this purpose, cancerous and normal tissue samples were
titrated with increasing concentrations of specific inhibitors
against all of the ATP synthasome and RC complexes.
Figure 4 summarizes the data analyzed in three different
ways: by a graphical model [40, 41, 81], according to Small
[82], and the Gellerich model [44]. The obtained FCC values
did not depend on which exact method was used for calcula-
tions. The main problem in these calculations is high hetero-
geneity of the clinical material, which from the one hand
originates from cancer molecular subtypes (e.g., Lumianal
A/B, HER?2 or triple negative in HBC; unknown subtypes in
HCC) but on the other hand originates from heterogeneity
of tumor cells within each tumor [14] or irregular stromal
burden. Therefore, the obtained coefficient values do not
only depend on which patients were included to the study,
but the results may also depend on which particular tumor
region was used from each patient sample. This can be con-
sidered as an inevitable part in analyzing clinical samples.
Previous work has shown that the main respiratory rate-
controlling steps in HBC cells are complex IV (FCC=0.74)
and adenine nucleotide transporter (ANT, FCC=1.02) [26].
Similar control distribution was not observed within HCC
ATP synthasome complex as FCCs for ANT were found to
be significantly lower when HCC was compared to the results
of healthy colon mucosa (FCC=0.284 for HCC and
FCC=0.970 for healthy colon). These results show that
ANT exerts high flux control in healthy colon tissue (and in
HBC), but ANT seems to lose its limiting role in HCC.
Ramsay et al. believe that hexokinase-voltage-dependent
anion channel-ANT complex, which spans across the outer
and inner mitochondrial membranes, is critical in cancer
cells as this complex is the link between glycolysis, oxidative
phosphorylation, and mitochondrial-mediated apoptosis
[83]. Therefore, the difference between HBC and HCC, in
regard to ANT-exerted flux control, indicates to distinct dif-
ference in energy metabolism between these two tumor types

(Table 2; Figure 4). In addition, HBC is showing equal FCCs
for ATP synthase and inorganic phosphate transporter (Pi)
in ATP synthasome, but this phenomenon is not characteris-
tic neither for healthy colon mucosa nor for colorectal
cancer. These alterations could be related to mitochondrial
permeability transition pore (mtPTP) and apoptosis.
Bernardi et al. studied the key regulatory features of the
mtPTP [84-87], and the same group of authors has pointed
to the fact that ANT can modulate the mtPTP, possibly
through its effects on the surface potential, but it is not a
mandatory component of this channel.

FCCs within the RC system in HBC do not differ signifi-
cantly and the flux control is distributed almost uniformly
throughout the different complexes (Table 2, Figure 4). Such
condition is an indication of possible presence of protein
supercomplexes (approximately equal values of FCCs for
RC complexes I and III—0.46 versus 0.54, resp.). On the
other hand, the flux distribution for normal colon tissue,
when compared to HCC, showed slight difference for that
for complex IV (FCC 0.50 versus 0.31), but flux control coef-
ficients with close values were calculated for complex I (FCC
0.45 versus 0.56) and complex III (FCC 0.66 versus 0.68).
Similarity in FCCs for complex I and complex III for both
HCC and healthy colon tissue enables to propose that in
healthy conditions, complex IIT is attached to complex I (pos-
sibly together with multiple copies of complex IV), but
during carcinogenesis, the supercomplex assembly changes
and even though complex I and complex III seem to stay
linked, the participation of complex IV in this assembly
becomes uncertain. Functional assembly of complexes I and
III together with their rate-limiting roles will lead to sum of
FCCs being greater than 1 [73] (see below).

Role of complex IV is multifaceted as three popula-
tions of it have previously been suggested: population
assembled with complex I and complex III, population
assembled with complex III alone and a non-interacting
population [74]. Several data show that the absence of
functional supercomplex assembly factor I (SCAF1) may
be involved in distribution of complex IV [74, 75, 88].
As outlined in the review article by Enriquez, total cell res-
piration (glucose, pyruvate, and glutamine as substrates)
was significantly higher in cells lacking functional SCAF1



[74]. High total cell respiration was registered also for
both cancer types described in this paper, but presence
or absence of functional SCAF1 was not investigated.

The sums of the determined FCCs within cancerous and
healthy sample groups were calculated to be in the range
from 2.07 to 3.78. In theory, sum of FCCs in a linear system
is 1 [5, 40, 42-44, 89, 90], but the value of it can increase if
the system includes enzyme-enzyme interactions, direct
channeling, and/or recycling within multienzyme complexes
(i.e., system becomes nonlinear) [79, 80, 91, 92]. The higher
sum of FCCs from our tests is not a result of diffusion
restrictions because the concentration ranges for all of the
inhibitors in various samples were similar and did not
depend on the nature of the samples [26, 28, 47, 48].

The organization of RC complexes in the mitochondrial
inner membrane has been an object of intense debate and it
is not studied systematically in human normal or cancerous
tissues. Given the known theoretical framework, our results
confirm the plasticity model and agree with the data from
Bianchi et al. [80], but the distribution of complex IV
remains unclear—both random distribution and association
into I-III-IV supercomplex can be possible. Large FCC for
complex II is not characteristic neither for HBC, for HCC,
nor for healthy colon tissue, and therefore, our kinetic studies
confirmed previous findings that this complex is not a part of
RC supercomplexes.

The question about the changes in the composition and
stoichiometry of protein supercomplexes, which result from
carcinogenesis, needs further studies, and in addition, as
mitochondria have other additional roles in cellular metabo-
lism, it can be presumed that changes in RC are also affecting
cataplerotic processes sprouting from the mitochondria, but
such link has not yet been studied yet.

3.2. ADP-Regulated Mitochondrial Respiration in HBC and
HCC Fibers. Table 3 summarizes ADP-regulated mitochon-
drial respiration parameters determined for skinned tissue
samples taken from both patient groups. Differences in the
rates of maximal ADP-activated respiration (V. ) in colon
tissue samples are corresponding to the differences in the
content of mitochondria in these cells (the amount of mito-
chondria in HCC is 50% higher than that in healthy control
tissue [28] (supplementary Table 1)). Our previous experi-
ments have shown that HBC tissue, too, contains an
increased number of mitochondria in comparison to its adja-
cent normal tissue [27, 93] (supplementary Table 1). As indi-
cated above, ADP-dependent respiration in healthy human
breast tissue is absent. Breast samples contain lot of fat tissue,
but low V. values were evident even if clearly lobular/duc-
tal structures were separated and tested. Low respiratory
capacity can also be indicating to lowered metabolic activity
in normal ductal/lobular tissue in older women (average
age of HBC patients in this study was 63.4 years). In contrast
to normal breast tissue, the colon control tissue samples have
significantly higher respiration rates (Table 3). Specifically,
respiratory capacity is higher in apparent mucosal/submuco-
sal section of the normal colon tissue samples compared to
that of the underlying smooth muscle part as we manually
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TaBLE 3: Apparent K, (**PK)) and maximal rate of respiration

(Vimay) values for ADP-dependent respiration calculated for HBC,
HCC and their adjacent healthy tissue samples.

Tissues PPK L, uM = SEM V. +SEM
Human breast cancer tissue 114.8+13.6" 1.09 +0.04*
Healthy adjacent breast control N 0.0240.01%
tissue

Human colorectal cancer tissue 93.6+7.7"* 2.41+0.32
Healthy adjacent colon control 256" + 34 0714023

tissue

Note: *from [26] and ** [38]; V., values are presented as nM O,/min/mg dry

tissue weight without proton leak rates. These K, and V.. values for ADP

max
were determined from corresponding titration curves by fitting experimental
data to non-linear regression equation according to a Michaelis—Menten
model. 35 patients used for analysis of HBC and 35 for HCC.

separated and tested these two layers in a selection of colon
tissue samples (Figure 5(b)).

HBC arises from tissue with almost absent ADP-related
respiration, but once formed, the mechanism of energy con-
version seems to acquire a more complicated form and it can
be associated with both increased mitochondrial biogenesis
and interplay between cancer and stromal cells [26]. HBC
can be classified into four clinically distinct and significant
molecular subtypes: luminal-A, luminal-B, HER2 expressing,
and triple negative. Clinically, luminal-A is considered the
least and triple negative as the most aggressive subtype.
Therefore, we expected to see clear differences when respira-
tory parameters of those two extreme subtypes were mea-
sured. Initially, respiration rates were analyzed in Luminal-
A type MCF7 and triple negative MDA-MB-231 cell lines.
When compared, respiration rates in presence of glutamate
or pyruvate clearly showed that oxygen consumption in
luminal-A subtype cells is remarkably higher (Figure 5(b)).
But in contrast, the exact opposite was registered for the same
parameters in clinical samples (Figure 5(a)) as the highest
respiratory rates were registered for the most aggressive triple
negative subtype. From the one hand, this contradicting
result shows that cell cultures are not directly comparable
to respective clinical counterparts and can lead to misguiding
expectations. On the other hand, it proves that the role of
OXPHOS becomes increasingly important in clinical sam-
ples as aggressiveness of the tumor increases, but it is not evi-
dent in the respective culture cells. In the present case, it is
not a result of increased glucose availability in the growth
medium, which could lead the cells to acquire glycolytic phe-
notype and explain the difference with clinical samples,
because low-glucose media was used.

For HCC, which is without distinct clinical subtypes, we
compared disease stage to average V, .. value for that stage
(Figure 6(a)). Even though increase in V| in initial stages
can be calculated in comparison to control sample, the
decrease in V, , for stages ITIIC and IVB does not fit this
increase in dependence. The disease stage at diagnosis itself
is not a valid marker of aggressiveness and therefore such
plotting can be debated. Therefore, we gathered initial longi-
tudinal data on patient progression in our HCC cohort and
confirmed that 7 out of 32 eligible patients had died (median
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FIGURE 5: (a) Respiration rates for clinical samples of luminal-A and triple negative HBC subtypes in the presence of 5mM glutamate or

5mM pyruvate;

n=13/12 for luminal-A and n=7/8 for triple negative subtypes, respectively. (b) Respiratory rates for luminal-A type

MCF-7 and triple negative MDA-MB-231 cells in the presence of 5mM glutamate or 5mM pyruvate; n=3 for each measurement;

*p<0.05, **p <0.005.
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FIGURE 6: (a) Dependence of maximal rate of mitochondrial respiration (V,,,,) compared with the HCC at different stages. Stage I was
calculated as the mean of 13 patients, IIA, IIB - 13 patients, IIIB-4 patients, IIIC-3 patients and IVB-1 patient. Control colon tissue is

obtained from 34 patients. Maximal respiration rate V,

HCC patients based on disease state in follow-up setting. Seven patients out of 32 are confirmed to have succumbed to HCC (V.

is compared with that in control tissue. Bars are SEM; **p < 0.005. (b) V.. in

=3.19

+0.34); 25 patients out of 32 stay in remission (V,, =1.70+0.17), ***p < 0.001.

follow-up time 47.3 +4.9 months). V. values in patients
that succumbed to the disease were significantly higher than
that in the currently not progressed group (Figure 6(b)). As
was shown for HBC above, higher respiratory capacity was
registered for the most aggressive triple negative subgroup.
Therefore, it can be argued based on similarity that higher
tumor respiratory parameters in the dead HCC patients were
indicating to more aggressive disease. In addition, lower than
expected respiratory rate in some triple negative tumors can
therefore indicate that given patient, when compared to the
average in the triple negative subgroup, has less aggressive
disease than could be expected. To confirm this in larger
cohorts and relate aggressiveness in HCC and HBC to V.
value, additional longitudinal studies are necessary.

We next measured apparent Michaelis-Menten con-
stants (K,,) for ADP to characterize the affinity of mitochon-
dria for exogenous ADP (i.e., permeability of mitochondrial
outer membrane). Corresponding K, values for perme-
abilized tumor and nontumorous tissues were determined
from titration experiments using exogenously added ADP.
The obtained data were plotted as rates of O, consumption
versus ADP concentration and apparent K, values were cal-
culated from these plots by nonlinear regression equation.
Healthy colon tissue displayed low affinity for ADP
(K, =256 +3 uM), whereas that in HCC is significantly
higher (K,,=93.6+7.7uM) [38]. The K, (ADP) value for
HBC tissue samples (K =114.8+13.6 uM) was similar to
that for HCC [26].
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According to the classical studies by Chance and
Williams [94, 95] and the data of many other investigators
[29, 30, 37], the apparent K., value for ADP for isolated mito-
chondria is low, about 15 uM, but the observed apparent K|
values in our study for permeabilized clinical HBC and HCC
samples were 6-8 times higher than this value (Table 3). Our
previous studies have shown that sensitivity of the mitochon-
drial respiration for exogenous ADP for permeabilized NB
HL-1 cells is also high as the apparent K, equaled to 25
+4 uM and was similar to that of isolated heart mitochondria
[34, 96]. The similar low apparent K, values were also
registered for undifferentiated and differentiated neuro-
blastoma culture cells, where the corresponding K, for
ADP were measured as 20.3+1.4uM and 19.4+3.2uM,
respectively [97]. The registered difference between cul-
ture cells and clinical samples, despite the used prepara-
tion method, again indicates to differences present in
these two sample groups.

We treated permeabilized samples with incremental con-
centrations of ADP and the measured O, consumption rates
(normalized to V,,,.) were analyzed against respective ADP
concentration values as double reciprocal Lineweaver-Burk
plots (Figures 7(a) and 7(b)) [29]. Figure 7(a) shows the
results of the Lineweaver-Burk treatment of the experimen-
tal data linked with ADP-regulated mitochondrial respira-
tion in skinned fibers of HCC, healthy colon, and HBC.
Corresponding V, . and K, values were calculated from
the linearization approach. Saks and colleagues have previ-
ously shown that the presence of biphasic respiration regula-
tion on the graph curve indicates the existence of two
populations of mitochondria with different affinities for
ADP [29]. Our results indicated such differences in colon

control and HBC samples. Specifically, monophasic regula-
tion of mitochondrial respiration is apparent in HCC tissue,
but in healthy colon tissue, two populations of mitochondria
with very different properties were found (Figure 7(a)). One
population of mitochondria is characterized with lower K,
(42 + 14 uM), whereas the apparent K, (ADP) value for the
second mitochondrial population is nearly seven times
higher (288 + 67 uM). We thereafter again separated mucosal
and smooth muscle parts from the colon samples before
additional K, measurements to characterize their isolated
contributions. Apparent K value for mucosal part was mea-
sured to be 74.7+4.3uM and the same value for colon
smooth muscle tissues was found to be 362+60uM
(Figure 7(b)). Therefore, results after separation explain the
results from the initial experiment where the entire colon
wall was analyzed and two separate groups of mitochondria
were discovered. Additionally, we could also distinguish
two differently regulated types of mitochondria in HBC sam-
ples: one with apparent K, value for MgADP of 20.4
+6.2uM, but the same for the second mitochondrial
population was nearly ten times higher, 158.5+9.9 uM
(Figure 4(a)). The phenomenon shown in Figure 7(a) can
be associated, on the one hand, simply with elevated stromal
content (in such case, similar results should have been also
registered for HCC), but on the other hand, with possible
two-compartment tumor metabolism in HBC, what states
that tumor cells function as metabolic parasites and
extract energy from supporting host cells such as fibro-
blasts [98-103]. In such case, the stromal part of the HBC
samples can be characterized with glycolytic metabolism
representing the low K, value due to high levels of autoph-
agy, mitophagy, glycolysis, and lipolysis, while cancer cells
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important parts of cancer mitochondrial metabolism.

have high mitochondrial mass, OXPHOS, and f-oxidation
activity, which is represented by the mitochondrial popula-
tion with the high K (ADP) values. From the given com-
parison between HBC and HCC, the two subpopulations
of mitochondria are specific only to HBC samples (con-
firmed in 32 cases out of the total 34) but not to HCC
samples, and it indicates that tumor formation leads to
distinct changes, which is related to the tissue type the
tumor originates from.

Altogether, these results indicate the remarkable differ-
ences in the regulation of mitochondrial outer membrane
(MOM) permeability between cultured tumor cells and clin-
ical material (including between different tumor types and
even between patients). Even further, the results can be con-
tradictory as registered for respiration parameters. It can be
estimated, based on the results from our lab, that low K
value for ADP can be a common characteristic for can-
cer cells grown in culture, but in in vivo tumor samples,
the regulation of MOM permeability is more compli-
cated and probably related to interplay between energy
transfer pathways and changes in the phosphorylation
state of VDAC channels [32, 104-107] and also with
modulation of cytoskeleton or membrane potential as a
result of tumor formation.

4. Concluding Remarks

To understand the energy metabolism of tumors, it is neces-
sary to detect bioenergetic fingerprints of each individual

tumor type. Our results confirmed that respiratory capacity
is preserved in both HBC and HCC as these both demon-
strated substantial rates of oxidative phosphorylation, which
contradicts with earlier widespread understanding that the
metabolism of human breast and colorectal carcinomas is
prevalently glycolytic. Studies on cell lines up to now have
led to many lifesaving technologies and treatments in
humans, but the scientific level might be nearing the end of
readily transferrable results between the cell model and
human physiology. Our results indicated that apparent gly-
colytic nature of some breast cancer types could be expected
based on cell cultures, but this presumption was in sharp
conflict when culture cell results were compared with these
from respective clinical samples. In addition, when compared
to their healthy adjacent tissue, both clinical cancer types
showed increased respiratory capacity. Despite the increased
respiratory capacity in HCC, relative deficiency of complex I
was registered for it on the functional level Western blot
analysis was not sufficient to confirm this deficiency on the
protein level as two different antibody approaches gave con-
flicting results, but this result proves the necessity to measure
pathways also on the functional level whenever possible to
compare the function to steady-state markers like presence
or abundance of certain enzymes. Our experiments indicate
that the respiratory chain and ATP synthasome can form
macromolecular assemblies (supercomplexes) with reorga-
nized composition and/or stoichiometry while the changes
are specific for different tumor types. This is in good agree-
ment with recent studies from other laboratories [25] and
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the current work shows that equal results can be obtained
using kinetic methods, but additional studies are warranted
to include results from protein level studies using the blue
native gel electrophoresis (BNGE) technique. Our K
measurements confirmed that two populations of mito-
chondria registered in healthy colon tissue can be categorized
as different layers of the colon wall, but in HBC, the sub-
groups can be linked to two-compartment metabolism where
tumor acts as a metabolic parasite on normal stromal cells.
Mitochondria of HCC are homogenous in terms of regula-
tion of the mitochondrial outer membrane permeability
and MCA (Figure 8).

Mitochondria are not only the centers of cellular energy
conversion but are also the important part in biosynthetic
metabolism and apoptosis. Therefore, direct detection of
profound changes in the ATP synthasome components and
in the architecture of the respiratory chain complexes, as
shown in the current work, can support development of
new predictive models or therapies.
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Additional Points

Highlights. (1) Relative complex I functional deficiency is
characteristic for HCC but not for HBC. (2) HBC respiratory
capacity severely higher than in adjacent normal breast
tissue. (3) Complexes I and III expectedly assembled in both
tumorous and normal tissues. (4) K,,, for ADP shows distinct
differences between cell cultures and clinical samples. (5)
Two distinct mitochondrial populations present in HBC
but not in HCC.
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Abstract

Previous studies have shown that class II 3-tubulin plays a key role in the regulation of oxidative phosphorylation
(OXPHOS) in some highly differentiated cells, but its role in malignant cells has remained unclear. To clarify these aspects,
we compared the bioenergetic properties of HL-1 murine sarcoma cells, murine neuroblastoma cells (uN2a) and retinoic
acid - differentiated N2a cells (dN2a). We examined the expression and possible co-localization of mitochondrial voltage
dependent anion channel (VDAC) with hexokinase-2 (HK-2) and B1I-tubulin, the role of depolymerized II-tubuline and
the effect of both proteins in the regulation of mitochondrial outer membrane (MOM) permeability. Our data demonstrate
that neuroblastoma and sarcoma cells are prone to aerobic glycolysis, which is partially mediated by the presence of VDAC
bound HK-2. Microtubule destabilizing (colchicine) and stabilizing (taxol) agents do not affect the MOM permeability for
ADP in N2a and HL-1 cells. The obtained results show that 31I-tubulin does not regulate the MOM permeability for adenine
nucleotides in these cells. HL-1 and NB cells display comparable rates of ADP-activated respiration. It was also found that
differentiation enhances the involvement of OXPHOS in N2a cells due to the rise in their mitochondrial reserve capacity.
Our data support the view that the alteration of mitochondrial affinity for ADNSs is one of the characteristic features of cancer
cells. It can be concluded that the binding sites for tubulin and hexokinase within the large intermembrane protein
supercomplex Mitochondrial Interactosome, could be different between muscle and cancer cells.
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Introduction

Malignant transformation of cells leads to reprogramming in
numerous signaling and metabolic pathways, especially in
regard to energy metabolism. Targeting of tumor-initiating
and cancer cell energy metabolism has been proposed to be
anovel and highly effective strategy for the selective ablation
of malignant tumors (Aminzadeh et al. 2015; Gogvadze et al.
2009; Lamb et al. 2015; Moreno-Sanchez et al. 2007).

Recently, it was demonstrated that the mitochondrial outer
membrane (MOM) voltage-dependent anion channel
(VDAC) is the main switch between mitochondrial oxidative
phosphorylation (OXPHOS) and glycolysis in malignant cells
and it chould be a good target for a new generation of cancer
therapy (Carre et al. 2002; Maldonado 2017). Mitochondrial
VDAC plays a key role in maintaining high rates of OXPHOS
as well as in the realization of apoptotic programs (Shoshan-
Barmatz et al. 2006, 2009, 2017). It was reported that in brain
and tumor cells, some hexokinase isoforms can bind to the
VDAC in the MOM thereby suppressing cytochrome c release
and apoptotic cell death (Arzoine et al. 2009). This channel is
involved in the transport of respiratory substrates, Ca**, ATP,
ADP and inorganic phosphate across the external mitochon-
drial membranes supporting the high efficiency of OXPHOS
and the Krebs cycle (Noskov et al. 2013; Rostovtseva and
Colombini 1997; Shoshan-Barmatz et al. 2018).

Studies performed during the past decade have shown that
in mammalian cells the permeability of mitochondrial VDAC
towards adenine nucleotides (AND(s)) and respiratory sub-
strates is a precisely controlled process (Rostovtseva and
Bezrukov 2012). But, the precise regulatory factors mediating
this VDAC permeability, especially, in cancer cells, are stud-
ied insufficiently. The regulation of MOM permeability has
been quite thoroughly studied on heart and skeletal muscles.
These in situ studies have shown thatin slow-twitch skeletal
and heart muscles the value of apparent Michaelis - Menten
constant Km for ADP is high (there exist diffusion obstacles
for adenine nucleotides (ADNs), but for fast-twitch skeletal
muscles the permeability of MOM for ADNS is normally high
and the value of the Michaelis-Menten constant is 20 times
lower than is oxidative muscles (Kuznetsov et al. 1996; Saks
et al. 1995; Saks and Aliev 1996; Saks et al. 1994, 1998).
Ultrastructural studies have revealed multiple connections be-
tween cytoskeletal elements and mitochondria in different
types of cells. Several candidate proteins that can regulate
the MOM permeability for AND(s) have been proposed like
the -3 tubulin heterodimer (Guzun et al. 2015; Maldonado
and Lemasters 2014; Maldonado et al. 2013; Rostovtseva and
Bezrukov 2012; Saks et al. 2010), desmin (Appaix et al. 2003;
Capetanaki et al. 2007; Guzun et al. 2012; Saetersdal et al.
1990; Winter et al. 2015), plectin (Reipert et al. 1999; Winter
et al. 2008, 2015), «-synuclein (Hoogerheide et al. 2017;
Rostovtseva et al. 2015; Shen et al. 2014; Zhang et al.
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2016), «f-crystallin (Diokmetzidou et al. 2016),
microtubule-associated proteins (Guzun et al. 2012), and
some hexokinase (HK) isoforms (Beutner et al. 1996; Bryan
and Raisch 2015; Lemeshko 2014; Lu et al. 2015; Mathupala
et al. 2009; Nederlof et al. 2014).

In cells with a high energy demand the OXPHOS sys-
tem is organized into large protein complexes, one of
them is the protein supercomplex Mitochondrial
Interactosome (MI) (Guzun et al. 2012; Saks et al. 2010;
Tepp et al. 2011; Timohhina et al. 2009). MI is a large
transmembrane complex consisting of ATP - synthasome,
mitochondrial creatine kinase (MtCK) or other represen-
tatives of mitochondrial kinases, VDAC, and some pro-
tein factors, which regulate the MOM permeability for
adenine nucleotides. It has been demonstrated that in rat
heart cardiomyocytes (CMs) plI-tubulin binds to VDAC
regulating the permeability of this mitochondrial channel
for adenine nucleotides and promoting thereby the gener-
ation of phosphocreatine (PCr) via MtCK (Guzun et al.
2015; Timohhina et al. 2009). It was found, that during
carcinogenesis the composition and structure of MI may
be radically reorganized due to profound alterations in the
expression of its components (Chevrollier et al. 2011;
Koit et al. 2017).

Two mechanisms by which the MOM permeability is reg-
ulated in cancer cells have been proposed. First, according to
the model proposed by Pedersen and co-workers, the interac-
tion of VDAC with HK-2 is one of the main pathways medi-
ating the “Warburg effect” or aerobic glycolysis in cancer
cells (Mathupala et al. 2009; Pedersen 2007b). It has been
shown that HK-2 binding on VDAC channel keeps it in an
open state (Majewski et al. 2004) and allows the HK-2 to use
intra-mitochondrially generated ATP to phosphorylate glu-
cose (Cesar Mde and Wilson 1998). The second mechanism
proposed by Maldonado and co-workers, demonstrates that in
hepatocarcinoma cells VDAC is blocked by free tubulin
which induces malignant cells to switch to aerobic glycolysis
(Maldonado et al. 2010). They have demonstrated that if the
level of non-polymerized -3 heterodimer tubulin increases
in liver cancer cells, it leads to rising of mitochondrial mem-
brane potential, which induces closing of VDAC. Recently,
our study on rat muscle tissues, suggested that only non-
polymerized (II-tubulin in heart and soleus muscles plays
an important role in the regulation of MOM permeability for
ADP (Varikmaa et al. 2014). In both studies the free dimeric
tubulin has been shown to affect VDAC permeability, but its
effect depends on polymerized/dimeric tubulin ratio.

In the current study we therefore hypothesized that in can-
cer cells the free 31I-tubulin can compete with HK-1 or HK-2
for the binding sites on VDAC(s) consequently, in order to
regulate the aerobic glycolytics in tumor cells. The aim of the
present study was to clarify the role of free/polymerized B1I-
tubulin and HK-2 in regulation of energy transfer in malignant
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cells of different histological origin. For this purpose, experi-
ments were performed on Warburg phenotype cell lines, such
as undifferentiated murine neuroblastoma cells (N2a) and
retinoic acid (RA)-differentiated NB cells, as well as on HL-
1 cardiac sarcoma cells, where free/polymerized level was
regulated by the tubulin depolymerizing agent colchicine
and tubulin polymerizing agent taxol (See Graphical
Abstract in Supplementary material).

Materials and methods
Chemicals

Dulbecco’s Modified Eagle Medium (DMEM) and phosphate
buffered saline (PBS, Ca/Mg free) were obtained from
Corning, Inc. (USA) whereas heat-inactivated fetal bovine
serum (FBS), accutase, penicillin-streptomycin solution
(100x), gentamicin and 0.05% Trypsin-EDTA were purchased
from Gibco Life Technologies (Grand Island, NY, USA).
Primary and secondary antibodies were obtained from Santa
Cruz Biotechnology Inc. (USA) or Abcam PLC (UK), rabbit
polyclonal antibodies against VDACT kindly donated by Dr.
Catherine Brenner from Paris-Sud University, France. Unless
otherwise stated, all other chemicals were purchased from
Sigma-Aldrich Company (St. Louis, USA).

Cultivation of murine neuroblastoma (Neuro-2a) cells
and their differentiation

The stock culture of N2a cells was obtained from the
American Type Culture Collection (ATCC, Cat. No. CCL-
131). These NB cells were grown in T75 flaks (Greiner bio-
one) as a loosely adhering monolayer at 37 °C in 5% CO, ina
high glucose (4.5 g/l) DMEM supplemented with L-gluta-
mine, 10% FBS, 100 U/ml penicillin, 100 pg/ml streptomy-
cin, and 50 pg/ml gentamicin. The neural differentiation of
N2a cells to cholinergic neurons was induced by their cultiva-
tion with 10 uM all-trans-retinoic acid (RA) in a complete
growth medium, but at a decreased (1%) concentration of
FBS for seven days (Blanco et al. 2001; Klepinin et al. 2014).

Cultivation of HL-1 tumor cells

The non-beating HL-1 cell line derived from tumoral atrial
cardiac myocytes of mice (Claycomb et al. 1998; Pelloux et
al. 2006) was used. These tumor cells were kindly provided by
Dr. Andrey V. Kuznetsov (Innsbruck Medical University,
Austria). HL-1 cells were grown in fibronectin gelatin coated
(5 pg/ml and 0.2%, respectively) T75 flasks containing
Claycomb medium (Sigma-Aldrich) supplemented with 10%
FBS, 100 U/ml penicillin, 100 pg/ml streptomycin, 50 pg/ml

gentamicin, 2 mM L-glutamine, 0.1 mM norepinephrine, and
0.3 mM ascorbic acid.

Cell viability and proliferation assays

The number of viable cells was estimated by trypan blue ex-
clusion assay, while the rate of cell proliferation by MTT assay
as described in our prior work (Klepinin et al. 2014).

Cell permeabilization and measurements of OXPHOS
function in cells

To examine the functional capacity of mitochondria in N2a
and HL-1 tumor cells, we applied the permeabilized cell tech-
nique developed by Kuznetsov and colleagues (Kuznetsov et
al. 2008). This method allows to studying the function of
mitochondria in situ in tissues and cells without isolation of
these organelles. The permeabilization procedure leaves intact
intracellular interactions of mitochondria with cytoskeleton
and other organelles.

Plasma membranes were permeabilized with saponin at
40 pg/ml (N2a cells) or digitonin at 25 pg/ml treatments (for
HL-1 cells). The rate of O, consumption in permeabilized N2a
or HL-1 cells was measured at 25 °C with an Oxygraph-2 K
respirometer (Oroboros Instruments, Austria) in respiration
medium-B (Kuznetsov et al. 2008) supplemented with
5 mM glutamate, 2 mM malate and 10 mM succinate as re-
spiratory substrates; the solubility of oxygen was taken as
240 nmol/ml (Gnaiger 2001). For determination of the reserve
respiratory capacity of mitochondria, the rate of cellular O,
consumption was measured before and after a stepwise addi-
tion of the mitochondrial uncoupler — carbonyl cyanide
p-(trifluoro-methoxy)phenyl-hydrazone (FCCP). The rates of
O, consumption were normalized per mg cellular protein. The
protein concentration in cell lysates was determined using the
Pierce BCA Protein Kit.

Determination of apparent Michaelis-Menten
constant values for exogenously added ADP

The apparent Km and Vm values for exogenously added ADP
(APPK,,) were calculated from ADP titration experiments
using the corresponding non-linear regression equation.

Analysis of OXPHOS coupling with hexokinase (HK)
-mediated processes

The coupling between mitochondrially bound HK(s) and the
OXPHOS system in permeabilized cells was assayed by
oxygraphy, through stimulation of mitochondrial respiration
by locally generated ADP as described earlier (Eimre et al.
2008; Kaldma et al. 2014). The effect of glucose on mitochon-
drial respiration was expressed by the glucose index (Ig ) that
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was calculated according to the equation Iy (%) =[(Varu -
VATP)/(VADP - VATP)]* 100, where VADP is the rate of 02 con-
sumption in the presence of 2 mM ADP, Vg, y is the respiration
rate with 10 mM glucose and Varp is respiration rate with
0.1 mM ATP; i.e. this index reflects the degree of glucose-
mediated stimulation of mitochondrial respiration as compared
with the maximal ADP-activated rate of O, consumption.

Immunofluorescence analysis

Immunocytochemistry along with confocal microscopy imag-
ing were applied to visualize the expression and possible
colocalization of VDAC, with HK-2, and pII-tubulin in HL-
1 and N2a cells. For immunofluorescence studies the follow-
ing primary antibodies were used: rabbit polyclonal antibodies
vs. VDACTI (kindly provided by Dr. Catherine Brenner; Paris-
Sud University, Paris, France), goat polyclonal antibodies vs.
HK-2 (sc-6521; Santa Cruz Biotechnology, Inc., USA), and
mouse monoclonal antibody to TUBB2A (ab92857;
Abcam®, UK). After overnight incubation (at 4 °C) with the
indicated primary antibodies, HL-1 cells were washed with a
2% BSA solution and co-incubated with the following sec-
ondary fluorescent antibodies: a) anti-rabbit IgG labeled with
DyLight-488 (ab96895) giving green fluorescence, to visual-
ize VDAC; b) anti-goat Cy-3 labeled IgG that gives red flo-
rescence, to stain HK-2; and c) donkey anti-mouse IgG-CFL:
647 sc-362,288 (violet color) or goat anti-mouse DyLight-550
labeled IgG (ab96880) yielding red, to stain II-tubulin.
ProLong Gold antifade reagent supplemented with 4',6-
diamidino-2-phenylindole dihydrochloride (DAPI,
Molecular Probes™) used for visualizing the cell nucleus.
The cells were then imaged by an Olympus FluoView
FV10i-W inverted laser scanning confocal microscope. For
immunofluorescent studies, N2a cells were seeded in 12-
well plates (at a density of 1 x 10* cells/well) over glass cov-
erslips, treated or not with 10 uM RA, and then immuno-
stained mostly as described above for HL-1 cells. The pres-
ence of mitochondria in N2a cells was also estimated through
the selective labeling of the VDACI (sc-8828, Santa Cruz
Biotechnology, Inc., USA). The visualization of VDACI pro-
tein expression was carried out using fluorescent secondary
donkey anti-goat Cy-3 (ab97115) antibodies (red fluores-
cence) and to visualize {31I-tubulin donkey anti-rabbit IgG
(Alexa Fluor® 488, ab150073, green fluorescence).

SDS-PAGE and western blot analysis of the levels
of beta-tubulin isotypes in N2a and HL-1 cells

The cells were washed twice with Ca/Mg-free PBS and then
treated with a microtubule lysing buffer consisting of 100 mM
PIPES, 5 mM MgCl,, | mM EGTA, 30% glycerol, 0.1%
IGEPAL, 0.1% Tween-20, 0.1% Triton X-100, 0.1% beta-
mercaptoethanol, 1 mM ATP, 0.1 mM GTP and a complete
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protease inhibitor cocktail (Roche); the recipe is according to
Cytoskeleton, Inc. (USA). The lysate was homogenized by
Retsch Mixer Mill at 25 Hz for 2 min, and incubated for
30 min at 35 °C. The obtained cell lysates were clarified by
centrifugation at 21000 x g for 40 min at 35 °C. The protein
concentration in lysates was determined using the Pierce BCA
Protein Kit. Proteins were separated by 12% SDS-PAGE and
transferred onto the PVDF membrane by Trans-Blot Semi-
Dry Transfer system (Bio-Rad, Inc., USA).

To determine the presence of beta-tubulin isotypes Abcam
mono- and polyclonal antibodies (anti-beta I Tubulin
(ab11312), anti-Tubb2A (ab170931) and anti-beta III
Tubulin (ab52901) were used. After the chemiluminescence
reaction, the PVDF membranes were stained with Coomassie
brilliant blue R250 to measure the total protein amount. The
tubulin signal intensity was normalized against total protein
intensities obtained from Coomassie staining. Quantification
was performed by ImagelJ software.

Evaluation of soluble and polymerized beta-tubulins

The content of free and polymerized tubulin in HL-1 and N2a
cells was assessed using a “Microtubules/Tubulin in vivo
Assay “kit (Cytoskeleton Inc.) in accordance with the manu-
facturer’s manual. Cells were homogenized in cell lysis and
microtubule stabilization buffer (100 mM PIPES pH 6.9,
5 mM MgCl,, | mM EGTA, 30% (v/v) glycerol, 0.1%
Nonidet P40, 0.1% Triton X-100, 0.1% [3-mercaptoethanol,
0.001% antifoam) supplemented with 0.1 mM GTP, | mM
ATP and protease inhibitor cocktail. In addition, cell fractions
containing 10 uM taxol and 2 mM CaCl, were used as the
positive and negative controls. Lysates were centrifuged at
2000 x g for 5 min at 37 °C to remove intact cells.
Supernatants were centrifuged at 100000 x g for 30 min at
37 °C to separate microtubules from soluble (free) tubulin.
The pellets containing polymerized tubulin were suspended
in ice-cold 2 mM CaCls,.

Free tubulin and polymerized tubulin fractions were loaded
on 10% polyacrylamide gels. Proteins were transferred using
the Trans-Blot SD Semi-Dry Transfer Cell (BioRad). Blots
were blocked in 5% nonfat milk and probed with anti
Tubb2A (ab170931) antibody for 2 h at room temperature.
Immunoblots were incubated with secondary antibodies
(anti-mouse IgG, HRP, Abcam) for 1 h at room temperature.
Detection was conducted using a chemiluminescence kit
(Pierce ECL Western Blotting Substrate).

Assessment of basic OXPHOS parameters in HL-1
and N2a cells pretreated with colchicine and taxol

Unless otherwise specified, these tumor cells were treated
with colchicine (10 uM), taxol (10 uM) or DMSO (control)
for 24 h at 37 °C. In some experiments, the influence of
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colchicine and taxol on the affinity of mitochondria to exog-
enously added ADP as well as their respiratory reserve capac-
ity was also examined after a short-term (for 20 min) exposure
of tumor cells to these microtubular toxins. (Maldonado et al.
2010). The following OXPHOS parameters were then
assessed: basal respiration, ATP-linked respiration, proton
leak, maximal respiration and mitochondrial reserve capacity
(Supplementary Fig. 3; Fig. 5). Basal respiration was mea-
sured in medium-B supplemented with 5 mM glutamate,
2 mM malate and 10 mM succinate. Then, oligomycin
(2.5 uM) was added to inhibit proton flow through ATP syn-
thase blocking ATP-linked oxygen consumption. Maximal
respiration was measured by exposing cells to carbonyl
cyanide-p-trifluoromethoxyphenyl-hydrazon (FCCP), which
uncoupled respiration from ATP production. In the presence
of FCCP, respiration increased beyond the basal respiration by
reserve capacity of mitochondria. Finally, the electron trans-
port was inhibited by 10 uM antimycin, a complex III in-
hibitor, indicating the non-mitochondrial oxygen consump-
tion. Proton leak was calculated by subtracting the rate of
non-mitochondrial respiration from respiration that
remained after ATP-synthase inhibition. The maximal res-
piration capacity was calculated by subtracting non-
mitochondrial respiration rates from the FCCP induced
maximal respiration. Changes in the ATP-linked respira-
tion, proton leak, maximal respiration and reserve capacity
were expressed as a percentage of basal respiration.

Statistical analysis

All data points are presented as means + standard error (SEM)
from at least five separate experiments performed in duplicate.
The statistical differences between the groups were calculated
by the two-tailed Student’s t-test. Differences were considered
to be statistically significant when p < 0.05.

Results

The effect of saponin/digitonin treatment
on the intactness of mitochondrial membranes in N2a
and HL-1 cells

The mitochondrial respiration in all studied permeabilized cell
types was activated with 2 mM ADP and the rate of O, con-
sumption was increased by about 3—4 times (Supplementary
Fig. 1). The subsequent addition of cytochrome ¢ (Cyt ¢) to
permeabilized cells did not cause an increase of more than
10% in the rate of oxygen consumption, which indicated the
intactness of the outer mitochondrial membrane. After that,
addition of carboxyatractyloside (CAT), an inhibitor of the
adenine nucleotide translocator, decreased the respiration rate
back to the basal level (V0), showing the intactness of the

mitochondrial inner membrane. Experiments showed that all
used cell cultures had similar rates of basal and State III res-
piration. Respiratory control index (RCI) values for uN2a,
dN2a and HL-1 cells were calculated as 4.51+0.63, 4.43 +
0.22 and 5.11 +£0.59, respectively.

We also showed that the permeabilization method does not
affect the tubulin content in cell cultures (Supplementary Fig. 2).

The intracellular content and distribution of tubulin
in HL-1 and N2a cells

We checked total 3 and (3-II tubulin expression in HL-1
cells. Our results showed that B-II tubulin constitutes
about 50% of the total -tubulin in those cells (Fig. la,
b). Nevertheless, the amount of free/polymerized B-II tu-
bulin and total {3-tubulin was equal (Fig. lc). Confocal
microscopy showed, that a part of the mitochondria in
HL-1 cells is distributed randomly, whereas other mito-
chondria are attached to BII-tubulin containing microfila-
ments, and concentrated around the cell nucleus - an area
with an increased energy demand (Fig. 2).

As BII-tubulin has been shown to regulate MOM perme-
ability in brain synaptosomes, we next characterized the pro-
file of 3-tubulin isoforms in cancer cells with neurological
origin. N2a cells were maintained in differentiated and non-
differentiated states to estimate the alteration of (-tubulin
amount and distribution during differentiation. Our results
demonstrated that significant changes occurred in the intracel-
lular content of BI- and PIII-tubulin, while BII-tubulin
remained at the same level (Fig. 3). Immunofluorescence stud-
ies showed that differentiation of N2a was accompanied by
remarkable shifts in the intracellular distribution of main (3-
tubulin isotypes. In uN2a cells, 3I-, BII- and BIII-tubulins
were localized predominantly around the cell nucleus, where-
as in RA-treated cells a part of 3-tubulin isotypes were assem-
bled in filamentous structures that crossed the entire cell and
neurites (Fig. 4a—c).

Mitochondrial reserve respiratory capacity in HL-1
sarcoma cells, undifferentiated and differentiated
N2a cells

Several works have demonstrated that VDAC gating is
regulated by several molecules including glutamate
(Gincel et al. 2000), NADH (Zizi et al. 1994) and tubulin
(Timohhina et al. 2009). Therefore in the current study
we further explored how the availability of main respira-
tory substrates influences mitochondrial respiration and
respiratory reserve capacity. The maximal mitochondrial
respiration in the uncoupled state of the respiratory chain
was measured by titration of intact HL-1 cells with the
mitochondrial uncoupler FCCP in cells growth medium
and in medium-B (sees Materials and methods). FCCP is
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Fig. 1 Western blot analysis for
the presence of total 3 and BII-
tubulin in HL-1 cells (a, b) as well
as the levels of free and
polymerized total 3- and BII-
tubulin in these tumor cell line (¢);
here, lower panel shows the rep-
resentative immunoblot test for
free and polymerized total 3 and
BII tubulin in HL-1 cell. Upper
panel shows a densitometric
quantification of the total (3 and
BII tubulin in the soluble and in-
soluble fractions of HL-1 cells.
Error bars are the mean + SE from
3 separate experiments; *p < 0.05
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a protonophore that uncouples electron transport and mi-
tochondrial respiration from ATP synthesis by dissipating
the proton gradient. We found that high levels of FCCP
inhibited mitochondrial respiration in these cells. The
FCCP concentration for cells growth medium was 4 pM
and for medium-B 2 uM. The mitochondrial reserve ca-
pacity was calculated from the Vg/Vo ratio (Table 1). In
HL-1 cells no difference in respiration rate and mitochon-
drial reserve capacity was seen between growth medium
and medium-B. To compare differentiated and undiffer-
entiated N2a cells, both cell cultures were titrated with
FCCP in the medium-B. The optimal concentration of

Fig. 2 Confocal
immunofluorescence imaging of
the mitochondrial VDAC1
protein (green), 31I-tubulin (red),
nucleus (blue) and their
colocalization in HL-1 tumor
cells; bars are 10 um

HL-1
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FCCP for both cell types was 2 pM. Our results showed
that the RA-mediated differentiation of N2a cells in-
creased their mitochondrial capacity in the presence of
complex I and II respiration substrates (Table 2). The
contribution of complexes I and II to the total mitochon-
drial reserve capacity was also examined. The complex II
activated respiration was measured in the presence of
rotenone, an inhibitor of complex I. The addition of ro-
tenone (1 uM) resulted in a 20-30% decrease in the rate
of Vo in both uN2a and RA-treated cells (Table 2).
Experiments with FCCP suggested that the mitochondrial
capacity increased not only through the activation of
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Fig.3 Western blot (WB) analysis of the expression levels of 31I-, 1I- and BIII-tubulin in undifferentiated and RA-differentiated N2a cells (a) as well as
the representative WB images (b). Error bars are the mean + SE from 5 independent experiments

complex I, but also complex II during the differentiation
of N2a cells.

Mitochondrial contribution to the energy metabolism
in HL-1cells with polymerized and unpolymerized
tubulin

For understanding the influence of polymerized and
unpolymerized tubulin on the mitochondrial contribution
of energy metabolism, we analyzed the oxygen consump-
tion rate of the HL-1 cells in the presence of respiratory
chain inhibitors (oligomycin, antimycin) and uncoupler of
OXPHOS (FCCP) (Fig. 5 a, b). After measurement of basal
respiration, the inhibitor of ATP synthase oligomycin was
added to uncouple the ATP-linked respiration from the
proton leak. The addition of FCCP resulted in an increase
of oxygen consumption levels in all samples, but compared

to the control, the taxol treatment showed higher response
than observed in colchicine treated cells (Fig. 5a). Finally,
mitochondrial respiration was inhibited by antimycin.
Similar inhibition effects were noticed in drug treated (col-
chicine, taxol) and untreated HL-1 cells (Fig. 5a). Next, the
ATP link, proton leak, maximal respiration capacity and
reserve capacity were calculated according to the mito-
chondrial stress protocol (Supplementary Fig. 3; 4). The
mitochondrial stress protocol revealed that both colchicine
and taxol treatment increased ATP-linked respiration at the
same time decreased proton leak compared to control HL-1
cells (Fig. 5b). However, taxol and colchicine influenced
the mitochondrial maximal respiration capacity as well as
reserve capacity in different way. On the one hand, taxol
increased both mitochondrial capacity parameters, but on
the other hand, colchicine decreased them compared to
control HL-1 cells (Fig. 5b).
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Fig. 4 Confocal a
immunofluorescence imaging of
the mitochondrial VDAC1
protein (red), BII-tubulin (green)
and their colocalization in
undifferentiated (uN2a) and RA-
differentiated (dN2a) cells (a)
distribution of BI- (red) (b) and
{BIII-tubulin isoforms (green) (¢)
in uN2a and dN2a cells. The cell
nuclei were stained with DAPI
(blue); bars are 10 um
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T

Bl-tubulin DAPI
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Mitochondrial contribution to the energy metabolism
in HL-1cells with polymerized and unpolymerized
tubulin

In neuroblastoma cells colchicine and taxol had no effect on
their bioenergetics parameters (Supplementary Fig. 4).

Analysis of OXPHOS coupling with hexokinase-2

On the basis of the Pedersen model (Pedersen 2007b), the
mechanisms of aerobic glycolysis were examined for HL-

Table 1 The effects of FCCP on the respiratory activity of non-
permeabilized HL-1 cells

Rates of O, consumption, nmol/min
per mg protein, mean=SE, n=6

Respiratory medium

®vo=49+0.27
©OVe=11.34+045
Vi/Vo=233+0.16
Vo=481+0.17
Vp=12.1040.03
Vi/Vo =2.52+0.09

Claycomb medium®

Succ + Mal + Glut®

 full Claycomb medium supplemented with 10% FBS and antibiotics
®Vo is the initial rate of O, consumption

©Vr is the maximal rate of mitochondrial respiration in the presence of
4 uM FCCP

9in medium-B
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Table 2 The effects of FCCP on the respiratory activity of non-
permeabilized N2a cells (both undifferentiated and RA-treated) in
medium-B with/or without the presence of rotenone - an inhibitor of
complex-I of the mitochondrial respiratory chain

Respiratory Rates of O, consumption, nmol/min per mg
substrates® protein, mean +SE, n=5
Undifferentiated Differentiated
N2a cells N2a cells
Mal + Glut ®Vo = 1.86 + 0.04 Vo =192+0.1
Vi =3.03+0.14 Ve =4.214£028
Vi/Vo = 1.65+0.08 Vi/Vo=2.16+0.07;
p =0.005)
Suc + Mal + Glut Vo=2.55+0.07 Vo =2.55+0.12
Vi =4.65+0.03 Ve =581+£02
V§/Vo=1.84+0.06 V§/Vo=2.33+0.13;
p =001
Suc + Mal + Glut Vo =2.75+£0.25 Vo =2.8+0.2
in the presence v =1.84+0.12 Vg =2.27£0.17
of Rot (67%*) (81.1%%)
Vg =3.0+02 Vg =4.56+0.32

OV/Vg =1.65+0.04

Vi/Vi =2.06%0.09;
p=0.005

#Succinate (Suc, at 10 mM), malate (Mal, at 2 mM), and glutamate (Glut,
at 5 mM) served as respiratory substrates

® Vo is the initial rate of O, consumption

¢ Vg and Vy are the rates of O, consumption in the presence of 2 M
FCCP and 1 uM rotenone, respectively (rotenone was added 5 min before
titrations with FCCP); * % from Vo value
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Fig.5 The effects of taxol and colchicine on mitochondrial bioenergetics
in HL-1 cardiac tumor cells. a Basal respiration — V, responses to
treatment with 2.5 uM oligomycin, FCCP and antimycin A. b Effects
of taxol and colchicine on proton leak, ATP linked respiration, maximal
respiratory capacity and mitochondrial respiratory reserve capacity in
HL-1 cells compared to control (DMSO treated) cells. Data are shown
as mean+ SEM (n=4). Significance stars depict changes in
mitochondrial respiration compared to DMSO treated control cells: * p
<0.05, ** p<0.01, *** p <0.001

land both N2a cell types. Immunostaining of HL-cells
showed clearly the possibility of interactions between
VDAC and HK-2 (Pearson’s coefficient=0.96+0.02;
Fig. 6a). The addition of glucose (10 mM) in the presence of
ATP resulted in an increase in the rate of O, consumption by
these cells, demonstrating thereby the coupling between HK-2
catalyzed reactions and the OXPHOS system, where the
strength of functional coupling was quantified by the glucose
index (Fig. 7). The same mechanism of aerobic glycolysis was
examined for undifferentiated and RA-treated N2a cells.
There were no significant differences between respiratory

states in these cell cultures. The confocal microscopy of im-
munostained preparations of undifferentiated and dN2a cells
revealed a similar degree for the HK-2-VDAC colocalization
(corresponding Pearson’s coefficients were measured as0.83

+0.07 and 0.84 +£0.07, respectively; Fig. 6b). These data,
along with the oxygraphic analysis of the functional coupling
between HK-2 and OXPHOS (Fig. 7), indicated that differen-
tiation of NB cells had no effect on the binding of HK-2 to
VDAC. It is important to emphasize that differentiation of
N2a cells has also no effect on the expression of 31I-tubulin,
a potential competitor for HK-2 for binding sites on the mito-
chondrial VDAC, in these NB cells (Fig. 3a).

Rates of maximal respiration and the permeability
of mitochondrial outer membrane for ADP in HL-1
and N2a cells

The current study showed the interaction of VDAC with HK-2
in both cardiac sarcoma and N2a cells (Fig. 6). Furthermore,
we demonstrated that a big part of total 3-tubulin and also B11I-
tubulin existed as non-polymerized forms (Fig. 1¢). Study on
N2a cells confirmed that during differentiation towards neu-
ronal cells, the 3II-tubulin expression remained at the same
level (Fig. 3a). Several studies have indicated that 3-tubulin
(Maldonado et al. 2010) blocks and HK-2 (Majewski et al.
2004) oppositely keeps VDAC in its open state. Therefore, to
clarify the possible role of 31I-tubulin and HK-2 in the regu-
lation of VDAC permeability for ADP, tumor cells were titrat-
ed with ADP (Fig. 8). Titration experiments showed that the
rates of maximal ADP-activated respiration (Vm) were lower
in HL-1 cells compared to NB, as well as the Vm did not
change during N2a cell differentiation. The affinity of mito-
chondria for ADP was similarly high in all cells, which indi-
cated that VDAC in tumor cells was in an open state. In ad-
dition, treatment of cells with the microtubule destabilizer
colchicine, and stabilizer taxol, did not reveal any changes in
VDAC permeability for ADP (Table 4).

Discussion

Recent discoveries in tumor biology propose that targeting of
cancer cell energy metabolism can be a novel and effective
strategy for suppression of tumor growth and metastasis
(Amoedo et al. 2014; Lamb et al. 2014, 2015; Lu et al.
2015). For a long time aerobic glycolysis (Warburg effect)
has been considered to be one of the characteristic features of
most human cancers (Aminzadeh et al. 2015; Palorini et al.
2014; Pedersen 2007a, b). Several studies have shown that
during cancer formation MOM permeability for ADP is altered
(Eimre et al. 2008; Kaambre et al. 2012; Kaldma et al. 2014;
Klepinin et al. 2014; Maldonado 2017; Maldonado et al. 2010).
There are possibly two mechanisms how the MOM
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Fig. 6 Confocal microscopy a
imaging of VDACI and
hexokinase-2 (HK-2) along with
their colocalization in HL-1 cells
(a); and colocalization of VDAC1
with HK-2 in undifferentiated
N2a (uN2a) and RA-treated N2a
cells (dN2a) (b) the cell nucleus
(blue, DAPI), HK-2 (red),
VDACI (green); bars are 10 pM

VDAC

uN2a

dN2a

permeability for nucleotides is regulated in cancer cells.
According to the Warburg-Pedersen model, in cancer cells the
HK-2 interacts with VDAC and this interaction results with
opened mitochondrial porin channel (Pedersen 2007b).
Another mechanism, proposed by Maldonado and co-workers,
states that free tubulin and protein kinases dynamically regulate
mitochondrial function in cancer cells, but not in untransformed
primary cells (Maldonado et al. 2010). Therefore, in the current

] UN2a, I (%=34.4 2.3
m— dN2a, Iy %= 312418
10 4 [ HL-1 cells, I %= 152+ 1.8

VO,, nmol/(min * mg protein)
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Fig. 7 Analysis of the coupling of hexokinase (HK) catalyzed processes
with OXPHOS in permeabilized HL-1 cells as well as in undifferentiated
(uN2a) and RA-treated N2a cells (dN2a). The efficiency of the coupling
between HK and OXPHOS was expressed by the glucose index (IgLu).
Here: Vo — basal respiration; glu — glucose; and Cyt ¢ — cytochrome c. All
data points are the mean from 5 independent experiments; error bars are
SEM. *- significant difference, p < 0.05
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study we hypothesized that HK-2 and (1I-tubulin compete
with each other for the VDAC binding site.

Previous studies have shown that the MOM permeability
for adenine nucleotides in CM(s) can be regulated through a
direct interaction of VDAC with cytoskeletal protein 1I-
tubulin (Guzun et al. 2012; Varikmaa et al. 2014). Cardiac
muscle cells exhibit high apparent Km values (360 +51 pM)
(Table 3) for exogenously added ADP and this apparent mi-
tochondrial affinity for ADP is not induced by intrinsic Mg?*-
ATPase activity (Appaix et al. 2003), but controlled by cyto-
plasmic proteins (Kuznetsov et al. 1996). In the current study,
we found that in HL-1 cardiac sarcoma cells most of the cy-
toskeletal protein tubulin 31I was present in the non-
polymerized form and some parts of this protein could be
associated with MOM (Fig. lc). Despite this, the permeability
of VDAC for ADP in these cells was high and was close to
values of those for isolated mitochondria, as well as rat fast-
twitch gastrocnemius w. muscle cells, where free 311-tubulin
was absent (Varikmaa et al. 2014).

Taxol give a long-term stability to assembled microtubules,
and decrease the free tubulin content inversely to the colchicine,
which inhibits microtubule polymerization and increases free
tubulin content in cells (Maldonado et al. 2010).). As mentioned
above, in neuroblastoma cell culture colchicine and taxol had no
effect on their bioenergetics parameters (Supplementary Fig. 4,
Table 4). From this, it can be concluded that the role of BII
tubulin in mitochondrial energy metabolism of N2a cell culture
is small or absent at all. In HL-1 cells colchicine lowered and
taxol oppositely raised mitochondrial respiration reserve capacity
(Fig. 5b). Our results showed that the mitochondrial respiratory
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Fig. 8 Apparent Km values and rates of maximal (Vm) ADP-activated
respiration for HL-1 cells (a) as well as for undifferentiated (uN2a) and
RA-treated N2a cells (dN2a) (b); bars are SEM, n=7

reserve capacity is dependent on the aggregation state of tubulin
only in HL-1 cells. The stabilization of microtubules by taxol
resulted in increased reserve capacity due to increased maximal
respiration. Depolymerization of tubulin, on contrary, decreased
respiratory reserve capacity by reducing maximal respiration.
Recently, other groups have got similar results on a study on
liver cancer cell line HepG2 (Maldonado et al. 2010). They
demonstrated that taxol and colchicine not only influenced the
cellular free/polymerized tubulin distribution, but also mitochon-
drial membrane potential. In addition, they found that the in-
crease of free 3-tubulin in cancer cells blocked VDAC perme-
ability for nucleotides, and this was the reason why liver cancer
tends to aerobic glycolysis. In addition, a study on HepG2
(Maldonado et al. 2010) cells demonstrated that in liver cancer
cells the increase of free (3-tubulin blocked VDAC permeability
for ADP. Nonetheless, in the current study on NB cells and HL-1
cells, such a role of 3-tubulin in the regulation of MOM perme-
ability was not observed (Table 4).

A possible reason why in HL-1 cells VDAC:s still remains in
an open state, is the interaction with HK-2. Indeed, previously
Majewski and co-workers demonstrated that in cancer cells HK
interaction with VDAC lead it open for adenine nucleotides
(Majewski et al. 2004). Based on the Warburg-Pedersen model
we have hereby shown, that in HL-1 cells there exists a tight
coupling between HK-2 and OXPHOS (Fig. 6b).

Similar results have been published by another group,
where they confirmed, that HK control energy metabolism
in these cells (Eimre et al. 2008). The other consequence of
the HK-VDAC interaction can result in the prevention of
binding of the pro-apoptotic proteins to VDAC, mediating
the increased resistance of malignant cells to apoptosis
(Pastorino and Hoek 2008).

Table 3 The rates of basal (Vo),

maximal (Vm) ADP activated Cells and tissues Vo Vm (ADP) Kin™ app M
respiration, as well as apparent
K., values for ADP for perme- Rat CM(s)® 931 13446 360+51
abilized adult rat cardiomyocytes Gastrocnemius white, no free BII-tubulin‘® - - 45+18
(CMs), N2a, and HL-1 tumor Rat heart mitochondria® - - 17.6+1
cells; these measurements were
performed in medium-B with HL-1 1.91+0.84 6.1£0.2 16.7+2.2
2 mM malate, 5 mM glutamate uN2a 3.38+0.12 8.55+£0.32 20+2
and 10 mM succinate, as respira- dN2a 4.07+0.46 88240235 3444
tory substrates Rat brain synaptosomes'® - 59+11 110+11
Isolated rat brain mitochondria‘® 14+4 36+7 10-20
Brain mitochondria +1 pM tubulin - - 169 +52

All rates of respiration were expressed as nmol O,/min/mg protein
 from (Anmann et al. 2006; Klepinin et al. 2014)

® from (Andrienko et al. 2003)
¢ from (Varikmaa et al. 2014)

9 from (Monge et al. 2008) 2 mM malate and 5 mM glutamate served as respiratory substrates, and tubulin was in

the form of o/f3-heterodimer
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Table 4 The influence of taxol

and colchicine treatment on the Cells and their treatments

K for ADP, uM + SEM; n = 4@

K" for ADP, uM + SEM; n = 4®

affinity of mitochondria for

exogenously-added ADP in HL-1 cells, control 16.7+2.2 -

undifferentiated (uN2a), retinoic HL-1, colchicine 16+2 _

acid differentiated (dN2a) and HL-1. taxol 25+ 5% B

HL-1 tumor cells
uN2a cells, control 2042 31.7+3.9
uN2a, colchicine 1542 24.6+3.7
uN2a, taxol 37+£3% 30.4+4.5
dN2a, control - 11.0+0.5
dN2a, colchicine - 123+£1.7
dN2a, taxol - 11.0+£1.1

Before respiratory studies these cells were treated for overnight® or for 20 min® with 10 M colchicine or
10 uM taxol. Such prolonged (for overnight) treatment of these cells with colchicine and taxol had no effect on the
number of viable cells (trypan blue exclusion assay), but was associated with a substantial (~50%) decrease in the
rate of their proliferation that was estimated by MTT assay

*- significant difference towards untreated cells; p <0.05

In the present study we noticed that the maximal rates of
ADP-activated mitochondrial respiration did not change during
the N2a cell differentiation (Fig. 8b), showing that RA does not
influence the quantity of mitochondria; this finding is in good
agreement with the recent study performed on human NB cells
(Xun et al. 2012). We (see data in Table 2) as well as Xun and
colleagues (2012), have demonstrated that RA-induced differ-
entiation increases mitochondrial respiratory reserve capacity in
NB cells, which is associated with their metabolism switching
from aerobic glycolysis into OXPHOS. Recently Maldonado
has hypothesized, that the regulation of MOM permeability for
ADP, where free tubulin plays an important role, is the main
switch between mitochondrial OXPHOS and glycolysis in ma-
lignant cells transformation (Maldonado 2017; Maldonado et
al. 2016; Maldonado and Lemasters 2014; Maldonado et al.
2010). For both undifferentiated and differentiated N2a cell
lines low apparent Km values for ADP were registered.

The treatment of NB cells with RA also did not increase their
mitochondrial respiration rate, the binding of HK-2 to VDAC
and its functional coupling with OXPHOS (Figs. 7 and 8b).
These results correlate with high affinity of mitochondria for
ADP in uN2a and dN2a cells. Altogether, binding of HK-2 with
VDAC in both N2a cell lines, as well as in HL-1 sarcoma cells,
could mediate their glycolytic phenotype. It has been shown
previously, that the total HK activity and the rate of glycolysis
of differentiated N2a cells are substantially higher as compared
with undifferentiated NB cells (Klepinin et al. 2014; Xun et al.
2012). The reason for this could be the elevated expression of
HK-1, which is the predominant isoenzyme in mature neurons
(Wilson 2003) and it can also bind to the mitochondrial VDAC
(Pastorino and Hoek 2008). Therefore, further studies are need-
ed to clarify the possible contribution of HK-1 to the total gly-
colytic capacity of NB cells.

The mitochondrial VDAC can be phosphorylated by dif-
ferent serine/threonine kinases in cancer cells, which can

@ Springer

regulate the level of the open or closed state of this channel.
It has been shown that HK-2 phosphorylation by serine/
threonine kinase Akt increases the HK binding to VDAC,
which leads to the open state of the channel (Majewski et al.
2004).

It has been reported (Simamura et al. 2008), that cancer
cells contain an increased number of VDACs per mitochon-
drion and, as a result, tumor mitochondria have an enhanced
binding capacity for HK-2 compared to normal differentiated
cells. In cancer and normal cells HK can only interact with
VDACI isoform (Anflous-Pharayra et al. 2007; Shoshan-
Barmatz et al. 2009). Maldonado and co-workers have report-
ed that VDACI is also a binding partner for 3-tubulin
(Maldonado et al. 2013). Furthermore, they noticed that in
HepG2 cells grown in normal conditions, another VDAC iso-
form VDAC2, was also occupied by {3-tubulin and this may
lead to the result by which most of VDAC channels stayed in a
closed state. According to our previous work most of VDACs
stay in CM in the closed state, due to their closure by BII
tubulin (Guzun et al. 2011; Varikmaa et al. 2014).

Monge and co-workers have demonstrated that the main
role of B1I-tubulin is to regulate VDAC permeability for ADP
in brain synaptosomes (Monge et al. 2008), but this is not the
only function of B1I-tubulin in neurons. A silencing study of
{BII-tubulin in NB cells revealed that 31I-tubulin plays an im-
portant role in neurite outgrowth (Guo et al. 2010). In the
current study, experiments with N2a cells revealed that al-
though the levels of BII-tubulin expression in undifferentiated
and RA-treated cells were almost the same, the intracellular
localization was different. Olmsted et al. showed, that there
are big differences between free and soluble tubulin amounts.
Tubulin assembled in differentiated cells was four to five
times greater than in nondifferentiated cells, constituting 48—
63% and 11-16% of the total tubulin pool in the respective
cell types (Olmsted 1981). In uN2a cells 311-tubulin is located
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around the nucleus, but during differentiation with RA some
part of BlI-tubulin is incorporated in neurites in these cells
(Fig. 4a). In addition, in this study, we established that both
class I and III B-tubulin expression is significantly lower in
differentiated N2a cells than in non-differentiated cells (Fig.
3). Tubulin BIII (TUBB3) has been reported to be expressed
in the mitochondrial membranes (Cicchillitti et al. 2008). It
has also been found, that BIII-tubulin is prominently
expressed during the fetal and postnatal development of brain
(Katsetos et al. 2003). Higher expression levels of B1II-tubulin
have been observed in malignancies like gliomas, ovarian and
lung cancer cells, in those tumors increased level of PBIII-
tubulin has been associated with their aggressive behavior
and high proliferative rates (Kanojia et al. 2015; Kavallaris
2010; Mariani et al. 2015; McCarroll et al. 2015a; McCarroll
etal. 2015b; Parker et al. 2016; Quaas et al. 2015). This isotype
also regulates cellular metabolism and glucose stress response
signaling to promote cell survival, proliferation in glucose star-
vation and decreases the reliance of cells on glycolytic metab-
olism (Parker et al. 2016). This tubulin isoform can be one of
the candidates involved in the tubulin dimers, which regulate
the mitochondrial outer membrane permeability.

The alternation of MOM permeability for ADP in cancer
cells is related to the reorganization of protein supercomplex
MI during carcinogens due to the changes in expression of its
components (Chekulayev et al. 2015; Chevrollier et al. 2005,
2010; Kaambre et al. 2012; Willers and Cuezva 2011). The
regulation of the mitochondrial outer membrane permeability
may be related to the presence of post-translational modifica-
tions in {3-tubulin, participation of other tubulin isoforms, in-
terplay between energy transfer pathways or changes in the
phosphorylation state of VDAC channels (Anmann et al.
2014; Rostovtseva and Bezrukov 2012; Sheldon et al. 2011;
Tepp et al. 2014; Varikmaa et al. 2014). It has been reported
that in adult rat CM(s), which have high Km value for ADP,
the spectrum of post-translational modifications of (3-tubulin
differs substantially from that in HL-1 cardiac sarcoma cells,
in which mitochondria have an increased affinity for ADP
(Belmadani et al. 2004). Significant differences in the profile
of B-tubulin post-translational alterations between mature
neurons and NB cells have also been observed (Song and
Brady 2015). These alterations could induce a decrease in
the capacity of binding of some (3-tubulin isotypes to
VDAC, and thereby loss of the cytoskeletal protein(s) role in
the regulation of the mitochondrial VDAC channel permeabil-
ity, which is characteristic for some oxidative muscle cells like
CMs, m. soleus, and gastrocnemius red (Guzun et al. 2015;
Varikmaa et al. 2014) and for mature neural cells (Monge et al.
2008). Moreover, it could be assumed that other (3-tubulin or
«-tubulin isoforms could also bind to VDAC and influence its
conductance (Anmann et al. 2014). At present, the levels and
profiles of expression of «-tubulins in malignant cells are
totally uncovered and it is also unclear whether tubulin post-

translational modifications could influence the interaction of
tubulin with VDAC. The permeability of VDAC may be in-
volved in the prevalence of the energy transfer pathway(s).
Differences in regulation of VDAC gating between HepG2
and N2a as well as HL-1 cells may be related to the presence
of MI key enzyme mitochondrial creatine kinase (MtCK) in
HepG2 cells (Uranbileg et al. 2014) and the absence of this
enzyme in HL-1 cell culture (Eimre et al. 2008) and N2a cells
(Klepinin et al. 2014). Thus, our results show that the regula-
tion of the MOM permeability is more complicated than pre-
viously proposed. It has been shown that in some cancers like
cardiac (Eimre et al. 2008) and skeletal muscle sarcoma (Patra
et al. 2008), neuroblastoma (Klepinin et al. 2014), colorectal
cancer (Kaldma et al. 2014) and prostate cancer (Amamoto et
al. 2016) MtCK is downregulated. In CM with low permeabil-
ity of MOM for ADP, was found, that MtCK is tightly coupled
with OXPHOS due to the interaction with ANT (Timohhina et
al. 2009). In CM and skeletal muscles it has been demonstrat-
ed that addition of Cr increases MOM affinity for ADP, but
such an effect of Cr on MOM permeability was not observed in
glycolytic muscles. This phenomenon may take place due to
low expression of MtCK on fast twitching muscles (Varikmaa
et al. 2014). Our current and previous studies have shown that
in colorectal cancer and cardiac sarcoma cells the apparent Km
of ADP is lower as compared to their normal tissues (Eimre et
al. 2008; Kaambre et al. 2012; Kaldma et al. 2014). These
results correlate with the downregulation of MtCK in those
cells (Eimre et al. 2008; Kaldma et al. 2014; Klepinin et al.
2014). A study on MtCK knockout mice confirms this assump-
tion (Kaasik et al. 2001). It has been found that in the MtCK
knockout heart muscle the increased permeability of MOM for
ADP is 2.5 times. In previous studies on breast cancer and
gastric cancer it has been shown that in those cancers MtCK
coupled with OXPHOS, and in gastric cancer addition of Cr
increased MOM permeability for ADP (Gruno et al. 2006;
Kaambre et al. 2012). The interplay between energy transfer
pathways, and different binding sites for tubulin and hexoki-
nase to VDAC may be one of the reasons of the high metabolic
plasticity of cancer cells, where the selection of metabolic phe-
notypes leads to growth and invasive advantages.

Conclusion

The process of the regulation of mitochondrial outer mem-
brane permeability is more complicated and not only based
on binding between the VDAC channel and one type of a
protein molecule. The current study demonstrates that the
presence of mitochondrially bound HK-2 can mediate the
“Warburg” behavior of murine NB(s) and cardiac sarcoma
cells. Our experiments demonstrated that 3II-tubulin plays a
minor role in the regulation of energy metabolism in sarcoma
cells, in contrast to cardiac and slow-twitch skeletal muscle
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cells. Based on our results it can also to be concluded, that the
binding sites in the composition of MI for tubulin and hexo-
kinase must be different in cancer cells. The alternations in
MOM permeability for adenine nucleotides seem to be a char-
acteristic feature of malignant tumors and understanding of
this regulation still requires further work.
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Abstract: This study aimed to characterize the ATP-synthesis by oxidative phosphorylation in
colorectal cancer (CRC) and premalignant colon polyps in relation to molecular biomarkers KRAS
and BRAF. This prospective study included 48 patients. Resected colorectal polyps and postoperative
CRC tissue with adjacent normal tissue (control) were collected. Patients with polyps and CRC were
divided into three molecular groups: KRAS mutated, BRAF mutated and KRAS/BRAF wild-type.
Mitochondrial respiration in permeabilized tissue samples was observed using high resolution
respirometry. ADP-activated respiration rate (Vmax) and an apparent affinity of mitochondria to
ADP, which is related to mitochondrial outer membrane (MOM) permeability, were determined.
Clear differences were present between molecular groups. KRAS mutated CRC group had lower
Vmax values compared to wild-type; however, the Vinax value was higher than in the control group,
while MOM permeability did not change. This suggests that KRAS mutation status might be involved
in acquiring oxidative phenotype. KRAS mutated polyps had higher Viax values and elevated MOM
permeability as compared to the control. BRAF mutated CRC and polyps had reduced respiration and
altered MOM permeability, indicating a glycolytic phenotype. To conclude, prognostic biomarkers
KRAS and BRAF are likely related to the metabolic phenotype in CRC and polyps. Assessment of the
tumor mitochondrial ATP synthesis could be a potential component of patient risk stratification.

Keywords: energy metabolism; colorectal cancer; colorectal polyps; mitochondria; oxidative
phosphorylation; KRAS; BRAF
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1. Introduction

Colorectal cancer (CRC) is the leading cause of premature cancer death worldwide, prompting the
urgent need to develop more effective treatment strategies. CRC is a heterogeneous disease and presents
distinct subtypes with different molecular and pathological features. The majority of sporadic CRC
typically develops progressively from premalignant precursor lesions, known as polyps, to malignant
tumors. Most colorectal polyps are harmless, but some can develop (by not fully understood
mechanisms) into malignant invasive adenocarcinomas. According to modern concepts, CRC is
triggered by various molecular events in several proto-oncogenes (such as the PIK3CA, p53, KRAS,
BRAF and c-MYC genes) and tumor suppressor genes (such as the APC, PTEN, SMAD4 genes) [1-3].
The malignant transformation of cells, including colon epithelium, is accompanied by strong alterations
(reprogramming) of metabolic pathways involved in energy production and biosynthesis that promote
tumor growth and metastasis [4—6]. A better understanding of the pathogenesis of CRC, the metabolic
heterogeneity of emerging polyps and potential drivers is very important to develop new prognostic
markers and successful agents for the prevention and treatment of this disease.

Transcriptome-based classification has been used in CRC as it can better describe the behavior of
the tumors. The international CRC Subtyping Consortium classifies CRC into four consensus molecular
subtypes (CMSs), each with distinct features: CMS1 (hypermutated, microsatellite instability (MSI),
BRAF mutation, and immune infiltration and activation); CMS2 (epithelial, WNT and MYC signaling
pathway activation); CMS3 (metabolic dysregulation, KRAS mutations); and CMS4 (transforming
growth factor beta activation, stromal invasion, TGFf activation, and angiogenesis) [7]. Although
transcriptome profiles are not associated with specific mutations, the frequency of KRAS mutation
varies among the CRC subtypes (23% in CMS1, 28% in CMS2, 68% in CMS3, and 38% in CMS4), these
data suggest mutations may drive distinct programs of metabolism gene expression [7]. Mutations in
KRAS or BRAF genes appear to play an important role in the regulation of metabolic reprogramming
in multiple cancers, including CRC [8-11]. In this study, two established and common prognostic
biomarkers in CRC were investigated: KRAS and BRAF mutation status. Mutation in BRAF codon
600 of exon 15 (V600E) is associated with unfavorable prognosis [12]. Activating KRAS mutations in
codon 12 and 13 of exon 2, which is common in CRC (30-50% of tumors), are associated with poorer
survival and response to chemotherapeutics [13,14]. Our study aims to contribute to understanding
how prognostic biomarkers KRAS and BRAF are correlating to cellular metabolic phenotypes in the
course of CRC carcinogenesis.

The metabolism of cancer cells is specially adapted to meet their needs to survive and proliferate
in both well oxygenated and hypoxic microenvironments. To date, transcriptomics and metabolomics
studies have shown the coexistence of three distinct cellular metabolic phenotypes that exist in
cancer cells, which are characterized by the following predominant states: glycolytic (aerobic
glycolysis, so called Warburg phenotype [15]), oxidative (energy production relying mainly on
oxidative phosphorylation, OXPHOS), and hybrid (both OXPHOS and glycolysis can be active
simultaneously). Normal cells exhibit only glycolytic and oxidative states [16-18]. Premalignant
polyps and arising adenocarcinomas are still regarded as highly glycolytic tumors of the Warburg
phenotype [19-21]. Previous studies indicate that although polyps have higher inclination to aerobic
glycolysis, the metastatic carcinomas maintain high rates of O, consumption (much more than adjacent
normal tissues) and exhibit obvious signs of stimulated mitochondrial biogenesis [6,22-24]. In this
regard, we assume that upon malignant transformation, there is a selection of specific cell clones that
have stimulated mitochondrial biogenesis and, as a result, have elevated aggressiveness. Among
patients with CRC, a high level of mitochondrial respiration of tumor samples have been found to be
associated with reduced survival [25].

As part of cancer bioenergetic studies, analysis of OXPHOS with high-resolution respirometry
can be applied to study the mechanisms of this key element in cellular bioenergetics. Investigating the
dependency of adenosine diphosphate (ADP)-dependent respiration rate on ADP concentration in
tissue samples can provide two fundamental characteristics for OXPHOS: a maximal ADP-activated
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respiration rate (Vmax), and an apparent affinity of mitochondria for exogenous ADP expressed as
apparent Michaelis-Menten constant Km (Kp, (ADP)). Our previous experiments showed that the
Vmax value for CRC cells is significantly higher than in cells in healthy colorectal control tissue
showing more active ATP-synthesis by OXPHOS. This finding corresponds well with differences in the
content of mitochondria in these cells (the number of mitochondria in CRC is almost two times higher
than in healthy tissue) [6,25]. The changes in K;,,(ADP) show changes in tissue-specific intracellular
complexity in terms of energy transport and regulation of mitochondrial outer membrane (MOM)
permeability. For the operation of OXPHOS, the flux of respiratory substrates, ATP, ADP and Pi
through MOM is regulated by the voltage-dependent anion channel (VDAC) permeability control.
In the closed state, VDAC is impermeable to adenine nucleotides [26,27]. Several studies have shown
that during carcinogenesis the VDAC permeability for ADP is altered [22,28-30]. The cell-specific
differences in Ki,(ADP) are likely due to specific structural and functional organization of energy
metabolism. For example, cells with a low Ky,,(ADP) value (~10 uM) like glycolytic muscle, possess
less structural and functional obstacles for movement ADP/ATP though MOM as compared to the
oxidative muscles (~300 uM) [31]. Known Ky, (ADP) values for CRC measured for tumor tissue are
about 100 uM [22,25], implying existence of some restrictions for ADP passing VDAC. The sensitivity
of the mitochondrial respiration for exogenous ADP in cell cultures is very high (low Ky, (ADP) values)
and is similar to isolated mitochondria [25,28,32-34], which suggests the need to investigate cancer
energy metabolism directly in fresh clinical material. To our knowledge, there is no data on the rate of
OXPHOS and its regulation in colon polyps. Assessment of OXPHOS status of this pathology enhances
our understanding of colon carcinogenesis.

Thus, the main goal of our study was to characterize the functional activity of mitochondrial
OXPHOS among premalignant polyps and CRC, taking into account their KRAS and BRAF mutation
status. To date, it has been shown that KRAS and BRAF mutations increase the glycolytic capacity
of tumor cells and their glutaminolysis [8,35]. In our work, the function of the OXPHOS system was
analyzed by means of high-resolution respirometry using freshly prepared postoperative tissue samples.

2. Results and Discussion

Cancer metabolism profoundly differs from normal cellular metabolism, and interrelated
connections between cancer mitochondrial respiration and oncogenic driver genes like KRAS and
BRAF are relatively unexplored. Somatic mutations involving the GTP-ase RAS protein family and
its downstream serine/threonine-protein kinase BRAF lead to loss of cell cycle regulation at key
checkpoints and are the main driver mutations for colorectal carcinogenesis [36]. KRAS mutations
are detected in approximately 40% of all CRC patients, suggesting the importance of KRAS in tumor
development [37]. The KRAS mutation is an early event in CRC and most KRAS mutations are located
in codons 12 and 13. However, at least 5-10% of CRCs are believed to initiate via acquiring activating
mutations in the BRAF oncogene [38]. Mutations of KRAS and BRAF are usually mutually exclusive.
Although the existence of intertumoral heterogeneity in CRC is well established and illustrated by
molecular subtyping [7], pure genome or transcriptome data are not sufficient to describe the final
in situ modifications and the final outcomes of pathways or cellular processes [25]. The purpose of
this study was to determine the activity of ATP production by OXPHOS in human tissues during the
development of CRC from normal colon tissue to polyps and cancer, depending on the status of BRAF
and KRAS mutations.

To characterize ATP-synthesis by OXPHOS during CRC carcinogenesis we used high resolution
respirometry to measure the rate of maximal ADP-activated respiration (Vmax). We also used apparent
Km values for exogenously added ADP (K, (ADP)) using permeabilized postoperative tissue (CRC,
colon polyps and normal colon tissue). Our previous studies showed that OXPHOS can be a significant
supplier of ATP in CRC because its Viax values (corresponding to the number of mitochondria) were
almost two times higher than in surrounding normal tissues [6,39,40]. Among all the studied groups,
the wild-type tumor showed the highest Vinax, while these values measured for BRAF or KRAS mutated
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tumors were significantly lower (Figure 1A, Tables S1 and S2). This reveals involvement of oncogenic
KRAS and BRAF in metabolic reprogramming of colon mucosa and confirms their role in shifting CRC
metabolism to a more glycolytic type. Furthermore, in contrast to the results from an in vitro study
conducted by Yun et al.—done with CRC cell cultures where oxygen consumption in cells with mutant
KRAS or BRAF alleles was similar to that in cells with wild type alleles of these genes [41]—we saw a
difference in Vax values between BRAF mutated and KRAS mutated tumors (Figure 1A, Tables S1
and S2). Interestingly, the Vimax of BRAF mutated tumors was similar to that in control tissues. These
results suggest a distinct role of mutated KRAS and BRAF in affecting mitochondrial biogenesis and
likely tissue differentiation as well.

In colorectal polyps, the Vimax pattern largely followed that of the respective tumors. The respiration
rates in polyps in KRAS mutated and wild-type molecular groups showed remarkably higher Vmax
values than the control tissue (Vmax values 2.19 + 0.19 and 1.95 + 0.28 for KRAS mutated and wild-type
group, respectively, p < 0.001 and p = 0.004 as compared to the control group (Tables S1 and S2).
Polyps that had acquired the BRAF mutation showed a tendency to have lower OXPHOS rates (Vmax
1.41 + 0.27) than in mutated KRAS and wild-type groups. Similar to the BRAF tumor group, polyps
with mutated BRAF did not show a difference with the control tissue (Figure 1, Tables S1 and S2).
This suggests that alterations in mitochondrial biogenesis is a very early event and already happens in

the pre-malignant stage.
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Figure 1. Regulation of mitochondrial respiration in KRAS+, BRAF+ and wild-type tumors and
control. (A) Comparative analysis of maximal ADP-activated respiratory rate (Vmax) and (B) the
apparent Michaelis-Menten constant (K, (ADP)) values for ADP. KRAS+: KRAS mutated; BRAF+:
BRAF mutated; WT: wild type; CRC: colorectal cancer; Control: control tissue. * p < 0.05; ** p < 0.01.

Maintaining high functional activity of OXPHOS may be necessary because cancer cells with a
very low respiration rate cannot form tumors [42]. At the same time, a certain reduction in respiration
may be useful for the functioning of signaling molecules, the synthesis of anabolic precursors and other
typical aspects of cancer phenotypes [43]. Thus, functional OXPHOS is important in both proliferating
and non-proliferating cells, but each situation will emphasize its unique functional aspects [42]. It has
been shown that the metabolic profile of cancer cells in culture can have significant variations as
a consequence of the culture conditions [25]. In general, cells growing in a glucose-free medium
display relatively high rates of oxygen consumption, whereas cultivation in a high-glucose medium
results in hyperglycolytic cells together with declined respiratory flux [44—48]. Therefore, for the
study of OXPHOS in human tumors, the use of postoperative tissue material is likely to be a more
suitable approach.

To investigate possible regulatory alterations affecting OXPHOS during carcinogenesis,
we estimated apparent affinity mitochondria for ADP. In all CRC and polyp groups, the corresponding
Km(ADP) value was determined and the measured values (Figure 1B, Tables S1 and S2) were
found to be 4 to 8 times higher than in isolated mitochondria (15 uM, measured by Chance and
Williams [49,50]). This finding points to the existence of restrictions for the movement of ADP through
mitochondrial membranes. The OXPHOS system is located in the inner mitochondrial membrane



Cancers 2020, 12, 815 50f 14

and the ADP/ATP carrier has the function of crossing the adenine nucleotides through the membrane
into the mitochondrial matrix. In our previous study, we applied metabolic control analysis on
ATP-synthasome which consisted of the respiratory system, ATP-synthase, ATP/ADP carrier and Pi
transporter, all in CRC tissue. In the framework of metabolic control analysis and by using specific
inhibitors, the rate of effect each enzyme has in a pathway (flux control coefficients) can be determined.
This analysis showed that the main control over ATP-synthesis by OXPHOS (the highest flux control
coefficients) in CRC relied on respiratory complexes I and III and Pi transporter. Inhibition of the
ADP/ATP carrier had no major rate-limiting effect on ATP synthesis by OXPHOS [26]. Thus, we
assumed that the considerable control over ability of exogenous ADP to influence respiration was
mainly dependent on ADP passage through MOM in CRC. The comparison of Ky, (ADP) values for
KRAS mutated, BRAF mutated and wild-type tumors did not reveal any substantial differences. In all
CRC groups the Km(ADP) values for tumor and control tissue were similar. Our previous study
showed that we can distinguish two different populations of mitochondria in control tissue—what
we believe could be a mucosal population with lower K, (ADP) (75 + 4 pM), and the smooth muscle
population with a much higher K,,(ADP) value (362 + 60 uM) [25]. This is in good agreement with
our preliminary results obtained from separately measured colon smooth muscle and mucosa (259
+ 35 uM and 118 + 11 pM, respectively). To estimate the percentage of mitochondria with highly
regulated (oxidative) and unregulated (glycolytic) MOM permeability, we applied the mathematical
model used for muscle cells and adapted it to tissues studied by us. According to the model proposed
earlier [51], the hypothetical percentage of low oxidative capacity mitochondria in tissue is calculated
from the Ky, (ADP) value as an inverse asymptotic dependence. Percent of low oxidative capacity of
mitochondrion demonstrates the metabolic shift to glycolytic state in all colon polyps, but not in KRAS
mutated and wild-type tumors compared to control tissue (Table 1, Tables S1 and S2). The changes
in glycolytic markers have been observed in the early premalignant colorectal mucosal field and
these changes would be expected to promote increased glycolysis [19]. The Ky,,(ADP) values in polyp
molecular groups were 55.3 + 7.4 uM, 52.5 + 4.7 uM and 60.1 + 6.3 uM for KRAS mutated, BRAF
mutated and wild-type group, respectively. These were lower than in control tissue (Tables S1 and
52), which indicates significant changes in regulation MOM permeability. Interestingly, despite the
similar Vimax values in KRAS mutated polyp and CRC groups, the difference in Ky, (ADP) between
these groups was significant, p = 0.014 (Tables S1, S2 and Figure S1). Our findings of the relatively
low Ky, value for ADP for colorectal polyps suggest an early metabolic reprogramming towards the
glycolytic phenotype with functional OXPHOS.

Table 1. Modelled percentage of low oxidative capacity of mitochondrion in KRAS+, BRAF+ and
wild-type tumors and controls.

Sample % of Low Oxidative Capacity of Mitochondrion
KRAS tumors 28.1
KRAS polyps 65.9
BRAF tumors 43.0
BRAF polyps 68.6
Wild-type tumors 324
Wild-type polyps 61.7
All controls 29.0

The results of the current study confirm our previous findings, indicating that in cancer
tissues, the regulation of MOM permeability to adenine nucleotides is different from that in normal
cells [25,28,29]. Proteins that could regulate the VDAC permeability for adenine nucleotides in
colonocytes and corresponding cancer cells are still unknown. There are two possible mechanisms
proposed for this regulation. According to the first model, cancer cells due to overexpression of
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mitochondrially-bound hexokinase 2 support high permeability of the VDAC to adenine nucleotides
and direct the ATP formed in mitochondria to the glycolytic pathway. As a consequence, the aerobic
glycolysis is facilitated and malignant metabolic reprogramming occurs [52,53]. The second model
involves the inhibition of VDAC by free tubulin to limit mitochondrial metabolism in cancer cells [30,54].
The possible candidates are pIlI-tubulin and y-tubulin. pIII-tubulin acts as a marker of cancer
aggressiveness, and y-tubulin formed meshwork has been shown to be associated with mitochondrial
membranes [29,55,56]. However, the regulation of energy metabolism through control over metabolites
and energy fluxes that pass through the MOM is only one aspect of the possible role of VDAC influencing
carcinogenesis. VDAC1—the major mitochondrial protein expressed in mammals and functions in
metabolism, Ca%t homeostasis, apoptosis and other activities—is regulated via its interaction with
many proteins associated with cell survival and cellular death pathways. VDACT1 is overexpressed in
many cancers and represents a promising cancer drug target (reviewed in [57,58]). The mechanistic
understanding behind the changes in Ky, (ADP) during CRC carcinogenesis observed in the current
study and connections with other functions of VDAC require further investigation.

Further, we analyzed whether the observed changes in Vmax and Ky, (ADP) values are related to
tumor location. CRC is more frequently observed in the distal colon (left colon, from splenic flexure
to rectum) than in the proximal side (right colon, from the cecum to transverse colon [59]). In the
current study, the distal and proximal tumors were presented almost equally—20 and 24 samples,
respectively. Studies have shown that tumors arising from the left and right colon are distinct in their
epidemiology, biology, histology and microbial diversity [59,60]. In the current study, comparing all
the distal and proximal tumors showed differences in K, (ADP) but not in Vimayx values (Figure 2A).
A study including 57,847 patients showed proximal patients had better outcomes than those with
distal CRC in several subgroups including stage II disease, patients aged >70 years and mucinous
adenocarcinoma [61]. Inside the KRAS mutated group, proximal and distal tumors were compared to
see the potential effect of cancer location on metabolic changes. No statistically significant difference
between Vyax and K (ADP) values comparing proximal and distal tumors in the KRAS mutated group
(Figure 2B) was seen. The location of a tumor did not have an effect on the mitochondrial respiration
in the KRAS mutated group and all observed alterations were related to the KRAS status of the tumor.
All BRAF mutated tumors were located in the proximal side.

200 3,0 180 3,0

A — Ky (ADP) w| B =Ky (ADP)

1 Vimax 25 £ CVmax 25 2
£ 140 2

150 g H
20 B 120 t2o &
z g : g
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Figure 2. (A) In the current study, a comparison of all distal and proximal tumors showed a difference
in Ky (ADP) values, but not in Viax. (B) Vimax and K (ADP) values comparing proximal and distal
tumors in the KRAS mutated group. ** Significant difference, p < 0.01.

All together, we found that colon polyps and colon tumors had higher rates of maximal
ADP-activated respiration (a marker of mitochondrial mass) than normal colon tissue (Figure 1A,
Tables S1 and S2). BRAF mutant tumors and polyps exhibited lower Vpyax values than KRAS mutated
lesions and they had a relatively high percentage of mitochondria with low control over the movement
adenine nucleotides through MOM (Table 1). Therefore, it is most likely that lesions with BRAF
mutations have higher glycolytic activity, which is confirmed by some published data [62]. In contrast
to the BRAF mutated lesions, KRAS mutated polyps showed signs of stimulated mitochondrial
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biogenesis and upon progression could give highly metastatic malignant tumors (i.e., polyps with
this energetic phenotype can be more prone to tumor formation). This was unexpected, since the
transformed cells carrying the KRAS gene mutations were characterized by an increased glycolytic flow
associated with the over-expression of glucose transporter 1 (GLUT1) and hexokinase 2 and reduced
oxygen consumption due to mitochondrial dysfunction in cell cultures [41,63,64]. Our previous studies
demonstrated that the oxygen consumption in vitro significantly differed compared to what occurred
in vivo [25]. Moreover, the rate of oxidative ATP production of the tumor seems to be a prognostic
marker for cancer survival and metastatic potential [22]. The estimation of KRAS or BRAF mutation
status in colorectal pre- and neoplastic lesions could be a predictor of their response to drugs affecting
the OXPHOS. Recently, a new class of anticancer drugs called “mitocans” was proposed. These
affect different mitochondrial-associated activities including ATP/ADP carrier, hexokinase, electron
transport/respiratory chain inhibitors, and others [65].

3. Materials and Methods

3.1. Reagents

Unless otherwise indicated, all chemicals were purchased from Sigma-Aldrich Chemical Com.
(St. Louis, MO, USA) and were used directly without further purification.

3.2. Clinical Material

All tumor patients examined (1 = 33 with ages ranging from 38 to 91 years) had local or locally
advanced disease (T2-4 NO-1, M0-1). The patients in the study had not received prior radiation or
chemotherapy (Table 2). All subjects gave their informed consent for inclusion before they participated
in the study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol
was approved by the Medical Research Ethics Committee (National Institute for Health Development,
Tallinn, Estonia) of nr.1728.

Table 2. Clinicopathological patient characteristics of the colon cancer and polyps cohort.

Characteristics n
Total patients 48
Females 19
Males 29
Age at diagnosis
Mean 72
Median 74
Range 38-91
Stage of tumor
I-1I 15
1I-1v 9
Unknown 9

Molecular subtype of tumor

KRAS mutated 13
BRAF mutated 6
KRAS and BRAF wild-type 14
Molecular subtypes of polyps
KRAS mutated
BRAF mutated 2

KRAS and BRAF wild-type 9
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CRC post operational and normal tissue samples (0.1-0.5 g) were provided by the Oncology
and Hematologic Clinic at the North Estonia Medical Centre (NEMC, Tallinn, Estonia). Pathology
reports were obtained by the NEMC for each tissue sample. Only primary tumor samples were
examined. All investigations were approved by the Medical Research Ethics Committee (National
Institute for Health Development, Tallinn, Estonia) and were in accordance with Helsinki Declaration
and Convention of the Council of Europe on Human Rights and Biomedicine.

Normal tissue samples were taken from the same location at sites distant from the tumor and they
were evaluated for presence of malignant cells. The adjacent control tissues consisted of colonocytes
and smooth muscle cells.

Patients with colorectal polyps (1 = 15) (Table 2) were consecutive patients undergoing a
colonoscopy for resection of the polyps at the West Tallinn Central Hospital. After removal, tissue
samples were immediately placed in medium B, which consisted of the following: 0.5 mM EGTA,
3 mM MgCl,, 60 mM K-lactobionate, 20 mM taurine, 3 mM KH,POy, 110 mM sucrose, 0.5 mM
dithiothreitol, 20 mM HEPES, 5 uM leupeptin, 2 mg/mL fatty acids free bovine serum albumin (BSA),
pH 7.1. All polyps were analyzed immediately after the colonoscopy with quick cancer tests. Only
part of the cancer negative polyps was subjected to further analysis for OXPHOS. Due to the limited
amount of fresh tissue, KRAS and BRAF mutation analyses were performed using Formalin-Fixed
Paraffin-Embedded (FFPE) samples.

3.3. Preparation of Skinned Tumor Fibers and Permeabilization Procedure

Immediately after the surgery, the tissue samples were placed into pre-cooled (4 °C) medium A,
which consisted of 20 mM imidazole, 3 mM KH,POy, 0.5 mM dithiothreitol, 20 mM taurine, 4 mM
MgCl,, 100 mM 2-morpholinoethanesulfonic acid, 2.74 mM K,Ca-EGTA, 4.72 mM K,-EGTA, 5 uM
leupeptin and 2 mg/mL BSA [39]. The samples were dissected into small fiber bundles (10-20 mg) and
permeabilized in the same medium with 50 ug/mL of saponin. They were mildly stirred for 30 min at
4 °C [39,66]. The obtained permeabilized (skinned) fibers were then washed three times for 5 min in
pre-cooled medium B (without leupeptin). After that, samples were kept in medium B at 4 °C until
use. The typical dimension of skinned fibers was about 2 X 2 X 2 mm, and one of these pieces was
used in oxygraphic experiments.

3.4. Oxygraphic Measurements

Mitochondrial respiration of permeabilized tissue samples was measured at 25 °C in medium B
supplemented with 5 mM glutamate, 2 mM malate and 10 mM succinate, with respiratory substrates
using a high-resolution respirometer Oxygraph-2k (Oroboros Instruments, Innsbruck, Austria) as
described previously [66,67]. The solubility of oxygen at 25 °C was taken as 240 nmol/mL [68].
All respiration rates were normalized per mg dry weight of tissue. To determine the apparent affinity
of mitochondria to exogenous ADP (K, (ADP)), the dependence of respiration rate on exogenous ADP
was measured (Figure 3A). The obtained data were plotted as rates of O, consumption (the basal
respiration rate of respiration was subtracted) versus ADP concentration and Ky (ADP) and Vmax values
were calculated from these plots by nonlinear regression using Michaelis-Menten equation [69,70]
(Figure 3B). Additionally, plotting the data to double reciprocal plot gives information about presence
of different mitochondrial populations with differently regulated MOM.
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Figure 3. Different kinetics of regulation of mitochondrial respiration by exogenous ADP in colon
tissue. (A) Recording of original traces of O, consumption by permeabilized colorectal cancer (CRC)
tissue upon additions of increasing concentrations of ADP. CAT stands for carboxyatractyloside; CyoC
stands for cytochrome C. (B) The measured respiration rates were plotted vs ADP concentrations, and
from this plot corresponding Vmax and Ky, (ADP) values were calculated by nonlinear regression using
Michaelis-Menten equation. There was a marked difference in ADP kinetics between wild-type CRC,
colon polyps and normal colon tissue (control).

3.5. DNA Extraction

DNA from formalin-fixed paraffin-embedded tissue (FFPE) samples was extracted using ZYMO
Quick-DNA™ FFPE Kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s instructions.
DNA concentrations and quality were measured using the NanoDrop 2000 spectrophotometer (Thermo
Scientific, Waltham, MA, USA).

3.6. KRAS and BRAF Mutation Analysis

Mutations in BRAF codon 600 of exon 15 (V600E) and KRAS codon 12 and 13 of exon
2 were screened using High-Resolution Melt (HRM) analysis. Briefly, a 10 pl reaction mix
contained 1x HOT FIREPol® EvaGreen® HRM Mix (Solis BioDyne, Estonia), 250 nM of sense and
antisense primers (KRAS-antisense, 5'- AAATGACTGAATATAAACTTGTGGTAGT-3’; KRAS-sense,
5’- TGAATTAGCTGTATCGTCAAGGCACT-3’; BRAF-antisense wild-type, 5 -cgccgegegccAAAATAG
GTGATTTTGGTCT-3’; BRAF-antisense mutation, 5-TAAAAATAGGTGATTTTGGTCTAGCTACA-3’;
BRAF-sense, 5'- CCACAAAATGGATCCAGAC AACTG 3’) and 100x dilution of PCR amplification
product. PCR amplification and HRM analysis were performed with Rotor-Gene 6000 (QIAGEN) and
consisted of an initial 15 min denaturation step at 95 °C, followed by 45 cycles at 95 °C for 10 s, 54 °C
for 10 s and 72 °C for 15 s, with a final extension at 72 °C for 3 min. The resulting PCR products were
heated at 95 °C for 1 min and cooled to 40 °C to facilitate heteroduplex formation. HRM analysis was



Cancers 2020, 12, 815 10 of 14

performed from 62 °C to 92 °C with a 0.1 °C step. The results were analyzed using Rotor-Gene 6000
software and unknown samples were compared to control samples with known genotypes.

3.7. Data Analysis

Data in the text, tables and figures are presented as mean + standard error (SEM). Results were
analyzed by Student’s t-test and p-values < 0.05 were considered statistically significant. Apparent Ky,
values for ADP were measured by fitting experimental data to a non-linear regression (according to a
Michaelis-Menten model equation, as shown in Figure 3).

4. Conclusions

While many studies have characterized the metabolic phenotype of CRC cell lines, it is important
to understand the metabolic reprogramming in clinical material. Our findings confirm that early
changes in mitochondria respiration occur in CRC carcinogenesis and precede the development of
pre-cancerous lesions. Mitochondrial respiration differs in KRAS, BRAF mutated and wild-type tumor
groups, confirming that oncogenes may affect the metabolic requirements of cancer cells. In common
polyps, it still remains unclear whether the specific metabolic requirement of tumor cells is dictated by
oncogenes or if they change dynamically during tumor evolution. Mitochondrial biogenesis, involved
in mitochondrial respiration rate, may be developed to be the prognostic marker for cancer prognosis.
As there are profound differences in mitochondrial respiration, the assessment of the metabolic profile
of CRC polyps and tumors has the potential to become a component of patient risk stratification.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/4/815/s1,
Figure S1: Regulation of mitochondrial respiration in KRAS+, BRAF+ and wild-type tumors and controls, Table S1:
The maximal ADP-activated respiration rates (Vmax) comparison by molecular groups. Respiration rates are
given in nmol O2/(minxmg dry weight), Table S2: Km comparison by molecular groups.
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Abbreviations

ADP adenosine diphosphate

CMS consensus molecular subtype
CRC colorectal cancer

Km Michaelis—-Menten constant

Km(ADP)  apparent affinity of mitochondria for exogenous ADP
OXPHOS  oxidative phosphorylation

MOM outer mitochondrial membrane

VDAC voltage-dependent anion channel

Vmax maximal-ADP-activated respiration rate
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