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Introduction

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

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

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

1.1 Colorectal Cancer Development

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

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

a) mutations in proto-oncogenes;

b) mutations or deletions reducing the activity of tumour suppressor genes;

¢) mutations damaging genes involved in the DNA repair system (Shussman &

Wexner, 2014).
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Figure 1: Genetic alterations initiating the development of colorectal cancer. (A) Colorectal cancer
starts with hyperproliferation of cells in the colon or rectal wall, forming benign polyps. As polyps
grow, the cells develop high-grade dysplasia and can finally penetrate the colon wall and invade
nearby tissues. (B) Different genetic alterations affect the development of colorectal cancer from
adenomas or sessile serrated polyps. The adenomatous pathway involves mainly mutations in the
APC, KRAS, and p53 genes, while BRAF mutations often initiate the serrated pathway.
Tumourigenesis is frequently accompanied by microsatellite instability (MSI) caused by impaired
DNA mismatch repair. Created with BioRender.com.

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

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

Point mutations in KRAS and BRAF oncogenes are some of the most well-characterized
genetic alterations in CRC development and are used in clinical settings as prognostic and
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predictive biomarkers (Kocarnik et al., 2015). For a long time, mutations in these genes
were considered mutually exclusive; however, recent evidence suggests that, although
rarely, they can occur concomitantly in some patients (Midthun et al., 2019).

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

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

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

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

13
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Figure 2: The three tumourigenic pathways downstream of KRAS mutation. Point mutations in the
KRAS gene promote cell proliferation, differentiation and survival by activating the PI3K/AKT/mTOR
pathway, the MAPK pathway, or the NF-xB pathway. Created with BioRender.com.

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

1.2 Mitochondrial Respiration

Mitochondria are the double membrane organelles in cells. Although they are mainly
known as the powerhouses of the cell, mitochondria have many distinct responsibilities
and contribute to several cellular processes. In addition to being a site for oxidative
phosphorylation (OXPHOS), mitochondria are also a location for many anabolic pathways.
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Furthermore, mitochondria regulate apoptosis and Ca** homeostasis while contributing
to cellular signalling pathways through reactive oxygen species (ROS) production (Herst
et al,, 2018; Simula et al., 2017).

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

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

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

1.2.1 The Role of Mitochondria in Tumourigenesis

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

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

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

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

Mitochondria also support the rapid proliferation of cancer cells by housing several
anabolic pathways within the mitochondrial matrix. For example, the TCA cycle and
folate-mediated one-carbon metabolism enable cells to convert carbohydrates and
amino acids into lipids, non-essential amino acids, nucleotides, glutathione, heme, and
other cellular components necessary for new cellular building blocks (Ahn & Metallo,
2015). Due to their plasticity, mitochondria self-regulate and constantly adapt their
mass according to the cell’s metabolic needs. In cancer cells, mitochondrial biogenesis
is often upregulated, while mitophagy regulates the turnover of damaged and
dysfunctional mitochondria (Herst et al., 2018; Vyas et al., 2016). Additionally, normal
cells maintain the mitochondrial mass through the balance of fission and fusion.
However, studies show that cancer cells increase fission while decreasing fusion,
leading to a fragmented mitochondrial network (Senft & Ronai, 2016). This altered
mitochondrial dynamics is an important characteristic of KRAS-mutated cancer
cells. KRAS stimulates mitochondrial fragmentation by regulating the phosphorylation of
Drpl via the MAPK pathway. The remodelling of mitochondrial networks in
KRAS-mutated tumour cells led to impaired cell growth and mitochondrial function,
demonstrating the tumourigenic effect of mitochondrial fragmentation (Serasinghe
et al, 2015).
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1.3 Metabolic Reprogramming in Cancer

Cancer as a neoplastic disease is characterised by deregulated cell growth and
proliferation in addition to suppression of cell death. Cancer cells must adapt their energy
production pathways to fuel abnormal growth and proliferation. In their second version
of Hallmarks of Cancer in 2011, Hanahan and Weinberg (Hanahan & Weinberg, 2011)
proposed reprogramming energy metabolism as one of the emerging hallmarks
characterising cancer cells. While the general idea of metabolic reprogramming is not
new, the exact process remains largely unknown.

O O (lactate )
glucose
O monocarboxylate
transporter
glucose
transportér
g\yco\\ls‘s

">
4

Figure 3: The reprogramming of glucose metabolism in cancer cells. First, the glucose transporter
transports glucose into the cell, where it is then phosphorylated into glucose-6-phosphate (G6P) by
voltage-dependent anion channel (VDAC) bound hexokinases (HK). Pyruvate, the end product of
glycolysis, can then either (A) enter the mitochondrial matrix through VDAC and pyruvate carrier or
(B) go through the fermentation into lactate via lactate dehydrogenase (LDH). Lactate exits the cell
through monocarboxylate transporters, lowering the pH of the extracellular environment, which in
turn promotes tumourigenesis. Created with BioRender.com.

1.3.1 Warburg Effect

The oldest and one of the most well-known theories on the metabolic reprogramming of
cancer cells is their switch toward aerobic glycolysis. In healthy human cells, glucose
metabolism generally goes through glycolysis and OXPHOS and ends in CO2. Only in
anaerobic conditions is glucose fermented to produce lactate. Otto Warburg proposed
in the 1920s that cancer cells use more glucose for energy production than other tissues,
and therefore, the phenomenon is now known as the Warburg effect (Warburg, 1925).
Warburg extended his hypothesis by proposing that the reason behind increased
glycolysis is dysfunctional mitochondria, which he believed to be the primary cause of
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cancer (Warburg, 1956). Decades later, many groups presented evidence that cancer cells
have respiratory capability and that the fundamental initiating role of tumourigenesis relies
upon oncogenes. Nowadays, there is a lot of scientific evidence showing that both
anaerobic and aerobic glycolysis can operate simultaneously in cancer cells (Figure 3),
and furthermore, tumour cells can exhibit high rates of OXPHOS (Herst et al., 2018;
Liberti & Locasale, 2016). However, the Warburg effect remains a hot topic, and the
possible benefits of high glycolytic activity have been thoroughly explored.

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

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

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

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

1.3.2 The Role of Hexokinases in the Warburg Effect

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

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

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

1.3.3 Metabolic Plasticity

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

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

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

1.4 Phosphotransfer Pathways

Efficient ATP production is undeniably essential to support the rapid growth and
proliferation of cancer cells. However, the effective transport of ATP to the
energy-consuming sites within the cell is equally important. This transport is facilitated
by energy transport pathways, such as the creatine kinase (CK) and adenylate kinase (AK)
systems (Figure 4) that carry the energy-rich phosphate group (Dzeja et al., 2007;
Saks et al., 2006). These pathways are fundamental in cells and tissues that require a lot
of energy for functioning, such as muscles, the brain, and cancer cells (Watts, 1973).
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Figure 4: Intracellular phosphotransfer pathways. Creatine kinases (CKs) and adenylate kinases
(AKs) form the phosphotransfer networks to carry ATP to energy-consuming sites. (A) Mitochondrial
CK isoforms (mtCK) and cytosolic brain isoform (CKBB) catalyse the reversible transfer of phosphate
from ATP to creatine (Cr), creating phosphocreatine (PCr) and ADP. (B) Cancer cells often upregulate
the AK network, which catalyses the interconversion of adenosine nucleotides. ANT — adenine
nucleotide translocase; VDAC — voltage-dependent anion channel. Created with BioRender.com.

1.4.1 Creatine Kinase System

CKs are responsible for maintaining ATP homeostasis in cells by catalysing the reversible
conversion of creatine (Cr) and ATP into phosphocreatine (PCr) and ADP (Bessman &
Geiger, 1981; Wallimann & Hemmer, 1994). The diffusion of ATP and ADP alone in cells
is generally insufficient to maintain ATP homeostasis (Jacobus, 1985). Additionally, PCr
and Cr can move through MOM much faster than ADP and ATP (Kuznetsov et al., 1996;
Timohhina et al., 2009; Wallimann et al., 2011). The CK system consists of five isoforms
encoded by four genes. The three cytosolic isoforms are CK-BB, CK-MM, and CK-MB.
While CK-MM and CK-MB are predominantly specific for skeletal and heart muscles, the
brain-type CK-BB is also expressed in other tissues like the brain, kidneys, and neuronal
cells (Schlattner et al., 2006). The two mitochondrial CK isoforms are the ubiquitous
mtCK1 and the sarcomeric mtCK2. These mtCK isoforms are functionally connected to
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adenine nucleotide translocase (ANT) in MIM to facilitate the movement of adenine
nucleotides near the ATP production site. The cytosolic isoforms are close to ATPases to
regenerate in situ ATP from the PCr pool at the ATP-consuming site.

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

1.4.2 Adenylate Kinase System

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

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

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

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

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

By regulating cellular AMP levels, AKs directly affect AMP signalling. AMP acts as a
secondary messenger, activating the energy stress-responsive AMPK. As a master regulator
of cellular energy homeostasis, AMPK controls various cellular processes, such as
glycolysis (Marsin et al., 2000) and the TCA cycle (Cai et al., 2020). By detecting changes
in adenine nucleotide ratios, AMPK activates catabolic processes while shutting down
anabolic pathways, thereby upregulating energy production and limiting energy
consumption during energy deficits (Hsu et al., 2022). AMPK can function as both a
tumour suppressor and an oncogene. As a tumour suppressor, AMPK inhibits the
mTORC1 signalling, which is responsible for protein synthesis, cell proliferation, and
growth (Gwinn et al., 2008). Furthermore, AMPK has several other downstream targets
through which it controls cell proliferation, differentiation, and cell cycle progression
(Jones et al., 2005; Liang et al., 2007; Shen et al., 2013). However, increasing evidence
supports its role as an oncogene, promoting cancer cell survival by maintaining NADH
homeostasis (Jeon et al., 2012) and contributing to cancer metastasis via involvement in
the EGF/AKT signalling pathway (Han et al., 2018). Therefore, AMPK's precise role in
carcinogenesis remains unknown despite its obvious alterations in various cancer types.
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2 Aims of the Thesis

Few published studies are exploring the energy metabolism in colorectal cancer clinical
material, and the metabolic reprogramming of colorectal polyps remains an even bigger
mystery. However, assessing the metabolic phenotype of premalignant tumours would
allow us to better understand the entire carcinogenesis of colorectal cancer and
consequently provide us with information that could potentially lay a foundation for
earlier diagnosis. Therefore, the aims of this thesis are:

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

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

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

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

to explore whether the metabolic phenotype of a colorectal cancer sample
could be a prognostic marker for a more aggressive disease.
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3 Materials and Methods

To characterize the complex metabolic network of human colorectal cancer and polyps,
this study employed the following methods, which are described in detail in the
respective publications:

Clinical material — Publications I, Ill, and Manuscript

Preparation of tumour samples and permeabilisation for high-resolution
respirometry — Publications I, 1ll, and Manuscript

Calibration of ADP stock solutions — Publication 11l

Oxygraphic measurements — Publication I, Ill, and Manuscript

DNA extraction — Publications | and 11l

KRAS and BRAF mutation analysis — Publications | and Il

RNA extraction — Publication Ill and Manuscript

cDNA synthesis and real-time quantitative polymerase chain reaction -
Publication Ill and Manuscript
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4 Results

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

4.1.1 The Functional Parameters for ADP-dependent Mitochondrial
Respiration (Publication Il1)

To study the changes in the kinetics of OXPHOS and, therefore, determine the possible
reprogramming of metabolism in colorectal polyps and CRC, we applied high-resolution
respirometry on permeabilised postoperative tissues, as described in Publications I, IlI,
and the Manuscript. We calculated the values for the maximal ADP-induced respiration
rate (Vmax) and the apparent Michaelis-Menten constant for ADP (Km(ADP)), which
characterises the MOM affinity to exogenous ADP.
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Figure 5: Kinetic parameters of mitochondrial respiration in control colorectal tissue, colorectal
polyps, and colorectal cancer (CRC) tissue. Comparative analysis of (A) the maximal ADP-stimulated
respiratory rate (Vmax); and (B) apparent Michaelis-Menten constant values for ADP (Km(ADP)) in
control tissue (n=46), colorectal polyps (n=42), and CRC tissue (n=57). Data is presented as mean =+
SEM. **p < 0,01, *** p < 0,005 (unpaired t-test).

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

4.1.2 Mitochondrial Outer Membrane Permeability in KRAS- and BRAF-mutated
Tissues (Publications I and 1l1)

We determined the mutations in KRAS codon 12 and 13 of exon 2 and BRAF codon 600
of exon 15 (V600E) in polyp and cancer samples using the high-resolution melt analysis
described in Publications | and lll. We then stratified the samples into three groups based
on their mutation status and compared the kinetic parameters Vmax and Km(ADP)
between the groups.
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Figure 6: Kinetic parameters of mitochondrial respiration in KRAS- and BRAF-mutated and wild-type
polyps. Comparative analysis of (A) the maximal ADP-induced respiratory rate (Vmax), and (B)
apparent Michaelis-Menten constant values for ADP (Km(ADP)) in KRAS-mutated polyps (n=14),
BRAF-mutated polyps (n=6), and wild-type polyps (n=21). Data is presented as mean + SEM.
*p <0,05 **p<0,01 (unpaired t-test).

While kinetic profiles were similar between KRAS-mutated and wild-type polyps,
BRAF-mutated polyps had lower Vmax and Km(ADP) values than KRAS-mutated polyps
(Figure 6). The observed changes in kinetic parameters indicate that BRAF V600E
mutation could already promote metabolic reprogramming at the early steps of CRC
development.
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Figure 7: Kinetic parameters of mitochondrial respiration in KRAS- and BRAF-mutated and wild-type
colorectal cancer (CRC). Comparative analysis of (A) the maximal ADP-induced respiratory rate
(Vmax), and (B) apparent Michaelis-Menten constant values for ADP (Kn(ADP)) in KRAS-mutated
cancer (n=19), BRAF-mutated cancer (n=7), and wild-type cancer (n=16). Data is presented as mean
+SEM. * p < 0,05, ** p <0,01 (unpaired t-test).

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

We collected disease progression data for 57 patients since 2017 and compared their
average Vmax and Km(ADP) values. We observed a total of 12 fatalities, out of which 10
had been initially diagnosed with stage 0-1l CRC and two with stage IlI-IV CRC. There was
a clear difference in Vimax and Km(ADP) values in patients who were still alive and who had
succumbed to the disease (Figure 8). The average Vmax value was 1,39 + 0,83 for alive
patients and 2,83 * 0,20 for the lethal group (p < 0,001) (Figure 8A). Additionally, we
noted a significantly lower Kn(ADP) in the patients who had passed away since the initial
analysis (Figure 8B). The catalytic efficiency for the alive group was 0,012 min *mg 1 mL,
while in the lethal group, it was 0,042, indicating a more effective OXPHOS system in
patients with a more aggressive disease.
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Figure 8: Kinetic parameters of mitochondrial respiration in alive and dead patients. Comparative
analysis of (A) the maximal ADP-induced respiratory rate (Vmax) and (B) apparent Michaelis-Menten
constant for exogenously added ADP (K,(ADP)) in patients that are alive (n=45) or have passed
away (n=12; stage 0-1l n=10 and stage IlI-IV n=2) since their tumour samples were collected. Data
is presented as mean +SEM. * p < 0,05, *** p < 0,001 (unpaired t-test).

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

4.2.1 mRNA Levels of Glucose Transporter 1 and Hexokinases (Publication Il1)
To explore the possible upregulation of glycolysis in polyps and CRC, we measured the
MRNA levels of SLC2A1, coding for GLUT1, HK1 and HK2 using the RT-qPCR as described
in Publication Ill. The GLUT family proteins facilitate the glucose transport into the cell
through the plasma membrane. The family contains fourteen transporter proteins,
among which GLUT1 is the predominant isoform studied in tumourigenesis (Carvalho
et al., 2011; Young et al., 2011; Zambrano et al., 2019). Our results demonstrated
increased GLUTI transcript levels in both benign and malignant tumours compared to
control tissue (Figure 9A), suggesting a higher glucose uptake in the diseased than in the
healthy tissue.

As described in the literature review, several groups have hypothesised that HK-VDAC
binding could promote the Warburg effect and affect VDAC permeability (Bustamante &
Pedersen, 1977; Luo et al., 2019). To observe the regulations of HKs in CRC and polyps,
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we measured the mRNA levels of HK1 and HK2. Polyps demonstrated a two-fold increase
in the average HK1 transcript level compared to control tissue, while the expression of
HK2 was similar in these two groups (Figure 9B). Interestingly, in CRC, both HK1 and HK2
showed a significant decrease in mRNA levels compared to control tissue. The data
indicates a higher glycolytic activity in polyps but not in CRC.
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Figure 9: The characteristics of glucose transporter 1 (GLUT1) and hexokinases (HKs) in colorectal
polyps and colorectal cancer (CRC) tissue. The transcript levels of (A) GLUT1 and (B) HK1 and HK2
in control colon tissue (n=27), polyps (n=9), and colorectal cancer (CRC) tissue (n=27). Data is
presented as mean +SEM. * p < 0,05, ** p < 0,01, *** p < 0,001 (unpaired t-test).

4.2.2 Transcript Levels of Genes Coding for Essential but Non-Controlling Steps
of Glycolysis (Publication Il1)

We studied the deregulation of LDHA further to assess the reprogramming of glycolysis
during cancer development. LDHA is an essential enzyme in the glycolytic pathway,
converting pyruvate into lactate. Therefore, it marks the point of metabolism where the
cell chooses whether pyruvate enters preferentially mitochondria or stays in the cytosol,
where it is fermented into lactate.

The results demonstrated a significant increase in LDHA transcript levels in polyps,
while CRC and control tissue had similar average values for mRNA levels (Figure 10).
The high transcript level of LDHA in polyps once again suggests a shift towards a glycolytic
metabolism in polyps.
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Figure 10: The transcript levels of LDHA in control colon tissue (n=16), colorectal polyps (n=8), and
colorectal cancer tissue (n=9). Data is presented as mean +SEM. *** p < 0,001 (unpaired t-test).

Lactate is transported out of the cell through monocarboxylate transporters (MCTs).
The MCT family contains 14 transmembrane isoforms that mediate the transport of
short-chain monocarboxylates. Only four isoforms — MCT1, MCT2, MCT3, and MCT4 —
have a high affinity for lactate (Halestrap & Wilson, 2012), so we explored all of them
except MCT3 here.

We measured the mRNA levels of SLC16A1, SLC16A7, and SLC16A3, which encode the
previously mentioned isoforms, respectively. The transcript levels of MCT1 were similar
in control and polyp tissue, but the transcription of MCT2 and MCT4 showed
upregulation in polyps. However, in cancer tissue, the expression of MCT1 and MCT2 was
downregulated, while MCT4 demonstrated overexpression compared to control tissue
(Figure 11).
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Figure 11: The expression levels of MCT1 and MCT2 in healthy tissue (n=16), colorectal polyps (n=8),
and colorectal cancer (CRC) tissue (n=9), and expression levels of MCT4 in healthy tissue (n=24),
colorectal polyps (n=8), and CRC tissue (n=22). Data is presented as mean + SEM. * p < 0,05,
**p < 0,01, *** p < 0,001 (unpaired t-test).

4.3 Intracellular Phosphotransfer Pathways (Publication I,
Manuscript)

Alterations in intracellular phosphotransfer pathways, e.g., CK and AK systems, are
characteristic of many cancer types, including CRC. We determined the transcript levels
of several CK and AK isoforms using qRT-PCR to explore the reprogramming of these
pathways during the development of CRC.

CKs are crucial in cells with high energy needs, such as cancer cells. We measured the
transcript levels of CK isoform CKBB, mtCK1, and mtCK2 in control colon tissue, polyps
and CRC (Figure 12A). The results demonstrated a high expression of all three isoforms
in polyps. Both mitochondrial isoforms presented significant upregulation in polyps
compared to a healthy colon. However, cancer tissue showed a strong downregulation
of CK-BB and mtCK1 compared to control, suggesting that CKs are not crucial in
maintaining energy homeostasis in CRC. Interestingly, CRC’'s mtCK2 transcript levels were
higher, although its overall expression remains low. AK system could compensate for the
downregulation of the CK system in CRC.
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Figure 12: The characteristics of phosphotransfer pathways in colorectal polyps and colorectal
cancer (CRC) tissue. The transcript levels of (A) creatine kinase isoform CKBB, mtCK1, and mtCK2
and (B) adenylate kinase isoforms AK1, AK2, AK4, and AK6 in control colon tissue (n=19), colorectal
polyps (n=9), and colorectal cancer (CRC) tissue (n=15). (C) The transcript levels of 5’-AMP-activated
protein kinase catalytic subunit alpha-1 (PRKAA1) in control colon tissue (n=24) and CRC tissue
(n=24). Data is presented as mean +SEM. * p < 0,05, ** p < 0,01, *** p < 0,001 (unpaired t-test).

We studied the transcript levels of isoforms AK1, AK2, AK4, and AK6 (Figure 12B).
Interestingly, polyps again increased the expression of three out of four isoforms.
Therefore, polyps could upregulate two pathways simultaneously. In CRC, we expected
to see the upregulation of AKs in compensation to the downregulation of CKs. However,
while AK4 and AK6 expression levels were similar in control and CRC, AK1 and AK2 were
even downregulated.

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

5.1 The Mitochondrial Outer Membrane Permeability is Different in
Colorectal Polyps and Cancer

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

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

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

Furthermore, the catalytic efficiency (Vmax/Km(ADP)) was highest in the polyp group
(0.039 mint mg* mL), while it was similar and lower in cancer and healthy tissue (0,019
and 0,013, respectively). Therefore, the results suggest that during the first steps of
cancer development, cells have the highest OXPHOS efficiency while simultaneously
increasing the glycolytic activity. This hybrid metabolism, in turn, could show that polyps
can quickly adapt and readily use several metabolic pathways according to different
tumour microenvironments and, therefore, are characterised by metabolic plasticity.
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5.1.1 The Role of Different Oncogenic Mutations in Metabolic Reprogramming
Point mutations in the KRAS and BRAF oncogenes often drive CRC development by
activating the MAPK pathway (Muzny et al., 2012). Studies show that KRAS mutations
can promote metabolic reprogramming by stimulating glucose metabolism and channelling
glycolytic intermediates into anabolic pathways (Bryant et al., 2014; White, 2013). Similarly,
BRAF mutations are linked to increased glycolytic activity in various cancer types (Soumoy
et al., 2020).

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

5.1.2 Kinetic Markers as Hallmarks of a More Aggressive Disease

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

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

5.2 Exploring the Glycolytic Pathway

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

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

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

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

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

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

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

5.3 The Rearrangements of Energy Transfer Pathways in Benign and
Malignant Tumours

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

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

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

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

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

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

5.4 Limitations of the Study

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

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

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

5.5 Concluding Remarks

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

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

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

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

The bioenergetic profiles of colorectal polyps and cancer are significantly
different from healthy colon, determined by high-resolution respirometry:

o Colorectal polyps demonstrate increased glycolytic activity while
preserving oxidative metabolism (Publication Ill).

o Contrary to an old belief, colorectal cancer preferably utilises
mitochondrial respiration and is not a highly hypoxic glycolytic cancer
type (Publication Il1).

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

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

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

o Polyps upregulate the transcription of GLUT1, HK1, LDHA, MCT2, and
MCT4 (Publication Il1).

o Cancer cells upregulate the transcription of GLUT1 and MCT4 but
downregulate HK1, HK2, MCT1, and MCT2 (Publication Il1).

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

o Colorectal polyps upregulate creatine kinases and adenylate kinases
simultaneously (Publication Il1).

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

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

Metabolic Reprogramming Accompanying the Development
of Colorectal Cancer

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

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

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

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

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

To sum it up, the results clearly showed that the development of CRC is characterized
by metabolic reprogramming. Furthermore, the data demonstrate that benign polyps
have a distinct metabolic profile that is substantially different from that of a healthy

colon. These insights can provide us with possible targets for developing novel diagnostic
methods.
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Lihikokkuvote

Kolorektaalvahi arenguga kaasnev metaboolne
iimberprogrammeerimine

Aastas diagnoositakse kolorektaalvahk ehk jamesoolevahk maailmas umbes 1,9 miljonil
inimesel, mis teeb sellest kolmanda kdige levinuma vahitllbi. Kolorektaalvdahk voib
areneda pikalt ilma slimptomiteta, mistdttu avastatakse see tihti liiga hilja. Hiline vahi
avastamine teeb aga ravi keeruliseks ning seetdttu on jamesoolevahile omane korge
suremus. Sellest tulenevalt on kliiniliselt suur vajadus uute diagnostika meetodite jarele,
mis véimaldaksid kolorektaalvahi varasemat diagnoosimist. Jamesoolevahi areng on pikk
mitmeastmeline protsess, mis algab enamasti healoomulistest kasvajatest ehk
poltupidest. Pollilbi kasvamisel hakkavad kogunema erinevad geneetilised muutused,
naiteks mutatsioonid KRAS ja BRAF geenides, mis I6puks soodustavad poliibi arenemist
vahiks.

Koik rakud vajavad toimimiseks pidevat energia tootmist. Vahirakke iseloomustab aga
vaga kiire kasv ja jagunemine, mistottu on nende energiavajadus veelgi suurem. Et
toetada neile omast kontrollimatut jagunemist, labivad vahirakud metaboolse
imberprogrammeerimise. Otto Warburg vaitis oma kuulsas artiklis 1920. aastatest, et
koik vahirakud eelistavad kasutada aeroobset gliikoliilisi, sest nende mitokondrid ei ole
funktionaalsed ja seetGttu ei saa nad energia tootmiseks kasutada okslidatiivset
fosfortitilimist. Kuigi mitmed vahitliiibid t8epoolest vdivad glukolUlsi aktiivsust
suurendada, on tanapdeval (iha rohkem téestusmaterjali selle kohta, et vahirakke vdib
iseloomustada ka vdga korgelt aktiivne oksuidatiivne fosforlllimine. Vahirakud teeb
veelgi erilisemaks see, et nad vdivad omandada niidelda hibriidfenotiibi, mille korral
on glikolids ja okstidatiivne fosforilimine paralleelselt aktiveeritud ning rakud saavad
valida endale sobiva metaboolse raja vastavalt kasvaja mikrokeskkonnale. Sellist ndhtust
nimetatakse metaboolseks plastilisuseks.

Kdesoleva t66 eesmark on iseloomustada kolorektaalvahi arenguga kaasnevat
rakkude metaboolset limberprogrammeerimist. Suur hulk vahi metabolismi uurivaid
teadustdid kasutab 2D rakukultuure. Rakukultuuri metaboolne fenotiilip sdltub aga
suuresti tingimustest, milles neid rakke on kasvatatud ning seetGttu ei peegelda see
ilmtingimata inimorganismis toimuvat. Antud t66s on kombineeritud mitmeid erinevaid
meetodeid ning kd&ik eksperimendid on sooritatud kliinilisel materjalil. Alustuseks
moddeti kudede ATP siinteesi kineetilised parameetrid ning seejarel maarati mitmete
geenide ekspressioonitase.

Too tulemused nditavad, et metaboolne (mberprogrammeerimine algab juba
kolorektaalvdhi arengu varajastases staadiumites. Seda ilmestab polilpide vaga eriline
metaboolne profiil, mis erineb selgelt kontroll- ja vahikoest. Lisaks leiti, et KRAS ja BRAF
mutatsioonidel on erinev roll metabolismi mdjutamisel. BRAF mutatsiooniga poliipides
ja kasvajamaterjalis on madalamad Vmax ja Km(ADP) vadrtused, mis viitavad metabolismi
nihkumisele glikolidsi suunas.

Pollupides tduseb mitmete glikoluutilise raja geenide, nagu GLUTI1, HK1, LDHA,
MCT2 ja MCT4, ekspressioon. Lisaks moddeti polllpides madalam Km(ADP) vaartus kui
kontrollkoel, mis naitab, et adeniinnukleotiitide liikkumisel |dbi mitokondri
vidlismembraani on vahem struktuurilisi piiranguid. See on tavaliselt omane
glikolldtilistele kudedele. Samas oli poliitipidel ka kdrgem maksimaalne hingamiskiirus
kui tervel soolekoel, mis omakorda viitab voimalikule aktiivsele okslidatiivsele
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fosfortdlimisele. Lisaks on poliitipides lileekspresseeritud ka mitmed kreatiinkinaaside ja
adenilaatkinaaside isovormid, mis hodlbustavad rakusisest energia transporti ning
aitavad sailitada ATP tasakaalu rakus. Seega on soolepoliilipidele omane metabolismi
hiibriidne fenotllp, kus on paralleelselt energia tootmiseks kasutuses nii glikollus kui
ka oksuidatiivne fosfortilimine. Selline metaboolne plastilisus healoomulistes kasvajates
vOib toetada rakkude kiiret jagunemist ja kasvu diinaamiliselt muutuvas kasvaja
mikrokeskkonnas ja seeldbi soodustada vahi arengut.

Antud to6st jareldub, et kolorektaalvahi arengut iseloomustab kasvaja metabolismi
Umberprogrammeerimine. Seejuures on eriti oluline, et just healoomulisi poliilipe
iseloomustab vaga eriline metaboolne profiil, mis erineb selgelt tervest soolekoest. Need
uued teadmised vdivad anda aluse leidmaks vdimalikke sihtmarke uute
diagnostikameetodite valjatootamiseks.
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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
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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.
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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
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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.
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Leenu Reinsalu ™2, Marju Puurand’, Viadimir Chekulayev, Sten Miller "2,
Igor Shevchuk, Kersti Tepp ', Egle Rebane-Klemm "2, Natalja Timohhina’,
Anton Terasmaa' and Tuuli Kaambre"*

7 Laboratory of Chemical Biology, National Institute of Chemical Physics and Biophysics, Tallinn, Estonia, 2 Department of
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Metabolic plasticity is the ability of the cell to adjust its metabolism to changes in
environmental conditions. Increased metabolic plasticity is a defining characteristic of
cancer cells, which gives them the advantage of survival and a higher proliferative
capacity. Here we review some functional features of metabolic plasticity of colorectal
cancer cells (CRC). Metabolic plasticity is characterized by changes in adenine nucleotide
transport across the outer mitochondrial membrane. Voltage-dependent anion channel
(VDAC) is the main protein involved in the transport of adenine nucleotides, and its
regulation is impaired in CRC cells. Apparent affinity for ADP is a functional parameter that
characterizes VDAC permeability and provides an integrated assessment of cell metabolic
state. VDAC permeability can be adjusted via its interactions with other proteins, such as
hexokinase and tubulin. Also, the redox conditions inside a cancer cell may alter VDAC
function, resulting in enhanced metabolic plasticity. In addition, a cancer cell shows
reprogrammed energy transfer circuits such as adenylate kinase (AK) and creatine kinase
(CK) pathway. Knowledge of the mechanism of metabolic plasticity will improve our
understanding of colorectal carcinogenesis.

Keywords: tumor energy metabolism, aerobic glycolysis, oxidative phosphorylation, VDAC, creatine kinase,
adenylate kinase, mitochondria

INTRODUCTION

Analysis of mitochondrial function is central to the study of intracellular energy metabolism and
pathophysiological mechanisms of various human diseases, including cancer. The metabolism of
cancer cells is adapted to meet their needs to survive and proliferate in a hypoxic and also in a well-
oxygenated microenvironment and thus must acquire metabolic flexibility. At the molecular level,

Abbreviations: ADP, adenosine diphosphate; AMPK, adenosine 5-monophosphate-activated protein kinase; AK, adenylate
kinase; ANT, adenine nucleotide translocator; CK, creatine kinase; CRC, colorectal cancer; HK, hexokinase; HIF, hypoxia-
inducible factor; ISC, iron-sulfur clusters; OMM, outer mitochondrial membrane; TCA, tricarboxylic acid; OXPHOS,
oxidative phosphorylation; ROS, reactive oxygen species; VDAC, voltage-dependent anion channel.
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metabolic flexibility relies on the configuration of metabolic
pathways, which are regulated by key metabolic enzymes and
transcription factors. Reprogramming of cellular energetics is
recognized as a distinctive hallmark of cancer (1). The first
theory on the peculiarities of cancer metabolism was
formulated by Otto Warburg in the early 20th century. He
concluded that tumors, unlike normal cells, obtain their energy
mainly from aerobic glycolysis, while normal cells usually favor
oxidative phosphorylation (OXPHOS), which is much more
efficient in terms of ATP gain. This observation is coined as
the Warburg effect (2, 3) and became the central model for
oncobioenergetics for most of the 20™ century. The glycolytic
part of the Warburg hypothesis was firmly and thoroughly
confirmed for many cancer types, in contrast to the OXPHOS
part, which was and still is a matter of intense research and
controversy. Verified evidence indicates that in reality, both
anaerobic (glucose to lactate) and aerobic (glucose to pyruvate)
glycolysis operate in cancer cells simultaneously like in normal
cells, although at higher rates than in non-tumor cells (4). In
addition, tumor cells often exhibit high rates of OXPHOS (5, 6).
Transcriptomics and end-product metabolites analyses of
complex molecular pathways converge into a three-node
minimum regulatory network consisting of hypoxia-inducible
factor 1 (HIF-1), adenosine monophosphate-activated protein
kinase (AMPK), and reactive oxygen species (ROS). Therefore,
the coexistence of three distinct cellular metabolic phenotypes is
revealed in cancer cells: 1) glycolytic, characterized by high
activity of HIF-1ot and high activity of the glycolytic pathway;
2) OXPHOS state, characterized by high activity of AMPK and
high activity of OXPHOS pathways such as glucose oxidation
and fatty acid oxidation; 3) hybrid metabolic state, characterized
by high activity of AMPK and HIF-lo. and concomitant
functioning of glycolysis and OXPHOS pathways. In contrast,
normal cells exhibit only two metabolic states, namely, glycolytic
and OXPHOS, and lack the hybrid state (7, 8). In this regulatory
network, HIF-1 and AMPK are the master regulators of
glycolysis and OXPHOS, respectively (9), and both cytosolic
and mitochondrial ROS mediate the complex interplay between
AMPK and HIF-1. Accordingly, the hybrid metabolic state in
cancer cells can be promoted by the stabilization of HIF-10. and
elevated production of mitochondrial ROS. Hypoxia activates
glycolysis via stabilization of HIF-1o and HIF-2a, which in turn
upregulates the activity of several members of the glycolytic
pathway and increases glucose uptake (10, 11). In addition, the
elevation of HIF-lo levels could be induced by high
concentrations of succinate (pseudohypoxia) (12). A striking
feature of cancer cells is their ability to switch their metabolic
phenotypes to glycolysis or OXPHOS in response to changes in
their microenvironment or inhibition of one of these pathways,
giving survival advantage during tumor progression (8, 13). This
metabolic plasticity is promoted by the hybrid phenotype of
cancer cells and is linked with metastasis and chemoresistance
(14). However, it is still largely unknown how cancer cells
regulate gene expression to maintain their hybrid metabolic
state and metabolic plasticity.

Energy Metabolic Plasticity of Colorectal Cancer

Implementation of the hybrid metabolism paradigm may reveal
new therapeutic targets and opportunities for the treatment of
cancer. It was previously shown that administration of glycolytic
inhibitors alone may be ineffective to eradicate tumors, and
targeting the hybrid state to eliminate metabolic plasticity could
be a new therapeutic strategy to eliminate cancer aggressiveness (15,
16). We review the changes in OMM permeability and intracellular
energy transfer pathways in connection with the metabolic plasticity
of CRC cells.

METABOLIC REPROGRAMMING OF
COLORECTAL CANCER

Colorectal cancer has been regarded as a purely hypoxic tumor of the
Warburg phenotype for many years. This was confirmed by
increased expression of several glycolytic enzymes, pentose
phosphate pathway, and glucose transporters associated with
elevated rates of glucose consumption and lactate production as
compared with normal surrounding tissues (17-25). Normal
colonocytes use the OXPHOS system as the primary energy
source (26, 27). 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. But, unlike normal
colonocytes, colorectal carcinomas cannot utilize butyrate as an
energy source and carbon donor (26, 28), implying the truncated
TCA cycle in CRC. Importantly, some metabolites of the TCA cycle,
such as succinate, fumarate, and o-ketoglutarate, act as
“oncometabolites” that support tumor growth via oncogenic
signaling, inter alia via upregulation and stabilization of HIF-1ot (29).

Metabolic reprogramming during large intestine
carcinogenesis is largely mediated by (a) altered expression of
several oncogenes and a loss of tumor suppressor genes,
encoding usually various transcriptional factors and protein
kinases (30, 31), (b) adaptation to nutrient and oxygen
availability in the local tumor microenvironment (metabolic
plasticity) (32), and (c) metabolic cross-talk with stromal,
adipose tissue and immune cells (31, 33-37).

Data on molecular mechanisms of the metabolic
reprogramming of CRC are mostly obtained from studies
using cell culture models, while the number of functional
studies using clinical material is limited. Moreover, cell culture
conditions have variations that could significantly affect the
metabolic profile of the cells. For example, cells grown in
glucose-free medium display a relatively high rate of oxygen
consumption, while cultivation of cells in a high-glucose medium
results in hyperglycolytic profile and declined respiratory flux
(38-42). Our recent studies revealed remarkable differences in
the regulation of outer mitochondrial membrane (OMM)
permeability between cultured tumor cells and clinical material
from cancer patients (5, 43). Comparative analysis of the biopsy
or surgical cancer material and surrounding healthy tissue
showed almost unchanged glycolytic activity and upregulation
of OXPHOS in CRC, which is inconsistent with the data
obtained by using cell culture (43-47). In addition, two widely
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used breast cancer cell lines MCF7 and MCF-MDA-231 failed to
replicate mitochondrial function in respect to metabolic activity
and OXPHOS as seen in respective human samples (43, 46).

Why the CRC cells shift their metabolism in favor of
OXPHOS? Perhaps, under normal conditions, the amount of
ATP produced through aerobic glycolysis is insufficient to
support cell proliferation and migration. There is a growing
body of evidence that CRC is characterized by stimulated
mitochondrial biogenesis expressed as an increase in
mitochondrial DNA copy number (48) and elevated ADP-
dependent oxygen consumption in CRC tissue (5, 6, 43-45).
Activated mitochondrial biogenesis can be an adaptive response
of tumor cells to overcome the chronic energy crisis caused by
glucose starvation or defects in the function of their respiratory
enzymes due to pathogenic nuclear or mtDNA mutations (49—
51). The elevated lactate level may act as a signaling molecule to
affect genes and proteins known to be involved in mitochondrial
biogenesis (52), via upregulation of AMPK- and SIRT1-
associated PGC-1lo activation (53). Nuclear Respiratory Factor
1 (NRF1) (54) and some cytokines, IL-6/8 (55, 56), activate the
AMPK signaling pathway as well as apoptotic resistance of
cancer cells (56-58). Some types of tumor cells support their
high rates of OXPHOS and drug resistance by transferring
mtDNA or even the entire mitochondria from surrounding
healthy tissues; this intercellular mitochondrial transfer may
occur through exosomes or tunnel nanotubes (59, 60). The
signaling pathways responsible for the stimulation of
mitochondrial biogenesis can have both intracellular and
external origins.

THE ROLE OF VDAC AND

THE REGULATION OF OUTER
MITOCHONDRIAL MEMBRANE
PERMEABILITY IN
METABOLIC PLASTICITY

The flux of water-soluble metabolites into and out of the
mitochondria occurs through a variety of inner mitochondrial
membrane (IMM) carriers, but the flux of ATP, ADP, and Pi
across the OMM occurs through a single pathway, the VDAC,
and therefore the regulation of OXPHOS is largely mediated by
the VDAC permeability control (61). Based on studies of muscle
permeabilized fibers, cellular respiration and associated ATP
synthesis are regulated by a protein complex called
Mitochondrial Interactosome (MI), which is located at the
junction of mitochondrial membranes (62, 63). Restrictions for
adenine nucleotides in VDAC are evident by measuring an
apparent affinity of mitochondria for exogenous ADP [Km
(ADP)] in permeabilized cells and tissues by using high-
resolution respirometry (64, 65). These barriers appear only in
permeabilized cells and not in isolated mitochondria and
disappear during mild proteolytic treatment with trypsin (66).
Therefore, the metabolic plasticity of cancer cells is associated

Energy Metabolic Plasticity of Colorectal Cancer

with the protein-mediated control of VDAC permeability
towards ADP.

Cancer Metabolic Plasticity Is Functionally
Defined by Changes in ADP Dependent
Oxygen Consumption

Analysis of respirometry data provides instant functional profiling
of metabolic plasticity. Dependence of mitochondrial O,
consumption upon ADP concentration follows Michaelis-Menten
kinetics and allows evaluation of apparent Michaelis-Menten
constant for ADP Km(ADP) in different tissues, cancers, and cell
cultures (Figure 1). Determined in permeabilized cells and tissues,
Km(ADP) is the affinity of the mitochondria for exogenous ADP
and characterizes permeability of OMM for adenine nucleotides
and, thus, VDAC permeability. Measured Km(ADP) values for
human colon mucosa is ~110 pM (47), ~100 uM for CRC (5, 44,
47), ~60 uM for colon polyps (47), and ~40 uM for Caco2 CRC cell
line (43), indicating the alteration of control mechanisms over
VDAC permeability and OXPHOS during the progression of
CRC. Thus, the regulation of OMM permeability to adenine
nucleotides in cancer tissues is different from that in normal cells
(5, 67, 68). Notably, Km(ADP) values measured in cell cultures are
much lower than in tissue biopsies and are similar to Km(ADP)
values for isolated mitochondria (69). This illustrates the
shortcomings of cell culture studies and highlights the importance
of using clinical material for the evaluation of the mechanism of
cancer metabolic plasticity.

The cell-specific differences in Km(ADP) are likely caused by
the specific structural and functional organization of energy
metabolism. For example, cells with a low Km(ADP) value
(~10 pM), like glycolytic muscle, possess less structural and
functional restrictions for ADP/ATP movement through OMM
as compared to the oxidative muscles (Km(ADP) ~300 uM) (64).
Thus, relatively low Km(ADP) for colorectal polyps indicates a
metabolic reprogramming towards the glycolytic phenotype with
functional OXPHOS (as in glycolytic muscle), and an increase in
Km values in the CRC reflects a shift to OXPHOS phenotype
with increased intracellular complexity (analogy with oxidative
muscle). Hence, Km(ADP) value is an important parameter
describing metabolic plasticity. 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 (70). For example, the proportion of mitochondria
with high oxidative capacity is 67% in CRC tumors and only 38%
in colorectal polyps (47).

In addition to Km(ADP), the maximal ADP-dependent
oxygen consumption (V,,,,) is a defining characteristic of
metabolic plasticity and is correlated to mitochondrial content
(density) in the tissue. V., values are higher in CRC than in
normal colon tissue (5, 6, 47), indicating a vigorous metabolic
activity. Moreover, V.« values in biopsy material from patients
that succumbed to colon cancer were significantly higher than in
patients staying in remission (5). However, the extent to which
high V,,ax values correlate with tumor aggressiveness needs to be
confirmed in further studies.
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FIGURE 1 | Michaels-Menten kinetics of ADP-dependent respiration of human colorectal cancer and polyp biopsy material. Representative tracing of adenosine
diphosphate (ADP)-activated oxygen consumptions rates in human permeabilized tissue of (A) colorectal polyp and (B) and colorectal cancer. (C) Corresponding Km
(ADP) and Vmax values were calculated by non-linear regression using the Michaelis-Menten equation.

The Possible Mechanisms of VDAC
Permeability Regulation

Several studies show that VDAC isoform 1 (VDACI) is the
dominant isoform in most malignant tumors including CRC (44,
71, 72). VDACI is crucial in communication between the
mitochondria and the cytosol. Cancer cells display high levels
of metabolic flexibility combined with apoptosis resistance,
which provides a survival advantage for these cells. VDACI is
well recognized as a metabolic checkpoint at the crossroad of
these two processes (72, 73). VDAC mediates and regulates the
transport of metabolites, ions, and ROS across OMM. Thus,
VDACI plays a major role in the control of mitochondrial
function. Transport of ADP through OMM is mediated via
VDACI and through the inner membrane via ANT. Metabolic
control analysis of the OXPHOS system of CRC revealed that
ANT does not exert exclusive control over the mitochondrial
ADP-dependent oxygen consumption (5, 43). Therefore, the
rate-limiting step of ADP transport into the mitochondria
appears to be VDAC. Therefore, the alteration of Km(ADP)

600

800 1000 1200

value depends on the changes in interactions of VDACI with
other proteins or on the modification of VDACI itself.

As the name implies, VDAC is regulated by a change of
membrane potential. Studies of isolated VDACI reconstituted
into planar lipid bilayers reveal sharp and symmetrical voltage
dependence of VDACI permeability (72, 74, 75). At membrane
potentials close to zero (between —20 to +20 mV), VDACI is
open and displays low anionic selectivity. At more positive or
more negative membrane potentials (+30.+60 mV or —30.—60
mV), VDACI shows diminished permeability to large anions
and becomes more selective to small cations (72). However, it is
unknown whether the voltage dependence of VDACI is relevant
in physiological conditions, as the value of membrane potential
across OMM is unknown. It is generally believed that any
membrane potential generated at OMM will be offset by a
relatively undisturbed movement of small ions across OMM.
However, there is a theoretical possibility that OMM can be
polarized to potentials large enough to alter the permeability of
VDACI (2, 3). Although the role of OMM potential in the
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regulation of VDACI permeability is unlikely, it remains to be
investigated whether potential across OMM changes in CRC and
whether such change can alter Km(ADP).

Hexokinase-VDAC Interaction Regulates the
Permeability of VDAC to Adenine Nucleotides
Although the VDAC-hexokinase (HK) binding was
demonstrated by several groups using different experimental
approaches, it still remains somewhat speculative, and there
are different hypothesis on its functional consequences.
Research activities of Prof. Pedersen and his colleagues resulted
in the discovery of the binding of HK-II to VDAC with the
conclusion that this phenomenon could play a pivotal role in the
“Warburg Effect” (76-80). Review paper of V. Shoshan-Barmatz
et al. proposed the hypothesis that HK-II binds to VDAC and
promotes VDAC closing (81). Neumann et al. demonstrated the
binding of the cytosolic protein HK-I to VDAC by two-color
STED microscopy (82). Our group showed the colocalization of
VDACI and hexokinase II in cell cultures and clinical cancer
samples by confocal microscopy imaging (6, 67). Based on these
studies, two models of VDAC permeability control have been
proposed. The model proposed by Pedersen et al. states that the
binding of HK-II to VDAC plays a pivotal role in maintaining
the Warburg phenotype in cancer cells (77, 83). In such a setting,
mitochondrial ATP is preferentially directed to glycolysis (HK
reaction) and the produced ADP is channeled back to the
OXPHOS (Figure 2). At the same time, VDAC is assumed to
be in an open state and mitochondria have free access to
exogenous ADP (84, 85), thus low Km(ADP) values are
expected. Glucose-stimulated increase of mitochondrial
respiration shows the amount of ADP released in the HK
reaction that passes through VDAC and is utilized in

mitochondrial ATP synthesis (86). Such glucose effect
comprises a fraction of total ADP-stimulated respiration and is
higher in cancer cells as compared to normal cells. Accordingly,
the glucose effect is about 20% for CRC tissue, about 12% for
normal colon tissue samples (6), and about 48% for Caco-2 CRC
cell line (43). These results show that the lower affinity of
mitochondria for ADP could be related to the weaker ability
for glucose to stimulate respiration. CRC displays elevated levels
of VDACI as compared with surrounding healthy tissues (43),
and this is in good agreement with the fact that V ,,, for ADP-
dependent respiration is higher in CRC (44). The total HK
activity and expression levels of HK1 and HK2 in CRC do not
differ from that of normal tissue (6, 44). In both the normal
mucosa and the CRC, HK2 is colocalized with VDAC (6, 43).
The interaction of HK1 or HK2 with VDACI gives numerous
advantages to cancer cells: (1) it mediates the increased
permeability of the OMM to adenine nucleotides; (2) it
increases the rate of aerobic glycolysis and thereby allows the
cells to adapt to hypoxic conditions; (3) it mediates elevated
resistance to apoptosis and protection from oxidative stress as
VDACI-bound HK acts as an anti-apoptotic protein (73, 87-89).
VDAC-HK interaction is reversed with inhibitors of HK2 (e.g.,
3-bromopyruvate), and agents that disrupt the VDAC-HK
interaction have been tested as anticancer drugs (73, 90-93). It
was also reported that silencing of VDACI expression by siRNA
inhibited the proliferation of several cancer cell lines (including
CRC) (94).

Free Beta-Tubulins Controlling VDAC

Permeability in CRC

According to the free-tubulin model, the binding of free tubulin
blocks VDAC and thereby regulates respiration (95). The

Normal tissue and Cancer

FIGURE 2 | A model of regulation of outer mitochondrial membrane (OMM) permeability for adenine nucleotides in normal and colorectal cancer (CRC) cells.
Voltage-dependent anion channel (VDAC) is the pore through which adenine nucleotides move into and out of the mitochondria. (A) In normal and possibly some
cancer cells, a minor amount of hexokinase (HK) is bound to VDAC and utilizes mitochondrial ATP to initiate glycolysis. Produced ADP is channeled back to the
mitochondrial matrix via VDAC and adenine nucleotide translocase (ANT) for use in oxidative phosphorylation (OXPHOS). VDAC permeability is also regulated by
tubulin binding. As a result of beta-tubulin-VDAC interaction, the VDAC is less permeable to adenine nucleotides. This in turn promotes cells to use creatine kinase
(CK) and adenylate kinase (AK) energy transfer networks for intracellular distribution of high-energy phosphates. Mitochondrial intermembrane space (IMS)-residing
mitochondrial CK (MtCK) is functionally coupled to ANT, turning OXPHOS to be dependent on ADP originating from MtCK reaction. Mitochondrial AK isoform AK2
uses AMP passing through VDAC and ATP passing through ANT to produce ADP, which stimulates OXPHOS. These energy transport systems provide feedback
between ATP consumption and synthesis. (B) Redox stress may induce an increased amount of HK bound to VDAC. In addition, VDAC can be truncated at
C-terminus by proteases activated in response to oxidative stress. The role of tubulin in the regulation of VDAC permeability remains unclear, as the interaction of
truncated VDAC with tubulin might be impaired. The AK2 activity in cancer cells is increased, resulting in enhanced utilization of extra-mitochondrial AMP to

OXPHOS. IMM, inner mitochondrial membrane; IMS, intermembrane space.

Oxidative stress
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rationale behind this model is the observation that proliferating
cancer cells have high levels of free tubulin for mitotic spindle
formation. Free tubulin dimers bound to VDAC induce a closed
state of VDAC (Figure 2) and cause a suppression of
mitochondrial metabolism; thus, aerobic glycolysis will become
the main source of energy. Maldonado and Lemasters’s group
shows at HepG2, A549, and UM-SCC-1 cells that tubulin
binding closes the VDAC channel (95). It sounds like the
hypothesis in this review contradicts Maldonado’s publications
(95, 96). However, in fact, the results of both works are in
agreement. The amount of dimeric and polymerized tubulin in
cells is nearly constant, but the ratio could change significantly.
In both cases it is dimeric tubulin, which affects VDAC
permeability, but this effect depends on the polymerization
state. Also, it should be definitely noted that the regulation of
VDAC permeability is tissue specific. Unlike striated muscles,
where the main regulator of VDAC is beta-II tubulin (97), in
CRC the VDAC and beta-II tubulin colocalization is absent (6).
Instead, beta-III tubulin (TUBB3) could be the partner of VDAC
in CRC cells. Beta-III tubulin overexpression has been reported
in several intestinal cancers like carcinoids of the small intestine
and rectal carcinoids (98), gastric cancer (99), colon neoplasias
like polyps, and CRC (6, 100). TUBB3 expression has been
associated with the resistance to drugs perturbing the
microtubule dynamics (e.g., paclitaxel) and studied as a
prognostic biomarker in various cancers (101, 102). It has been
demonstrated that in non-small-cell lung cancer, the expression
of beta-III tubulin decreases the dependence of cells on glycolysis
and thus improves the tumor’s ability to cope with the changing
nutrient supply in the microenvironment (103). From a
functional analysis of the network of proteins forming disulfide
bonds with beta-III tubulin, it appears that some of them are
involved in oxidative stress and glucose deprivation response
(104). It was shown that hypoxia via HIF-1o. can induce the
expression of TUBB3 (105). Beta-III tubulin is likely part of a
complex pathway induced by hypoxia and shortage of nutrients
(101). However, our recent study revealed that microtubule
destabilizing (colchicine) and stabilizing (taxol) agents do not
affect the Km(ADP) in glioblastoma and sarcoma cells (67).
Hence, the actual role of beta-tubulins in cancer metabolism and
mitochondrial respiratory control needs further investigation.

Regulation of VDAC1 by Protein-Protein Interactions
and Redox Stress

In addition to the two previous models, the modifications of
VDACI protein induced by oxidative stress could be responsible
for alterations of apparent value of Km(ADP). Tumor cells are
well adapted to a hypoxic environment, and VDACI is regulated
by oxygen tension in HIF-1o-dependent manner at the levels of
transcription and protein modification. Transcription of the
VDACI gene is regulated by HIF-lot and NRF-1 (nuclear
respiratory factor 1), which leads to increased levels of VDACI1
in response to hypoxia or nutrient deprivation of the cells (106).
Along with VDACI expression regulation, HIF-1o is also
involved in the cleavage of VDACI, resulting in a truncated
form of VDAC1 (107). In normoxic conditions, VDACI is

Energy Metabolic Plasticity of Colorectal Cancer

expressed as a full-length protein of molecular weight of
approximately 30 kDa, while in response to hypoxia, there is a
larger proportion of a shorter VDACI variant lacking C-terminal
part (VDACI-AC) with a molecular weight of approximately 25
kDa (107). The shorter variant is a product of the cleavage of
VDACI at asparagine 214 by the asparagine endopeptidase
Legumain (LGMN), which in turn is activated in a HIF-1a-
dependent way upon hypoxia (107). The electrophysiological
properties of VDAC1-AC are similar to full-length protein;
however, its permeability is slightly reduced (107). Levels of
VDACI1-AC were higher in late-stage lung tumors (107), and it
was suggested that HIF-1ot mediated induction of VDACI1-AC
provides protection from apoptosis and enhances cell survival in
hypoxia (107, 108). Hypoxia-induced VDACI-AC lacks a
phosphorylation site at serine 215, and therefore its interaction
with tubulin is impaired (108). Notably, HIF-1o overexpression
was significantly associated with higher CRC-specific mortality
in a cohort of 731 patients (109). Consequently, inhibition of
HIF-1a is proposed as a possible treatment strategy for CRC
(110). Moreover, the expression of endopeptidase LGMN is
elevated in CRC and is associated with a poor prognosis (111).
Furthermore, a meta-analysis revealed the overexpression of
LGMN to be correlated with the aggressiveness of different
cancer types, with higher levels of LGMN in late-stage
tumors (112).

It is currently unknown whether VDACI1-AC is present in
CRC cells and whether truncation-induced impairment of
VDACI interaction with tubulin affects apparent affinity for
ADP (Figure 2). Given the role of tubulin in the regulation of
VDACI and the discovery of VDACI-AC in lung cancer,
VDACI1 truncation may also play a role in metabolic
alterations of CRC. Future studies should reveal whether the
truncated form of VDACI plays a role in metabolic adaptations
of CRC.

Recent studies indicate a link between iron-sulfur cluster
(ISC) synthesis and regulation of VDACI. Biogenesis of ISC is
an ancient process, and ISCs are important redox-sensitive
cofactors for many enzymes involved in energy homeostasis.
Synthesis of ISC starts within the mitochondrial matrix, and
depletion of proteins involved in mitochondrial ISC assembly
leads to accumulation of VDACI-AC in normoxic conditions
independent of HIF-lo (113). Depletion of the iron-sulfur
cluster containing protein CISD2 also resulted in the
accumulation of truncated VDACI1-AC (113). Therefore,
mitochondria-associated membrane-localized Fe-S protein
CISD2 acts as a link between ISC machinery and accumulation
of VDACI-AC (113).

Another iron-sulfur cluster protein, mitoNEET, was found to
interact with VDACI in a redox-sensitive way (114). MitoNEET
harbors [2Fe-2S] cluster and binds to VDACI when its cluster is
oxidized, thus inhibiting VDACI conductivity. Such interaction
does not occur when mitoNEET-bound ISC cluster is reduced
(114). Therefore, mitoNEET governs VDACI permeability in a
redox-sensitive way, inhibiting VDACI in high redox stress
conditions. Oxidative stress is increased in CRC (115); thus, the
interaction of mitoNEET with VDACI can be altered in CRC.
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It remains to be investigated whether such redox-sensitive
mitoNEET-VDACI interaction can alter the apparent Km
(ADP) value and is involved in the metabolic plasticity of CRC.

There is a large number of proteins that were found to interact
with VDACI and are therefore potentially able to modulate VDAC
permeability. Interacting partners of VDACI are involved in the
regulation of apoptosis (Bax, Bcl2, Bak, etc.), energy metabolism
(HK1, HK2, ACSL, CPT1, ANT, etc.), cytoskeletal organization
(Tubulin, actin, dynein, etc.), and other cellular functions [Parkin,
alpha-synuclein, APP, gamma-secretase) [reviewed in (116)].
However, the role of these interactions in the modulation of
cellular respiration needs to be further investigated.

ENERGY TRANSPORT PATHWAYS IN
CRC CELLS—THE PARTICIPANTS IN
THE METABOLIC PLASTICITY

In addition to the altered transport of adenine nucleotides through
OMM alterations of energy transport circuits formed from creatine
kinase (CK) and adenylate kinase (AK) isoenzymes are also
involved in the development of metabolic plasticity. Cancer cells
have uncontrolled cell division, which is accompanied by a high
energy need for anabolic processes and large cell structure
rearrangements. Therefore, it is hypothesized that energy
transport pathways are also reprogrammed in cancer cells to meet
these demands. Previous data show downregulation of the CK
pathway and mitochondrial CK (MtCK) in CRC cells, which results
in functional uncoupling between the CK circuit and OXPHOS (6,
44). In contrast, total AK activity is higher in CRC than in normal
intestinal tissue, and it also reflects enhanced coupling between AK
and OXPHOS (i.e., AMP can affect the rate of oxygen consumption)
(Figure 2) (6, 44). This is in agreement with the observation that
expression of AK mitochondrial isoform AK2 is increased in several
cancers including lung adenocarcinoma (117) and breast cancer
(118, 119). Also, there is evidence that another mitochondrial
isoform, AK4, is involved in the regulation of mitochondrial
metabolism in cancer cells. In HeLa cells, AK4 forms complexes
with ANT, VDAC, and HK2 for the efficient recycling of ADP
(120). Further, AK4 expression is induced by hypoxia, and protein
complex AK4-ANT-VDAC-HK2 complex supports the high
glycolytic activity of cancer cells (120). Intestinal cells are able to
switch off the CK circuit and turn on the AK pathway to establish
metabolic plasticity. Such flexibility of phosphotransfer networks in
Caco2 CRC cell lines depends on the availability of key metabolic
substrates and is associated with the cell differentiation state (121).
The abovementioned data indicate a possible role of the
phosphotransfer networks related to the regulation of VDAC
permeability for adenine nucleotides and metabolic plasticity.

The function of energy transfer pathways is well characterized
in striated muscle cells where its role is to overcome the diffusion
restrictions for ATP and ADP, thereby directing the energy-rich
phosphate groups to the CK, AK, and glycolytic energy transfer
circuits. This way of energy transfer allows the formation of
micro-compartments at energy consumption sites where high
ATP/ADP levels are maintained for maximal performance.

Energy Metabolic Plasticity of Colorectal Cancer

Similarly, in the compartment where energy is produced (e.g.,
mitochondrial membranes), favorable levels of ADP are
maintained to ensure efficient ATP synthesis [reviewed in (65,
122)]. In the case of CRC, downregulation of MtCK leads to the
inability to produce phosphocreatine and a loss of functional
coupling between the VDAC-MtCK-ANT complex,
accompanied by the formation of other regulating
combinations like VDAC-HK-ANT. In this aspect, more
studies are required to determine the profile of HK, AK, ANT,
and VDAC isoform expression in human CRC.

In addition to their role in energy transfer among cellular
processes, AKs are an integral part of intracellular energy sensing
and metabolic signaling (123, 124). Due to its catalytic reaction
(2ADP < AMP + ATP), it can amplify a small change in the
ATP/ADP ratio into relatively large changes in AMP
concentration. This relates AKs to the activation of cellular
AMP-sensitive components like AMPK. In general, activation
of AMPK switches on catabolic pathways that generate ATP,
while switching off biosynthetic pathways and cell-cycle progress
(125). The role of AMPK in cancer is controversial; it has been
recognized as a tumor suppressor in some cancers (126-129) and
in some cases described as a contextual oncogene, as the AMPK
activation promotes tumor progression and chemoresistance
(130-132). Downregulation of AK— AMP— AMPK signaling
could lead to loss of control over the cell cycle, growth, and
proliferation (124). A recent in-depth review about AKs and
metabolic signaling in cancer cells by Klepinin et al. (124)
highlights the role of suppression of AK phosphotransfer and
signaling through AMPK as a potential target for cancer
metabolism. How different AK isoforms are distributed in CRC
cells and how their activities affect AMPK activation and
metabolic plasticity need further investigation.

Adenylate kinases network promotes cancer growth and
metastasis through participating in AMPK metabolic signaling
and regulating mitochondrial adenine nucleotide exchange.

CONCLUSION AND PROSPECTS

Metabolic plasticity is a defining characteristic of the cancer cells
that allow undisturbed proliferation in changing environment.
At the functional level, different metabolic states of the cancer
cells can be identified and characterized by measuring the
dependence of mitochondrial respiration upon ADP
concentration using the classical Michaelis-Menten kinetic
model. The apparent affinity of ADP provides an integrated
assessment of cell metabolic state, which is functionally
determined by the permeability of VDACI. Regulation of
VDACI involves many protein-protein interactions, as well as
hypoxia- and redox-sensitive mechanisms. The regulation of
OMM permeability for adenine nucleotides is presumably
more complex than the binding between the VDACI channel
and some single type of protein molecule. Unraveling the
molecular mechanisms of metabolic plasticity will reveal new
therapeutic targets for the development of novel cancer
treatments. This knowledge combined with relatively simple
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functional evaluation of cancer metabolism in biopsy material
can form a new prospect for personalized medicine.
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In colorectal cancer (CRC) energy metabolism research, the precancerous stage
of polyp has remained rather unexplored. By now, it has been shown that CRC
has not fully obtained the glycolytic phenotype proposed by O. Warburg and
rather depends on mitochondrial respiration. However, the pattern of metabolic
adaptations during tumorigenesis is still unknown. Understanding the interplay
between genetic and metabolic changes that initiate tumor development could
provide biomarkers for diagnosing cancer early and targets for new cancer
therapeutics. We used human CRC and polyp tissue material and performed
high-resolution respirometry and gRT-PCR to detect changes on molecular and
functional level with the goal of generally describing metabolic reprogramming
during CRC development. Colon polyps were found to have a more glycolytic
bioenergetic phenotype than tumors and normal tissues. This was supported by a
greater GLUT1, HK, LDHA, and MCT expression. Despite the increased glycolytic
activity, cells in polyps were still able to maintain a highly functional OXPHOS
system. The mechanisms of OXPHOS regulation and the preferred substrates are
currently unclear and would require further investigation. During polyp
formation, intracellular energy transfer pathways become rearranged mainly by
increasing the expression of mitochondrial adenylate kinase (AK) and creatine
kinase (CK) isoforms. Decreased glycolysis and maintenance of OXPHOS activity,
together with the downregulation of the CK system and the most common AK
isoforms (AK1 and AK2), seem to play a relevant role in CRC development.

KEYWORDS

metabolic phenotype, energy metabolism, colorectal cancer, colonic adenoma,
OXPHOS, Warburg effect
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1 Introduction

Colorectal cancer (CRC) is a multifactorial and heterogeneous
disease that mostly arises from precursor lesions known as polyps.
Two major classes of colorectal polyps are conventional adenomas
(tubular, tubulovillous, or villous adenoma) and serrated polyps
(hyperplastic polyps, sessile serrated adenoma/polyps, and
traditional serrated adenomas) (1), which are believed to arise
from distinct etiologic pathways. The current understanding of
CRC development suggests that the progressive accumulation of
oncogenic changes begins with abnormal growth of colon epithelial
cells. Sequence alterations in specific genes, including APC and
KRAS, contribute to the development of early precancerous lesions
(2) and metabolic reprogramming towards a glycolytic phenotype.
Over time, adenomas develop increasingly dysplastic features and
eventually acquire malignant potential. However, most adenomas
stabilize their growth progression or even regress (3). Although
genetic events in colonic polyps are quite well characterized (4, 5),
the reprogramming of metabolic pathways has not been
widely investigated.

Metabolic reprogramming is one of the hallmarks of cancer (6).
However, metabolic alterations in the precancerous stage and
colorectal carcinogenesis are not well understood. Almost 100 years
ago, Otto Warburg first described that cancer cells metabolize glucose
directly to lactic acid even in the presence of high oxygen. This
modified glucose metabolism is known as the “Warburg effect” (7).
Warburg proposed that the increased rate of aerobic glycolysis was
due to irreversible injury of mitochondrial oxidative phosphorylation
(OXPHOS), the main pathway providing energy for eukaryotic cells,
and generating more adenosine triphosphate (ATP) than glycolysis.
Nowadays, it has become clear that glycolysis is upregulated in many
tumors without mitochondrial dysfunction.

Several in vivo studies have demonstrated up-regulation of the
components of the OXPHOS system in certain types of cancer cells
(8), which is accompanied by increased mitochondrial respiration
and OXPHOS flux. The OXPHOS machinery in most cancer cells
seems to be fully functional. Moreover, cells can switch between
OXPHOS and aerobic glycolysis or even perform them
simultaneously, depending on the availability of substrates
(including oxygen) (9). This metabolic plasticity is defined as the
ability of cancer cells to reprogram their metabolic pathways to
fulfill energetic and anabolic needs in a changing extracellular
microenvironment during the various steps of disease progression.

Another important aspect of energy metabolism and metabolic
plasticity is the interplay between energy transfer pathways in
cancer cells. The isoenzymes of hexokinase (HK), adenylate
kinase (AK), and creatine kinase (CK) support specific cellular
processes ranging from muscle contraction and cell motility to
mitochondrial/nuclear energetics (10). Indeed, it has been proposed
that some AK and HK isoenzymes may be targets for antitumor
therapy (11, 12). A complete spectrum of HK, AK, and CK isoforms
in clinically well-defined patient groups may inform us about the
changes in the maintenance of energy homeostasis of tumor cells.
Several high-resolution respirometry studies performed on different
permeabilized tissues and cells show that there is specificity on how
adenosine diphosphate (ADP) may regulate OXPHOS at the level of

Frontiers in Oncology

10.3389/fonc.2023.1171887

the mitochondrial outer membrane (MOM). The basis of this last
premise is the structurally different intracellular arrangement of
functional units; such complexity of the intracellular environment
determines the need for the use of energy transfer pathways.
Moreover, the differences between cancer and non-cancer cells in
the composition of cytoskeleton proteins and their interaction with
mitochondria are related to the prevalent type of metabolism,
facilitating metabolic plasticity (13, 14).

The present study was aimed to identify and characterize
metabolic reprogramming in colon polyps by assessing
mitochondrial respiratory rates and gene expression of selected
metabolic markers. The precise contribution of different metabolic
pathways to the adenoma-carcinoma sequence is not known yet.
Understanding the relationship between genetic and metabolic
changes, as well as the role of these interactions in tumor
initiation, is essential for designing efficient therapeutic
approaches targeting the metabolism of tumors.

2 Materials and methods
2.1 Clinical material

All experiments were performed with human tissue samples. The
present research protocol was approved by the Medical Research
Ethics Committee (National Institute for Health Development,
Tallinn, Estonia) by decisions number KK557 and KK558, and was
following the Helsinki Declaration and Convention of the Council of
Europe on Human Rights and Biomedicine. Research subjects were
fully informed about the study and gave their consent.

Tumor and control tissue samples were obtained from the
North Estonia Medical Centre. All patients (n=56 with ages
ranging from 38 to 101) showed local or locally advanced disease
(T2-4, NO-2), and only primary tumors were used. Normal tissue
samples were taken from the same location at sites distant from the
tumor and were checked for malignancies. Colorectal polyps were
resected from patients (n=28, with ages ranging from 50 to 84)
undergoing a colonoscopy at the West Tallinn Central Hospital.
Only non-cancerous polyps were used. To maintain physiological
conditions during geographical displacement, samples were placed
immediately after removal into medium B (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, pH
7.1). Additionally, a small amount of tissue was transported in
RNALater Stabilization Solution (Qiagen).

2.2 Preparation of skinned tumor samples
and permeabilization procedure

Upon arriving, samples were placed into pre-cooled (4°C)
medium A consisting of 3 mM KH,PO,, 20 mM taurine, 5.7 mM
ATP, 15 mM PCr, 9.5 mM MgCl,, 49 mM MES, 7.23 mM K,EGTA,
and 2.77 mM K,CaEGTA, pH 7.1). Fat and blood vessels were
removed from the tissue samples, which were then dissected into
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small samples (5-15 mg). These were permeabilized in medium A
containing 50 pg/mL of saponin for 30 min at 4°C. The
permeabilized samples were then washed three times for 5 min in
pre-cooled medium B without leupeptin and kept at 4°C until use in
oxygraphic analysis.

2.3 Oxygraphic measurements

The mitochondrial respiration of permeabilized tissue samples
was measured in medium B at 25°C using a high-resolution
respirometer Oxygraph-2k (Oroboros Instruments, Innsbruck,
Austria). The medium was supplemented with 5 mM glutamate, 2
mM malate, and 10 mM succinate to fully activate respiratory chain
complexes 1 and 2 (15). ADP was added in increasing concentrations
to measure the dependence of respiration rate on exogenous ADP
(Supplementary S1) and then calculate the apparent affinity of
mitochondria to exogenous ADP (K,,(ADP)). The obtained data
were plotted as rates of O, consumption (the basal respiration rate of
respiration was subtracted) versus ADP concentration and K,,,(ADP)
and V,,,, values were calculated from these plots by nonlinear
regression using Michaelis-Menten equation.

2.3.1 Calibration of ADP stock solutions

To calibrate the concentration of ADP stock solution, the
absorbance of NADH was determined using spectrophotometry.
The reaction mixture contained a high K concentration medium
(120 mM KCJ, 20 mM MOPS, 1 mM EGTA, pH 7.2), 5 mM MgCl,
1 mM phosphoenolpyruvate, 2,5 IU/mL lactate dehydrogenase, 3.75
IU/mL pyruvate kinase, and 0.15 mM NADH. The reaction was
initiated by adding 1 pL of ADP stock and the concentration of
ADP stock was defined as the decrease of NADH concentration.
The extinction coefficient for NADH (6.22 x 10> M cm ') was
used to convert its absorbance to molar concentration. K,,,(ADP)
values were corrected accordingly.

2.4 RNA extraction

Tissue samples from patients were transported in RNALater
solution (Qiagen) to protect cellular RNA until it was frozen in
liquid nitrogen and stored at -80°C. The frozen tissue samples were
homogenized by using the TRIzol reagent (Ambion). For RNA
isolation, the RNeasy Mini Kit (Qiagen) was used by following the
protocol by Untergasser (16). Genomic DNA was removed by using
RNase-free DNase I solution (Qiagen). RNA was eluted in 30 pL of
RNase-free water and the total concentration of RNA was measured
by a BioSpec-Nano spectrophotometer (Shimadzu). Isolated RNA
was stored at -80°C.

2.5 cDNA synthesis and real-time
quantitative polymerase chain reaction

For cDNA synthesis and qRT-PCR, all reagents used were by
Applied Biosynthesis. cDNA was synthesized from 2 ug of RNA by
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using a High-Capacity cDNA Reverse Transcription Kit with RNase
inhibitor following the manufacturer’s instructions. Reverse
transcription was performed with Eppendorf® 5332
Mastercycler thermocycler.

qRT-PCR was performed with LightCycler 480 II (Roche) and
by using the TagMan Gene Expression Master Mix (Thermo Fisher
Scientific). To detect gene expression levels, FAM-labeled TagMan
probes were used: actin-B (Hs01060665_gl1), AK1 (Hs0017
6119_m1), AK2 (Hs01123132_gl), AK4 (Hs03405743_gl), AK6
(Hs00360444_g1), CK-BB (Hs00176483_m1), CK-MT1 (Hs00
179727_m1), CK-MT2 (Hs00176502_m1), HK1 (Hs00175976_
ml), HK2 (Hs00606086_m1), GLUT1 (Hs00892681_m1), LDHA
(Hs03405707_g1), MCT1 (Hs00161826_m1), MCT2 (Hs043327
06_m1), and MCT4 (Hs00358829_m1). MQ was used as a
negative control.

2.6 DNA extraction

DNA was extracted from tissue samples using InvitrogenTM
PureLink™ Genomic DNA Mini Kit following the instructions
provided by the manufacturer. DNA concentrations and quality
were measured using the NanoDrop 2000 spectrophotometer
(Thermo Scientific, Waltham, MA, USA).

2.7 KRAS and BRAF mutation analysis

High-Resolution Melt (HRM) analysis was performed to detect
the mutations in KRAS codon 12 and 13 of exon 2 and BRAF codon
600 of exon 15 (V60OE). The reaction mix contained 1x HOT
FirePol® EvaGreen® HRM Mix (Solis BioDyne, Estonia), 250 nM
of sense and antisense primers (Supplementary Table S2), and 100x
dilution of PCR amplification product. PCR amplification and
HRM analysis were carried out 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 obtained PCR
products were heated at 95°C for 1 min and cooled down to 40°C to
facilitate the formation of heteroduplex. HRM analysis was
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.

2.8 Data analysis

The authors confirm that the data supporting the findings of
this study are available within the article and its Supplementary
Materials. Data in text, figures, and tables are presented as mean +
standard error (SEM). Bar charts with individual data points
were made by using SigmaPlot 11.0. The results from oxygraphic
analysis and qRT-PCR were analyzed by Student’s f-test and
p-values <0.05 were considered statistically significant. Apparent
K,,(ADP) values were measured by fitting experimental data to
non-linear regression.
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3 Results and discussion

3.1 Mitochondrial outer membrane
permeability for ADP is different in healthy
colon, polyps, and cancer tissue

To identify the changes in OXPHOS activity during the
development of CRC, we applied high-resolution respirometry on
permeabilized postoperative tissues (CRC, colon polyps, and
healthy colon tissue). We determined the rate of maximal ADP-
activated respiration (V,,,,) and calculated the apparent Michaelis-
Menten constant values for exogenously added ADP (K,,,(ADP)), to
estimate the coupling of mitochondrial oxygen consumption to
OXPHOS and the permeability of voltage-dependent anion channel
(VDAC) for exogenous ADP, respectively.

Tissue or cell-specific tuning of OXPHOS activity through
regulation of creatine, creatine-phosphate and adenine
nucleotides movement via VDAC resulting in a certain K,,,(ADP)
value could be a suitable indicator of the specific complexity of the
intracellular organization, which is dealt with ad hoc isoforms of CK
and AK for catalysis and intracellular energy transfer. In this regard,
orders of magnitude different K,,,(ADP) values have been found
between glycolytic and oxidative striated muscles (tissue-specific K,
(ADP) values are higher in oxidative tissues), which have different
metabolic features (17, 18). Thus, the determination of V,,,, and K,,,
(ADP) values for cellular oxygen consumption rates could provide
relevant information about the activity of OXPHOS key
components, the type of metabolism, and the complexity of the
internal organization of the cells in the three different tissues
included in the present study.

There were significant differences in oxygen consumption V.,
and K,,(ADP) values between polyps and tumors, suggesting that
polyps and tumors have different bioenergetic profiles and demands
for energy (Figure 1). The observation that V,,,, for tumors was
higher than for healthy colon tissue (Figure 1A; Supplementary
Table S3) was in agreement with our previous studies (19-21).
Interestingly, V., for colon polyps exceeded that in tumors and
was two times higher than V,,,,, for healthy tissue. Determination of
K,,(ADP) values revealed that colon polyps have a significantly
lower K,,(ADP) compared to both cancerous and healthy tissue

10.3389/fonc.2023.1171887

(Figure 1B). At the same time, healthy tissue and tumors showed
similar K,,,(ADP) values, indicating a lower affinity for ADP than in
polyps. The V,,,./K,,(ADP) ratio was 0.039 min™’ mg’l mL for
colon polyps, whereas this ratio was similar and lower (0.019 and
0.013, respectively) for tumor and healthy tissue, indicating a more
catalytically efficient system in polyps. Additionally, by calculating
the % of mitochondrion with low oxidative capacity using the
model developed by Saks and colleagues (22), polyps were
characterized by a higher % of mitochondrion with low control
over the movement of adenine nucleotides through MOM
(Supplementary Table S4) compared to both healthy tissue and
malignant tumors. This suggests that polyps have higher glycolytic
capacity. These observations suggested a metabolic shift towards a
more glycolytic type of metabolism while maintaining OXPHOS
functionality in polyps, which was indicated respectively by the
increased affinity for ADP on MIM and the high ADP-induced
respiration level.

3.2 Polyps with BRAF mutation
demonstrate a higher glycolytic activity
together with some down-regulation of
OXHOS

The malignant transformation of cells, including colon
epithelium, is accompanied by metabolic reprogramming of energy
production and biosynthesis pathways that promote tumor growth
and metastasis (23). Mutations in KRAS or BRAF genes appear to
play a significant role in the transcriptional regulation of metabolic
reprogramming in multiple cancers, including CRC (21, 24-27). The
potential effect of KRAS and BRAF mutations on mitochondrial
respiration was investigated in the colorectal polyp group (Figure 2).

Polyps with KRAS mutation showed higher V,,,, values
compared to those of polyps with BRAF mutation (Figure 2A;
Supplementary Table S5). This pattern was similar to that obtained
when comparing BRAF and KRAS mutations in CRC, with the
difference that the V,,,,, of non-mutated CRC was higher than that
in the tissue with KRAS and BRAF mutations (21). Mitochondria in
KRAS mutated polyps showed lower affinity for exogenous ADP
compared to that of BRAF mutated polyp group (Figure 2B). There
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FIGURE 1

Kinetic parameters of mitochondrial respiration in normal tissue, colorectal polyps, and colorectal cancer tissue (A) Comparative analysis of maximal
ADP-stimulated respiratory rate (V,,.,); and (B) apparent Michaelis-Menten constant values for ADP (K, ADP)) in control tissue (n=46), colorectal
polyps (n=42), and colorectal cancer (CRC) tissue (n=57) ** p < 0,01, *** p < 0,001 (t-test).
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Kinetic parameters of mitochondrial respiration in KRAS and BRAF mutated,
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and wild-type polyps (A) Comparative analysis of maximal ADP-activated

respiratory rate (V,,,,,); and (B) apparent Michaelis-Menten constant values for ADP (K,,(ADP)) in KRAS mutated polyps (n=14), BRAF mutated polyps

(n=6), and wild-type polyps (n=21) * p < 0,05, ** p < 0,01 (t-test)

were no significant differences in V,,,,, and K,,,(ADP), nor V,,,,./K,,
(ADP) ratios, between KRAS or BRAF mutated and wild-type
polyps. However, due to the significantly lower V,,,. in both
polyps and tumors with BRAF mutation, it may be assumed that
cells with this mutation display a more active glycolysis with a
parallel moderate down-regulation of OXPHOS. This metabolic
profile of KRAS and BRAF mutated polyps suggested that energy
metabolism during the transformation of polyps to colorectal
cancer remain relatively unchanged. These results clearly need
further assessment by using a larger study group.

To unveil respiratory rate kinetic parameters dependence on
clinicopathological characteristics, possible relationships were
analyzed of V,,,, and K,,(ADP) of polyps, tumors, and healthy
colon tissue with age, gender, location, size, histological type, and
molecular group (Supplementary Table S5). No relationship of
Vinax and K,,(ADP) values of healthy tissue, polyps, and CRC
groups with clinicopathological factors was found. One exception
was the location of polyps and tumors, which rendered different
Vinax values. However, sample sizes among groups were unequal as
CRC is more frequently observed in the distal than in the proximal
area (28) and genetic architectures of proximal and distal CRC are
partly distinct (29). Again, these results clearly require further
assessment by using a larger study group.

3.3 Different gene expression levels show
changes in energy metabolism during CRC
tumorigenesis

Numerous genes and proteins essential for glucose uptake and
glycolysis are upregulated in CRC and colon polyps (30-33). In the
present study, RT-qPCR was performed to detect mRNA of genes
coding for the glycolysis-controlling steps GLUTI, HK1, and HK2
(8), as well as for the essential but not controlling steps MCT1I,
MCT2, MCT4, and LDHA and analyze their involvement in
metabolic reprogramming in colon polyps. Absence of essential
genes or proteins completely stops the functioning of the cellular
process/function whereas fractional removal or inhibition of a
controlling step brings about a corresponding decrease in the
analyzed cellular process/function.
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3.3.1 Higher expression levels of genes coding for
flux-controlling steps of glucose metabolism
indicate an increased glycolytic activity in polyps

The first step in glucose metabolism is the entrance of glucose into
the cell, which relies on glucose transport proteins (GLUTS). GLUTSs
belong to a homologous family of fourteen uniporter transporter
proteins. Among these, GLUTs 1-4 have been extensively studied and
shown to be upregulated in cancers (34). There is an increasing number
of studies identifying GLUT1 (glucose low affinity isoform) and GLUT3
(glucose high affinity isoform) as preeminent actors in accelerated
glucose metabolism. High expression of GLUTI is associated with
poor survival in most cancer types, including colorectal cancer (35).
The lower GLUT1 expression levels in control colon tissue (Figure 3A)
compared to diseased states were consistent with the notion that glucose
provides a smaller fraction of the energy requirements for the healthy
colonic epithelium. The expression of GLUT1 in colorectal polyps was
significantly higher than in normal tissue, suggesting an increased
demand for glucose. The CRC group also showed an increased level of
GLUT1 expression compared to the healthy colon tissue. The polyp
group showed a tendency towards a lower expression of GLUTI than the
CRC group but there was no significant difference (p=0.136). An increase
in glucose uptake may indicate significant changes in energy metabolism
as well as in anabolic precursors demand such as glucose-6-phosphate
for pentose phosphate pathway, dihydroacetonephosphate for
triacylglyceride and phospholipid syntheses, and 3-phosphoglycerate
for serine, cysteine and glycine syntheses occurring in the tissue at
early events of carcinogenesis.

Hexokinase (HK) is a flux-controlling step of glycolysis catalyzing
ATP-dependent phosphorylation of glucose into glucose-6-
phosphate (8). Four major HK isoforms, encoded by separated
genes, are expressed in human tissues - HK1-4 (36). HKs help to
sustain cellular glucose levels by regulating the entry and utilization of
glucose and influencing the magnitude and the direction of glucose
flux within cells (37). HK1 is the predominant HK isoform in most
tissues, is a glucose high affinity isoform and is more abundant than
HK2. HK2 is a glucose low affinity isoform and the main isoenzyme
in insulin-sensitive organs such as heart, skeletal muscle, and adipose
tissue, and in a wide range of tumors.

HK1 and HK2 can also dock to mitochondria through an N-
terminal motif absent in the other isoforms. When bound to
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The expression levels of genes coding for flux-controlling steps in glycolysis (A) GLUT 1 expression levels in healthy colon (n=16), colorectal polyps
(n=8), and colorectal tumors (n=9) (B) Expression levels of hexokinase 1 (HK1) and hexokinase 2 (HK2) in healthy tissue (n=27), colorectal polyps
(n=9), and colorectal cancer (CRC) tissue (n=27). * p < 0,05, ** p < 0,01, *** p < 0,001.

mitochondria, HK1 and HK2 exert cytoprotective effects in healthy
and neoplastic cells and increase their efficiency in glucose usage
(38). Pedersen proposed that HK2 promotes the Warburg effect by
binding to VDAC (11). This interaction leads VDAC to redirect
mitochondrial ATP to HK2 to be used in glycolysis. Thus, HK has
been proposed to regulate the MOM permeability in glycolytic
cancer cells (14, 39). The high expression level and activity of HK2
together with that of GLUTSs in glycolytic cancers are indirectly
revealed by '"*FDG-PET imaging (38).

Expression of HK1 and HK2 was analyzed in healthy colon tissue,
colorectal polyp, and CRC groups. HK1 expression level in polyps was
twice as high as in healthy tissue and CRC group, while their HK2
expression was similar to that of healthy tissue group (Figure 3B).
Distinct differences in the regulation of mitochondrial respiration in
polyps (Figure 1), specifically lower K,,,(ADP) values, suggested that
polyps have a more glycolytic type of regulation of energy metabolism
than CRC and healthy tissue. HK2 overexpression has been previously
shown in CRC cells, in comparison to normal cells (33, 40). However,
our data did not reveal HK2 overexpression in the CRC group. In fact,
it was significantly lower than that of healthy tissue (p<0.001). Then,
the low HK2 expression levels in the CRC group suggested that energy
metabolism in CRC cells was not entirely glycolytic and that OXPHOS
system was an important energy provider.

In turn, higher expression levels of HKI and HK2 in polyps
compared to the CRC group suggested that glycolytic metabolism
played a more essential role in polyps than in CRC. Considering the
moderate GLUTI expression levels and the ensuing moderate
glucose uptake in polyps (Figure 3A), then HK overexpression
seemed counterproductive. We speculate that there was no need
to remarkably increase the glucose uptake mediated by GLUT1 in
polyps, because highly expressed HKs, and perhaps GLUT3, were
able to drive an enhanced glycolytic flux.

3.3.2 Expression levels of genes coding for
essential but non-controlling steps support the
conclusion that polyps increase glycolytic activity
Lactate dehydrogenase A (LDHA) is an essential enzyme in the
glycolytic pathway that catalyzes the conversion of pyruvate to lactic
acid using NADH and recycling NAD+. Elevated levels of this
protein have been found in several cancer types (41, 42), supporting
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cancer cell proliferation and survival. The low K,,(ADP) value
(Figure 1B) and high expression levels of HKs (Figure 3B)
suggested that cells in colon polyps developed an increased
dependence on the glycolytic pathway. This was further
supported by the elevated levels of LDHA expression in polyps
compared to the healthy colon tissue (Figure 4A), suggesting a rise
in lactate production. Although LDH is not a flux-controlling step
of glycolysis since it is one of the fastest pathway steps, it exerts full
control on the pyruvate and lactate levels and hence on the cytosolic
redox balance (the Pyr/Lac ratio is tightly linked to the NADH/
NAD-+ ratio by the overexpressed high LDH activity).

Moreover, increased production of lactate and its further release
together with H" promotes malignant progression by lowering
extracellular pH, which helps cancer cells to overcome host
immune response (43). In addition, aerobic glycolysis does not
only supply ATP, but also yields metabolic precursors for
nucleotides, amino acids, and lipids biosynthesis for cell
proliferation (44). Therefore, the high expression of LDHA in
polyps helps promoting the disease progression to malignancy.
There was no significant difference between the expression levels
of LDHA between the CRC and the healthy tissue group, suggesting
that CRC cells do not need to increase lactate production and the
ensuing external acidification further because they mainly increase
OXPHOS for energy supply and expression of glycolytic controlling
steps for anabolic precursors and pyruvate provision.

Healthy colonocytes derive 60-70% of their energy supply from
short-chain carboxylic acids, particularly butyrate. Butyrate is
transported across the luminal membrane of the colonic epithelium
via a monocarboxylate transporter (MCT1) (45). MCT1 is a member
of the monocarboxylate transporter family, of which 14 isoforms have
been identified. In the present study, the expression of MCT1, MCT2,
and MCT4 was analyzed. Healthy colon tissue showed higher
expression level of MCT1 compared to the tumor (Figure 4B), which
is aligned with the fact that butyrate is the main source of energy for
colonic epithelial cells (46). Decreased MCT1 expression in cancer
tissue could indicate that cancer cells use less butyrate, displaying
metabolic plasticity and making them less dependent on this nutrient.

MCT1 has a high affinity for extracellular lactate and has been
shown to transport lactate to sustain energy production in malignant
cells (47). Therefore, its low expression level in tumors suggested that
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MCT4

The expression levels of essential but non-controlling steps in glycolysis (A) The expression levels of lactate dehydrogenase A (LDHA) in healthy
tissue (n=16), colorectal polyps (n=8), and colorectal cancer (CRC) tissue (n=9). (B) The xpression levels of monocarboxylate transporters MCT1 and
(C) MCT2 in healthy tissue (n=16), colorectal polyps (n=8) and colorectal cancer (CRC) tissue (n=9); and expression levels of MCT4 in healthy tissue
(n=24), colorectal polyps (n=8) and CRC tissue (n=22) * p < 0,05, ** p < 0,01, *** p < 0,001 (t-test)

CRC cells did not depend on lactate as a metabolic fuel. MCT1 was
expressed in colon polyps similarly to healthy tissue but the
expression levels of isoforms MCT2 and MCT4 were increased
(Figure 4C). In highly glycolytic cancer cells, MCT2 has been
shown to localize mainly in the cytosol (48). Decreased expression
of MCT2 in the CRC group compared to the healthy colon tissue
group again supported the idea that CRC did not acquire a typical
Warburg eftect. MCT4 has a low affinity for extracellular lactate and
high affinity for intracellular lactate, as well as very high activity for
lactate transport and a very low affinity for pyruvate (48), meaning
that pyruvate is rather converted to lactate than transported out of the
cell whereas internal lactate can be actively expelled.

Similar expression level of MCT1 (Figure 4B) in control and polyp
groups suggested that colon polyps kept using short-chain carboxylic
acids, and perhaps other substrates (e.g. glutamine). However, polyps
exhibited higher MCT4 expression (Figure 4C) than control indicating
that they simultaneously increased glycolytic activity. MCT4 is
upregulated by hypoxia and hypoxia-inducible factor lalpha (HIF-
lalpha) (49). It has been shown that HIF-1alpha levels are increased in
colon polyps and CRC (50). There is a steep oxygen gradient from the
anaerobic lumen of the intestine across the epithelium into the highly
vascularized sub-epithelium. Epithelial cells lining the mucosa are
exposed to a relatively low O, tension environment that has been
described as “physiological hypoxia (51, 52).” From this perspective, it
is perhaps not surprising to see overexpression of MCT4 in colon
polyps as energy demand increases while there is still a low level
of oxygenation.

Frontiers in Oncology

3.3.3 Intracellular phosphotransfer pathways are
upregulated in colon polyps

Adenylate kinase (AK) and creatine kinase (CK) play an
important role in adjusting mitochondrial ATP synthesis to
cellular ATP consumption by forming phosphotransfer circuits,
which connect sites of ATP production (glycolysis and OXPHOS)
with subcellular sites of ATP utilization (ATPases) to support
robust metabolic homeostasis (53-55).

AKs catalyze the reversible interconversion of adenine
nucleotides (AMP, ADP, ATP), and they represent the main
mediator of intracellular nucleotide exchange and AMP metabolic
signaling (56). Suppression of AK phosphotransference and AMP
generation in cancer cells, and consequently signaling through
AMPK, might be a triggering factor in the initiation of malignant
transformation, unleashing uncontrolled cell cycle turnover and
proliferation (57). Nine different adenylate kinase isoenzymes
(AK1-9) have been identified and characterized so far in human
tissues, displaying different organ and subcellular distributions.

In the present study, the gene expression level of AKI, AK2,
AK4, and AK6 was analyzed. AK1 is expressed in the cytosol at high
levels in brain, heart, skeletal muscles, and erythrocytes (58).
Previous studies have shown that AK activity in CRC tumor
tissue is higher than in normal mucosa (59). AKl has been
proposed to be a negative regulator of colorectal cancer
development. Its expression level in the polyp group was like that
found in healthy tissue and significantly higher compared to the
CRC group (Figure 5A).
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The expression levels of (A) adenylate kinases AK1, AK2, AK4, and AK6, and creatine kinases (B) CKBB, CKMT1, and CKMTZ2 in the healthy colon
(n=19), colorectal polyps (n=9), and colorectal cancer tissue (n=15) * p < 0,05, ** p < 0,01, *** p < 0,001 (t-test)

AK?2 isoform is localized in the mitochondrial intermembrane
space and regulates the ATP/ADP transference rate between the
cytosol and mitochondrial matrix (56). Changes in the regulation of
AK2 have been observed in several human cancers. AK2
overexpression has been observed in lung adenocarcinoma, triple-
negative breast cancer cells, and neuroblastoma cell lines and it could
be related to the aggressive nature of these cancer types (60-62). The
expression of AK2 was upregulated in the polyp group compared to
CRC and healthy tissue groups (Figure 5A). The CRC group showed
a significantly lower AK2 expression than the control group
suggesting that fundamental rearrangements in the energy-related
communication networks between cytosol and mitochondria take
place during progression to cancer. Although the potential role of
AK2 in tumorigenesis has been reported for a long time already, its
underlying mechanism is still unclear.

AK4 is expressed in the mitochondrial matrix and may indirectly
modulate the mitochondrial membrane permeability via its
interactions with the ADP/ATP translocase (ANT) (58). Previous
studies have demonstrated the involvement of AK4 in the
progression of different cancer types, as well as in the resistance to
radiation therapy and multiple chemotherapeutic agents (63-65).
Indeed, the expression level of AK4 was significantly higher in the
polyp group compared to the healthy tissue group and CRC. AK4 has
been demonstrated to promote a glycolytic shift (66), which is aligned
with our observation of the glycolytic phenotype in the polyp group.

AKS6, renamed as human coilin interacting nuclear ATPase
protein (HCINAP), is localized in nucleus and cytosol, and is
ubiquitously expressed in different tissues and cell types (67, 68).
AKG6 expression was higher in polyps than in control tissue and CRC
groups (Figure 5A). AKG6 is a glycolysis regulator via phosphorylation
of LDHA and a modulator of invasion and metastatic activity of
cancer stem cells (69). However, AK6 became upregulated already at
the polyp stage and it may support the glycolytic activity in benign
tumors. Higher LDHA expression level in polyps than CRC
(Figure 4A) correlates with a similar pattern in AK6 expression. It
can be hypothesized that AK6 is required to support cell division and
that in polyps with active anaerobic glycolysis AK6 could be
preferentially located in the cytosol.

Moreover, AKs may regulate intracellular AMP levels and thus
directly affect AMPK metabolic signaling. The elevated levels of AK
expression in polyps could support AMPK activation and OXPHOS
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in conditions of intense competition for cytosolic ADP (glycolysis
has a high affinity for ADP). In this regard, a model has been
developed where the bioenergetics signatures combine the
metabolic networks of AMPK and HIF-1 alpha activity (70). The
activity of these two regulators defines the metabolic states as
follows: a glycolytic state is established by high HIF-1 and low
AMPK, an oxidative state is characterized by low HIF-1 and high
AMPK, and in a hybrid state both regulators are active (70). As both
proteins are important determinants of cell metabolism and fate,
understanding the interplay between different AKs in their various
locations and their regulation might uncover new targets for cancer
treatments or biomarkers for cancer occurrence and prognosis.

Creatine kinase (CK) has a crucial role in cell bioenergetics to
efficiently regenerate ATP from phosphocreatine and is over-
expressed in cells with high energy requirements such as skeletal,
cardiac and smooth muscle, kidney, and brain (71). There are two
genes for cytosolic CK subunit isoforms forming three types of
dimers (CKMM, CKBB, and CKMB) and two mitochondrial
creatine kinase (mtCK) isoenzymes (the ubiquitous form - gene
CKMT1 and the sarcomeric form - gene CKMT2 (72). The interplay
between cytosolic and mitochondrial CK isoenzymes depends on a
large intracellular pool of creatine/phosphocreatine and prevents a
rapid fall in global ATP concentrations (72). This ATP buffering
system is known as the phosphocreatine (PCr)-creatine kinase (CK)
shuttle, or PCr-CK circuit (53).

Mitochondrial CKs catalyze the interconversion of ATP into PCr
at the main ATP-producing sites to store the energy in the form of PCr
and facilitate its intracellular diffusion across the different subcellular
organelles, whereas cytosolic CKs regenerate in situ ATP from the PCr
pool at ATP-consuming sites (73, 74). CKs are expressed in colon
epithelial cells and are coordinately regulated by HIFs. Such regulation
is critical for their barrier function (75). Attenuated expression of CK
enzymes in inflammatory bowel disease tissue (75), downregulation of
CK-BB functional activity and low expression of MTCKI in colon
cancer (which is a different feature from other cancer types) (59, 76)
suggest that intestinal creatine metabolism and PCr/CK circuit may be
compromised in colon polyps as well.

Here, the expression level of CKBB, CKMT1, and CKMT2 was
assessed. Downregulation of CKBB in CRC was observed (Figure 5B).
CK isoforms may be up- and down-regulated in tumors depending on
the nature of the carcinogenesis (77). Mitochondrial CK transcribed
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FIGURE 6

Changes of gene expression levels in colorectal polyps and tumors compared to normal colon mucosa. ATP production in normal colon mucosa is
presented in the left. Glucose enters the cell through glucose transporters (GLUT1) and is then phosphorylated by hexokinase (HK). The glycolytic
product pyruvate enters mitochondria through voltage dependent anion channel (VDAC) in mitochondrial outer membrane and is used to produce
ATP through TCA cyle and oxidative phosphorylation (OXPHOS). Some of the pyruvate is converted into lactate by lactate dehydrogenase A (LDHA)
and lactate is transported out of the cell using monocarboxylate transporter (MCT) 4. Additionally, colon cells uptake short fatty acids like butyrate
using MCT1 and use them in fatty acid oxidation (FAQO). To transport ATP and ADP between energy production and energy consumption sites, cells
use creatine kinases (CKs) and adenylate kinases (AKs). In colorectal polyps, the energy metabolism is reprogrammed by increasing the glycolytic
activity. This phenomenon could be facilitated by higher GLUT1, HK and LDHA expression boosting lactate production. The excessive amounts of
lactate are transported out of the cell using MCT1 and MCT4 that were upregulated in polyps. Polyps also displayed higher levels of both CKs and
AKs. However, colorectal cancer cells (right) seemed to depend more on OXPHOS suggested by the decreased expression levels of HKs and LDHA.
Poor MCT levels indicate that the need for lactate transport is lower. Opposite to polyps, energy transport pathways in cancer cells showed signs of
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downregulation.

from CKMTI, also known as U-MtCK is localized in the inner
membrane of mitochondria. CKMT1 may participate in the
development of human cancers because of its involvement in several
cellular processes such as cell proliferation, migration, and apoptosis
(78, 79). Expression of CKMTI was significantly lower in the CRC
group compared to healthy tissue and polyps (Figure 5B). In this
regard, it has been suggested that MtCK expression is regulated by the
metabolic energy cell status and their expression may represent a
mechanism to compensate for a low energy state (72). Thus, high
expression of CKBB and CKMTI in control and polyp, and
overexpression of CKMT2 in polyps is consistent with the
observation that polyps are highly glycolytic compared to healthy
and cancerous tissue. Whether the changes in intracellular energy
transfer are the cause or consequence of CRC and hence how AK and
CK energy shuttles may be affected to prevent polyps from becoming
malignant remains to be investigated.

4 Conclusions

Although our knowledge on cancer metabolism has increased,
the whole process of metabolic reprogramming during tumorigenesis
is still rather unexplored. Here we showed that changes in energy
production already occur in benign colorectal tumors and the
alterations continue throughout the development of colorectal
cancer. Colon polyps seem to increase glycolytic activity by
overexpressing glucose transporter 1 and hexokinases. The low K,
(ADP) value determined in polyps by high-resolution respirometry as
well as their LDHA overexpression added support to the proposal of a
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glycolytic phenotype for polyps. The higher glycolytic activity may
drive cell proliferation in the diseased state (80). On the other hand,
while cancer cells seem to upregulate the glycolytic pathway, they still
depend highly on mitochondrial respiration. Besides glycolysis, colon
polyps upregulate the activity of energy transfer pathways like
adenylate kinase and creatine kinase systems. The observations of
metabolic reprogramming described in the results are presented in
Figure 6. The significant changes in gene expression levels could be
used as biomarkers to detect benign tumors in early stages.
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Abstract

Colorectal cancer (CRC) is a significant global health burden and its early detection is
crucial. Novel diagnostic and prognostic methods are required for improving patient
treatment, survival and quality of life. One promising approach is the analysis and
understanding of the metabolic reprogramming undergone by cancer cells. Then, by
analyzing in a systematic way the changes in transcript and protein contents, activities,
pathway flux and energy metabolite ratios in post operative CRC tumors, in comparison
to adjacent healthy tissue, the energy metabolism was characterized at the molecular
and functional levels. Greater expression of glucose transporter 1 and lactate
dehydrogenase A (LDH), together with increased protein content and activity of LDH, in
tumors suggested a higher glycolytic capability. Hexokinase transcripts, protein and
activity were rather similar, whereas monocarboxylate transport transcripts and protein
contents were rather lower in tumors. The creatine kinase transcripts and the adenylate
kinase protein contents were also clearly lower in tumors, indicating a functional
decrease in the CRC energy transfer pathway. However, oxidative phosphorylation was
fully functional and with higher catalytic efficiency (Vmax/Km) in tumors, although the
cellular energy charge was slightly lower in tumors. Furthermore, higher OxPhos
catalytic efficiency with the increase in the CRC clinical stage was observed. The data
revealed that CRC exhibits a hybrid energy metabolism phenotype where both
glycolysis and oxidative phosphorylation are highly active.

Keywords
Colorectal cancer, energy metabolism, oxidative phosphorylation, glycolysis
Abbreviations:

adenylate kinase, AK; AMP-activated protein kinase, AMPK; colorectal cancer, CRC;
creatine kinase, CK; energy charge, EC; glucose transporter 1, GLUT1; hexokinase,
HK; lactate dehydrogenase, LDH; monocarboxylate transporter, MCT; Oxidative
phosphorylation, OxPhos; Quantitative reverse transcription polymerase chain reaction,
RT-gPCR; voltage-dependent anion channel, VDAC.



Introduction

In 2020, 18.1 million people worldwide were diagnosed with cancer, among these,
colorectal cancer (CRC) stands as the third most prevalent form and ranks second in
cancer-related mortality following lung cancer (1). Only 5-10% of CRC cases occurred
by genetic predisposition, emphasizing the relevant influence of environmental factors
on cancer development risks. Despite advancements in screening only nearly 33% of all
CRC cases are diagnosed at the early localized stage, and around a fifth of all
diagnosed incidences already showed distant metastases upon diagnosis (2).
Considering the stark contrast in the 5-year survival rates between localized and
metastasized CRC (88% versus 16%, respectively), there is an imperative and urgent
public health need to enable earlier CRC detection. In that regard, metabolomics
approaches to identify diagnostic biomarkers in blood or urine have been pursued (3, 4);
however, many of the proposed metabolites are not specific of CRC. Therefore, a
comprehensive understanding of the metabolic reprogramming undergone during CRC
development should be reached, in order to identify enzymes and/or metabolites that
are more specific for early detection and prognosis of CRC development.

Living cells rely on a constant supply of energy, which they produce by converting food-
sourced fuels into usable cellular energy carrier metabolites (e.g., ATP and creatine-
phosphate). In cancer cells, energy metabolism i.e., glycolysis and oxidative
phosphorylation (OxPhos) undergoes significant reprogramming to sustain the
accelerated cell proliferation and growth typical of neoplastic disease (5). The
predominant energy production pathway in different cancer cell types has not been
completely established. The most common theory, the Warburg effect, suggests that
cancer cells favor glycolytic energy production even in the presence of oxygen (6).
However, there is increasing evidence demonstrating that several cancer cell types
exhibit high rates of OxPhos (7-9). Furthermore, cancer cells may adopt a hybrid energy
metabolic state, simultaneously depending on both glycolysis and OxPhos pathways.
This dynamic adaptative capacity of cancer cells has been termed metabolic plasticity
(10). Nonetheless, most of the mechanisms underlying this plasticity remain largely
unknown.

Understanding the CRC development requires a comprehensive analysis at several
levels, including changes in gene expression (transcript levels) and protein levels,
enzyme activities, pathway fluxes, isoform profiles, and their roles in cellular function
(11). While cancer has been historically considered solely as a genetic disease, it is
now evident that extensive alterations occur in several cellular systems involved in
functions like protein expression and activities, signaling and metabolic pathways, many
of which cannot be solely attributed to genetic causes. Traditionally, molecular biology
and biomedical research has focused on the study of single genes, individual protein
targets, single metabolites, and specific signaling pathways. However, an integral
approach that considers the complex interplay of these components provides a more
promising direction for uncovering changes in metabolic networks, diseases, and



understanding the mechanisms of drug effects (11). Furthermore, significant metabolic
research is conducted primarily on 2D cell cultures. Cell metabolism is profoundly
influenced by the microenvironment. For instance, the metabolic phenotype of cultured
cells can be modified by the conditions in which they are grown (12). While these
studies may offer valuable insights, they fail to fully represent the clinic situation.
Therefore, in the present study, metabolic reprogramming in post-operative tumor
material obtained from CRC patients was analyzed.

Methods
Clinical material

Post-operative tissue material was provided by the Oncology and Hematology Clinic at
the North Estonian Medical Centre (NEMC, Tallinn, Estonia). Only primary, treatment
naive tumors were examined. Fresh samples of CRC tumors and non-cancerous
mucosa tissue located at 5 cm from tumor were collected in plastic containers with
Mitomedium B solution (0.5 mM EGTA, 3 mM MgClz, 60 mM K-lactobionate, 20 mM
taurine, 3 mM KH2PO4, 110 mM sucrose, 0.5 mM dithiothreitol, 20 mM HEPES, 5 uM
leupeptin, 2 mg/mL fatty acids free bovine serum albumin, pH 7.1), stored on ice and
immediately transported to the laboratory. Pathology reports for all the analyzed
samples were provided by NEMC. All subjects were informed about the study and their
respective signed informed consent letters were obtained. To protect the identity of
patients, coded identity protection was applied. All actions concerning human subjects
and follow-up protocols have been approved by the Tallinn Medical Research Ethics
Committee (decision numbers KK557 and KK558), and are in accordance with Helsinki
Declaration and Convention of the Council of Europe on Human Rights and
Biomedicine.

RNA extraction

To preserve cellular RNA integrity, a fraction of approximately 40% of each tissue
sample was suspended in RNALater solution (Qiagen) for transportation. Upon arrival to
the laboratory, the sample was frozen in liquid nitrogen and stored at -80°C. The RNA
was later extracted following the protocol by Untergasser (13). Briefly, the frozen tissue
samples were homogenized using the TRIzol reagent (Ambion); the RNeasy Mini Kit
(Qiagen) was used for RNA isolation. RNase-free DNase | Solution (Qiagen) was used
to eliminate DNA. Finally, RNA was eluted from the spin column with 30 uL of RNase-
free water and the total concentration of RNA was determined with a BioSpec-Nano
spectrophotometer (Shimadzu). The isolated RNA was stored at -80°C.

cDNA synthesis and real-time quantitative polymerase chain reaction

All reagents used for cDNA synthesis and quantitative reverse transcription polymerase
chain reaction (RT-gPCR) were from Applied Biosynthesis. cDNA was synthesized from
2 ng of RNA using the High-Capacity cDNA Reverse Transcription Kit with RNase



inhibitor following the protocol provided by the manufacturer. Reverse transcription
reaction incubation was performed in an Eppendorf® 5332 Mastercycler thermocycler.

RT-gPCR was performed using a LightCycler 480 Il instrument (Roche). The reaction
mix contained TagMan Gene Expression Master Mix (Thermo Fisher Scientific) and the
FAM-labeled TagMan probes: actin-p (Hs01060665_g1), for adenylate kinase AK1
Hs00176119_m1), AK2 (Hs01123132_g1), AK4 (Hs03405743_g1), AK6
Hs00360444_g1); for creatine kinase CK-BB (Hs00176483_m1), CK-MT1
Hs00179727_m1), CK-MT2 (Hs00176502_m1); for hexokinases HK1
Hs00175976_m1), and HK2 (Hs00606086_m1); for glucose transporter 1 GLUT1
(Hs00892681_m1), for lactate dehydrogenase LDHA (Hs03405707_g1); for MCTs
MCT1 (Hs00161826_m1), MCT2 (Hs04332706_m1) and MCT4 (Hs00358829_m1);
and for 5’-AMP-activated protein kinase catalytic subunit alpha-1 PRKAA1
(Hs01562315_m1). Milli-Q water was used as a no-template control to check for
extraneous nucleic acid contamination.
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Protein extraction for Western blot

To extract proteins for Western blotting, the snap-frozen samples were first grinded in
liquid nitrogen using mortar and pestle. The resulting powder was transferred into 2 mL
Lysing Matrix A tubes (RotaPrep) filled with radioimmunoprecipitation assay (RIPA)
buffer consisting of 50 mM Tris-HCI pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% NP-40,
0.1% SDS and supplemented with a protease inhibitor cocktail (Roche) following the
manufacturer’s instructions. The sample was homogenized three times for 10 s using
the Monolyzer (RotaPrep) at maximum speed. Subsequently, the homogenates were
maintained under constant agitation for 2 hours at 4°C, followed by centrifugation for 20
min at 16 000 x g at 4°C. The resulting tissue extracts were collected, aliquoted, and
stored at —80 °C until protein quantification using BCA Protein Assay Kit (Thermo Fisher
Scientific) according to the manufacturer’s protocol.

Western blot

Proteins (30 pg) from lysates were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis followed by overnight electroblotting onto
Immobilon® -P PVDF membranes, pore size 45 pym (Merck Millipore); blocking for 30
min with phosphate buffered saline containing 0.05% Tween 20 (PBS-T) and 5% BSA,
at room temperature. Next, the blot was incubated with primary antibodies (Table 1) for
2 hat4 °Cin PBS-T with 2% BSA, washed with PBS-T and incubated with secondary
antibodies using either goat anti-rabbit IgG (H+L)-horse radish peroxidase (Invitrogen)
diluted 1:2000 or 1:4000, or rabbit anti-mouse IgG H&L -HRP (Abcam) diluted 1:5000
for 1 h at room temperature.



Table 1: Antibodies used for Western blot analysis

Protein Catalog humber Manufacturer Dilution Host species
HK1 PA5-117986 Invitrogen 1:1000 Rabbit
HK2 PA5-29326 Invitrogen 1:2500 Rabbit

LDHA PA5-27406 Invitrogen 1:2000 Rabbit

MCT1 PA5-72957 Invitrogen 1:500 Rabbit

MCT2 Sc-50322 Santa Cruz 1:500 Rabbit
Biotechnology

MCT4 Sc-367101 Santa Cruz 1:500 Mouse
Biotechnology

AK1 Sc-365316 Santa Cruz 1:500 Mouse
Biotechnology

AK2 PA5-28611 Invitrogen 1:500 Rabbit

AK4 PA5-61978 Invitrogen 1:500 Rabbit

AK6 10544-1-AP Proteintech 1:200 Rabbit

Chemiluminescence was detected using the Super Signal™ West Femto Maximum
Sensitivity substrate (Thermo Fisher Scientific) and imaged with Biospectrum
multispectral imaging system. Protein levels were quantified using Imaged software.
The unspecific background signal was subtracted, and the area for each protein blot
was determined. The levels of protein of interest were normalized to total protein levels
obtained from Ponceau S staining signal. The relative quantity of target in each sample
was assessed by comparing normalized target quantity in each sample to normalized
target quantity in the reference sample.

Cell Culture

The colorectal adenocarcinoma cell line Caco-2 (ATCC) was cultured in 100 mm
diameter Falcon Corning cell culture dishes using Dulbecco’s Modification of Eagle’s
Medium (Corning, 10-013-CV), supplemented with 4.5 g/L glucose, 584 mg/L L-
glutamine, and 110 mg/L sodium pyruvate, along with 1% 100x penicillin/streptomycin
solution (Capricorn Scientific) and 10% fetal bovine serum (FBS Xtra, sourced from
South America, Capricorn Scientific). Cell aliquots stored in liquid nitrogen, were
unfrozen for cell growth. Culturing was conducted in a COz incubator maintained at
37°C with 95% air/5% CO2. Sub-culturing of cells was performed every two days by
trypsinization using 1x trypsin-EDTA 0.5% solution (Capricorn Scientific) in DPBS
(Dulbecco’s Phosphate-Buffered Saline, without calcium and magnesium, Corning).

Subsequently, for harvesting, the cell suspensions were centrifuged at 125 x g for 5
min, and the supernatant discarded. Then, cell number was determined using a Burker-
Turk counting chamber; aliquots of 17x10° cells were resuspended in 1 mL of DPBS in
2 mL Eppendorf tubes, and centrifuged as described previously. Following
centrifugation, supernatants were discarded, and cell pellets were frozen in liquid
nitrogen and stored at -80°C for further analysis.



Enzyme activities

To extract proteins for enzyme activity determinations from intact and saponin-treated
human tissue samples (10-100 mg semidried weight) and CaCo2 cells (17 x 10°), the
samples were resuspended in 1 mL of 25 mM Tris-HCI buffer pH 7.6, with 1 mM EDTA,
5 mM dithiothreitol, 1 mM phenylmethanesulfonyl fluoride, 0.1-0.3% Triton X-100 and
20x dilution of protease inhibitor mix (Roche). The samples were homogenized in a
Retsch MM400 ball mill homogenizer with 2 metal beads (3 mm diameter) for 2.5 min at
30 Hz. The homogenized samples were then subjected to liquid nitrogen freezing and
warm water bath thawing for 2-3 cycles to further facilitate breaking of cells and
membranes. After each procedure step, strong vortexing for 1 min was applied to the
cell or tissue suspensions. The samples were then centrifuged at 5000 x g for 1 min at
4°C followed by recovering the supernatant and keeping it on ice for immediate
enzymatic activity assays. Total protein levels were determined with the BCA protein
assay kit (Thermo Fisher Scientific) according to the manufacturer’s protocol.

Activities of HK and LDH were determined spectrophotometrically as described before
(6) by following the NADP+ reduction and NADH oxidation absorbance at 340 nm,
respectively, using a spectrophotometer Cary Bio 100, Varian) at 37°C

Assay for LDH was carried out in 1 mL KME buffer (120 mM KCI, 20 mM MOPS, 1 mM
EGTA, pH 7.2) including 0.2 mM NADH, 10-40 ug protein supernatant sample. The
reaction was started by adding 1 mM pyruvate or increasing concentrations of pyruvate.

HK assay was carried out in 1 mL KME buffer with 0.6 mM NADP+, 10 mM MgSQa4, 1-2
units GIc6PDH, 50-200 pg protein supernatant. 10 mM ATP was added seconds before
starting the reaction to avoid unspecific ATP hydrolysis by ATPases in the biological
samples. The reaction was started by adding 2 mM glucose or increasing
concentrations of glucose.

For the calculations of kinetic parameters (Vinax, Km, Vmax/Km), all the enzyme activities
normalized to protein content at variable substrate concentrations were fitted to the
Michaelis-Menten equation by non-linear regression analysis using SigmaPlot 14.0
(Copyright © 2017 Systat Software, Inc.) and using a NAD(P)H extinction coefficient of
6.22 mM-" cm™ at 340 nm and under initial-rate conditions.

Sample preparation for respirometry

Upon arrival to the laboratory (within 60 min after surgery), the tissue samples were
placed into pre-cooled (4 °C) medium A (3 mM KH2PO4, 20 mM taurine, 5.7 mM ATP,
15 mM phosphocreatine (PCr), 9.5 mM MgClz, 49 mM MES, 7.23 mM Kz2EGTA, and
2.77 mM K2CaEGTA, pH 7.1). Blood vessels and fat were removed from the tissue
samples, which were then dissected into small samples (5-15 mg). These were
permeabilized in medium A containing 50 ug saponin/mL for 30 min at 4 °C under 360°
rotatory mixing. The permeabilized samples were then washed three times for 5 min in



pre-cooled Mitomedium B without leupeptin and kept at 4°C until use in oxygraphic
analysis.

Oxygraphic measurements

The mitochondrial respiration of permeabilized tissue samples was measured in
Mitomedium B at 25 °C using a high-resolution respirometer Oxygraph-2k (Oroboros
Instruments, Innsbruck, Austria). The medium was supplemented with 5 mM glutamate,
2 mM malate, and 10 mM succinate to fully activate respiratory chain complexes 1 and
2. To determine the relationship between respiration rate and exogenous ADP,
increasing concentrations of ADP were added into the medium in the oxygraphic
chamber. The collected data were then plotted as rates of O2 consumption or OxPhos
(the basal respiration rate of respiration attained in the absence of added ADP was
subtracted) versus ADP concentration. From these plots, the apparent affinity of
OxPhos for exogenous ADP (Kmabp) and maximal respiration level (Vmax) values were
calculated by nonlinear regression using Michaelis—Menten equation. Respirometry
medium aliquots were withdrawn to calculate energy charges from adenylate nucleotide
quantification.

To activate glycolysis in the samples incubated in the respirometer, 0.1 mM of ATP and
10 mM of glucose were added after glutamate, malate and succinate followed by
addition of 1 mM of ADP. To inhibit glycolysis 6 - 20 mM 2-deoxyglucose and 0.5 mM
iodoacetate were added before ADP and to inhibit OxPhos 2.5 uM of rotenone, 10 uM
of antimycin-A and 2 pug/ml oligomycin were added before ADP.

Adenine nucleotide quantification

2 mL of respiration media from both tumor and control tissue incubations were collected
from the oxygraph chambers after the experiments and processed immediately or kept
in -80 °C for no longer than 2 weeks before processing. To precipitate proteins, 70%
HCIO4 was added to the samples to 0.6 M final concentration followed by centrifugation
at 17000 x g for 10 min at 4°C. The supernatant was collected and neutralized with 2 M
KHCOs (120-600 uL depending on sample) and spun again after which the
supernatants were either directly loaded into a UPLC apparatus for measurements, or
freeze-dried and resuspended in desired volume and solvent and kept at -20 °C for up
to few weeks, before analysis.

Separation and quantification of adenine nucleotides was carried out with an Agilent
1290 Infinity UPLC apparatus using a reverse-phase column Tessek Separon SGX C18
5 um 3 x 150 mm. The samples were eluted as described before (14). The
concentrations of the nucleotides in neutralized oxygraphic samples were calculated
from the peak areas accounting for all dilution factors and normalized to wet weight of
tissue. The energy charge (EC) was calculated using the formula:

EC=[ATP]+0.5x[ADP] / [ATP]+[ADPJ+[AMP].



Data analysis

Data in text and figures are presented as mean + standard error (SEM). All plots were
made by using SigmaPlot 14.0. The results were analyzed by using one way ANOVA
and p-values <0.05 were considered significant.

3. Results
3.1 Glycolysis proteins
3.1.1 Glucose transporters

Glucose enters the cells via glucose transporters (GLUTs); among the 14 members of
the GLUT family, alterations of GLUT1 have been predominantly shown in various types
of tumors (15-17). To investigate whether glucose transport gene transcription could be
affected in CRC cells, the transcript levels of the SLC2A1 gene, which encodes for
GLUT1 protein, were assessed using RT-qPCR. The results revealed a more than
twofold increase in transcript levels in tumors compared to control colon tissue (Figure
1A), suggesting a higher content of GLUT1 protein and a heightened glucose uptake by
cancer cells.

3.1.2 Hexokinases

Hexokinase may couple with VDAC in the outer mitochondrial membrane, thereby
modulating adenine nucleotides permeability. The transcript levels of one of the main
controlling steps of glycolysis, catalyzed by HK7 and HK2 were evaluated (Figure 1B).
While HK1 transcript remained similar in both tissue types, HK2 expression was 35%
lower in CRC tumors. This observation supports our earlier findings showing lower HK2
expression in CRC compared to healthy colon tissue (18, 19).

To further explore changes in HKs, their protein levels were compared. No significant
differences were observed between the CRC and control tissue for each isoform (Figure
1C); however, it is important to note that HK2 was detected in only four tumor samples
out of nine (44%) examined, supporting the notion of HK2 downregulation in CRC.
Finally, HK activity assays were carried out in both intact and saponin-treated control
and tumor tissue, as well as in Caco-2 cells (Figure 1D). However, there were no
significant HK activity differences between permeabilized control tissue and tumor intact
or permeabilized tissue, and CaCo cells.
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Figure 1: The characteristics of glucose transporter 1 (GLUT1) and hexokinases
(HKs) in colorectal tumor tissue. The transcript levels of (A) GLUT1 and (B) HK1 and
HK2 were determined by RT-qPCR in control colon tissue (n=24) and CRC tissue (n=24).
(C) The protein levels of HK1 and HK2 measured by Western blot in control (n=8 and
n=7, respectively) and CRC tissues (n=8 and n=4, respectively). (D) HK activity in intact
control tissue (Control (int), n=7), permeabilized control tissue (Control (perm), n=12),
intact colorectal cancer tissue (CRC (int), n=7), permeabilized colorectal cancer tissue
(CRC (perm), n=12), and Caco-2 cells soluble clarified cell extract (n=4). ** p<0.01, ***
p<0.001 (one-way ANOVA).

3.1.3 Lactate dehydrogenase

To further explore whether CRC has the capability to exhibit an enhanced glycolysis the
expression level of the gene encoding lactate dehydrogenase (LDHA) was measured.
LDHA converts pyruvate into lactate in the cytosol, thus its activity in this compartment
may modulate whether pyruvate is preferentially directed toward mitochondria or
transformed to lactate in the cytosol. The transcript level of LDHA was higher in CRC
compared to control tissue (Figure 2A).
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Although LDHA protein levels appeared generally higher in tumor tissue, no statistically
significant difference was apparent (Figure 2B), due to considerable heterogeneity
among clinical samples and a small sample size. Notwithstanding, LDH activity showed
significant differences between different tissue types (Figure 2C). Notably, a two-fold
increase in LDH activity of intact tumor vs. intact control samples was observed,
suggesting higher potential of pyruvate processing in CRC. In contrast, no difference in
LDH activity between permeabilized tumor and permeabilized control samples was
attained. LDH activity in Caco-2 cells was remarkably higher, exceeding that of the
clinical samples by approximately 25%, with significant differences observed across all
groups.
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Figure 2: The characteristics of lactate dehydrogenase (LDH) in colorectal tumor.
(A) The transcript level of LDHA measured by RT-gPCR in control colon tissue (n=24)
and CRC tissue (n=24). (B) The protein level of LDHA measured by Western blot in
control colon tissue (n=9) and CRC tissue (n=9). (C) LDH activity in intact control tissue
(Control (int), n=7), permeabilized control tissue (Control (perm), n=13), intact colorectal
cancer tissue (CRC (int), n=7), permeabilized colorectal cancer tissue (CRC (perm),
n=13) and Caco-2 cells (n=4). ** p<0.01, *** p<0.001 (one-way ANOVA).
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3.1.4 Monocarboxylate transporters

The MCT family consists of 14 transmembrane proteins but only MCT1, MCT2, MCTS3,
and MCT4 exhibit high affinity for lactate. Therefore, the transcript levels of SLC16A1,
SLC16A7 and SLC16A3, encoding for MCT 1, 2 and 4 isoforms, respectively, were
analyzed (Figure 3A). While the transcripts of MCT2 and MCT4 were similar between
control and tumor tissues, MCT1 transcript in cancer was two-fold lower than in control
colon tissue. The transcript pattern did not agree with the protein level pattern of MCT1
and MCT4, where MCT1 protein levels were nearly identical between control and CRC
tissues, whereas the protein levels of both MCT2 and MCT4 were significantly
decreased in CRC (Figure 3B).
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Figure 3: The characteristics of monocarboxylate transporters (MCTs) in colorectal
tumor tissue. (A) transcript levels (n=24) and (B) protein levels (n=9) of monocarboxylate
transporters 1, 2, and 4 in control colon tissue and colorectal cancer tissue. * p<0.05, **
p<0.01, *** p<0.001 (one-way ANOVA).

3.2 Energy Transfer Pathways

Alterations in CK system have been observed in many cancer types (20), including
CRC. The transcript levels of three CK isoforms were determined via RT-gPCR (Figure
4A). The results demonstrated significantly decreased levels of CKBB and CKMT1 in
CRC compared to control tissue. This last observation was in agreement with previous
studies from our group showing that the CKs activity decreases approximately two-fold
in CRC compared to normal colon tissue (19). Interestingly, the expression of the
second mitochondrial isoform CKMT2 was higher in CRC tissue, although its overall
expression remains low compared to other isoforms.

Downregulation of CKs could be compensated by upregulating the AK system. In this
regard, it has been shown that the AKs activity largely increases in CRC compared to
normal colon tissue (19). AKs catalyze the reversible transfer of phosphate groups
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between ADP, AMP, and ATP. Nine isoforms of AKs have been identified and
characterized in mammalian tissues so far (21). Four isoforms were analyzed —
cytosolic AK1, mitochondrial AK2 and AK4, and nucleus-located AK6. Contrary to the
hypothesis, cancer cells did not show any increased transcripts of AKs (Figure 4B).
Furthermore, while no statistically significant differences were observed in protein levels
of AK isoforms (Figure 4C), there appears to be a trend of lower AK1 levels in cancer
tissue, supporting the similar finding in transcript levels.
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Figure 4: The characteristics of energy transfer pathways in colorectal tumors.

The transcript levels of (A) creatine kinase isoforms CKBB, CKMT1, and CKMT2 and (B)
adenylate kinase isoforms AK1, AK2, AK4, and AK6 in control colon tissue (n=24) and
CRC tissue (n=24). (C) The protein levels of adenylate kinase isoforms AK1, AK2, AK4,
and AKG in control colon tissue (n=8) and CRC tissue (n=8). (D) The transcript level of 5*-
AMP-activated protein kinase catalytic subunit alpha-1 (PRKAAT) in control colon tissue
(n=24) and CRC tissue (n=24). * p<0.05, ** p<0.01, *** p<0.001 (one-way ANOVA).

In addition to AKs, another central regulator of cellular energy homeostasis is AMP-
activated protein kinase (AMPK). AMPK is activated by low ATP and high AMP
concentrations, conditions that could be caused by nutrient deprivation, hypoxia, or
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oxidative stress. Once activated, AMPK shifts metabolism towards catabolism by
phosphorylating proteins in multiple pathways (22). Its role in cancer is still unclear.
Here, the transcript level of 5-AMP-activated protein kinase catalytic subunit alpha-1
(PRKAA1) was assessed and shown to be downregulated (Figure 4D) suggesting that
in colon cells AMPK may act as tumor suppressor.

3.3 Oxidative phosphorylation

Next, high-resolution respirometry was applied to explore the possible reprogramming
of metabolism in CRC by analyzing the kinetics of the OxPhos flux: the values for
maximal ADP-stimulated respiration (Vmax), and the apparent Michaelis-Menten
constant for exogenously added ADP (Kmapp) were determined.
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Figure 5: The functional characteristics of oxidative phosphorylation in colorectal
tumors. Comparative analysis of (A) maximal ADP-stimulated respiratory rate (Vmax) and
(B) apparent Michaelis-Menten constant values for ADP (Kmapp) in control tissue (n=29)
and CRC tissue (n=29). (C) The catalytic efficiency of OxPhos pathway represented by
Vmax/Kmapop ratio was calculated from paired samples. (D) Energy charges of control and
tumor tissue without (n=15) and with activated glycolysis (n=16), and (E) energy charges
of non-inhibited (n=16), glycolysis inhibited (n=17) and OxPhos inhibited (n=10) states in
control and tumor tissue. * p<0.05, ** p<0.01

A statistically significant difference in Vimax values between control and CRC tissue was
found (Figure 5A), but no differences in Kmaop values (Figure 5B). The higher maximal
ADP-stimulated respiration rate in CRC suggests an increased OxPhos capacity.
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Further, the catalytic efficiency (Vmax/Kmape) ratio) of the whole OxPhos pathway
(Figure 5C) for control was 0.013 and for CRC was 0.026 min-' mg-' mL, indicating a
more catalytically efficient system in tumor tissue.

3.4 Energy charge

Analysis of the adenine nucleotides concentrations revealed that both control and CRC
samples experienced a small increase in ECs when glycolysis was active (Figures 5D,
5E). This suggested that reliance on glycolysis indeed affected cell energy status in
healthy and cancerous tissue. In contrast, the ATP/ADP ratio (0.2-0.25 value range)
showed no differences between tumor and control tissue, with or without glycolysis
activated (data not shown).

However, EC in control tissues was significantly impacted by OxPhos inhibition
compared to the non-inhibited state (Figure 5E), as well as the ATP/ADP ratios (from
0.23 down to 0.17; data not shown), indicating a substantial reliance on OxPhos for
maintaining energy homeostasis in non-cancerous cells. CRC tissues also showed a
significant decrease in EC (and ATP/ADP ratios from 0.25 to 0.15) with OxPhos
inhibition, also suggesting OxPhos-dependent energy production in cancer cells. A
significant decrease was noted in the control group when comparing glycolysis inhibition
to OxPhos inhibition, highlighting the distinct contributions of these metabolic pathways
to cellular energy status. In contrast, CRC tissues did not demonstrate a significant
change under the same conditions, indicating a more pronounced metabolic flexibility or
a compensatory mechanism enabling energy maintenance when glycolysis is inhibited.

3.5 OxPhos and Energy charges under CRC progression

Searching for possible prognostic markers for aggressive cancer OxPhos flux of CRC
cells was analyzed at different disease stages. When comparing Vimax and Kmapp values
(and ATP/ADRP ratios) across different CRC stages, no significant intergroup differences
were observed. However, a close resemblance in Vmnax values was noted between
control tissues and stage 1l CRC (Figure 6A). In addition, Kmapp values for stage Il CRC
were higher than those of other stages (Figure 6B), suggesting a slight decrease in
OxPhos activity specifically in stage |l of CRC (lower activity and lower affinity for
substrate). The OxPhos catalytic efficiencies at different CRC stages were clearly
greater, 0.025 for stage 1, 0.031 for stage 2, and 0.021 for stage 3, than in the control
colon tissue of 0.013.
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Figure 6: The comparison of oxidative phosphorylation and energy charges
between different colorectal cancer stages.

(A) Maximal ADP-induced respiration rate (Vmax) and (B) apparent Michaelis-Menten
constant values for exogenously added ADP (Kmapp) in control and tumor stages I-Ill.
(C) Energy charges of control tissue and tumor stages I-Ill without glycolysis activation
(n=17) and (D) energy charges of tumor stages under non-inhibited (n=16), glycolysis
inhibited (n=17) and OxPhos inhibited (n=10) conditions. * p<0.05, ** p<0.01

Regarding EC without glycolysis activation (Fig. 6C or D), control tissues showed
significantly higher values compared to stage Il CRC, and there was a notable decrease
between stage | and stage || CRC, pointing to a decrease in energy charge as the tumor
progresses from stage | to stage II.

Finally, EC evaluations across control and CRC stages I-1ll, under various metabolic
conditions —non-inhibited, glycolysis-inhibited, and OxPhos-inhibited— revealed no
significant differences between the groups (Figures 6D, 6E). The lack of significant
differences could be attributed to the limited sample sizes available for each CRC stage.
This limitation might mask subtle variations in EC that could otherwise be indicative of
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stage-specific metabolic alterations. Hence, a larger cohort may be necessary to
accurately discern any differences in EC associated with the progression of CRC.
Despite these, a similar pattern of EC dependence was observed in control and stage |
tissues, whereas in stage Il and Ill the pattern of changes seems different to control.

3.6 OxPhos and Energy charges Profiles of CRC Patients

Previous work showed that CRC patients who had succumbed to the disease presented
significantly higher OxPhos Vmax values (23). This analysis was performed with data on
32 patients. Here, additional disease progression data for all patients after 2017 were
gathered and a long-term disease progression analysis was conducted. Among the cohort
of 57 patients, a total of 12 fatalities were observed. Out of these 12 patients, 10 had
initially been diagnosed with a stage 0-1l CRC and 2 with stage llI-IV CRC. It is important
to note that the very small number of stage IlI-IV patients is because we only collected
samples from patients who had not received any systemic therapy before surgery.
Patients with advanced disease mostly require some systemic therapy to achieve a
resectable tumor size.

This updated analysis showed again a significantly lower average Vmax value for alive
patients compared to patients who had succumbed to the disease (Figure 7A). In addition,
a higher average Kmapp value was noted amongst the alive patients (Figure 7B). The
catalytic efficiency for the alive group was 0.012 whereas for the lethal groups was 0.042-
0.043, indicating a more efficient OxPhos in the latter patients.
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Figure 7: The comparison of (A) maximal ADP-induced respiratory rate (Vmax) and (B)
apparent Michaelis-Menten constant for exogenously added ADP (Kmapp) in patients that
are alive (n=45) or have passed away (n=12; stage 0-1l n=10 and stage IlI-IV n=2) since
their tumor samples were collected. * p<0.05, *** p<0.001
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Discussion
Glycolysis

One crucial enzyme involved in cancer energy metabolism is hexokinase (HK). HK is
one of the main rate-controlling steps of cancer glycolysis (24). Moreover, HK2 has
been proposed as an independent prognostic factor of CRC (25). Coupling between
VDAC and HK2 has been proposed to promote the Warburg effect by channeling
mitochondria-generated ATP preferentially towards glycolysis (26). This interaction may
render numerous advantages to cancer cells such as increased permeability of the
mitochondrial outer membrane (MOM) to adenine nucleotides, elevated levels of
aerobic glycolysis, and enhanced resistance to apoptosis. However, co-localization of
HK2 with VDAC has been detected in both normal colorectal mucosa and CRC (27, 28).
Thus, it is likely that the frequency and abundance of the HK-VDAC interaction depends
on the cancer cell type.

However, the changes observed in the present study on the transcript and protein levels
of two HK isoforms in colorectal tumor and control colorectal tissue samples were not
reflected in changes in whole HK activity. Interestingly, permeabilized control tissue
showed higher activity than intact control. Upon permeabilization, cytosolic low
molecular weight biomolecules are removed, and presumably only cytosolic proteins
like glycolytic enzymes and organelles are left intact. In contrast, tissues that have not
undergone permeabilization are expected to contain more peptides and proteins in the
cytosol. Then, permeabilized tissues may retain their native active HK isoforms on a
diminished overall protein background, thereby exhibiting increased overall enzyme
activity per mg protein.

Lactate dehydrogenase (LDH) together with the monocarboxylate transporters (MCTs)
catalyze the production and transport of lactate, respectively (29). LDH and MCTs are
pivotal players in the "lactate shuttle" hypothesis, which involves transporting lactate
from highly glycolytic tissues (e.g., muscles) to other organs like the liver or heart for
energy production or conversion back to glucose. Elevated LDH levels are often
observed in the bloodstream of individuals with colon cancer (30-32). On the other
hand, MCTs facilitate the transport of monocarboxylates, glycolytic intermediates like
lactate, pyruvate, and short-chain carboxylic acids across the plasma cell membrane
(33). In colon tissue, the most important isoform is MCT1 which is primarily responsible
for the uptake of butyrate and lactate, and MCT4 which removes lactate produced by
glycolysis. The release of lactate into the tumor microenvironment contributes to an
acidic pH, fostering tumor growth, invasion, and metastasis. The lactate shuttle
facilitated by MCTs may serve as an energy source for metastatic cancer cells in distant
organs.

The permeabilization process, which presumably preserves high molecular weight
proteins and mitochondria while removing cytosolic low-molecular weight contents,
resulted in substantial decrease in LDH activity in permeabilized tumor samples
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compared to their intact counterparts. This observation suggested loosely bound LDH to
intracellular components like probably microtubules in tumor cells. In addition, the
results showed increased transcription of LDHA gene together with a trend of higher
LDHA protein levels and elevated LDH activity in cancer tissue, suggesting an
increased lactate production capability in CRC compared to healthy colon tissue. The
higher LDH activity in CaCo2 cells underscored a fundamental difference between
cancer cell culture models and actual human tumors.

The metabolism of healthy colon is strongly influenced by the microbiome. While most
of the cells in the human body use carbohydrates and fatty acids as the main energy
source, colonocytes preferentially consume bacteria-produced butyrate (34). In normal
colonocytes, butyrate undergoes p-oxidation, producing acetyl-CoA which subsequently
enters the TCA cycle, thus making OxPhos the primary pathway for ATP production.
Given that butyrate is primarily transported into the cell via MCT1, its higher transcript
level and high protein content lead colon cells to partly depend on short-chain carboxylic
acids supply. The higher protein content of MCT1, over those of MCT2 and MCT4, in
CRC suggested an increased dependence on such short-chain carboxylic acids supply,
which may be linked to increased acetate metabolism in CRC cells (35). The
discrepancy between MCT gene and protein levels may be related to their different
regulation mechanisms and cautions on over-interpretations of their physiological
meaning, suggesting direct determination of activity (11).

We previously demonstrated a substantial decrease in MCT2 transcript in CRC while
MCT4 transcript was higher in CRC compared to control tissue (18). The current study
did not show a similar outcome at the level of mMRNA. However, the decreased MCT2
protein level correlated with prior results. MCT2 and MCT4 have been shown to
translocate to mitochondria in breast cancer cell lines (36). Therefore, it is possible that
the low protein levels presented here are due to our protein extraction protocol not
being able to extract proteins from mitochondrial membranes. This hypothesis requires
further experimentation. Nevertheless, it is evident that MCTs are dysregulated in
cancer tissue.

Energy Transfer Pathway

A highly organized and efficient phosphoryl transfer system is essential to mediate
intracellular communication between ATP-consuming and ATP-producing cellular
processes for cell maintenance, growth and differentiation. During tumorigenesis, cells
develop specific expression profiles of adenylate kinase (AK) and creatine kinase (CK)
isoforms that correlate with their oncometabolic phenotype (27, 37). The CK system
includes the mitochondrial (CKMTs) and cytosolic isoforms (27, 38). The AK family
includes nine isoforms, each exhibiting distinct intracellular localizations and functional
properties (21, 39, 40). Similar to CK, the primary role of the AK system is to maintain
the ATP/ADP ratio across various intracellular compartments (41). AKs act as metabolic
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regulators in both glycolysis and OxPhos, facilitating the interconversion of adenine
nucleotides (ATP, ADP, AMP), thereby ensuring a consistent and adequate ATP supply
to fulfill cellular energy demands.

It has been demonstrated that cytosolic CK, associated with glycolytic enzymes, may
support the Warburg effect by maintaining ATP homeostasis at glycolytic sites (42).
However, changes in MOM permeability can influence the interplay between CKMTs
and adenine nucleotide translocase. Growth of CRC is associated with upregulation of
the AK system and, in parallel, with a decrease in total CK and CKMT activities (43).
Indeed, downregulation of the CK genes of colorectal tumors was found, which was
accompanied by similar AK transcripts and protein levels than control colorectal tissue.

Furthermore, there is a significant increase in the coupling of mitochondrial AK with
OxPhos in CRC (10, 44). Oxidative stress, accompanied by a decline in ATP levels and
ADP increase (and hence decreased ATP/ADP ratios) induce increased AK activity
leading to an elevation in intracellular AMP. In turn, AMP acting as a secondary
messenger may activate the energy stress-responsive AMP-dependent protein kinase
(AMPK), that stimulates ATP production through catabolic processes, while inhibiting
the ATP-consuming processes involved in growth. The role of AMPK in cancer remains
controversial (45). The observed slightly lower AMPK expression in colorectal tumors
suggested a slight diminished regulatory role in activating catabolism and inhibiting
anabolism.

AMPK has been recognized as a tumor suppressor in certain cancers (46-49) by
inhibiting protein synthesis, cell proliferation and growth, since it regulates the mTORC1
pathway. However, AMPK has been also described as a contextual oncogene due to
its ability to promote tumor progression, chemoresistance upon activation, and cancer
cell survival by maintaining NADPH homeostasis (50-52). AK1 has been shown to have
an additional gene product AK1p, the expression of which is regulated by p53 (53).
Since p53 mutation is found in approximately 60% of CRCs (54), this could affect the
expression of AK1 or its alternative products. The relationship between p53 mutation
and AK1/AK1p levels should be further investigated on a larger population.

Energy Charge, ATP/ADP ratios and Oxidative Phosphorylation

In 1967, Atkinson and Walton proposed that “energy charge” (EC) derived from the
adenine nucleotides contents is a fundamental metabolic control parameter because it
provides a quantitative value of the cellular energy state, reflecting the balance between
energy availability and demand (55). More recent research has delved into the
intricacies of how EC affects cancer cell metabolism and mitochondrial function,
suggesting that alterations in EC can disrupt the energy balance in cancer cells,
influencing their growth and survival (47). Indeed, colorectal tumors exhibited slightly
lower EC values than control tissue. Understanding such metabolic shifts could offer
new avenues for cancer treatment by targeting the energy regulation mechanisms (56).
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EC values are established to range from 0 to 1, being close to 0 when the adenine
nucleotide pool is made of mainly AMP, 0.5 when ADP is the predominant adenine
nucleotide, and 1 if ATP is predominant. Previous studies have documented EC values
within a narrow range of 0.7 to 0.95, across various organisms and cell types, including
liver and muscle cells. These values usually decrease under stressful conditions (57),
for instance decreasing from = 0.8 to less than 0.5 under nutrient depletion (58). In
contrast, our experiments consistently showed EC values ranging between 0.4 and 0.5.
The estimated ATP/ADP ratio values were also lower than those determined for
experiments with isolated mitochondria and intact cells and tissues.

The lower and narrower range of EC values and ATP/ADP ratios may be attributed to
the use of permeabilized tissues in our experiments, which presumably retain high
molecular weight enzymes that are preferentially bound to intracellular structures such
as membranes, organelles and microtubules. Thus, leakage of cytosolic proteins
(glycolytic enzymes) may be induced by saponin permeabilization, thereby limiting the
observable portion of glycolytic activity. In addition, tissue permeabilization may induce
increased ATPase activity. Indeed, pooling together data from saponin-treated
colorectal tumor and control tissue not subjected to lengthy incubations, revealed
ATP/ADRP ratios of 0.3 for tumors and 0.2 for control tissues. Future research should
include additional experiments using intact tumor and control clinical samples
specifically for determination of EC values, ATP/ADP ratios and glycolytic flux.

Our group has previously shown a significant difference in Kmapp values between
glycolytic and oxidative muscle tissue (59). The oxidative tissue shows higher Kmapp
values indicating a shift in the regulation of the MOM permeability by VDAC. In addition,
we have previously demonstrated that while control colon tissue and CRC tend to have
similar Kmapp values, which are in agreement with those found in the present study,
benign colon polyps showed a significantly lower Kmape (18), suggesting an early
metabolic switch during CRC development.

Moreover, the higher Vmax values and Vmax/Kmaop ratios in CRC suggested an increased
OxPhos capacity and efficiency. These data confirmed the earlier findings (18) suggesting
that high OxPhos Vinax values (and Vimax/Kmapp ratios) could be a marker for a more
aggressive disease. There was one recent CRC patient among the group of alive patients
that showed a high Vinax value of 4.21, which was left out of the calculations as an outlier.
However, it could be interesting to follow this patient’s disease progression to see if it
confirms the hypothesis of high Vmax being a prognostic marker.

There are several possible explanations to why lethal stage IlI-IV group did not show a
significant difference in Kmapp. Firstly, the group contained only two patients; secondly,
advanced stage tumors have grown into nearby tissues including muscle tissue in colon
wall meaning that these samples may include some muscle tissue that is characterized
by a high Kmapp. As described before, lower Kmapp value could indicate a shift to
glycolytic metabolism. High Vmax may be explained, for example, by advanced
vascularization in more aggressive malignant tumors. Interestingly, our previous work
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has shown a similar high Vimax — low Kmapp metabolic profile in colon polyps which are
benign growths in colon mucosa (18).

Modern therapeutic strategies for CRC have been standardized for stages | and IV,
except for stage Il, where the approach remains a subject of considerable debate.
Stage Il is recognized as a heterogeneous category, with prognoses varying
significantly, exhibiting 5-year overall survival rates ranging from 87.5% to 58.4%. In
some cases, patients with stage Il CRC have a prognosis that is worse than those with
low-risk stage Ill cancer. Standard adjuvant chemotherapy, typically involving 5-
fluorouracil and leucovorin, offers a modest improvement in 5-year survival rates,
increasing by only 2-5%. The search for more effective therapeutic strategies has led to
the exploration of various biomarkers (60). Our results suggested the presence of a
critical metabolic anomality within stage || CRC reflecting changes in energetic needs,
that warrants further investigation into the specifics of its energy metabolism.

Furthermore, the data suggested that distinct energy metabolism profiles may emerge
for the various colorectal tumor stages and their progression from one stage to another.
Although the metabolic differences among CRC stages I, I, and Il might seem
inherently minimal, this may have derived from the limited small sample size examined.
Our study did not include cases of high-grade metastatic CRC, which previous research
has shown to exhibit a notable increase in EC by approximately 26%, whereas CRC
stages | and Il have shown negligible changes in EC (61), like the ones described here.

From the results described it is clear that energy metabolism undergoes reprogramming
throughout CRC development. We hypothesize that benign colon polyps increase
glycolytic activity to support the increased proliferation by mainly suppling anabolic
precursors such as GIc6P, Fru6P, DHAP, 3PG, Pyr and helping with the elevated
energy demand under hypoxic conditions (8). As the cell number increases and tumor
grows in size, the cells become deprived of oxygen and nutrients, consequently, new
blood vessels are generated in the tissue to restore the supply. Hanahan and Weinberg
have proposed induced angiogenesis as one of the hallmarks of cancer (62). While
angiogenesis is usually dormant in adults, it is reinduced in early stages of
tumorigenesis to further support the cell growth and proliferation. As the cancer
progresses even further, cancer tissue will become more and more heterogeneous.
Some cells will persist in hypoxic conditions and rely predominantly on glycolysis, while
others, benefiting from sufficient oxygen availability, utilize lactate produced by the
former cells as a substrate for ATP production via OxPhos (8, 63, 64).

The data of the present study showed that colorectal human tumors display altered
expression, protein contents and enzyme activities of its energy metabolism, including
the energy transfer pathway. The contents and activities of some glycolytic proteins, the
changes in the energy charge values, and enhanced OxPhos flux and catalytic
efficiency suggested that colorectal tumors have highly active glycolysis and OxPhos
and hence they have a hybrid energy metabolism phenotype. Moreover, the present
study underscores the complex nature of cancer, advocating for an integrated approach
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that employs both cell cultures and clinical material. This comprehensive methodology
has unveiled instances previously unseen, which might be challenging or even
impossible to discern through more conventional or isolated research strategies. The
findings highlight the importance of combining diverse experimental models to fully
understand the multifaceted biological behaviors of cancer.
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