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Introduction

Colorectal cancer (CRC) is a major public health concern worldwide, with significant
morbidity and mortality rates. The pathogenesis of CRC involves genetic mutations that
disrupt the normal regulation of cell growth and division and the inactivation of tumor
suppressor genes. These changes result in cells’ malignant transformation and CRC
development. One hallmark of cancer is the ability of cancer cells to reprogram metabolic
pathways involved in energy production and biosynthesis, allowing them to adapt and
thrive under varying oxygen levels. This metabolic plasticity grants cancer cells a
competitive advantage in survival and proliferation. Despite the significant progress
made in diagnosing and treating CRC, the metabolic changes that occur in the early
stages of this disease remain largely unknown.

While many studies have characterized the metabolic phenotype of CRC cell lines, it is
crucial to understand the metabolic reprogramming in the clinical material. High-resolution
respirometry, analyzing oxidative phosphorylation (OXPHOS), is a valuable tool for
understanding the bioenergetic mechanisms involved. By assessing the ADP-dependent
respiration rate in permeabilized tissue samples, two fundamental characteristics for
OXPHOS can be found: a maximal exogenous ADP-activated respiration rate (Vmax), and
an apparent affinity of mitochondria for exogenous ADP, expressed as apparent
Michaelis-Menten constant Km (Km(ADP)). Therefore, this study aimed to investigate and
describe metabolic reprogramming in colorectal polyps and CRC by analyzing the
mitochondrial respiratory rates and gene expression of specific metabolic markers using
post-operative clinical material.

The findings of this study hold the potential to provide valuable insights into the
metabolic changes occurring in the early stages of CRC. This knowledge can contribute
to developing improved strategies for early detection and prevention of CRC. Analyzing
metabolic reprogramming in clinical material could have clinical implications regarding
personalized medicine and developing more effective treatments for CRC. Overall,
the study provides scientific evidence for the importance of understanding the metabolic
changes in colorectal polyps and their role in the development of CRC.



Abbreviations

ADP Adenosine diphosphate

AK Adenylate kinase

AMPK AMP-activated protein kinase

ATP Adenosine triphosphate

CIMP CpG island methylator phenotype

CK Creatine kinase
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FADH: Flavin adenine dinucleotide

FAO Fatty acid oxidation

G3P Glyceraldehyde-3-phosphate

G6P Glucose-6-phosphate

G6PD Glucose-6-phosphate dehydrogenase
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HIF1 Hypoxia-inducible factor 1
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IMM Inner mitochondrial inner membrane
IMS Intermembrane space

Km Michaelis-Menten constant

Km(ADP) Apparent affinity of mitochondria foe exogenous ADP
LDH Lactate dehydrogenase

MAPK Mitogen-activated protein kinase
MCT Monocarboxylate transporter

MMR Mismatch repair

MPC Mitochondrial pyruvate carrier

MSI Microsatellite instability
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NADPH Nicotinamide adenine dinucleotide phosphate
oMM Outer mitochondrial outer membrane
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PDH Pyruvate dehydrogenase

PFK1 Phosphofructokinase-1
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PICK3CA

PK

R5P
SCNA
SMAD4
TCA
TKT
TP53
VDAC
Vimax

Phosphatodylinositol-4,5-bisphosphate 3-kinase catalytic subunit
alpha
Pyruvate kinase

Ribose-5-phosphate

Somatic copy number alteration

Small mother against decapentaplegic 4
Tricarboxylic acid

Transketolase

Tumor protein 53

Voltage-dependent channel
Maximal-ADP-activated respiration rate

Explanations of abbreviations used in the thesis—the table.
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1 REVIEW OF THE LITERATURE

1.1 Colorectal cancer carcinogenesis

Colorectal cancer (CRC) is a prevalent and deadly cancer worldwide. Despite considerable
advances in the molecular genetics of CRC, there remains a pressing need for an improved
understanding of the underlying mechanisms that drive tumor initiation and progression.

In the “classic” colorectal cancer formation model, the vast majority of cancers arise
from a polyp beginning with an aberrant crypt, which then evolves into an early adenoma
(<1 cm in size, with tubular or tubulovillous histology). The adenoma then progresses to
an advanced adenoma (>1cm in size and/or with villous histology) before finally
becoming colorectal cancer. The adenoma-carcinoma-metastasis model relies on the
accumulation of genetic events of “APC-KRAS-TP53,” also known as the Vogelstein model
(Fearon & Vogelstein, 1990) (Figure 1). According to classical theory, three genes —
Adenomatous polyposis coli (APC), Kristen rat sarcoma (KRAS), and Tumor protein 53
(TP53) — play a crucial role in the development of most CRC. These genes activate
oncogenic signaling pathways, stimulating downstream transcriptional factors, ultimately
leading to the formation of highly proliferative cancerous cells (J. Li et al., 2021). Loss of
genomic and epigenomic stability has been observed in the majority of early neoplastic
lesions in the colon, which is likely a central molecular and pathophysiological event in
the initiation and formation of the CRC (Colussi et al., 2013; Grady & Carethers, 2008).
Therefore, the development of CRC is driven by the accumulation of mutations and
epigenetic alterations in tumor suppressor genes and oncogenes and might take 10-20
years to occur. In specific settings, for example, some hereditary cancer syndrome, it can
progress more rapidly (Hossain et al., 2022; Jones et al., 2008).

Health colon
L i "
l porsiorgme ARG gpivation of

i

A A oA -_{‘.Ig’i_.-x__ Al WL
Normal epithelium Small benign growth Large benign arowth Large benign growth Maligrant tumar
(Polyp) (Early adenoma) (Late )

Figure 1. A genetic model of colorectal carcinogenesis. Figure modified from (Hossain et al., 2022).

The histology of conventional tubular adenomas is homogenous, but the molecular
characteristics of these polyps are heterogenous, which might explain why only ~10% of
polyps progress to colorectal cancer (Luo et al., 2014; van Engeland et al., 2011). About
ten years ago, tubular and tubulovillous adenomatous polyps were thought to be the
only lesions capable of progressing to the cancer (Kuipers et al., 2015). However, some
colorectal cancers have been shown to arise from a subset of polyps called sessile serrated
polyps, which constitute 5-10% of all polyps (Kuipers et al., 2015). These serrated polyps
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arise from molecular and histological events that are distinct from tubular adenomas and
are classified into three categories: hyperplastic polyps, sessile serrated adenomas, and
traditional serrated adenomas (Bettington et al., 2013; Goldstein, 2006; Jass, 2004; Rex
et al., 2012) (Figure 2).

Figure 2. The two major classes of colorectal polyps.

Sessile serrated polyps have the potential to transform into CRC through the following
sequence: hyperplastic polyp to sessile serrated polyp to adenocarcinoma (Goldstein,
2006; Kambara et al., 2004). Furthermore, serrated polyps in the right colon commonly
show microsatellite instability (MSI) and a form of epigenetic instability characterized by
CpG island methylator phenotype (CIMP). Polyps that arise in the left colon are typically
microsatellite stable (MSS) but frequently carry mutations in KRAS, and a subset of these
polyps have an attenuated form of the CIMP (Jass, 2004; Noffsinger, 2009; Rex et al.,
2012).

1.1.1 Molecular pathways of colorectal cancer
Colorectal cancer is a multistep process in which several genetic events drive the
initiation and progression of colorectal tumors. Over the last few decades, understanding
of the diverse molecular events in the pathogenesis of CRC has improved significantly.
Two molecular pathological classifications for CRC are described (“Comprehensive
molecular characterization of human colon and rectal cancer,” 2012; Guinney et al., 2015).
The first classification is based on the genetic heterogeneity of CRC and divides tumors
into two broad categories: hypermutated (more than 12 mutations per 10° bases) or
non-hypermutated (fewer than 8.24 mutations per 10° bases) (“Comprehensive molecular
characterization of human colon and rectal cancer,” 2012). Hypermutated tumors, which
account for approximately 16% of CRC cases, exhibit microsatellite instability (MSI) due to
defective mismatch repair (MMR) (“Comprehensive molecular characterization of human
colon and rectal cancer,” 2012). In contrast, non-hypermutated tumors (~84%) are
microsatellite stable (MSS) and exhibit high levels of somatic copy number alterations
(SCNAs) and dysregulated Wnt signaling. Non-hypermutated tumors also frequently harbor
mutations in genes such APC, KRAS, PICK3CA (Phosphatidylinositol-4,5-bisphosphate
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3-kinase catalytic subunit alpha), SMAD4 (Small mothers against decapentaplegic 4), and
TP53 (Tumor protein 53) (“Comprehensive molecular characterization of human colon
and rectal cancer,” 2012).

The second classification system is based on gene expression profiles and divides CRC
into four consensus molecular subtypes (CM1, CMS2, CMS3, and CMS4) based on
distinctive molecular and biological features (Guinney et al., 2015) (Table 1).

Table 1. Consensus molecular subtypes of CRC

CMS subtype CMS1 CMS2 CMS3 CMS4
MSI Immune Canonical Metabolic Mesenchymal
Frequency 14% 37% 13% 23%
Pathological Hypermutation, Wnt/B-catenin Metabolic Epithelial
characteristics MSI-H and CIMP-H | and MYC signaling | dysregulation of | mesenchymal
pathway carbohydrate and | transformation with
activation fatty acid | prominent stromal
oxidation infiltration,
pathways angiogenesis, and
TGF-B upregulation
SCNA Low High Low-moderate High
Immunological Immune activated | Immune ignorant Immune ignorant Immune tolerant
profile inflamed
Associated BRAF TP53, EGFR KRAS, PIK3CA and | NOTCH3/VEGFR
gene mutations IGFBP2
Site Right sided colon Left sided colon | Relatively more | Relatively more
and rectal common in right | common in left sided
sided tumors and rectal tumors

The CMS classification was developed using data from predominantly early-stage
CRC and was shown to be prognostic in these cohorts (Guinney et al., 2015). The CMS
classification holds clinical potential for predicting prognosis and response to systemic
therapy (ten Hoorn et al., 2021).

1.1.2 KRAS and BRAF oncogenes

Mutations in KRAS or BRAF appear to play an essential role in the carcinogenesis of
multiple cancers, including CRC, lung, and pancreas tumors (Prior et al., 2020). These
proteins play critical roles in the EGFR (Epidermal growth factor receptor) signaling
pathway, and oncogenic mutations in KRAS or BRAF can drive downstream activation of
this pathway even in the absence of upstream EGFR activation (Cantwell-Dorris et al.,
2011; Lavoie & Therrien, 2015; Schubbert et al., 2007; Wellbrock et al., 2004). The KRAS
is one of the most frequently mutated oncogenes in CRC, with approximately 40% of CRC
patients harboring activating missense mutations inthe KRAS (Zhu et al.,, 2021).
CRC-bearing KRAS mutations are associated with advanced disease status, poor tumor
differentiation, distant metastasis, and inferior survival in patients (Dienstmann et al.,
2017; Karapetis et al., 2008). Also, aberrant activation of the KRAS pathway results in
resistance to receptor tyrosine kinase inhibitors, such as monoclonal antibodies against
EGFR (cetuximab and panitumumab). Treatment of KRAS-mutant CRC remains
challenging because of the lack of an ideal small molecular binding pocket in the KRAS
protein and its high affinity towards abundant guanosine triphosphate (GTP) (Zhu et al.,
2021).
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The KRAS gene encodes a GTP/guanosine diphosphate (GDP)-binding protein that
belongs to the guanosine triphosphatase (GTPase) RAS family. The KRAS protein has a
molecular weight of 21 kDa and comprises six beta strands and five alpha helices, forming
two major domains: the G-domain and the C-terminal (Bourne et al., 1991). The G
domain is highly conserved and contains switch | and Il loops responsible for GDP-GTP
exchange (Vogler et al., 2008). The KRAS protein acts as a “switch” that cycles between
a GDP-bound inactive state and a GTP-bound active state (Simanshu et al., 2017). GTP
binding to KRAS facilitates the binding of effectors to trigger several downstream
pathways, which promote cell growth and survival. In contrast, GDP-bound KRAS loses
activity and prevents its persistent signal transduction activation.

KRAS mutation causes the protein to become constitutively active and promote the
signaling through growth and survival pathways — the phosphatidylinositol 3-kinase
(P13K) and mitogen-activated protein kinase (MAPK) cascade (Kerk et al., 2021). In CRC,
KRAS mutations are most associated with the right-sided colon, and approximately 85%
of mutations occur in one of three major hotspots (codons 12, 13, and 61) (Haigis, 2017).
The specific mutations of KRAS influence its activity and differ between the tissues of the
origin (S. Li et al., 2018; Serebriiskii et al., 2019; Zafra et al., 2020). For example, non-small
cell lung cancer (NSCLC) more frequently harbors the tobacco smoking-associated KRAS
G12C mutation, while the KRAS G12D mutation is predominant in pancreatic ductal
adenocarcinoma (PDA) (Prior et al., 2020). Colorectal tumors at the primary site display
heterogeneity in KRAS status, as not all transformed cells harbor KRAS mutations.
Therefore, it is reasonable to assume that remarkable metabolic heterogeneity exists
within a colorectal tumor. In addition, tumors arising in different tissues may have unique
metabolic programs and associated dependencies (Kerk et al., 2021).

BRAF belongs to the RAF family of kinases, including ARAF and CRAF (Davies et al.,
2002). The BRAF oncogene codes for a serine/threonine kinase that acts downstream of
KRAS in the MAPK pathway. BRAF has three highly conserved domains — CR1, CR2, and
CR3. CR1 and CR2 are regulatory regions located toward the N-terminal of the protein.
CR1 encompasses the RAS-binding domain, and CR2 is a serine/threonine-rich domain.
CR3 has a kinase domain on the C-terminal and is regulated via the phosphorylation
(Roskoski, 2010). The BRAF kinase activation segment is evolutionarily conserved among
many species. Mutations of BRAF are found in many forms of cancers and are classified
into three subtypes according to their activation pathways (Smiech et al., 2020). The BRAF
gene is mutated in ~7% of human cancers, including colorectal, melanoma, papillary
thyroid, and non-small cell lung cancer (Cantwell-Dorris et al., 2011). There are three
classes of BRAF mutations: class | includes BRAF V600E mutations and allows the BRAF
to act as a constitutively active monomer; class Il mutations allow for constitutively active
dimers; and class Ill either has impaired kinase activity or are inactive (Lin et al., 2019;
Yao et al., 2017). Mutation BRAF V600E accounts for more than 90% of cases of cancer
(“Comprehensive molecular characterization of human colon and rectal cancer,” 2012).
BRAF V600E is activated approximately 500-fold, and it induces constitutive ERK signaling
through hyperactivation of the RAS-MEK-ERK pathway and constitutive nuclear factor
kappa-B signaling in response to this hyperactivation. Although the mechanism of how
the mutations cause malignancy differs in their interaction with the RAS pathway and
partners to form a dimer, they all are known to activate ERK phosphorylation (Smiech
et al.,, 2020).

In a recent meta-analysis, BRAF V600E mutated tumors more commonly arise from
serrated adenomas, mainly in the right colon, with a higher incidence in women and
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elderly patients (age >60 years old). Moreover, CRCs with BRAF V600E mutation are often
poorly differentiated, presenting mucinous histology, and are characterized by a dismal
prognosis and resistance to standard therapies (Sinicrope et al., 2015; Wang et al., 2019).
Interestingly, a mutually exclusive relationship exists between KRAS mutation and BRAF
V600E (only 0.56% were KRAS and BRAF mutated) (Caputo et al., 2019).

1.2 Cellular energetics

1.2.1 Mitochondria

Mitochondria are bioenergetic and biosynthetic organelles that take up substrates from
the cytoplasm and use them to drive fatty acid oxidation (FAO), the tricarboxylic acid
(TCA) cycle, the electron transport chain (ETC) and respiration, and to synthesize amino
acid, lipids, nucleotides as well as nicotinamide adenine dinucleotide phosphate (NADPH)
for their antioxidant defense (Wallace, 2012). Mitochondria are dynamic organelles
organized in networks physically and functionally interacting with other cellular
compartments, such as the endoplasmic reticulum and peroxisomes. Mitochondria
possess their own genome, a circular double-stranded mtDNA (~16 kb) housed inside the
matrix. The mitochondrial genome comprises hundreds to thousands of mtDNA copies
per cell, depending on the tissue (O'Hara et al., 2019). Compelling evidence indicates that
the quantity of mitochondria and copies of mtDNA is linked to cellular energy needs,
as higher energy demands generally necessitate a more significant number of mitochondria
and an increased abundance of mtDNA compared to situations with lower energy
demand (Capps et al., 2003).

Mitochondria are organelles that are delimited by two phospholipid bilayers: an inner
mitochondrial membrane (IMM) and an outer mitochondrial membrane (OMM),
separated by an intermembrane space (IMS). The proteins within these membranes enable
mitochondria to carry out essential functions, including energy production, calcium
homeostasis, protein import, and signaling (Sinicrope et al., 2015). The OMM contains
gate porins that permit the peptides, metabolites, and ions to pass. The voltage-dependent
anion channel (VDAC) is an example of a gated porin and is recognized as the OMM key
metabolite pathway and regulator (Zahedi et al., 2006). VDAC is not just a significant
conduit for the fluxes of most water-soluble metabolites and ions that need to enter
mitochondria and fuel oxidative phosphorylation (OXPHQS); it also controls these fluxes
(Rostovtseva et al., 2021; Varughese et al., 2021). Examples of water-soluble metabolites
and ions regulated by VDAC include calcium, ATP, ADP, NADH/NAD+, nucleotides, and
citrate (Hodge & Colombini, 1997). VDAC has two states (open or closed) that allow for
the selective permeability of metabolites and ions. The open state is primarily permeable
to anions and metabolites, the most important of which is ATP (Varughese et al., 2021).
While VDAC can exist in a closed state at high membrane potential, VDAC permeability
can also be modulated via binding partners like hexokinase, tubulin, or alpha-synuclein,
which bind VDAC and block the pore, leading to a reversible closed state (Maldonado
et al,, 2013; Sheldon et al., 2011).

Mitochondria are the cell’s powerhouse that provides energy in the form of ATP. This
energy is produced through OXPHOS, which consists of the oxidation of the redox
cofactors nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide
(FADH2) coupled with the phosphorylation of ADP into ATP. The main principle of
OXPHOS is proton transport across IMM against the proton gradient, coupled with
thermodynamically favorable reactions. NADH and FADH: are obtained through catabolic
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pathways such as fatty acid f-oxidation via the Lynen helix or carbohydrate catabolism,
which includes glycolysis, or through amino acid catabolism. Those pathways give rise to
acetyl-CoA that enters the TCA, also known as the Krebs cycle, in which each oxidative
decarboxylation generates NADH. During their oxidation, NADH and FADH: transfer their
electrons, initiating the electron flux through the ETC, also known as the respiratory
chain. This chain is made of 5 enzymatic complexes 1) NADH dehydrogenase, Complex [;
2) succinate dehydrogenase, Complex Il; 3) ubiquinol cytochrome c oxidoreductase,
Complex lll; 4) cytochrome c oxidase, Complex IV; and 5) ATP synthase, Complex V
(Bellance et al., 2009) (Figure 3).

Intermembrane space .

o "“|
:\'-I',,- }\m\n Wil ‘ il
?' % ]lU{ \Fl’\- .

NAD" + H*

Mitochondrial matrix Inner mitochondrial membrane

Figure 3. Electron Transport Chain.

Electron transfer through ETC complexes is accompanied by proton pumping from the
mitochondrial matrix toward IMS, generating electrical and chemical gradients. Those
gradients, in turn, drive the transport of protons from IMS to the matrix through ATP
synthase and constitute a proton conducting force that drives the rotation of ATP
synthase subunits. This mechanical energy finally allows the chemical synthesis of ATP
from the condensation of inorganic phosphate and ADP.

1.2.2 Phosphotransfer network

Well-operating cellular bioenergetics system requires that energy-rich phosphoryl
groups are produced and delivered to energy-consuming sites at the rate corresponding
to the ATPase velocity (Dzeja & Terzic, 2003). Intracellular energy transfer processes
occur within the tightly folded structures of IMM known as cristae. The arrangement of
cristae significantly enhances the capacity of mitochondrial ATP production, increasing it
several-fold. Still, it creates difficulties in ATP export from IMM, as diffusional flux
requires a significant concentration gradient (Dzeja & Terzic, 2003). One of the options
to overcome this limitation is to place in the intracristal space near-equilibrium
phosphotransfer system. This view is supported by the observation that the presence
of creatine kinase, adenylate kinase, and nucleoside diphosphate kinase in the
intermembrane space facilitates ATP/ADP exchange between mitochondria and cytosol
(Laterveer et al., 1997; Roberts et al.,, 1997; Saks et al., 1994). Spatially arranged
intracellular enzymatic networks for energy transport are catalyzed by creatine kinase
(CK), adenylate kinase (AK), and glycolytic enzymes (Joubert et al., 2002; Saks et al., 1994;
Theo Wallimann et al., 1992).
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Creatine kinase is a major phosphotransfer system in cells with high-energy demand,
and it acts together with other enzymatic systems to facilitate an intracellular energetic
communication (Dzeja & Terzic, 2003). The enzyme catalyzes the phosphorylation of
creatine to form phosphocreatine (Creatine + ATP <>Phosphocreatine + ADP), which is
used as an energy storage system in cells (T. Wallimann et al., 1992). There is 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) (Schlattner et al., 2006).
The interplay between cytosolic and mitochondrial CK isoenzymes depends on a large
intracellular pool of phosphocreatine and prevents a rapid fall in global ATP
concentrations (Schlattner et al., 2006). In CK-deficient muscles, phosphotransfer
catalyzed by AK as glycolytic enzymes provide the primary route for intracellular high
energy phosphoryl transfer (Dzeja & Terzic, 2003; Dzeja et al., 1998). Such alternative
high-energy phosphoryl routes may rescue cellular bioenergetics in cells with
compromised CK-catalyzed phosphotransfer (Boehm et al., 2000; Dzeja et al., 2000).

Adenylate kinase (AK) catalyzes the nucleotide phosphoryl exchange reaction 2ADP
&> ATP + AMP response to intracellular ATP and ADP fluctuations (Dzeja & Terzic, 2009).
The AK system, consisting of multiple isoforms (AK1-AK9), is implicated in cell energetics
and metabolic signaling (Dzeja & Terzic, 2009; Fujisawa et al., 2009; Noma, 2005;
Panayiotou et al., 2014). The AK network is thought to generate and convey adenine
nucleotide signals to metabolic sensors in response to oxygen tension or energy
metabolism (Carrasco et al., 2001; Dzeja et al., 2002; Noma, 2005). AK isoforms localize
in the different subcellular compartments: AK1, AK7, and AK8 are solely found in the
cytosol; AK2, AK3, and AK4 are in the mitochondria; and AK5, AK6, and AK9 are
positioned either in the cytosol or nucleus (Panayiotou et al., 2014). Only AK1 and AK6
are expressed in all tissues, whereas AK5 is expressed purely in the brain (Panayiotou
et al., 2014). AK2 is critically positioned in the IMS and intra-cristae space to facilitate
high-energy phosphoryl exchange between mitochondria and the cytosol (Dzeja & Terzic,
2009). In fact, in energy-demanding organs, such as the heart, characterized by high
energy turnover and an elaborate mitochondrial circuit, AK2 appears to account for ~40%
of the total AK activity (Dzeja et al., 1999; Pucar et al., 2001). Molecular studies indicate
that AK2 participates in cell fate decisions and nuclear energetics (Dzeja et al., 2011;
Fujisawa et al., 2009; Oshima et al., 2018). AK3 and AK4 are in the mitochondria matrix
and are involved in regulating the Krebs cycle and OXPHOS; AK6 could fulfill the energy
needs for the nuclear process.

The spatial extension of the glycolytic pathway indicates that it can comprise a
network of phosphotransfer circuits and metabolite shuttles, which facilitates high-energy
phosphoryl delivery, lactate/pyruvate, and Pi shuttling to maintain cellular energy and
redox balance (Dzeja et al., 2007). Energy-rich phosphoryls from ATP, used to
phosphorylate glucose and fructose-6-phosphate at the mitochondria site, traverse the
glycolytic pathway and can phosphorylate ADP through the pyruvate kinase-catalyzed
reactions at remote ATP utilization sites. (Dzeja & Terzic, 2003). Additional phosphoryls
can be transferred through the near-equilibrium reaction system catalyzed by
glyceraldehyde 3-phosphate dehydrogenase and phosphoglycerate kinase (Dzeja &
Terzic, 2003). High-energy phosphoryls generated by glycolysis can be preferentially
delivered and used to support specific cellular functions, such as maintaining membrane
ionic gradients, cell motility, muscle contraction, and nuclear processes (Perez-Terzic
et al., 2007).
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Coordination between increased cellular energy demand and supply is secured through
integrated energetic and metabolic signaling circuits composed of phosphotransfer
enzymes, which couple mitochondria with cytoplasmic and nuclear energetic events.

1.3 Intestinal homeostasis

The intestine’s primary function is the absorption and processing of nutrients, fluid
homeostasis, and removing waste (Taylor & Colgan, 2007). The small intestine is organized
into crypt-villus units. At the base of each villus, invagination from the crypt where
intestinal stem cells reside. The colon is distally localized along the gastrointestinal tract
to the small intestine and comprises only crypts.

Intestinal homeostasis relies on complex interactions between the microbiota,
the intestinal epithelium, and the host immune system that allow the intestinal barrier
function maintenance. This barrier consists of a monolayer of intestinal epithelial cells
(IEC) and a mucus layer that protects the IEC surface. The intestinal barrier acts as a filter
in the absorption process in the colon, which requires high amounts of energy (Guerbette
et al., 2022). The gastrointestinal tract (Gl) is a highly proliferative tissue; the intestinal
epithelium constantly renews itself every 3-5 days, requiring great amounts of energy
(Barker, 2014). The IEC is crucial for the digestive process and forms a physical and
immune barrier for the host defense (Peterson & Artis, 2014). The intestine is a highly
unique tissue adjacent to a diverse and dense microbial population — microbiota.
The microbiota mainly consists of anaerobes that decrease environmental Oz, and
therefore the intestine is highly hypoxic compared with most issues (Singhal & Shah,
2020). A unique oxygen gradient exists within the human intestinal tract. A vertical
oxygen gradient has been documented in more distal, colonic regions of the Gl tract,
from the anaerobic lumen across the epithelium to the richly vascularized subepithelial
mucosa (Colgan et al., 2016). At baseline, epithelial cells lining the intestinal mucosa exist
in a relatively low partial pressure (pO2) environment. pO: is estimated with EPR oximetry
42-71 mm Hg (7-10%) across the colonic muscle wall to around ~42 mm Hg (~6%) in the
vascularized submucosa, 5-10 mm Hg near the crypt-lumen interface, and 11 (~2%) and
3 mm Hg (~0,4%) in the lumen of ascending and sigmoid colon, respectively (He et al.,
1999). The pO2drops precipitously along the radial axis from the intestinal submucosa to
the lumen, home to trillions of anaerobic microbes. The microbiota is critical in
establishing the hypoxic intestinal microenvironment.

During low-oxygen conditions, cells adapt to hypoxic stress by inducing the expression
of several genes involved in energy metabolism. Many metabolic responses to hypoxia
are orchestrated by the Hypoxia-inducible factors (HIFs) (Singhal & Shah, 2020). HIFs
fulfill the high cellular metabolic demands for glucose, protein, and lipid in oxygen-starved
cells, and this function is conserved in many cell types and tissues. Besides energy
metabolism, HIF is the transcriptional regulator of numerous genes essential to
erythropoiesis, angiogenesis, and inflammation (Giaccia et al., 2003). The cellular
metabolic pathways utilized for growth and function largely depend on the proliferative
nature of cell type. The colon contains highly proliferative stem cells, a transit-amplifying
progenitor population, and post-mitotic differentiated cells (Rangel-Huerta &
Maldonado, 2017). Post-mitotic differentiated cells have a high rate of energy
expenditure due to energy-consuming digestive, secretory, and absorptive processes
(Van Der Schoor et al., 2002). The colon is more hypoxic than the small intestine and
largely relies on commensally derived fuel sources in short-chain fatty acids (den Besten
etal., 2013).
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1.3.1 Short-chain fatty acids in the human colon

Short-chain fatty acids (SCFAs) produced by the intestinal microbiota through anaerobic
fermentation of undigested fiber have multiple roles within the human gut. Energy
procurement depends on the metabolism of SCFAs, including butyrate, through
[-oxidation, and contributes up to 15% of the host’s total daily caloric requirements
(Bergman, 1990). Butyrate is considered the primary energy source for healthy colon
cells (Roediger, 1982). The luminal butyrate concentration in humans and animals has
been estimated at 10-20mM, higher than other SCFA (Cummings et al., 1987; Newmark
et al., 1994). More than ninety percent of butyrate in the colon is absorbed by
colonocytes, for which it serves as a dominant energy source via B-oxidation and
tricarboxylic acid (TCA) (Roediger, 1982). While small intestinal enterocytes can also
absorb butyrate, these cells primarily derive energy from glucose and glutamate
(Newsholme et al., 2003). Butyrate is important in influencing colonic epithelial cell
growth by regulating physiologic hypoxia. Butyrate increases colon epithelial O:
consumption via driving oxidative phosphorylation and stabilizes HIF (Kelly et al., 2015).
In normoxia, HIF-a subunits are degraded in an oxygen-dependent manner. When
oxygen is limited, HIF-a is stabilized and forms a heterodimeric complex with HIF-1f in
the nucleus to bind hypoxia-responsive elements in the promoter region of hundreds of
target genes (Kaelin & Ratcliffe, 2008; Lee et al., 2020).

In contrast to its role in fueling normal colonocytes, recent studies have shown that
butyrate exhibits an antitumorigenic function by inhibiting the proliferation or inducing
the apoptosis of colorectal cancer cells (Fung, Cosgrove, et al., 2012; Fung, Ooi, et al.,
2012). This phenomenon of molecule’s opposing effects on healthy versus cancerous
colonocytes was named the butyrate paradox (Comalada et al., 2006; Mariadason et al.,
2001). Studies have shown that in lung tumor cells (H460), colorectal adenocarcinoma
cells (HT29, Caco-2, HCT116), and breast cancer cells (MCF-7, T47-D, MDA-MB231),
butyrate can increase oxidative pathway and/or decrease glycolytic metabolism. These
metabolic alterations have been associated with reduced proliferation and/or induced
differentiation of cancer cells (Alcarraz-Vizan et al., 2010; Amoédo et al., 2011; Blouin
et al, 2011; Q. Li et al.,, 2018; Rodrigues et al., 2015).

1.3.2 Intestinal transport of butyrate

Butyrate is a weak acid (pKa=4.8), and more than 90% exists in the ionized form under
physiological conditions in the colon (pH 5.5-6.7), thus requiring a transporter for
absorption (Bergman, 1990; Cummings et al., 1987). Butyrate is preferentially absorbed
in the proximal part of the colon, where the highest luminal concentration occurs
(Gongalves & Martel, 2016). Several different mechanisms for butyrate uptake in
colonocytes have been proposed, including counter-transport with bicarbonate
(BT/HCOs exchanger) and transport by monocarboxylate transporters (Hadjiagapiou et
al., 2000; Kawamata et al., 2007; McNeil et al., 1979; Thangaraju et al., 2008).

Butyrate plays a key role in colonic epithelium homeostasis by having multiple
regulatory functions. The monocarboxylate transporter (MCT) family comprises 14
members encoded by the SLC16 gene family (Halestrap & Meredith, 2004). MCT1 is a
protein consisting of 500 amino acids that is highly conserved and expressed widely in
various tissues(Jackson et al., 1997). The levels of MCT1 protein vary throughout the
human digestive tract. MCT1 is expressed at very low levels in the small intestine, but its
expression increases in the colon. Its highest levels are found in the distal segment of the
colon, specifically in the upper regions of colonic crypts.(Gill et al., 2005; lwanaga et al.,
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2006). The first report on MCT1 protein expression in human tumor samples described a
decrease in MCT1 expression in the colonic transition from normality to malignancy (Daly
et al.,, 2005). Studies have shown that when MCT1 is lost or silenced, it is associated with
three significant changes: 1) a shift from normal to malignant growth in the colonic
epithelium, 2) disruption of genes responsible for differentiation and apoptosis that
respond to butyrate, and 3) a crucial metabolic change from butyrate oxidation to
glycolysis (Cuff et al., 2005; Lambert et al., 2002). CRC cells show a reduction in butyrate
uptake because of reduced MCT1 expression, associated with an increased glucose
uptake rate (Macheda et al., 2005; Moreno-Sanchez et al., 2007). MCT1 expression is
down-regulated in the early stages of carcinogenesis (Lambert et al., 2002). MCTs are
transporters that work in both directions and have a significant impact on intracellular
pH by removing lactate along with a proton (Dimmer et al., 2000; Latham et al., 2012).
Inhibiting MCT1 results in a drop of pH level inside cells, leading to tumoral cell death.
It is possible that certain MCT isoforms may be up-regulated in order to export lactate
(Gongalves & Martel, 2016).

1.4 Metabolic reprogramming in cancer

Deregulation of cellular metabolism has emerged as a key hallmark of the cancer
(Hanahan & Weinberg, 2000). Evidence shows that metabolic reprogramming is an active
process governed by oncogenes and tumor suppressors, which provide cancer cells with
energy, reducing equivalents and biosynthetic precursors (Vander Heiden &
DeBerardinis, 2017). The most core metabolic pathways, including glucose, glutamine,
amino acids, serine/glycerin, and lipid metabolism, are exploited by cancer cells to
sustain their high rate of cell division (Pavlova & Thompson, 2016).

Metabolism is broadly defined as “the sum of biochemical processes in living
organisms that either produce or consume energy” (DeBerardinis & Thompson, 2012).
The primary source of cellular energy is glucose, a simple carbohydrate transported into
cells by a family of transmembrane glucose transporters (GLUTs). In the cytoplasm,
glucose is catabolized to pyruvate, generating two molecules of ATP in a process known
as glycolysis. The conversion of glucose to pyruvate occurs in two stages, the first stage
consuming ATP and the second stage generating ATP. In the first stage, hexokinase (HK)
phosphorylates glucose into glucose-6-phosphate (G6P), one of the rate-limiting
enzymes in glycolysis. Hexokinases have four isoforms, namely HK1, HK2, HK3 and HK4
(Robey & Hay, 2006). HKs sustain cellular glucose levels by regulating the entry and
utilization of glucose and influencing the magnitude and direction of glucose flux within
cells (Patra et al., 2013). HK1 is the predominant HK isoform in most tissues and is more
abundant than HK2. HK2 is the most well-characterized gene whose expression is
significantly up-regulated in many cancers, such as prostate cancer, breast cancer, lung
cancer, renal cancer, liver cancer, and colorectal cancer (Lee et al., 2019; Nishihashi
et al.,, 2017; Shi et al.,, 2019; Xu et al.,, 2018; Xu & Herschman, 2019). Next step,
phosphofructokinase-1 (PFK1) catalyzes the conversion fructose-6-phosphate (F6P) to
fructose-1,6-bisphosphate. PFK1 phosphorylates F6P into fructose-1,6-bisphosphate,
the second irreversible glycolysis reaction. This reaction is a crucial and rate-limiting
step in glycolysis. PFK1 is regulated by ATP and F6P substrates (Cabrera et al., 2011).
Studies have shown that PFK1 activity is increased in cancer cell lines, and expression of
PFK1 is up-regulated in breast and liver cancers (Moon et al., 2011; Park et al., 2013).
In the subsequent stage, ATP is generated by substrate-level phosphorylation and glucose
metabolism.
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Additionally, a metabolic pathway parallel to glycolysis is the pentose phosphate
pathway (PPP), which represents the first committed step of glucose metabolism
(Ramos-Martinez, 2017). Glycolysis and PPP are metabolically linked for sharing
the common intermediate G6P. The third irreversible reaction of glycolysis is
phosphoenolpyruvate conversion into pyruvate catalyzed by PK; thus, PK serves an
essential role in the control of metabolism in cancer cells. The ratio between the active
and inactive forms of PK determines whether glucose is used for OXPHOS or for PPP to
support the cell growth (Gui et al., 2013). Low PK activity increases entrance into PPP for
biosynthesis, while high PK activity increases OXPHOS and decreases glucose entrance
into PPP (Fukuda et al., 2015).

The PPP occurs in the cytosol and comprises two phases: irreversible oxidative and
reversible nonoxidative (Jin & Zhou, 2019) (Figure 4).
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Figure 4. The pentose phosphate pathway.

The oxidative branch converts G6P into ribulose-5-phosphate (Ru5P), CO2, and
NADPH (Kruger & von Schaewen, 2003). NADPH is vital to maintain cytosolic
reduction-oxidation balance under stress conditions and allows cells to proliferate
rapidly (Pavlova & Thompson, 2016). The non-oxidative branch yields the glycolytic
intermediates F6P, glyceraldehyde-3-phosphate (G3P), and sedoheptulose sugars,
resulting in the production of sugar-phosphate precursors for amino acid synthesis and
ribose-5-phosphate (R5P), which is essential for nucleic acid synthesis (Stincone et al.,
2015) (Figure 4). Glucose-6-phosphate dehydrogenase (G6PD), the rate-limiting enzyme,
catalyzes the first irreversible reaction of PPP. The activity of G6PD directly reflects the
flux of oxidative PPP and determines the flux partitioning between glycolysis and the PPP
(Jiang et al., 2014). Whereas G6PD acts as a control site in the oxidative branch,
transketolase (TKT) and transaldolase are the two key enzymes in the nonoxidative
branch. Rapidly proliferating cells like cancer cells usually increase the PPP flux by
activating G6PD to meet the increased bioenergetic demands. Although many studies
have reported that numerous factors may stimulate it, the mechanism by which G6PD is
regulated remains largely unknown. (Jiang et al., 2014).
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In the absence of oxygen, normal cells convert pyruvate to lactate, which is secreted
from the cell. In contrast, in the presence of oxygen, pyruvate is transported into the
mitochondria by the mitochondrial pyruvate carrier (MPC) and then converted to
acetyl-CoA by pyruvate dehydrogenase (PDH). Acetyl-CoA, which can also be generated
by the catabolism of fatty acids (FAs) and some amino acids, enters the TCA cycle,

reducing NAD* and FAD to NADH and FADH5. These high-energy electron carriers are

then used to create a proton gradient across the inner mitochondrial membrane that
drives ATP synthase in the electron transport chain (ETC). This OXPHOS process results
in additional 32—36 molecules of ATP.

Cancer cells utilize many nutrients to sustain infinite proliferation and growth, which
requires reprogramming energy metabolism. The unique metabolic phenotype of cancer
cells was first observed by Otto H. Warburg almost 100 years ago. In normal cells with
sufficient oxygen levels, pyruvate could enter the TCA cycle to generate abundant
energy, whereas tumor cells exhibit high glycolysis activity regardless of the oxygen
levels. Lactate is produced through the activation of lactate dehydrogenase (LDH) and
inhibition of pyruvate metabolism in the mitochondria (Lunt & Vander Heiden, 2011).
This phenomenon is called the Warburg effect or aerobic glycolysis (Warburg, 1956).
Aerobic glycolysis could meet the energy and nutritional demands essential for severe
living conditions of tumor cells for cancer progression (Lunt & Vander Heiden, 2011).
Metabolic reprogramming is critical for the rapid proliferation of cancer cells and is thus
recognized as a hallmark of cancer. Like other cancer, CRC cells undergo rewiring of
cellular metabolism via dysregulation of oncogenes and tumor suppressors during
carcinogenesis (Brown et al., 2018).

1.4.1 Glycolytic metabolism in cancer

The increased rate of glycolysis is a common metabolic change that can be observed in
cancer. Mutations in KRAS or BRAF lead to the constitutive activation of ERK1/2 cascade,
which sustains aerobic glycolysis through the activation of transcriptional factors,
including hypoxia-inducible factor 1 (HIF1) and c-myc (Zhong et al., 2022). HIF-1 is a
heterodimeric transcription factor composed of a HIF-1a subunit that senses the
changed oxygen levels and a HIF-1B subunit constitutively expressed (McGettrick &
O'Neill, 2020). Besides the heterogeneous oxygen level inside the tumor, oncogene
activation (e.g., KRAS, BRAF) or tumor suppressor inactivation (e.g., TP53, PTEN) can
enhance the HIF-1a. expression (Semenza, 2013). It has been shown that HIF-1a
promotes the expression of glycolytic enzymes, including HK2, lactate dehydrogenase
(LDH), and glycolytic transporters such as MCT4 and GLUT1 and increases the
intracellular level of glycolysis (Nagao et al.,, 2019; Zhong et al., 2022). In addition,
HIF-1a switches on pyruvate dehydrogenase kinase (PDK), which prevents the entry of
pyruvate in the TCA cycle by inhibiting pyruvate dehydrogenase (PDH) (Kim et al., 2006).
PDH converts pyruvate to acetyl-Co, and PDK-mediated inhibition of PDH leads to a lower
consumption of pyruvate in the mitochondria, which results in a higher amount of
pyruvate available in the cytosol (Avagliano et al., 2020). The increase of cytosolic
pyruvate promotes sustained lactic fermentation and elevated lactate production (Kim
et al., 2006). In addition, persistent ERK1/2 activation, induced by mutant BRAF or KRAS,
leads to mitochondrial translocation of phosphoglycerate kinase (PGK1) and pyruvate
dehydrogenase kinase 1 (PDK1), which in turn inactivates PDH, contributing to aerobic
glycolytic switch in cancer (Li et al., 2016).
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Glycolytic flux and glucose uptake are also changed by c-myc, which transcriptionally
activates LDH, GLUT-1, and HK2 (Stine et al., 2015; Zeller et al., 2003). The transportation
of extracellular glucose to the cytoplasm is performed by sodium-glucose transporters
(SGLTs) and facilitated diffusion GLUTs (Navale & Paranjape, 2016). GLUTs belong to a
homologous family of fourteen uniporter transporter proteins. Among these, GLUTs 1-4
have been comprehensively studied and observed to be up-regulated in the cancer
(Barron et al., 2016). Further, glucose uptake correlates with KRAS and BRAF mutations
and GLUTI1 overexpression in CRCs measured by FDG-PET (Chen et al., 2014; Kawada
et al., 2012). It is understood that KRAS signaling confers a competitive advantage to
cancer cells through increased glucose uptake and elevated flux through glycolysis,
concurrently fueling numerous branching biosynthetic pathways (Gaglio et al., 2011;
Hutton et al., 2016; Ying et al., 2012; Yun et al., 2009). Cancer cells with KRAS or BRAF
mutations depend on glycolysis for survival and growth, and that pyruvate is a major
carbon source for the mitochondrial TCA cycle (Weinberg & Chandel, 2015). Several
glycolytic intermediates are shunted into biosynthetic pathways essential for nucleotide
production, amino acid synthesis, or glycosylation reactions, the activity of which is
coordinated by KRAS signaling (Ali et al., 2020; Mattaini et al., 2016). KRAS also promotes
the rapid reduction of glycolysis-derived pyruvate to lactate (Kerk et al., 2021). Lactate
transporters are expressed in a KRAS- dependent manner and efficiently export lactate
from the cell (Baek et al., 2014; McCleland et al., 2013). This glycolytic phenotype driven
by KRAS or BRAF supports malignant progression and correlates with poorer prognoses
in patients with KRAS-driven cancers (Avagliano et al., 2020; Graziano et al., 2017).
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2 AIMS OF THE STUDY

The primary objective of this thesis was to investigate and describe the metabolic
reprogramming that occurs in colorectal polyps by analyzing both the mitochondrial
respiratory rates and gene expression of specific metabolic markers. More specifically,
the aims of the study were:

To compare the mitochondrial respiratory rate in colorectal polyps with
those in the healthy colon and cancerous tissue. By measuring the
respiratory rates, the study aimed to identify any significant difference that
may contribute to the development and progression of colorectal polyps to
cancerous tissue.

To evaluate the effect of clinicopathological characteristics and the
mutation status of KRAS and BRAF genes on mitochondrial respiratory rates
in both colorectal polyps and CRC.

To assess the expression levels of selected metabolic markers involved in
glycolysis and intracellular phosphotransfer pathways in colorectal polyps,
healthy colon tissue, and CRC. By examining the expression levels, the
objective was to identify any dysregulation in these metabolic pathways
that may be associated with the development of polyps and CRC.

To explore the potential correlation between changes in mitochondrial
respiratory rates and altered gene expression of metabolic markers in
colorectal polyps. This analysis aimed to uncover any relationship between
mitochondrial function and metabolic gene expression of colorectal polyps.
To discuss the role of adenylate kinase in the development of colorectal
cancer.

To discuss the concept of energy metabolic plasticity in the development of
colorectal cancer considering gained study results.
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3 MATERIALS AND METHODS

The following methods, described in more detail in the respective publications, were
used in this study:

e Clinical material — Publication I, Il

e  Oxygraphic measurement — Publication |, Il

e RNA extraction — Publication Il

e cDNA synthesis and real-time quantitative polymerase chain reaction —

Publication Il
e DNA extraction — Publication |, Il
e  KRAS and BRAF mutation analysis — Publication I, Il
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4 RESULTS AND DISCUSSION

4.1 Mitochondrial outer membrane permeability for ADP is different in
the healthy colon, colon polyps, and colorectal cancer tissue
(Publication I, I1)

The permeability of the outer mitochondrial membrane to ADP plays a crucial role in
regulating cellular energy metabolism, and its dysregulation has been associated with
cancer. This process facilitates ADP entry into the mitochondrial matrix through the
voltage-dependent anion channel (VDAC) in the outer mitochondrial membrane.
The VDAC and OXPHOS are intricately connected in their contributions to cellular energy
metabolism.

4.1.1 ADP-dependent mitochondria respiration
To identify the changes in OXPHOS activity in CRC carcinogenesis, high-resolution
respirometry on permeabilized post-operative tissues — CRC tissue, colon polyps, and
healthy colon tissue was applied. The rate of maximal ADP-activated respiration (Vmax)
was determined to estimate the coupling of mitochondrial oxygen consumption to
OXPHOS. Additionally, the apparent Michaelis-Menten constant values for exogenously
added ADP (Km(ADP)) to describe the permeability of VDAC for exogenous ADP.
Therefore, determining Vimax and Km(ADP) could provide relevant information about the
activity of OXPHOS key components and the type of metabolism in the three different
colon tissue types included in the current thesis.

Significant differences in Vmax and Km(ADP) values between colon polyps and tumors
suggest that polyps and tumors probably have different bioenergetic profiles (Figure 5).
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Figure 5. Kinetic parameters of mitochondrial respiration in normal tissue, colorectal polyps, and
colorectal cancer tissue. (A) Comparative analysis of 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 colorectal cancer (CRC) tissue (n=57).* p < 0.05, *** p < 0.001
(t-test). (Publication ).

The Vmax for CRC was higher than for healthy colon tissue, and the Vmaxfor colon polyps
was twice higher for healthy colon tissue (Figure 5A). The values of Km(ADP) exhibited
that colon polyps have a significantly lower Km(ADP) compared to both colorectal cancer
and healthy tissue (Figure 5B). Orders of magnitude different K»(ADP) values have been
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found between glycolytic and oxidative striated muscles, which have different metabolic
features. Tissue-specific Km(ADP) values are higher in oxidative tissues compared to
glycolytic tissues (Kuznetsov et al., 1996; Puurand et al., 2019). Healthy tissue and tumors
showed similar Km(ADP) values, indicating a lower affinity for ADP. The Vmax/ Km(ADP)
ratio was 0.039 min"t mg™ mL for colon polyps.

In contrast, this ratio was similar and lower for tumor and healthy tissue (0.019
and 0.013, respectively), indicating a more catalytically efficient system in polyps.
The mathematical model employed for muscle cells was applied to estimate the percent
of mitochondria with highly regulated (oxidative) and unregulated (glycolytic)
permeability of IMM to adenine nucleotides. According to the model, the hypothetical
percentage of low oxidative capacity mitochondria in tissue is calculated from the
Km(ADP) value as an inverse asymptotic dependence (Saks et al., 1998). Polyps
demonstrated a higher percentage of mitochondrion with low control over the
movement of adenine nucleotides through OMM (Table 2), which indicates the
metabolic shift to a glycolytic state.

Table 2. Modelled percentage of low oxidative capacity of mitochondrion in control, colon polyps,
and CRC tissue group (Publication II).

Sample group % of low oxidative capacity of mitochondrion
Control (n=46) 31,2
Colon polyps (n=45) 55,9
CRC (n=68) 32,9

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. Our findings on the Km value for ADP for colorectal polyps suggest an early
metabolic reprogramming towards glycolysis. Increased affinity for ADP on IMM and the
high ADP-induced respiration level suggested a metabolic shift towards more glycolytic
metabolism while maintaining OXPHOS functionality in polyps.

Maintaining the functional activity of OXPHOS is crucial in cancer cells, as those with
a very low respiration rate are unable to form tumors (Hubackova et al., 2019).
A moderate reduction in respiration can benefit the functioning of signaling molecules
and the synthesis of anabolic precursors (Lu et al., 2015). The importance of functional
OXPHOS varies depending on whether cells are proliferating or non-proliferating,
with each situation exhibiting a unique functional manner (Hubackova et al., 2019).

Research, including the study by Koit et al. (2017) using breast cancer tissue and
cell lines, has demonstrated that the metabolic profile of cancer cells in culture can
vary significantly based on the specific conditions of the culture (Koit et al., 2017).
For instance, cells grown in a glucose-free medium lead to the development of
hyper-glycolytic cells with reduced respiratory flux (Gnaiger & Kemp, 1990;
Gstraunthaler et al., 1999; Swerdlow et al., 2013). This knowledge highlights the impact
of culture conditions on the metabolic behavior of cancer cells.

Given the influence of culture conditions on metabolic profiles, utilizing post-operative
tissue material is a more suitable approach for studying OXPHOS in human tumors and
describing the metabolic changes that occur during carcinogenesis.
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4.1.2 Subgroup analysis by clinicopathological characteristics

To unveil respiratory rate kinetic parameters dependence on clinicopathological
characteristics, possible relationships were analyzed of Vmax and Km(ADP) of polyps,
colorectal cancer, and healthy colon tissue with age, gender, location, size, and
histological type.

CRCis more frequently observed in the distal side (left colon) than in the proximal side
(right colon) (Missiaglia et al., 2014). According to the studies, left and right colon tumors
are distinct in their epidemiology, biology, histology, and microbial diversity (Drewes
et al., 2016; Missiaglia et al., 2014). In Publication I and Il, no relationship between Vmax
and Kn(ADP) values of healthy tissue, polyps, and CRC groups with clinicopathological
factors was found with an exception. In Publication I, comparing all the distal and
proximal tumors showed the difference in Km(ADP) value but not in Vmax (Figure 6).
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Figure 6. The distal (n=20) and proximal (n=24) tumors showed a difference in K,(ADP) value but
not in Vmay. ** p<0.01. (Publication |).

However, there were no differences in Kn(ADP) in Publication Il, but a difference was
seen in Vmax values when comparing distal and proximal tumors and polyps. These results
require further assessment by using a more extensive study group.

4.1.3 Subgroup analysis by KRAS and BRAF mutation status in CRC

The current thesis investigated two established and common molecular markers of
prognosis in CRC: KRAS and BRAF. Almost half of the CRC tumors harbor KRAS mutations,
and this mutation status is associated with poorer survival and response to
chemotherapeutics (Phipps et al., 2013). BRAF V600E mutation status is also associated
with an unfavorable prognosis (Yokota et al., 2011). Additionally, mutations in KRAS and
BRAF genes appear to play a significant role in CRC’s transcriptional regulation of the
metabolic reprogramming (Zhong et al., 2022). In Publication I, Vmax in KRAS or BRAF
mutated tumors was significantly lower than in the wild-type tumor (Figure 7).
This suggests an involvement of oncogenic KRAS and BRAF in metabolic reprogramming
in CRC and supports the role of shifting CRC metabolism to a more glycolytic type.
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Figure 7. Kinetic parameters of mitochondrial respiration in KRAS and BRAF mutated and wild-
type CRC. (A) Comparative analysis of maximal ADP-activated respiratory rate (Vmax); and (B)
apparent Michaelis-Menten constant values for ADP (Kn(ADP)) in KRAS mutated CRC (n=13), BRAF
mutated CRC (n=6), and wild-type polyps (n=14) * p < 0.05, ** p < 0.01 (t-test). (Publication I).

Comparison of KRAS mutated, BRAF mutated, and WT tumors value for Km(ADP)
showed no differences. Interestingly, all CRC groups had similar Km(ADP) values for tumor
and control tissue. The lack of difference in Km(ADP) in studied subgroups could be
attributed to various factors. Aside from KRAS and BRAF mutations, other factors could
contribute to the observed similarities in Kn(ADP). Metabolic adaptations and
environmental influence might play a role in maintaining consistent Km(ADP) values
across different subgroups. Also, it is possible that KRAS and BRAF mutations do not
directly affect the Km(ADP) values in cancer. Small sample sizes and cancer tissue
heterogeneity could mask any potential difference in Km(ADP) values between the
subgroups. Further research, employing a larger sample size and exploring additional
metabolic and molecular parameters, would be valuable in elucidating the reasons
behind the observed similarities in Km(ADP) values among different CRC groups.

4.1.4 Subgroup analysis by KRAS and BRAF mutation status in colon polyp

The transformation of colon epithelium into a malignant state involves significant
changes in energy production and biosynthesis pathways, supporting cancer development.
The potential effect of KRAS and BRAF mutations on mitochondrial respiration was
investigated in the colorectal polyp group (Figure 8). Polyps with KRAS mutation showed
higher Vinax values than those with BRAF mutation (Figure 8A). Additionally, mitochondria
in KRAS-mutated polyps exhibited a reduced affinity for exogenous ADP compared to the
BRAF-mutated polyp group (Figure 8B). There were no significant differences in Vimax and
Km(ADP) nor Vmax/Km(ADP) ratios between KRAS or BRAF mutated and wild-type polyps.
However, due to the considerably lower Vmax observed in both polyps and tumors with
BRAF mutation, it is plausible to assume that cells carrying this mutation required
sustained activation of active glycolysis while down-regulating OXPHOS.
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Figure 8. Kinetic parameters of mitochondrial respiration in KRAS, BRAF mutated, and wild-type
polyps. (A) Comparative analysis of maximal ADP-activated respiratory rate (Vme); and (B)
apparent Michaelis-Menten constant values for ADP (Kn(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). (Publication Il).

4.2 Different gene expression levels show changes in energy
metabolism during CRC tumorigenesis (Publication Il, IlI, 1)

The precise mechanisms by which VDAC contributes to the development and progression
of CRC still need to be fully understood. However, it is believed that VDAC plays a role in
regulating glucose uptake in colorectal cancer cells by interacting with various glucose
transporters and metabolic enzymes. Several studies have reported increased expression
of genes involved in glucose uptake and metabolism in cancer, supporting the notion of
VDAC's involvement in the metabolic reprogramming (Azuma et al.,, 2007; Graziano
et al,, 2017; Leclerc et al., 2017; N. N. Wang et al., 2021).

In the current thesis, RT-gPCR was performed to detect expression levels of genes
encoding key enzymes involved in glycolysis control, including GLUT1, HK1, and HK2.
Additionally, the expression levels of essential, non-controlling enzymes such as MCT1,
MCT2, MCT4, and LDHA were analyzed to assess their potential contribution to metabolic
reprogramming in colon polyps. The complete absence of essential genes or proteins
leads to the complete cessation of the cellular process. Conversely, partial removal or
inhibition of controlling steps results in a corresponding reduction in the analyzed cellular
function.

4.2.1 Higher expression levels of genes important in glycose indicate
increased glycolytic activity in polyps

During glycolysis, glucose is transported into the cell's cytoplasm via glucose transport
proteins (GLUTs). GLUTs belong to the family of 14 glucose transporters found in various
tissues throughout the body. In CRC, GLUT1 expression is often up-regulated, which
allows cancer cells to take up more glucose and use it for energy (Barron et al., 2016).
High expression of GLUT is associated with a poorer prognosis and a higher risk of
recurrence for CRC (Ancey et al., 2018).

In Publication Il, there was lower GLUT1 expression in healthy colon tissue compared
to the polyp and CRC group, which is aligned with the fact that glucose provides a small
fraction of the energy requirements for the healthy colonic epithelium (Figure 9A).
The expression of GLUT1 in the colorectal polyp group was significantly higher than in
healthy tissue, suggesting an increased demand for glucose in polyps. The CRC group also
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showed an increased level of GLUT1 expression compared to the control group.
The polyp tended toward a lower expression of GLUT1 than the CRC group, but there was
no statistically significant difference (p=0.136). A higher level of GLUT1 expression in
colon polyps compared to healthy tissue is aligned with the understanding that changes
in energy metabolism can occur in the very early stage of carcinogenesis.
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Figure 9. (A) GLUT1 expression levels in healthy colon tissue (n=16), colorectal polyps (n=8), and
CRC (n=9) and (B) LDHA expression levels in healthy colon tissue (n=16), colorectal polyps (n=8),
and CRC (n=9). ***p<0.001 **p<0.01, *p<0.05 (t-test). (Publication II).

Lactate dehydrogenase A (LDHA) is an enzyme that plays a key role in converting
pyruvate to lactate during glycolysis, primarily occurring in the absence of oxygen.
Several studies have reported increased LDHA expression in various cancers such as liver,
breast, and colon cancer, and it is closely related to the malignant process (Guddeti et al.,
2019; Guo et al,, 2019; Y. Wang et al., 2021). Although LDHA expression may also be
increased in colon polyps, its role in developing colorectal polyps remains incompletely
understood.

Compared to healthy colon tissue, elevated levels of LDHA expression in polyps
suggest increased lactate production (Figure 9B). While LDHA is not a rate-limiting step
in glycolysis, it maintains significant regulatory control over the equilibrium between
pyruvate and lactate, affecting the cytosolic redox balance. The balance between
pyruvate and lactate is tightly correlated with the NADH/NAD+ ratio, which can be
modulated by an up-regulation of LDHA activity. Increased LDHA activity catalyzes the
conversion of pyruvate to lactate, with a concomitant increase in the production of H*
ions. This process contributes to malignancy progression, reducing the extracellular pH
and potentially mitigating the host immune response (Kim et al., 2007). In addition to its
role in ATP production, the LDHA-facilitated aerobic glycolysis pathway generates key
metabolic intermediates for the biosynthesis of essential macromolecules, such as
nucleotides, amino acids, and lipids (Vander Heiden et al., 2009). These precursors are
crucial for sustaining neoplastic growth’s rapid cell division characteristics.

Comparing LDHA expression levels in CRC and healthy tissue samples revealed no
significant difference. This suggests that CRC cells might not augment lactate production
due to a predominant reliance on OXPHOS for their energy requirements. These findings
provide insight into the metabolic changes that occur during the development of
colorectal polyps and CRC, highlighting the importance of glycolytic metabolism in
early-stage polyps and the potential therapeutic implications of targeting glycolysis in
these precancerous lesions.

Hexokinase (HK) is an enzyme that plays a crucial role in the first step of glucose
metabolism. Abnormal expression of hexokinase has been observed in several types of
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cancers, including colorectal cancer. One proposed mechanism by which hexokinase
contributes to cancer growth is its ability to enhance the production of ATP (Patra et al.,
2013). In the current thesis, the expression levels of HK1 and HK2 were investigated
across healthy colon tissue, colorectal polyp, and CRC groups. HK1 expression level in the
polyp group was twice as high as in healthy tissue and CRC groups, while the polyp
group’s HK2 expression was similar to the healthy tissue group (Figure 10A). Several
studies have shown that overexpression of HK2 is commonly observed in colorectal
cancer and higher HK2 expression is related to more aggressive tumor behavior and
poorer prognosis (Ho & Coomber, 2016; Mathupala et al., 2006; N. N. Wang et al., 2021).
However, current expression analyses of HK2 did not reveal overexpression in the CRC
group. It was significantly lower than healthy tissue (p<0.001). Typically, overexpression
of HK2 correlates with elevated glycolytic activity, permitting cancer cells to generate
ATP and other vital metabolites that fuel their rapid growth and proliferation.

Decreased HK2 expression in CRC, as was observed in Publication I, might be
associated with reduced glycolytic activity and a shift towards alternative metabolic
pathways. The outcomes elucidated in Publication Il implied a heightened reliance of
colorectal polyp cells on the glycolytic pathway, as substantiated by their low Km(ADP)
value and increased hexokinase expression levels. It was supported by research activities
reviewed in Publication IV. Prof. Pedersen and his colleagues discovered the binding of
HK2 to VDAC, concluding that this phenomenon could play a pivotal role in the Warburg
effect. In such a setting, mitochondrial ATP is preferentially directed to glycolysis and
produced ADP is channeled back to OXPHOS.
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Figure 10. HK1 and HK2 expression levels in the healthy colon (n=27), colorectal polyps (n=9), and
CRC (n=27). (B) MCT1 and MCT2 expression levels in healthy colon tissue (n=16), colorectal polyps
(n=8), and CRC (n=9), and expression levels of MCT4 in healthy colon tissue (n=24), colorectal
polyps (n=8) and CRC (n=22). ***p<0.001 **p<0.01, *p<0.05 (t-test) (Publication Il).

Monocarboxylate transporters (MCTs) are critical in transporting short-chain fatty
acids, such as butyrate, across the luminal membrane of colonic epithelial cells.
(Donohoe et al.,, 2011). Aberrant expression of MCT1, MCT2, and MCT4 has been
demonstrated in various cancers, including colon cancer; however, there is no data on
the colorectal polyps (Baltazar et al., 2014; Fisel et al., 2013). In the current thesis, MCT1,
MCT2, and MCT4 expression levels were evaluated in healthy colon tissue, polyp, and
CRC group.

Notably, healthy colon tissue exhibited higher expression levels of MCT1 than the CRC
tissue (Figure 10B). This observation aligns with the understanding that butyrate is the
primary energy source for colonic epithelial cells. Lower expression of MCT1 in cancerous
tissue could imply that cancer cells possess an enhanced degree of metabolic plasticity
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and are less reliant on butyrate as a nutrient. Such a metabolic shift during carcinogenesis
enables cancer cells to use alternative energy sources, such as glucose and glutamine, to
sustain their growth and proliferation. Comparable expression levels of MCT1 in healthy
tissue and polyp group suggested that colon polyps maintain their usage of short-chain
fatty acids, such as butyrate. Low levels of butyrate in the colon may contribute to the
development of colorectal cancer, emphasizing the importance of a fiber-rich diet, which
can increase butyrate production and promote a healthy colon (Hamer et al., 2008).

The increased expression of MCT2 has been observed in various cancer types,
including breast, prostate, and colorectal cancer. Studies suggest that the increased
expression of MCT2 in cancer cells is related to the altered metabolic pathways of these
cells, which rely on the glycolysis (Baltazar et al., 2014; Pinheiro et al., 2010). MTC2 is
responsible for transporting lactate, produced during glycolysis, out of the cells, thereby
maintaining a favorable metabolic environment for cancer cell survival and proliferation
(Pinheiro et al., 2010). Findings in Publication Il showed that the polyp group exhibited
increased expression of MCT2 compared to healthy colon tissue, consistent with our
previous results demonstrating increased glycolytic phenotype. In contrast to previously
mentioned studies, there was decreased expression level of MCT2 in CRC tissue
compared to healthy colon tissue and polyp group. This finding is consistent with the
hypothesis that CRC cells may not rely on the typical Warburg effect, where glucose is
preferentially metabolized via glycolysis, leading to lactate accumulation and subsequent
upregulation of MCT2 expression.

Polyps also exhibit elevated expression levels of MCT4 compared to healthy tissue,
indicating an increase in glycolytic activity. MCT 4 plays a vital role in exporting lactate
out of the cells, preventing intracellular acidification. Also, MCT4 is one of the target
genes of hypoxia-inducible factor 1alpha (HIF-1aplha), and its expression is up-regulated
in response to the hypoxia (Ullah et al., 2006). The overexpression of MCT4 in colon
polyps suggests an increase in glycolytic activity, possibly as an adaption to elevated
lactate and the low-oxygen environment found in the colon (Giles et al., 2006).

4.2.2 Intracellular phosphotransfer pathways are up-regulated in colon polyps
Phosphotransfer circuits are biochemical pathways involved in the transfer of phosphate
groups between molecules, typically involving protein kinases. These circuits play a
crucial role in cellular signaling, allowing cells to respond to various stimuli and regulate
important processes such as metabolism, growth, and differentiation. Two well-known
phosphotransfer pathways are the adenylate kinase (AK) circuit and creatine kinase (CK)
circuits. These circuits involve separate enzymatic systems that participate in different
biochemical processes. AK is involved in maintaining the balance of ATP, ADP, and AMP
in the cell. When energy consumption is high, and ATP levels decrease, the relative
concentration of ADP increases. AK can catalyze the reaction of 2 ADP to form 1 ATP and
1 AMP. AK acts as a sensor and regulator of energy balance in cells, indirectly influencing
the rate of OXPHOS by affecting the availability of ADP, which is a substrate for the
ATP synthase complex. CK, particularly the mitochondrial isoform (mtCK), is tightly
associated with the energy-producing process of OXPHOS. CKMT helps convert ATP
into phosphocreatine (PCr), a form of energy storage that can be quickly mobilized to
generate ATP when needed.

Dysregulation of intracellular phosphotransfer pathways involving adenylate and
creatine kinase has been linked to cancer development and progression. Studies have
shown that alterations in AK and CK expression and activity are common in cancer cells
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and can contribute to tumor growth and metastasis (Balasubramani et al., 2006; Jan
etal.,, 2019; M. Lietal., 2021; Xin et al., 2019; Xu et al., 2021). In Publication Il, AK1, AK2,
AK4, AK6, CKBB, CKMT1, and CKMT2 expression level was assessed in healthy colon
tissue, polyp, and CRC group.

AK1, which is highly expressed in the brain, heart, skeletal muscles, and erythrocytes,
has been suggested as a negative regulator of the CRC development (Kaldma et al., 2014;
Panayiotou et al., 2014). In the current study, the expression level of AK1 in polyp
groups was similar to that in healthy tissue and significantly higher than in the CRC group
(Figure 11A).

AK2, localized in the mitochondrial intermembrane space, regulates the cytosol and
mitochondrial matrix's ATP/ADP transference rate. Previous studies have shown changes
in the regulation of AK2 in several human cancers. Its overexpression has been observed
in lung adenocarcinoma, triple-negative breast cancer cells, and neuroblastoma cell lines,
which may be related to the aggressive nature of these cancer types (Klepinin et al., 2022;
Klepinin et al., 2016; Liu et al., 2019). In Publication I, the expression of AK2 was
up-regulated in the polyp group compared to CRC and healthy tissue groups. The CRC
group showed significantly lower AK2 expression than healthy colon tissue, suggesting
fundamental rearrangement in the mitochondrial energy-related communication
networks between cytosol and mitochondria during cancer progression.
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Figure 11. (A) Expression levels of adenylate kinases AK1, AK2, AK4, and AK6 (B) and creatine
kinases CKBB, CKMT1, and CKMT2 in the healthy colon (n=19), colorectal polyps (n=9), and CRC
(n=14). ***p<0.001 **p<0.01, *p<0.05 (t-test). (Publication Il).

AK4, expressed in the mitochondria matrix, may indirectly modulate the mitochondrial
membrane permeability via its interactions with the ADP/ATP translocase (ANT). In this
study, the expression level of AK4 was significantly higher in the polyp group than in the
healthy tissue group. Research has shown that AK4 can promote a shift toward the
glycolysis (Jan et al.,, 2019), consistent with this thesis’s observation of glycolytic
phenotype in the polyp group.

AK® is localized in the nucleus and cytosol and is ubiquitously expressed in different
tissue and cell types (Ren et al., 2005; Xu et al., 2021). AK6 is a glycolysis regulator via
phosphorylation of LDHA and a modulator of invasion and metastatic activity of cancer
stem cells (Ji et al.,, 2017). Surprisingly, AK6 was up-regulated at the polyp stage,
suggesting it could support glycolytic activity in benign tumors. Higher LDHA expression
levels in polyps than in CRC (Figure 9C) correlate with the same outcome in AK6
expression. Overall, these findings provide some insight into the potential roles of AK1,
AK2, AK4, and AK6 in glycolytic phenotypes of polyps.
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CK provides a shuttle system for ATP between the mitochondria and cytosol, allowing
for rapid ATP production in the cytosol during glycolysis. It is thought that isoforms are
up- and down-regulated in tumors depending on the nature of carcinogenesis
down-regulated (Yan, 2016). In Publication Il, significantly lower expression of CKBB was
observed in the CRC group compared to healthy colon tissue and polyp groups (Figure
11B). Additionally, the expression of CKMT1 was significantly higher in the polyp group
compared to the CRC group. Together, these findings support the proposal that polyps
have a higher glycolytic rate than cancerous tissue. The changes in intracellular energy
transfer that occur in CRC and how AK and CK energy shuttles may be affected to prevent
polyps from becoming malignant remain to be investigated.

4.2.3 The paradoxical role of adenylate kinase in cancer and polyps

Cancer is a complex and diverse disease that involves specific tissues and different stages
of growth. Enzymatic changes can vary between the initial and advanced stages of the
tumor growth (Boissan et al., 2018; Gonzdlez et al., 2020), additionally to the type of
cancer. This variation in enzymatic changes may explain some conflicting findings
regarding the expression of AK in cancer (Table 3). In Publication Il, no increased
expression level of AK isoforms was observed in colorectal tissue samples.

Table 3. Adenylate kinase isoforms in colon and breast cancer. Combined data from Publication Il
and Ill.

Enzyme Type of cancer Status in | Experimental model | References
tumor
AK Colon cancer T Tissue samples (Chekulayev et
al., 2015;
Kaldma et al.,
2014)
AK1 Colon cancer $ Tissue samples Publication Il
AK2 Colon cancer N Tissue samples Publication Il
AK2 Breast cancer 0 Tissue samples (Speers et al.,
2009)
AK2 Breast cancer T Cancer stem cells (Lamb et al.,
2015)
AK2 Breast cancer T Tissue samples and | (Klepininetal,
cell lines 2016)
AK2 Breast cancer J Tissue samples and | (Kimetal.,
cell lines 2014)
AK4 Colon cancer No Tissue samples Publication Il
difference
AK6 Breast and colon | T Tissue samples (Bai et al., 2016)
cancer
AK6 Colon cancer ) Cancer stem cells (Jietal., 2017)
AK6 Colon cancer No Tissue samples Publication Il
difference
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To date, the expression levels of AK in colorectal polyps have yet to be previously
thoroughly investigated. However, Publication Il found that all investigated AK isoforms
were significantly up-regulated in polyps compared to colorectal tissue. Also, it was
observed that the expression level of AK isoforms was significantly higher in polyps
compared to healthy colon tissue except for AK1, which showed no significant difference
in expression levels. This finding suggests that dysregulation of AK may have an
important role in energy metabolism in colorectal polyps.

AK regulates the AMP-activated protein kinase (AMPK) pathway (Dzeja & Terzic, 2009;
Hardie, 2011). AMPK is known to be activated in response to cellular stress, such as low
energy levels, and it plays an essential role in regulating cellular energy homeostasis.
Under normal conditions, the concentration of AMP in cells is very low due to the high
ATP: ADP ratio, which drives the AK reaction (ATP+AMP <> 2ADP) toward ADP synthesis.
However, when cells are subjected to energetic stress and the ADP: ATP ratio rises,
the AK reaction is partially displaced toward the synthesis of AMP, resulting in a
significant increase in the cellular concentration of AMP. Increases in ADP and AMP are
thus signals that cells are under energetic stress (D. Grahame Hardie et al., 2012). AMPK
switches on catabolic processes that provide alternative pathways to generate ATP while
switching off anabolic pathways and other processes consuming ATP. AK2 has a high
affinity for AMP, and it has been proposed that AK2’s primary function is to regulate
intracellular AMP levels and to guard the cellular adenine pool (Dzeja & Terzic, 2009).
Interestingly, in Publication Il, a significant increase in AK2 expression was observed in
the polyp group compared to healthy tissue and CRC.

However, as reviewed in Publication 1V, the role of AMPK in cancer is a subject of
ongoing debate and investigation. While some studies suggest that AMPK acts as a tumor
suppressor in certain cancers, others have proposed that it may have a contextual
oncogenic role (Faubert et al., 2013; D. G. Hardie et al., 2012; Huang et al., 2016; Khan &
Frigo, 2017; Park et al., 2009; Rehman et al., 2014; Wang & Guan, 2009). Further research
is needed to fully elucidate the mechanisms underlying these effects and identify
potential therapeutic targets for treating CRC.

4.3 Energy metabolic plasticity in colorectal cancer (Publications I, II, IV)

Metabolic plasticity is a phenomenon that allows cells to alter the configuration of their
metabolic pathways in response to environmental changes. This process is regulated by
key metabolic enzymes and transcription factors and is recognized as a hallmark of
cancer. In CRC, the Warburg effect is commonly observed, where cancer cells primarily
rely on aerobic glycolysis for energy, resulting in increased glucose consumption and
lactate production (Altenberg & Greulich, 2004; lwamoto et al., 2014; Kawada et al.,
2015; Rubie et al., 2005; Shonk et al., 1965). However, studies have shown that
both anaerobic and aerobic glycolysis operates in cancer cells simultaneously, and
tumor cells often exhibit high rates of OXPHOS (Kaldma et al., 2014; Koit et al., 2017;
Moreno-Sanchez et al., 2014). Three distinct metabolic phenotypes are observed in
cancer cells: glycolytic, OXPHOS, and hybrid (a combination of glycolysis and OXPHOS).
In contrast, normal cells only exhibit glycolytic and OXPHOS states and lack the hybrid
state (Paudel & Quaranta, 2019; Yu et al., 2017).

Most of the molecular mechanisms of metabolic reprogramming in CRC have been
studied in cell culture, which have limitations due to variations in cell culture conditions
that can significantly affect the cells’ metabolic profile (Gnaiger & Kemp, 1990;
Gstraunthaler et al., 1999; Sherr & DePinho, 2000; Swerdlow et al., 2013). Previous studies
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from the author’s lab on clinical material from cancer patients have revealed unchanged
glycolytic activity and up-regulation of OXPHOS in CRC compared to surrounding healthy
tissue, which contrasts with cell culture data (Koit et al., 2017; Ounpuu et al., 2018).
The Publication I and Il outcomes suggested similar glycolytic activity in CRC compared
to healthy colon tissue. Analysis of respirometry data (as described in Publication I and
I) enables rapid functional profiling of metabolic plasticity. The dependence of
mitochondrial Oz consumption on ADP concentration follows Michaelis-Menten kinetics,
which allows the evaluation of the apparent Michaelis-Menten constant for ADP Km(ADP)
in different tissues, cancers, and cell cultures (Figure 12). Determined in permeabilized
cells and tissues, Km(ADP) is the affinity of the mitochondria for exogenous ADP and
characterizes the permeability of OMM for adenine nucleotides and VDAC permeability.
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Figure 12. Recording of the original traces of O, consumption by permeabilized tissue upon the
addition of increasing concentrations of ADP in polyp (A). The red line shows the O; flux per sample
mass, and the blue line indicates the O, consumption. (B) The measured rates of respiration for
samples were plotted against respective ADP concentrations. The apparent Km(ADP) and Vmax
were calculated by nonlinear regression using the Michaelis-Menten equation. The visual
representation of how Kn(ADP) and Ve values are determined is only shown for the polyp. The
upper dashed line shows Vo for the polyp sample, and Kn,(ADP) is the ADP concentration at which
the velocity of the reaction is half of Vmax. (Publication 11).

The specific structural and functional organization of energy metabolism likely causes
the cell-specific difference in Km(ADP). For example, cells with low Km(ADP) value
(~10 uM), like a glycolytic muscle, possess less structural and functional restrictions for
ADP/ATP movement through OMM as compared to the oxidative muscles (Km(ADP)
~300uM). Thus, relatively low Km(ADP) for colorectal polyps seen in Publication I and Il
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indicates a metabolic reprogramming toward the glycolytic phenotype with functional
OXPHOS (as in glycolytic muscles). Meanwhile, CRC tumors express high oxidative
capacity calculated by the proposed model from Saks V. et al.

In addition to Km(ADP), maximal ADP-dependent oxygen consumption (Vmax) is a
defining characteristic of metabolic plasticity and is correlated to mitochondrial content
in the tissue. Vmax values are higher in CRC than healthy colon tissue (Publication I and
1), indicating vigorous metabolic activity. Moreover, Vmax values in biopsy material from
patients who succumbed to colon cancer were significantly higher than in patients in
remission. However, the extent to which high Vmax values correlate with tumor
aggressiveness must be confirmed in further studies.

4.4 Concluding remarks

The primary objective of this investigation was to unravel the complex metabolic
reprogramming events that transpire during the progression of colorectal polyps to
cancerous tissue. The research methodology encompassed the utilization of post-operative
clinical samples, allowing for the detailed examination of mitochondrial oxidative
phosphorylation processes, along with the transcriptional modulation of key genes
involved in the glycolysis pathway.

Previously, a considerable number of studies have depicted colorectal cancer as a
disease heavily reliant on glycolysis for its metabolic needs. Contrary to this perception,
the present research echoes recent scientific discourse, suggesting that colorectal cancer
tissues are not purely glycolytic.

A particularly noteworthy discovery from our investigation was identifying unique
metabolic patterns in colorectal polyps, displaying distinct differences from healthy and
colorectal cancerous tissues. Intriguingly, the colorectal polyps exhibited a stronger
inclination towards a glycolytic phenotype than cancer tissues. Furthermore, the study
explored the relationship between the glycolytic phenotype and established colorectal
biomarkers, specifically KRAS and BRAF mutations. The findings indicated that BRAF
mutations in both polyps and tumors are associated with an increase in glycolysis and a
simultaneous decrease in oxidative phosphorylation.

Significantly, these observations illuminate that metabolic reprogramming is not a
late-stage phenomenon in cancer development but rather an early-stage process
occurring even before the malignant transformation. Acquiring a glycolytic phenotype in
colorectal polyps might act as a defense mechanism, regulating energy production and
potentially inhibiting the transition from benign polyps to malignant tumors.

Collectively, this research offers invaluable insights into the elaborate metabolic shifts
that occur during colorectal cancer progression. It enhances our comprehensive
understanding of the molecular dynamics driving colorectal cancer development by
reaffirming prior findings and drawing attention to the discrepancies between polyp and
cancerous tissue bioenergetics.
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Conclusions

The results of this study revealed a significant difference in the bioenergetics
profile of colorectal polyps compared to colorectal cancer, determined by
ADP-dependent mitochondria respiration:
o Colorectal polyps exhibited a metabolic shift towards a glycolytic state,
indicating a preference for glycolysis as an energy source.
o This metabolic alteration was observed irrespective of
clinicopathological characteristics.
o BRAF mutation in both colorectal polyps and cancer suggested more
active glycolysis.
Increased expression levels of genes involved in glycolysis were observed in
colorectal polyps:
o GLUTI, LDHA, HK1, MCT2, and MCT4 expression levels were higher in
colorectal polyps than in healthy tissue.
o LDHA, HK1, HK2, MCT1, and MCT2 expression levels were higher in
colorectal polyps than in CRC
Intracellular phosphotransfer pathways were up-regulated in colorectal polyps:
o The expression levels of AK1, AK2, AK4, AK6, CKBB, CKMT1, and CKMT2
were significantly higher in the colorectal polyp group compared to
CRC. These findings suggest activating intracellular phosphotransfer
pathways in colorectal polyps, potentially contributing to their altered
metabolic profile.
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Abstract
Metabolic Alterations in Colorectal Polyps and their Role in
Carcinogenesis

Colorectal cancer (CRC) presents a significant public health burden worldwide due to its
high morbidity and mortality rates. CRC arises from various genetic and epigenetic
alterations accumulating in cells, leading to tumor development and progression. One
notable characteristic of cancer cells is their ability to modify metabolic pathways related
to energy production and biosynthesis. However, this aspect remains underexplored in
the early stages of carcinogenesis. Hence, the objective of this doctoral research was to
elucidate the metabolic alterations that take place during the premalignant stage of
colorectal polyps.

Clinical samples were collected for this study, and mitochondrial oxygen consumption
was measured. Based on this, the Michaelis-Menten constant for ADP (Km(ADP)) and the
maximum ADP-induced respiration (Vmax) was calculated. The results vyielded a
statistically significant difference between the Vmaxand Km(ADP) values of polyps and
CRC, indicating distinct bioenergetic alterations between the premalignant and
malignant stages.

Interestingly, when comparing polyps and tumor tissue, there was a noticeable
metabolic shift toward glycolysis in polyps. Moreover, the impact of two colorectal
biomarkers, KRAS and BRAF, on mitochondrial respiration was investigated. The presence
of the BRAF mutation was observed to promote glycolysis in both polyps and tumors.
This finding indicates the potential role of the BRAF mutation in metabolic
reprogramming, even in the early stage of tumor development.

Elevated glycolytic activity in polyps was supported by an increase in the expression
levels of GLUT1, LDHA, HK1, and HK2, indicating increased glucose demand and lactate
production. Increased LDHA activity leads to lactate accumulation and acidification of the
tissue microenvironment, which may potentially promote the formation of tumors.

Butyrate, a short-chain fatty acid, serves as the primary energy source for colonic
epithelial cells, with MCTs mediating its transportation across the luminal membrane.
This study shows that there was an increase in the expression of MCT2 and MCT4 in
polyps compared to healthy colon tissue. The overexpression of MCT4 in colon polyps
suggests an increase in glycolytic activity, possibly as an adaption to elevated lactate and
the low-oxygen environment found in the colon. The MCT1 expression remained
consistent in both healthy tissue and polyps, indicating a continued reliance on butyrate.
However, in cases of CRC, there was a noticeable decrease in MCT1 and MCT2
expression, revealing a significant metabolic shift. This reprogramming could be
associated with the metabolic plasticity of tumor cells, allowing them to use alternative
sources of energy.

Adenylate kinase (AK) and creatine kinase (CK) are important for maintaining cellular
energy balance and regulating energy transport pathways. Alterations in phosphotransfer
pathways have been linked to tumor progression and metastasis. This doctoral thesis
found that the levels of all AK and CK isoforms studied were higher in polyps than in
tumor tissue. In this study, it was discovered that the AK1 isoform, which is known to
have a negative effect on colorectal cancer (CRC), had similar levels of expression in both
polyps and healthy tissue. The AK2 gene, responsible for transferring ATP/ADP between
the cytoplasm and mitochondria, was found to be overexpressed in polyps but not in
tumors or healthy tissue. The expression level of AK4 was also elevated in polyps
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compared to the tumor and healthy tissue, indicating, based on previous studies, a shift
in metabolism towards glycolysis. The expression levels of CK isoforms were found to be
higher in polyps than in tumor tissue. Similarly, the results for AK and CK suggest that the
intracellular phosphate transfer pathways are activated in colorectal polyps, which could
be linked to the changes observed in the metabolic profile during mitochondrial
respiration analyses.

According to the findings of the doctoral thesis, it has been observed that the
glycolytic activity is significantly higher in colorectal polyps when compared to both
healthy and tumor tissues. This interesting discovery has led to further speculation
regarding whether this glycolytic phenotype in polyps could possibly be a defensive
mechanism employed by the body. This could hypothetically explain why it takes
anywhere from 10 to 20 years for a tumor to develop from a polyp. Further investigation
and research are required in order to fully understand the relationship between
glycolytic activity and the development of colorectal cancer.
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Liihikokkuvote
Metaboolsed muutused jamesoole poliilipides ja nende roll
vahi tekkes

Kolorektaalvahk ehk jamesoolevahk kujutab oma k&rge haigestumuse ja suremuse tottu
markimisvadarset rahvatervise koormust kogu maailmas. Jamesoolevahk tekib erinevate
geneetiliste ja epigeneetiliste muutuste kuhjumisest rakkudes, mis viib kasvaja arengule
ja progresseerumisele. Vahirakkude oluliseks tunnuseks on vGime muuta energiatootmise
ja bioslinteesiga seotud metaboolseid radu, mida on seni kasvaja varajases staadiumis
vahe uuritud. Kaesoleva doktoritdo eesmark oli kirjeldada metaboolseid muutuseid, mis
esinevad premaliigsetes jamesoole poliilpides.

Kogutud kliinilisel materjalil m6ddeti mitokondriaalset hapnikutarbimist ja selle pdhjal
arvutati Michaelis-Menteni konstant ADP suhtes (Km(ADP)) ning maksimaalne ADP poolt
indutseeritud hingamine (Vmax). Saadud tulemused naitasid statistiliselt olulist erinevust
polutpide ja jamesoolevdhi Vmax ning Km(ADP)) vaartustes, mis viitab erinevatele
bioenergeetilistele muutustele. Jamesoole polilpides, vorreldes kasvaja koega, oli
metabolism nihutatud gliikol(ilisi suunas. Lisaks uuriti kahe soolevahi biomarkeri, KRAS
ja BRAF, mdju mitokondriaalsele hingamisele. Leiti, et BRAF mutatsioon soodustab
glikolllsi nii polldlpides kui kasvajates, viidates mutatsiooni voimalikule rollile
metaboolses reprogrammeerimises juba varajases kasvaja staadiumis.

Polttpide k&rgenenud gliukolUutilist aktiivsust toetasid GLUT1, LDHA, HK1 ja HK2
ekspressioonitaseme tdus, naidates suurenenud glikoosindudlust ja laktaadi tootmist.
Suurenenud LDHA aktiivsus viib laktaadi kuhjumiseni ja koe mikrokeskkonna
hapestumiseni, mis voib potentsiaalselt soodustada kasvaja teket.

Butliraat on peamine energiaallikas jamesoole epiteelrakkudele, mille transporti labi
membraani vahendavad MCTd. Kaesolevas t60s naidati MCT2 ja MCT4 ekspressiooni
markimisvdarset suurenemist polilpides vorreldes terve koega. MCT4 (leekspressioon
polltpide viitab glikolidtilise aktiivsuse suurenemisele, mis vGib olla kohastumine
korgenenud laktaadi taseme ja madala hapnikusisaldusega keskkonnas. MCT1
ekspressioon pusis nii terves koes kui pollildpides muutumatuna, naidates jatkuvat
sBltuvust butiraadist kui energiaallikast. Olulisel maaral vahenes kasvaja koe MCT1 ja
MCT2 ekspressioon, peegeldades poliilipide ja kasvaja koe vahelisi markimisvaarseid
metaboolseid erinevusi. See Umberkorraldus vdib olla seotud kasvajarakkude
metaboolse plastilisusega, voimaldades neil kasutada alternatiivseid energiaallikaid.

Energiatranspordi radade regulatsioonis on oluline osas adenilaatkinaasil (AK) ja
kreatiinkinaasil (CK), mis tagavad rakus energia homdoostaasi. Muutused fosfaadi
lilekanderadades on seotud kasvaja progresseerumise ja metastaasidega. Antud
doktoritd6s naidati, et polilipides on kdigi uuritud AK ja CK isovormide ekspressioonitase
téusnud vorreldes kasvaja koega. AK1 isovormi peetakse jamesoolevahi negatiivseks
regulaatoriks ja kdesolevas td0s leiti AK1 ekspressioonitase sama nii polllpides kui ka
terves koes. AK2, mis soodustab ATP/ADP lilekandmist tsiitoplasma ja mitokondrite
vahel, oli polllpides (leekspresseeritud vdGrreldes kasvaja ja terve koega. AK4
ekspressioonitase oli samuti politpides tdusnud vérreldes kasvaja ja terve koega, mis
viitab eelnevate uuringute pdhjal metabolismi nihkumisele gliikolGlsi suunas. CK
isovormide puhul tdheldati polltpides kdrgenenud ekspressioonitasemeid vorreldes
kasvaja koega. AK ja CK ekspressioonitaseme tulemused viitavad rakusiseste
fosforililekande radade aktiveerimisele jamesoole poliilpides, mis v&ivad olla seotud
muutustega metaboolses profiilis, mida kinnitasid mitokondriaalse hingamise analiiiisid.
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Kadesolevas doktorito6s naidati jamesoole poliipide suurenenud glikolldtilist
aktiivsust vorreldes terve ja kasvaja koega. Jargmine uurimissuund voiks olla, kas
glikolldtiline fenotlitip poliipides vdib olla organismi kaitsemehhanism, mis selgitaks,
miks vOib pollibist kasvaja tekkeni votta 10-20 aastat.
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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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Colorectal polyps increase the
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Egle Rebane-Klemm™?, Leenu Reinsalu®*', Marju Puurand®,
Igor Shevchuk?, Jelena Bogovskaja®, Kulliki Suurmaa“,
Vahur Valvere®, Rafael Moreno-Sanchez® and Tuuli Kaambre*

*Laboratory of Chemical Biology, National Institute of Chemical Physics and Biophysics,

Tallinn, Estonia, ?Department of Chemistry and Biotechnology, School of Science, Tallinn University
of Technology, Tallinn, Estonia, *Clinic of Diagnostics, North Estonia Medical Centre, Tallinn, Estonia,
“Department of Gastroenterology, West Tallinn Central Hospital, Tallinn, Estonia, *Oncology and
Hematology Clinic, North Estonia Medical Centre, Tallinn, Estonia, ®Laboratorio de Control
Metabdlico, Facultad de Estudios Superiores Iztacala, Universidad Nacional Autonoma de México, Los
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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
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(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).

Frontiers in Oncology

04

frontiersin.org



Rebane-Klemm et al.

>

10.3389/fonc.2023.1171887

Vg NMol O,/(min*mg dry weight)
e o meo

K,(ADP), uiM

KRAS+Polyp  BRAF+Polyp  Wildtype Polyp

FIGURE 2
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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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.
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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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A hallmark of cancer cells is the ability to rewire their bioenergetics and metabolic
signaling circuits to fuel their uncontrolled proliferation and metastasis. Adenylate kinase
(AK) is the critical enzyme in the metabolic monitoring of cellular adenine nucleotide
homeostasis. It also directs AK— AMP— AMPK signaling controlling cell cycle and
proliferation, and ATP energy transfer from mitochondria to distribute energy among
cellular processes. The significance of AK isoform network in the regulation of a variety
of cellular processes, which include cell differentiation and motility, is rapidly growing.
Adenylate kinase 2 (AK2) isoform, localized in intermembrane and intra-cristae space, is
vital for mitochondria nucleotide exchange and ATP export. AK2 deficiency disrupts cell
energetics, causes severe human diseases, and is embryonically lethal in mice, signifying
the importance of catalyzed phosphotransfer in cellular energetics. Suppression of
AK phosphotransfer and AMP generation in cancer cells and consequently signaling
through AMPK could be an important factor in the initiation of cancerous transformation,
unleashing uncontrolled cell cycle and growth. Evidence also builds up that shift in AK
isoforms is used later by cancer cells for rewiring energy metabolism to support their
high proliferation activity and tumor progression. As cell motility is an energy-consuming
process, positioning of AK isoforms to increased energy consumption sites could be an
essential factor to incline cancer cells to metastases. In this review, we summarize recent
advances in studies of the significance of AK isoforms involved in cancer cell metabolism,
metabolic signaling, metastatic potential, and a therapeutic target.

Keywords: adenylate kinase, energy metabolism, phosphotransfer, mitochondria, cancer

INTRODUCTION

The significance of metabolism and metabolic signaling in human diseases is rapidly growing.
New features and molecular players that are vital for cell homeostasis and function are being
uncovered. Well-organized high-energy phosphoryl transfer systems are required to mediate
intracellular communication between ATP-consuming and ATP-producing cellular compartments
and thus to maintain normal growth and development of the cell (1-5). The main components
of the cellular phosphotransfer system are AK, creatine kinase (CK), and glycolytic networks
(1, 2). The significance of organized phosphotransfer was demonstrated by genetic manipulations
in animal models, cellular systems, and alterations or mutations in separate phosphotransfer
enzymes, which are associated with human diseases (6-16). Studies on Drosophila and mice
model demonstrate that deletion of adenylate kinase 2 (AK2) is embryonically lethal, signifying
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the importance of AK phosphotransfer network in cell
homeostasis (13, 17-19). In humans, mutations in the
mitochondrial AK2 gene are associated with reticular dysgenesis
characterized by immunodeficiency and sensorineural deafness,
where processes of nucleotide signaling, cell differentiation,
and motility are affected (15, 16, 20). So far, nine isoforms of
adenylate kinase (AK1-AK9) and several subforms have been
found and well characterized in mammalian cells (21). AK, which
catalyzes reaction 2ADP<>AMP+ATP, is a recognized facilitator
of AMP metabolic signaling, optimizing intracellular energetic
communication, and local ATP supply (5, 22). Historically,
the function of AK has been ascribed to de novo adenine
nucleotide synthesis and cell energy economy through regulation
of nucleotide ratios in different intracellular compartments
and AMP-sensitive metabolic enzymes (14, 23, 24). The unique
properties of AK lie on its ability to deliver y- and p-phosphoryl
groups of ATP, thereby doubling the ATP energetic potential.
Moreover, the AK network provides an efficient mechanism
for high-energy phosphoryl transport from mitochondria to
ATP utilization sites (2). Evolutionary AK isoforms have been
positioned to different subcellular compartments (21, 25). AK1,
AK7, and AKS are solely found in the cytosol; AK2, AK3, and
AK4 are located in the mitochondria; and AK5 and AK9 can be
found in either the cytosol or nucleus. Only AK1 and AKG6 are
known to be expressed in all tissues, whereas AK5 is expressed
only in the brain (21). In the cytosol, the main isoform is AK1,
which is predominantly expressed in high energy demand
tissues such as the brain, heart, and skeletal muscles. AK2 is
strategically located in the mitochondrial intermembrane and
cristae space to facilitate high-energy phosphoryl exchange
between mitochondria and cytosol (22). Two other AK isoforms,
AK3 and AK4, are located in the mitochondrial matrix and
are involved in the regulation of mitochondrial Krebs cycle
and oxidative phosphorylation (OXPHOS), whereas AK5 and
AKG6 isoforms that are localized in the nucleus could serve to
fulfill the energy needs of nuclear processes. In general, distinct
intracellular localization and kinetic properties of AK isoforms
favor energy support of specific cellular processes ranging from
muscle contraction, electrical activity, cell motility, unfolded
protein response, and mitochondrial/nuclear energetics (22).
Importantly, reprogramming of energy metabolism has been
proposed as one of the hallmarks of cancer (26), which is required
to drive biosynthesis pathways necessary for rapid cell replication
and proliferation. Cancer cells are believed to have a greater
reliance on glycolytic phosphotransfer (27, 28). However, during
the last decade, it was found that some tumors contain numerous
mitochondria producing ATP predominantly via OXPHOS
(29-31). The observed shift in hexokinase (HK) isoforms,

Abbreviations: AK, adenylate kinase; CK, creatine kinase; CKmit, mitochondrial
creatine kinase; CKB, brain-type creatine kinase; MOM, mitochondrial outer
membrane; ANT, adenine nucleotide translocase; AMPK, AMP-activated protein
kinase; CSCs, cancer stem cells; NB, neuroblastoma; VDAC, voltage-dependent
anion channel; ABC, ATP-binding cassette; FADD, Fas-associated protein with
death domain; HIF, hypoxia-inducible factor; hCINAP, human coilin-interacting
nuclear ATPase protein; DUSP26, dual-specificity phosphatase 26; OXPHOS,
oxidative phosphorylation; AMPD, AMP-deaminase; 5-NT, 5'-nucleotidase;
LDHA, lactate dehydrogenase A; HK, hexokinase.

upregulation of HK2 in cancer cells (32), indicates a closer
integration of mitochondria with glycolytic phosphotransfer
(see Figure1). The association of HK2 with mitochondria
and expression of pyruvate kinase PKM2 could promote
effective yet uncontrolled energy distribution in cancer cells
(27, 33, 34). Phosphotransfer enzymes such as CK and AK have
been implicated in cancer cell proliferation (35, 36). However,
it is not clear whether the redistribution of phosphotransfer
enzymes, especially those which are localized in mitochondria,
occurs during cancer formation. In this review, we focus on the
significance of AK isoforms in the rewiring of cancer cell energy
metabolism and AMP signaling. Specifically, we will overview
how AK isoforms, localized in mitochondria (AK2 and AK4),
and their main communication partners cytosolic AK (AK1 and
AK®6) are involved in cancer formation and metastasis.

ADENYLATE KINASE 2 AND
MITOCHONDRIAL CREATINE KINASE
INTERPLAY IN MALIGNANT
TRANSFORMATION

AK?2 and mitochondrial CK (CKmit) are major phosphotransfer
enzymes located in the intermembrane/cristae space in
mitochondria (3, 14, 22). AK2 and CKmit provide nucleotide
exchange and metabolic ~signaling capacity, allowing
mitochondria to export ATP and reception of cytosolic
feedback signals such as ADP, AMP, and creatine (22, 23, 37).
Phosphotransfer enzymes CK and AK have been implicated
in cancer cell proliferation (35, 36). In general, CK is involved
in cancerous transformation, as CKB (brain-type CK) is
upregulated in a variety of cancers to support growing energy
needs (38). The elevation of creatine metabolites was noted
in drug-resistant cancer cells (39). However, in other cancer
types, the downregulation of CKB and rewiring of metabolism
may play an important role in colon cancer progression (40).
Moreover, several studies have demonstrated that in colorectal
cancer (41), breast cancer (42), neuroblastoma (35), prostate
cancer (43), and sarcoma (36, 44), the CKmit was downregulated.
The reduction of CKmit in cancer cells was associated with the
upregulation of adenylate kinase AK2 isoform in intermembrane
space (36, 41, 42, 45, 46) (see Table1). There is evidence
that the expression of AK2 on the cell surface could facilitate
nucleotide signaling and metastatic potential (60). It was found
that Ak2 gene expression is upregulated in the metastatic
pancreatic endocrine neoplasms (60), indicating the significance
of nucleotide metabolic signaling in cancer invasion (61).
Moreover, increased expression of the Ak2 on the surface of the
metastatic FODR murine terato-carcinoma cells compared with
the nonmetastatic FOB9 cell line has been demonstrated (53).
Furthermore, a recent study showed that AK2 has prognostic
and therapeutic potential in lung adenocarcinoma (55). The
knockdown of AK2 suppressed proliferation, migration, and
invasion, as well as induced apoptosis and autophagy in human
lung adenocarcinoma cells. In this regard, the AK2-FADD
(Fas-associated protein with death domain) mediated apoptosis
pathway was found to be defective in some tumor cells,
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FIGURE 1 | Overview of adenylate kinase (AK) isoform involvement in the rewiring of cancer cell metabolic signaling and energetic circuits. Increased competition for
cytosolic ADP downregulates AK-mediated AMP signaling, reducing control over cell cycle and proliferation. AK expression is downregulated in several tumors. AMP
can be consumed by AMPD and by 5'-NT, also overexpressed in some cancer cells. Augmented glycolytic metabolism, owing to higher affinity, scavenges cytosolic
ADP, and uses mitochondrial ATP to drive glucose conversion to lactate. Overexpression of glycolytic HK2, PKM2, and LDHA and mitochondrial ANT2, AK2, AK4, and
other genes in cancer cells promotes rewiring of energetic circuits resulting in unrestrained energy distribution. The result of these metabolic transformations is deficient
AMP signaling and AMPK-mediated control of cellular katabolic and anabolic processes. Red color indicates the augmented pathways and gene expression in cancer
cells. AMPD, AMP-deaminase; HK2, hexokinase 2; LDHA, lactate dehydrogenase A; ANT2, adenine nucleotide translocase 2; AMPK, AMP-activated protein kinase.

which may contribute to tumor development by preventing
apoptosis (62). A recent study indicates that AK2 and FADD
are crucial for caspase-10 activation upon metabolic stress,
and this activation is independent of death receptors and
extrinsic pathway of apoptosis (63). Moreover, the deletion
of the Ak2 gene or exit AK2 from mitochondria during
apoptosis disrupts nucleotide exchange between mitochondria
and cytosol, causing hyperpolarization of mitochondria and
reactive oxygen species (ROS) production (20). It was found
that the presence of AK2 in mitochondrial cristae nanochannels
is critical for ATP export (2, 22). There are evidence that the
AK2 upregulation could be used by cancer cells to support
energy supply to biosynthetic processes and cellular growth
(18, 64). These results, as well as studies on CK and AK
knockout mice, demonstrate remarkable plasticity of cellular
energetics and phosphotransfer systems, which could be
used in cancer cells to promote uncontrolled cell growth
(9,17, 22, 65).

ADENYLATE KINASE MODULATE TUMOR
CELL RESPONSE TO SURVIVE UNDER
OXIDATIVE STRESS

The ability to conduct metabolic signaling and rewire metabolism
is critical for cell survival. The AK4 isoform increased expression
has been associated with a poor clinical outcome marker for

lung cancer (56) as well as for glioma patients (57) (see Table 1).
It was found that AK4 expression is under tight control of
noncoding RNA. The AK4 is negatively regulated by micro-
RNA miR-556-3p and positively by circular RNA of ATP-binding
cassette (ABC) subfamily B member 10, circ-ABCB10 (66).
In same study was demonstrated that downregulation of AK4
restrained lung cancer progression and sensitized lung cancer
cells to cisplatin (66). Moreover, new data indicate that AK4
was shown to be involved in the radioresistance of esophageal
cancer cells (67) and in chemoresistance of other cancers (68,
69). Previously, it was suggested that overexpression of AK4
could protect cells against oxidative stress (70). Other studies
on HeLa (68) and HEK293 cells (71) demonstrated that tumor
cells respond to a hypoxic condition by upregulating the AK4.
However, in HepG2 cells (71), it was found that under oxidative
stress, AK4 oppositely was downregulated. Although AK4 might
be downregulated, it can still regulate OXPHOS because it
retains the nucleotide-binding capability, and it can interact
with the mitochondrial adenine nucleotide translocase (ANT)
(70). It was found that knockout of AK4 increased cellular
ATP through raised OXPHOS activity as well as mitochondrial
number (68). Fujisawa and colleagues in 2016 have proposed
that there are two mechanisms how AK4 regulates mitochondrial
respiration in cancer cells (68). First, in cancer cells, AK4
interacts with ANT, which forms with voltage-dependent anion
channel (VDAC) and HK transmembrane complex AK4-ANT-
VADC-HK (see Figure 1). Under the hypoxic conditions, the
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TABLE 1 | Adenylate kinase isoforms in cancer.

Enzyme Type of Status Localization Function/therapeutic target Experimental model References
cancer in tumor
AK Lung cancer 1 - Negative regulator of cancer Tissue samples (47)
AK Hepatomas 1 - Decreased during de-differentiation of Rat liver and hepatomas (48)
cancer cells
AK Colon cancer 4 - Metabolic regulator. Energy distribution shifts Tissue samples (41, 49)
from CK toward AK
AKA1 Transformed 1 Cytosol Negative regulator of tumor malignant ras¥12/E1A-transformed (50)
embryonic primary mouse embryonic
fibroblasts fibroblasts
AK2 Breast cancer 4 Mitochondria Prognostic and therapeutic target Estrogen receptor-negative (51)
intermembrane breast cancer tissue
space samples
AK2 Breast cancer 4 Mitochondria Oncotarget of the breast CSC Breast CSC (52)
intermembrane
space
AK2 Breast cancer 1 Mitochondria Oncotarget of the poorly differentiated Tissue samples and cancer (46)
and intermembrane cancer cells cell lines
neuroblastoma space
AK2 Embryonic 4 Mitochondria Metabolic regulator. Energy distribution shifts Cell lines (36)
carcinoma intermembrane  from CK toward AK
space
AK2 Teratocarcinoma 1 Plasma Overexpressed on the plasma membrane in Cell lines (53)
membrane metastatic cells
AK2 Breast cancer { Nuclear Negative regulator of tumor cell growth via Breast cancer cell lines and (54)
DUSP26/FADD signaling tissue samples
AK2 Lung cancer 4 Mitochondria Associated with poor survival of patients. Tissue samples (55)
intermembrane Prognostic and therapeutic potential
space
AK4 Lung cancer 1 Mitochondrial Associated with poor survival of patients. Tissue samples and various (56)
matrix Prognostic and therapeutic potential cell lines
AK4 Glioma 4 Mitochondrial A key regulator of intracellular ATP level. Tissue samples and cancer (57)
matrix Prognostic and therapeutic potential cell lines
AKB Breast cancer 4 Nuclear Promote cancer cell growth. Prognostic and Colon adenocarcinoma and (58)
therapeutic potential breast cancer tissues
Colon cancer
AKB Colon cancer 4 Cytosol Glycolysis regulator via phosphorylation LDHA. CSC from tissues (59)

Modulator of CSC invasion and
metastasis activity

complex supports the high glycolytic activity of cancer cells.
It allows efficient ADP recycling between mitochondrial ATP
synthesis and glucose phosphorylation by HK, which interacts
with the mitochondrial outer membrane (MOM) (68, 72). In
addition, in hepatoma cells (73), it was found that up to
50% of ATP is provided by intramembrane space located AK2
through VDAC binding to HK. Thus, AK2 may also be a
member of the metabolic circuit channeling ADP-ATP in and
out of mitochondria. The second mechanism is related to the
fact that AK4 and AK3 have highly homologous sequences;
therefore, they compete with each other for their substrates
(68). According to this mechanism, AK4 interferes with AK3
action in supplying of the GDP required for the conversion
of succinyl-CoA to succinate. That is why overexpression
of AK4 in HelLa cells induces a decrease in Krebs cycle
metabolites such as succinate, fumarate, and malate while
glutamine and glutamate are increased. In several tumors, it

was shown that the predominate substrate for mitochondria
is glutamine (74). However, further studies are needed to
confirm the role of AK4 in mitochondria and Krebs cycle
substrate metabolism.

ADENYLATE KINASE NETWORK ROLE IN
CANCER STEM CELLS

Traditional therapies against cancer, such as chemotherapy
and radiotherapy, have many limitations. The limitation is
due to systematic and local toxicity as well as drug resistance
of small populations of tumor cells that have self-renewal
properties. This small population of cells is called cancer stem
cells (CSCs) (75). Previously, studies on CSC have shown that
the cancer resistance for chemotherapy is related to increased
OXPHOS in CSC. That is why a new generation of cancer
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chemotherapy could be targeted against pathways that interact
with OXPHOS, such as the phosphotransfer system. Lamb
and colleagues have shown on the breast cancer model that
mitochondrial mass is a new biomarker of CSC, which have
increased AK2 expression level (see Table1) (52). In our
previous study on neuroblastoma (NB) (46), which contains
numerous CSC (76), and embryonal carcinoma cells (36), we
also found that those cells have a high activity of AK2 (see
Table 1). Moreover, another feature of CSC is that mitochondria
are localized around the cell nucleus (77). There is evidence
that AK2 can play an important role in communication
between mitochondria and the nucleus (78). In another
study using proteomic analysis of mouse teratocarcinoma
cells (53), it was demonstrated that metastatic cancer cells
have increased AK2 levels than have nonmetastatic cancer
cells (see Table1). As metastasis is related to cell motility,
positioning of phosphotransfer enzymes to sites of increased
energy consumption could be an important factor of tumor
formation (59). The AK4 has been identified as a biomarker
of metastasis in lung cancer (56, 79, 80). Overexpression of
AK4 promoted lung cancer metastasis by enhancing hypoxia-
inducible factor HIF-1 stability and epithelial-to-mesenchymal
transition under hypoxia (79). Moreover, it was found that
aferin-A could suppress AK4-HIF-1a signaling and may serve
as a novel anti-metastatic agent in lung cancer (79). The AK4
was also implicated in breast and bladder cancers, where it
promoted cell proliferation and invasion (81, 82). Furthermore,
it was demonstrated that another AK isoform AK6 could
affect colorectal cancer migration and invasion (59). Although
significant progress has been made, at this time, the complete
role of the AK system in cancer metastasis is still unclear.
Moreover, the other reason why CSCs are drug resistant relates
to the increased expression of ABC transporters in those
cells (83, 84). The model for ABC transporters was proposed
(85), which is based on 3'P solid-state NMR spectroscopy,
suggesting that intrinsic ATPase is coupled with AK activity
where AK participates in ATP exchange. It is known that
cytosolic and membrane-associated AK can regulate the activity
of another ABC protein—K-ATP channel (86, 87). Nevertheless,
the exact role of AK in supporting adenylate charge and
function of ABC transporters in CSC remains unknown yet.
In this respect, the ABC transporters are not unique proteins
that possess both ATPase and AK activities; there are other
proteins like AK6 (58), also known as transcription factor
TAF9, human coilin interacting nuclear ATPase protein
(hCINAP), and highly conserved DNA repair complex
Rad50 (88).

PARADOXES REGARDING THE ROLE OF
ADENYLATE KINASE IN TUMOR
FORMATION

Cancer is a very complex and diverse phenomenon, including
tissue specificity and different phases. Enzymatic changes can
be different in the initial and advanced stages of tumor
growth (89, 90). There are some contradictory studies where

it was found that in lung cancer and hepatoma, AK was
downregulated compared with that in normal tissue (47, 48)
(see Table 1), whereas a recent study has shown that high
expression of AK2 correlates with a worse prognosis for
lung cancer patients (55) (see Table 1). In mouse embryonic
fibroblasts, it was demonstrated that during their transformation
into tumor cells, a significant reduction of AKI expression
occurs (50). More recently, the existence of AKI additional
gene product AKI1P has been reported, and it is known
that the AKI1B expression level is regulated by p53 (91). In
some cancers, p53 is mutated or suppressed. In this context,
experiments on mouse embryonic fibroblast (50) have shown
that during their transformation into tumor cells, augmentation
of AK1 might be related to the downregulation of AKI1B
(see Table 1). Also, Kim et al. have postulated that AK2 is a
negative regulator of tumor growth (54) (see Table 1). They
demonstrated that in some cells, the AK2 localized not only
in mitochondria but also in the nucleus, where it interacted
with dual-specificity phosphatase 26 (DUSP26). This protein
complex can dephosphorylate FADD leading to suppressed cell
growth. They also suggested that AK2 downregulation was
associated with breast cancer formation. In contrast, Speers
and colleagues have found that AK2 is overexpressed in ER-
negative breast cancer (51) (see Table 1). They proposed that
AK2 should be a novel target for the treatment of ER-negative
breast cancer. Indeed, a diterpene lactone neoandrographolide
from extracts of the traditional medicinal herb Andrographis
paniculata has been suggested to inhibit AK2 and have strong
anticancer properties (92). Nevertheless, studies on human
breast cancer and colorectal cancer demonstrated another AK
isoform AK6 was overexpressed during cancer formation (58)
(see Table 1). These data correlate with our previous studies
on colorectal and breast cancers (41, 46) (see Table 1). It was
also shown, that in both colon and breast tissues, AK6 is
located not only in nuclear but also in the cytosol. However,
only in cytosolic compartmentalized AK6 did expression level
increase during tumorogenesis of breast and colorectal cancer
cells (58) (see Table1). They have found that AK6’s main
function is to regulate ribosome assembly and, consequently,
protein expression and cancer cell growth. Recently, it was
demonstrated that hCINAP or AK6 is a potent modulator
of metabolic reprogramming by phosphorylating LDHA, a
key player in cancer glycolysis (59) (see Table 1). Thus, AK
isoform role can be different depending on cancer cell type and
development stage.

ADENYLATE KINASE-MEDIATED AMP
METABOLIC SIGNALING IN CANCER
CELLS

In recent years, AK-mediated AMP signaling is emerging as
one of the most versatile systems in the regulation of diverse
cellular processes (5, 22, 93). Particularly, AMP signaling to
AMP-activated protein kinase (AMPK) plays a critical role in
adjusting ATP-producing and ATP-consuming processes (90,
94) (Figure 1). In several cancers, it has been demonstrated
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that AMPK, a master regulator of cellular energy homeostasis,
possesses tumor suppressor function (95-97). In cells, AMPK
activation/suppression is regulated via changes in cellular AMP
levels. The principal activator of AMPK is the AK-catalyzed
pathway, where it monitors cellular ATP-ADP balance and
signals to AMPK by increased AMP cellular level. A recent
study indicates that AK and AMPK cooperate to maintain
cellular ATP levels (98). On the other end, AMP-deaminase
(AMPD) and 5'-nucleotidase (5-NT) suppress AMPK via
decreasing AMP cellular levels (22, 99, 100). Moreover, the
product of AMPD and 5-NT reactions is adenosine, an
immunosuppressive metabolite. At a high level in tumors,
adenosine can promote cell growth, invasion, metastasis of
cancer cells, and tumor immune evasion (101). Our previous
work has demonstrated that in NB and heart adenocarcinoma
cells HL-1, their mitochondrial permeability for AMP was
increased than in healthy cells (46). It is known that AK2,
which has unique localization in mitochondrial space, has a
high affinity for AMP among AMP metabolizing enzymes.
Therefore, it has been proposed that the AK2’s primary function
is to regulate intracellular AMP levels and to guard the
cellular adenine nucleotide pool (22). Our study also suggested
that cancer cells have a high level of AK2 (46) (Figure 1).
Altogether, in cancer cells, most cellular AMP transport occurs
via MOM where it is converted immediately to ADP and
channeled into, maintaining a low cytosolic AMP concentration.
Recent direct measurements of AK-mediated metabolic flux
indicate that cancer cells have suppressed ATP B-phosphoryl
energetics and AMP signaling, as indicated from 'O-labeling
experiments demonstrating that highly aggressive breast cancer
cells MDAMB231 have lower B-ATP['®0O] turnover (AMP
phosphorylation) than have the control MCF10A cells (Klepinin
et al,, in preparation). This could be due to the rewiring of
energy metabolism and glycolytic takeover. Activated glycolysis
usually suppresses AK metabolic flux apparently by scavenging
ADP (102) (Figure1). Suppression of AK phosphotransfer,
AMP generation, and consequent signaling through AMPK
could be the biggest culprit of a cancerous transformation
of a cell (Figure1). There is also evidence that other AMP
removal pathway enzymes like AMPD2 as well as 5'-NT are
upregulated in colorectal cancer (103, 104). In this regard,
the 5-NT expression in breast cancer depends on tumor
estrogen receptor status, suggesting a coordinated network
(105). Our previous work has shown that in several tumors,
MOM permeability has also increased for ADP, which may be
related with keeping an intracellular ADP level low (41, 42,
49, 106) (see Figure 1). It was found that not only AMP but
also ADP can regulate the activity of AMPK (107). Further
studies are needed to elucidate detailed mechanisms: (1) how
increased MOM permeability for ADP and AMP and (2)
raised expression of AMP metabolizing enzymes can regulate
intracellular nucleotide levels and the activity of AMPK and
(3) what the significance is of AMP metabolic signaling in
cancer progression.

CONCLUSIONS

The present review is a snapshot from recent AK studies that
focused on the significance of AK network in energetics and
metabolic signaling in cancer cells. Of the nine AK isoforms
(AK1-AK9), four of them (AKI, AK2, AK4, and AK6) are
involved in the progression of malignant transformation.
Studies indicate that AK isoforms (AK1, AK2, AK4, and
AK6) have an important role in the regulation of cancer
cell metabolism, metabolic signaling, and cell migration and
invasion. Moreover, at the initial stage, suppression of AK
phosphotransfer and AMP generation and consequently
signaling through AMPK by a variety of factors could be
the biggest culprit of the cancerous transformation of a
cell. Downregulation of AK— AMP— AMPK signaling
can lead to the loss of control of cell cycle, growth, and
proliferation. In the later stages, as emerging data suggest,
cancer cells may use the shift in AK isoforms and other
phosphotransfer enzymes to rewire their energy supply
circuits to support proliferation and metastasis. Knockdown
of overexpressed AK2 in human lung adenocarcinoma cells
suppressed proliferation, migration, and invasion as well as
induced apoptosis and autophagy. In this regard, a diterpene
lactone neoandrographolide from extracts of the traditional
medicinal herb Andrographis paniculata has been suggested
to inhibit AK2 and has strong anticancer properties. Further
studies that involve all AK isoforms have the potential to bring
new understanding and novel therapeutic strategies targeting
the AK isoform network to suppress growth and metastasis of
cancer cells.
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Energy Metabolic Plasticity of
Colorectal Cancer Cells as a
Determinant of Tumor Growth
and Metastasis

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
Chemistry and Biotechnology, School of Science, Tallinn University of Technology, Tallinn, Estonia

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

Frontiers in Oncology | www.frontiersin.org

July 2021 | Volume 11 | Article 698951



Reinsalu et al.

Energy Metabolic Plasticity of Colorectal Cancer

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
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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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