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Introduction  

Cancer is the second leading cause of death after cardiovascular diseases globally. In 
2015 8.8 million deaths (nearly 1 in 6 deaths) were caused by cancer (WHO 2018). It has 
been predicted that by 2030 new cancer cases will grow from 14.1 to 21.7 million mostly 
due to aging of the population (ACS 2015). Colorectal cancer is the third most common 
cancer in men and second in women. For women breast cancer is the leading cancer 
diagnosis and for men it is lung cancer (ACS 2015). Aside from the older generation, 
cancer also affects children as well. In 2012, around 163 000 new cancer cases were 
diagnosed among children 0-14 years of age, with leukemia being the most common 
form of cancer (ACS 2015) in this age group. In infants (0-5 years old) 30 % of all cancer 
cases is caused by neuroblastoma (NB) (Kaatsch 2010). 

In Estonia, the annual number of new colorectal cancer cases has increased from 
614 in 1995−1999, to 885 in 2010−2014 (Innos, Reima et al. 2018). The breast cancer 
annual incident numbers have also increased from 676 in 1995-1999, to 785 in 2005-
2009 (Baburin, Aareleid et al. 2016). For the childhood NB cancers in Estonia there are 
about 50 cases diagnosed each year (Kaatsch 2010). Despite the annual increase in the 
number of diagnosed cancer cases per year, the 5 year survival rate has risen from 38 % 
to 56 % in the case of rectal cancer, and 64.4 % to 75.9 % in the case of breast cancer 
(Baburin, Aareleid et al. 2014; Innos, Reima et al. 2018). Increased survival rates among 
both cancer types may be associated with improved screening programs.  

Recent studies have revealed some limitations in screening programs. 
Colonoscopy is the main method to detect both colorectal cancer and adenomatous 
polyps. Some evidence has been published demonstrating that colonoscopy can prevent 
death from left-sided colorectal cancer, but such benefit for right sided colorectal cancer 
has not been observed (Baxter, Goldwasser et al. 2009). Moreover, it has been found 
that screening can lead to overdiagnosis, which is harmful for patients because it 
influences their life (Marmot, Altman et al. 2013). Therefore, to solve the limitations of 
screening, it is necessary to discover novel cancer biomarkers. In 2011, Hanahan and 
Weinberg proposed that cells energy metabolism could be a new therapeutic target for 
cancer treatment (Hanahan and Weinberg 2011). 

Otto Warburg was the first researcher who proposed that cancer is a metabolic 
disease (Warburg 1956). According to his assumption cancer cells use predominantly the 
glycolytic pathway since cancer cells have malfunctioning mitochondria. This hypothesis 
remained the main dogma for cancer for a long period of time. Recent contradicting 
studies have however revealed that mitochondria of cancer cells are functional, and even 
in some malignant cells increased rate of mitochondrial respiration compared to normal 
cells has been observed (Jose, Bellance et al. 2011; Moreno-Sanchez, Marin-Hernandez 
et al. 2014). 

In the present work, the cell permeabilization technique together with the 
oxygraphic method was applied to investigate cancer energy metabolism. This technique 
enables to examine mitochondrial function in both isolated cells and tissues. Moreover, 
it is also beneficial over similar methods. Use of the permeabilization techniques allows 
studying mitochondrial respiration without isolation of mitochondria and thereby avoids 
artefacts linked to the mitochondrial isolation procedure. Furthermore, this method can 
permit all interaction between mitochondria and the surrounding organelles.  
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The current study experiments were performed on NB cell line Neuro-2a cells, 
and on post-operative samples from human breast cancer (HBC) and colorectal cancer 
(HCC) tissues. In this thesis we examined the role of mitochondria in cancer formation, 
as well as how mitochondrial communication via phosphotransfer network with 
surrounding organelles during cancer formation is altered.  
  



13 
 

Review of literature 

1. Phosphotransfer networks and their coupling with 
OXPHOS 

1.1 Regulation of mitochondrial oxidative phosphorylation 

Adenosine triphosphate (ATP) is the universal energy currency molecule of living cells. It 
supports various energy-consuming pathways in cells, like the biosynthesis of proteins 
and nucleotides, muscle contraction and cell motility, metabolic transport trough cell 
membrane and nerve conduction. Aerobic organisms synthesize ATP mainly by two ways: 
by glycolysis in the cytosol and by mitochondrial oxidative respiration (OXPHOS). ATP 
production via glycolysis vs. OXPHOS depends on the type of cells, growth state and the 
cell microenvironment. In normal condition around 70% of total ATP in cells is supplied 
by OXPHOS, where in heart cells the ATP production via mitochondrial respiration is 
reached up to 90% (Mootha, Arai et al. 1997; Zheng 2012). 

Structurally, mitochondria are organelles which contain two distinct 
membranes: the mitochondrial outer membrane (MOM) and the mitochondrial inner 
membrane (MIM). The MOM is smooth and moderately selective but the MIM, in turn, 
is protein rich, highly selective and can form protuberances into the mitochondrial matrix 
known as cristae. On MIM also the machinery of OXPHOS are located, which consist of 
four electron transport system (ETS) complexes: (I) NADH-coenzyme Q reductase, (II) 
succinate-coenzyme Q reductase, (III) coenzyme Q-cytochrome c reductase, and (IV) 
cytochrome c oxidaze (Figure 1). 

The main principle of OXPHOS is proton transport across MIM against the 
proton gradient, which is coupled with thermodynamically favorable reactions. 
Mitochondrial respiration in general contains three reactions coupled with each other: 
firstly, electrons from respiratory substrate are transferred during MIM to terminal 
acceptor oxygen as a result of thermodynamical reaction, the free energy release which 
is used to accord next reaction. Secondly, protons from the mitochondrial matrix side are 
transported against the proton gradient to the external side of the MIM through all ETS 
complexes (except Complex II) to create proton electrochemical potential (Figure 1). 
Finally, from the mitochondrial intramembrane space protons are returned through 
F1FoATP synthase back to the mitochondrial matrix, and the chemical energy formatted 
by proton gradient, is coupled with ATP synthesis (de Oliveira, Amoedo et al. 2012).  

Chance and Williams proposed their theory based on experiments with isolated 
mitochondria. They showed that OXPHOS was regulated by ADP through the negative 
feedback mechanism (Chance and Williams 1955). Three decades later Kadenbach 
postulated that control over mitochondrial respiration occurred through complex IV 
allosterical regulation by nucleotides (Kadenbach 1986). Later, Napiwotzki and 
Kadenbach demonstrated that neither ADP nor ATP concentration, but only cellular 
ATP/ADP ratio regulated mitochondrial complex IV activity and OXPHOS (Napiwotzki and 
Kadenbach 1998). To avoid the inhibition effect of nucleotides on OXPHOS, the molecules 
of ATP do not diffuse in cells, but its energy-rich phosphoryl group is transferred by more 
efficient enzymatic pathway via sequent rapid equilibrating phosphotransfer reaction 
chain (Zeleznikar, Dzeja et al. 1995).  
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Figure 1. Mitochondrial respiration chain. Proton transport through mitochondrial 
respiration complexes I, III and IV is coupled with electron transport within mitochondria 
inner membrane. From (Zielinski, Smith et al. 2016) with permission 

1.2 Basic principle of functional coupling mechanism between 
phosphotransfer enzymes and OXPHOS 

Precise communication between ATP consumption and ATP production sites is 
fundamental to the bioenergetics of living organism. There are two competitive theories 
how nucleotides move within the cell. First, nucleotides diffuse between energy 
production and consumption sites. This process is not kinetically and thermodynamically 
efficient since it requires a significant concentration gradient. There is also the 
alternative vector ligand conduction theory, whereby nucleotides do not diffuse, but are 
divided into intra- and extramitochondrial pools (macrocompartments), which interact 
via MIM located adenine nucleotide translocase (ANT). Within those compartments 
nucleotide levels remain unchanged, even if increased energy flux is observed. The 
reason of this phenomenon is functional coupling via energy transfer networks between 
cell compartments (Saks, Khuchua et al. 1994; Zeleznikar, Dzeja et al. 1995).  

Between ATP consumption and ATP production processes, the energy flux is 
regulated via phosphotransfer networks where adenosine di phosphate (ADP) plays 
important roles in feedback signaling of the cell (Dzeja and Terzic 1998; Saks, Kuznetsov 
et al. 2004). If the cell energy requirements are increased, then the OXPHOS rate rises at 
the same time with increase of ATPases activity. To keep ATPases active near energy-
consuming sites, the phosphotransfer network enzymes maintain high ATP-ADP turnover 
rate. Moreover, in order to avoid inactivation of ATPases the ATP hydrolyzation products 
like ADP, Pi (inorganic phosphate), and H+ are removed (Dzeja, Redfield et al. 2000). At 
the same time it is also important to maintain ADP/ATP ratio in another 
microcomparment of mitochondria intermembrane space, where accumulation of ATP 
can lead to energetic communication disturbances between the mitochondrial and 
cytosolic compartments, due to locking of ANT (Mannella, Pfeiffer et al. 2001).  

In cells the main phosphotransfer enzymes are adenylate kinase (AK), creatine 
kinase (CK) and glycolytic enzymes (Figure 2). According to the enzymatic ligand 
conduction theory, the phosphotransfer networks rapidly equilibrating reactions drive 
high-energy phosphoryl flux into two directions (Zeleznikar, Dzeja et al. 1995). On one 
end of the system, near ATPases, the reaction is shifted to the direction of ADP formation 
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and, on the other end, in mitochondrial microcompartments, through feedback signaling, 
ADP controls OXPHOS rate. In the mitochondrial microcompartment the mitochondrial 
creatine kinase (MtCK) or AK2 facilitates phosphotransfer reactions toward 
phosphocreatine (PCr) and ADP formation respectively (Gellerich 1992; Saks, Kuznetsov 
et al. 2004). Due to the functional coupling between mitochondrial enzymes (MtCK and 
AK2) with OXPHOS, increased ADP levels stimulate mitochondrial respiration via 
exchange of ATP/ADP through ANT. Next, the transport of nucleotides and PCr/creatine 
between mitochondrial and cytosolic compartment are conducted via cytosolic isoform 
CK or AK until energy fluxes reach the microcompartment of ATPase, where CK/AK 
propagate reactions towards ATP formation (Saks, Khuchua et al. 1994; Dzeja and Terzic 
1998; Saks, Kuznetsov et al. 2004). 

The main principle of the glycolytic phosphotransfer network is to deliver 
mitochondrial high-energy phosphoryls via Pi, nicotinamide adenine dinucleotide 
(NADH) and ADP (Figure 2). ATP produced via OXPHOS is used at the beginning of the 
glycolytic pathway to mediate glycolysis. Moreover, it has been found that glycolytic 
enzymes have an important role in maintaining ATP/ADP ratio near the ATPase 
compartment. Pyruvate kinase (PK) transfer phosphoryl group from phosphoenol 
pyruvate (PEP) to ADP, support the work of ATPases. Another glycolytic enzyme pair, 
glyceraldehydes 3-phosphate dehydrogenase and phosphoglycerate kinase, catalyze a 
rapidly equilibrating reaction transfer Pi, NADH and ADP between OXPHOS and ATPases 
(Dzeja and Terzic 1998; Dzeja and Terzic 2003). 
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Figure 2. Integrated cellular energetic communication network between ATP 
consumption and ATP generation sites is facilitated by phosphotransfer system. To 
sustain efficient energy utilization and to avoid ATP hydrolyze products (ADP, H+, Pi) 
accumulation for this purpose cells use different parallel coupled near-equilibrating 
enzyme reactions. Energy transport from ATP consumption sites to ATP production sites 
are facilitated through creatine kinase (CK), adenylate kinase (AK), and the glycolytic 
system, which includes hexokinase (Hex), pyruvate kinase (PK) and 3-phosphoglycerate 
kinase (PGK) as well as glyceraldehydes 3-phosphate dehydrogenase (GPDH) shuttle and 
carbonic anhydrase (CA). Gl, glucose; PEP, phosphoenol pyruvate; Pyr, pyruvate; Cr, 
creatine; Pi, inorganic phosphate. Adapted with permission (Dzeja and Terzic 2003). 
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1.3 Glycolytic network – hexokinase 

Four isoforms of hexokinase (HK), named as HK I, II, III and IV (more known as 
glucokinase), have been characterized in mammalian tissues. All these isoforms catalyze 
the first steps of glycolysis, where HK phosphorylate glucose and its product glucose-6-
phosphate (G-6-P) may enter in the catabolic or anabolic pathways, depends on cellular 
physiological conditions. Wilson in 2003 proposed that anabolic and catabolic fate of 
glucose is regulated by cellular compartmentalization of HK isoforms (Wilson 2003).  

HKI, is ubiquitously expressed in most tissues especially in brain and red blood 
cells, where glycolytic pathways play critical roles in energy production. In those tissues, 
HKI binds to voltage dependent anion channel (VDAC) located on MOM, where the HKI 
predominantly use ATP produced via OXPHOS. In contrast, HKII, is expressed only in 
insulin-sensitive tissues, such as the skeletal muscles, heart and adipose tissue. The HKII 
plays the dual metabolic function, which depends on its cellular localization: channeling 
G-6-P into the anabolic pathways, such as the pentose phosphate shunt, when present 
in the cytoplasm, and preferentially shuttling G-6-P into glycolysis and OXPHOS, when 
bound to mitochondria. HKIII is expressed in many tissues like the liver, brain, lung, 
spleen and kidney, in which it has a perinuclear location (Wilson 2003). In contrast to 
previous HK isoforms (I-III), HK IV has low glucose affinity and G-6-P does not inhibit its 
activity. Altogether, these properties are required for HK IV to monitor blood glucose 
concentrations in liver and pancreatic β cells, where glycogen synthesis and glycolytic 
pathways are controlled by the level of G-6-P (Postic, Shiota et al. 2001). 

The main difference between major members of HK (I and II), and HKIII and HK 
IV, is the presence or absence of specific hydrophobic N-terminal sequence. It has been 
found that N-terminal tail on HKI and HKII facilitates the binding with VDAC, resulting in 
decreased G-6-P product inhibition action (Wilson 2003). There are also extracellular 
signals transduced by Akt (also known as protein B), which increase HK biding on MOM 
via its phosphorylation. Moreover, Akt activation and binding of HK on VDAC can protect 
against apoptosis induction (Majewski, Nogueira et al. 2004).  

1.4 Creatine kinase network 

CK is a guanidine kinase that catalyzes the reversible reaction transferring of a high-
energy phosphate from ATP to specific energy carrier creatine (Cr), as a result generating 
ADP, PCr and protons. In vertebrates CK is encoded by four genes, and CK enzymes are 
divided according to their localization into mitochondrial (MtCK) and cytosolic isoforms. 
The cytosolic subtype is formed by both homodimer CK-BB (B-brain type) and CK-MM 
(M-muscle type) or monomers are organized into heterodimer CK-MB (Wallimann, Wyss 
et al. 1992). 

The CK gene is expressed in a tissue specific manner. Ubiquitous mitochondrial 
creatine kinase (uMtCK) is expressed in many tissues, especially in brain. By contrast, 
sarcomeric mitochondrial creatine kinase (sMtCK) is exclusively expressed in muscle 
tissue, like heart and skeletal muscle, but not in smooth muscle, where instead of sMtCK 
the uMtCK is expressed (Wallimann, Wyss et al. 1992; Ishida, Riesinger et al. 1994). 
Octamer is the active form for MtCK, and through dynamics transformation between 
dimer and octamer form can be regulated its activity. In addition, it has been found that 
in neurons, smooth muscle and intestinal epithelial cells the uMtCK exclusively is co-
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expressed with CK-BB, and in muscle cells sMtCK is co-expressed with CK-MM (Jockers-
Wretou, Giebel et al. 1977; Haas and Strauss 1990; Wallimann and Hemmer 1994).  

The CK is predominantly expressed in high energy demand tissues like muscles 
and brain. In different muscle types it has been found that the content of PCr was in 
proportion to CK expression levels, which altogether depends on their physiological 
requirements. For example, the fast twitching skeletal muscles have a large intracellular 
pool of PCr and a high level of CK in the cytosolic compartment. In such muscle types, the 
CK has ‘energy buffer’ functions, where cytosolic subtype of CK-MM regenerates ATP 
from PCr when the energy requirements are growing rapidly, because in glycolytic 
muscle the supply of energy by the mitochondria is insufficient. By contrast, in slow 
twitching muscles the CK possess ‘special energy buffer’ functions, which link between 
mitochondrial ATP production and ATP utilization site by PCr/Cr shuttle. Moreover, since 
the reaction of CK towards ATP production is utilized by both ADP and H+ , therefore the 
CK functional coupling with ATP consuming sites avoides the acidification of cytoplasm 
during fast ATP hydrolysis (Wallimann, Wyss et al. 1992). In addition, CK network can 
interplay with the glycolytic pathway, since PCr hydrolysis is a major source of Pi for 
activation of glycogenolysis and glycolysis (Wallimann, Wyss et al. 1992). Previous studies 
have shown that in NB, breast and ovarian cancer cells the CK-BB is overexpressed 
(Ishiguro, Kato et al. 1990; Zarghami, Giai et al. 1996; Li, Chen et al. 2013). For ovarian 
cancer there is evidence that CK-BB levels correlate with increased glycolytic metabolism 
(Li, Chen et al. 2013). Moreover, recent studies have shown that MtCK is downregulated 
in some human cancers (Patra, Bera et al. 2008; Amamoto, Uchiumi et al. 2016), but little 
is known about MtCK role in cancer formation. Experiments on CK knockout mice have 
indicated that the absence of the CK network can be partly compensated by other 
phosphotransfer enzymes, such as AK and the glycolytic networks (Dzeja, Terzic et al. 
2004). 

1.5 Adenylate kinase network  

AK is an evolutionally conserved enzyme, which catalyzes reversible transfer of a γ-
phosphoryl group from ATP to AMP, as a result releasing 2 molecules of ADP. The unique 
properties of AK lie on its ability to deliver not only γ- but also β-phosphoryl groups of 
ATP, thereby doubling the ATP energetic potential. To monitor intracellular ATP/ADP 
level the AK distributes practically all along the cell (Dzeja and Terzic 2009). 

In mammals, nine different isoform of AK have been cloned (AK1-AK9) 
(Panayiotou, Solaroli et al. 2014). High variability of AK isoforms are associated with their 
distinct intracellular distribution and also different tissue specific expression patterns. 
Such mode of AK localization and expression is not occasional, but it is designed to 
support specific cellular processes from muscle contraction, to neuronal electrical cavity, 
from cell motility until mitochondrial communication with ATP consumption sites. In 
tissues with high energy demand like the brain, heart and skeletal muscles, the AK1 is the 
main isoform which usually is localized in the cytosol. AK2 is expressed in mitochondria 
rich tissues such as the liver, kidney and the heart, where it is located in the mitochondrial 
intermembrane space. Both isoforms catalyze the reverse reaction: during muscle 
contraction the AK1, in cytosolic compartment, produces ATP to support ATPase activity, 
and adenosine mono phosphate (AMP) serves as the feedback signal to synchronize ATP 
production and consumption rate. Even if small amounts of AMP reach to the 
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mitochondria, then AK2 immediately is converted from AMP to ADP, which is later 
channeled into mitochondrial matrix (Dzeja and Terzic 2009). 

In the mitochondrial matrix, two AK isoforms the AK3 and AK4 are located. 
Despite their similar localizations and high structural homology, they show different 
catalytical activities. AK3 is ubiquitous GTP: AMP phosphotransferase is linked with the 
Krebs cycle to catalyze GTP converting to GDP (Noma, Fujisawa et al. 2001). The AK4 is 
expressed in brain, kidney, liver and heart tissues (Miyoshi, Akazawa et al. 2009). 
Although, AK4 is less active than AK3, the AK4 retains nucleotide binding capability. In 
cells AK4 is overexpressed under stress conditions. In cancer cells the AK4 overexpression 
can protect cells from H2O2 induced cell death via it interaction with ANT (Liu, Strom et 
al. 2009). 

The existence of additional AK1 gene product AK1β, has been reported (Collavin, 
Lazarevic et al. 1999). The AK1β protein differs from AK1 by two aspects. Firstly, the AK1β 
has extra 18 amino acids at its N-terminus and myristoylation of this tail facilitates the 
AK1β binding with the cell membrane. The second aspect is related to the fact that only 
the AK1β expression is under the control of the p53 transcription factor. In this context, 
in cancers where p53 is mutated or absent, the AK1β downregulation is induced during 
cancer formation (Vasseur, Malicet et al. 2005). Co-expression of AK1 with AK1β has been 
reported in brain neurons. The main role of AK1β is to mediate cell membrane 
propagation, by interaction with ATP-sensitive potassium channel in neurons (Janssen, 
Kuiper et al. 2004). 

1.5.1 Adenylate kinase and AMP signaling 

Growing evidence has shown that AK plays a significant role in monitoring of cellular 
energy metabolism (Dzeja, Zeleznikar et al. 1998; Dzeja and Terzic 2003; Noma 2005). In 
cells, oxidative stress and ischemia are the main AK pathway activators. Due to the 
unique property of the AK catalytical reaction, small changes in ATP and ADP levels lead 
to drastic increase of intracellular AMP concentrations. Raised AMP levels indicate a 
signal of compromised energy status of the cell. There are two AMP signaling pathways. 
Firstly, AMP can allosterically activate glycolytic and glycogenolytic pathway enzymes 6-
phosphofructokinase (Ramaiah, Hathaway et al. 1964) and glycogen phosphorylase 
(Klinov and Kurganov 1994) (Figure 3). The second pathway is indirect where by in cells 
the AMP signal activates metabolic sensors and effectors, such as the ATP-sensitive 
potassium channel or AMP-activated protein kinase (AMPK). Both regulate energy 
balance by phosphorylation target proteins (Dzeja and Terzic 1998; Dzeja and Terzic 
2009). 

AMPK is a heterotrimeric complex which consists of a catalytic subunit α and 
two regulatory subunits β and γ. The AMPK activity is regulated by two ways: allosteric 
activation by AMP and phosphorylation of α subunit (Thr172). The major Thr172 kinase 
is the tumor suppressor kinase LKB1 (Liver kinase B1), for which the AMPK 
phosphorylation action is AMP dependent (Hawley, Boudeau et al. 2003; Woods, 
Johnstone et al. 2003; Shaw, Kosmatka et al. 2004). Many cells display an alternative 
pathway such as calmodulin-dependent protein kinase kinase-β, which activity is 
regulated by intracellular Ca2+ (Hawley, Pan et al. 2005; Hurley, Anderson et al. 2005; 
Woods, Dickerson et al. 2005). AMPK has a central role in monitoring of the cellular 
energy state. Once activated by metabolic stress, the AMPK switches the metabolic 
processes from anabolic (main ATP consumers) to catabolic (main ATP generators) 
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pathways to restore normal intracellular ATP level. To stop this process, the AMPK action 
is needed to dephosphorylate Thr172 by serine/threonine phosphatase (Figure 3). 
However, there are evidences that dephosphorylation efficiency is dependent on 
intracellular level of AMP (Gowans, Hawley et al. 2013). 

When the stress situation has ended, there are two pathways in order to remove 
the AMP signal: enzymatic and catabolic reactions (Figure 3). Efficient enzymatic 
elimination of cytosolic AMP is catalyzed by AK2. Due to AK2 high affinity (low Km) for 
AMP (≤ 10 µM), almost all AMP which reaches the mitochondria is immediately 
converted to ADP, as a result AK2 can decrease cytosolic AMP levels (Dzeja and Terzic 
2009). Moreover, alternatively AMP can be removed by the catabolic pathway which is 
facilitated by AMP deaminase (AMPD) or 5’-nucleotidase (cN) (Figure 3). AMPD catalyzes 
AMP deamination to inosine monophosphate and it plays an important role in the purine 
nucleotide cycle. There is evidence that chemical inhibition of AMPD, or AMPD gene 
deletion, can activate AMPK (Plaideau, Lai et al. 2014). The cN catalyzes AMP 
dephosphorylation to adenosine. The cN can also regulate AMPK activation. Silencing of 
cN-I activates AMPK (Kulkarni, Karlsson et al. 2011) and the overexpression of this gene 
decreases AMPK activity (Plaideau, Liu et al. 2012).  
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Figure 3. Adenylate kinase and AMP signaling network. During raised energy demand (1) 
intracellular ADP rapidly increase. In stress situation AK pathway (2) is activated, which 
leads to increased AMP. Biding of AMP allosterically activates glycogen phosphorylase 
(3) and 6-phosphofructokinase (4) or facilitates AMPK activation (5) via its 
phosphorylation by LKB1 (6). The phosphorylated AMPK (AMPK-P) inhibits cell anabolic 
processes at the same time activates catabolic processes. The AMPK-P dephosphorylation 
(7) by serine/threonine phosphatase stops AMPK action. Finally, when stress situation has 
ended, AMP signal is removed by cN (8) or AMPD (9) to modulate the cell energetic 
metabolism. AK, adenylate kinase; AMPK, AMP-activated protein kinase; cN, 5’-
nucleotidase; AMPD, AMP deaminase; LKB1, Liver kinase B1. Adapted with permission 
(Ipata and Balestri 2013).  
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2. Energy metabolism of human cancers 

2.1 Large intestine histology and colon tissue energy 
metabolism rearrangement during colorectal cancer 
malignant transformation  

The large intestine is 1.5 meters in length and around 6-7 centimeters in diameter, with 
the narrowest part being about 2.5 centimeters. The Large intestine can be separated 
into two parts: the colon and the rectum. The colon starts from the ascending colon 
which is connected with the small intestine via the cecum and colon, ending at the 
sigmoid colon. The rectum is only 10 to 12 centimeters in length and it ends at the anal 
canal. The main function of the large intestine is waste movement from small intestine 
towards the anal canal. During waste movement along the large intestine, water and 
electrolytes are absorbed at the same time the waste material is concentrated, and 
finally it is formed into feaces. At the end of the large intestine in the section of the 
rectum, the feaces are stored until they are removed out of the body through the anal 
canal (Michael H. Ross 2010). 

The Large intestine consists of four layers: starting from the mucosa, the 
submucosa, the muscle layer (muscularis mucosa and muscularis propria) and the serosa 
(Figure 4). The mucosa is lined with columnar epithelial cells (goblet cells) which are 
organized into crypts (Michael H. Ross 2010). The colonic epithelial cells have high 
regenerative and proliferative rates, because they are directly in contact with the 
aggressive environment, such as the pathogens, chemicals and toxins. The mucosal cells 
are generated from stem cells at the base of the crypt. During cellular migration towards 
the top of the crypts, the colon cells become more mature, and after three to five day 
they go into apoptosis. The Lamina propria, which supports the epithelia, contains 
numerous connective tissue cells, elastin collagen fibers and also immune cells, such as 
plasma cells, mast cells, macrophages, eosinophils and lymphocytes (Michael H. Ross 
2010). 

The muscularis mucosa is a thin smooth muscle with separate mucosa from the 
submucosa (Figure 4). The submucosa is a fibrous connecting tissue layer, which is made 
up of fibroblasts, mast cells, blood and lymphatic vessels. The muscularis propria 
surrounds the submucosa and it is composed of two smooth muscle layers (Michael H. 
Ross 2010): an inner circular coat and an outer longitudinal coat (Figure 4). Although 
smooth muscles have less mitochondria and the contraction is slower than in skeletal 
muscle and heart, they are able to contract for a long period of time without fatigue, like 
slow twitch muscle can (Park, Gifford et al. 2014). Thus, colon two muscle layers can 
move towards each other perpendicularly to form the basis of peristalsis.  
  



23 
 

 
Figure 4. Cross section of colon tissue wall. The colon tissue contains four layers: mucosa, 
submucosa, smooth muscle coat (muscularis mucosa and muscularis propria) and serosa. 
From (Frederic L. Greene 2002) with permission. 

The mucosa cells express cytosolic CK-BB together with uMtCK (Glover, Bowers 
et al. 2013). Although the muscularis mucosa and muscularis propria are both muscle 
tissues instead of that colon smooth muscles expressed more ubiquitous CK types CK-BB 
and uMtCK (Jockers-Wretou, Giebel et al. 1977; Ishida, Riesinger et al. 1994). There are 
evidences that the CK network plays an important role in cellular bioenergetics in both 
colon epithelia and smooth muscles (Takeuchi, Fujita et al. 1995; Glover, Bowers et al. 
2013). In mucosal cells the CK-BB not only facilities PCr/Cr cellular circulation but it also 
has an important role in cell-cell adhesion. Indeed, CK-BB overexpression increases colon 
cancer cell adhesion (Glover, Bowers et al. 2013). Moreover, CK-BB downregulation in 
colon cancer cells does not only decrease cell-cell adhesion, but also promotes epithelial-
to-mesenchymal transition (EMT) (Mooney, Rajagopalan et al. 2011).  

Impaired barrier function of the intestine, caused by bacteria (Amieva, 
Vogelmann et al. 2003), viral pathogens (Nava, Lopez et al. 2004) and pro-inflammatory 
cytokines (Utech, Ivanov et al. 2005), can lead to a leaky gut. Increased large intestine 
permeability is a predisposing factor to inflammatory bowel disease, such as Crohn’s 
disease and ulcerative colitis (Michielan and D'Inca 2015). There is evidence that the 
chronic inflammation in the intestine can raise the risk of tumorigenesis (Gupta, Harpaz 
et al. 2007; Herrinton, Liu et al. 2012). It has been found that bowel inflammation, not 
only disrupts the mucosal barrier, but it also dysregulates the CK pathway. Namely, the 
studies in Crohn’s disease and ulcerative colitis patients have demonstrated altered 
expression of CK-BB, as well as changes in CK-BB compartmentation, which lead to 
disruption of mucosal barrier properties (Glover, Bowers et al. 2013). This data highlights 
that there is a fundamental link between epithelial bioenergetics and mucosal barrier 
function. In addition, mitochondrial AK2 has an important role in activation of intestinal 
inflammation. It was found that AK2 knockout in colon mast cells, suppresses the 
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immune system activation (Kurashima, Amiya et al. 2012). However, the exact role of AK 
in colorectal cancer formation, and the interplay of AK network with CK, has remained 
unknown. 

2.2 Breast tumors energy metabolism dependents on breast 
cancer molecular subtypes 

For a long time, patient age, axillary lymph node status, tumor size as well as hormone 
receptor and human epidermal growth factor receptor 2 (HER2) status, and proliferation 
marker Ki67 expression levels, have been the mayor factors for categorization of patients 
into four main breast cancer subtypes (Dai, Li et al. 2015). The luminal tumors are both 
estrogen (ER) and progesterone (PR) receptor positive and HER2 negative. The luminal 
tumors can be further separated into Luminal A and Luminal B subtypes, according to the 
level of Ki67 expression. Luminal A has low and B has high levels of Ki67 expression. Both 
tumors types have quite a good prognostic outcome and they also respond well to 
hormone therapy. The other two breast cancer subtypes do not have ER and PR 
receptors, and they differ only by the presence (HER2 positive) or absence of HER2 (triple 
negative). Both, HER2 positive and triple negative type patients have a poor prognostic 
outcome. The drug trastuzumab is available to treat HER2 positive patients (Nagata, Lan 
et al. 2004). Unfortunately, regular drugs which are used to treat Luminal or HER2 breast 
cancer types are not efficient for triple negative breast cancer patients. Due to the 
absence of efficient drugs, the triple negative breast cancer patients follow an aggressive 
clinical course (Dai, Li et al. 2015). In 2011, Hanahan and Weinberg proposed that cells 
energy metabolism could be a new therapeutic target for cancer treatment (Hanahan 
and Weinberg 2011). 

Our recent study has shown that malignant transformation is caused by 
rearrangement of energetic metabolism in breast cancer (Koit, Shevchuk et al. 2017). 
Namely, increased OXPHOS respiration rate and raised mass of mitochondria were 
observed in breast cancer. Another research group has found that in breast cancer 
mitochondrial kinase uMtCK expression strongly correlates with tumor stage, and it is 
expressed preferentially in the ER negative breast cancer subtype (Cimino, Fuso et al. 
2008). Overexpression of uMtCK in breast cancer enhanced tumor growth by protecting 
malignant cells against apoptosis, through stabilization of mitochondrial membrane 
potential, as well as deregulation of apoptosis pathway proteins (Qian, Li et al. 2012). 
The uMtCK co-expression partner CK-BB is also highly expressed in breast cancer 
(Zarghami, Giai et al. 1996). Nevertheless, no correlation has been seen between CK-BB 
levels and tumor stage, grade, size and histological subtypes (Zarghami, Giai et al. 1996). 

There exists contradicting data about AK network isoenzyme expression 
patterns in breast cancer. On one hand, Kim and colleagues have postulated that AK2 is 
a negative regulator of tumor growth (Kim, Lee et al. 2014). They have shown that in 
breast cancer AK2 is downregulated. On the other hand, Speers and colleagues have 
found that AK2 is overexpressed in ER negative breast cancer (Speers, Tsimelzon et al. 
2009). They proposed that AK2 should be a novel target for the treatment of ER negative 
breast cancer. Moreover, recently it has been found that AK6 is highly expressed in both 
breast and colorectal cancer, and AK6 expression correlates with a worse prognosis (Bai, 
Zhang et al. 2016; Ji, Yang et al. 2017). Nevertheless, AK role in cancer formation, and its 
functional coupling with OXPHOS in breast cancer and colorectal cancer, has remained 
unclear. 
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2.3 Phosphotransfer network in neuroblastoma and how 
modulates trophic factor molecule neuroblastoma energy 
metabolism 

Neuroblastoma is a neuroendocrine tumor arising from any neuronal crest element of 
the sympathetic nervous system (SNS). NB usually developed from adrenal glands, but it 
can also start from neck, chest, abdomen or pelvis (Jiang, Stanke et al. 2011). The 
characteristic feature of tumors is quite high clinical heterogeneity. NB will undergo 
spontaneous regression (benign ganglioneurons) or it will show very slow progression 
(Brodeur 2018), but approximately in half of cases NB is very aggressive. This type of NB 
tumor has a high level of undifferentiated and poorly differentiated cells, which are 
characterized by high growth rates and strong inclination to metastasis (Schlitter, 
Dorneburg et al. 2012). 

One possible treatment strategy of aggressive NB is to differentiate cancer cells 
towards normal neurons, in order to decrease the migration and proliferation potential 
of malignant cells. Retinoic acid (RA) is a trophic molecule which in vitro induces NB cell 
differentiation towards neuronal cells (Reynolds, Matthay et al. 2003). RA acts on cells 
through own nuclear retinoic acid receptors RAR or RXR, which belong to the 
steroid/thyroid hormone family of transcription factors (Lin, Lien et al. 2008). RA binding 
with RAR or RXR induces NB cells differentiation towards sympathetic neurons (Clagett-
Dame, McNeill et al. 2006). It has been shown that RXR is not only located on cell nuclear, 
but also on mitochondrial membranes (Lin, Lien et al. 2008). RXR activation by RA does 
not change mitochondrial DNA content, but it increases mitochondrial reserve capacity. 
Indeed, the treatment of NB cells with RA increases mitochondrial respiration rate, but 
at the same time it does not change mitochondrial mass (Xun, Lee et al. 2012). 

There is limited information about AK and CK networks in NB. In NB patient’s, 
increased level of CK-BB in serum has been observed, which correlated with worse 
outcomes for patient’s (Ishiguro, Kato et al. 1990). The study on mice models showed 
that the treatment of NB cells with cyclo-creatine (analog of creatine) decreased cancer 
cells growth (Miller, Evans et al. 1993). This data indicates that CK network could play a 
substantial role in NB cell growth. Nevertheless, there is no data about uMTCK expression 
and its functional coupling with OXPHOS in NB cells. 

In NB cells both cytosolic AK1 and AK1β are expressed (de Bruin, Oerlemans et 
al. 2004). In dividing cells AK1, which is located in cell nucleus, is assembled with mitotic 
spindles to supply energy for cellular proliferation (Dzeja, Chung et al. 2011). However, 
absence or presence of AK1 or AK1β does not influence the NB cells proliferation rate 
(de Bruin, Oerlemans et al. 2004). In addition, overexpression of mitochondrial AK4 
protects NB cells against H2O2 induced cell death via the AK4 interaction with ANT (Liu, 
Strom et al. 2009). Nevertheless, the functional coupling of cytosolic AK1 and 
mitochondrial AK2 with OXPHOS in NB cells has never been researched. 
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3. Cancer models 

3.1 OXPHOS versus glycolysis in cancer 

Malignant transformation and tumor progression depends on the bioenergetic status of 
the cell (Tan, Baty et al. 2014). Otto Warburg was the first researcher to propose that 
cancer is a metabolic disease (Warburg 1956). According to his assumption, tumor cells 
use predominantly the glycolytic pathway, even under normal O2 exposure. This 
phenomenon is known as “the Warburg effect” or aerobic glycolysis (Pedersen 2007). 
There are several reasons why some cancers use the glycolytic pathway instead of 
OXPHOS. Firstly, although glycolysis is less efficient than OXPHOS (2 ATP/glucose versus 
36 ATP/glucose) the ATP production via glycolysis is 100 times faster than by OXPHOS 
(Pfeiffer, Schuster et al. 2001). Moreover, aerobic glycolysis is able to produce enough 
ATP to maintain the high cellular ratio of ATP/ADP (Vander Heiden, Cantley et al. 2009). 
Secondly, the high glycolytic metabolism is a metabolic strategy which allows cancer cells 
to survive in stochastic or fluctuating tumor environments (Epstein, Xu et al. 2014). 
Malignant cells which are under normoxic conditions still produce high amount of lactate 
which is released into the extracellular space. An acidic microenvironment protects 
cancer cells against immune system infiltration into the tumor (Singer, Kastenberger et 
al. 2011), as well as extracellular acidification enhances the invasion and metastasis of 
cancer cells (Kato, Ozawa et al. 2007). Thirdly, hypoxia is often observed in cancer tissues, 
and in order to grow under hypoxic conditions, the cancer cells switch their metabolism 
to the aerobic glycolytic pathway (Fantin, St-Pierre et al. 2006). 

Not all tumors intensely use glucose, but there is evidence that in cancer cells 
the mitochondria are functional and, in some tumors, increased OXPHOS rates have been 
observed (Jose, Bellance et al. 2011; Moreno-Sanchez, Marin-Hernandez et al. 2014; Koit, 
Shevchuk et al. 2017). Indeed, in cancer cells up to 64% from total ATP is produced via 
glycolysis, which means that OXPHOS has also an important role in ATP production (Zu 
and Guppy 2004). This assumption is also supported by several reports, which have 
shown that cancer cells use glutamine as energy fuel instead of glucose (Wise, 
DeBerardinis et al. 2008). Moreover, cancer cells also use the glycolysis and 
glutaminolysis pathways, to support fast tumor growth by macromolecules, such as 
nucleotides, lipids and amino acids (Lunt and Vander Heiden 2011). Altogether, cancer 
cells are forced to balance between glycolysis and OXPHOS, in order to maintain high 
proliferation rates to optimally meet the energy demands, and to keep fast response to 
changes in cellular metabolism, in order to survive within the fluctuating tumor 
environment. 

3.2 Mitochondrial Interactosome 

Mitochondria are the main ATP suppliers in heart, skeletal muscle, smooth muscle and 
neurons, where mitochondrial respiration is controlled by mitochondrial porin (VDAC) 
permeability for ADP (Kuznetsov, Tiivel et al. 1996; Monge, Beraud et al. 2008; Koit, 
Shevchuk et al. 2017). The mitochondrial affinity for ADP can be described by apparent 
Michaelis-Menten constant (Km). For heart and skeletal muscle, the apparent Km for 
ADP ranges among 300-400 µM (Kuznetsov, Tiivel et al. 1996). As a result of the isolation 
of mitochondria from muscle tissue, the mitochondria lose interactions with surrounding 
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environment, which leads to disruption of diffusion barrier for ADP and therefore 
isolated mitochondria apparent Km for ADP is dropped to 10-20 µM (Monge, Beraud et 
al. 2008). In 2008, Rostovtseva showed that the MOM permeability for ADP was 
regulated by VDAC interaction with the cytoskeleton component tubulin (Rostovtseva, 
Sheldon et al. 2008).  

The mathematical model of Vendelin et al. have indicated that in heart 
mitochondria, respiration is controlled by ANT, which functionally interacts with MtCK 
(Vendelin, Lemba et al. 2004). Due to functional coupling between ANT and MtCK, ATP is 
transmitted from ANT directly to MtCK, which results in acceleration of PCr production. 
Guzun with colleagues, demonstrated that in cardiomyocytes (CM), the VDAC 
permeability is only selectively limited for ATP and ADP but not for Cr or PCr (Guzun, 
Timohhina et al. 2009). Altogether, in cardiac cells PCr is the main energy carrier from 
mitochondria into cytoplasm, where interaction between tubulin and VDAC decreases 
the MOM permeability for nucleotides, which significantly enhances PCr production, due 
to functional coupling between ANT and MtCK. In order to support the high energy need 
of cardiac cells, the mitochondrial respiration is regulated by interaction of ANT-MtCK-
VDAC-tubulin and ATP synthasome (Pedersen 2007) into a supercomplex, which is known 
as Mitochondrial Interactosome (MI) (Figure 5) (Timohhina, Guzun et al. 2009). 
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Figure 5. Mitochondial Interactosome (MI) model. The MI in cardiac, oxidative skeletal 
muscle and brain cells is formed to control mitochondrial respiration regulation and 
energy flux. MI consisting of ATP synthasome (formed by ATP synthase, adenine 
nucleotide carrier (ANC) and inorganic phosphate carrier (PIC) as proposed by P. Pedersen 
(Pedersen 2007) and mitochondrial creatine kinase (MtCK), functionally coupled to ATP 
synthasome, and Voltage dependent anion channel (VDAC) with regulatory proteins 
(tubulin and linker protein (LP). MOM, mitochondrial outer membrane; MIM, 
mitochondrial inner membrane; IMS, mitochondrial intermembrane space ((Timohhina, 
Guzun et al. 2009) with permission). 
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3.3 Warburg-Pedersen model is a link between OXPHOS and 
glycolytic pathway in cancer 

During malignant transformations the composition and structure of MI may be radically 
reorganized (Eimre, Paju et al. 2008; Patra, Bera et al. 2008; Simamura, Shimada et al. 
2008; Guzun, Karu-Varikmaa et al. 2011). In many glycolytic tumors HK1/2 are 
overexpressed (Shinohara, Yamamoto et al. 1994; Altenberg and Greulich 2004; Botzer, 
Maman et al. 2016). One of the key events in carcinogenesis is tubulin replacement on 
VDAC channel with HK (Guzun, Karu-Varikmaa et al. 2011). The HK binding on MOM 
causes the opening of VDAC channel (Majewski, Nogueira et al. 2004), which facilitates 
coupling between OXPHOS and glucose phosphorylation. As a result of such 
transformation, tumor cells switch their metabolism towards the aerobic glycolytic 
pathway. Tumor aerobic glycolysis mechanism is described by the Warburg-Pedersen 
model (Figure 6) (Pedersen 2007), where OXPHOS is linked with the glycolytic pathway 
via HK2 binding on VDAC, to support malignant cells with energy. The Warburg-Pedersen 
mechanism has also been applied in medicine. The imaging technique positron emission 
tomography (PET) technique uses the glucose analog fluorodeoxyglucose (Phelps 2000). 
In cancer patients PET is used to monitor the elevated HK reaction activity. Mainly, PET 
is used to diagnose human tumors and also to monitor their treatment. 

 
Figure 6. Warburg-Pedersen model. Warburg – Pedersen model described aerobic 
glycolytic mechanism in tumor cells where OXPHOS is regulated by hexokinase isoenzyme 
(HK-2) binding on voltage dependent anion channel (VDAC) which located on 
mitochondrial outer membrane. Glycolytic enzyme binding on VDAC increases HK-2 
access to ATP which is produced by ATP synthasome. ATP synthasome is a complex which 
contsists of ATP synthase, adenine nucleotide carrier (ANC) and inorganic phosphate 
carrier (PIC).From (Pedersen 2007) with permission.  
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Aim of the study 

The aims of the study were the following: 
1. To perform kinetic analysis of the regulation of mitochondrial respiration in 

post-operative human samples and cancer cells. 
2. To analyze the interplay of adenylate and creatine kinase networks in colorectal 

cancer and neuroblastoma cells. 
3. To estimate the functional coupling between OXPHOS and the phosphotransfer 

network enzymes in permeabilized post-operative human samples and cancer 
cells. 

4. To develop a semi-quantitative respirometry method, in order to quantify AK1 
and AK2 distribution in health and disease. 
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Materials and methods 

4. Materials 

4.1 Human post-operative samples 

Post-operative samples (0.1-0.5 g) were obtained from Oncology and Hematology Clinic 
at the North Estonian Medical Centre (Tallinn). Before every experiment all samples were 
checked by the North Estonian Medical Centre pathologist. For the current study only 
primary tumors, which had not received any radiation or chemotherapy, were used. For 
this thesis two distinct groups of patient cohorts were used: breast cancer group 
consisted of 10 patients and they varied from age 50-71, and the colorectal cancer group 
consisted of 29 patients and they varied from age 63-92. For colorectal and breast cancer, 
the normal tissue were cut out from 5 and 2 cm tumors, respectively. Control tissue for 
colorectal cancer consisted of colonocytes and smooth muscle cells, and breast cancer 
control tissue mainly contained fibroblast and adipocytes. 1 h after surgery samples were 
delivered to the Laboratory of Bioenergetics, where human samples were examined for 
not more than 3 h. All samples were transported in pre-cooled Mitomedium –B solution 
(0,5 mM EGTA, 3 mM MgCl2*6H2O, 3 mM KH2PO4, 20 mM taurine, 20 mM HEPES, 110 
mM sucrose, 0,5 mM DTT, 60 mM K-lactobionate, 5 mg/ml BSA and leupeptine). All 
investigations were approved by the Medical Research Ethics Committee (National 
Institute for Health Development, Tallinn) and were in accordance with Helsinki 
Declaration and Convention of the Council of Europe on Human Rights and Biomedicine. 

4.2 Animals 

Adult (3-month-old) male Wistar rats weighing about 350 g were used in experiments. 
These animals were kept on a standard laboratory diet and given tap water ad libitum. 
Animal procedures were approved by the Estonian National Committee for Ethics in 
Animal Experimentation (Estonian Ministry of Agriculture). 

4.3 Cell cultures 

Stock culture of Neuro-2A (N2a) cells was obtained from the American Type Culture 
Collection, Cat. No. CCL-131. The murine NB cells were grown as a loosely adhering 
monolayer in high glucose Dulbecco’s modified Eagles medium (DMEM) with L-
glutamine, supplemented with 10% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin 
and 50 μg/ml gentamicin (complete growth medium). The cells were sub-cultured at 3 
days intervals and had received no more than 20 cell culture passages. For neural 
differentiation of N2a cells to cholinergic neurons, cells were seeded at an initial density 
of 2×104 cells/cm2 and differentiation was induced by 10 μM RA in complete growth 
medium, for details see in (Blanco, Lopez Camelo et al. 2001). 

The HL-1 murine cardiac sarcoma cell line was originally established by William 
Claycomb (Claycomb, Lanson et al. 1998) and was kindly provided to us by Dr. Andrey V. 
Kuznetsov (Innsbruck Medical University, Austria). HL-1 cells were grown in fibronectin–
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gelatin (5 μg/ml/0.2%) coated T75 flasks containing Claycomb medium (Sigma-Aldrich), 
supplemented with 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 50 μg/ml 
gentamicin, 2 mM L-glutamine, 0.1 mM norepinephrine, and 0.3 mM ascorbic acid. Both 
N2a and HL-1 cells were cultured at 37°C in humid air with 5 % of CO2. 

4.4 Chemicals 

Unless stated otherwise, all materials and reagents were purchased from Sigma-Aldrich 
Company (St. Louis USA). DMEM and phosphate buffered saline (PBS, Ca/Mg free) were 
obtained from Corning (USA) whereas heat-inactivated fetal bovine serum (FBS), 
accutase, penicillin-streptomycin solution (100×), gentamicin and 0.05% Trypsin-EDTA 
were purchased from Gibco Life Technologies (Grand Island, NY). Primary and secondary 
antibodies were obtained from Santa Cruz Biotechnology Inc. or Abcam PLC whereas 
mitochondrial specific fluorescence dye MitoTracker Red CMXRos was obtained from 
Molecular Probes. Trizol (Life Technologies), RNeasy Minikit (QIAGEN Sciences), cDNA 
Reverse Transcription Kit and TaqMan Gene Expression Master Mix for mRNA isolation 
and real-time reverse transcriptase polymerase chain reaction (RT-PCR) were purchased 
from Applied Biosynthesis. 

5. Methods

5.1 Isolation of rat cardiomyocytes and liver mitochondria 

Adult CM were isolated after perfusion of the rat heart with collagenase-A (1.0 mg/ml, 
Roche) exactly as described in our previous work (Saks, Belikova et al. 1991). The 
sarcolemma of cells was permeabilized by saponin treatment (25 μg/ ml, for 5 min at 25 
°C) directly in oxygraphic chambers (Tepp, Shevchuk et al. 2011).  

Rat liver mitochondria were isolated by mild trypsin digestion (at 1 mg/ml for 10 
minutes at 4°C) of the tissue homogenate, exactly as described previously (Saks, 
Chernousova et al. 1975). After differential centrifugation, the final mitochondrial pellet 
was suspended in isolation medium containing 1 mg/ml BSA to a mitochondrial protein 
concentration of 10–15 mg/ml, and this suspension was stored at 4 °C until use. 

5.2 Preparation of skinned tumor and rat heart fibers 

Skinned fibers from rat heart muscle and HCC and HBC were prepared according to 
methods described by Kuznetsov and coworkers (Kuznetsov, Veksler et al. 2008): tissue 
samples were dissected on ice into small (25-35 mg) fiber bundles and tissue cells plasma 
membranes were permeabilized in pre-cooled solution-A (20 mM imidazole, 20 mM 
taurine, 3 mM KH2PO4, 5.7 mM ATP, 15 mM PCr, 9.5 mM MgCl2*6H2O, 49 mM KMES, 
2.77 mM K2Ca EGTA, 7.23 mM EGTA, 1 μM leupeptine and 50 μg/ml saponin) for         
30 minutes at 4°C. The permeabilized fibers were then washed three times for                
5 minutes in pre-cooled Mitomedium-B solution (0.5 mM EGTA, 3 mM MgCl2*6H2O,        
3 mM KH2PO4, 20 mM taurine, 20 mM HEPES, 110 mM sucrose, 0.5 mM DTT 60 mM   
K-lactobionate and 5 mg/ml BSA, pH 7.1). After washing the samples were kept at 4 °C 
in Mitomedium-B until use. 
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5.3 Determination of cell growth 

The effect of RA on the rate of N2a cells growth (seeded in 96-well plates at a density of 
5×103 cells/well) was estimated by the use of MTT Cell Proliferation Assay Kit (ATCC® 30-
1010 K) according to the manufacturer manual. The absorbance of samples at 570 nm 
(reference wavelength, 620 nm) was measured spectrophotometrically using a 
microplate reader (Multiscan Spectrum, Thermo Electron Corporation). 

5.4 Mitochondrial respiration in permeabilized tissue samples, 
cells and isolated mitochondria 

Rates of O2 consumption by the permeabilized, N2a, HL-1 tumor cells (at a density of 0.5–
1.0 × 106 cells/ml), CMs, HCC and HBC samples or isolated liver mitochondria were 
measured under magnetic stirring (300 rpm) at 25°C in 2-ml glass chambers of a two-
channel titration-injection respirometer (Oxygraph-2 K, OROBOROS Instruments, 
Austria). Mitochondrial respiration was measured in medium-B supplemented with 5 
mM glutamate, 2 mM malate and 10 mM succinate as respiratory substrates; solubility 
of oxygen was taken as 240 nmol/ml. For N2a cells, a final concentration of 40 μg/ml 
saponin was determined to yield maximal respiration response for exogenously added 
ADP, at the same time mitochondrial membrane remained intact. For HL-1 cells, 25 μg/ml 
digitonine was used as was found early on (Monge, Beraud et al. 2009). All respiration 
rates of tissue samples and cells were normalized per mg dry weight, million cells or mg 
protein respectively. 

5.5 Analysis of functional coupling between OXPHOS and 
mitochondrial creatine kinase 

In the current study, the corresponding respirometry protocol (Guzun, Timohhina et al. 
2009) was used to analyze functional coupling between OXPHOS and MtCK. Experiments 
were performed in Mitomedium-B in the presence of respiration substrate (glutamate, 
malate and succinate) with PEP 5 mM. Addition of MgATP (0.2 mM for HCC and colon 
tissue and 0.1 mM for N2a cells) activated OXPHOS due to increased circulation of ADP 
in mitochondrial compartment. Next, PK 10 U/ml addition (5 mM PEP was already 
present in solution) trapped the extramitochondrial ADP produced by cytoplasmic 
isoforms of creatine kinases (CK-MM or CK-BB) and MgATPase. Finally, addition of 10 
mM Cr activated only MtCK dependent mitochondrial respiration. 

5.6 Experimental model to estimate the presence of adenylate 
kinase 1 and 2 

The respirometry protocol for estimating the presence of AK1 and AK2 in permeabilized 
cells or tissues, was modified from Guzun et al. (Guzun, Timohhina et al. 2009) and Gruno 
et al.(Gruno, Peet et al. 2006). The principles of this study are illustrated by four schemes 
of increasing complexity (Figure 7): schemes A and B represent simple system where only 
AK2 is present (isolated liver mitochondria) and the reference system on schemes C and 
D are more complex where both AK1 and AK2 are present. Experiments were performed 
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in two types of conditions: in the presence of ADP trapping system after or before 
activation cytosolic (AK1) and mitochondrial (AK2) adenylate kinase isoform. PK, in the 
presence of PEP, traps extramitochondrial ADP produced by AK1 and MgATPase 
reactions and subsequently regenerates extramitochondrial ATP. In mitochondria, AK2 
forms a micro-domain within the intermembrane space, where AK2 produces 2 
molecules of ADP, which is re-imported into the matrix via ANT due to its functional 
coupling with AK2. 

In permeabilized HCC, normal colon tissue and HBC, the total AK coupling with 
OXPHOS was expressed by adenylate kinase index (IAKtotal): [IAKtotal=(VAMP-VAP5A)/VAP5A], 
where VAMP is a mitochondrial respiration rate in the presence of 2 mM AMP and VAP5A is 
a remaining respiration rate after inhibition of the total AK by 0.2 mM diadenosine 
pentaphosphate (AP5A). AK coupling with OXPHOS was measured in the presence of 0.1 
mM ATP. 

The presence of cytosolic AK1 and mitochondrial AK2 in permeabilized tumor 
and normal cells was assayed semi-quantitatively by respirometry methods. These 
measurements were performed in medium-B in the presence or absence of PK-PEP ADP 
trapping system. The AK1 functional coupling with OXPHOS, linked with this isoenzyme 
activity, was characterized by the corresponding AK index (IAK1). The IAK1 was calculated 
according to the equation: [IAK1 = ((VAMP- VPK))/(VAMP-VAP5A)×100%], where VAMP, VPK and 
VAP5A are rates of O2 consumption that were measured after subsequent addition of 2 
mM AMP, 10 U/ml PK and 0.2 mM AP5A, respectively. The AK2 functional coupling with 
OXPHOS was calculated as IAK2=100%-IAK1. 
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Figure 7. The principles of this study are illustrated by four schemes of increasing 
complexity: Schemes A and B represent isolated liver mitochondrion as a reference 
system. Schemes C and D illustrate permeabilized cells chosen as experimental study 
model. From (Klepinin, Ounpuu et al. 2016) with permission.  
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5.7 Confocal microscopy imaging 

For immunohistochemistry, formalin fixed paraffin-embedded tissue sections from 
normal colon tissue and HCC were rinsed 4 times with xylene for 5 min and 
ethanol/xylene (1:1) for 5 minutes then the slide was rehydrated step-by-step by 100-50 
% ethanol (100 %, 95 %, 70 % and 50 %). Finally, slides were treated with antigen retrieval 
buffer (100 mM tris buffer with 5 %, w/v urea, pH 9,5) at 98 °C for 15 min. Tissue samples 
where then blocked with 2 % BSA solution in PBS and kept overnight at 4 °C with primary 
antibodies. In order to quantify the mitochondrial mass in cancer and normal tissue, 
mitochondria were labeled by Tom20 antibody (SantaCruz Biotechnology, sc17764). The 
Tom20 fluorescence intensity was normalized against the total β-tubulin (Abcam®, 
ab6046) fluorescence. Samples were washed and incubated at room temperature for 2 
hours with DyLight-488 goat anti-rabbit IgG (Abcam®, ab96899) or DyLight-549 goat anti-
mouse IgG (Abcam®, ab96880) secondary antibodies. 
The mitochondria in N2a cells were visualized by MitoTracker® Red CMXRos (Molecular 
Probes). The labeling procedure was carried out according to the manufacturer 
instructions. Before the labeling procedure, cells were fixed by 4% paraformaldehyde. In 
the current study, confocal images were collected by Olympus FV10i-W inverted laser 
scanning confocal microscope equipped with a 60× water immersion objective.  

5.8 Assessment of enzymatic activity 

All cells and tissue samples were frozen in liquid nitrogen and stored at -80 °C until use. 
HK activity was measured as the total glucose phosphorylating capacity of whole cell 
extracts, using a standard glucose-6-phosphate dehydrogenase (G6PDH)-coupled 
spectrophotometric assay (Robey, Raval et al. 2000). One milliunit (mU) of HK activity 
was calculated as the amount of enzyme activity required to phosphorylate 1 nmol of 
glucose in 1 min at 25 °C.  

The CK activity was assessed spectrophotometrically at 25 °C in the direction of 
ATP formation in the presence of AP5A, 20 mM PCr and with 2 U/ml G6PDH and 2 U/ml 
HK as the coupled enzymes (Monge, Beraud et al. 2009). One mU of CK activity 
represents the formation of 1 nmole of ATP per minute at 25 °C. 

The activity of acetylcholinesterase (AChE) in N2a cells was measured 
spectrophotometrically by applying the technique of Ellman et al. (Ellman, Courtney et 
al. 1961). One unit of AChE activity represents the hydrolysis of 1 μmol of the 
acetylthiocholine per minute at 37 °C. 

AK1 and AK2 activities were measured in whole cell or tissue extracts at 25°C by 
an enzyme-coupled spectrophotometric assay in the direction of ATP formation, 
essentially as described earlier by Dzeja et al. (Dzeja, Vitkevicius et al. 1999). The reaction 
mixture contained 20 mM HEPES (pH 7.5), 0.1 M KCl, 4 mM Mg-acetate, 1 mM EDTA, 20 
mM glucose, 2 mM NADP+, 4.5 units/ml HK, and 2 units/ml G6PDH as the coupled 
enzymes. The reaction was initiated with 2 mM ADP. 

AK1 is a thiol-containing enzyme that is inhibited by Nethylmaleimide (NEM), 
while AK2 is not (Khoo and Russell 1972). AK2 activity was determined as the activity 
remaining after the NEM treatment of cell/tissue extracts. For the NEM treatment, 
enzyme samples (in 20 mM MOPS-buffered solution with 0.2 M NaCl, pH 8.0) were 
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incubated in the presence of 1 mM NEM for 1 h at 25°C before assay. One unit of AK 
activity was defined as 1 μmole of ATP produced per minute at 25 °C. 

AMPD activity was measured spectrophotometrically in whole cell or tissue 
extract by an enzyme-coupled spectrophotometric assay in the direction of inositol 
monophosphate formation in the present of 50 mM HEPES (pH 7.1), 100 mM KCl, 1mM 
EDTA, 1mM DTT, 5 mM α-ketoglutarate, 0.15 mM NADH, and 5 U of glutamate 
dehydrogenase containing 0.25 mg of extract protein, and the reaction was initiated by 
10 mM AMP (Ashby and Frieden 1978). One unit of AMPD activity was defined as 1 μmole 
of AMP deaminated to inosine monophosphate. 

All enzyme activities were measured using Cary 100 Bio UV-visible 
spectrophotometer. The absorption at 340 nm was used for all enzyme activity assays 
except for AChE, which absorption was measured at 405 nm. Protein concentration of 
the used cell/tissue homogenates was determined by a Pierce BCA Protein Assay Kit 
according to the manufacturer recommendations using BSA as a standard. 

5.9 RNA isolation and quantitative RT-PCR 

HCC and normal colon tissue samples were frozen in liquid nitrogen and stored at -80 °C 
until RNA isolation. RNA from 29 human samples was isolated using Trizol (Life 
Technologies) solution, followed by purification using the RNeasy Mini Kit (QIAGEN 
Sciences) with DNase treatment. Extracted RNA was dissolved in RNase-free water, 
quality and concentration were measured using Nanodrop and RNA was stored at −80°C 
until cDNA synthesis. 

For cDNA synthesis 2 µg of total RNA was used. cDNA was synthesized using 
High Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Applied Biosystems). 
cDNA was used as a template for TaqMan® quantitative RT-PCR analysis in the Roche 
Light Cycler 480 system (Roche). TaqMan®Gene Expression Master Mix and FAM labeled 
TaqMan® (Applied Biosystems) gene assays were used to detect the mRNA expression 
level of the gene of interest and of actin as a reference gene. The used TaqMan® probes 
were the following: actin beta –Hs01060665 g1; hexokinase I – Hs00175976 m1; 
hexokinase II –Hs00606086 m1; creatine kinase, mitochondrial 1B – Hs00179727 m1; 
creatine kinase, mitochondrial 2 – Hs00176502 m1. 

Threshold cycles (Ct) were automatically calculated by Light Cycler 480 software 
(Roche). Data were analyzed with the formula 2−ΔCt (Livak and Schmittgen 2001), 
normalized to the endogenous housekeeping gene actin beta. 

5.10 Data analysis 

Data in the text, tables and figures are presented as mean ± standard error of the mean 
(SEM). Results were analyzed by Student´s t -test. Values of p <0.05 were considered 
statistically significant. All data and statistics were calculated by using SigmaPlot 11 
software (Systat Software,Inc). Apparent Km values for ADP and AMP were estimated by 
fitting experimental data to a non-linear regression (according to a Michaelis-Menten 
model) equation. 
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Results  

6. Characterization of the mitochondrial respiration and 
mitochondria communication with phosphotransfer 
network in cancer 

6.1 Localization of mitochondria and mitochondria interaction 
with glycolytic pathway in neuroblastoma and colorectal 
cancer (Article I, II and III) 

In the presented work, N2a cells treated with RA were used as an in vitro model of normal 
neurons of the SNS. Indeed, the enzyme activity study (Table 1) confirmed that RA 
induced N2a differentiation (dN2a) towards SNS via increased neurons specific AChE 
activity. On the day after RA addition, a drastic morphological change in N2a cells can be 
observed (Figure 8). During RA treatment N2a cells go through several transformations: 
cell size increases several times and strong neurite outgrowth takes place in cells . RA not 
only influences the N2a cell morphology, but it also impacts mitochondrial localization 
(Figure 8). Although, in both cell types, mitochondria are predominantly localized around 
the cell nucleus, in dN2a cells a significant part of mitochondria are found in neurites 
(Figure 8 B, C). Moreover, RA significantly diminishes N2a cells proliferation rate (Figure 
9). On the third day the proliferation rate decreases 1.5 times in RA treated cells 
compared to undifferentiated N2a (uN2a) cells. 

 
Figure 8. Confocal microscopy images of N2a cells with and without all trans-retinoic acid 
(RA) treatment. (A) -control cells, whereas (B) and (C) are N2a cells treated with 7 μM RA 
for 5 days. During 5 days RA-treated N2a cells go through morphological transformation 
(B, C): increased cell body size as well as in cells take place strong neurite outgrowth. In 
RA-treated cells mitochondria (red fluorescence) not only located around the nucleus 
(blue fluorescence) like in N2a control cells (A) but also significant part can find in neurites 
(B, C). Mitochondria in the cells were stained with Mito Tracker Red CMXRos and cell 
nuclei with DAPI.  
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Figure 9. Effect of all-trans-retinoic acid (RA) on proliferation of N2a cells. Cell count was 
performed by MTT assay during 3-day cell culturing. RA-treated cells show decline trend 
in proliferation activity compare to control N2a cells. N=3 and Bars are SEM. 

For HCC, changes in mitochondrial mass were quantified by confocal microscopy (Figure 
10) to characterize main alterations in bioenergetic profiles caused by cancer formation. 
Figure 10A shows that the mitochondrial specific marker Tom20 distributed diffusely 
within both tumor and control tissue. Mitochondrial mass was quantified by 
normalization of Tom20 fluorescence signal against total tubulin fluorescence signal 
(Figure 10B). The current experiments revealed that malignant tissue possessed ~70% 
more mitochondrial mass than the surrounding healthy colon tissue. 
 

Figure 10. Immunohistochemistry quantification of the total mitochondrial mass in 
paraffin-embedded colorectal cancer and control colon tissue sections. (A) Confocal 
microscopy imaging of paraffin-embedded tissue section where mitochondria and tubulin 
were preloaded with anti-total β tubulin and anti-Tom20 antibodies. (B) Mitochondrial 
mass was quantified in healthy and colorectal tissue by normalization of Tom20 
fluorescence signal intensity against total β tubulin fluorescence intensity. Bars are SEM, 
N=7, p < 0.05. 
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6.1.1 Quality test 

Before every respirometric experiment, the intactness and quality of mitochondria 
(Kuznetsov, Veksler et al. 2008) in tissue samples or cancer cells were evaluated. If 
mitochondrial respiration parameters did not pass quality control, we discarded such 
tissues or cells in this work. In the current study, the technique of permeabilized cells, 
elaborated by Kuznetsov (Kuznetsov, Veksler et al. 2008), was used to measure 
respiratory activities of mitochondria. This method gives an opportunity to estimate 
mitochondrial respiration near physiological condition. 

 
Figure 11. Quality test to control intactness of mitochondrial membranes in (A) 
permeabilized N2a cells, (B) human colorectal cancer and control colon tissues. (A) 
Original respirometry graph for N2a cells. Blue traces represent the O2 concentration and 
red traces the respiration rates. (A) and (B) experiments were performed in medium-B 
with 5 mM glutamate, 2 mM malate, and 10 mM succinate as respiratory substrates. 
Respiration was activated by 2 mM ADP and intactness of mitochondrial membranes 
were controlled by cytochrome c (Cyt c) and carboxyatractyloside (CAT). (B) All respiratory 
substrates and inhibitors were added sequentially as indicated in the x-axis; bars are SEM, 
N=11.  
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Figure 11A represents quality test protocols for N2a cells. In the current study, 
the optimal saponin concentration (40 μg/ml) for N2a cells was found. To estimate 
mitochondrial quality the intactness of both mitochondrial membranes was controlled. 
Firstly, mitochondrial basal respiration rate (V0) in the presence of mitochondrial 
respiration substrates was monitored. Mitochondrial respiration was activated by 2 mM 
ADP as a result mitochondrial respiration reached nearly maximal level (Vmax). Next, 
MOM intactness was controlled. After addition of cytochrome-c (cyt c) (final 
concentration, 8 μM), mitochondrial respiration did not increase significantly (<10%) if 
the MOM was intact. Finally, carboxyatractyloside (CAT) (1 μM), an ANT inhibitor, 
blocked ATP/ADP turnover within mitochondria inner membrane as a result 
mitochondria respiration decreased to V0 level. CAT test showed that MIM was also 
intact. Same quality test protocol (Figure 11B) was made on post-operative 
permeabilized HCC and healthy colon tissues. 

Next, V0 and Vmax respiration rates were determined and compared between 
uN2a and dN2a (Table 2) and also between HCC and control colon tissue (Figure 11B). 
For uN2a and dN2a cells, no any significant differences were found in V0 (3.38 ± 0.12 
versus 4.07 ± 0.46) and in Vmax (11.0 ± 0.43 versus 12.05 ± 1.06). Moreover, changes in 
mitochondrial respiration rates during colorectal cancer formation were monitored 
(Figure 11B). For HCC, both mitochondrial respiration parameters were higher compared 
to control tissue, the V0 was (1.70 ± 0.01 versus 1.09 ± 0.47) and Vmax was (4.04 ± 0.56 
versus 2.51 ± 0.35). Finally, respiratory control index (RCI) values (V0/Vmax) were 
calculated. For uN2a and dN2a cells RCI values were 3.28 and 3.13, respectively (Table 
2). Although our studies showed that HCC had higher mitochondria mass (Figure 10) and 
mitochondrial respiration rate (Figure 11B) compared to control tissue, no differences 
between HCC and control colon tissue in RCI values was found (2.4 versus 2.32). 

6.1.2 ADP dependent respiration and mitochondria interaction with 
glycolytic pathway – aerobic glycolysis 

According to the MI model (Figure 5) in healthy tissues, such as heart muscle and 
neurons, mitochondrial respiration is controlled by permeability of VDAC for ADP. 
Therefore, the kinetics of mitochondrial respiration by exogenously added ADP was 
studied in N2a cells and HCC and colon tissue. For uN2a cells, the apparent Michaelis-
Menten constant (Km) value for ADP Km(ADP) was 20.3 ± 1.4 μM and during cell 
differentiation by RA the MOM permeability for ADP did not change (19.4 ± 3.2 μM). 
Same mitochondrial respiration kinetic analysis was done on post-operative samples. 
Current study revealed that mitochondrial affinity for ADP was low in colon tissue 
(Km(ADP)=260 ± 55 μM) and during malignant transformation the permeability of VDAC 
for exogenous ADP was increased (Km(ADP)=126 ± 17 μM). 
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Table 1 Enzymatic activities of undifferentiated (uN2a), all-trans-retinoic acid 
differentiated (dN2a) N2a cells, colorectal cancer and healthy colon tissue. 

Enzymes 
uN2a cells, 

mean ± 
SEM, N = 5a 

dN2a cells, 
mean ± SEM, N 

= 5 

Colorectal 
normal 
tissue 

mean ± 
SEM, N=11b 

Colorectal 
cancer 
mean ± 

SEM, N=11 

Hexokinase 19.57 ± 1.86 32.15 ± 3.73* 244 ± 50 215 ± 40 
Creatine kinase 7.59 ± 0.89 11.78 ± 0.59*** 497 ± 142 204 ± 84* 
Adenylate kinase 121.5 ± 9.4 151.1±8.5* 257 ± 35 411 ± 43* 
Acetylcholinesterase 2.52 ± 0.52 4.62 ± 0.27 ** - - 

a mU per 1×106 cells 
b mU per mg protein 
*p<0.05, **p<0.02 and ***p<0.001 show significant difference between cancer and control cells 

Our previous work showed that during cancer formation βII tubulin on VDAC 
replaced with HK, and as a result of MI transformation, VDAC permeability for ADP 
increased (Guzun, Karu-Varikmaa et al. 2011). Therefore, the aerobic glycolysis pathway 
(Figure 6) was researched on N2a cells and post-operative tissue samples. Firstly, total 
HK activity and HKI and HKII expression levels were estimated. The HK activity of uN2a 
cells was 19.57 ± 1.86 and its activity was increased 1.5 times (32.15 ± 3.73) during N2a 
cells differentiation with RA (Table 1). Moreover, HK activity was measured in HCC and 
colon tissue. Although, the current study did not reveal any difference in HK activity 
between HCC and colon tissue (Table 1), a slight decrease in HK II expression was 
observed during cancer formation (Figure 12). 

 
Figure 12. Expression profile of creatine kinase and hexokinase isoform in human 
colorectal cancer and normal colon tissue. mRNA levels were assayed by real-time reverse 
transcriptase polymerase chain reaction. On y-axis is break 0,01-0,015 and bars are SEM, 
N = 2). HK-1 and HK-2 are hexokinase-1 and -2; CKMT1 and CKMT2 are ubiquitous and 
sarcomeric mitochondrial creatine kinase, respectively. 
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Figure 13. Effects of exogenously added creatine and glucose on the rate of oxygen 
consumption by permeabilized RA-treated N2a cells and undifferentiated N2a cells. The 
creatine (10 mM) and glucose (10 mM) mediated mitochondrial respiration were 
estimated in the presence of pyruvate kinase/phosphoenolpyruvate ADP trapping system 
and exogenously added 0.1 mM MgATP. Finally, 2 mM ADP was added to maximally 
activate mitochondrial respiration. Bars are SEM; N=5; * and **indicate a statistical 
significant difference between the mean values; p <0.05 and p <0.01, respectively. 

According to the Warburg-Pedersen model (Figure 6), the mitochondrial-
associated HK coupling with OXPHOS, was investigated in NB cells and post-operative 
samples (Figure 13, 14). The N2a cells respiratory study was performed in the presence 
of PK-PEP system. Figure 13 shows that addition of glucose (10 mM) stimulated 
mitochondrial respiration in both cell lines. Next, we estimated percentage of aerobic 
glycolysis (glucose dependent) from ADP stimulated mitochondria respiration. We found 
that the mitochondrial-associated HK coupling with OXPHOS was higher in uN2a than 
dN2a (aerobic glycolysis ~40% and ~5%, respectively). Same protocol was used to 
estimate HK coupling with OXPHOS in HCC and colon tissue. In these experiments PK-PEP 
system was not used. Respiratory study showed (Figure 13A) that in HCC glucose 
stimulated more mitochondrial respiration than in colon tissue samples was observed. If 
the percentage of aerobic glycolysis from ADP stimulated mitochondrial respiration is 
compared, then HCC aerobic glycolysis formed 30-35 % from total OXPHOS whereas in 
colon tissue aerobic glycolysis pathway formed from total mitochondria mediated ATP 
production less than 10 %. 
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Figure 14. Oxygraphic protocol to estimate mitochondrial-associated HK coupling with 
OXPHOS in permeabilized colorectal cancer (A) and control colon tissues (B). The addition 
of 10 mM glucose in the presence of 0.1 mM Mg-ATP caused a stimulatory effect on 
mitochondrial respiration in different manner: (A) significant increase OXPHOS rate in the 
tumor and slight increase in the normal tissue. Finally, 2 mM ADP was added to nearly 
maximally activate mitochondrial respiration. Blue line – O2 concentration, red – rates of 
O2 consumption. 
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6.2 Interplay between creatine kinase and adenylate kinase in 
N2a cells and colorectal cancer (Article I, II) 

According to the MI model (Figure 5) MtCK plays an important role in the regulation of 
mitochondrial respiration in heart muscle and neurons. There are evidences that in some 
cancers MI is rearranged due to downregulation of MtCK (Eimre, Paju et al. 2008; Patra, 
Bera et al. 2008; Amamoto, Uchiumi et al. 2016). Therefore, in N2a cells and HCC the role 
of MtCK in cancer formation was investigated. Firstly, enzyme activity study was 
performed. Table 1 data show that the total CK activity in N2a cells is 40% lower than in 
normal neurons (dN2a). Similar result was found for HCC. During colon cancer formation 
CK activity decreased around 60% (Table 1). 

Next, MtCK expression and its functional coupling with OXPHOS were examined. 
The respirometry method was performed in the presence of PK-PEP system to study 
functional coupling between MtCK and OXPHOS. Figure 13 shows that addition of Cr does 
not increase mitochondrial respiration in both uN2a and dN2a cells. The same protocol 
was used for HCC and normal colon tissue (Figure 15). In colon tissue increased OXPHOS 
rate was observed after addition of Cr. The 60 % of Cr mediated respiration in colon tissue 
was formed from ADP-dependent respiration. In contrast to normal tissue, Cr-stimulated 
mitochondrial respiration in HCC was not observed. The quantitative RT-PCR study 
(Figure 12) showed that absence of functional coupling between MtCK and mitochondria 
in HCC was due to downregulation of CKMT1 gene (uMtCK).  

Previous CK knockout mice study has demonstrated plasticity of 
phosphotransfer networks: in heart muscle absence of MtCK can be compensated by AK 
phosphotransfer network. Our current study demonstrated that both uN2a and dN2a 
possessed high AK activity and during RA-treatment AK activity was increased only 
slightly (Table 1). Moreover, in contrast to CK network, around 40 % higher AK activity 
observed in HCC compared to normal colon tissue (Table 1). To research AK function in 
cancer formation and to estimate distribution of AK1 and AK2 in health and malignant 
cells in this thesis a new respirometry method was developed. 
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Figure 15. Creatine dependent respiration in Colorectal cancer and control normal tissue 
which mediated by mitochondrial creatine kinase (MtCK) coupling with OXPHOS. 
Experiment was performed in medium B in the presence of mitochondrial respiration 
substrate succinate 10 mM, malate 2 mM and glutamate 5 mM. Addition of 0.2 mM 
MgATP increased circulation of ADP in mitochondria and cytosol due to activation of 
MgATPases reaction. To remove extramitochondrial ADP pyruvate kinase (PYK) 30U with 
phosphoenol pyruvate 5 mM was used. In this condition Cr stimulate mitochondrial 
respiration via activation of MtCK. Finally, addition of 2 mM ADP mitochondrial 
respiration was reached to near maximal level. Bars are SEM, N=8. 
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6.3 Semi-quantitative respirometry method to quantify AK1 and 
AK2 distribution in health and disease 

6.3.1 Application of respirometry method to estimate changes in AK 
network during malignant transformation of Breast and Colorectal 
cancer 

To estimate AK coupling with OXPHOS in post-operative HBC and HCC samples the 
corresponding protocol (Figure 16) was applied. In permeabilized HCC sample addition 
of 0.1 mM ATP slightly raised ADP circulation between mitochondria and ATPases 
(Scheme 1 C) as a result mitochondrial respiration increased (Figure 16). Next, addition 
of 2 mM AMP activated both AK1 (cytosolic) and AK2 (mitochondrial) which leaded to 
significant increase of OXPHOS rate (~40 %). AMP-dependent respiration was inhibited 
by AK specific inhibitor AP5A (0.2 mM). The intactness of both mitochondrial membranes 
was controlled by cyt c (8µM) and CAT (1µM). The same protocol was performed with 
control colon tissue and breast tissue.  

Figure 16. Represented oxygraphy tracing to estimate adenylate kinase coupling with 
OXPHOS in post-operative sample. Experiment was performed in Mitomedium-B in the 
presence of mitochondria respiration substrate succinate 10 mM, glutamate 5 mM and 
malate 2 mM. AMP dependent respiration was activated with 2 mM AMP in the presence 
of 0.1 mM ATP. To confirm AK coupled respiration an AK specific inhibitor AP5A 0.2 mM 
was used. Moreover, intactness of mitochondrial outer membrane was confirmed by 
Cytochrome c (Cyt c) (8µM) as well as mitochondrial inner membrane intactness was 
confirmed by carboxyatractyloside (CAT) (1µM). From (Chekulayev, Mado et al. 2015) 
with permission. 
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To estimate functional coupling of AK with OXPHOS, IAKtotal was calculated (see Material 
and Methods). For healthy colon tissue, IAKtotal was 0.28±0.04 and during colorectal 
malignant transformation AK activated respiration increased 1.5 times (IAKtotal=0.51±0.02) 
(Figure 17). For normal breast tissue, no any mitochondrial response for mitochondrial 
respiration substrates and different nucleotide was observed. Therefore, only total AK 
activity between normal breast tissue and HBC was compared. Table 3 shows that during 
breast cancer formation the total AK activity increased ~6 times whereas AK1 remain as 
main AK isoform. In addition, for HBC IAKtotal was also calculated (0.37±0.06) (Figure 17). 
If compare HCB result with HCC data, then in HBC IAKtotal is 1.35 times lower than HCC. 
These respirometry data correlate well with total AK activity in HBC, normal colon tissue 
and HCC tissue (Figure 17). 

 

Figure 17. Assessment of adenylate kinase (AK) functional coupling with OXPHOS in 
normal colon tissue, breast and colorectal cancer expressed by adenylate kinase index. 
The Adenylate kinase index value for all tissue samples was compared with their total AK 
activity. Black bars indicate AK coupling strength with OXPHOS expressed by Adenylate 
kinase index. White bars indicate AK activity. Bars are SEM, N=6-11;* and **indicate a 
statistical significant difference between the mean values; p <0.05 and p <0.001, 
respectively. 
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6.3.2 Mitochondrial respiration in rat liver is controlled by adenylate kinase 2 

The main isoform of adenylate kinase in a rat liver is AK2 (Noma 2005). Figure 18 
represents original protocol to study AK2 coupling with OXPHOS on isolated 
mitochondria. The mitochondrial respiration was activated by 2 mM AMP in the presence 
of 0.1 mM ATP, as a result, OXPHOS rate was increased ~8 times. Due to AK2 functional 
coupling with OXPHOS two molecules of ADP, produced via AK2 reaction, directly 
transfer through ANT into the mitochondria matrix (Figure 7A). Moreover, cyt c and CAT 
test were performed on isolated liver mitochondria to control mitochondrial inner and 
outer membrane intactness (Figure 18A). Next, AMP dependent respiration was 
measured in the presence of PK-PEP system (Figure 18B) under same condition as in 
Figure 18A with an exception: 2 mM ATP was used instead of 0.1 mM ATP. Under such 
condition 80 % of ADP, produced via AK2 reaction, was trapped by PK due to the high 
permeability of VDAC for adenine nucleotides (Figure 7B). In the presence of PK-PEP 
system AMP dependent respiration was not exceeded more than 20 % of the maximal 
respiration (Figure 18B). Figure 18B represents which part of ADP (AK2-generated) 
reached to mitochondrial space due to AK2 coupling with OXPHOS. The AK2 coupling 
with OXPHOS was confirmed by AP5A which inhibited AMP-dependent respiration back 
to the initial level. Moreover, ADP dependent respiration was also measured in isolated 
liver mitochondria. It was found that the same level of maximal respiration was obtained 
with ADP and AMP (Table 2). 

Table 2. Rates of basal (Vo), ADP (VADP)- and AMP (VAMP)-activated respiration, respiratory 
control index (RCI) and apparent Km (AMP) values for human breast cancer tissue, 
isolated rat liver mitochondria and cardiomyocytes (CMs) as well as some tumor cells of 
different histological type. 

Cells and 
tissues 

Vo(a) 
 mean ± SEM 

VADP
(b) 

mean ± SEM 
RCI(b), ADP 

VAMP
(c) 

mean ± SEM 
Km (AMP) 

mean ± SEM 

Mitochondria 4.75 ± 0.44 42.4 ± 4.06 8.88 ± 0.72 41.5 ± 6.3 23.5 ± 6.9 
Rat CM(s) 7.5 ± 1.6(d) 84.5 ±13.9(d) 11.2 ±4.2(d) 88.1 ± 2.7 369 ± 88 
HL-1 cells 1.91 ± 0.8 9.12 ± 2.3 4.51 ± 0.63 2.9 ± 0.2 67 ± 9.3 

uN2a cells 3.38 ± 0.12 11.0 ± 0.43 3.28 ± 0.05 7.2 ± 0.40 92 ± 14 

dN2a cells 4.07 ± 0.46 12.05 ± 1.06 3.13 ± 0.16 6.8 ± 0.5 207 ± 24 

Breast cancer 0.56 ± 0.04(f) 
1.09 ± 0.04 

(g) (range, 
0.10-2.02) (f) 

1.95 ± 0.21 

0.72±0,07(g) 
(range, 

0.59-1.03) 
- 

Breast control 
tissue 0.02 ± 0.01(f) - - - - 

Notes: (a)rates of O2 consumption are expressed in nmol O2/min per mg protein; (b)VADP 
and RCI values were measured in the presence of 2 mM ADP; (c) these values were 
obtained in the presence of 2 mM AMP; (d)from (Timohhina, Guzun et al. 2009); (f)from 
(Kaambre, Chekulayev et al. 2012);(g) rates of respiration in nmol O2/min per mg dry 
weight of the tissue. 
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Figure 18. Oxygraphic analysis of the functional coupling between AK2 and OXPHOS (A) 
in the absent and (B) in the presence of PK-PEP system in isolated liver mitochondria. 
Experiment was performed in Mitomedium-B in the presence of mitochondria respiration 
glutamate 5 mM and malate 2 mM and PEP 5mM (A) The Mitochondrial respiration was 
activated by 2 mM AMP in the presence of 0.1 mM ATP as a result OXPHOS rate increased 
8 times. The intactness of mitochondrial membrane was controlled by cytochrome c and 
carboxyatractyloside (CAT) test. (B) Addition of 2mM ATP to isolate mitochondria 
activated ATPases as a result OXPHOS rate increased due to raised ADP circulation in 
mitochondria. Then most of ADP was trapped by PK-PEP system. Moreover, PK-PEP 
system trapped also ADP which released via AK2 catalyzed reaction and therefore after 
addition of 2 mM AMP the OXPHOS rate did not exceeded more than 20 % of the maximal 
rate (A). The presence of AK2 activity was confirmed by addition of 0.2 mM diadenosine 
pentaphosphate (AP5A). Blue line – O2 concentration, red – rates of O2 consumption. PK- 
pyruvate kinase; PEP- phosphoenol pyruvate. 
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6.3.3 AK1 and AK2 distribution in normal and cancer cells 

We hypothesized that the sensitivity of the proposed respirometry method could be 
applied at the cellular level to measure the distribution of AK1 and AK2 in normal and 
cancer cells. The method based on vector ligand conduction model (Figure 2) where 
precise communication between ATP consumption and ATP production site is provided 
by phosphotransfer network. For this purpose, a broad panel of normal and cancer cells 
with known and unknown AK network enzymes expression profile cells were studied. 

Firstly, respiratory analysis was performed on known AK network enzymes 
expression profile cells (Tanabe, Yamada et al. 1993; Eimre, Paju et al. 2008): rat heart 
CM(s) and in HL-1 tumor cells of the cardiac origin. For CM and HL-1 cells basic respiration 
parameters were determinated: Vo and maximal AMP- and ADP-activated respiration 
(VAMP, VADP), as well as RCI (Table 2). Among the studied cells, adult rat CM(s) were 
characterized by the highest VADP and RCI values. It is important to emphasize that in 
cardiomyocytes VADP was at a similar level as VAMP. Although HL-1 cardiac sarcoma cells 
have relatively high rates of mitochondrial respiration, their VADP values were nearly 10 
times lower as compared to normal CM(s). Moreover, HL-1 cells had also diminished VAMP 
compare to VADP. These data (Table 2) indicate that AK expression may be decreased in 
HL-1 cells as compare to CM. Nevertheless, it is not clear how exactly the AK profile 
changes in cardiac sarcoma cells. This question can be addressed to the respiratory 
protocol illustrated in Figure 7C and 7D where PK-PEP system is used. 

In permeabilized CM and HL-1 cells, the addition of AMP and ATP activated both 
AK1 and AK2 (Figure 7C), as a result, O2 consumption was significantly increased (VAMP) 
(Figure 19). Subsequent addition of PK to the assay systems (Figure 7D) decreased the 
rates of O2 consumption (VPK) (Figure 19), since the added PK removes efficiently extra-
mitochondrially generated ADP which is generated by AK1 and MgATPases (Figure 7D), 
as well as intra-mitochondrially generated ADP which not coupled to respiration and 
escaping from mitochondria. 10 IU of PK was sufficient to trap all ADP available in the 
bulk phase of the cytoplasm. Residual respiration is associated with AK2 fully coupled 
with OXPHOS. Remain AMP-dependent respiration was inhibited back to V0 by AP5A 
(Figure 19). According to the respirometry protocol (Figure 19) for CM and HL-1 cells, AK 
indexes (IAK1 and IAK2) were calculated (Figure 20A and see also Material and Methods). 
The IAK1 and IAK2 expressed distribution of AK1 and AK2 in cells. The respirometric analysis 
was compared with standard AK assay data (Table 3). Both, respirometry method and AK 
activity assay, demonstrated that AK1 is predominantly expressed in CM, whereas HL-1 
cardiac tumor cells have decreased VAMP , which is associated with downregulation of 
AK1 (Figure 20A and Table 3). Figure 20A and Table 3 also revealed that heart muscle 
carcinogenesis shifts AK profile from AK1 to AK2.  
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Figure 19. Analytical protocol to semi-quantify AK1 and AK2 distribution in permeabilized 
rat cardiomyocytes (A) and (B) HL-1 tumor cells. The protocol based on these isoenzymes 
coupling with OXPHOS. Experiment was performed in Mitomedium-B in the presence of 
mitochondria respiration succinate 10mM (for CM succinate was not used) glutamate 5 
mM and malate 2 mM and PEP 5mM. Addition of AMP in the presence of ATP increases 
mitochondrial respiration due to activation of AK1 and AK2. Subsequent addition of 
pyruvate kinase (PK) decreases O2 consumption since PK removes efficiently extra-
mitochondrially generated ADP from AK1 and MgATPases. Remaining respiration is 
associated with AK2 coupling with OXPHOS. The functional coupling between AK2 and 
mitochondrial respiration was confirmed by addition of diadenosine pentaphosphate 
(AP5A) which decreased respiration back to the basal respiration. Finally, 
carboxyatractyloside (CAT) was added in order to control mitochondrial inner membrane 
intactness. Blue line – O2 concentration, red – rates of O2 consumption. 
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Figure 20. Application of a pyruvate kinase (PK)–phosphoenolpyruvate (PEP) protocol for 
determination of the presence of cytosolic (AK1) and mitochondrial (AK2) isoforms in one 
sample: (a) rat cardiomyocytes and HL-1 cardiac sarcoma cells; (b) undifferentiated and 
retinoic acid differentiated N2a cells (uN2a and dN2a, respectively). The presence of AK1 
and AK2 in studied material can be quantified as the adenylate kinase index (IAK) which 
reflects AK1 and AK2 distribution in normal and cancer cells; the value of IAK for AK1 and 
AK2 can be calculated as indicated in the corresponding section of “Materials and 
methods”. On these charts, bars are SEM, N=5 

The same protocol (Figure19) was applied to examine effect of RA on AK 
isoenzymes distribution during N2a cells differentiation towards neuron cells (dN2a). The 
respirometry study and AK activity assay demonstrated that RA had no effect on the 
profile of AK1 and coupled AK2 activities in these NB cell (Figure 20B). Nevertheless, 
slight diminishing in the total AK activity during NB cell differentiation was observed 
(Table 3).  
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Table 3. The activity of adenylate kinase (AK) in human breast cancer tissue, adult rat 
cardiomyocytes (CMs), and some tumor cells of different histological type along with 
corresponding adenylate kinase indexes (IAK). 

Cells and 
tissues 

Total activity, 
mU/mg protein* 

AK1, 
mU/mg protein 

AK2, 
mU/mg protein 

IAK1, 
% 

IAK2, % 

Rat CM(s) 2493 ± 113; N = 5 2394 ± 102 
(96%**) 

99 ± 18 (4%**) 80 20 

HL-1 cells 311 ± 10; N = 5 174 ± 9 (56%) 137 ± 2 (44%) 37 63 

uN2a cells 245 ± 12; N = 5 136 ± 9 (56%) 109 ± 8 (44%) 53 47 
dN2a cells 172 ± 15; N = 5 81 ± 10 (47%) 91 ± 8 (53%) 39 61 
Breast 
cancer 290 ± 89; N = 6 208 ± 64 (69%) 82 ± 15 (31%) - - 

Non-tumor 
tissue 53 ± 5; N = 6 42 ± 4 (80%) 11 ± 2 (20%) - - 

Notes: *all data presented in the Table 2 are mean values ± SEM from at least 5 
independent experiments; ** % from the total AK activity; uN2a and dN2a are 
undifferentiated and retinoic acid differentiated N2a cells, respectively; CM- 
cardiomyocytes. 

6.3.4 Application of respirometry method to research mitochondrial outer 
membrane permeability for AMP 

In a previous study, Gellerich et al. (Gellerich 1992) showed that PEP-PK could be used to 
examine the affinity of mitochondria for exogenously added AMP. However, the roles of 
AK2 in the regulation of OXPHOS and MOM permeability for AMP have remained unclear. 
Therefore, we applied the PK-PEP respirometry protocol (Figure 21) to determine 
mitochondrial affinity for AMP. The method is based on AK2 coupling with OXPHOS. 
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Figure 21. .Repirometry protocol to determinate apparent Km(AMP) value (A) for rat liver 
mitochondria and (B) for rat heart muscle fiber. Samples were incubated in Medium B in 
the presence of mitochondria respiration substarte 2 mM malate and 5 mM glutamate 
as well as PK-PEP system and 0.1 mM ATP (for rat heart fiber 2 mM ATP), the rates of O2 
consumption were recorded after a step-wise addition of AMP. Blue line – O2 
concentration, red – rates of O2 consumption. PK- pyruvate kinase; PEP- phosphoenol 
pyruvate. -  

A 

B 
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Respirometry study showed that isolated liver mitochondria had high affinity for 
AMP (Km for AMP was 23.5 ± 6.9 μM). This value is close to the affinity of isolated AK2 
enzyme for AMP (Km ≤ 10 μM) (Dzeja and Terzic 2009). However, in permeabilized adult 
rat heart muscle fibers and tumor cells, Km (AMP) values were significantly higher and 
seem to depend on their proliferation and differentiation status. Non-proliferating 
highly-differentiated adult rat heart muscle have the highest Km value (369 ± 88 μM) 
(Figure 22B) for exogenously-added AMP, whereas the Km values found for rapidly-
proliferating HL-1 cardiac sarcoma and NB cells were at least 4 times lower (Figure 22B 
and C). At the same time RA not only decreased proliferation rate in N2a cells, but also 
decreased MOM permeability for AMP (Figure 9 and 22C).  

In resting muscle, cellular AMP concentration is ~10 μM, while during muscle 
contraction AMP concentration increases up to 100 μM (Plaideau, Lai et al. 2014). Since 
our data for heart muscle and dN2a cells suggest an apparent Km(AMP) that is several 
times higher than the physiological AMP concentration, we became interested in 
reactions that could compete for the AMP substrate, such as AMPD (Figure 3). On the 
contrary to apparent Km(AMP) (Figure 22), the total AMPD activity was found 2.5 times 
higher in tumor HL-1 and uN2a cells compared to normal CM and dN2a cells (Table 4). 

Table 4. The activity of AMP deaminase (AMPD) in differentiated neuron and adult rat 
cardiomyocytes (CM) cells and appropriate cancer cells. 
Notes: *P< 0.001 vs Rat CM(s), **P< 0.001 vs dN2a cells; uN2a and dN2a are 
undifferentiated and retinoic acid differentiated N2a cells, respectively; CM- 
cardiomyocytes. 

  

Enzyme activities, 
mU(s)/mg protein 

HL-1 cells 
mean ± SEM, 

N=3 

Rat CM(s) 
mean ± SEM, 

N=3 

uN2a cells 
mean ± SEM, 

N=3 

dN2a cells 
mean ± 

SEM, N=3 
AMPD 40.1 ± 2.6 * 16.4 ± 0.4 36.0 ± 1.7 ** 15.1 ± 1.3 
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Figure 22. Kinetic analysis of regulation of the AMP-activated respiration in (A) isolated 
rat liver mitochondria, (B) for skinned rat heart myocytes and HL-1 cardiac tumor cells as 
well as (C) for undifferentiated or retinoic acid differentiated murine neuroblastoma cells; 
uN2a and dN2a, respectively. The corresponding apparent Michaelis-Menten constant 
(Km) values for exogenously-added AMP were determined. These measurements were 
performed in the presence of a PEP-PK system, bars are SEM, N=5. PK- pyruvate kinase; 
PEP- phosphoenol pyruvate.   
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Discussion 

In our studies, RA-treated N2a cells served as an in vitro model of normal neural cells. In 
N2a cells several morphological and metabolic changes were observed during NB cell 
differentiation towards SNS neurons. As a result, strong neurite outgrowth and cell 
hypertrophy in cells take place. In dN2a cells mitochondria are not only located in 
neuronal body, but also a significant part of mitochondria are located in neurites. The 
current study, and a study by Blanco et al. (Blanco, Lopez Camelo et al. 2001), found that 
RA causes cellular arrest in N2a cells. Moreover, RA also induced increase of AChE activity 
in N2a cells. Similar effects of RA on the activity of AChE in N2a cells have also been 
observed in other laboratories (Sato, Matsuda et al. 2002). Altogether, the dN2a cells are 
more similar to cholinergic neurons, based on their morphological and biochemical 
parameters 

According to the literature, human high-risk NB is considered a highly glycolytic 
tumor (Feichtinger, Zimmermann et al. 2010; Levy, Zage et al. 2012). Nevertheless, the 
current study showed that considerable ATP amount is produced via OXPHOS in N2a 
cells. There is evidence that in metastatic NB cells HK2 is overexpressed (Botzer, Maman 
et al. 2016). Therefore, in the N2a cells, HK2 coupling with OXPHOS according to 
Warburg-Pedersen model (Pedersen 2007), was studied. Although, in uN2a cells the total 
HK activity was found to be 40 % lower than in dN2a, the aerobic glycolysis was higher in 
cancer cells. Altogether, our study supports the view that NB cells mainly produce ATP 
via aerobic glycolysis. Increased aerobic glycolysis in N2a cells may be associated with 
the fact that most HK2 is bound with VDAC, where OXPHOS supports their high glycolytic 
rate. Opel et al. (Opel, Poremba et al. 2007) have indicated that activation of Akt 
correlates with poor prognosis in primary neuroblastoma in vivo and with apoptosis 
resistance in vitro. It was shown that HK-2 phosphorylation with Akt increased HK binding 
with VDAC, which contributed to cancer cell resistance to apoptosis (Majewski, Nogueira 
et al. 2004). 

The cytosolic CK-BB was found overexpressed in several tumors (Zarghami, Yu 
et al. 1995). The CK-BB is the main CK isoform in human NB, where serum CK-BB levels 
have been proposed to be the prognostic markers (Ishiguro, Kato et al. 1990). Our study 
showed that RA elevated CK activity in N2a cells might be associated with raised CKB 
expression. Similar results have been published by Wilson et al. (Wilson, Shen et al. 
1997), where they demonstrated that NB had low CK-BB expression, compared to rat 
brain neurons or cultured primary astrocytes. The current oxygraphic experiments 
showed that in both uN2a and dN2a the uMtCK might be absent or not active. A further 
study is needed to confirm this assumption.  

According to the literature, cell metabolism shifts from OXPHOS to aerobic 
glycolysis during HCC malignant transformation (Donohoe, Collins et al. 2012). For colon 
tissue the main energy and carbon source are short-fatty acids (butyrate, propionic acid), 
however tumors utilize glucose and glutamine, as the main provider of energy and 
carbon for the biosynthetic processes (Zhdanov, Waters et al. 2014). In the current study 
we have found that mitochondria have important roles in HCC formation. Tumor cells 
have higher OXPOS rate, which is associated with increased mitochondrial mass, 
compared to normal tissue. In our previous article, the OXPHOS rate was proposed, as a 
prognostic parameter for HCC patients (Koit, Shevchuk et al. 2017). Elevated 
mitochondrial mass in tumor cells may be related to cancer cell adaptation to the 
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microenvironment, as well as for supporting cancer cell high glycolytic rate. Although the 
current work did not find any difference in HK activity, the aerobic glycolysis was higher 
in HCC compare to normal colon tissue. There is evidence that in colorectal cancer 
akt/mTOR pathway plays a critical role in cancer cell resistance to apoptosis 
(Ponnurangam, Standing et al. 2013). Akt facilities HK binding on VDAC by 
phosphorylation of HK (Majewski, Nogueira et al. 2004). The HK binding on VDAC on one 
hand protects cancer cells against apoptosis, and on the other hand this complex 
formation supports cancer cell high glycolytic rate. Further study is needed to find which 
HK isoform binds on VDAC in HCC. 

The CK network plays one of the key roles in production of PCr and maintaining 
the energy homeostasis, not only in muscle cells, but also in normal colonocytes 
(Kitzenberg, Colgan et al. 2016). Our studies showed that during colon carcinogenesis 
total CK activity was strongly decreased, which was associated with downregulation of 
uMtCK in HCC. Furthermore, we found a correlation between uMtCK expression levels 
and Cr-stimulated respiration: high expression level with high Cr-stimulated respiration 
in colon tissue and diminished expression level and absence of Cr-stimulated respiration 
in HCC. Similar correlation between sMtCK level and it functional coupling with OXPHOS 
was also observed in slow and fast twitch muscle (Varikmaa, Bagur et al. 2014). 
Furthermore, it was suggested that the downregulation of CK-BB in HCC cells may play 
an important role in the tumor progression (Mooney, Rajagopalan et al. 2011). 
Interestingly, in HCC unusual localization of CK-BB was found. The CK-BB is usually 
located in the cytosol, but during cancer formation it moves to the nucleus. Recently, Loo 
et al. (Loo, Scherl et al. 2015) demonstrated on mouse models, that extracellular CK-BB 
can promote HCC cells to metastasize towards the liver. 

Differences in regulation of VDAC permeability for ADP between normal colon 
tissue and HCC, as well N2a cells and synaptosome (Monge, Beraud et al. 2008), may be 
related to the presence of MI key enzyme MtCK in normal colon tissue and brain neurons, 
and absence of this enzyme in HCC and N2a cells. Our previous studies and the current 
study have shown that in colorectal cancer, NB cells and cardiac sarcoma cells (Eimre, 
Paju et al. 2008) the apparent Km of ADP is much lower compared to the normal tissue 
due to absence of MtCK. Study on MtCK knockout mice confirms this assumption. It was 
found that knockout of MtCK in heart muscle increased permeability of MOM for ADP 
2.5 times (Kaasik, Veksler et al. 2001). Furthermore, there is evidence that in some 
cancers, like breast cancer (Qian, Li et al. 2012), liver cancer (Uranbileg, Enooku et al. 
2014) and gastric cancer MtCK are overexpressed. In breast cancer and gastric cancer 
overexpression of MI key component MtCK, which also functionally coupled with 
OXPHOS correlates with decreased permeability of VDAC for ADP (Gruno, Peet et al. 
2006; Kaambre, Chekulayev et al. 2012). Furthermore, in gastric cancer, addition of Cr 
affected mitochondrial affinity for ADP, similarly to cardiac and skeletal muscles, as well 
as brain neurons, was observed (Gruno, Peet et al. 2006; Monge, Beraud et al. 2008; 
Varikmaa, Bagur et al. 2014).  

In the present study, we showed that in NB cells and HCC the MtCK were 
downregulated. Dzeja et al. have demonstrated that the phosphotransfer network is 
highly flexible and the absence of the CK network can be compensated by the AK network 
(Dzeja, Terzic et al. 2004). Therefore, the semi-quantitative respirometric method was 
developed, to estimate distribution of AK1/AK2 in permeabilized mammalian cells or 
tissues. The method is based on measurements of AMP-stimulated respiration rates 
catalyzed by AK delivering ADP to OXPHOS, where cytosolic ADP is trapped by the PK-PEP 
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system. AK2 and AK1 dependent respiration can be distinguished due to AK2 being 
strongly coupled and AK1 being less coupled with mitochondrial respiration. The main 
advantage of this method is its capacity to estimate the relative ratio of AK1 and AK2 
activities in one sample without extraction of cellular protein(s). Furthermore, in 
presence of the PK-PEP system, the method can determine permeability of MOM for 
exogenous AMP. However, the method is not able to distinct AK1 and AK2 dependent 
respiration in cells with poor mitochondrial respiration (RCI<2.5). 

Our current work and a previous study (Kaambre, Chekulayev et al. 2012) 
showed that post-operative samples have low mitochondrial respiration (RCI<2.5). 
Therefore, for those cases only total AK mediated respiration was measured (without PK-
PEP system). Nice correlation between AK stimulated rate and total AK activity was found 
for HCC and HCB, as well as normal colon. We also demonstrated that elevated AK 
activity in HBC was associated with increased levels of both AK isoforms AK1 and AK2. A 
recent study has shown that the AK2 expression level is dependent on the ER receptor 
status in breast cancer. Namely, the AK2 is overexpressed in ER-receptor negative breast 
cancer, such as the highly aggressive triple-negative breast cancer (Speers, Tsimelzon et 
al. 2009). In our previous study weak coupling between MtCK and OXPHOS was observed 
in HBC (Kaambre, Chekulayev et al. 2012). Recently, a similar study has been performed 
on gastric cancer where it has been found that in HBC both phosphotransfer CK and AK 
networks are active in this tumor type (Gruno, Peet et al. 2006). Thus, according to the 
bioenergetic profile, the HBC looks more like gastric cancer than HCC. 

AK1 is predominantly expressed in cells and organs with a high energy 
consumption, but with low proliferation rates (such as CM(s) and mature neural cells), 
while AK2 expression is rather pronounced in rapidly proliferating cells (Tanabe, Yamada 
et al. 1993). Indeed, our current study showed that fully-differentiated CM(s) had high 
activity of AK1 and minor levels of AK2, whereas in poorly-differentiated rapidly 
proliferating neuroblastoma cells (N2a line) and in cardiac sarcoma cells HL-1 cells, the 
main AK isoform was AK2. Furthermore, proteomics studies have also revealed the up-
regulation of AK2 in human prostate (Lam, Yuan et al. 2010), pancreatic cancer cells (Liu, 
Zhang et al. 2010) and embryonal carcinoma cells (Ounpuu, Klepinin et al. 2017). In 
several tumors the AK2 up-regulation may be associated with the loss of mitochondrial 
creatine kinase (Eimre, Paju et al. 2008; Patra, Bera et al. 2008; Kaldma, Klepinin et al. 
2014; Ounpuu, Klepinin et al. 2017). Although, this would suggest that AK2 should be a 
target for antitumor therapy, literature data on its association with tumor progression 
has remained contradictory. There is evidence that AK2 may be rather a negative 
regulator of tumor growth. AK2 interacts with nuclear dual-specificity phosphatase 26 
and this protein complex dephosphorylates fas-associated protein with death domain 
resulting in suppression of cell growth (Kim, Lee et al. 2014). 

During the last decade a new cancer treatment target has been proposed for 
cancer stem cells (CSC). The CSC share self-renewal properties with normal stem cells 
(Shackleton 2010). Under normal circumstances AK2 can promote cell proliferation, and 
full AK2 deletion (AK2−/−) in mice is embryonically lethal (Zhang, Nemutlu et al. 2010). 
Comparative analysis between embryonic stem cells and embryonic carcinoma cells have 
demonstrated that AK2 is up regulated in CSC (Ounpuu, Klepinin et al. 2017). Moreover, 
a cell surface oncoproteomic study revealed that overexpression of AK2 in murine 
teratoma cells, induced their inclination to metastasize (Roesli, Borgia et al. 2009). Our 
study showed that N2a cells have high AK2 levels, which may be related to the fact that 
NB cells have numerous CSC (Ross and Spengler 2007). Up-regulation of AK pathway has 
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also been observed in breast and colon CSC (Lamb, Bonuccelli et al. 2015; Ji, Yang et al. 
2017). Therefore, AK2 and other AK isoforms could be the new cancer therapy targets in 
order to eliminate CSC. 

In the current work we demonstrated that the AK pathway was up-regulated in 
HCC and HCB. This may be associated with increased AK6 (known as Human coilin-
interacting nuclear ATPase protein) expression in those malignant cells (Bai, Zhang et al. 
2016; Ji, Yang et al. 2017). It has found that AK6 is highly expressed in cancer and 
correlates with patients’ worse outcomes (Bai, Zhang et al. 2016). Interestingly, in normal 
cells AK6 is located in nucleus where it participates in rRNA processing but during colon 
and breast tissue malignant transformation, part of AK6 enzyme is moved into cytosol 
(Bai, Zhang et al. 2016; Ji, Yang et al. 2017). Inhibition of AK6 leads to disruption of 
malignant cells inclination to metastasize, reduction of cellular tumorigenesis, while CSC 
lose their self-renewal properties and suppression of mRNA translation occurs (Bai, 
Zhang et al. 2016; Ji, Yang et al. 2017). Furthermore, in colon CSC, the Warburg effect is 
promoted by regulation of lactate dehydrogenase A (LDHA) activity, where its activity 
depends on posttranslational modification. AK6 can directly bind with LDHA and facilitate 
the glycolytic pathway via phosphorylation of LDHA C-terminal at 10 tyrosine (Ji, Yang et 
al. 2017). Interestingly, AK2 can also support high aerobic glycolysis in cancer. Namely, in 
hepatomas mitochondrial HK uses predominantly ATP, which is provided by AK2 (Nelson 
and Kabir 1985). Altogether, AK2 and AK6 are potent modulators, which can remodel 
cellular metabolism during malignant transformation. 

The loss of AMPK activation is proposed to promote the development of 
malignancy, therefore AMPK behaves as a tumor suppressor (Liang and Mills 2013). 
Retrospective analysis has revealed that AMPK expression and activation status correlate 
with patients’ prognosis (Cheng, Shuai et al. 2016). In the main upstream activator LKB1 
gene was found mutated in several cancer (Zhao and Xu 2014). There is an allosteric 
pathway to activate AMPK. In stressful situations the AK pathway is activated and as a 
result intracellular AMP levels are rapidly elevated, which allosterically activates AMPK. 
In normal cells AK with AMPK together regulate cell AMP signaling response. It has been 
found that the well-known anti-diabetic drug metformin, can prevent cancer formation 
(Kasznicki, Sliwinska et al. 2014). Hardie et al have proposed that metformin acts through 
the AMP-AK-AMPK signaling pathway (Hardie 2013). According to the current study data, 
we hypothesis the mechanism by which poorly differentiated cancer cells can prevent 
AMPK activation: via up-regulation of AK2 and mitochondria high affinity for AMP. Due 
to AK2 high affinity for AMP and unique cellular localization (Dzeja and Terzic 2009)(a 
bottleneck between cytosol and mitochondria matrix compartment) most of the AMP 
which reaches the mitochondrial intermembrane space, is immediately converted to 
ADP. Moreover, we found that poorly differentiated cancer cells have increased 
mitochondrial affinity for AMP, and together with AK2 overexpression, they can prevent 
tumor suppressing action of AMPK. Further studies will be required to identify the 
underlying molecular mechanisms of the AK-AMP-AMPK signaling pathway in cancer. 

The AMPD is an alternative pathway to diminish intracellular AMP signaling. The 
highest expression of AMPD was found in muscle where the main isoform was AMPD1. 
Other tissues have much lower activity of AMPD. AMPD2 is predominant in non-muscle 
tissues, and AMPD3 is found in erythrocytes (Plaideau, Liu et al. 2012). Plaideau et al. 
showed pharmacological inhibition of AMPD or AMPD1 deletion in muscle increased 
nucleotide level especially AMP (Plaideau, Lai et al. 2014). Our work suggested that in 
cardiac sarcoma cells AMPD activity was 6 times higher than previously reported for 
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mouse heart muscle (Rybakowska, Slominska et al. 2014). Similarly, the NB cells had 2.4 
times higher AMPD activity than the RA-treated N2a cells. There is evidence that 
inhibition or downregulation of AMPD in normal cells leads to activation of the AMPK 
pathway (Plaideau, Lai et al. 2014). Moreover, an in vitro study on muscle cells 
demonstrated that metformin can activate AMPK via inhibition of AMPD (Ouyang, 
Parakhia et al. 2011). Nevertheless, the role of AMPD in malignant cell AMP signaling has 
remained unclear. 
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Conclusion 

1. The current study demonstrated that both NB and HCC were not pure glycolytic 
tumors. Both tumor types have functional mitochondria, but HCC possess even 
higher mitochondrial mass and mitochondrial oxygen consumption rate than 
adjacent healthy colon tissue. Nevertheless, in those malignant cells, 
considerable ATP amount is produced via aerobic glycolysis, where 
mitochondria support cancer cells high glycolytic rate. Moreover, malignant 
transformation also caused rearrangement of mitochondrial permeability for 
adenine nucleotides. 

2. It was shown that the PCr/Cr shuttle plays an important role in colon tissue 
energetic homeostasis, but decreased PCr/Cr circulation occurred during 
colorectal cancer formation. Furthermore, the malignant transformation 
caused the bioenergetic shift form CK to the AK pathway. In NB cells the CK 
network has a minor role in cell energy homeostasis. Instead of CK in 
neuroblastoma cells, mitochondrial energy is transferred to cytosolic 
compartment via AK network, where the mitochondrial main kinase is AK2. 

3. In this study a simple oxygraphic method was developed to evaluate semi-
quantitative level AK1 and AK2 distribution in mammalian tissues and cultured 
cells. This method is rapid and enables to estimate AK1/AK2 in one sample. 
Moreover, the method is able to determinate changes in mitochondrial 
permeability for AMP in health and disease. The study also revealed that the 
method is not useful for samples which have poor mitochondrial respiration 
(RCI<2.5). 

4. The oxygraphic method is sensitive enough to study the AK network also on 
tumor biopsies. This work revealed that the AK pathway was up-regulated in 
HCC, but also in HBC samples. 

5. The mitochondrial kinase AK2 is expressed predominantly in poorly 
differentiated cells with high proliferative index. In addition, we also found 
strong differences between highly-differentiated and tumor cells in the affinity 
of their mitochondrial respiration for exogenous AMP. 

6. Finally, we hypothesized that poorly differentiated cancer cells can avoid AK-
AMP-AMPK signaling pathway activation via up-regulation of AK2 and changes 
of mitochondrial affinity for AMP.  
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Abstract 

Both adenylate (AK) and creatine kinase (CK) networks play important roles in cellular 
energy metabolism of fully-differentiated cells. Under poor-energy supply conditions 
AK(s) also mediate intracellular AMP signaling via activation of the energy-sensing AMP-
activated protein kinase (AMPK). It has been found that AMPK behaves as a tumor 
suppressor gene. However, the role of the AK and CK networks in cancer formation have 
remained unclear. 

The aim of this study was to analyze the kinetics of the mitochondrial 
metabolism, as well as to evaluate which changes within the interplay between the AK 
and CK networks play a role in neuroblastoma (NB), human colorectal cancer (HCC) and 
human breast cancer (HBC) formation. Experiments were performed on permeabilized 
material, including undifferentiated and differentiated NB Neuro-2a cells, as well as on 
(HBC) and (HCC) postoperative samples. 

The current study demonstrated that in NB and HCC cells a considerable amount 
of ATP is produced via aerobic glycolysis, where mitochondria oxidative phosphorylation 
linked with glycolytic pathway supports the high glycolytic rate in cancer cells. 
Mitochondrial respiration kinetic analysis revealed that the malignant transformation of 
cells caused rearrangement of mitochondrial permeability for adenine nucleotides. 

Experiments demonstrated plasticity of the phosphotransfer network in cells. If 
colon tissue cells predominantly used CK pathway to maintain cell energy homeostasis, 
then during colorectal cancer formation an energetic shift occurred from the CK to the 
AK pathway in malignant cells. The respirometric study showed that in neuroblastoma 
cells the mitochondrial energy is transferred to cytosolic compartment via AK network 
instead of the CK network. 

Furthermore, a semi-quantitative oxygraphic method was developed to 
estimate the distribution of cytosolic AK1 and mitochondrial AK2 in permeabilized cells 
and tissue samples. The method is based on AK functional coupling with mitochondrial 
oxidative phosphorylation. To differentiate AK1 and AK2 dependent respiration, the 
extra-mitochondrial ADP is eliminated by pyruvate kinase and its substrate 
phosphoenolpyruvate. 

An oxygraphic study on post-operative samples revealed that in both HCC and 
HBC the AK pathway was up-regulated. Moreover, it was found that the mitochondrial 
kinase AK2 was expressed predominantly in poorly differentiated cells with a high 
proliferative index. The up-regulation of AK2 is associated with rearrangement of 
mitochondrial affinity for AMP. 

Finally, it was hypothesized in the current study that malignant cells can avoid 
AK-AMP-AMPK intracellular signal activation and its tumor suppressor action via 
overexpression of AK2 and changes of mitochondrial affinity for AMP. 
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Lühikokkuvõte 

Adenülaat- (AK) ja kreatiinkinaas (CK, creatine kinase) energiaülekande võrgustik omab 
tähtsat rolli raku energeetilise homöostaasi säilitamises. Stressi tingimustes AK vahendab 
adenülaatkinaas AMP signaalirada, mille käigus aktiveeritakse rakusisene molekulaarne 
energiasensor AMP-aktiveeritud proteiin kinaas (AMPK). Paljud tööd on näidanud, et 
AMPK käitub nagu tuumor suppressor geen. Paraku on AK ja CK energiaülekande 
võrgustiku roll vähi tekkes jäänud siiani ebaselgeks. 

Töö eesmärk oli läbi viia mitokondri metabolismi kineetiline analüüs ja selgitada 
välja millised muutused AK ja CK energiaülekande võrgustike vastasmõjus toovad kaasa 
neuroblastoomi ja jämesoole- ning rinnavähi tekke. Uuringud viidi läbi 
permeabiliseeritud rakkudel ja kudedel: diferentseerimata ja diferentseeritud 
neuroblastoomi rakuliinil Neuro-2A, ning rinna- ja jämesoolevähi operatsioonijärgsel 
materjalil . 

Töö näitas, et neuroblastoomi ja jämesoole vähi rakkudes energiat osaliselt 
toodetakse aeroobse glükolüüsi abil. Antud vähi tüüpides on arvukalt mitokondreid, 
mille üheks funktsiooniks on toetada kõrget glükolüüsi taset neis maliigsetes rakkudes. 
Mitokondriaalse hingamise kineetiline analüüs näitas, et jämesoole ja neuroblastoomi 
mitokondri välismembraani läbitavus ADP suhtes on suur. 

Töö tulemusel saab järeldada, et rakkude energiaülekande võrgustik on paindlik. 
Kui jämesoole epiteeli rakud kasutavad pealmiselt CK energialülekande rada energia 
homöostaasi säilitamiseks, siis jämesoole epiteeli kartsinogenees toob kaasa muutusi 
raku energia metabolismis, mille käigus asendatakse CK poolt vahendatud rada AK 
rajaga, mis on väga oluline ka neuroblastoomi rakkudes . 

Töötati välja ka poolkvantitatiivne oksügraafial põhinev meetod, et välja 
selgitada tsütosoolset AK1 ja mitokondiaalset AK2 isoformide jaotus erinevates rakkudes 
ja kudedes. Antud meetod põhineb sellel, et AK poolt katalüüsitud reaktsioon on 
tugevasti sidestatud mitokondriaalse oksüdatiivse fosforüülimisega. Selleks, et 
elimineerida mitokondri välist ADP-d kasutati püruvaatkinaasi ja selle ensüümi substraati 
fosfoenoolpüruvaati.  

Meetod kontrolliti ka kasvajate operatsioonijärgsel materjalil, ning selgus, et 
antud meetod on piisaval tundlik, et uurida AK poolt vahendatud energiatransporti. 
Eksperimendid näitasid, et AK roll energia metabolismis on suurenenud jämesoole ja 
rinnavähis tekkimisel. Lisaks sellele selgus ka, et mitokondriaalne AK2 ekspresseeritakse 
eelistatult kõrge proliferatsiooni indeksiga ning diferentseerimata vähirakkudes. Neile 
rakkudele on omane ka kõrge mitokondri välismembraani läbitavus AMP suhtes. 

Lähtuvalt töö tulemustes püstitati hüpotees, et kasvajates esineb AK2 isovormi 
üleekspressioon ning suurenenud mitokondri välismembraani läbitavus AMP suhtes 
aitab ära hoida AK-AMP-AMPK signaaliraja aktivatsiooni maliigsetes rakkudes. 
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