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Review of literature 

1. Colorectal cancer  

1.1. Incidence, survival worldwide and in Estonia 
Colorectal cancer is one of the most common types of cancer in the 

world. Number of new cases all over the world has been steadily rising for 
the last 30 years. There are exceptions like USA where the number of new 
cases in colorectal cancer has been lowering since the beginning of 90s 
(Siegel, Miller et al. 2015). For 2008, it was predicted that there will be 
more than 1,2 million new colorectal cancer cases and around 600,000 
deaths (Jemal, Bray et al. 2011). In 2012, there were already 1,4 million 
new cases of colorectal cancer and 700,000 deaths worldwide (Stewart 
and Wild 2014). It is third most common cancer in men and second in 
women (Jemal, Bray et al. 2011, Dassow and Aigner 2013, Saadatian, 
Masotti et al. 2014). 

In Estonia, there is about 700 new diagnoses of colorectal cancer and 
about 400 deaths annually (Berrino, De Angelis et al. 2007, Suuroja 2009). 
 

1.2. Definition, etiology  
Colorectal cancer is tumor which develops in colon or rectum part of 
intestinal tract (Figure 1). Colorectal cancer starts developing in the inner 
part of colon lumen in the mucosa layer of colon wall from some abnormal 
cells or polyps that have become malignant. 

Large intestine is about 1,5 meters in length and 6-7 centimeters in 
diameter. It goes up from the right side (ascending colon) of the abdominal 
body cavity where it is connected to small intestine, across the top 
(transverse colon) and down (descending colon) from left side where it 
turns towards the center of body (sigmoid colon) and then turns again 
down to anus. Large intestine has almost no digestive function. Mainly, it 
absorbs water and electrolytes from the remaining chyme (Graaff 2001). 

The large intestine is made of tissue layers (Figure 2) starting with 
mucosa that is innermost colon epithelial tissue. The layer is smooth, but 
contains tubular intestinal glands (crypts of Lieberkühn) and secrets 
mucus to the lumen of large intestine to protect the colon wall and to 
lubricate it for food particles. Lamina propria has a lot of elements from 
immune system and nodules of lymphatic tissue. It is made up of 
connective tissue, plasma cells, mast cells, macrophages, eosinophils and 
lymphocytes. Muscularis propria has two types of contractions: 
segmentation, which is local and not moving the content, and peristalsis 
that moves the colon content. Submucosa and serosa is the layer 
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connecting colon wall to the other structures. Large blood and lymphatic 
vessels go through serosa layer (Michael H. Ross 2010). 

 

 
Figure 1. Distribution of sites of cancer in large bowel in United Kingdom 
((Austoker 1994), with permission). Small intestine connects with ileum to the first 
part of large intestine called caecum in the lower right side of abdomen. From 
caecum travels up ascending colon and connects to transverse colon that travels 
across the abdomen. Descending colon runs down from the left side of the 
abdomen and connects to short curvy part called sigmoid colon. Large intestine 
ends with rectum that connects to anus. 
 

 
 
Figure 2. Cross section of colon wall showing the various layers ((AJCC 2002), 
with permission). Colon tissue is composed of four main layers: mucosa, 
submucosa, muscular layer and serosa. Mucosa layer folds to increase the 
surface area and secrets mucus that lubricates and protects the surface. Muscle 
layer is composed of mainly smooth muscle that helps to move the digested 
material.  
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Genetic factors can be recognized in up to 30% of colorectal cancer 
(CRC) patients (Figure 3A) where genetic abnormality is increasing the 
risk of diagnosis (Stigliano, Sanchez-Mete et al. 2014). Also when close 
relatives have cancer then the risk to develop same type of cancer 
increases (National Research Council (US) Committee on Diet 1982, 
Health. 1989, Shike, Winawer et al. 1990) and estimate on inherited CRC 
cases is 5-15% (Papadopoulos, Nicolaides et al. 1994, Stewart and 
Kleihues 2003, Jackson-Thompson, Ahmed et al. 2006, Stigliano, 
Sanchez-Mete et al. 2014). CRC is mostly over 50 year old people’s 
disease but up to 10% can have the tumor in younger age, even in 
adolescent age (Stigliano, Sanchez-Mete et al. 2014). Diet full of animal 
fats and proteins and too low physical activity are also linked to colorectal 
cancer (Figure 3B) (Giovannucci and Willett 1994, Zhu, Gao et al. 2014). 
There is a lot of data suggesting obesity as risk factor (Schwartz and 
Yehuda-Shnaidman 2014). Some authors have even shown for the diet to 
be the cause on as much as 35% of cancer patients (Doll and Peto 1981) 
(AICR American Institute for Cancer Research and World Cancer 
Research Fund 2007). Polyps are quite common in older age but few can 
become malignant. 80% of colorectal cancers can come from polyps that 
have become malignant (Fearon and Vogelstein 1990, Jass 2007, Leggett 
and Whitehall 2010, Guarinos, Sanchez-Fortun et al. 2012). In colorectal 
cancer polyps are histologically classified as neoplastic, hyperplastic, 
hamartomatous, or inflammatory. Neoplastic polyps (also known as 
adenomatous polyps or adenomas), are the most likely to develop in to 
cancerous. 96% of colorectal cancers are adenocarcinomas (Stewart, 
Wike et al. 2006) and majority of those arise from adenomatous polyps. 
Adenomatous polyps are common and occurring in 20-40% of people 
older than 50 years of age in western world (Shussman and Wexner 2014). 
Less than 10% of adenomatous polyps become cancerous (Levine and 
Ahnen 2006). 
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Figure 3. Colon cancer cases arising in various risk settings.  A: Colon cancer risk 
factors from family history settings ((Burt 2000), with permission). B: Causes of 
cancer. Figure based on the data from Colditz ((Colditz, Wolin et al. 2012), with 
permission).  
 

Some diseases can count as risk factors to develop colorectal cancer. 
Among them on women are ovarian-, uterine and mammary gland 
cancers. 

For colorectal cancer 40% of the cases are in developed world where 
there is only 15% of world’s population (Jemal, Bray et al. 2011) this can 
mainly be associated with dietary and metabolic factors or so called 
western lifestyle (Chan and Giovannucci 2010). 
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1.3. Staging system 
Most common classification system for malignant tumors is TNM 

staging system (Table 1), which is most commonly also used for human 
colorectal cancer. Staging is used to assess how much cancer is in the 
body and where is it located. It describes the severity of the cancer, 
magnitude of the original tumor and the extent of metastasis in the 
body. Dukes staging system proposed in 1932 (Dukes 1932) and 
systems based on it have also been used but it is less detailed and is no 
longer recommended for clinical practices. TNM classification gives 
information about primary tumor (T), lymph nodes (N) and distant organ 
metastasis (M). It was developed by Pierre Denoix between 1943 and 
1952 for solid tumors. Most medical institutions are presently using 
American Joint Committee on Cancer (AJCC) Cancer Staging Manual 
to assess the severity of the tumor. 

Table 1. Abbreviations used in Tumor classification. These definitions are used 
for both clinical and pathologic staging (AJCC 2002). Primary tumor gives 
information on the tumor itself. Regional lymph nodes give information on how far 
has the tumor spread through lymph nodes and distant metastasis tells if the 
tumor has given metastasis to other tissues and organs. 

Primary Tumor (T) 
TX Primary tumor cannot be assessed 
T0 No evidence of primary tumor 

Tis Carcionoma in situ: intraepithelial or invasion of lamina 
proparia

T1 Tumor invades submucosa 
T2 Tumor invades muscularis propria 

T3 
Tumor invades through the muscularis propria into the 
subserosa, or into non-peritonealized pericolic or perirectal 
tissues 

T4 Tumor directly invades other organs or structures, and/or 
perforates visceral peritoneum 

Regional Lymph Nodes (N) 
NX Regional lymph nodes cannot be assessed 
N0 No regional lymph node metastasis 
N1 Metastasis in 1 to 3 regional lymph nodes 
N2 Metastasis in 4 or more regional lymph nodes 

Distant metastasis (M) 
MX Distant metastasis cannot be assessed 
M0 No distant metastasis 
M1 Distant metastasis 
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Colorectal cancer is divided into four stages with additional sub-
stages (AJCC 2002). 

 Stage 0: Cancer has few abnormal cells that are situated in
innermost lining of colon.

 Stage 1: Cancer starts to spread. The tumor invades submucosa
and or muscularis propria.

 Stage 2: It has three substages A, B and C. In Stage 2A the tumor
invades to pericolorectal tissue. In stage 2B the tumor penetrates
to the surface of visceral peritoneum. In stage 2C the tumor
invades other organs. In stage 2 the cancer has not spread to
lymph nodes.

 Stage 3: It has also three substages A, B and C. In Stage 3A tumor
invades submucosa or muscularis propria and gives metastasis in
up to 6 local lymph nodes. In stage 3B the tumour invades
submucosa or muscularis propria or into pericolorectal tissue. In
stage 3B the tumor can invade up to 7 or more lymph nodes but
gives no distant metastasis. In stage 3C the tumor invades into
pericolorectal tissue or other organs and gives metastasis in
regional lymph nodes.

 Stage 4: Tumor spreads to other parts of the body like liver or lungs
or other organs.

1.4. Prognosis and treatment 

Prognosis depends on the stage of the cancer. Prognosis is statistical 
value that is usually given as five-year survival rate. The rate for localized-
stage disease is 90%, for diagnosis of regional disease is 70% and for 
distant stage is 12% (Rick Alteri 2011). 

Prognosis could be much better if the cancer is discovered earlier. 
Screening can help to prevent the cancer because most cancers develop 
from adenomatous polyps and those can be detected and removed turning 
the screening. Also, if the cancer has already developed then detecting it 
at an earlier stage will help to treat it better (Levin, Lieberman et al. 2008). 

Colorectal cancer treatment is dependent on the location and stages 
of the tumor. Treatment for colon cancer can differ from rectal cancer 
treatment. The stage of the cancer is most important factor on choosing 
the treatment options. Treatments are simple polyp removal and small 
surgery to remove the tumor and surrounding tissue in stage 0 and stage 
1. In more serious cases of stage 2 chemotherapy may be added but that
depends on the exact parameters of stage 2 and usually chemotherapy is 
not needed. In stage 3 patients will receive chemotherapy and radiation 
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therapy may also be needed if the tumor is large and invading surrounding 
tissue of colon. When tumor has progressed to stage 4 and given 
metastasis then the five year survival rate decreases dramatically and all 
possible treatment options are open. This includes surgery for colon as 
well as other organs that may have metastasis such as liver or lungs. To 
increase survival and relieve symptoms chemotherapy is given. 
Chemotherapy includes experimental drugs that may have side effects but 
that may help in case of drug resistance. Also, immunological and radiation 
therapy can be used (Society 2016). 
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2. Molecular pathways and cellular metabolism in 
colorectal cancer 

2.1. Cancer development pathways 
Development of human colorectal cancer is known as “adenoma-

carcinoma sequence” where normal colonic epithelium transforms in to 
adenomatous polyp intermediate and then in to adenocarcinoma (Morson 
1974). However, not all polyps develop in to carcinomas and not all 
carcinomas are developed from polyps. 

There are several genetic transformations that occur at the same time 
with the “adenoma-carcinoma sequence”. One of the first changes to occur 
is mutation in Adenomatous polyposis coli (APC) gene on chromosome 5 
(Homfray, Cottrell et al. 1998). Other important changes that have been 
described include genomic instability’s (Figure 4) like the chromosomal 
instability (CIN), CpG island methylation phenotype (CIMP) pathway and 
microsatellite instability (MIN). 

CIN is the most common type of genomic instability. It results in gain 
or loss of large parts of chromosomes, change in sequence and 
chromosome segregation defects (Lengauer, Kinzler et al. 1998). 

In CIMP pathway the CpG islands are hyper methylated leading to 
silencing of respective genes (Goel, Nagasaka et al. 2007). This kind of 
methylation can occur on several genes simultaneously. 

 

 
Figure 4. Graphic illustration of chromosomal and microsatellite instability 
pathway development models with some specific mutations that occur turning the 
development of those pathways ((Walther, Johnstone et al. 2009), with 
permission). 
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MIN pathway is caused by the loss of DNA mismatch repair activity 
(Boland and Goel 2010). This loss of mismatch repair system can be 
characterized by small insertions and deletions that are seen on gel 
electrophoresis as band shifts due to microsatellite length change through 
those mutations (Boland, Thibodeau et al. 1998). In colorectal cancer the 
MIN pathway is activated by mutation in hMSH2, hMLH1, hPMS1, hPMS2, 
or hMSH6 mismatch repair gene (Haydon and Jass 2002). 

In serrated neoplastic pathway there are hyperplastic polyps and 
serrated adenomas which result in the development of cancer. Serrated 
polyps have in folding of epithelium that is giving them saw-tooth 
appearance. There are two types of serrated pathways: Sessile serrated 
pathway and Traditional serrated pathway (Snover 2005). Mutations 
involved in serrated polyp pathway are BRAF mutations, CpG island 
methylation and microsatelite instability (Haque, Greene et al. 2014). 

In addition to cancer development pathways, there are some 
oncogenic mutations that can disrupt apoptosis mechanisms, leading to 
tumor initiation and progression or even to metastasis and those mutations 
can also decrease sensitivity to apoptotic signals (Lowe and Lin 2000).  

In western world the lifetime risk for human colorectal cancer is about 
5% (Bretthauer 2011) and from that about 90% are sporadic and about 
10% can be traced to originate from hereditary cancer syndromes 
(Soreide, Janssen et al. 2006). 85% of the sporadic cases have 
chromosomal instability phenotype and only 15% are originating from 
microsatellite instability phenotype (Cunningham, Atkin et al. 2010). 
 

2.2. Metabolic reprogramming in cancer 
Accumulation of mutations is thought to be responsible for Metabolic 

reprogramming (Amoedo, Rodrigues et al. 2014). Metabolic 
reprogramming includes increased glycolysis, glutaminolysis and 
macromolecule biosynthesis, upregulation of lipid and amino acid 
metabolism, mitochondrial biogenesis and changes in pentose phosphate 
pathway (Hanahan and Weinberg 2011). 

Increased glycolysis in tumor cells has also increased cells glucose 
uptake through upregulation of glucose transporters Glut1-Glut5 
(Deberardinis, Sayed et al. 2008). This phenomenon is widely used in 
medicine to locate and visualize the tumor by Positron Emission 
Tomography (PET) where radiolabeled glucose analogs are used. In 
healthy cells glucose is processed to acetyl-CoA and is used up in TCA 
cycle but in tumor cells glucose is converted to lactate. Some of the lactate 
is converted to NADH and some of it is thrown out of the cell to produce 
tumor microenvironment. Use of lactate is not the most efficient for 
biosynthesis and energy production but usually nutrients are not limiting 
factor in tumor cell proliferation so optimizing the metabolism and ATP 
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production is not primary requirement (Vander Heiden, Cantley et al. 
2009). 

Glutaminolysis converts glutamine to glutamate and α-ketoglutarate in 
TCA cycle. Tumor cells can use intermediates of TCA cycle to produce 
lipids, amino acids and other essential products and also electrons for the 
electron transport chain to produce ATP. Reprogramming glutaminolysis 
can increase the biomass and energy synthesis (DeBerardinis and Cheng 
2010). 

Pentose phosphate pathway consists of two phases: oxidative and 
non-oxidative phase. In oxidative phase glycose-6-phosphate is converted 
to ribulose-5-phosphate that is used for nucleotide synthesis and NADPH 
that is important for biosynthesis reactions and countering oxidative stress. 
Non-oxidative phase produces fructose-6-phosphate and glyceraldehyde-
3- phosphate. Oxidative phase products are used for biosynthesis, 
glutathione production and detoxification reactions. Non-oxidative 
products are used in glycolysis pathway. Upregulation of pentose 
phosphate pathway helps tumor cells to resist radiation and chemotherapy 
as well as to promote invasion and metastasis (Riganti, Gazzano et al. 
2012). 

Control over mitochondrial biogenesis is important aspect for tumor 
cells as the mitochondria are producing most of the ATP and have 
important role in biosynthesis. Mitochondria control cellular homeostasis 
through redox balance and Ca2+ concentration. Therefore mitochondria 
play an important part in tumor cell growth and proliferation (Wallace 
2012). In cancer cells mitochondria have been found to be dysfunctional 
in many aspects compared to normal cells. For example, in cancer cells 
increased glycolysis promotes tumor cell survival by regulation of 
cytochrome C and inhibition of apoptosis (Vaughn and Deshmukh 2008). 
Mitochondria are the main producer of reactive oxygen species (ROS) in 
the cell and almost all cancers have elevated ROS levels. ROS has been 
associated with cell cycle progression and proliferation, cell survival and 
apoptosis, energy metabolism, cell morphology, cell-cell adhesion, cell 
motility, angiogenesis and maintenance of tumor stemness (Liou and Storz 
2010).  

In tumor cells lipid biosynthesis is frequently upregulated because 
proliferating cells are building constantly new organelles and cell 
membranes. Change in lipid balance is common in cancer cells. It has 
been shown that lipid composition and amount can contribute to formation 
or degradation of respiratory chain supercomplexes (Lenaz and Genova 
2012). Cellular cholesterol is frequently upregulated to support cell 
proliferation and tumor progression (Gorin, Gabitova et al. 2012). Also lipid 
called ganglioside has been shown to be present in many tumors 
supporting angiogenesis and as immunosuppressor (Llado, Lopez et al. 
2014). Lipids are also used in signaling, for energy storage and function 
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as hormones. Changes in lipid metabolism will affect cell growth and 
proliferation, motility and differentiation of cells (Santos and Schulze 
2012). Tumor cells also have higher accumulation of lipid droplets (Accioly, 
Pacheco et al. 2008). As mentioned before obesity is a risk factor in cancer 
development. Increased lipid concentration induces insulin resistance that 
induces increased insulin and insulin like growth factors secretion which in 
turn increase cancer proliferation and survival (Rosenzweig and Atreya 
2010, Samuel and Shulman 2012). 
 

2.3. Functionality of OXPHOS in cancer cells 
Mitochondria are important regulators of metabolism and energy 

production but also in regulating cell death and signaling pathways 
(Brenner and Grimm 2006). 

Mitochondria produce ATP through the oxidative phosphorylation and 
this process in turn generates most of cellular ROS (Solaini and Harris 
2005). ROS is up regulated in cancers and can damage cells 
macromolecules and modulate mitogenic signaling pathways and through 
that promote carcinogenesis (Weinberg and Chandel 2009). For cancer 
cells it is important to adapt their metabolism so that it is able to produce 
all the proteins, enzymes and energy to promote biomass generation and 
tumor expansion. Tumor cells have been shown to produce only 40-75% 
of their energy need through aerobic glycolysis thus 25-60% is still 
generated through oxidative phosphorylation as well as through the 
associated tricarboxylic acid cycle (Mathupala, Ko et al. 2010). It seems to 
be that availability of energy substrate as well as the availability of oxygen 
and aggressiveness of tumor can modulate the OXPHOS capacity of 
mitochondria (Solaini, Sgarbi et al. 2011). 

Although mitochondrial dysfunction is quite common in cancer cells 
there is only minimal changes in respiratory chain complexes and ATP 
synthase compared to healthy cells. Several studies are showing high 
rates of OXPHOS and minimal or no changes in respiratory complexes 
and ATP synthase between cancerous tissue compared with healthy 
tissue (Moreno-Sanchez, Rodriguez-Enriquez et al. 2009, Diers, 
Broniowska et al. 2012, Kaldma, Klepinin et al. 2014). Although 
suppression of complex I –dependent respiration has also been shown in 
some cancers (Putignani, Raffa et al. 2008, Puurand, Peet et al. 2012, He, 
Zhou et al. 2013)  
Oxidative phosphorylation has been shown by Tan and coworkers (Tan, 
Baty et al. 2015) to be one of the most essential elements for metastasizing 
cancers. They showed that tumor cells that exhibit deficiency in OXPHOS 
are able to acquire mitochondrial DNA from bystander cells and become 
functional (Maiuri and Kroemer 2015, Tan, Baty et al. 2015). 
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2.4. Phosphotransfer networks 
Adenine nucleotides do not diffuse freely in cells to avoid ADP/ATP 

accumulation and through that inhibition of ATPase’s. (Saks, Kuznetsov et 
al. 1995). The sites of energy consumption and production are connected 
through mitochondrial kinases (Figure 5) (Dzeja, Zeleznikar et al. 1998) 
and thus, the transfer of Pi and returning metabolic signals are 
instantaneous. This system of energy transfer through different kinase 
systems, where energy gets passed from one part of the system to the 
next, works without concentration gradients and is thermodynamically 
efficient (Dzeja, Zeleznikar et al. 1998). This helps also to explain why 
there are no changes in adenine nucleotide concentrations although there 
is observable increase in metabolic flux (Zeleznikar, Dzeja et al. 1995). 
Flux wave is able to move much faster than diffusion of reactants (Mair 
and Muller 1996). 

There are several intracellular enzymatic energy transport networks to 
facilitate ATP-utilization and ATP-generation that facilitate broad range of 
cellular activities. Among those enzymatic networks are creatine kinase 
(CK) network, adenylate kinase (AK) network, glycolytic enzymes and 
carbonic anhydrase mediated networks. In tumor cells the regulation of 
these networks can be up or down regulated to facilitate the growth and 
energy demand. 
Adenylate kinase (AK) catalyzes the reaction between AMP and ATP to 
generate ADP and vice versa (2ADP ↔ ATP + AMP). AK facilitates 
transfer and utilization of γ- and β-phosphoryls in the ATP molecule (Dzeja 
and Terzic 2009). 

Through reactions in AK we can report cellular energy status because 
AMP concentrations change a lot while change in the balance of ADP and 
ATP are small enabling the cell to respond to different stress situations 
through AMP sensors (metabolic sensors, AMP sensitive enzymes, etc.) 
(Hardie 2004). AK can respond to inadequate oxygenation or nutrient 
supply and physical activity through monitoring of body energy imbalances 
(Dzeja and Terzic 2009). AK helps cancer cells to adapt to hostile 
environment and protects cells from cell death (Jan, Tsai et al. 2012). In 
pancreatic cancer cells cytosolic AK1 transcription downregulation has 
reported to increases apoptosis (Giroux, Iovanna et al. 2006). AK2 has 
been reported frequently to be downregulated in human cancer cells with 
high levels of phospho-fas-associated protein with death domain (FADD) 
(Kim, Lee et al. 2014). AK 4 has been found to be upregulated and to 
promote metastasis in lung cancer (Jan, Tsai et al. 2012). 

Creatine kinase catalyzes the transfer of energy between ATP and Cr 
to ADP and PCr (PCr + MgADP + H ↔ Cr + MgATP). It has an important 
role in energy buffering and phosphoryl energy transfer. CK is found 
mainly in tissues with high energy demand like skeletal muscles, brain or 
heart but also in some tumors. CK isoenzyme BB (brain type) has been 
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found to be upregulated in cancer patients. It has been suggested, that 
because of tumor cells are growing and proliferating much faster than 
normal tissue cells they also require large amounts of energy supply 
(Silverman, Dermer et al. 1979, Zarghami, Giai et al. 1996). CK reactions 
are an order of magnitude faster on regenerating ATP than OXPHOS and 
glycolysis are on producing or ATPases consuming the energy (Bittl and 
Ingwall 1985). CK through its activity keeps the intracellular ADP levels 
where they can participate in the control of mitochondrial respiration 
(Chance, Leigh et al. 1985). 

Glycolysis is a sequence of reactions for sugar oxidation. Glycolysis 
occurs in the cytosol and it produces ATP without the involvement of 
molecular oxygen. It consists of 10 steps where early steps of glycose 
molecule breakdown consumes 2 molecules of ATP but later steps 
produces 4 molecules of ATP. Electrons are removed from glycose 
molecules by NAD+ producing 2 molecules of NADH per glycose (Alberts, 
Wilson et al. 2008). 

In most animal and plant cells, pyruvate the final product of glycolysis, 
is transported to mitochondria and further oxidized to acetyl CoA and CO2 
and then further to CO2 and H2O (Alberts, Wilson et al. 2008). 

In anaerobic organisms the pyruvate is instead converted to ethanol 
and CO2 or in muscles in to lactate. This process is known as fermentation 
(Alberts, Wilson et al. 2008). 
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2.5. Role of tubulins in regulation of energy 
metabolism in cancer cells  

Tubulin heterodimers can be in the form of free monomers in cells or 
constitute microtubules which are constantly lengthening and shortening 
dynamic structures. They take part in many cell processes including cell 
growth, movement and signaling (Nogales 2000). Microtubules are part of 
cell cytoskeleton and are made up of α- and β-tubulin heterodimers that 
form cylindrical hallow structures (Nogales 2000). Microtubules have 

Figure 5. Phosphotransfer pathways from ATP-generation to ATP utilization.
Cells use different parallel pathways to transport energy from sites of energy
generation to sites of utilization using kinase systems. This allows almost
instantaneous movement of energy and removes the accumulation of adenosine
phosphates (Reproduced / adapted with permission (Dzeja and Terzic 2003)). 
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special motor proteins and they work as highways for cell components and 
proteins. 

It has been described, that tubulins have alterations in cancer (Figure 
6). Tubulins can have altered expression of tubulin isotypes, post 
translational modification changes or microtubule- associated protein 
expression changes (Kavallaris, Tait et al. 2001). Alterations in 
microtubules can introduce chemotherapy resistance, promote tumor 
development and affect cell survival (Kavallaris 2010). 

Importantly, from the metabolic regulation side, tubulin is able to bind 
to VDAC channel and thereby able to block and regulate energy transfer 
through the channel (Rostovtseva, Sheldon et al. 2008, Maldonado, 
Sheldon et al. 2013). Mostly βIII-tubulin but also other isoforms have been 
shown to be associated with glycolysis and TCA cycle enzymes 
(Cicchillitti, Penci et al. 2008). Tubulins are responsible for regulating 
metabolic activity and metabolic reprogramming. 

Tubulin βIII has been shown to be most dynamic of all tubulin isoforms 
(Panda, Miller et al. 1994). Further it has been shown that tubulin βIII 
isoform also increases resistance to chemotherapy drugs (estramustine, 
taxol, paclitaxel, docetaxel) designed to suppress microtubule assembly 
(Derry, Wilson et al. 1997). Tubulin βIII has been seen in many different 
cancers and most of all in those that are aggressive and giving metastasis 
(Katsetos, Herman et al. 2003). 

Soluble free tubulin lowers mitochondrial membrane potential in 
cancer cells that in return affects OXPHOS and apoptosis (Maldonado, 
Patnaik et al. 2010). 

Hypoxia dramatically remodels microtubules by increasing tumor cell 
invasion and stabilizing microtubules (Yoon, Shin et al. 2005). Hypoxia-
inducible factor 1 (HIF1) is helping the cancer cells to withstand hypoxia 
and it is up regulated in many solid tumors (Mabjeesh, Escuin et al. 2003). 
HIF1 is using microtubules to move around the cell and it is important for 
its activity that it is able to translocate to the nucleus (Carbonaro, Escuin 
et al. 2012). 

Tubulins and microtubules are also responsible for distribution and 
regulation of mitochondrial motility (Baumann and Murphy 1995). 
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Figure 6. Microtubules are involved in many stress regulation signaling and 
response pathways in tumor cells. Modifications in microtubules in tumor cells can 
influence vide variety of cellular functions by promoting cell survival in oxidative 
and hypoxic or in metabolic and protein stress situations. Microtubules are 
responsible of organelle transport and protein signaling network functioning. 
Tubulins and microtubules are in important position in regulating cells functions. 
(Reproduced with permission under the CC-BY Creative Commons license 
(Parker, Kavallaris et al. 2014)). 
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3. Cancer models 

3.1.  Mitochondrial Interactosome  
In cells there are two systems for recycling metabolites. ADP/ATP 

recycling is mainly done in mitochondrial intermembrane and matrix space 
and Cr/PCr recycling is done in cytoplasm and intermembrane space of 
mitochondria. The two metabolic cycles are coupled in the mitochondrial 
intermembrane space by supercomplex called Mitochondrial 
Interactosome (MI) (Timohhina, Guzun et al. 2009). 

MI (Figure 7) consists of ATP synthasome, mitochondrial creatine 
kinase and voltage-dependent anion channel that is bound with regulatory 
protein tubulin with its linker protein. ATP syntasome is formed by ATP 
synthase, adenine nucleotide carrier, inorganic phosphate carrier and 
sometimes in addition the electron transport chain complexes (Pedersen 
2007). 

ATP syntasome creates ATP from ADP by adding inorganic phosphate 
in the inner membrane of mitochondria. In the intermembrane space MtCK 
catalyzes the transfer of Pi from ATP to Cr to form PCr that leaves 
mitochondria through VDAC. PCr serves as the main energy carrier in a 
cell. Small amounts of cytosolic ADP moves through VDAC as signaling 
molecule for ATP synthesis (Timohhina, Guzun et al. 2009). 
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3.2. The Warburg effect  
 
Pathological alterations in cellular energy metabolism define the 

difference between cancer and normal cells. Glucose metabolism is the 
catabolic process, which being proposed, the tumors rely on. In normal 
cells glucose is metabolized to pyruvate. In oxidative conditions in 
differentiated tissue mitochondria metabolize most of the pyruvate to CO2 
and in small parts pyruvate is turned to lactate. This is the most effective 
way to produce ATP (Figure 8). In oxygen deprived condition in 
differentiated tissue all of the pyruvate is turned to lactate, resulting in 
minimal amounts of ATP. 

In the beginning of 20th century Otto Warburg described a glycolysis in 
the presence of oxygen in tumor cells. This phenomenon is named the 
“aerobic glycolysis or the Warburg effect”. For his work he received Nobel 

Figure 7. Model of Mitochondrial Interactsome (MI). MI consists of voltage 
dependent anion channel (VDAC) coupled with linker proteins and tubulin,
mitochondrial creatine kinase functionally coupled with ATP synthasome, adenine
nucleotide carrier and inorganic phosphate carrier and electron transport chain 
complexes ((Saks, Guzun et al. 2010) with permission). 
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Prize in physiology "for his discovery of the nature and mode of action of 
the respiratory enzyme" in 1931. Warburg postulated that this change in 
metabolism is the fundamental cause for cancer (Warburg, Poesener et 
al. 1924). In aerobic glycolysis that Warburg observed in tumors, most of 
the pyruvate is turned to lactate whether the oxygen is present or not. 
Aerobic glycolysis is not very efficient way for producing ATP but 
proliferating cells have other important metabolic requirements besides 
only ATP (Vander Heiden, Cantley et al. 2009). For example, some of the 
glucose is diverted to biosynthesis to produce biomass of the growing 
tumor. Also not ATP but reducing agents like NADPH are thought to be 
the rate limiting products and increased glycolysis that ends with lactate 
helps to resolve this problem (Lunt and Vander Heiden 2011). Another 
important aspect that arises from Warburg effect is the acidification of 
microenvironment through the excretion of lactate (Estrella, Chen et al. 
2013). It has also been shown that there are changes in the signaling in 
the case of Warburg effect compared with healthy cells. For example 
tumor cells have elevated signals for nutrient uptake and metabolism 
(Wellen and Thompson 2012). 

Conclusive explanation for “Warburg effect” has been eluding 
scientists for over 90 years.  

 

 

Figure 8. Schematic illustration of oxidative phosphorylation, anaerobic glycolysis
and aerobic glycolysis ((Vander Heiden, Cantley et al. 2009), with permission). 
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3.3. Pedersen model and dysfunctions in MI 
Pedersen and co-workers showed a model where overexpressed 

hexokinase 2 is bound to voltage-dependent anion channel in 
mitochondrial outer membrane (Figure 9) and through that 
regulating oxidative phosphorylation (Pedersen 2007). 

Figure 9. Schematic illustration of Pedersen model. HK-2 binds to VDAC channel 
and has direct access to ATP generated by ATP synthasome. By binding to 
VDAC, HK-2 no longer gets inhibited by the end product, Glucose-6-P, and the 
glycolysis can “jumpstart”. Most of the Glycose gets turned to lactate, instead of 
pyruvate that fuels OXPHOS in healthy cells, and is used up for biomass 
generation ((Pedersen, 2007) with permission). 

Work done in Pedersen laboratory showed that “Warburg effect” 
resulted mostly from involvement of three factors: overexpression of 
hexokinase 2, hexokinase 2 binding to voltage-dependent anion channel 
and the amplification and up regulation of hexokinase 2 gene (Pedersen 
2007). In the following years they looked further in to those factors showing 
that hexokinase plays key role in facilitating high glycolytic activity. 
Hexokinase is bound to mitochondrial outer membrane and is directly 
coupled to ATP synthesis in the inner membrane of the mitochondria. Also, 
this hexokinase that was bound to outer membrane of mitochondria was 
not inhibited by the glycolysis end product glycose-6-phosphate 
(Bustamante and Pedersen 1977). Then, it was identified that hexokinase 
binds to voltage dependent anion channel (Nakashima, Mangan et al. 
1986). After that it was identified that the hexokinase isoform bound to 
mitochondrial outer membrane is heksokinase-2 (Nakashima, Paggi et al. 
1988). In addition to work done in Pedersen laboratory, other authors like 
Altenberg and coworkers (Altenberg and Greulich 2004) showed 
overexpression of glycolytic pathway isoenzymes in human cancers, Eboli 
with his coworkers (Eboli, Paradies et al. 1977) showed reduced capacity 
of tumor cells to oxidize pyruvate and studies by Rose and coworkers 
(Rose and Warms 1967) showed that hexokinase is bound to 
mitochondria. Hexokinase 2 via its interactions with mitochondria 
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suppresses the death of cancer cells and increases cancer cells possibility 
to give metastasis and leades ultimately to the death of the human host 
(Mathupala, Ko et al. 2006). 
 

3.4. Two-compartment tumor model 
Human cancer cells have been shown to use supporting host cells (Figure 
10), such as adipocytes and fibroblasts as energy source (Sotgia, 
Martinez-Outschoorn et al. 2011). In that kind of two-compartment 
metabolism model, energy is being transferred from catabolic adipocytes 
and fibroblasts to anabolic tumor cells that hyper activate their capacity for 
OXPHOS by increasing their mitochondrial mass (Sotgia, Martinez-
Outschoorn et al. 2012). Nieman et al showed that ovarian cancer cells 
can have much higher mitochondrial metabolic activity in co-culture with 
adipocytes (Nieman, Kenny et al. 2011). These findings suggest that 
microenvironment is extremely important for tumor research and same 
tumor cells can act completely differently in the presence of supporting 
host cells compared to pure cultures.  

 
Epithelial cancer cells can promote oxidative stress in adjacent stromal 

cells by secreting hydrogen peroxide which causes stromal fibroblast 
activation and HIF1-α up regulation witch drives autophagy, mitophagy 
and aerobic glycolysis in the tumor stroma (Martinez-Outschoorn, Pestell 

Figure 10. Overview of the two-compartment tumor metabolism model. It has
been theorized that tumor is surrounded by supporting host cells that provide the
cancer with energy and nutrients. In this model the anabolic cancer cell has
functional OXPHOS system and catabolic supporting cells are glycolytic
explaining the Warburg mechanism and high OXPHOS capacity seen in some 
cancers ((Martinez-Outschoorn, Sotgia et al. 2012) with permission). 
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et al. 2011). Glycolytic fibroblasts can provide tumor with L-lactate that is 
metabolized in tumor cells by OXPHOS. Host cells catabolism can also 
provide ketone bodies and glutamine for the adjacent cancer cells 
(Martinez-Outschoorn, Pavlides et al. 2011). This type of multi 
compartment metabolism is also known as “reverse Warburg effect”. 

Co-operation between cells, tissues and organs is quite normal. For 
example, glycolytic fast-twitch fibers supply slow-twitch fibers with L-
lactate for OXPHOS In mitochondria that is known as “lactate shuttle” 
(Brooks 2009). In the brain astrocytes supply neurons which is known as 
“neuron-glia metabolic coupling” (Pellerin and Magistretti 1994). 
Therefore, this type of metabolic coupling is normal physiological process 
that epithelial tumor cells have adopted and this is also a reason why 
tumors should not be studied separately from supporting tissue and as 
pure cancer cultures. 
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4. Metabolic Control Analysis 
Before the development of metabolic control analysis, the 

understanding was that in any given metabolic pathway the metabolic rate 
is set by one key rate limiting enzyme responsible for the regulation of the 
pathway. The assumption was that there is single rate-limiting step and 
multiple candidates only brought confusion. In the first half of 1970s two 
groups Kacser & Burns (Kacser and Burns 1973) and Heinrich & Rapoport 
(Heinrich and Rapoport 1974, Heinrich and Rapoport 1974) described a 
new concept that later became known as Metabolic Control Analysis. 
Metabolic control analysis allows identifying different steps in the pathway 
by rating them with flux control coefficients. Flux control coefficient shows 
fractional change in the pathway flux caused by a one percent change in 
the rate of a particular step. Now it is possible to show that there are 
several rate limiting enzymes or the control can be equally shared among 
the pathway. 

Flux control coefficient (CJ
vi), which is the degree of control that the rate 

(V) of a given enzyme (i) exerts on flux (J) (Moreno-Sanchez, Saavedra et 
al. 2008). 

The definition of flux control coefficient is: 
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  (Equation 1) 

 
where dJ/dvi is the variation in flux (J) when extremely small change occurs 
in the enzyme (i) activity or concentration. The scaling factor Vio/Jo is 
applied to obtain normalized and dimensionless values (Moreno-Sanchez, 
Saavedra et al. 2008).  

In a setup where it is not possible to change the amount of the enzyme 
involved in mitochondrial oxidative phosphorylation, inhibitors can be used 
to vary their activation. In such a case where irreversible or 
pseudoirreversible inhibitors are used, the control strength can be 
calculated from inhibition curve: 
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were Imax is amount of inhibitor required for total inhibition (Groen, 
Wanders et al. 1982). 
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The different components of metabolic pathway are not independent of 
each other. Flux control coefficients and concentration control coefficients 
are clearly distinguished from each other but at the same time both are 
subject to summation theorems, that reflect the systemic properties, and 
connectivity theorems, that relate single enzyme properties to the system 
behavior (Schuster 1996). The summation theorem states that the sum of 
all flux control coefficients in a given metabolic network in linear pathway 
equals one (Kacser and Burns 1973, Heinrich and Rapoport 1974). 
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Although the sum of flux control coefficients equals one in linear 

pathway there can be exceptions. It was shown by Westerhoff and 
Kholodenko that in “channeled” pathway the enzymes can have enzyme-
enzyme interactions that can increase the values of flux control coefficients 
and they tend to be larger than in none channeled or “simple” pathways 
(Kholodenko, Demin et al. 1993). They showed that flux control by the 
enzymes and the degree of metabolite channeling can be quantified 
(Kholodenko and Westerhoff 1993, Peletier, Westerhoff et al. 2003). From 
those studies, it can be concluded that if the sum of flux control coefficients 
is greater than one then there is direct channeling in the pathway. 
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Aims of the thesis 
 

The aim of this PhD thesis is to characterize the changes in 
mitochondrial function and the regulation of energy fluxes in human large 
colon clinical material in health and disease. For this purpose, the tissue 
specimens taken from the human patients undergoing surgery for 
colorectal cancer were studied.  
 
The objectives of this study were following: 
 

1. Kinetic analysis of the regulation of mitochondrial respiration in 
permeabilized human colorectal cancer, nearby and healthy colon 
tissue samples.  
 

2. Analyze of the mitochondrial electron transport chain functionality 
in permeabilized human colorectal cancer, nearby and healthy 
colon tissue samples.  
 

3. Quantification of the fluxcontrol of mitochondrial electron transport 
chain and ATP synthasome complexes in permeabilized human 
colorectal cancer and healthy colon tissue samples. 

 
4. Determination of functional coupling of OXPHOS with 

phosphoryltransfer networks in permeabilized human colorectal 
cancer, nearby and healthy colon tissue samples. 
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Materials and methods  

5. Biological materials 

5.1. Clinical material and patients 
There where total of 55 patients and they varied from age 63-92. They 

all had local or locally advanced disease (T2-4, N0-1, M0-1) and they had 
not received any radiation or chemotherapy. 

Post-operative normal, nearby and tumor tissue samples (0,1-0,5 g) 
were obtained from North Estonia Medical Centers Oncology and 
Hematologic Clinic (NEMEC, Tallinn). Normal tissue samples were 
obtained from site distant of 5 cm from the tumor. Normal tissue consisted 
of colonocytes and smooth muscle cells. Nearby tissue samples were 
obtained next to the tumor tissue (2 cm distant). Tumor, nearby and normal 
control tissue samples were placed in to pre-cooled modified Mitomedium-
B solution originally from Kuznetsov (Kuznetsov, Veksler et al. 2008) (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) and transported on ice to Bioenergetics laboratory in 
National Institute of Chemical Physics and Biophysics where the testing 
was performed on the tissue samples. 

All patients understood and signed consent for tissue samples to be 
used in research. 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. 

5.2. Preparation of skinned tumor fibers 
Skinned fibers 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 
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 K-
MES, 2,77 mM K2Ca EGTA, 7,23 mM K2 EGTA, 1 µM leupeptine and 50 
µg/ml saponin) for 30 minutes at 4°C. The permabilized 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. 
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5.3. Reagents 
Chemicals were purchased from Sigma-Aldrich Chemical Company. 

Primary and secondary antibodies were purchased from Santa Cruz 
Biotechnology Inc. or Abcam PLC. Rabbit polyclonal antibodies for VDAC 
were kindly donated by Dr. Catherine Brenner from Paris-Sud University, 
France. 
 

6. Methods 

6.1. Oxygraphic measurements 
The rates of oxygen uptake where measured with high-resolution 

respirometer Oxygraph-2k (Oroboros Instruments, Innsbruck, Austria) in 
mitomedium-B solution with glutamate and malate (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, 5 mM 
glutamate and 2 mM malate) at 25°C to slow down the Oxygen updake 
and to be able to use the tissue longer. All respiration rates were 
normalized per mg dry weight of tissue. 
 
 

6.2. Analysis of OXPHOS coupling with adenylate 
kinase  

Modified protocols by Gruno (Gruno, Peet et al. 2006) where used to 
measure OXPHOS coupling with AK by respirometry. Mitochondrial state 
II respiration was activated by glutamate (at 5mM concentration), malate 
(at 2 mM concentration) and succinate (at 10 mM concentration) in the 
medium B. To stimulate mitochondria, 100 µM ATP was added to produce 
endogenous ADP. Adenylate kinase system coupled with ANT was 
activated with addition of AMP (2 mM). Cytochrome c was added to assess 
the intactness of mitochondrial outer membrane and AK reaction was 
inhibited by addition of diadenosin pentaphosphate (AP5A; at 0,2 mM 
concentration). 

To characterize the AK coupling with OXPHOS system AK index was 
calculated by using the equation: (IAK=(VAMP-VAP5A)/VAP5A). Where VAMP is 
a normalized rate of AMP activated mitochondrial respiration and VAP5A is 
the respiration after total inhibition of AK by AP5A (Klepinin, Ounpuu et al. 
2016). 
 
 



38 

6.3. Analysis of OXPHOS coupling with creatine 
kinase (MtCK) 

The steady state kinetics of MtCK reaction coupled to oxidative 
phosphorylation via ANT in permeabilized CRC and control tissue in situ 
was studied using the protocol shown by (Guzun, Timohhina et al. 2009). 
Respiration was activated by addition of MgATP at different fixed 
concentrations. Then 20 U/ml pyruvate kinase and 5 mM PEP were added. 
MtCK reaction was activated by adding creatine in increasing 
concentrations. 

For analysis only creatine dependent respiration rates were used. 
These were obtained by subtracting the respiration rates after PK-PEP 
addition from the respiration rates in the presence of ATP and creatine. 
 
 

6.4. Immunofluorescence and confocal 
microscopy 

Studies of immunofluorescence and confocal microscopy where 
carried out as described in our previous work (Kaldma, Klepinin et al. 
2014). 

Inverted laser scanning confocal microscope Olympus FV10i-W 
equipped with a 60X water immersion objective was used. Laser excitation 
for secondary antibodies was for DyLight-488 488 nm and for DyLight-
549 561 nm. 

Immunostaining and confocal microscopy was applied to skinned fibers 
and paraffin-embedded sections of normal and cancer samples of human 
colorectal tissues. Intracellular localization of mitochondria (via VDAC 
immunolabeling), HK-2, and βII-tubulin where assessed. 

Skinned fibers were fixed with 4% paraformaldehyde for 15 min at 37°C 
then treated with an antigen retrieval buffer (100 mM tris buffer with 5%, 
w/v urea, pH 9,5) and permeabilized with 1,0% triton X-100 for 15 min at 
room temperature. 

Formalin fixed paraffin-embedded tissue sections where rinsed with 
xylene for 5 min and rehydrated step by step with 100% and 50% ethanol 
followed by treatment with antigen retrieval buffer 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. Monoclonal mouse anti 
tubulin βII (Abcam®, ab92857), polyclonal rabbit antibody for VDAC 
(donated by Dr. Catherine Brenner from Paris-Sud University, France) and 
polyclonal goat antibodies for HK-2 (SantaCruz Biotechnology Inc., sc-
6521) were used. 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) 
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secondary antibodies. Thereafter ProLong® Gold Antifade reagent with 
4’,6-diamidino-2-phenylindole dihydrochloride (DAPI, Life Technologies) 
was used and samples were deposited between glass coverslips for 
confocal microscopy. 
 
 

6.4.1. Quantification of mitochondrial content  
The mitochondrial content in the tissue was quantified with selective 

marking of mitochondrial outer membrane translocase with Tom20 
(SantaCruz Biotechnology, sc17764) in paraffin embedded tumor and 
normal colon tissue samples. The Tom20 fluorescence intensity was 
normalized against whole β-tubulin (Abcam®, ab6046) fluorescence. 
 

6.5. Assessment of enzymatic activities  
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 (Wilson 
1989, 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 di(adenosine-5’) 
pentaphosphate (an adenylate kinase inhibitor (Lienhard and Secemski 
1973)), 20 mM phosphocreatine (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 nmol of ATP per minute at 25°C. 

AK activity of whole-cell extracts was measured at 25°C by a coupled 
enzyme assay (Dzeja, Vitkevicius et al. 1999). The reaction was initiated 
with 2 mM ADP, and the arising changes in absorbance at 340 nm were 
recorded using a Cary 100 Bio UV-visible spectrophotometer. One mU of 
AK activity represents the formation of 1 nmole of ATP per minute at 25◦C. 

All enzymatic activities were normalized per mg of tissue protein. The 
protein content of tissue extracts was determined by a Pierce BCA Protein 
Assay Kit according to the manufacturer recommendations using BSA as 
a standard. 
 

6.6. RNA isolation and real-time quantitative RT-
PCR  

RT –PCR analysis where carried out as described in our previous work 
(Vladimir Chekulayev 2015). 
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RNA from 29 human frozen colorectal cancer and normal colon tissue 
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 g 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 (qRT-PCR) analysis in the Roche LightCycler 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; tubulin beta 2A –Hs00742533 s1; tubulin beta 2B – 
Hs00603550 g; tubulin beta 2C– Hs00607181 g1; tubulin beta 3 – 
Hs00801390 s1; tubulin beta4 – Hs00760066 s1; tubulin beta 1/5 – 
Hs00742828 s1; hexokinase I – Hs00175976 m1; hexokinase II – 
Hs00606086 m1; creatine kinase, mitochondrial 1B – Hs00179727 m1; 
creatine kinase, mitochondrial 2 – Hs00176502 m1. Reactions were 
carried out in four replicates. Data was analyzed using the 2(−Delta Delta 
C(T)) method, where the gene expression levels were normalized to the 
level of actin beta housekeeping gene. The data of studied genes following 
normal distribution were parametrically tested by unpaired t-test. 
 

6.7. Metabolic control analysis (MCA) and 
determination of flux control coefficients  

MCA was performed as described previously (Groen, Wanders et al. 
1982, Fell 1997, Moreno-Sanchez, Saavedra et al. 2008, Tepp, Shevchuk 
et al. 2011, Kaambre, Chekulayev et al. 2012). 

Flux control coefficients (FCC) were calculated by using non-linear 
regression analysis by fitting experimental data to the mathematical model, 
as described by Gellerich and Small (Gellerich, Kunz et al. 1990, Small 
and Fell 1990). 

The results were also verified by a graphical method (Gellerich, Kunz 
et al. 1990, Fell 2005). 
 

6.8. Data analysis  
Data in the text, tables and figures are presented as mean ± standard 

error (SEM). Results were analyzed by Student’s t-test. p-values <0.05 
were considered statistically significant. 
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Apparent Km values for ADP were measured by fitting experimental 
data to a non-linear regression according to a Michaelis–Menten model. 

Cutoff values were calculated by using of SigmaPlot 11 software 
(Systat Software,Inc). 

Experimental data was fitted to non-linear regression or double 
reciprocal Lineweaver-Burk plot according to Michaelis-Menten equation. 
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Results and Discussion  

7. Mitochondrial respiration

7.1. Quality test

To assess the quality of mitochondria we looked at the intactness of
mitochondrial membranes by characterizing the respiratory activity of 
mitochondria in CRC cells and adjacent normal tissue in situ with 
permeabilized cell technique (Figure 11). This allows to study 
mitochondria in conditions similar to physiological ones (Kuznetsov, 
Veksler et al. 2008). We permeabilized the CRC and normal colon tissue 
with saponin and then added 2 mM exogenous ADP to activate respiration. 
To assess the intactness of outer mitochondrial membrane we added 
cytochrome-c that had no effect on the respiration of the fibers. To control 
the intactness of mitochondrial inner membrane we added 
carboxyatractyloside (CAT). CAT decreased the respiration back to the 
basal level due to inactivation of ANT (Saks, Veksler et al. 1998, 
Timohhina, Guzun et al. 2009). 

C
Figure 11. Quality tests of mitochondrial membrane intactness of permeabilized 
CRC and adjacent normal tissue samples. Experiments were conducted in the 
presence of respiratory substrates 5 mM glutamate, 2 mM malate and 10 mM 
succinate in the medium-B solution. Sequentially adding the respiratory 
substrates respiration was first activated with 2 mM ADP and then 8 µM 
cytochrome-c was added to assess the intactness of mitochondrial outer 
membrane. Then addition of 2 µM CAT showed the intactness of inner 
mitochondrial membrane by decreasing the respiration back to basal level (V0). 
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7.2. Kinetic analysis of ADP-dependent 
mitochondrial respiration  

 
To characterize mitochondrial affinity for ADP we found that the 

apparent Michaelis-Menten constant (Km) and maximal respiration rate 
(Vm) for exogenous ADP in CRC nearby and healthy colon tissue (Table 
2). 

Maximal ADP activated respiration (Vm) was found to be much higher 
in tumor and nearby tissues compared to healthy colon tissue. This about 
2-fold difference is most likely related to increased number of mitochondria 
in CRC cells. We also performed cutoff analysis of Vm values (Figure 13 
C and D). For control-tumor cutoff value was found to be 0,88 nmol O2/min 
per mg dry weight of tissue and for control nearby the value was 0,48 nmol 
O2/min per mg dry weight of tissue. 

Immunochemistry and confocal microscopy imaging reveled that 
mitochondrial content differs in CRC and healthy colon tissue about same 
order of magnitude as in maximal respiration rates (Figure 12). Expression 
of TOM20 was used to estimate the relative expression of mitochondria 
(Figure 12 B). Statistical difference in fluorescence signal was found 
(p<0,05). 

Apparent (Km) values for CRC and nearby tissue were much smaller 
than in healthy colon tissue (Table 2). Also we preformed cut off analysis 
on the samples (Figure 13 A and B) and the corresponding values for 
tumor-control (cutoff > 134 µM) and nearby-control (cutoff > 121 µM) tissue 
were very close. On the analysis of this data we can conclude that Km 
normal values are above120-130 µM and pathological values are below 
that. 

This data shows increased affinity for ADP in mitochondria in situ for 
CRC and nearby tissue samples. 

 
Table 2. Basic respiratory parameters of human CRC, nearby and healthy colon 
tissue. Table shows basal respiration rate (V0 ), maximal respiration rate (Vm) and 
ADP activated apparent Km values. * significant difference against healthy colon 
tissue; a all respiratory rates are given as nmol /O2/min/mg dry weight of tissue; b 
The Km and Vm the values have been determined by fitting experimental data to 
non-linear regression equation according to Michaelis-Menten model; c nearby 
tissue samples are taken at the border between normal and healthy colon tissue, 
healthy samples are taken at the site 5 cm distant from tumor. 

 

Tissue V0 Km ADP, µM Vm 

Colorectal cancer a 1,99±0,26 93,6±7,7 b 3,82±0,32 * 
Nearby tisuse c 1,64±0,27 84,9±9,9 b 2,98±0,34 * 
Healthy colon 
tisuse c 1,13±0,12 256±34 b 1,92±0,14 
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Figure 12. Immunohistochemistry quantification of the total mitochondrial content 
in postoperative tissue samples (A) Confocal microscopy imaging of CRC and 
healthy colon tissue samples. Florescence signal intensities where normalized 
aginst total β-tubuline florescence intensities (B) Graphical representation of 
signal intensities. Bars are SEM, n7, p<0,05. 
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Figure 13. Cutoff analysis of apparent Km (ADP) values and Vm values. (A) Km 
control-tumor (B) Km control-nearby (C) Vm control-tumor (D) Vm control-nearby. 

To determine if our tissue samples had different populations of 
mitochondria with different OXPHOS capacity we analyzed the kinetics of 
respiration of skinned fibers with exogenously added ADP as proposed by 
Saks and coworkers (Saks, Veksler et al. 1998). Double reciprocal 
Lineweaver-Burk plot analysis showed that there are two subpopulations 
in healthy colon tissue but CRC and nearby tissue are homogenous 
(Figure 14). One subpopulation of mitochondria in healthy colon tissue 
has low Km value of 16,5 ± 5,8 µM and another subpopulation has high Km 
value of 288 ± 67 µM. This remarkable difference in Km values makes it 
possible to see those 2 different populations. Most probably we are dealing 
here with different colon wall tissues like mucosa and smooth muscle. In 
nearby as well as in CRC the apparent Km value for ADP is 69 ± 10 µM.  

Based on these results we concluded that in colorectal carcinogenesis 
the amount of mitochondria rises and that there are changes in the 
regulation of MOM permeability for ADP. 
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Figure 14. The dependance of the normalized values of respiration rates of 
permeabilized tissue samples: double reciporal Lineweaver-Burk plots of CRC 
nearby and healthy colon tissue (n=9) 

7.3. Functionality of OXPHOS system in CRC and 
in surrounding tissues 

We analyzed the mitochondrial electron transport chain (ETC) 
components using saponin- skinned samples in non-neoplastic, CRC and 
nearby tissue samples (Figure 15). We found that nearby tissue has 
slightly higher state 2 and state 3 respirations then healthy colon tissue. In 
the presence of respiratory substrates (2 mM malate and 5 mM glutamate) 
the mean value of V0 was assayed as 1,59±0,37 nmol O2/min/mg dry 
tissue weight. After addition of ADP (2 mM) the respiratory rate was 
increased by almost 2 times to 2,97±0,53 nmol O2/min/mg dry tissue 
weight (p<0,05). This increase in respiration is confirming the presence of 
functionally-active mitochondria. State 3 respiration is ~1, 5 times higher 
for nearby and CRC tissues compared to healthy colon tissue and also 
compared to state 2 respiration. Addition of rotenone (20 mM) inhibited 
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respiration in all studied tissue samples which means that Complex-I is 
active in all of them. The difference between respiration rates in tissues is 
statistically not significant. These results show that development of 
colorectal cancer is not accompanied by suppression of Complex-I related 
respiration. To look at the Complex-II dependent respiration we added 
Complex-II substrate succinate (10 mM) which led to increase in 
respiration suggesting that the Complex-II is functionally active in these 
tissues. Respiration was inhibited with antimycin-A (10 µM) that is 
Complex-III inhibitor. Results show that Complex-III is also functional in all 
studied tissues. To activate cytochrome-c oxidase (COX) we added 
N,N,N’,N’-tetramethyl-phenylenediamine (TMPD) (1 mM) with ascorbate 
(5 mM) which resulted in increase in respiration of all tissues. In the end 
cytochrome-c was added to assess the quality of examined tissue samples 
outer mitochondrial membrane. 

A e
Figure 15. Analysis of the mitochondrial respiratory chain. These measurements 
were carried out on human CRC, nearby and healthy colon tissue with respiratory 
substrates 2 mM malate and 5 mM glutamate in the respiratory medium-B. All 
respiratory substrates and inhibitors where added in sequential order as shown 
on the x-axis of the figure. 
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7.4. Metabolic control analysis 
 

To determine the key regulators in mitochondrial respiratory chain we 
applied MCA method on CRC and healthy colon tissue. Mitochondrial 
respiration was activated with exogenously added 2 mM ADP after 
addition of respiratory substrates and then every respiratory chain complex 
was inhibited with titrating increasing concentrations of complex specific 
inhibitors. (Figure 16) shows an example of O2 consumption trace in 
steady state conditions in permeabilized CRC and healthy tissue fibers on 
increasing concentrations of complex-II inhibitor 3-nitropropionic acid (3-
NP). 

 
 

Figure 16. Oxygraphic tracing of changes in the O2 consumtion (red lines) in CRC 
(A) and adjecant healthy colon tissue (B) durning theyr titration with 3-
nitropropionic acid (Complex-II inhibitor) after activation of respiration with 2 mM 
ADP in the presence of respiratory substrates. 
 
 

Similar O2 consumption traces were obtained for all electron transport 
chain and ATP synthasome complexes (Figure 17 A and B). They were 
plotted as relative rates of O2 consumption vs. concentration of used 
inhibitor. The flux control coefficients (FCC) were calculated based on the 
obtained experimental data, according to the model described by Gellerich 
and coworkers (Gellerich, Kunz et al. 1990, Wisniewski, Gellerich et al. 
1995). FCCs for ETC and ATP synthasome complexes were analyzed as 

A 

B 
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described before (Tepp, Shevchuk et al. 2011, Kaambre, Chekulayev et 
al. 2012). We examined NADH dependent electron transfer and FADH 
dependent electron transfer (Figure 17 C and D). Most of the FCCs values 
were similar for CRC and healthy colon tissue with the exception of 
Complex-III. The sum for FCC values for NADH dependent pathway for 
CRC are 3,05 ± 0,23 and for healthy tissue 3,15±0,59. And for FADH 
dependent pathway this values are for CRC 3,03 ± 0,20 and for healthy 
colon tissue 3,25±0,49. Obtained sum of FCC values exceed significantly 
the theoretical value for linear system (close to 1). Therefore, we can 
assume that respiratory chain and ATP synthasome complexes are 
forming super-complexes and there could also be direct channeling of 
substrates between the protein complexes. 

 x x T s x x x T s

Figure 17. Titration curves of the inhibition of the mitochondrial respiratory chain 
complexes in human CRC and healthy colon tissue with 3-nitropropionic acid (A) 
and antimycin (B). Flux control coefficients for MI supercomplex: (C) electron 
transfer through NADH and (D) succinate dependent electron transfer through 
FADH. Similar titration curves as shown in Fig. 17 were constructed for other 
inhibitors of MI components (supplementary figure 4 in (Kaldma, Klepinin et al. 
2014)). Every data point was calculated as the mean of 10-15 experiments and 
bars are SEM.  
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7.5. OXPHOS coupling to creatine kinase, 
adenylate kinase and hexokinase 
phosphoryltransfer pathways  

 
We found that total CK activity is much lower (~2,5 times) in nearby 

and cancer tissue compared with healthy colon tissue (Table 3). But at the 
same time qRT-PCR show that sMtCK (CKMT2) mRNA is up regulated by 
6,8 fold (p=0,06) and the uMtCK (CKMT1) is down regulated by 2 fold 
(p=0,009) in tumor tissue (Figure 18). General MtCK gene expression 
level is much higher in tumor tissue then in healthy colon tissue. 
 
Table 3. Enzymatic activities of the human CRC, nearby and healthy colon tissue 
samples. P values where calculated by Students test vs. control non-tumorous 
tissue data: numbers of examined samples was 11-16. 
 
Enzyme activities, 
mU (s) per mg 
proteiin 
 

  
Tissues, 

mean ± SE   
Healthy colon 
tissue Nearby 

Colorectal 
cancer 

Hexokinase 
  

244±50 
  

172±30 215±40 

p=0,12 p=0,33 

Creatine kinase 
  

497±142 
  

202±52 204±84 

p<0,05 p<0,05 

Adenylate kinase 
  

257±35 
  

256±35 411±43 

p=0,49 p<0,05 
 

 



51 

Figure 18. Expression levels of different tubuline heksokinase and creatine kinase 
isotype mRNA’s in human CRC and healthy colon tissue. mRNA levels where 
assessed by qRT-PCR (bars are SEM, n=29) 

Considering the low activity and high expression, we performed a study 
to estimate the role of MtCK in energy transfer (Figure 19). We added 
respiratory substrates and activated mitochondrial respiration with 0,2 mM 
ATP. We then added 30 U/ml pyruvate kinase (PYK) and 5 mM 
phosphoenolpyruvate (PEP) for trapping extramitochondrial ADP to follow 
only the mitochondrial creatine kinase (MtCK). Addition of 10 mM Cr 
increased respiration only in healthy colon tissue nearly 60% due do 
activation of MtCK. These experiments on CK suggest that mitochondria 
of tumorous as well as nearby tissue have decreased capacity to produce 
PCr. 
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Figure 19. Creatine effect on the OXPHOS by mitochondrial CK through local 
ADP production in human CRC and healthy colon tissue. Respiratory substrates 
5 mM glutamate and 2 mM malate where in medium-B and 10 mM succinate was 
added before activaiting the respiration with 0,2 mM MgATP that induced 
production of endogenous ADP in MgATPase reaction. Then PEP-PYK was 
added to trap all extramitochondrial ADP. Creatine in these conditions activates 
mitochondrial CK reaction, local MgADP recycling and oxygen consumtion rate to 
the maximal value. Finally 2 mM ADP was added. Bars are SEM, n=8 
 

Because of decreased activity of CK and absence of MtCK and 
OXPHOS coupling we decided to look at the AK catalyzed energy transfer 
processes and coupling with OXPHOS. The total AK activity was about 1,6 
times higher in tumorous tissue then in healthy and nearby colon tissues 
that had similar values (Table 3). These results indicate that AK system is 
up regulated in CRC. 

To assess functional coupling of AK catalyzed processes and 
OXPHOS we tracked the respiration of CRC control and nearby tissues in 
specific conditions (Figure 20). We added respiratory substrates and 0,1 
mM Mg-ATP and after that addition of 2 mM AMP resulted in ~40% 
increase in respiration of CRC fibers. Cytochrome-c had no effect on 
samples indicating the intactness of MOM. AK inhibitor diadenosine 
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pentaphosphate (AP5A) at 0,2 mM concentration inhibited respiration to 
initial level. Therefore, the respiration was mediated by ADP produced in 
AK reactions. For nearby and healthy colon tissue samples the results 
were about 1,5 times lower. 
 
 

 
Figure 20. Oxygraphic tracing to assess functional coupling of adenylate kinase 
catalyzed processes and OXPHOS. Red line represents O2 consumption. With 
respiratory substrates in the medium-B the respiration was initiated with 2 mM 
AMP in the presence of ATP. Addition of AMP activated mitochondrial respiration 
by formation of ADP in AK reactions. To confirm the AK reactions, specific AK 
inhibitor AP5A was added. Addition of AP5A resulted in strong decrease in the 
rate of O2 consumtion by CRC. Same experiments where preformed with nearby 
and healthy colon tissue. Cytochrome c was added to confirm the intactness of 
MOM and in the end CAT a selective inhibitor of adenine nucleotide traslocator 
was added. 
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Figure 21. Efficiency of coupling of AK catalyzed processes and OXPHOS was 
estimated by means of AK index. Bars are SEM, n=10; *p<0,05 
 

To further assess the coupling between OXPHOS and AK we applied 
the AK index (IAK) method proposed by Gruno et al (Gruno, Peet et al. 
2006). IAK for CRC (IAK=0,50±0,02, n=12) is much higher than for healthy 
colon (IAK=0,31±0,03, n=8) and nearby (IAK=0,39±0,04, n=10) tissue 
(Figure 21). These results indicate AK up regulation and stronger coupling 
between OXPHOS and AK in tumorous tissue. 

Appearance of Warburg effect has been considered as an important 
change that takes place in tumor cells so we looked at the mechanisms 
underlying glucose fermentation. We found that hexokinase activity was 
similar in CRC cells as well as in healthy colon tissue (Table 3). Also our 
qRT-PCR results showed that HK-1 and HK-2 genes are expressed in all 
tissue types (Figure 18, Figure 23). Expression levels are quite similar for 
HK-1 in CRC cells and in healthy colon tissue but expression levels for 
HK-2 are much lower for CRC cells (p=0,01) (Figure 23). We also looked 
at the coupling between OXPHOS and HK by oxygraphic analysis (Figure 
22, Figure 24 A). After addition of 0,1 mM MgATP we added 10 mM 
glucose that showed some stimulatory effect on CRC fibers and the 
stimulatory effect was about 30-35% of the 2mM ADP mediated activation. 
This glucose stimulatory effect was not seen on healthy colon tissue. For 
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characterization of glucose effect on mitochondria we also calculated the 
glucose index (IGLU) that allows to compare glucose stimulation in 
maximally activated respiration (in the presence of 2 mM ADP) (Figure 24 
B). CRC at IGLU =19,1% and nearby tissue at IGLU =18,7% have very similar 
values, but healthy colon tissue has IGLU =11,7% 
 

 
Figure 22. Oxygraphic tracing to analysis coupling of HK to OXPHOS in CRC (A) 
and healthy colon tissue (B). Red line is O2 consumption. In the presence of 
respiratory substrates and 0,1 mM MgATP addition of 10mM glucose resulted a 
stimulatory effect for CRC tissue fibers but this effect was not observed on healty 
colon tissue. 
 

 
Figure 23. Analysis of mRNA expression levels with Q-PCR for CRC nearby and 
healthy colon tissue. Bars are SEM; p=0,06 for HK1 and p=0,01 for HK2; n=29. 
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Figure 24. Glucose effect. (A) Oxygraphic analysis of coupling of HK to OXPHOS 
in CRC nearby and healthy colon tissue. Addition of 10 mM glucose caused an 
stimulatory effect on CRC and nearby tissue samples. (B) The comparason of 
glucose index (Glucose effect %=(Vglu-VATP)*100/(VADP-VATP)) on crc nearby and 
healthy tissue samples. Bars are SEM; n=5; * p<0,05. 
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8. Discussion 
 

It is widely accepted that tumor cells produce energy predominantly 
through glycolysis. This idea has originated from the Otto Warburg 
discovery in the beginning of 20th century, where he describes high rates 
of glucose uptake in the presence of oxygen and increased lactate 
production. Number of researchers has shown that not all tumors are 
solely glycolytic (Zheng 2012, Moreno-Sanchez, Marin-Hernandez et al. 
2014), the mitochondrial metabolism is not suppressed and OXPHOS is 
functionally active in tumor cells. These innovative findings bring up new 
potential targets in drug therapy associated with OXPHOS for oxidative 
type tumors (Haq, Shoag et al. 2013, Vazquez, Lim et al. 2013). 

Several studies have been carried out in order to understand the 
regulation of metabolism in vitro (cell cultures) mostly characterizing 
human CRC as glycolytic tumor (Chung, Lee et al. 1999, Huang, Kuo et 
al. 2013, Abrantes, Tavares et al. 2014, Song, Qin et al. 2014, Amorim, 
Pinheiro et al. 2015, Zhang, Yu et al. 2015). However, cells grown in 
cultures differ from in vivo conditions. Ertel and colleges (Ertel, Verghese 
et al. 2006) have shown that there are differences in cellular pathways 
between cell lines and tumor and normal tissue samples. Comparison of 
genomic profiles of cell lines and tumor cell samples has revealed that 
most of the cell lines do not resemble very closely tumor profiles (Domcke, 
Sinha et al. 2013). For these reasons it is important to study human tissue 
samples. Little is known about mechanisms underlying the energy 
production of human CRC cells. 

In our study we found that human CRC cells influence the nearby 
tissue so that energy metabolism in nearby tissue becomes similar to 
tumor tissue. Nearby tissue samples have, similarly to tumor tissue 
samples, upregulation of mitochondrial respiration (Table 2) with active 
mitochondria, fully functional respiratory chain (Figure 15) and nearby 
tissue is not with purely glycolytic energy metabolism (Table 3). It is 
unknown how the tumor cells are influencing the nearby tissue and further 
work on the subject is needed. 

There is difference in kinetics of respiration regulation by ADP in CRC 
and healthy colon tissue. In nearby tissue as well as in CRC tissue the 
mitochondria show increased affinity for the exogenously added ADP. The 
apparent Km value for exogenously added ADP was found to be almost 3 
times lower than for healthy colon tissue (Table 3). The cutoff analysis of 
obtained Km values further showed strong differences in regulation of 
mitochondrial respiration by revealing that there is a boundary where 
above 120-130 µM Km value for healthy tissue and below that CRC and 
affected NB tissues (Figure 13 A and B). This difference in Km values 
shows clearly that there are diffusion restrictions for extracellular ADP in 
healthy tissue that is missing in tumor and nearby tissue. One explanation 
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for those changes in regulation of ADP-activated respiration would be that 
the higher Km value in healthy tissue could be from utilization of ADP in AK 
reactions, but this is unlikely as the AK activity was even lower than in 
tumor tissue (Table 2). Also Saks et al (Saks, Belikova et al. 1991) has 
shown in skinned muscle fibers that complete inhibition of AK has no effect 
on the affinity of mitochondria for ADP. Another explanation for the 
diffusion restriction for extracellular ADP in healthy colon tissue could be 
that there is much better developed cytoskeleton (Vendelin, Eimre et al. 
2004, Kaambre, Chekulayev et al. 2012). It has been shown that βII-tubulin 
could bind to VDAC and through that selectively limits the permeability of 
the MOM for adenine nucleotides (Rostovtseva, Sheldon et al. 2008, 
Guzun, Karu-Varikmaa et al. 2011). In that case βII-tubulin could be 
responsible for higher Km values in healthy colon tissue. Previous studies 
have shown βII-tubulin as the potential key regulator of VDAC permeability 
in adult rat cardiomyotcytes (Gonzalez-Granillo, Grichine et al. 2012, 
Guzun, Gonzalez-Granillo et al. 2012). It has been shown that there is no 
binding of βII-tubulin with VDAC in the case of CRC (Kaldma, Klepinin et 
al. 2014, Vladimir Chekulayev 2015). Also there can be differences in 
expression patterns and isoforms of VDAC, ANT and also tubulin that 
could be responsible for the selective permeability of VDAC channel. 

Because our results show that OXPHOS could play a key role in ATP 
generation we carried out MCA inhibition titration studies on Complex I, II, 
III, IV, ATP synthase, ANT and PIC with respiration activation with 
exogenously added ADP. All received FCC’s were found to be with 
relatively high values (Figure 17). Interestingly, in human CRC as well as 
in healthy colon tissue the control is distributed rather equally between the 
ATP synthasome complexes. Key sites in respiration regulation are ATP 
synthasome and complex III. 

The sum of FCC’s for ADP activated respiration in CRC and in healthy 
colon tissue is more then 3 (Figure 17) while the theoretical value on a 
linear system is close to 1 (Kholodenko and Westerhoff 1993). For 
example in isolated mitochondria and in permeabilized cardiac muscle 
cells with ADP activated respiration the value of FCC’s is close to 1 (Tepp, 
Shevchuk et al. 2011). High FCC values have been shown in Cr activated 
respiration in rat heart cells and in permeabilized neuroblastoma cells 
(Tepp, Shevchuk et al. 2011, Klepinin, Chekulayev et al. 2014). Like 
described previously the theoretical value in linear system for FCC’s 
should be close to 1, but it can be much higher if there are enzyme-enzyme 
interactions, direct substrate channeling or recycling within the complexes 
(Kholodenko, Demin et al. 1993, Kholodenko and Westerhoff 1993). Those 
high values for FCC’s seen in the case of human CRC and healthy colon 
wall samples in ADP activated respiration indicates that there are some 
changes in respiratory chain compared with non-proliferating and highly-
differentiated cardiac and some skeletal muscle cells. 
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These results (Figure 17) are similar with some other authors that 
have shown high FCC’s and confirming super complexes with electron 
microscopy, native gel-electrophoresis and single particle image 
processing in different samples (Bianchi, Genova et al. 2004, Genova, 
Baracca et al. 2008, Vonck and Schafer 2009, Dudkina, Kouril et al. 2010, 
Lenaz and Genova 2010, Dudkina, Kudryashev et al. 2011, Quarato, 
Piccoli et al. 2011). Supramolecular respiratory complexes (respirasomes) 
seem to be characteristic for cells with high proliferative rates. Therefore, 
human colon tissue mitochondrial OXPHOS system also seems to contain 
super complexes with direct substrate channeling. 

Respiratory supercomplexes have been suggested to help avoid 
competition by channeling ubiquinol and cytochrome c from other 
enzymes, stabilization of respiratory chain complexes and reduction of 
substrate diffusion times, prevention of superoxide generation and 
protection from apoptosis by suppression of cytochrome c release in to the 
cytoplasm (Dudkina, Kouril et al. 2010, Hoefs, Rodenburg et al. 2012). 

Our result confirmed that in situ human colorectal cancer shows 
glycolytic activity close to healthy colon tissue (Table 2) and up-regulation 
of OXPHOS. We saw that rate of maximal mitochondrial respiration was 
much higher in CRC and NB tissue samples then in healthy colon tissue 
(Table 2) and also cutoff analysis for maximal respiration rate reveled 
similar results for CRC and NB (Figure 13 C and D). These results can be 
associated with increased amount of mitochondria in CRC cells (Figure 
12). It has been shown that mitochondrial biogenesis may be up-regulated 
in some cancers (Jose and Rossignol 2013). In colorectal carcinoma there 
has been shown overexpression of MYC proto-oncogene (Dang, Le et al. 
2009) which has been associated with increased mitochondrial 
biogenesis. In contrast it has been shown that MYC null rat fibroblasts 
have smaller mitochondrial mass and decreased number of normal 
mitochondria (Li, Wang et al. 2005).  

Higher rates of OXPHOS seen in CRC (Table 2) are not in correlation 
with other authors who have shown that β-F1-ATPase catalytic subunit of 
the mitochondrial H+-ATP synthase is downregulated in human CRC 
(Sanchez-Cenizo, Formentini et al. 2010, Willers, Isidoro et al. 2010) and 
that is associated with the up regulation of the ATPase inhibitory factor 1 
expression (Formentini, Sanchez-Arago et al. 2012). These changes 
should be suppressing OXPHOS but our results do not confirm this. 
Instead our results support hypothesis to explain mechanisms underlying 
Warburg effect by Pedersen and coworkers (Pedersen 2007) who showed 
that HK-2 could be responsible for increased glycolysis through binding to 
VDAC channel and consuming most of the energy produced by 
mitochondria. Our results support this hypothesis as we saw that addition 
of glucose to human CRC fibers increased their respiration rates (Figure 
24). Same effect was seen on nearby tissue samples but it was negligible 
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on the healthy colon tissue samples. With Q-PCR analysis we confirmed 
that all tissue samples have HK-1 and HK-2 expressed but at slightly 
different expression levels (Figure 23). It has been reported that tumor 
cells have an increased number of VDAC channels in mitochondria and 
increased cholesterol amount in MOM and due to that they have elevated 
binding capacity for HK1 and HK2 (Pastorino and Hoek 2008). We have 
registered increased levels of VDAC in human CRC tissue cells (Vladimir 
Chekulayev 2015) and for that reason it is plausible that exogenously 
added glucose has negligible effect on normal tissue cells (Figure 24) 
although the HK1 expression levels are similar (Figure 23). There are 
several different VDAC isoforms but they have similar kinetic 
characteristics witch indicates that HK binding differences are due to 
quantitative differences in binding site availability (Shinohara, Ishida et al. 
2000). 

In normal colonocytes and muscle cells CK system produces PCr and 
maintains energy homeostasis but in CRC and nearby tissue this system 
is switched off or down regulated (Table 3). These results are in good 
agreement with some literature data (Joseph, Cardesa et al. 1997). In 
normal colon tissue cells we found ubiquitous MtCK to be upregulated 
(Figure 18) and there was a strong coupling between the MtCK and 
OXPHOS system but this functional coupling was missing in CRC tissue 
samples (Figure 19). These results show that MtCK has only minor role in 
the cellular energy transfer and functional coupling of MtCK with ANT in 
CRC cells is weak. Downregulation of brain type CK may play an important 
role in human colorectal cancer progression by promotion of epithelial to 
mesenchymal transition in these cells (Mooney, Rajagopalan et al. 2011). 
Interestingly CRC cells seem to exert a distant effect on the nearby tissue 
because CK system is also down regulated there (Table 3). This down 
regulation in CRC and nearby tissue samples indicates that both these 
tissues have lost their ability to synthesize PCr. Other authors have also 
shown down regulation of CK and PCr system (Kasimos, Merchant et al. 
1990). 

In contrast AK system regulates cellular adenine nucleotide pool and 
energy charge of cells. In human colon epithelial cells there are two AK 
isoenzymes; cytosolic (AK1) and mitochondrial (AK2) isoenzymes 
(Birkenkamp-Demtroder, Olesen et al. 2005). Little is known about AK 
system role in the maintenance of human CRC energy homeostasis but in 
some malignancies expression of AK2 has been found to generate up to 
50% of ATP used in the cancer cells (Nelson and Kabir 1985). It has been 
shown that suppression of CK phosphotransfer system can lead to up 
regulation of AK phosphotransfer system to compensate the energy need 
(Dzeja, Zeleznikar et al. 1996). We found that AK activity in CRC is about 
1,6 fold higher than in healthy colon tissue and also in nearby tissue (Table 
3). We looked at the functional coupling of AK catalyzed processes with 
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OXPHOS in all three tissue samples. In respiratory experiments we saw 
~40% increase in oxygen consumption with AMP in CRC samples (Figure 
20), meaning that respiration was fueled by ADP that was produced in AK 
reactions. Non tumorous tissues showed about 1,5 times lower stimulatory 
effect on the addition of exogenous AMP then CRC samples. In addition 
the AK index (IAK) proposed by Gruno et al (Gruno, Peet et al. 2006) was 
much higher for CRC then for healthy colon and nearby tissue (Figure 21). 

Taken together our respiratory study’s showed that in CRC tissue the 
coupling between AK and OXPHOS system is higher than in healthy colon 
tissue (Figure 20 Figure 21). 

Our results emphasize the need to use real tissues with their complex 
surroundings and intertwined relations to surrounding cells instead of 
homogenous cell cultures. The cancer itself can’t be considered as one 
homogenous mass and all tumors cannot be considered inherently 
glycolytic. We have shown that there is slight difference between CRC and 
NB but they are more similar in many aspects to each other than to healthy 
tissue. 
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Conclusions 
 

1. It was shown that human colorectal cancer is not hypoxic tumor 
and the rate of oxygen consumption is even higher than in adjacent 
healthy colon tissue. There is an increase in the number of 
mitochondria accompanied with increase in the mitochondrial outer 
membrane permeability for adenine nucleotides. 

 
2. Direct measurements showed that human colorectal cancer has 

fully functional electron transport chain. 
 

3. By applying metabolic control analysis, it was quantitatively shown 
that all the ATP synthasome complexes remain almost unchanged 
with only minor differences seen in electron transport chain 
complexes. Sum of all flux control coefficients where found to be 
much higher than the theoretical value 1 for a linear system 
suggesting the presence of respiratory chain supercomplexes or 
direct substrate channeling within the ATP synthasome and ETC 
complexes. 

 
4. Measurements on CK mediated energy transfer network and AK 

mediated energy transfer network showed that PCr/CK shuttle is 
downregulated and AK mediated energy transport system is 
upregulated in human CRC. Because CK mediated energy 
transport is replaced with AK mediated energy transport there is 
also decreased ability to produce PCr. 

 
5. CRC exerts distant effect on the nearby tissue cells. Nearby tissue 

is similar to tumor tissue with upregulation of mitochondrial 
respiration and with mitochondria that have functional respiratory 
chain. CK system is down regulated and permeability of MOM for 
adenine nucleotides is increased. 
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Abstract 
The aim of this study is to characterize the function of mitochondria and 

the regulation of energy fluxes in human colorectal cancer (CRC) cells. 
Results of this work are showing that CRC is not a pure glycolytic tumor 
and the oxidative phosphorylation (OXPHOS) system may be the main 
provider of ATP in these tumor cells. 

In this study we analyzed quantitatively the cellular respiration in post-
operational tissue samples taken from patients with human colorectal 
cancer.  

The method of Metabolic Control Analysis (MCA) has been applied to 
skinned cancer tissue samples in comparison with healthy tissue of same 
type. MCA helps to understand how the control is shared between the 
enzymes and transporters of the pathway and to identify the steps that 
could be modified to achieve a successful alteration of flux or metabolite 
concentration in pathways. For every enzyme and transporter flux control 
coefficient (FCC) is calculated witch quantifies the control that certain 
reaction exerts on the steady-state flux. If alterations in the pathway can 
be identified, then they become potential targets for cancer treatment. We 
are showing that all the ATP synthasome complexes remain almost 
unchanged with only minor differences seen in electron transport chain 
complexes and that sum of the FCC was close to 3 in all studied tissues 
indicating the formation of supercomplexes or direct substrate channeling. 

To study the kinetics of regulation of mitochondrial respiration we 
evaluated the affinity of mitochondria for exogenously added ADP by 
measuring the apparent Michaelis-Menten constant (Km) for ADP and 
assess the permeability of mitochondrial outer membrane, also maximal 
respiratory rate (Vm) to assess the functionality of OXPHOS. 

To determine the functionality of the energy transfer pathways we 
looked at the enzymatic activities and functional coupling between 
mitochondrial kinases and OXPHOS in the main energy transfer pathways 
in the malignant and healthy cells. 

Experiments showed that human CRC is not a glycolytic tumor and it 
has functional OXPHOS system. CRC has increased number of 
mitochondria and increased permeability of the mitochondrial outer 
membrane for adenine nucleotides. MCA showed that there are 
respiratory chain super complexes or direct substrate channeling in the MI 
and ETC complexes. In energy transfer, CK system is replaced with AK 
system. 

This work shows that there are functional mitochondria in human 
CRC and identifies differences between healthy colon tissue and 
cancer thus identifying potential targets in mitochondrial metabolism for 
human colorectal cancer therapy. 
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Kokkuvõte 
 
Selle töö eesmärk on iseloomustada jämesoolevähi mitokondrite 
funktsiooni ja energia voogude regulatsiooni. Antud töö tulemused 
näitavad, et jämesoolevähk ei ole puhtalt glükolüütiline kasvaja ning tema 
oksüdatiivse fosforüleerimise süsteem tundub olevat peamine ATP tootja. 
Selles töös me analüüsisime kvantitatiivselt rakuhingamist soolevähi 
patsientide operatsioonijärgses materjalis. 
Me kasutasime metaboolse voo kontrolli analüüsi (MVKA) meetodit 
skineeritud kiududel nii vähi kui ka terve koe proovidel. MVKA näitab 
kuidas jaguneb kontroll erinevate ensüümide ja transporterite vahel 
metaboolsel rajal ning aitab tuvastada samme, mis mõjutavad voo liikumist 
antud rajal. Igale sammule antakse voo kontrolli koefitsient, mis näitab kui 
suurt kontrolli antud reaktsioon avaldab stabiilses olekus metaboolsele 
voole. Võimalike kõrvalekallete tuvastamine annab potentsiaalse 
võimaluse uute ravisihtmärkide tuvastamiseks. Antud töö näitab, et kõik 
Mitokondriaalse Interaktosoomi kompleksid püsivad peaaegu 
muutumatuna minimaalsete erinevustega elektrontranspordi ahelas Voo 
kontrolli koefitsientide summa oli uuritud kudedes kolme lähedal, mis viitab 
superkomplekside moodustumisele antud süsteemis. 
Mitokondriaalse hingamise regulatsiooni kineetika hindamiseks 
vaatlesime mitokondrite afiinsust ADP suhtes ning mõõtsime Michaelis-
Menteni konstandi (Km) ADP suhtes, samuti uurisime oksüdatiivse 
fosforüleerimise funktsionaalsuse hindamiseks mitokondrite 
välismembraani läbitavust adenosiin nukleotiididele ja maksimaalse 
hingamise kiirust (Vm). 
Energia ülekande hindamiseks rakkudes vaatasime põhilisi 
energiaülekande teid ja vastavate ensüümide aktsiivsusi. 
Tulemused näitasid, et inimese jämesoolevähk ei ole glükolüütiline 
kasvaja ja tal on funktsionaalne oksüdatiivse fosforüleerimise süsteem. 
Jämesoolevähis on kasvanud mitokondrite arv ning tõusnud adenosiin 
nukleotiidide läbivus. Metaboolse kontrolli analüüs näitas et rakkudes on 
valgulised hingamisahela superkompleksid või substraatide otse liikumine 
Mitokondriaalse Interaktosoomi ja elektrontranspordi ahela vahel. Samuti 
on kreatiinkinaasi põhine energiaülekanne on asendunud 
adenülaatkinaasi põhisega. 
Antud töö näitab, et jämesoolevähis on mitokondrid funktsionaalsed ning 
esineb mitmeid kõrvalekaldeid tervest koest, mis loovad võimaluse leida 
potentsiaalseid vähiravi ja diagnostika sihtmärke. 
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