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Review of literature 
1. Breast and colorectal cancer
1.1 Incidence, mortality and survival rates 

Cancer is the second leading cause of death globally. 8.8 million deaths were 
caused by cancer in 2015, therefore accounting for 1 death out of every 6. In 
addition, incidence of cancer is on the rise. In 2012, a total of 14 million new 
cases were registered and by 2020 the number of new cases is projected to rise 
up to 17 million globally. Partly, the rise is ascribed to demographic effect, but 
it nevertheless forecasts elevated need to address this complex malady [1].   

The biggest number of new cases is caused by cancer of the lung. In 2012, 
lung cancer accounted for 1.82 million new cases globally, and it was followed 
by breast and colorectal cancers, which accounted for 1.67 million and 1.36 
million new cases, respectively. For cancer deaths, lung cancer remains as the 
leading cause (1.59 million deaths globally), but deaths caused by breast and 
colorectal cancers are falling to the fourth and fifth place with 0.69 million and 
0.52 million deaths, respectively, indicating to improved outcomes for those 
latter types [2].  

In this thesis, breast and colorectal cancers are the study objects and for that 
reason the main emphasis is given to those two cancer types on the following 
pages.  

According to Estonian National Institute for Health Development, a total of 
8558 new cancer incidences were registered in 2014 for Estonia with prostate 
cancer being the leading diagnosis (1083 new diagnoses; ICD-10-CM diagnose 
code C61). The second leading cause is cancer of the colon, rectum and 
anus/anal canal (combined codes C18-C21) with 914 new cases and breast 
cancer was the fourth most common cancer diagnosis with 728 new cases [3].   

Figure 1. Cancer incidences in Estonia in 2014, shown as location, number of cases and 
percentage of all cases [3]. 
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During the same year, 2014, 15 467 deaths were registered in Estonia with 
cardiovascular reasons being the leading cause (8258 deaths) and malignancy 
related deaths as the second most common cause (3812 deaths). Similarly to 
global data, the leading cause of cancer-related death was lung cancer (715 
deaths; C33-C34); colorectal cancer (C18, C19) and breast cancer (C50) were 
the second and the fifth cause with 334 and 244 deaths, respectively [3].  

Despite the rise in cancer incidences, survival rates in Europe have 
improved, especially in the Easter-European countries, including Estonia, which 
previously had more lower rates compared to rest of the Europe than they have 
according to recent studies [4]. Based on data from 2000 to 2009, five-year 
relative survival in Estonia for colon/rectal cancer is 49/50% and for breast 
cancer, 76% [5]. Both results are lower than the European average found in the 
EUROCARE-5 study which covers similar time period. European average 5-
year relative survival for colon/rectal cancers is 57.0/55.8% and 81.8% for 
breast cancer. Survival rates in Eastern-European countries were found to be 
systematically lower than that in rest of the Europe. To an extent, it can indicate 
problems with data quality, but mainly it is explained by limited or delayed 
access to better treatments and reduced efficacy of existing treatments due to 
late diagnosis. But additionally, other factors like amount of diagnostic testing, 
cancer biology, comorbidities, and socioeconomic status can directly or 
indirectly affect trends in survival and EUROCARE-5 study did not have access 
to major prognostic factors like stage at diagnosis and therefore comparison of 
survival differences in different regions is difficult. Additionally, the authors of 
the EUROCARE-5 study conclude that survival and mortality, as basis for this 
study, are too limited for sufficient analysis of different regions as survival can 
be inflated by overdiagnosis and lead-time bias and mortality on its own – a 
consequence of past incidence and survival trends – is insufficient [6]. 
Therefore, analysis of survival or morbidity can be useful and relevant within a 
single region which allows to estimate effects of different region-wide 
initiatives like cancer screening.   

1.2 Population screening 
WHO has estimated that 30-50% of all cancers are preventable and 

prevention itself offers the most cost-effective long-term strategy for the control 
of cancer. Main risk factors that should be avoided, reduced or managed, are 
tobacco use, physical inactivity, obesity, alcohol use, infections, environmental 
pollution, occupational carcinogens and ionizing radiation [7]. However, 
whether the named risk factors are managed or not, early detection of any 
cancer significantly increases the likelihood of improved prognosis or 
successful curative treatment and therefore many countries have screening 
programs to find those early stage patients. 

European Council recommends screening for three types of cancer - breast, 
cervical and colorectal cancers - to reduce the burden of the common cancers in 
the member states. In 2012, 2.6 million new cancer cases were recorded in the 
European Union and 1.26 million deaths caused by the same disease. From the 
recommended screening targets, colorectal cancer is the second cause of cancer-
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related death for men and the third for women; breast cancer is the leading 
cause of cancer-related death in women, but incidence and hence, deaths, from 
cervical cancer are comparatively low in the EU. Low incidence of cervical 
cancer is explained by effective implementation of the screening program [8]. 

95% of nearly 67.5 million women residing in the EU who belong to chosen 
target age for breast cancer screening, 50-69 years, reside in the 25 member 
states who have implemented nationwide population-based screening programs. 
In case of cervical cancer, target age is 30-59 years and 72% of women residing 
in EU are in member states that have screening programs for it. In case of 
colorectal cancer, target age is 50-74 years and out of the total 152 million EU 
residents meeting that target, 72% are residing in member states that have 
initiated some type of screening program for the disease [8]. 

    

 

Figure 2. Implementation of breast cancer screening (on the left) and colorectal cancer 
screening (on the right) in the EU member states as of 2016 [8]. 

In USA, similarly to EU, American Cancer Society recommends screening 
for breast, cervical and colorectal cancer, but additionally, for lung and prostate 
cancer [9]. Controversially, US Preventive Task Force, what also issues 
recommendations, agrees with screening for breast, colorectal, cervical and lung 
cancers, but recommends against screening for prostate cancer (using PSA), but 
also against screening for ovarian, testicular and thyroid cancers [10]. 

Recommending against some screening programs is driven by non-balanced 
outcome of the programme or by insufficient methodologies used for the 
screening. Despite positive effects of different recommended screening 
programs have been confirmed with randomized controlled trials, some negative 
aspects are also involved. Mainly the negative aspects are false positive and 
false negative results, but also sample collection method or sample quality can 
cause problems. Additionally, in case of colorectal cancer screening, 
endoscopists should reach adenoma-detection-rate above 25% (≥30% for men, 
≥20% for women), because most colorectal cancers that develop between 
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screenings are believed to arise from lesions that were missed at the time of 
previous colonoscopy [9].  

For breast cancer, mortality benefit from screening is estimated to be around 
20% (95% CI 11-27%). It is also acknowledged that such benefit assessment is 
directly affected by the study design and comes with uncertainties, but 20% was 
found to be the most reasonable estimate [11]. For colorectal cancer, up to 50% 
decline was concluded for both incidence and mortality in US, which was 
attributed to widespread use of colonoscopy in that region for screening 
purposes [12]. Such result for colorectal cancer screening, however, seems to be 
biased. Meta-analysis on almost 745 000 individuals showed that if faecal 
guaiac-based occult blood testing was used for screening, it led to 14% 
reduction in mortality and use of flexible sigmoidoscopy led to 28% reduction 
in colorectal cancer mortality compared to unscreened individuals [13]. But as 
general background, colorectal cancer incidence has dropped almost 40% since 
1975 and by more than 45% since its peak in mid-1980s and importantly, 
associated mortality has fallen by more than half. Screening alone cannot 
explain such decline as uptake of screening has been too slow when the 
timeframe is considered. Some authors explain reduced mortality with improved 
treatment options, earlier detection of symptomatic disease and with fewer cases 
of colorectal cancer occurring in the first place. Role of screening cannot and 
should not be excluded from these declining numbers, but it should be noted 
that changes in diet and microbiome can have a significant role in reduced 
incidence of colorectal cancer seen in those studies [14]. 

 

Figure 3. Colorectal cancer incidences in Estonia [3] and USA [15] between 2000 and 
2014. Data presented as new cases per 100 000 persons per year. 

Described decline in colorectal cancer incidence in some western societies 
is, however, not characteristic to Estonian population during the past decades as 
shown by the increasing incidence trend (Figure 3). Colorectal cancer 
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incidences peaked in the US in the middle of 1980s and have declined since 
[14] and when compared to Estonian data, the opposite trends might be 
explained by the difference in socioeconomic development stage of those two 
societies.  

1.3 Overdiagnosed cancers 
Widespread screening programs have introduced a new and unexpected 

phenomenon – overdiagnosis. Overdiagnosis refers to the detection of cancers 
on screening, which would not have become clinically apparent in the patients’ 
lifetime if the patient would not have been screened [11].  

Using search string “cancer overdiagnosis” in PubMed, gives a total of 2656 
results (Figure 4). Earliest use of the string was in 1948 which was followed by 
14 years of silence until the string surfaced in 1962 and then another 15 years of 
silence until 1976. After 1980, there has not been a year without a use of this 
string in an article. Surprisingly, use of this string declined in 2016 compared to 
2015, despite the elevated interest in the society.   

 

Figure 4. Use of string “cancer overdiagnosis” in scientific papers per year based on                             
PubMed “All fields” search. 

Main harm associated with overdiagnosis, in case of breast cancer, is 
overtreatment, such as lumpectomy, mastectomy, chemotherapy, and radiation 
therapy followed by additional unnecessary diagnostic procedures. 
Additionally, women would experience anxiety of knowing that they have 
breast cancer [16].     

Mixed results have been published on this subject for screening 
mammography and the overdiagnosis rate has been reported anywhere between 
0% and upwards of 30% of diagnosed cases. This striking difference indicates 
that such rate estimates are not straightforward calculations, but rather are based 
on different sets of assumptions and are often biased by methodological flaws 
[17]. American Cancer Society concluded in their 2017 review that higher 
estimates of overdiagnosis were based on studies that did not adequately adjust 
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for lead time or contemporaneous trends in incidence and had inadequate 
follow-ups. As a result, if those methodological criteria were met, overdiagnosis 
of invasive disease should be uncommon [9]. Therefore, some authors consider 
overdiagnosis an epidemiological rather than a pathological concept [18].  

Overdiagnosis of invasive cancers is less likely, largely because these 
cancers tend to grow more quickly and the authors of [17] support this notion 
with and absence of documented cases of an invasive cancer regressing without 
treatment. Despite the authors notion, there are several case reports for 
spontaneous breast cancer remission [19,20] and reviews indicating that almost 
all human cancers, including metastatic, can spontaneously regress [21]. These 
spontaneous regression cases, however, are very rare. In case of breast cancer 
screening, the likely subtype to be associated with overdiagnosis, is ductal 
carcinoma in situ (DCIS). In the pre-mammography era, DCIS was extremely 
uncommon, representing around 5% of all breast cancer diagnoses. By now, 
strikingly, DCIS represents 30% of all breast cancers detected at screening and 
20% of all newly diagnosed breast cancer cases [16]. Despite the increasing 
number of DCIS diagnoses, controversy still exists, whether these are 
overdiagnosed patients or is the screening program already picking out patients 
who will develop invasive breast cancer from the same lesion in 5-20 years. 

One possibility to reduce or postpone treatment in DCIS patients should be 
active surveillance, similarly to that established for low-risk prostate cancer. 
Such programs are already in development, but there are still many open 
questions, as to what constitutes appropriate active surveillance, how long 
should it last for and when exactly further intervention is needed [22].    

Altogether, overdiagnosis, based on current knowledge, represents disparity 
between improved efficacy of radiological methods and limitations in 
pathological methods, so that a cancer, once discovered, is difficult to segregate 
into high risk (immediate attention needed) or low risk (no immediate attention 
needed) categories. Therefore, despite some exceptions with active surveillance 
in prostate cancer, all cancers discovered on screening, for now, are considered 
to be high risk. To a large extent, however, even greater problem is caused by 
people who decide not to participate in the screening programs even if these are 
made readily available for them.  
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2. Changed metabolism in malignant cells 
2.1 Dissonance between models and human biology 

Researchers prefer simple models to describe the complexity of human 
biology, and additionally, many experiments would not be possible with a living 
human being. Cultured human cells, as the most widely used model system in 
research laboratories today, were first established in 1952 when HeLa cells were 
isolated from a patient with cervical cancer and immortalised. The same cell 
culture, shortly after its introduction, was used to develop vaccine against the 
polio virus [23] and has been used in various trials ever since together with 
many other cell cultures. Cells in culture are commonly used to study 
metabolism and despite the well-known culture medias used to cultivate those 
cells were developed shortly after introduction of the HeLa cells (DMEM in 
1959 [24] and RPMI-1640 in 1967 [25]), it has only recently come under wider 
attention, that those culture medias were not developed to mimic human plasma, 
but, rather, to address the need for large amounts of media with more 
homogenous composition than biological fluids or tissue extracts could offer 
[26]. Therefore, use of these medias, due to nonphysiological composition, can 
affect properties of cells and render the outcome uncharacteristic to the human 
body. Indeed, it has been shown that severe genetic and epigenetic changes 
emerge once cells from mammalian tissues are taken into culture. It is explained 
through adaption to culture conditions and alternatively referred to as “culture 
shock”, but it drastically undermines the very foundation of cultured cells, that 
these in vitro models should represent the original tissue the cells were isolated 
from – it has become more and more evident, that to a large extent, they don’t. 
[27,28]. In addition to culture cells, mice are widely used in biological research, 
but composition of mouse plasma is also considerably different from that of 
humans. For example, uric acid, missing in culture medias and minimally 
present in mice, was confirmed to have profound effect on intracellular 
metabolite levels once its level in media was taken to that in humans. In 
addition, presence of uric acid antagonized cytotoxicity of 5-fluorouracil, a 
widely used agent in cancer treatment – a find that could have not been possible 
to make if only cell cultures or mice were used [26].  

In case of breast cancer, cell cultures follow the molecular subtypes 
(discussed in more detail in paragraph 2.2). Metastatic breast cancer cells, when 
compared to non-metastatic cells, have shown to have elevated oxidative 
phosphorylation (OXPHOS) together with elevated glycolysis, but importantly, 
the metastatic cells in distal metastases have gone through metabolic 
reprogramming when compared to the initial lesion. This adaption is flexible as 
the metastatic cells with changed metabolic profile resume to initial program 
once taken back to growth media. It can have severe implications on defining 
cancer types, but also on drug development. 4T1 breast cancer cells (aggressive 
triple negative subtype) display sensitivity to glutamine deprivation, but once 
metastasized to the lung, become glutamine independent. Glutamine sensitivity 
is resumed once the cells from lung metastases are recultivated, but systemic 



 17 

treatment with glutaminase inhibitors would leave the lung metastases 
unaffected. Similarly, liver metastases of the same model system display 40-
50% reduction in total respiration when compared to the parental cells, but other 
studies have shown, that breast cancer cells that metastasize preferably to the 
lungs, have increased respiration compared to the parent cells [29-32].  

 

Figure 5. (A-C) in culture, 4T1 cells display elevated extracellular acidification rate 
(ECAR), oxygen consumption rate (OCR) and maximal respiration compared to 67NR 
and 66cl4 cell lines; 67NR is non-metastatic, 66cl4 metastasizes preferably to the lung 

and 4T1 to various sites. (D) Cultured cells with preference for forming liver metastases 
display reduced respiration when compared to parental 4T1 cells. From [29] with 

permission.  

Interestingly, once 4T1 cells have metastasised to the lung and display 
changed metabolic program together with elevated pyruvate uptake and 
resistance to specific metabolic drugs, it does not correlate with changes in 
DNA expression pattern [29]. It renders many of the standard IHC-based 
biomarkers useless and proves growing need for new generation of biomarker 
technologies.   

2.2 Critical aspects of tumor formation and progression 
Each person is unique and tumors in different patients, even if the disease 

originates from the same site, tend to behave differently. Historically, tumor 
types have been segregated based on organs they arise from, but advances in 
science have and continue to find possibilities to fractionate malignancies based 
on their intrinsic properties, or their counteraction with the host. Genetic testing 
has led to many molecular treatment targets that, once treated against, spare the 
patient, but facilitate cytotoxic or cytostatic effect on the tumor tissue (like 
human epidermal growth factor receptor 2 (HER2) in breast [33] and isocitrate 
dehydrogenase (IDH) mutations [34] in certain solid and blood cancers). Trials 
have shown, however, that this picture has to be widened and science needs to 
consider the tissue of origin (e.g. breast, brain or liver) together with additional 
aspects like inclusion of immune cells in the tumor mass, perfusion status and 
possibility of stromal symbiosis. The picture is even more complicated, if 
cancer is considered a systemic disease from the onset where all those aspects 
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must be taken into account starting from very early diseases and treatment 
adjusted accordingly [35].  

Breast tumors are among the most studied malignancies and patients are 
treated based on multiple tumor properties lacking for most of the other tumor 
types. Molecular subtypes are defined based on expression patterns of receptors 
for oestrogen (ER), progesterone (PR), and HER2 together with levels of 
proliferation marker Ki-67. Presence, absence and abundance of each marker 
are basis for segregating tumors into specific molecular subtypes and for 
making prognostic and predictive assessments (Table 1).  

Table 1. Breast cancer most common molecular subtypes. From [36] with permission. 

Subtype IHC status Prevalence Outcome 
Luminal A ER+, PR+, HER2-, low 

Ki-67 
35-45% Best 

Luminal B ER+, PR+, HER2-, high 
Ki-67 

10-20% Intermediate 

HER2 
overexpressing 

ER-, PR-, HER2+ 10-15% Poor 

Triple negative ER-, PR-, HER2- 15-20% Poor 

Each subtype indicates to differences in tumor biology that will lead to 
segregation in recurrence and treatment outcomes [37]. There are many 
different genetic tests for subgrouping different cancer types even further, but 
the value of these is more evident if the test outcome can be coupled to specific 
treatment options with olaparib from AstraZeneca being one of the latest 
addition for breast cancer patients in metastatic setting (BRCA mutation as 
prerequisite for treatment) [38]. 

  Cancers are highly heterogeneous [39] from very early onset, but often the 
clonal development will sustain certain molecular mechanisms characteristic to 
the tissue of origin. In wider view, metastatic breast or prostate cancer cells can 
retain hormone receptors or melanoma cells remain dark due to elevated 
melanin production in the metastatic cells and despite some of these specific 
inherited properties can be used for prognostic or predictive purposes, metabolic 
phenotype might have already changed during disease spatial progression. For 
example some authors have found that malignant cells require increased 
OXPHOS and mitochondrial activity to acquire metastatic phenotype [40], 
others have shown that tumor biology in distal sites has to adapt even further to 
maintain viability and growth. Breast cancer most commonly spreads to bone, 
lung and liver, but in addition to elevated OXPHOS and glycolysis in metastatic 
cells, site-specific differences emerge [29] indicating, from one hand, to 
intrinsic flexibility in those cells, but on the other, increased difficulties in 
treating all different lesions with a single agent.  

Circulatory system is used to introduce anti-cancer treatments to patients, but 
the same system delivers nutrients to the malignant cells and also facilitates 
migration of the tumor cells to distal sites within the body. Many vasculatory 
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abnormalities in the tumor are contributing to both tumor progression and 
treatment outcome: heterogeneous permeability, irregular blood flow, high 
interstitial pressure and endothelial cell anergy [41]. The named abnormalities 
can limit nutrient availability for malignant cells, but equally, to tumor 
infiltrating immune cells. Cancer cells can adapt to limited nutrient availability 
by manipulating its stromal cells via two compartment metabolism. It is 
particularly evident in pancreatic ductal carcinomas (PDAC) that commonly 
present with intense fibrotic stroma, which impairs the vasculature and leads to 
highly hypoxic and nutrient poor environment.  

 

Figure 6. Model of tumour–stroma metabolic cross-talk in PDAC. From [42] with 
permission. 

PDAC stimulate autophagy in stroma-associated pancreatic stellate cells 
which in turn secrete alanine and the tumor takes it up to support its elevated 
OXPHOS and lipid biosynthesis [42]. Similar cross-talk between tumor cells 
and fibroblasts has been shown in breast tumors [43], possibly indicating to 
wider presence of two compartment metabolism in different cancers.     

2.3 Changes in glucose metabolism  
Metabolic profiles of different tumor types or even metastases from the same 

initial lesion, together with mitochondrial function, can have significant 
variability and plasticity as described above. Albeit, cancer cells have shown to 
share certain commonalities.  

Two principal nutrients that support survival and biosynthesis in mammalian 
cells are glucose and glutamine. Through catabolism of both of these nutrients, 
various anabolic pathways are maintained to synthesise different 
macromolecules and, via controlled oxidation of carbon skeletons, their 
reducing power is captured in the form of nicotinamide adenine dinucleotide 
(NADH) or flavin adenine dinucleotide (FADH2) to feed the electron transport 
chain and regenerate adenosine triphosphate (ATP). Related cofactor  
nicotinamide adenine dinucleotide phosphate (NADPH) provides reducing 
power to a wide variety of biosynthetic reactions and helps maintain cellular 
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redox capacity [44].  Increased glucose uptake by malignant cells in comparison 
to non-proliferating cells was first described almost a century ago by the 
German physiologist Otto Warburg [45]. Many years later, based on the same 
discovery, positron emission tomography (PET)-based imaging of the uptake of 
a radioactive fluorine-based glucose analogue, 18F-fluorodeoxyglucose (18FDG-
PET), was developed and widely distributed to clinics for tumor diagnosis and 
staging, as well as for monitoring responsiveness to treatment [46,47].  

 

Figure 7. Combined analysis of 18FDG-PET with computer tomography to improve 
anatomic localization. Lung cancer patient with extensive metastases; focal uptake of 

18FDG in neck muscle. From [47] with permission.  

Warburg initially speculated that cancers cells, due to defective 
mitochondria, switch to glycolysis for ATP synthesis even in the presence of 
abundant oxygen and hence the term, “aerobic glycolysis”. Interestingly, he 
initially noted, but later discarded, that respiration alone could maintain tumor 
viability and therefore it was concluded that both glucose and oxygen need to be 
eliminated to kill tumor cell. Indeed, research in recent decades has shown that 
while glycolysis is dramatically upregulated in almost all cancer cells, 
mitochondria continue to operate normally [48,49]. Glycolysis, in addition to 
ATP regeneration, serves as a source for synthesis of biomass and reducing 
equivalents. Via pentose phosphate pathway (PPP) oxitative branch NADPH is 
produced and ribose-5-phosphate is produced via nonoxidative branch of PPP. 
Non-oxidative branch of PPP has been suggested to be the main source for 
ribose-5-phosphate synthesis in tumor cells which in turn is needed to produce 
nucleotides for rapid proliferation. Therefore, tumor cells need to upregulate 
glycose consumption to keep the fructose-6-phosphate and/or glyceraldehyde-3-
phospate levels elevated to push the nonoxidative PPP pathway towards 
products as the reactions in this pathway are all reversible [50].  

Glycolysis converts one molecule of glucose into two molecules of pyruvate 
describable with the following chemical equation:  

 
C6H12O6 + 2Pi + 2ADP + 2NAD+ → 2C3H3O3 + 2H2O + 2ATP + 2NADH 
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In addition to the generation of pyruvate, two molecules of ATP and two 
molecules of NADH are regenerated. Thus, for glycolysis to be maintained, a 
flux balance that consumes its products (ATP and NADH) must be achieved 
and supply of glucose and inorganic phosphate must be continuous. In case of 
terminally differentiated cells, cytosolic NADH/NAD+ imbalance is eliminated 
using mitochondrial shuttles like malate-aspartate or glycerol phosphate shuttle 
and therefore NADH (or FADH2 in case of the less studied glycerol phosphate 
shuttle) is consumed by OXPHOS to regenerate more ATP. These shuttles can 
balance the amount of NADH generated by small rates of glycolysis, but in case 
of rapid glycose uptake, the production of NADH is increased many orders of 
magnitude and the named shuttles quickly become saturated. As a result, 
additional mechanisms are necessary to regenerate cytosolic NAD+. The major 
mechanism for that involves the reduction of pyruvate to lactate to regenerate 
NAD+ from NADH via lactate dehydrogenase (LDH), which is frequently 
overexpressed in many cancers (Figure 8). As a result, high rates of glycolysis 
needed for rapid proliferation can induce the Warburg phenotype via 
concomitant need for NAD+ regeneration to sustain intracellular redox balance 
[49,51].  

 

Figure 8. Glucose metabolism during high or low glycose uptake. From [51] with 
permission.  
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Glycolysis turns a molecule of glycose into lactate 10-100 times faster than 
it would take to oxidise the same molecule of glycose to CO2 in mitochondria 
[49] and therefore it has been suggested that that rapid ATP production can be 
the biggest benefit of aerobic glycolysis [51]. At the same time, glycolysis in 
the cytosol is almost 20-fold less effective in generating ATP from a molecule 
of glycose than complete oxidation of glycose would give in the mitochondria, 
but it still confers a proliferative advantage for tumor cells [52]. Surprisingly, 
calculations suggest that the amount of ATP needed for mammalian cell growth 
and division may be far less than that required for basal cellular maintenance 
[53], and an excess amount of ATP can have inhibitory effect on proliferation 
[52]. Therefore, cells must adapt mechanisms to cope with increasing 
concentration of ATP to sustain elevated glycolysis. One clue in resolving this 
situation is the fact that growing cells express a single isoform of pyruvate 
kinase, PKM2, which is biochemically two times less active than its other 
isoform PKM1, which is primarily expressed in differentiated cells. As pyruvate 
kinase catalyzes the final step of glycolysis by converting phosphoenolpyruvate 
(PEP) to pyruvate and transferring a phosphate to ADP to regenerate ATP, its 
less active isoform PKM2 should be also less active in regenerating ATP and 
should hence be limiting the amount of free ATP. Additionally, an alternate 
enzymatic activity has been discovered for the pyruvate kinase substrate PEP 
which can act as a phosphate donor in mammalian cells expressing PKM2 by 
participating in phosphorylation of the glycolytic enzyme phosphoglycerate 
mutase. Therefore, pyruvate can be generated without inclusion of PKM2 and 
also without concomitant ATP production, again, lowering the amount of ATP 
and allowing increased glycolysis. Additionally, at least theoretically, pyruvate 
kinase, though thermodynamically unfavourable, can function in reverse and 
consume ATP together with pyruvate to generate PEP [52,54]. Intriguingly, 
large studies have shown that if ATP contribution from aerobic glycolysis and 
OXPHOS are compared, then based on 31 different cell lines, average ATP 
contribution from aerobic glycolysis is a mere 17%. This data does not support 
the hypothesis that cancer cells exhibit aerobic glycolysis to generate ATP 
faster [51].  

Warburg effect has also been associated to elevated need for biomass and 
that metabolic pathways branching from glycolysis are contributing carbon to 
synthesis of nucleotides, lipids and proteins. During aerobic glycolysis most of 
the glucose carbon is not retained, but excreted as lactate. Less than 10% of 
glucose carbon is directed into anabolic pathways in different proliferating cell 
types, and if even as little as 0.1-1% of the dramatically increased glucose 
uptake enters biosynthetic pathways, it can more than double the basal flux into 
the same pathways in non-transformed cells. Therefore, these rapidly 
proliferating cells are benefiting from excreting more than 90% of glucose taken 
up by the cell. One suggestion for explaining this is the notion that if the 
glycolytic pathway from glucose to lactate is kinetically very active, but 
biosynthetic pathways stemming from it are less active, the less active pathways 
require increased substrate pools for sufficient throughput and hence, the 
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glycolysis must be enormously elevated to sustain the less active branched 
pathways. Additionally, tumors might benefit from excreting large amounts of 
lactate as it can condition the microenvironment, promote invasion and suppress 
immune reaction and through that facilitate tumor survival, growth and 
invasion. But inversely, many normal proliferating cells utilize aerobic 
glycolysis without evident benefit from excreted lactate and hence it indicates 
that high glycolysis is unlikely chosen for in cancer cells because of high lactate 
excretion [49,51,52]. Therefore, though Warburg effect is evident in many types 
of cancer, benefits of it for the cancer cells are unclear. At the same time 
OXPHOS in the same cancer cells is still functional and seems to provide most 
of the intracellular ATP, but there are many aspects that are affecting this 
system, whether arising from within the tumor cell or from environmental 
restrictions.    

2.4 Functionality of OXPHOS  
In differentiated physiological cells the mitochondrial respiratory chain 

(Figure 9) is functioning to pump protons across inner mitochondrial membrane 
(by complexes I, III and IV) with concomitant transfer of electrons through the 
chain to the final electron acceptor, molecular oxygen, to generate water. 
Pumping of the proteins generates proton motive force (∆p), composing of a 
small chemical component (∆pH) and a large electrical component (membrane 
potential ∆ψ), which is then used by complex V (ATP-synthase) to regenerate 
ATP from ADP and inorganic phosphor Pi. Chemiosmotic nature of this process 
was first suggested by Peter D. Mitchell [55] in 1961, who later received the 
Noble Price for his remarkable work in this field.  

 

Figure 9. Unassembled model of mitochondrial respiratory chain. From [56] with 
permission. 

For the ATP regeneration to remain functional, ATP and ADP are shuttled 
between cytosol and mitochondrial matrix by the adenine nucleotide transporter 
ANT. Respiratory chain is feed by tricarboxylic acid cycle (TCA) which 
generates NADH and FADH2. Mitochondrial respiratory chain disorders, 
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however, are the most common forms of mitochondrial disease and have direct 
effects on ATP regeneration and metabolism. There can be underlying genetic 
mutations to it, but it is rarely clear how different mutations cause specific 
clinical phenotypes and affect enzyme activity [56], and additionally, severe 
conditions in tumor microenvironment, like limited oxygen supply, drive non-
genetic changes caused by exogenous effectors.   

Most known oncogenic mutations in the respiratory chain are found in 
Complex II (succinate dehydrogenase, SDH), an enzyme which is also part of 
the TCA cycle. Out of other TCA cycle enzymes, mutations in fumarate 
hydratase (FH) and isocitrate dehydrogenase (IDH) are also well described. 
Mutations in SDH subunits have been described in pheochromocytoma, 
neuroblastoma, thyroid and ovarian cancers, whilst FH mutations have been 
reported in kidney, bladder, breast and testicular cancers [57]. SDH dysfunction 
results in accumulation of its substrate, succinate, which acts as a competitive 
inhibitor of the 2-oxoglutarate-dependent HIF-prolyl-hydroxylases and as a 
result stabilizes hypoxia-inducible factor 1 alpha (HIF-1α), which in turn 
activates genetic programs that facilitate angiogenesis, anaerobic metabolism, 
and suppress both mitochondrial pyruvate catabolism and oxygen consumption. 
HIF-1α is one of the key regulators of metabolism and is often highly expressed 
in many tumors [50,58]. Unlike SDH or FH, mutations in IDH1 and IDH2 
change the function of those enzymes and cause these to produce an 
oncometabolite, 2-hydroxyglutarate [34], which in turn acts as a competitive 
inhibitor on alpha-ketoglutarate dependent dioxygenases and leads to genome 
wide histone and DNA alterations [59].    

 

Figure 10. Role of ROS at different concentrations. From [60] with permission.  

Oxygen is the final acceptor of electrons in the respiratory system as 
described before, but if for some reason this reduction is incomplete, it leads to 
formation of reactive oxygen species (ROS) [61]. ROS are short-lived and 
highly unstable oxygen free radicals, for example, superoxide (O2

•-) and 
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hydroxyl (OH•), which are usually converted into freely diffusible non-radicals 
like peroxide (H2O2) [60]. ROS formation is present in all respiring cells, and 
despite these were initially thought to exclusively cause damage and to lack 
physiological function, recent years have shown that ROS act as a signalling 
molecules to regulate wide variety of intracellular processes like adaption to 
hypoxia, regulation of autophagy, regulation of immunity, regulation of 
differentiation, and regulation of longevity [62]. Although ROS can originate 
from various endogenous processes or arise from interactions with exogenous 
sources, most of ROS are coming from the mitochondria with estimation that 
1% of O2 consumed by mitochondria is converted to O2

•-. ROS levels in 
physiological setting are relatively low, but if cellular antioxidant defence 
system is overwhelmed, whether by increased ROS or decrease in cellular 
antioxidant capacity, oxidative stress occurs (Figure 10). Oxidative stress results 
in direct or indirect ROS-mediated damages to nucleic-acids, proteins, and 
lipids, and has been implicated in neurodegeneration, atherosclerosis, diabetes, 
aging, and carcinogenesis. In malignant cells, overproduction of ROS has been 
shown to induce variety of biological effects including enhanced cell 
proliferation, DNA damage and genetic instability, cellular injury and cell 
death, autophagy and resistance to therapies [60,63].  

 

Figure 11. (A) Network of energy flow in mitochondria starting from electrons e- (e.g. 
from NADH) to generate H2O as a result of canonical TCA together with ∆ψ. The latter 

is then used to generate ATP or dissipated as H+ leak. (B) Model of feedback loop, 
where increased formation of ROS increases proton leak, which in turn reduces the 

amount of ROS formation. From [64] with permission.  

Interestingly, elevated ROS formation induces proton leak through the 
mitochondrial inner membrane to decrease ∆p and that in return reduces ROS 
formation. Therefore, a feedback loop is formed (Figure 11). Proton leak in 
mitochondria is a highly important evolutionary phenomenon as it has been 
reported in every organism studied to date, but there are still many controversies 
regarding its mechanism, regulation and exact physiological relevance in health 
and disease [64].   

2.5 OXPHOS suppression and supercomplexes 
Mitochondria are the main source of ROS and Complex I (CI) of the 

respiratory system is the main source of mitochondrial ROS production [65]. 



 26 

CI, with 45 subunits, is the first and largest complex of the respiratory chain. It 
is under bigenomic control (7 units from mitochondrial plus 38 units from 
nuclear DNA) and therefore tightly regulated interaction between the 
mitochondrial and nuclear genomes is required for successful biogenesis and 
functioning of the complex. Isolated CI deficiency is most frequently diagnosed 
form of mitochondrial OXPHOS disorders and it has wide clinical variety. 
Interestingly, in most of the patients, underlying cause of the CI deficiency 
remains unknown. Hoefs et al [66] studied 34 patients with known CI 
deficiency (non-malignant diseases) and concluded that genetic cause was 
identifiable only in 14 patients (i.e. 59% of the patients had CI deficiency of 
unknown origin). Therefore, in patients with unknown aetiology, the observable 
deficiency in CI might be caused by mutations in unknown assembly factors, by 
posttranslational modifications or possibly by misaligned supercomplex 
formation [66,67]. In malignancies, mutations in CI are found most frequently 
out of all respiratory chain complexes and these changes have been linked to 
development of colon, thyroid, pancreas, breast, and bladder cancers [68].  

Role of CI dysfunction in cancers, however, is controversial and despite 
increased ROS formation due to mutations in CI have been linked to metastatic 
phenotype in some lung and breast tumors, functionality of CI is still necessary 
under low glucose conditions – a condition frequently found in cancer 
microenvironment [68,69]. In addition, it has been shown that severe loss-of-
function in CI increases NAD+/NADH ratio, increases alpha-ketoglutarate 
concentration and via that, contributes to destabilization of HIF-1α and hence, 
to inability to adapt aerobic glycolysis which in turn results in hampered cell 
growth. However, certain degree of CI dysfunction may be advantageous under 
different selective pressures, but complete impairment of OXPHOS can be fatal 
for tumor development [70]. As CI in cancers is not only important in energy 
generation, but also in maintaining redox homeostasis, production of ROS and 
regulation of biosynthetic pathways, it is not unexpected that CI has become a 
target for drug development [71]. CI, however, should not be considered as a 
single entity in mitochondrial inner membrane.  

Up to 30% of the cytosolic volume consists of proteins and this volume 
occupation is even higher in mitochondria, where it takes up about 60-70% of 
the mitochondrial volume. Additionally, mitochondrial inner membrane is 
~50% protein by mass and ~70% by area. Together, it inevitably creates 
spatially restrictive environment that in turn supports formation of protein-
protein interactions, micro compartmentalization, metabolic channelling, and 
functional coupling [64,72]. One possible example of it is the respiratory chain. 
The respiratory chain complexes have historically been considered as separate 
entities under a simple “fluid model”, where the complexes freely float in the 
inner mitochondrial membrane and for example electrons from Complex I 
transfer to Complex III via random diffusion of Coenzyme Q molecules in the 
lipid bilayer. Starting from year 2000, however, increasing number of studies 
have shown that respiratory chain complexes are forming higher assemblies 
(supercomplexes) and if all complexes are assembled, a “solid model” is 
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formed. Based on a third interpretation, termed “plasticity model”, 
supercomplexes in the solid model are not fixed and (some of the) 
supercomplexes can dissociate back to separate entities under certain conditions 
and function based on a shared Coenzyme Q pool in parallel to supercomplexes 
(Figure 12). Additionally, a specific type of proteins, termed supercomplex 
assembly factors or SCAFs, are required for supercomplex formation, but exact 
mechanistic role of SCAFs has not been described in sufficient terms and role 
of cardiolipin has also been proposed in some models [73-75].  

 

Figure 12. Three models of supercomplex formation in the respiratory chain. (A) Fluid 
model, where all complexes are separate entities and coenzyme Q/cytochrome c are 

freely moving in the inner mitochondrial membrane. (B) Solid model, where all 
respiratory chain complexes are incorporated into supercomplexes with inclusion of 

coenzyme Q/cytochrome c. (C) Plasticity model, where supercomplexes with different 
stoichiometry exist together with freely moving complexes.  Numbers indicate to 

different assemblies or co-assemblies of the complexes. From [75] with permission. 

Stoichiometry of respiratory supercomplexes remains debatable and it can be 
largely attributed to shortcomings in understanding exact drivers and 
mechanisms behind formation and dissociation. However, studies have 
demonstrated that CI is an integral part of all respirosomes and inclusion of 
Complex II (CII), as a second entry point to the respiratory chain, is unclear. CI 
forms higher assemblies with Complex III (CIII) and Complex IV (CIV) and 
therefore such supercomplex can easily transfer electrons to the final acceptor, 
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molecular oxygen. One explanation to benefits of supercomplexes is that they 
confer catalytic and kinetic advantages, as catalytic centres of different 
complexes are in very close proximity and reducing equivalents do not leave the 
supercomplex structure and transfer of these is kinetically favoured. Stable 
structures of CI1III2IV1 have been proposed in porcine heart mitochondria, but 
despite complexes I, III, and IV are found in these, they are also found as 
separate entities, again supporting the plasticity model. Recently, even higher 
assembly has been proposed, termed mitochondrial respiratory megacomplex, 
having stoichiometry of MCI2III2IV2. This megacomplex was extended even 
further and hypothesis was proposed that 2 copies of Complex II fit into caps 
between complexes I and IV, conclusively forming electron transport chain 
supercomplex which includes all electron transport chain components (Figure 
13) [73,76].   

 

Figure 13. (A) Structure of megacomplex MCI2III2IV2. (B) Structure of electron 
transfer chain megacomplex MCI2II2III2IV2. Different colours represent different 

respiratory chain complexes and these coincide with colours of the respective 
abbreviations. From [73] with permission. 

 Structure, composition and stoichiometry of respiratory chain 
supercomplexes remains to be an issue of debate and thorough investigation, as 
better understanding of how and why these are formed, which additional 
cellular components are necessary for the formation, and what leads to dynamic 
dissociation of the supercomplexes, can improve our understanding of cellular 
respiration in physiological setting, but also in disease.  
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(Equation 1) 

(Equation 2) 

3. Adaption of Metabolic Control Analysis  
During a large part of last century, there was a general agreement among 

biochemists that regulation and control of metabolism is centered around key 
rate-limiting enzymes. In this case, varying activity of this single rate-limiting 
enzyme in a pathway would change the flux of the pathway, but varying activity 
of any other (non-rate limiting) enzyme in the same pathway would have no 
effect and hence a simple binary system is defined. Different methods were 
developed to identify those single entities having a central role, but the concept 
of rate-limiting step proved to be unsatisfactory both theoretically and 
experimentally.  An alternative approach was introduced in the framework of 
Metabolic Control Analysis (MCA), where not just one but several enzymes in 
a pathway can affect the metabolic flux and in that way regulatory mechanism 
in complex metabolic systems can be determined. Term Flux Control 
Coefficient (FCC) is used to describe the rate of effect each enzyme in a 
pathway has, specifically, FCC shows fractional change in the overall metabolic 
flux of a pathway that is caused by 1% change in the rate of an enzyme in this 
pathway. In terms of mathematical representation, FCC, or J

viC , is the degree of 
control that the rate (V) of a given enzyme (i) exerts on flux J, or:    

𝐶𝐶𝑉𝑉𝑉𝑉
𝐽𝐽 =

𝑑𝑑𝑑𝑑
𝑑𝑑𝑉𝑉𝑉𝑉

∙
𝑉𝑉𝑉𝑉0
𝑑𝑑0

 

where the expression dJ/dVi describes the variation in the flux (J) when 
infinitesimal change is done in the concentration or activity of enzyme i. In 
practice, however, infinitesimal changes in Vi are undetectable and only 
measurable changes are introduced. If a small change in Vi promotes a 
significant variation in J, then this enzyme exerts an elevated flux control and 
the opposite is true, if even significant change in Vi produces only very small or 
negligible change in J. [77-80].   

In case of OXPHOS in functional, unperturbed mitochondria, changing the 
amount of specific enzyme is possible through genetic means, but it is hugely 
more beneficial to use varying amounts of specific inhibitors to change the 
activity of a desired enzyme. There are inhibitors for all enzymes in OXPHOS 
system and the MCA theory can be rearranged accordingly. The exact 
adaptation is dependent on the nature of an inhibitor (irreversible, 
noncompetitive, and competitive), but in case of irreversible inhibition the 
mathematical result would be:  

𝐶𝐶𝑉𝑉𝑉𝑉
𝐽𝐽 =

𝑑𝑑𝑑𝑑/𝑑𝑑
𝑑𝑑𝑑𝑑/𝑑𝑑𝑚𝑚𝑎𝑎𝑎𝑎

 

 
where I represents used inhibitor concentration and Imax the inhibitor 

concentration necessary for total inhibition of the enzyme [80,81].  
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Once a metabolic pathway of interest has been defined and analyzed, 
whether via manipulating enzyme quantity or altering enzyme activities with 
inhibitors, the sum of all FCC in the given pathways should be 1 (termed 
summation theorem). Interestingly, this proves that FCC of an enzyme is not 
specific to that enzyme in isolation, but it is a property of a whole system – once 
an amount of an enzyme is increased, its FCC decreases, but it requires that the 
FCC of some other enzyme in the same pathway increases to meet the 
requirement that the sum of all FCCs must equal to 1. But it also shows that as 
FCCs of a pathway can be redistributed among different enzymes based on 
alternating circumstances and every measured value specifically represents the 
metabolic state it was measured in [79-81]. However, there are limitations to the 
summation theorem, because it has been shown that the sum of 1 is true only for 
enzymes in linear, unbranched pathways. If enzyme-enzyme interactions are 
present, the sum of FCCs will exceed that of 1 [82] and it can be concluded that 
higher organisatory levels between proteins are indicated by increased sum of 
FCCs.  
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Aims of the thesis 
The main aim of this PhD thesis was to quantitate changes in energy 

metabolism caused by malignant transformation in human breast and colon 
epithelial tissues. For the given aim, both malignant and healthy tissue samples 
were used from patients undergoing routine breast cancer or colorectal cancer 
surgery.  

 
The objectives of the current study were the following:  
1. Analyse properties of respiratory chain complexes comparatively in 

HBC, HCC and in their respective healthy epithelial counterparts.  
2. Quantify flux control coefficients for components of the ATP 

synthasome in order to understand similarities and differences between 
different tissues, but simultaneously, assess suitability of MCA for 
detecting presence of supercomplexes.  

3. Measure ADP-dependent respiration in four different tissue sample types 
under different metabolic conditions and compare the results with equal 
in vitro models, and preferably, with results from pathology reports and 
longitudinal data. 

4. Measure and calculate apparent Km (ADP) values for the different human 
sample types to position the results based on mitochondrial affinity for 
ADP, but also to detect uniformity of mitochondrial populations.  
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Materials and methods 
4. Materials 
4.1 Human samples 

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

4.2 Cell cultures 
MDA-MB-231 and MCF-7 cells were grown as adherent monolayers in low 

glucose (1.0 g/L) Dulbecco's Modified Eagle's Medium (DMEM) with stable L-
glutamine and sodium pyruvate (from CAPRICORN scientific) supplemented 
with 10% heat-inactivated fetal bovine serum, 10 µg/mL human recombinant 
Zn-insulin, and antibiotics: penicillin (100 U/ml), streptomycin (100 μg/mL) 
and gentamicin at a final concentration of 50 μg/mL. Cells were grown at 37 °C 
in humidified incubator containing 5% CO2 in air and were sub-cultured at 2-3 
day intervals. 

4.3 Chemicals 
All chemicals were purchased from Sigma-Aldrich Chemical Com. (USA) 

and were of the highest purity available (>98%). 
 

5. Methods 
5.1 Mitochondrial respiration in permeabilized tissue samples 

Numerous studies have demonstrated that isolated mitochondria behave 
differently from mitochondria in situ [83-86]. We therefore have investigated 
respiratory activity of tumor and control tissues in situ using the skinned sample 
technique [83,87-89]. This method allows to analyze the function of 
mitochondria in their natural environment and leaves links between cytoskeletal 
structures and mitochondrial outer membrane intact. The preservation of this 
link is crucial, as these intracellular structures have pivotal role in regulating 
permeability of the outer mitochondrial membrane [90-93]. Cytochrome c test 
was used to confirm integrity of the mitochondrial outer membrane (MOM) 
[87-89,94]; mitochondrial inner membrane quality was checked using 
carboxyatractyloside (CAT) test as the last procedure in every experiment [87-
89,94]. Rates of O2 consumption were assayed at 25 °C using Oxygraph-2k 
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high-resolution respirometer (Oroboros Instruments, Innsbruck, Austria) loaded 
with pre-equilibrated respiration buffer - medium-B [89]. Activity of the 
respiratory chain was measured by substrate-inhibitor titration as described 
earlier [89,95]. The solubility of oxygen at 25 °C was taken as 240 nmol/ml 
[96]. The solubility of oxygen is much lower at 37 than at 25 °C, but also the 
skinned samples from malignant clinical material are more stable at 25 °C. All 
rates of respiration (V) are expressed as nmol O2/min per mg dry tissue weight 
for solid tumors and as nmol O2/min per million cells for cell cultures. 

5.2 Metabolic control analysis 
The method is described in more detail in paragraph 3.  
We applied MCA to human breast and colorectal cancer skinned samples to 

determine the FCCs for respiratory chain complexes. The flux was measured as 
the rate of O2 consumption in permeabilized tissues derived from HCC and 
HBC patients when all components of the OXPHOS system were titrated with 
specific irreversible or pseudo irreversible inhibitors to stepwise decrease 
selected respiratory chain complex activities according to a previously 
published method. Control coefficients are determined from the initial slope of 
the titration curve and the ratio of inhibitor concentration at maximal flux 
inhibition over the uninhibited flux [89,97-99]. 

5.3 Western blot analysis  
For describing expression levels of mitochondrial RC complexes, 

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

Proteins were separated by polyacrylamide gel electrophoresis, transferred to 
polyvinylidene difluoride (PVDF) membrane and subjected to immunoblotting 
with the total OXPHOS antibody cocktail (ab110411). Then, the membranes 
were incubated with corresponding horseradish peroxidase-conjugated 
secondary antibody and visualized using an enhanced chemiluminescence 
system (ECL; Pierce, Thermo Scientific). After chemiluminescence reaction, 
the PVDF membranes were stained with Coomassie Brilliant Blue R250 to 
measure the total protein amount. Signal intensities of complexes I-V were 
calculated using ImageJ software and results normalized to total protein 
intensities. 

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

5.4 Citrate synthase activity 
Activity of citrate synthase in tissue homogenates was measured as 

described by Srere [100]. Reactions were performed in 96-well plates 
containing 100 mM Tris-HCl pH 8.1, 0.3 mM AcCoA, 0.5mM oxaloacetate and 
0.1 mM DTNB using FLUOstar Omega plate reader spectrophotometer (BMG 
Labtech). 

5.5 Confocal microscopy 
The mitochondrial content was quantified in paraffin embedded neoplastic 

and normal colon or breast tissue samples via selective marking of 
mitochondrial outer membrane translocase Tom20 (Santa Cruz Biotechnology, 
sc17764). The Tom20 fluorescence intensity was normalized against whole -
tubulin (Abcam®, ab6046) fluorescence. Conforal images were collected using 
Olympos FV10i-W inverted laser scanning confocal microscope.

5.6 Data analysis 
Data in the text, tables and figures are presented as mean ± standard error 

(SEM). Results were analyzed by Student-test, p-values <0.05 were considered 
statistically significant. 



35 

Results 
6. Properties of mitochondrial respiratory chain
6.1 Quantitative changes in number of mitochondria 

Quantitative change in relative number of mitochondria in both HBC and 
HCC were measured to describe the general changes caused by tumor 
formation. In case of HCC, analysis with confocal microscopy showed, that 
once normalized against total level of tubulin in both malignant and healthy 
colon tissue, malignant tissue harbours ~70% more mitochondria than the 
surrounding normal tissue (Figure 14).  

Figure 14. Relative number of mitochondria in HCC and in respective healthy colon 
tissue. Displayed as confocal image (A) and as quantified results (B). 

Similar tests have previously been conducted in our lab also on HBC to 
describe the changes in respective tissues and it was found that the number of 
mitochondria increase up to 100% (Figure 15) [89].  

Figure 15. Confocal microscopy images of mitochondria in HBC (a, c) and healthy 
control tissues (b, d). Mitotracker Red together with DAPI staining (a, b); VDAC 

staining (c, d). From [89] with permission.  
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Additionally, activity of citrate synthase was measured in all four tissue 
types to estimate mitochondrial mass. Enzymatic activity was measured as 
mU/mg protein (Table 2). Citrate synthase activity confirms that in case of 
HCC, mitochondrial number increase in range of 80%, but in case of HBC the 
increase was even larger, as it rose up to 250% when compared to healthy breast 
tissue taken from the same patients.  

Table 2. Activity of citrate synthase as marker of mitochondrial mass, in human breast 
and colorectal cancers as well as in corresponding normal tissues. Enzymatic activity 
measured as mU/mg protein, mean ± SE. 

Samples Enzymatic activity p-values* 
HBC 14.55 ± 2.59; n = 9 < 0.005 
Healthy breast tissue 4.09 ± 1.15; n = 9  
HCC 83 ± 19; n = 6 < 0.05 
Healthy colon tissue 46 ± 6; n = 6  

 
Changes in increases between those two locations can be explained by 

proliferative activity in their respective control samples, as colon tissue renews 
much more rapidly than ductal epithelium in mostly post-menopausal women in 
our studies.  

6.2 Quality of permeabilized samples 
Quality of samples is paramount for assuring adequacy of results and 

conclusions thereof. Over or under-treatment with saponin, or mechanical 
damage in device chamber can lead to false results when working with skinned 
tumor fibres. These damages can rupture mitochondrial outer or inner 
membrane and render measurements misleading, but quality control measures 
are applied to exclude such shortcomings.  

 

Figure 16. Quality control tests on HCC and respective control tissues to confirm 
intactness of both mitochondrial outer and inner membranes in saponized samples. 

When cytochrome c is added to samples with ADP-activated respiration, no 
changes are expected in respiratory rate if mitochondrial outer membrane is 
intact. Similarly, if CAT (ANT inhibitor) is added to the same test thereafter, 
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the respiratory rate should decrease to its initial basal rate to conform 
simultaneous intactness of the mitochondrial inner membrane. Quality control 
results for HCC samples are depicted on Figure 16 and a typical illustration of 
HBC quality test on Figure 17.  

 

 

Figure 17. Quality control test on HBC sample successfully confirming intact outer and 
inner mitochondrial membranes.  From [89] with permission.  

The described quality tests were performed on all analysed tissue samples in 
medium-B solution [89] loaded with 5mM glutamate, 2mM malate and 10mM 
succinate as respiratory substrates. 8µM cytochrome c and 2 µM CAT were 
used.  

6.3 Respiratory chain analysis  
Basal (state 2) respiration rates were compared in all tissue types of interest. 

Measurements were conducted in medium-B in presence of 5mM glutamate, 
2mM malate and 10mM succinate as respiratory substrates, equally to that 
described for the quality control. Control samples were separated from 
malignant material by hospital pathologists and therefore the same patients also 
donated control samples for the measurements (Figure 18).  

 

 

Figure 18. Comparison of basal respiration rates in permeabilized HBC, HCC and their 
respective control samples. Bars are mean ± SEM, n = 8 for colon samples, n = 12 for 

breast samples, *p<0.05.  
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Basal respiration in both malignant sample types is higher than that in their 
respective healthy tissues. Interestingly, addition of succinate to 
glutamate/malate increased basal respiration in all sample types.  

To assess respiratory capacities of different respiratory chain segments in 
ADP-dependent manner, multiple substrate-inhibitor titration protocols were 
used. Addition of 2mM ADP caused increased respiration in all sample types. 
For assessing CI activity, only glutamate/malate were used as substrates when 
respiration was activated with ADP. Subsequent addition of rotenone, a CI-
specific inhibitor, caused the respiration rates to decrease back to the basal 
levels. For assessing CII activity, CI was inhibited with rotenone, 
glutamate/malate was not added and only succinate was used as a respiratory 
substrate – under these conditions CII is the only entry point for electrons into 
the respiratory chain. To assess CIII, both CI and CII were activated with their 
respective substrates and exogenous ADP, but CIII was thereafter inhibited with 
its specific inhibitor antimycin-A (ANT). To assess the maximal capacity of 
CIV, mixture of 5mM ascorbate and 1mM tetramethyl-p-phenylenediamine was 
added to the reaction chamber, which feeds electrons directly to cytochrome c 
and therefore keeps the function of CIV at its maximum. Respective results of 
all the described experiments are indicated in Table 3.     

Table 3. Multiple parameters of the respiratory chain in permeabilized samples.  

Parameter HBC, n = 7 [89] HCC, n = 7 [88] 
tumor control tumor control 

Vo 0.294 ± 0.024 0.004 ± 0.007 1.06 ± 0.14 0.82 ± 0.15 
VADP 0.71 ± 0.06 0.055 ± 0.004 2.02 ± 0.21 1.39 ± 0.21 
Vrot 0.34 ± 0.04 0.070 ± 0.015 0.91 ± 0.11 0.85 ± 0.14 
Vsucc 0.74 ± 0.10 0.076 ± 0.008 2.22 ± 0.26 1.33 ± 0.18 
VANM 0.38 ± 0.04 0.071 ± 0.018 1.04 ± 0.09 0.69 ± 0.07 
Vcox 2.36 ± 0.33 1.23 ± 0.18 6.59 ± 0.71 3.84 ± 0.58 

 
As is evident from Figure 18 and Table 3, ADP-dependent oxygen 

consumption in HBC control tissue is extremely small and reliable results are 
difficult to be obtained using Oxygraph-2k high-resolution respirometers. To 
avoid artifacts and misleading calculations, results for this sample type have 
been left out in most of the following data.  

Results in Table 3 can be used to calculate relative contribution of different 
respiratory complexes. Vglut/Vsucc is indicative of CI activity and the experiments 
suggested that CI deficiency is evident in HCC on functional level. No 
significant differences were registered for Vsucc/VCOX, which serves as a 
surrogate marker for assessing CII activity (Figure 19).  
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Figure 19. Assessment of functionality of CI (A) and CII (B) in HBC and HCC samples 
as described by Vglut/Vsucc for CI and by Vsucc/VCOX for CII. Bars are mean ± SEM, n = 7 

for HBC [89], n = 7 for HCC, *p<0.05. Partially from [89] with permission. 

To further evaluate the possible suppression of CI in HCC, expression levels 
of all respiratory chain complexes were quantified in this sample type using 
total OXPHOS antibody cocktail. Surprisingly, no suppression was confirmed 
on expression level once the data was normalised to total protein content 
(Figure 20).  

 

Figure 20. Quantitative analysis of expression levels of the respiratory chain complexes 
in HCC and respective normal tissue samples (A) along with a representative Western 
blot image (B). Protein levels were normalized to total protein staining by Coomassie 

Brilliant Blue; data shown as mean ± SEM of 5 independent experiments. 

As expression level of respiratory chain complexes did not confirm the 
suppression of CI as was previously evident on functional level, expression of 
CI component NDUFA9 was measured to confirm the initial Western blot 
result. Surprisingly, the second approach confirmed the suppression of CI on the 
expression level (Figure 21).  



 40 

 

Figure 21. Quantification of Complex I subunit NDUFA9 expression levels using 
Western blot (WB) and anti-NDUFA9 antibody in HCC and healthy colon tissue 

samples (A); respective WB image of NDUFA9 protein levels (B). Levels of NDUFA9 
were normalized to total protein content quantified by Coomassie blue staining. Data 
are represented as mean values ± SEM from 4 independent experiments; * p<0.05. 

Conflicting results between two approaches of Western blot are indicating 
that those results are directly dependent on which respiratory chain complex, or 
specific subunits, are targeted and possibly, which normalization method is 
applied. Therefore, multiple methodologies or approaches should be applied 
when studying functionality of respiratory chain complexes.  

To understand whether respiratory chain complexes have formed 
supercomplexes in the studied tissue types, metabolic control analysis was 
applied to calculate FCCs for all the respiratory chain complexes (I, II, III, IV) 
and for components of the ATP synthasome (ANT, ATP synthase, Pi 

transporter). For that purpose, the selected targets in different sample types were 
specifically inhibited by stepwise dose increase and the FCCs were calculated 
using three different models (graphical [77,101,102], Small [103], Gellerich 
[104]). The results were consistent regardless of which calculation method was 
applied to the dataset (Figure 22, Table 4). 
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Figure 22. FCCs for ATP synthasome and RC complexes as determined by MCA. 
Sums of FCCs are calculated as the last bars. Data for HBC is published before in [89], 

except for Complex II with atpenin A5. Isolated mucosal tissue was used for colon 
control. From [89] with permission. 

For the MCA experiments, 1-100nM rotenone was used as CI inhibitor, 0.1-
6µM atpenin A5 as CII inhibitor, 1-200nM antimycin-A as CIII inhibitor, 0.1-
40µM Na-cyanide as CIV inhibitor, 1-200nM CAT as ANT inhibitor, 1-600nM 
oligomycin as ATP synthase inhibitor, and 1-200µM mersalyl as Pi inhibitor. 
Additionally, sum of FCCs was calculated for two different respiratory chain 
pathways – NADH-based electron flow through complexes I, III, IV and 
succinate-based electron flow through complexes II, III, IV (Table 4). FCCs 
were summarised in the named order to analyse functional coupling between 
complexes that mediate the electron flow from different sources (NADH or 
succinate).  
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Table 4. FCCs for different components of both mitochondrial respiratory chain and 
ATP synthasome together with used inhibitors and inhibitor concentration ranges. * 
from [89] with permission. 

Component 
Inhibitor FCC 

Name Range HCC Colon 
control HBC 

CI Rotenone 1-100nM 0.56 0.45 0.46* 
CII  Atpenin A5 0.1-6µM 0.12 0.13 0.28 
CIII Antimycin 1-200nM 0.68 0.66 0.54* 
CIV Na cyanide 0.1-40µM 0.31 0.50 0.74* 
ANT CAT 1-200nM 0.28 0.97 1.02* 
ATP 
synthase Oligomycin 1-600nM 0.25 0.24 0.61* 

Pi transporter Mersalyl 1-200µM 0.43 0.53 0.60* 
Sum 1, 3-7 Total (NADH) 2.08 2.82 3.36 
Sum 2-7 Total (succinate) 2.07 3.03 3.78 

 
Calculation of FCCs is complicated due to high heterogeneity of human 

tumor samples, which can originate from different tumor subtypes (e.g. Luminal 
A/B, HER2 or triple negative in HBC; unknown subtypes in HCC), but also 
from heterogeneity within each tumor and hence, from exact region of the 
tumor under analysis, or from irregular stromal burden.  

6.4 ADP-regulated respiration 
For analysing respiratory activity on a higher mitochondrial level, maximal 

ADP-activated respiration was measured in different human samples and 
comparison was made with that in respective cell lines. As previously indicated, 
ADP-activated respiration in breast control tissue is not sufficiently measurable 
with Oroboros instruments. Healthy breast tissue contains high amount of fat 
tissue, but extremely low respiration rates were present even if clearly 
lobular/ductal structures were isolated and measured and hence these data have 
been left out.  In contrast, ADP-activated respiration in colon control tissue is 
relatively high. To isolate mucosal and smooth muscle contributions to overall 
colon control respiration results, those two layers were separated and measured 
in isolation. Results confirmed that mucosal layer is respiring more actively 
than the underlying smooth muscle layer (Vmax 1.41 ±0.02 vs 0.65 ±0.03, 
respectively).  Maximal respiration rate in both malignant sample types is 
remarkably higher than that in the tissue these tumors arose from (Table 5).  
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Table 5. Apparent Km for ADP [Km(ADP)] and maximal rate of respiration (Vmax) 
values for ADP dependent respiration calculated for HBC, HCC and their adjacent 
healthy tissue samples. 

Tissues Vmax ± SEM Km (ADP), µM ± SEM 
HBC  1.09 ± 0.04* 114.8 ± 13.6* 
Breast control tissue  0.02 ± 0.01* - 
HCC 2.41 ± 0.32 93.6 ± 7.7** 
Colon control tissue 0.71±0.23 256** ± 34 

Notes: *from [89] and **[95] with permission; Vmax values are presented as 
nmolO2/min/mg dry tissue weight without proton leak rates. 35 patients used for 
analysis of HBC and 35 for HCC. 

HBC samples can be divided into clinically significant molecular subtypes 
(Table 1), with Luminal A being least and triple negative the most aggressive. 
To establish link between human samples and respective cell cultures, maximal 
respiration in MCF-7 and MDA-MB-231 cell lines was measured as these 
represent most studied Luminal A and triple negative subtype cell lines, 
respectively.  Based on pathology reports, equal division was made between 
human samples. The results revealed striking difference as cell cultures and 
human material showed opposite correlation. In cell lines, triple negative 
subtype consumed oxygen less actively than the Luminal A cell line, but in 
human samples, the maximal respiration rate was much higher for the most 
aggressive triple negative subtype than for Luminal A subgroup (Figure 23).  

 

 

Figure 23. (A) Respiration rates for human samples of Luminal A (lumA) and triple 
negative (Tripneg) HBC subtypes in the presence of 5 mM glutamate or 5 mM 

pyruvate; n=13/12 for Luminal A and n=7/8 for triple negative subtypes, respectively. 
(B) Respiration rates for Luminal A type MCF-7 and triple negative MDA-MB-231 

cells in the presence of 5 mM glutamate or 5 mM pyruvate; n=3 for each measurement; 
*p<0.05, **p<0.005. 

Respiratory parameters for HCC are more difficult to subdivide as there are 
no standard clinically relevant subtypes for that tumor type. However, all HCC 
samples were grouped based on disease stage and compared against respective 
average Vmax values for each subgroup. Even though increase in Vmax can be 
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calculated for early stages, the values for stage IIIC and IV do not fit the 
expected dynamics (Figure 24). It must be emphasized that disease stage at 
diagnosis is not a valid biomarker of aggressiveness and therefore such plotting 
can be debated. Longitudinal data for HCC patients in the study cohort was 
thereafter analysed and it was found that 7 out of 32 eligible patients had 
deceased (median follow-up time 47.3 ±4.9 months). When longitudinal data 
was plotted against Vmax values in the deceased and alive group, it became 
apparent that respiratory activity was higher in HCC patients who were more 
likely to die during the follow-up time (Figure 24).  

 

Figure 24. (A) Dependence of maximal mitochondrial respiration rate (Vmax) and HCC 
stage at diagnosis; compared to Vmax in colon control. Stage I was calculated as the 

mean of 13 patients, IIA, IIB - 13 patients, IIIB-4 patients, IIIC-3 patients and IVB-1 
patient. Control colon tissue is obtained from 34 patients. Bars are SEM; **p<0.005.   

(B) Vmax in HCC patients based on disease state in follow-up setting. 7 patients out of 32 
are confirmed to have succumbed to HCC (Vmax = 3.19 ± 0.34), 25 patients out of 32 

have stayed in remission (Vmax = 1.70 ± 0.17), ***p<0.001. 

To quantify mitochondrial affinity for exogenous ADP (i.e. permeability of 
mitochondrial outer membrane), we measured respective apparent Michaelis-
Menten constants (Km) from titration experiments. The data was plotted as rates 
of O2 consumption versus ADP concentration and apparent Km values were 
calculated thereafter by nonlinear regression equation. Healthy colon tissue 
exerts low affinity for exogenous ADP (Km=256 ±3µM), whereas that in HCC 
is significantly higher (Km=93,6 ±7.7µM). For HBC, the Km value (Km=114.8 
±13.6µM) was close to that of HCC (Table 5). However, when the experimental 
data was fitted into double reciprocal Lineweaver-Burk plots and Km/Vmax 
values calculated from linearization approach, additional aspects emerged. Km 
for HCC was recalculated to be close to that from previous calculation 
(69±10µM), but biphasic respiration regulation emerged for both colon control 
and HBC (Figure 25(a)). It has been previously shown that biphasic regulation 
indicates to two distinct mitochondrial populations within the same sample [83]. 
In case of colon control, the samples were provided as cross-sections of entire 
colon wall, and therefore these included both mucosal and smooth muscle 
phases. To separate the effects of those two physiological layers, the layers were 
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isolated and measured separately. Measurements confirmed that both layers 
have distinct values for both Km and Vmax and those differences can explain the 
biphasic result on Lineweaver-Burk plots for colon control (Figure 25 (b)). But 
aside from colon control, biphasic regulation appeared also for HBC and was 
evident in samples from 32 patients out of 34.  

Figure 25. (A) Dependences of normalized respiration rate values for HCC (dotted 
line), HBC (solid line) and healthy colon tissue samples (dashed line); double reciprocal 

Lineweaver–Burk plots. Samples from 34 patients with breast cancer and 10 patients 
with colorectal cancer were examined. (B) ADP-dependent respiration in healthy colon 

mucosa and smooth muscle tissue samples (Michaelis-Menten curve, n=8). Here, Vo 
and Vmax are rates of basal and maximal ADP-activated respiration, respectively. 

Taken together, there are several distinct changes when HBC or HCC are compared 
to their respective healthy samples, but interestingly, distinct changes are also present 
when HBC is compared to HCC (Figure 26). The changes are discussed in more detail 
in the following Discussion section.   

Figure 26. Mitochondrial alterations in HCC and HBC.
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Discussion 
Under physiological setting and in differentiated cells, mitochondria have 

central role in regeneration of ATP, maintaining redox homeostasis and in 
serving certain metabolic substrates for anabolic processes in the cytosol. In 
cancerous cells, however, mitochondrial significance is maintained, but its exact 
role seems to have gone through noticeable changes. Pseudohypoxic state, 
brought on by stabilization of HIF-1α, deregulates normal glucose metabolism, 
facilitates the Warburg phenotype, and alters microenvironment for the 
respiratory chain in the mitochondria. Whether caused by changed glycolytic 
nature, or by intrinsic requirements to maintain cell homeostasis, malignant 
cells turn their mitochondria into metabolic hubs for breaking down substrates 
taken up from the environment [29,105]. Simultaneously, however, 
mitochondrial role in regenerating ATP is also maintained. Therefore, the role 
of this organelle is central for successful development of malignant cells, and it 
is often accompanied by cells increasing its number, but looking at 
mitochondrial number alone does not differentiate the mitochondrial phenotypic 
changes or allow making any prediction on metabolic phenotype of the entire 
cell.  

In the current study, we confirmed that based on enzymatic activity of citrate 
synthase, HBC has 3.5 times more mitochondria and HCC has 1.8 times more 
mitochondria than their healthy epithelial counterparts. It indicates that 
increased number of mitochondria is necessary for homeostasis in malignant 
cells. Contradictory, however, is the fact that based on the same results, HBC 
has 5.7 times less mitochondria than HCC has, but it would be false to conclude 
that breast cancer, therefore, develops slower or is less life-threatening than 
colorectal cancer is just because a known source of ATP or hub for metabolic 
intermediates is not presented in equal numbers. As both of these cancers can 
and will progress fairly quickly, if left untreated, then it would be logical to 
conclude that whether mitochondria are actually not that important for 
malignant cells (because their numbers in similarly aggressive tumors is ~6 
times different), or that the number of mitochondria does not define its 
functional capacity or exact role as discussed above. Interestingly, although out 
of the scope of this work, glucose metabolism in malignant cells is changed, 
tricarboxylic acid cycle is not functioning as is known from the transformed 
cells and role of the citrate synthase has changed. For example, upregulated 
glutamine metabolism in many cancers is sufficient to replenish TCA cycle 
intermediates downstream of alpha-ketoglutarate, but more importantly, citrate 
can be synthesised also from glutamine via reductive carboxylation and this is 
more prominent under hypoxic conditions [106], a situation common for most 
cancer cells. Citrate in turn, is exported to cytosol to feed many metabolic 
pathways that maintain redox homeostasis in the cytosol and mitochondria, 
provide carbons for fatty acid synthesis, or acetyl groups for protein acetylation, 
among others [44]. Therefore, the significance of citrate synthase activity as an 
indicator for mitochondrial number in malignant tumors, should be revisited.  
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In the light of previous considerations, we analysed function of 
mitochondrial respiratory chain complexes as separate entities or together with 
ATP synthasome (includes ATP synthase, ANT and inorganic phosphate 
carrier) to understand the functional changes that have developed in breast and 
colorectal cancers in comparison to their healthy counterparts.  

To quantify respiratory capacities of different respiratory chain segments, 
different substrate-inhibitor sets were used to isolate the contribution of each 
enzyme of interest. All respiratory parameters were elevated for both HBC and 
HCC (Table 3) and interestingly, basal respiration was also elevated for both 
malignancies (more pronounced if succinate was added to the media), which 
might be caused by alternative oxidases or can be related to elevated proton leak 
across mitochondrial inner membrane (Figure 18) that in turn contributes to 
maintenance of redox potential under hypoxic conditions [64]. Additional 
comparisons of different respiratory parameters for different respiratory chain 
complexes allowed to make additional conclusions. For example, ratio of 
Vsucc/VCOX is used to quantify functional capacity of CII, but no significant 
differences were present in the analysed tissue samples. Vglut/Vsucc ratio is used 
for the same in CI and the results indicated that relative suppression is present 
in the activity of CI in HCC (but not in other tissue types). CI deficiency is 
common in most mitochondrial pathologies [66] and has also been confirmed to 
be present in different cancers, but its exact functional significance has 
remained controversial. Attempts to confirm the suppression of CI on protein 
expression level gave conflicting results as whole-OXPHOS antibody cocktail 
did not indicate reduced CI expression, but when additional antibody against 
one component of CI (NDUFA9) was used in another attempt to clarify the 
expression results, the suppression was evident (Figure 20 versus Figure 21). 
The semi-quantitative Western blot method used in both expression studies can 
therefore be strongly dependent on exact conditions used for the analysis, but 
also, these results can be driven by altered conformation of respiratory chain 
components due to supercomplex formation, what might render some sites of 
these enzymes incompatible for different antibodies. 

Formation of supercomplexes in the respiratory chain is widely accepted 
understanding, but there are disputes to its benefits or lack thereof. It has been 
proposed that supercomplex offers kinetic advantages due to substrate 
channelling between enzymes in the complex, but other studies have concluded 
that such structures are simply caused by spatial restrictions and confer no 
functional or catalytic benefits [107]. We concentrated on using oxygraphic 
measurements to confirm the presence of these entities and possibly, their 
composition. First, FCCs for each respiratory chain complex and components in 
the ATP synthasome were measured. FCCs help to define which steps exert the 
biggest control over the flux through the given pathway. Previous results from 
our lab have shown that in HBC, CIV (FCC = 0.74) and ANT (FCC = 1.02) are 
the main respiratory rate controlling steps [89], but this is not the case in HCC. 
ANT in HCC (FCC = 0.28), in controversy to HBC, has lost its regulatory 
function when compared to healthy colon mucosa (FCC = 0.97). As ANT-
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exerted flux control between HBC and HCC is regulated to opposing extremes 
(Table 4), then again, it indicates that mitochondria do not undergo simple and 
uniform modifications as a result of tumor formation, but metabolic interplay 
between nuclear programs and mitochondria are more complex and can have 
many different homeostatic outcomes. However, FCCs can also be used to 
predict functional assemblies between the measured respiratory chain 
complexes. In a linear system, the sum of FCCs for a pathway should be equal 
to 1, but the sum increases if the system includes enzyme-enzyme interactions, 
direct channelling, and/or recycling within multi-enzyme complexes, or in other 
words, the system has become nonlinear [108-111]. Electron can have two 
different entry points to the respiratory chain (from CI to CIII/CIV or from CII 
to CIII/CIV) and both of these points are equally linked to the function of ATP 
synthasome to close the ATP regeneration loop. Sum of FCCs for those two 
pathways are in the range from 2.07 to 3.78 in HBC, HCC and colon control 
(breast control is left out as discussed before; Table 4, Figure 22), and hence, 
presence of supercomplexes can be expected. More detailed look, however, 
shows that, similarly to previous findings, CII does not seem to be included to 
widespread enzyme-enzyme interactions as FCCs for CII are low in all three 
sample types. In HBC, FCCs for CI and CIII display close values (0.46 vs. 0.54, 
respectively) and similar situation was registered also for CI and CIII in HCC 
(0.56 vs 0.68, respectively).  In colon control, too, CI and CIII share close 
values (0.45 vs 0.66, respectively), but equally high FCC for CIV in colon 
control (0.50) has lowered in HCC (0.31). Such results for the colon samples 
allow to conclude that under physiological setting, CI is attached to CIII 
(possibly with multiple copies of CIV), but inclusion of CIV to this 
supercomplex becomes uncertain as a result of HCC formation. As breast 
control tissue is not suitable for oxygraphic tests as discusses before, then 
assessment of dynamics is complicated, but CIV in HBC displays high FCC 
(0.74), and therefore, unlike in HCC, CIV has maintained a role in 
supercomplexes in HBC.   

The organization of respiratory chain complexes in the mitochondrial inner 
membrane has been an object of intense debate and it is not studied 
systematically in human normal or cancerous tissues. Given the known 
theoretical framework, our results confirm the plasticity model and agree with 
the data from Bianchi et al. [108], but the distribution of Complex IV remains 
unclear - both random distribution and association into CI-III-IV supercomplex 
can be possible.  

Despite the uncertain nature of supercomplexes and different distribution of 
flux control along the respiratory chain and ATP synthasome, whole-
mitochondria functional properties, like maximal respiration, can be measured 
and compared for each sample type. Maximal respiration, Vmax, is measured in 
the presence of different substrates together with exogenous 2mM ADP so that 
the respiratory chain should be saturate to the maximum and ATP regeneration 
is supported with continuous free ADP. In addition to four clinical sample 
types, we included two breast cancer cell lines to this study to understand the 
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links between human samples and in vitro models. To our surprise, breast 
cancer taken freshly from humans displays exact opposite respiratory profile 
than cultured cell lines. The comparison was made between matching molecular 
subtypes so that the clinically least aggressive Luminal-A was compared to the 
clinically most aggressive triple negative subgroup (Table 1, Figure 23). 
Luminal-A cell line (MCF-7) displayed more than 2-times higher respiration 
(with both pyruvate and glutamate) than the respective triple negative MDA-
MB-231 cell line. In humans, however, under equal test conditions, the opposite 
is true, and triple negative tumor sample respiratory rates exceed that in 
Luminal-A samples more than 2 times. In both cases the difference is 
significant (Figure 23). There are no clinically relevant subgroups for HCC and 
therefore similar comparison cannot be made, however, we compared disease 
stage with the respiratory rate in the given stage group (Figure 24). Initial 
dynamics from stage I to IIIB discontinues thereafter in stages IIIc and IV. 
Disease stage at diagnosis is not a valid biomarker for disease aggressiveness 
and hence the approached correlation could not be considered relevant in 
clinical setting, but, interestingly, respiratory capacity in HCC, irrespective of 
stage at diagnosis, does seem to have correlation with life expectancy. 
Longitudinal data for 32 patients was gathered (median follow-up time 47.3 
±4.9 months) and 7 patients were confirmed to be deceased. The results 
established significant difference between dead and alive patients (Figure 24). It 
can be argued, based on similarity to HBC subgroup results, that higher 
respiratory capacity in the deceased HCC patients was already initially 
indicating to more aggressive disease. In the same framework, it can be 
suggested that triple negative samples with lower than expected respiratory 
capacity, could be considered as less aggressive disease, but larger patient 
cohorts should be analysed to confirm either of these hypotheses. 

To characterize mitochondrial affinity for ADP, Michaelis-Menten constants 
(Km) were measured next. Initial results gained from nonlinear regression 
equation (Table 5) were reconsidered once the data was plotted into 
Lineweaver-Burk plots and Km calculated through linearization approach. 
Despite Km for HCC stayed similar, additional conclusions had to be made for 
other two sample types. In HBC and colon control, biphasic respiration control 
was evident on the graph (Figure 25), which indicates to presence of two 
populations of mitochondria with different affinities for ADP [83]. In colon 
control, the two populations had very different Km values (42 ±24 vs 288 ±76) 
and by separating mucosal and the smooth muscle phases in the colon samples, 
these results were assigned to the named two layers with additional tests, 
respectively.  In HBC, however, presence of two populations of mitochondria 
could indicate to several possibilities: a) high stromal burden, but in this case 
similar results should be present in HCC, but were not; b) metabolic 
heterogeneity between tumor cells, where some are well oxygenated and others 
are not, but again, similar results should have been seen in HCC, but were not; 
c) presence of two-compartment metabolism, where tumor has altered 
metabolism in the stromal cells. The two-compartment hypothesis has been 
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described in breast tumors, and in current case the Km with high value (158.4 
±9.9) represents the tumor cells having high mitochondrial mass, elevated 
OXPHOS together with β-oxidation, while low Km (20.4 ±6.2) would represent 
stromal compartment with high level of glycolysis. Low Km values (10-30) are 
usually measured in cultured cells or isolated mitochondria, but in the present 
work, Km values in HBC and HCC were up to 7 times higher than that. From 
one hand, it indicates that isolated mitochondria have lost a layer of regulatory 
mechanisms, but from the other, that cell cultures, too, even if permeabilized 
similarly to human samples, have lost some regulatory restrictions. In in vivo 
tumor samples the regulation of mitochondrial outer membrane permeability is 
more complicated and probably related to interplay between energy transfer 
pathways or changes in the phosphorylation state of VDAC channels [86,112-
115] and also associated with modulation of cytoskeleton or membrane 
potential as a result of tumor formation. 

Taken together, physiological function of epithelial tissue in the breast and 
in the colon, are vastly different, and there are differences also in malignancies 
arising from the named tissue types, but both of these cancers share changes that 
require functional analysis for precise and correct understanding as fixed-state 
studies alone can yield conflicting or misleading results.   
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Conclusions 
This work offers new insight into how regulation of energy conversion 

systems has changed as a result of malignant transformation in both colorectal 
and breast cancers. Main conclusions of the study are summarized as follows:  

 
1. Mitochondrial number in HCC and HBC increases when compared to 

that in their healthy counterparts, but number of mitochondria is not 
indicative of their function or functional capacity.  

2. Relative CI suppression in evident in HCC, but definite result is present 
only on functional level as Western blot is giving conflicting results. CI 
is not supressed in HBC. 

3. Metabolic Control Analysis can be used as a kinetic method for 
confirming presence of respiratory chain supercomplexes.  

4. Functional level MCA data regarding supercomplexes in HBC, HCC and 
colon control tissues, are confirming previous steady-state studies where 
CII is not included in these assemblies, but CI and CIII, together with 
varying copy number of CIV, are forming respiratory chain 
supercomplexes.  

5. Respiratory rates in human breast cancer samples do not comply with 
data from equal in vitro cell lines (MCF-7, MDA-MB-231), indicating to 
severe biological differences between these two sample types.   

6. Apparent Km for ADP confirms presence of two differently regulated 
mitochondrial populations in HBC that can be associated with two-
compartment metabolism in the named disease, but no such phenomenon 
was registered for HCC nor for either of the control tissues.   
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Abstract 
Cancer poses an increasing burden for the Western world healthcare systems 

in particular due to aging society, lifestyle choices and environmental problems. 
Similar situation is also true for Estonia where deaths due to malignancies are 
on the second place after cardiovascular reasons. Cancer can be curable if 
diagnosed in early stages and for that reason many screening programs have 
been initiated in a number of countries primarily for breast and colorectal 
cancers – both of these maladies are the object of study in the current thesis.  

Despite cancer has been long considered to be a purely genetic disease, it has 
become increasingly evident that there are numerous changes to metabolism and 
bioenergetic programs that cannot be attributed to specific mutations. Even 
though changes in glucose metabolism and cellular respiration were first 
described more than a century ago, still many controversies exist. To describe 
functional changes in oxidative phosphorylation and compare the results of 
equal analysis in both breast and colorectal cancers, we used human cancer 
samples and certain breast cancer cell lines to generate a comparable structure. 
Metabolic Control Analysis (MCA) together with accompanying static methods 
were used to detect that relative suppression of Complex I in the human 
colorectal cancer samples is evident on functional level, but Western blot 
analysis can, under standard settings, offer contradicting results to the functional 
studies, which in turn elevates the use of methods like MCA. But further, results 
from MCA also suggested that respiratory chain complexes I and III (together 
with varying copies of Complex IV) are forming supercomplexes in both 
malignancies, Complex II, however, does not assemble with others and both of 
these outcomes are in line with previous studies where static methods were 
used. When respiratory properties of breast cancer two opposing molecular 
subtypes (luminal A vs triple negative) were compared between human samples 
and cell cultures, striking difference emerged as opposing relation between 
respiratory capacity and aggressiveness was concluded. Therefore, underlying 
biology of cell cultures and human samples might often come to conflicting 
results and hinder translational research. When further analysis was conducted 
on permeability of mitochondrial outer membrane for ADP, Km values 
suggested presence of two populations of differently regulated mitochondria in 
human breast cancer samples – a result which was not found for other sample 
types and therefore illustrates that different metabolic programs exist that lead 
to homeostasis in malignant diseases.  

Results of the current thesis highlight the elevated need to run functional 
studies on biological samples as static methods widely used today, might not be 
sufficient to describe the underlying biology in both physiological or diseased 
states.   
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Kokkuvõte 
Vähktõvest on saamas üks suurimatest probleemidest läänemaailma 

tervishoiusüsteemidele, peamiselt tänu vananevale populatsioonile, 
käitumisharjumistele ja saastunud keskkonnale. Eestiski on olukord sarnane 
ning seda kinnitab ilmekalt tõsiasi, et vähist tingitud surmad on 
südameveresoonkonna haigustest tingitud surmade järel teisel kohal. Varakult 
avastatud pahaloomulised kasvajad on enamasti ravitavad ning selle eesmärgiga 
on ellu kutsutud mitmed skriiningprogrammid näiteks varases faasis rinnavähi, 
soolekasvajate või emakakaelavähi avastamiseks. Kuigi skriining-
programmidega seostatakse teatud probleeme, nagu näiteks ülediagnoosimine, 
on Eesti näitel suuremaks kitsaskohaks inimesed, kes on otsustanud taolistel 
uuringutel mitte osaleda. Rinna- ja soolevähk on ka antud doktoritöö 
uurimisobjektiks.

Vähki on tihti peetud puhtalt geneetiliseks haiguseks, kuid järjest selgemalt on 
esile tõusnud, et energiametabolismiga seotud süsteemides on tekkinud mitmed 
ulatuslikud muudatused, mida enamasti ei ole võimalik seostada geneetiliste 
põhjustega. Kuigi muutunud glükoositarvet ja rakuhingamist kirjeldati esimest korda 
juba enam kui sajand tagasi, on selles osas tänaseni säilinud mitmed vasturääkivused, 
mis omakorda viitavad vajadusele teostada täiendavaid teadusuuringuid. Käesolevas 
doktoritöös kasutati nii inimese vähimaterjali kui ka rakukultuure, et lähemalt 
kirjeldada ja võrrelda muudatusi oksüdatiivses fosforüülimises kolorektaal- ja 
rinnavähi näitel. Metaboolse Kontrolli Analüüsi (MKA) tulemused viitasid 
hingamisahela Kompleks I mahasurutusele ja seda üksnes kolorektaalvähis, kuid see 
oli selgelt eristatav üksnes funktsionaalsel uuringul, kuna staatilise iseloomuga 
Western blot analüüs andis kahe erineva lähenemise tulemusena üksnes vastuolulisi 
tulemusi. Samuti kasutati MKA analüüsi hindamaks superkomplekside olemasolu ja 
nende võimalikku koostist. Tulemused viitasid, et kompleksid I ja III (teatud ulatuses 
koos Kompleks IVga) on seostunud superkompleksideks, kuid Kompleks II neis ei 
osale. Taoline järeldus kinnitas varasemaid uuringuid, kus samaväärsele seisukohale 
jõuti erinevaid staatilisi meetodeid kasutades. Täiendavalt võrdlesime rinnavähi korral 
rakuhingamise seoseid haiguse oodatava agressiivsusega ja kasutasime selleks nii 
inimese materjali kui ka vastavaid rakuliine. Võrdlesime kahte vastandlikku 
molekulaarset alatüüpi (luminal A ja kolmiknegatiivne), millest esimene on vähim 
ning teine kõige agressiivsema kliinilise kuluga. Saadud tulemused olid üllatavad, 
kuna selgus, et laboratoorsetes uuringutes laialt kasutatavad rakuliinid ja vastavad 
kliinilised proovid näitasid pöördvõrdelist seost ning see omakorda võib viidata ka 
põhjustele, miks laboriuuringute põhjal saadud tulemused enamasti inimesele üle 
kandes läbi kukuvad. Kasutades Michaelis-Menteni võrrandeid (Km), uurisime 
mitokondri välismembraani afiinsust eksogeense ADP suhtes ning selgus, et inimese 
rinnavähi proovides on kaks erinevalt reguleeritud mitokondrite populatsiooni, kuid 
kolorektaalvähiproovides taolist jaotumist ei esinenud. Tegemist on pelgalt ühe 
viitega, et kartsinogeneesil võib olla mitmeid erinevaid väljundeid, mis siiski tagavad 
vähirakkude homeostaasi.  

Käesoleva töö tulemused viitavad vajadusele teostada bioloogilisel materjalil 
funktsionaalseid uuringuid, kuna täna laialdaselt kasutust leidvad staatilised (sh 
genoomsed) meetodid ei pruugi olla piisavad, et adekvaatselt kirjeldada 
erinevates kudedes toimivaid bioloogilisi protsesse, nende aktiivsust või ulatust.  
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