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Introduction 
Cancers contain phenotypically heterogeneous populations of cells in various states of 
proliferation and differentiation. The presence of tumor initiating or cancer stem cells 
within the tumor mass has been associated with disease recurrence, metastasis and drug 
resistance. There is mounting evidence that targeting of poorly differentiated cancer cells 
will result in successful eradication of the tumor. Therefore, studies of specific features 
distinguishing these cells from non-stem cancer cells and normal cells will enhance our 
understanding of the cancer progression and provide new opportunities for more effective 
therapy.  

Cancer stem cells have currently been found to display the unique metabolic and 
bioenergetic phenotype which allows them to survive and disseminate in stressful 
conditions of oxygen and nutrient starvation. However, being a relatively new and largely 
unexplored research field, the bioenergetics of cancer stem cells possess numerous 
questions and controversial results. For example, it remains unclear whether cancer stem 
cells use glycolysis, oxidative metabolism or alternative pathways for energy production. 
Moreover, mechanisms behind the metabolic flexibility of cancer need to be determined.  

The current study aimed to investigate the relationship between differentiation state 
and the bioenergetic phenotype of cancer cell. The involvement of glycolytic pathway 
and oxidative phosphorylation in the energy production was analyzed. In addition,  
the energy transfer pathways were characterized and their role in the regulation of 
metabolic plasticity of cancer cell was evaluated. 
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1 Literature Review 

1.1 Heterogeneity of cancer  
Despite considerable advances in cancer treatment and drug development over the past 
decades, a significant proportion of patients continue to struggle from cancer recurrence 
and development of distant metastasis. The heterogeneity and the molecular complexity 
of many cancers provide tumor cells with beneficial environment for the development 
of drug resistance contributing to the treatment failure and disease progression (Dagogo-
Jack and Shaw, 2017). The diversity of cancers appears at multiple different levels  
(Figure 1). Cancers from the same site of origin can display distinct morphological and 
molecular features, from different growth rate and regions of necrosis to genomic and 
epigenomic differences between single cells (Grzywa et al., 2017). In addition, the tumor 
microenvironment can further increase the heterogeneity of cancer cells. The availability 
of oxygen and essential nutrients in tumor microenvironment can impose different 
selective pressures on cancer cells, resulting in existence of various dominant subclones 
in different spatial regions of the same tumor (Anderson et al., 2006). 
 

Different models have been proposed to explain the phenotypic diversity of cancer 
cells (Figure 2). The clonal evolution theory suggests that most tumors arise through 
sequential accumulation of mutations in the original clone from a single cell of origin 
(Nowell, 1976). The parallel evolutionary pressure exerted by tumor microenvironment 
leads to stepwise selection of more aggressive subclones accounting for cancer 
progression. According to this model, each cancer cell is capable to form a tumor.  

 

Figure 1. Cancer heterogeneity appears at many different levels. The differences among the same 
tumor in different patients constitute the interpatient heterogeneity. Metastatic lesions can evolve 
at different secondary sites and display distinct clinical behavior resulting in intrapatient 
heterogeneity. Intratumor heterogeneity refers to the existence of cell populations with specific 
morphological, genetic, epigenetic and phenotypic features. 
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In contrast, a second model, the cancer stem cell (CSC) theory, implies that the cancer 
is sustained and propagated by a small group of stem-like cells (Shackleton et al., 2009). 
Tumors are viewed as a hierarchically organized tissue, where CSCs are located at the 
apex of a pyramid and are able to generate the full repertoire of cells forming the bulk 
of the tumor. Just as normal stem cells may proliferate to produce more of the same type 
of stem cells and differentiate into diverse other cell types, CSCs exhibit self-renewal 
property and multilineage differentiation capacity. CSCs have been detected in various 
tumors, including leukemia (Lapidot et al., 1994), breast (Al-Hajj et al., 2003), colon  
(Ricci-Vitiani et al., 2007), lung (Eramo et al., 2008), brain (Singh et al., 2004), head and 
neck cancers (Prince et al., 2007). The origin of CSCs has stirred much controversy among 
researchers. Whether CSCs derive from normal adult stem cells, progenitor, differentiated 
cells or non-stem cancer cells remain elusive. As the cells that appear to drive tumor 
growth and progression, seeding of metastasis, tumor relapse and development of 
treatment resistance, CSCs represent an important target for new drugs (Visvader, 2011).  

It is noteworthy that two above-mentioned models are not mutually exclusive and  
a more dominant population of CSCs may arise through the clonal evolution (Peiris-Pagès 
et al., 2016). In addition, it is now becoming evident that the stemness of cancer cells is 
partly defined by environmental cues and is a much more dynamic property than 
previously thought. For example, signals from the tumor microenvironment, such as 
growth factors, can restore CSC phenotype in more differentiate cancer cells (Vermeulen 
et al., 2010). The heterogeneity and a remarkable plasticity of cancer cells are also 
supported by the dynamic changes occurring in the energy metabolism during the 
adaptation to severe tumor environment. 
 

 

Figure 2. Models explaining phenotypic heterogeneity of cancer cells. According to the clonal 
evolution theory, the normal cell gradually undergoes series of mutations to form cancer cell that 
clonally expands generating tumor mass. Thus, every cancer cell clone is equally able to regenerate 
the tumor. On the contrary, the cancer stem cell model proposes that cancer originates from cancer 
stem cells (CSCs) that can self-renew or differentiate. CSCs are highly tumorigenic with ability to 
establish new tumor and induce metastasis. 
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1.2 Cancer metabolism 

1.2.1 Metabolic reprogramming of cancer cells 
The metabolic activity of normal non-transformed cell depends on its differentiation 
state. While quiescence of cells is associated with lower metabolic activity and induction 
of pathways that maintain structural integrity and normal function of cell, proliferating 
cells require building blocks in the form of nucleotides, amino and fatty acids to generate 
new cells. Cellular metabolism is tightly regulated by multiple signaling pathways that 
ensure physiological function of cell. Not surprisingly, mutations in oncogenes and 
tumor-suppressor genes alter these signaling networks facilitating cancer progression. 

The ability of cancer cells to rewire their metabolism has been recognized as one of 
the most important hallmarks of cancer (Hanahan and Weinberg, 2011). Changes in the 
energy production networks allow cancer cells to survive in harsh environmental conditions 
enable rapid proliferation, invasion, metastasis and development of resistance to 
treatments. The most striking changes in cancer metabolism include increased glycolysis 
and glutaminolysis, induced pentose phosphate pathway, enhanced mitochondrial 
biogenesis and elevated synthesis of amino acids and lipids (Martinez-Outschoorn et al., 
2017) (Figure 3). 

 

 

Figure 3. Metabolic pathways that undergo remodeling in cancer. Cancer cells show enhanced 
glycolysis and pentose phosphate pathway. The one-carbon metabolism sustains nucleotide 
synthesis and provide substrates for methylation reactions. Increased uptake of amino acids 
promotes protein synthesis. Glutamine fuels tricarboxylic acid (TCA) cycle. Lipid synthesis is 
supported by increased acetate consumption. Acetate is also used as a precursor for acetylation of 
proteins including histones supporting thereby epigenetic and post-translational modifications. 
Figure was created on the basis of data from (Martinez-Outschoorn et al., 2017) and (DeBerardinis 
and Chandel, 2016). G6P, glucose-6-phosphate; 3-PG, 3-phosphoglycerate; α-KG, α-ketoglutarate. 

GLUCOSE

Glucose

G6P

3-PG

Pyruvate

Acetyl-CoA

Citrate

α-KG

Succinate

Fumarate

Oxaloacetate

TCA
cycle

Acetyl-CoA Acetate

Acetylation

Lipid
synthesis

Glutamine

Glutamate
Glutaminolysis

Lactate

Glycolysis

NADPH

One-carbon 
metabolism

Serine

Methylation

Nucleotide
biosynthesis

ATP

ATP

ACETATE

GLUTAMINE

AMINO ACIDS

Amino acids

Protein
synthesis

Pentose phosphate 
pathway



14 

1.2.2 When glycolysis takes over 
One of the most described metabolic features of cancer cells is an increased glucose 
uptake and lactate secretion. This phenomenon can be observed even under aerobic 
conditions in the presence of fully functioning mitochondria and is known as aerobic 
glycolysis or the Warburg effect. An increased glycolytic rate has been demonstrated in 
various types of tumors and has been exploited in clinic for the cancer diagnostics (Hsu 
and Sabatini, 2008). 

Many glycolytic enzymes are overexpressed in cancer cells and tissues. The upregulation 
of glucose transporters (GLUTs) causes increased glucose uptake in cancer. GLUT1 and 
GLUT3 have been shown to be upregulated in many different cancer types. The first step 
of glycolysis or conversion of glucose to glucose-6-phospate by hexokinase (HK) enzyme 
is also frequently affected. There are four isoforms of hexokinase in mammals. Although 
HK2 is absent from most adult tissues except skeletal and adipose tissues, it is 
overexpressed in many cancers and has been correlated with poor clinical outcome in 
various solid tumors (Liu et al., 2016). In addition, the preferential mitochondrial 
localization of HK1 and HK2 not only provides direct access to ATP produced by oxidative 
phosphorylation (OXPHOS) but also has been implicated in prevention of cancer cell 
death (Mathupala et al., 2006).  

Another essential component of glycolytic pathway is pyruvate kinase (PK), which 
catalyzes the conversion of phosphoenolpyruvate (PEP) to pyruvate. The M2 isoform of 
PK (PKM2) is upregulated in proliferating and cancer cells supporting the anabolic 
metabolic pathways (Israelsen and Vander Heiden, 2015). 

The further fate of pyruvate depends on the cellular state and microenvironmental 
conditions. In quiescent differentiated cells, pyruvate enters mitochondria, where it is 
completely oxidized. In cancer cells, pyruvate is converted to lactic acid. This reaction is 
catalyzed by lactate dehydrogenase (LDH). The increased expression of LDH is observed 
in many cancer types and has been correlated with tumor growth, development and 
metastasis. This enzyme is often considered as a potential predictive biomarker for 
various cancers and as an important therapeutic target for new anticancer treatments 
(Gallo et al., 2015). 

Although the aerobic glycolysis has been extensively studied for decades, the reasons 
why cancer cells use less efficient energy production pathway remain unclear. One possible 
explanation for this paradox is that increased glycolysis is the consequence of oncogene 
activation and the loss of tumor suppressors. For example, the mutations in oncogene 
Ras promote glycolysis while loss of tumor suppressor protein p53 impairs the function 
of mitochondria. In addition to the genetic changes, the tumor microenvironment also 
contributes to the metabolic remodeling in cancer cells. As the tumor expands, the local 
blood supply became insufficient leading to hypoxia and stabilization of hypoxia-inducible 
transcription factor (HIF). HIF promotes the expression of multiple glycolytic enzymes, 
glucose transporters, inhibitors of mitochondrial metabolism and angiogenesis promoting 
factors, which altogether allow cancer cells to survive during oxygen deprivation. 
Moreover, altered glucose metabolism provides cancer cells with essential substrates for 
biosynthetic pathways. In addition to involvement in cell proliferation, increased glycolytic 
flow promote other cancer-essential functions such as inhibition of apoptosis and 
supporting the cancer specific signaling (Hsu and Sabatini, 2008). 
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1.2.3 Essential role of oxidative phosphorylation in cancer 
Although an enhanced glycolysis has long been considered as the main feature of cancer 
cell, a rapidly growing body of evidence indicates an important role of OXPHOS for cancer 
growth and development. Indeed, an active mitochondrial metabolism has been 
demonstrated in various tumors. Moreover, an increased rate of mitochondrial-driven 
ATP synthesis has been associated with the ability of tumor to metastasize and develop 
chemoresistance. Mitochondrial biogenesis is crucial for survival and propagation of 
CSCs. For instance, CSCs isolated from ovarian cancer patients overexpress genes 
associated with OXPHOS and fatty acid oxidation (Pastò et al., 2014). In addition, ovarian 
and brain CSCs were more resistant to glucose deprivation compared to their non-stem 
counterpart (Flavahan et al., 2013). CSCs isolated from small lung cancer cells have 
shown a higher dependence on OXPHOS and mitochondrial function (Lamb et al., 2015). 
The upregulation of OXPHOS have been indicated in classical Hodgkin lymphoma, colon 
and breast cancers (Birkenmeier et al., 2016; Whitaker-Menezes et al., 2011). Moreover, 
maintenance of mitochondrial membrane potential by the electron transport system is 
essential for cancer cells to support their proliferation (Martínez-Reyes et al., 2016). 
Cancer cell can also exploit a truncated TCA cycle. For example, citrate can be exported 
to the cytosol for production of acetyl-CoA to fuel lipid and protein synthesis (Scalise  
et al., 2017). 
 

1.2.4 Alternative metabolic fuels for cancer cells 
The metabolism of cancer cells is altered by various cell intrinsic and extrinsic factors 
such as oncogene mutations, nutrients and oxygen availability. In order to cope with 
harsh environmental conditions and support rapid proliferation, cancer cells adopt 
different metabolic strategies and utilize alternative nutrients. 

One of the most important demands of proliferating cancer cells is the material for 
biosynthetic reactions. As mentioned above, lipid synthesis is often maintained by the 
extraction of citrate from TCA cycle. Non-essential amino acid, glutamine, can be used 
by cancer cells to replenish the TCA cycle. In fact, many cancer cells use glutamine as a 
carbon source (DeBerardinis and Chandel, 2016; Keenan and Chi, 2015). Firstly, 
glutamine is metabolized to glutamate by glutaminase and then to the TCA cycle 
intermediate α-ketoglutarate (α-KG) by dehydrogenase or transaminase enzymes 
(DeNicola and Cantley, 2015). In case of mitochondrial dysfunction or under hypoxia, 
glutamine can support lipid generation by being converted to pyruvate and subsequently 
to acetyl-CoA (Keenan and Chi, 2015). In addition, glutamine and glutamate serve as 
important nitrogen donors for the nucleotide and amino acids biosynthesis (DeNicola 
and Cantley, 2015; Keenan and Chi, 2015). In addition to glutamine, cancer cells were 
shown to be addicted to various other amino acids including asparagine (Clavell et al., 
1986), leucine (Sheen et al., 2011), arginine (Scott et al., 2000), methionine (Kreis et al., 
1980), valine (Ohtawa et al., 1998), cysteine (Chung et al., 2005), glycine and serine 
(Locasale, 2013). 

Additionally, proliferating cells require fatty acids for the building of new cellular 
membranes. Fatty acids can be synthesized de novo or incorporated from the 
microenvironment. The oxidation of fatty acids serves as important source of ATP for 
cancer cells (DeNicola and Cantley, 2015). Acetate is another alternative fuel for cancer 
cells. It is used to generate acetyl-CoA, which drives TCA cycle, fatty acid synthesis and 
various acetylation reactions in cancer cells (Keenan and Chi, 2015). Furthermore, cancer 
cells enhance pentose phosphate pathway, which is required for the synthesis of 
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nucleotides and NADPH. NADPH is used in various biosynthetic reactions as well as for 
scavenging of reactive oxygen species (Cho et al., 2018). The ability of cancer cells to 
various alternative energy sources explains an exceptional metabolic plasticity of tumors. 
The insight into the key metabolic features of cancer cells will enable more effective 
therapeutic strategies that would eliminate cancer cells while minimizing damage to 
normal cells. 

1.3 Phosphotransfer networks 
ATP is often called the “energy currency” of the cell because this molecule plays a key 
role in energy transfer within cells. The energy released by ATP hydrolysis is used to 
power many important processes, including cellular division, motility, synthesis and 
breakdown of macromolecules, exocytosis and endocytosis, cellular respiration etc.  
To support normal cell functioning, an effective coordination of energy production and 
energy consumption processes is required (Dzeja and Terzic, 2003). The direct diffusion 
of ATP to the site of its utilization would be kinetically and thermodynamically inefficient 
because of necessity to sustain a significant concentration gradient, inhibition of ATPases 
by end products (ADP, Pi, H+), inability to maintain the high free energy of ATP hydrolysis 
and possible energy dissipation. Restricted ATP diffusion could be overcome by direct 
channeling of ATP or conducting of energy rich phosphoryls through the chain of 
enzymatic reactions from mitochondria to the energy consumption site (Dzeja and Terzic, 
2003). 

The most common cellular phosphotransfer circuits are facilitated by creatine kinase 
(CK), adenylate kinase (AK) and glycolytic enzymes. These enzyme networks catalyze a 
series of rapidly equilibrating reactions that provide the driving force for high-energy 
phosphoryl flux. In addition, the phosphotransfer network enzymes maintain high 
ATP/ADP turnover rate at the energy generation/consumption sites by removing the end 
products of ATP synthesis/hydrolysis (Dzeja and Terzic, 2003). 
 

1.3.1 Glycolytic phosphotransfer system 
Glycolytic enzymes have been recognized as the important components of intracellular 
high-energy phosphoryl transfer.  ATP produced via OXPHOS can be used to 
phosphorylate glucose and fructose-6-phosphate at the first stages of glycolytic pathway. 
Meanwhile, the pyruvate kinase catalyzes the phosphorylation of ADP at energy 
consumption sites. In addition, energy-rich phosphoryls can be transferred by 
glutaraldehyde 3-phosphate dehydrogenase and phosphoglycerate kinase (GAPDH/PGK) 
networks in exchange for NADH and ADP (Figure 4) (Dzeja and Terzic, 2003). Energy 
generated by glycolysis is used to sustain various cellular functions, such as muscle 
contraction, cell motility or nuclear processes (Masters et al., 1987; Ottaway and 
Mowbray, 1977). 
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1.3.2 Creatine kinase phosphotransfer system 
CK is present in various tissues and cell types, were it helps to regulate the concentration 
of ATP. The expression of CK is enhanced in tissues with high energy demand, such as 
skeletal muscles, heart and nerve cells (Wallimann and Hemmer; Wallimann et al., 1992). 
The enzyme catalyzes the phosphorylation of creatine to form phosphocreatine, which 
is used as an energy storage system in cells (Wallimann et al., 1992). This reaction is 
reversible, and when ATP is needed, it can easily be regenerated by the CK from the 
phosphocreatine pool: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐴𝐴𝐴𝐴𝐴𝐴 ⇌ Phosphocreatine +  ADP 

There are five major CK isoforms, which are encoded by four independent genes and 
have been named for the tissue from which they were isolated. The cytosolic CK 
isoenzymes, exist as dimers, consisting of either B (brain type) or M (muscle type) 
subunits. Thus, there are three common forms of cytosolic CK: CK-BB, CK-MM and  
CK-MB. CK-BB isoenzyme is widely distributed in brain, smooth muscle, nervous system 
and other tissues, whereas CK-MM is predominantly expressed in highly differentiated 
skeletal muscles and the heart. CK-MB is mostly found in the heart and to a lesser extent 
in skeletal muscles. In addition to cytosolic isoforms, there are two mitochondrial CK 
isoenzymes, the ubiquitous (uMtCK) and the sarcomeric (sMtCK) isoenzymes. While 
uMtCK is widely distributed in different tissues, the sMtCK is exclusively expressed in 
heart and skeletal muscles. The mitochondrial isoforms generally exist as octamers 
consisting of four dimers each. However, the octamers can be readily dissociated to 
dimers to regulate CK activity (McLeish and Kenyon, 2005). 

 

Figure 4. Integrated communication between cellular sites of ATP-consumption and ATP-generation 
facilitated by glycolytic phosphotransfer system. To maintain an efficient energy turnover, cells use 
enzymatic shuttles that promote ATP delivery and removal of ATPase byproducts (ADP, Pi and H+). 
The glycolytic phosphotransfer system consists of hexokinase (Hex), pyruvate kinase (PK), 
phosphofructokinase (PFK) and near-equilibrium glyceraldehyde-3-phosphate dehydrogenase/3-
phosphoglycerate kinase (GAPDH/PGK) enzymes. Modified with permission from (Dzeja and Terzic, 
2003). Gl , glucose; PEP, phospho-enol pyruvate; Pyr, pyruvate. 
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The cellular energy homeostasis is maintained by the interplay between cytosolic  
and mitochondrial CK isoforms (Schlattner et al., 2006). Both isoenzymes supply a 
phosphocreatine pool, which serves as a temporal energy buffer and prevent cells from 
a rapid decline in total ATP concentrations. Moreover, the direct or indirect association 
of CK isoenzymes with mitochondrial membrane proteins and cytosolic ATPases 
facilitates a direct exchange of ADP and ATP between the association partners connecting 
sites of energy generation with sites of energy consumption (Figure 5) (Dzeja and Terzic, 
2003). 

The CK deficiency leads to compromised energy delivery and, as a result, defective  
cell functioning. However, glycolytic enzymes and AK may replace to some extent the 
phosphotransfer functions of CK, rescuing the cellular bioenergetics (Dzeja et al., 2004). 
 

1.3.3 Adenylate kinase phosphotransfer system 
The main function of AK is to regulate the adenine nucleotide ratios in different 
intracellular compartments. AK catalyzes the reversible phosphotransfer between AMP, 
ADP and ATP: 

𝐴𝐴𝐴𝐴𝐴𝐴 + 𝐴𝐴𝐴𝐴𝐴𝐴 ⇌ 2 ADP 

There are nine different AK isoforms (AK1-AK9) that have been isolated and 
characterized in human tissues so far. They all vary in molecular weight, tissue 
distribution, intracellular localization, kinetic properties, substrate and phosphate donor 
specificity (Panayiotou et al., 2014). Thus, AK1 and AK2 specifically bind AMP and prefer 
binding to ATP over other nucleotide triphosphates, while AK3, which is also specific for 
the phosphorylation of AMP, can only use GTP or ITP as the phosphoryl donor. AK 
isoenzymes can exist as monomers, dimers and higher molecular structures (Dzeja and 
Terzic, 2009).  

Due to the unique ability of AK to monitor and alter the levels of ATP and other 
nucleotides, this enzyme has been recognized as a sensitive reporter of the cellular 
energy state. Under different metabolic stresses, when the balance between ATP and 
ADP changes, AK is able to increase significantly the intracellular concentration of  
AMP, that stimulates various signaling pathways. Thus, AMP can activate various  

 

Figure 5. Creatine kinase and adenylate kinase phosphotransfer networks. Mitochondrial isoforms 
of creatine kinase (CK) and adenylate kinase (AK) support oxidative phosphorylation machinery 
with ADP and facilitate ATP export. Cytosolic isoforms of CK and AK catalyze sequential chains of 
reactions transferring ATP to ATPases. Modified with permission from (Dzeja and Terzic, 2003). Cr, 
creatine. 
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AMP-dependent receptors and metabolic enzymes such as those involved in glycolytic 
and glycogenolytic pathways, AMP-activated protein kinase (AMPK), K-ATP channels and 
adenosine metabolic signaling cascades. The communication between energetic and 
metabolic signaling pathways ensures cellular energy homeostasis and supports a broad 
range of functional activities including cell motility, nuclear transport, DNA synthesis and 
repair, hormone secretion, cellular differentiation and apoptosis (Dzeja and Terzic, 
2009). 
 

1.3.4 Phosphotransfer enzymes and cancer 
As discussed previously, phosphotransfer enzymes are involved in the regulation of 
various cellular processes. Not surprisingly, malignant transformation has been 
associated with multiple alterations in the phosphotransfer systems (Table 1). 

Altered glycolytic pathway is a well-described feature of cancer cells. The majority of 
glycolytic enzymes are overexpressed in cancer (Phan et al., 2014). Numerous oncogenes 
such as Ras, Myc and HIF-1α are reported to be master inducers of glycolysis (DeBerardinis 
et al., 2008; Jones and Thompson, 2009). An elevated transcriptional activity of c-Myc and 
HIF-1α promotes the expression of key glycolytic enzymes such as glucose transporter 
GLUT1, HK2, phosphofructokinase (PFKM) and LDHA (Phan et al., 2014). 

The aberrant CK activity and protein concentration in the blood serum has been 
observed in various cancers during the last 40 years (Yan, 2016). However, it remains 
unknown whether the release of CK into the serum is a consequence of cell injury or  
a part of pathological processes. It has been recently proposed that the extracellular  
CKB promotes the metastatic progression of colorectal cancer (Loo et al., 2015).  
Disseminated metastatic colon cells released this enzyme into the liver extracellular 
space, where it generated phosphocreatine. The phosphocreatine was then transported 
back and used to produce intracellular ATP that sustained the survival and division of 
metastatic cells in hypoxic conditions of liver microenvironment (Loo et al., 2015). 
Moreover, the inhibition of CKB suppressed the metastatic growth of colon cancer cells. 
On the contrary, another study revealed decreased serum CK levels in cases of breast 
cancer (Pan et al., 2013). It was suggested that low CK levels may attribute to the host 
immune response, as CKB was previously shown to regulate the development and 
activation of T lymphocytes (Zhang et al., 2009). These findings indicate that both up- 
and down-regulation of serum CK level can be observed in cancer depending on the type 
and origin of particular tumor, different stage and metastatic ability. 



20 

AK – adenylate kinase, CK – creatine kinase, HK – hexokinase, LDH – lactate dehydrogenase, PKM2 
– M2 isoform of pyruvate kinase. 

Altered expression of intracellular CK was also associated with cancer progression. 
High levels of CKB were found in lung and breast cancer (Liu et al., 2017; Zarghami et al., 
1996). Alternatively, mitochondrial CK was shown to be down regulated in several cancer 
types including prostate cancer (Amamoto et al., 2016), oral squamous cell carcinoma 
(Onda et al., 2006) and sarcoma (Patra et al., 2008). Data from our research group 
indicated decreased CK activity and expression level in colorectal cancer (Kaldma et al., 
2014), breast cancer (Kaambre et al., 2012) and neuroblastoma (Klepinin et al., 2014). 
Since CK expression is increased in most normal tissues with high energy demands, the 
downregulation of this enzyme may be necessary for the transformation of normal cells 
into cancer cells (Yan, 2016). 

Table 1. Phosphotransfer enzymes in cancer 

ENZYME TYPE OF CANCER STATUS EXPERIMENTAL MODEL REF. 

Glycolytic enzyme network 

LDH Lung cancer ↑ Blood plasma (Liu et al., 2017) 

HK 

Hepatocellular 
carcinoma, gastric 

cancer and 
colorectal cancer 

↑ Meta-analysis of 21 
studies 

(Liu et al., 2016) 

HK Digestive system 
cancers 

↑ Meta-analysis of 15 
studies 

(Wu et al., 2017) 

PKM2 Colon cancer ↑ Tissue samples (Zhou et al.) 

PKM2 Gastric cancer ↑ Tissue samples (Shiroki et al., 
2017) 

Adenylate kinase network 

AK1 

Transformed 
embryonic 
fibroblasts 

↓ rasV12/E1A-transformed 
primary mouse 

embryonic 
fibroblasts 

(Vasseur et al., 
2005) 

AK2 Breast cancer ↑ Estrogen receptor 
negative breast cancer 

(Speers et al., 2009) 

AK2 Breast cancer ↓ Breast cancer cell lines (Kim et al., 2014) 

AK4 Lung cancer ↑ Tissue samples 
Various cell lines 

(Jan et al., 2012) 

AK6 Breast cancer 
Colon cancer 

↑ Colon adenocarcinoma 
and breast cancer tissues 

(Bai et al., 2016) 

AK6 Colon cancer ↑ CSCs from CRC tissues (Ji et al., 2017) 

Creatine kinase network 

CK Breast cancer ↓ Blood serum (Pan et al., 2013) 

CK Colon cancer ↓ Tissue samples (Friedman et al., 
2004) 

CK Lung cancer ↓ Blood plasma (Liu et al., 2017) 
CK Sarcoma ↓  (Patra et al., 2008) 

CK Prostate cancer ↓ Tissue samples (Amamoto et al., 
2016) 

CK Oral cancer ↓ Oral squamous 
carcinoma cell line 

(Onda et al., 2006) 
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Interestingly, a loss of mitochondrial creatine kinase was associated with the 
upregulation of AK in different experimental models (Kaambre et al., 2012; Kaldma et al., 
2014; Klepinin et al., 2016; Lam et al., 2010) suggesting the flexibility of phosphotransfer 
system. Altered expression and activity of AK isoenzymes were also demonstrated in 
various cancers.  

The expression of AK1 was shown to be decreased during malignant transformation 
of mouse embryonic fibroblasts (Vasseur et al., 2005). In fact, the formation of 
alternative product of AK1 gene, AK1β, is regulated by p53 (Collavin et al., 1999).  
Thus, the downregulation of AK1 in cancer may reflect the reduction in AK1β level and 
may be associated with the suppression of p53.  In addition to AK1, AK2 was also 
proposed as a negative regulator of tumor growth. The expression of this isoenzyme was 
downregulated in various breast cancer cell lines (Kim et al., 2014). Moreover,  
a significant amount of AK2, which is usually located in the mitochondria, was detected 
in the nucleus, where interacting with other enzymes it can affect tumor cell growth  
(Kim et al., 2014). In addition, AK has been found to modulate nuclear energetics through 
association with mitotic spindle (Dzeja et al., 2011). The study of Speers and colleagues 
identified increased expression of AK2 in estrogen receptor-negative breast cancer.  
Our group also demonstrated the upregulation of both AK1 and AK2 in neuroblastoma, 
colon and breast cancer. Increased AK4 expression was found in glioma and lung cancer. 
The overexpression of AK4 was shown to protect cells against oxidative stress. In addition, 
hypoxia was shown to enhance AK4 expression in HeLa and HEK293 cells (Fujisawa et al., 
2016; Kong et al., 2013). It was proposed that AK4 may form multienzyme complex 
consisting of mitochondrial membrane proteins, ATP transporter and HK2. This complex 
provides HK2 with the direct access to the newly synthesized mitochondrial ATP 
supporting high glycolytic activity of cancer cells (Fujisawa et al., 2016). By contrast, 
hypoxia decreased AK4 expression in HepG2 cell line suggesting the existence of 
alternative scenarios for AK4-mediated response to cellular stress conditions (Kong et al., 
2013). The overexpression of another AK isoform, AK6, was detected in colorectal 
adenocarcinoma and breast cancer tissues and cell lines (Bai et al., 2016). AK6 was shown 
to participate in the ribosome biogenesis and promote cancer cell growth through 
upregulation of cancer-associated genes’ translation (Bai et al., 2016). Moreover, highly 
expressed AK6 was found to promote migration and invasion of colorectal cancer cells. 
This study revealed the ability of AK6 to enhance the resistance of colorectal cancer cells 
to metabolic stress through upregulation of glycolytic pathway (Ji et al., 2017). 
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2 Aims of the study 
The overall aim of the study was to investigate the relationship between the 
differentiation state and the energy metabolism of cancer cells. 

Following research objectives were stated to facilitate the achievement of this aim: 

1. To characterize the bioenergetic profiles of normal and cancer cell lines with 
distinct differentiation potentials including normal pluripotent stem cells (H9), 
relatively nullipotent carcinoma stem cells (2102Ep), non-differentiated and 
differentiated colon cancer cells (Caco-2) and neuroblastoma (Neuro-2A cells) 

2. To determine the differences in the oxygen consumption of cell lines with 
distinct stemness properties 

3. To evaluate the involvement of OXPHOS and glycolysis in the ATP production by 
studied cell lines 

4. To analyze the performance of phosphotransfer networks in cells with distinct 
differentiation states 
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3 Materials and Methods 
To characterize the bioenergetic profiles of cancer cells with distinct differentiation 
potentials, we estimated three parameters related to cellular energy metabolism: rates 
of oxygen consumption, glycolytic capacity and activities of phosphotransfer enzymes. 
The overall summary of the applied approaches and techniques is depicted in Figure 6.  

 

 
The following methods, described in more detail in the respective publications, were 

used in the study: 

• Growing of cell lines (H9, 2102Ep, Caco-2, Neuro-2A) – Publications I, II, III 
• Trypan Blue dye exclusion test – Publications I, II, III 
• MTT Assay for cell viability assessment – Publication II 
• LDH release Assay for cytotoxicity measurements – Publication II 
• High-resolution respirometry – Publications I, II, III 
• Immunofluorescence analysis – Publications I, II 

 

Figure 6. Design of the study 
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• Enzymatic activity assays – Publications I, II, III 
• Measurement of ATP level and ATP:ADP ratio by ultra-performance liquid 

chromatography (UPLC) – Publication II 
• Immunoblot analysis – Publication III 
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4 Results 

4.1 Bioenergetic profile of embryonal carcinoma cells distinguishes 
them from normal stem cells (Paper I) 

4.1.1 The respiration is compromised in 2102Ep cells compared to hESCs 
To compare the energy metabolism of normal stem cells with their malignant 
counterparts, we used the H9 cell line as a model of human embryonic stem cells (hESCs) 
and the embryonal carcinoma 2102Ep cell line as a model of CSCs. Both cell lines expressed 
the pluripotency marker Oct-4 and contained some spontaneously differentiated cells 
(Figure 7). Despite this similarity, hESCs grow as colonies unlike 2102Ep which grow as a 
monolayer. In addition, hESCs displayed higher nucleus to cytoplasm ratio compared to 
2102Ep cells, which contained considerably larger volumes of cytoplasm. Although 
mitochondria in both cell lines appeared small, round and punctate, these organelles 
were localized around the nuclei in hESCs whereas in the 2102Ep cells they were 
randomly distributed in the cytoplasm. 

To investigate mitochondrial performance, we measured oxygen consumption rates 
in studied cell lines using high-resolution respirometry. As a first step, the rate of oxygen 
consumption was monitored in the presence of complex I and II substrates (10 mM 
glutamate, 2 mM malate, 10 mM succinate) to reveal State 2 respiration. Here, State 2  
is the respiration stimulated by endogenously produced ADP. Subsequently, 2 mM ADP 
was added to induce State 3 respiration or ADP stimulated respiration. Then the respiratory 
control indexes (RCI) were calculated as ratios between State 3 and State 2 rates. 
Although both cell lines had similar rates of State 2 respiration, 2102Ep cells showed a 
significantly lower State 3 respiration compared with hESCs (Figure 8A). The reduction in 
respiration was also confirmed by the RCI, which was two times lower in the 2102Ep cells 
compared to hESCs (Figure 8B). 

 
Figure 7. Mitochondrial localization in hESC and 2102Ep cells. Laser scanning confocal microscopy 
images showing immunocytochemical analysis of Oct-4 (green) and MitoTracker Red (red). Nuclei 
are stained with DAPI (blue). Scale bars, 10 µm. 



26 

To identify the mechanisms behind the lower oxygen consumption rates in 2102Ep 
cells, we examined the overall mitochondrial performance as well as functional  
activities of individual respiratory chain complexes in both cell lines (Figure 9). The key 
parameters of mitochondrial functioning were assessed using “stress test” protocol 
described in Papers I and II. In this approach, well-characterized inhibitors (oligomycin, 
antimycin A and rotenone) and uncoupler of respiration (carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP)) were used to dissect processes that are 
contributing to mitochondrial oxygen consumption. Firstly, the basal State 2 respiration 
was monitored. Then 2 µM of oligomycin was added to inhibit ATP synthase and reveal 
ATP-linked respiration. To uncouple respiration from ATP synthesis, the stepwise 
titration by FCCP was used (0.5 µM per step until maximal respiration was reached).  
The FCCP stimulated respiration was used to calculate mitochondrial reserve capacity, 
defined as the difference between maximal and basal respiration. Finally, 0.5 µM of 
rotenone (complex I inhibitor) and 2.5 µM antimycin A (complex III inhibitor) were added 
to fully inhibit mitochondrial respiration and enable the calculation of nonmitochondrial 
respiration driven by processes outside the mitochondria. Although 2102Ep cells 
demonstrated lower rates of respiration than hESCs (Figure 9A), the calculation of 
specific functional parameters did not reveal any impairments in the mitochondrial 
performance (Figure 9B). The proton leak and ATP-dependent respiration appeared to 
be very similar in both cell lines. The maximal respiration and mitochondrial reserve 
capacity were even higher in carcinoma cells compared with hESCs.  

In addition, we analyzed the functional activity of individual respiratory chain 
complexes by measuring respiration rates during substrate-inhibitor titration. Firstly, the 
respiration was activated by 2 mM ADP. Then complex I was inhibited by rotenone  
(20 µM). Subsequent addition of 10 mM succinate restored respiration by stimulating 
complex II activity. The addition of 10 µM antimycin A inhibited complex III. Finally,  

 

Figure 8. Respiratory properties of hESC and 2102Ep cells. Oxygen consumption rates were 
determined using the Oroboros® Oxygraph-2K (Oroboros Instruments). Approximately 2 x 106 of 
cells per chamber were used. Cell membranes were permeabilized with saponin (40 µg per ml) to 
enable an access of substrates to mitochondria. State 2 respiration rate was recorded in the 
presence of 10 mM glutamate, 2 mM malate, 10 mM succinate. State 3 respiration was induced by 
2 mM ADP. The rates of oxygen consumption were normalized to the total protein amount in the 
cells (nmol of O2 x min-1 x mg-1 of protein). (A) State 2 and state 3 respiration rates. (B) Respiratory 
control indexes (RCIs). RCIs were calculated as the ratios between state 2 and state 3 rates. All data 
are mean ± SEM of 5–6 independent experiments. *p<0.05. 
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the functional activity of complex IV was confirmed by the addition of electron donors 
ascorbic acid (5 mM) and N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD, 1 mM) that 
enhanced oxygen consumption in both cell types. Our results showed that all complexes 
within the mitochondrial respiratory chain of hESCs and 2102Ep cells were functionally 
active and their activities were equivalent in both cell lines (Figure 9C). 

 
  

 

Figure 9. Assessment of mitochondrial function in hESCs and 2102Ep cells. Oxygen consumption 
rates were determined using the Oxygraph-2K (Oroboros Instruments). Approximately 2 x 106 of 
cells were added to oxygraph chamber. (A) Quantitative analysis of mitochondrial stress test 
protocol. Measurements were performed in intact non-permeabilized cells. (B) Functional 
properties of mitochondrial respiration. Proton leak = VOlig – VRot, ATP-link = VState 2 – VOlig, Maximal 
respiration = VOlig – VRot, Reserve capacity = Vmax – VState2 (C) Functional activity of respiratory chain 
complexes. To subtract chemical background caused by an autooxidation of TMPD+Ascorbate,  
1 mM of NaCN was added in the end of experiment. The Complex IV-dependent respiration was 
calculated as VTMPD/Asc–VTMPD/Asc+NaCN, where VTMPD/Asc and VTMPD+NaCN are TMPD-stimulated respiration 
rates before and after addition of NaCN. Results represent means ± SEM, n=5. Ant A – antimycin A, 
Olig – oligomycin, Rot – rotenone, TMPD – N,N,N′,N′-tetramethyl-p-phenylenediamine. *p<0.05. 
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4.1.2 2102Ep cells demonstrated stronger coupling between HK and OXPHOS 
than hESCs 
To evaluate the coupling between HK and OXPHOS (Figure 10A), we investigated the 
effect of glucose on the cellular respiration. As shown on figure 10B, the addition of  
0.1 mM ATP increased the rates of respiration in hESCs indicating the generation of a 
larger flux of ADP from ATPases in these cells. The effect of glucose on the oxygen 
consumption was characterized by glucose index (Iglu), which represents the degree of 
glucose-stimulated respiration compared to ADP stimulated respiration. The Iglu calculated 
for 2102Ep cells was considerably higher compared to hESCs, suggesting that coupling 
between HK reactions and OXPHOS and thus the aerobic glycolysis is more pronounced 
in 2102Ep cells.  

 

 

 
Figure 10. Effect of exogenously added glucose on the rate of oxygen consumption. (A) Hexokinase 
(HK-2) binding to the mitochondrial outer membrane through the voltage anion channel (VDAC) 
facilitates the preferential access to the mitochondrial generated ATP to maintain the high 
glycolytic flux. From (Pedersen, 2007) with permission. (B, C) The effect of glucose was estimated 
as a degree of glucose-mediated respiration compared to State 3 respiration and expressed as the 
glucose index (Iglu): Iglu (%) = (Vglu-VATP)/(VADP-VATP). Results represent means ± SEM, n=5. *p<0.05. 
ANC – adenine nucleotide carrier, IMS – intermembrane space, MIM – mitochondrial inner 
membrane, MOM – mitochondrial outer membrane, Pi – inorganic phosphate, PIC – inorganic 
phosphate carrier, Cyt c – cytochrome c. 
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4.2 The differentiation of colon cancer cells leads to the rearrangement 
of mitochondrial network and enhanced oxidative metabolism (Paper II) 

4.2.1 Treatment with sodium butyrate (NaBT) induced time and dose-
dependent inhibition of cell growth 
To evaluate a possible relationship between cellular differentiation and energy 
metabolism in cancer cells, we treated colon adenocarcinoma cells (Caco-2) with NaBT 
and examined the alterations in the energy metabolism caused by induced cellular 
differentiation. Initially, we validated the best experimental conditions (concentration of 
NaBT and incubation time) to avoid any possible interferences, which might be caused 
by cytotoxic effect of NaBT. 

Gradual inhibition of cell growth was observed after 48 hours of incubation with NaBT 
(Figure 11A). The viability of metabolically active cells decreased from 100% (untreated 
control) to 90±2% with 1 mM NaBT, 73±7% with 2 mM, 56±10% with 5 mM and 37±3% 
with 10 mM. An extension of incubation time to 72 hours caused even more prominent 
reduction in the number of viable cells. The decreased cellular viability (measured by 
MTT assay) might indicate either the toxicity of NaBT or the inhibition of cellular 
proliferation. To evaluate the cytotoxic effect of NaBT, cell culture mediums were 
checked on the presence of LDH, which is released into the surrounding matrix by 
damaged or dying cells. The cytotoxicity of NaBT appeared after 48 h of treatment at 
concentrations above 2 mM (Figure 11B). After 72 hours, the cytotoxic effect was also 
observed at 2 mM concentration. In contrast, 1 mM NaBT was non-toxic for Caco-2 cells 
at all studied time points. Thus, lower doses of NaBT (1-2 mM) inhibited the proliferation 
of Caco-2 cells, while higher concentrations (5-10 mM) were cytotoxic. 
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Figure 11. Effect of NaBT on the Caco-2 cell growth. Cells were incubated in the presence of various 
concentrations of NaBT for 24, 48 or 72 hours. (A): The viability of cells was analyzed by MTT assay. 
(B): Cytotoxicity was estimated by measurement of lactate dehydrogenase release after treatment 
with NaBT. (C): Alkaline phosphatase (ALP) activity assay was used to estimate differentiation 
status of the cells. Data are presented as mean ± SEM (n=3-5 independent experiment); *p < 0.01; 
**p < 0.001). 
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The reduction in cellular viability was also accompanied by increased ALP activity, 
which is a well-established marker of colon cell differentiation (Shin et al., 2014).  
After 48 h of incubation with 1 mM NaBT, the ALP activity increased almost 10 times 
compared with untreated control (Figure 11C). Furthermore, treated cells resembled 
epithelial-like cells with a polygonal shape and had more regular dimensions compared 
to cells cultured in the absence of NaBT (Figure 12). Thus, the incubation of cells with  
1 mM NaBT for 48 h was sufficient to induce cell differentiation without any notable toxic 
effect. 
 

4.2.2 The differentiation with NaBT enhanced an oxidative metabolism of 
Caco-2 cells 
To evaluate functional properties of mitochondria in treated and untreated Caco-2 cells, 
we applied high-resolution respirometry. The rates of oxygen consumption were 
measured in the absence and in the presence of NaBT in the respiratory medium (Figure 
13A, B). In addition, the impact of Complex I and II on the overall respiratory performance 
of cells was assessed by the addition of glutamate/malate and succinate to the 
respiratory medium. In the absence of butyrate, treated and untreated cells displayed 
similar rates of oxygen consumption (Figure 13A). However, the supplementation of 
respiratory medium with NaBT increased respiration rates in treated cells with each 
substrate tested suggesting that butyrate is used as a substrate for an oxidative 
metabolism in more differentiated colon cancer cells (Figure 13B). To further analyze the 
impact of NaBT on the key parameters of mitochondrial respiration, we measured 
oxygen consumption rates in non-permeabilized Caco-2 cells using mitochondrial stress 
test protocol (Figure 13C). Although the routine respiration, proton leak and ATP-coupled 
respiration were similar in both experimental groups, the maximal respiration rate and 
spare respiratory capacity were significantly higher in NaBT-treated cells compared with 
untreated control cells, indicating that treated cells are more adaptable to cellular stress.  
 

 

Figure 12. Confocal microscopy of untreated and sodium butyrate (NaBT)-treated Caco-2 cells. 
Morphological changes occur after treatment of cells for 48h with 1mM NaBT. Cells were stained 
with MitoTracker (red), anti-whole tubulin (green) and DAPI (blue). For all the above, representative 
images are shown. Scale bars: 50 μm.  
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Furthermore, the increased non-mitochondrial residual oxygen consumption (ROX) after 
treatment of cells with NaBT may indicate that NaBT can activate alternative oxidases or 
promote other oxygen consuming processes in cell cytosol.  

To estimate the contribution of glycolysis and OXPHOS to ATP production, we 
incubated treated and untreated cells with inhibitors of OXPHOS (0.5 µM rotenone,  
2.5 µM antimycin A and 2 µM oligomycin) or glycolysis (6 mM 2-deoxyglucose (DOG)) 
and subsequently measured amounts of ATP and the ratio of ATP/ADP (Figure 14).  
The total ATP level as well as the ratio of ATP/ADP were similar in NaBT-treated and 
untreated cells. However, the level of ATP produced by OXPHOS was increased and the 
amount of ATP generated by glycolysis was slightly decreased after incubation of cells 
with NaBT (Figure 14B).  In percent equivalent, untreated cells produced 33±1% and 
67±1% of total ATP by OXPHOS and glycolysis, respectively. The treatment with NaBT 
shifted this ratio to 44±3% and 56±2% of ATP from OXPHOS and glycolysis, respectively. 

 

Figure 13. Treatment with sodium butyrate induces an increase in oxidative metabolism of Caco-2 
cells. Caco-2 cells were treated with 1 mM NaBT or control (sterile mQ water) which was added to 
the cell growth medium 48 h before cells were harvested and used for high-resolution respirometry. 
2 x 106 of cells per oxygraph chamber were used. The rates of oxygen consumption were normalized 
to the cell number (nmol of O2 x min-1 x 10-6 cells).  (A):  Oxygen consumption rates in the absence 
of sodium butyrate in the respiratory medium. After cell membranes were permeabilized with  
40 µg x ml-1 of saponin, the basal respiration was monitored. Then 10 mM glutamate and 2 mM 
malate were added to measure Complex I respiration. 2 mM ADP was added to stimulate OXPHOS. 
Finally, 10 mM succinate was added to reveal Complex I+II respiration rate. (B): Oxygen 
consumption rates in the presence of sodium butyrate. 5 mM NaBT was added directly to the 
oxygraph chamber prior to measurements. Then, the respirometry study was conducted as 
mentioned above. (C): Parameters of mitochondrial respiration obtained using mitochondrial stress 
test protocol. All data are presented as mean ± SEM (n = 3–5; p < 0.05). ROX – residual oxygen 
consumption. 
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These results together with data from high-resolution respirometry suggest that 
differentiation of Caco-2 cells with NaBT causes rearrangement of cellular metabolism 
leading to enhanced OXPHOS and utilization of NaBT as a preferred energy source.  

4.3 Flexibility of phosphotransfer networks in cancer cells (Papers I, II 
and III) 

4.3.1 Organization of phosphotransfer network depends on the 
differentiation state of the cell (Papers I, II and III) 
The current study revealed an altered regulation of phosphotransfer system in cancerous 
stem cells as well as restructuring of CK and AK enzyme networks during differentiation 
of cancer cells. Our previous work demonstrated that the total CK activity is decreased 
in colon cancer tissues. Here, we show that carcinoma stem cells as well as 
undifferentiated cancer cells also exhibit decreased CK activities (Table 2). However,  
the differentiation of cancer cells caused the increase in CK activity from 167 to 203 Units 
in Caco-2 cells and from 8 ± 1 to 12 ± 1 Units in Neuro-2a cells. Concomitant to increase 
in CK activity, the differentiation of cancer cells was accompanied by decreased AK 

 

Figure 14. The contribution of glycolysis and oxidative phosphorylation to ATP production. Caco-2 
cells were treated with 1 mM NaBT or control (sterile mQ water) which was added to the cell growth 
medium 48 h before experimental procedures. (A): ATP concentration in treated and control cells 
was measured by UPLC. (B): Effect of glycolysis and OXPHOS inhibition on the ATP/ADP ratio. 
Treated and control cells were divided into 3 groups. The first one (control group) was incubated 
with ethanol, both glycolysis and OXPHOS remained functional. In the second group the glycolysis 
was inhibited by 6 mM of 2-deoxyglucose (DOG). The third group was incubated with the mixture 
of OXPHOS inhibitors (0.5 µM rotenone, 2.5 µM antimycin A and 2 µM oligomycin). Exposure time 
to inhibitors was 30 min. (C): Contribution of OXPHOS and glycolysis to ATP production in control 
and NaBT-treated Caco-2 cells. All data are presented as mean ± SEM (n = 3-5; *p < 0.05). 
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activity, from 77 to 57 Units in Caco-2 cell and from 245 ± 12 to 172 ± 15 Units in Neuro-2a 
cells. In addition, normal hESCs displayed lower AK activities compared to embryonal 
carcinoma stem cells (2102Ep). Furthermore, AK activity was significantly increased 
(almost two times) in colon cancer tissues compared to healthy colon.  
 

a Data from (Klepinin et al., 2014); b Data from (Chekulayev et al., 2015) 
 

4.3.2 Cellular distribution and localization of AKI and AKII (Papers I and III) 
The specific activities of AK1 and AK2 were measured spectrophotometrically in hESCs, 
2102Ep, Neuro-2a cells and breast cancer tissues. A recently developed oxygraphic 
analysis for the semi-quantifying the ratio between AK1 and AK2 was also applied for 
Neuro-2A cells. 

The increased total AK activity in embryonal carcinoma stem cells was most probably 
due to an increase in AK2 specific activity in these cells (Table 3). The expression level of 
AK2 was also increased in 2102Ep cells compared to hESCs (Paper I, Figure 1). In contrast, 
both AK1 and AK2 were increased 5 to 7 times in breast cancer tissues with AK1 
remaining the predominant isoform. 

Table 2. AK and CK enzymatical activities 

Cells/Tissues AK Activity 
mU/mg protein P values CK Activity 

mU/mg protein P values 

hESCs (H9) 64 ± 3 
<0.001 

160 ± 4 
<0.0001 

2102Ep 180 ± 6 13 ± 2 

Non-dif. Caco-2 77 ± 4 
<0.05 

167 ± 8 
<0.05 

Dif. Caco-2 57 ± 6 203 ± 7 

Non-dif. Neuro-2A a 245 ± 12 
<0.05 

8 ± 1 
<0.001 

Dif. Neuro-2A a 172 ± 15 12 ± 1 

Colon cancer tissue b 411 ± 43 
<0.05 

204 ± 84 
<0.05 

Normal colon tissue b 257 ± 35 497 ± 142 



35 

a % from the total AK activity 
 

In Neuro-2a cells, differentiation was accompanied by the decrease in both AK1 and 
AK2 activities (Table 3). However, the ratio between AK1 and AK2 remained unaltered. 
Western blot analysis and additional spectrophotometric analysis confirmed similar 
expression levels of AK1 and AK2 and cytosolic localization of AK1 in undifferentiated 
Neuro-2A cells (Figure 15). Rat cardiomyocytes, where cytosolic AK1 is the predominant 
AK isoform, were used as a control to confirm the specificity of elaborated oxygraphic 
method.  

Table 3. AK1 and AK2 distribution in normal and cancer cells/tissues. The adenylate kinase index 
(IAK) that reflects the strength of AK coupling with the OXPHOS was used to quantify AK1 and AK2 
in studied material. For additional information see Publications I, II and III. 

Cells/Tissues AK1 
mU/mg protein 

AK2 
mU/mg protein IAK1, % IAK2, % 

hESCs (H9) 29 ± 2 (46%a) 33 ± 1 (54%) –  – 

2102Ep 37 ± 4 (21%) 142 ± 3 (79%) – – 

Breast cancer tissue 208 ± 64 (69%) 82 ± 15 (31%) – – 

Normal tissue 42 ± 4 (80%) 11 ± 2 (20%) – – 

Non-dif. Neuro-2A 136 ± 9 (56%) 109 ± 8 (44%) 53 47 

Dif. Neuro-2A 81 ± 10 (47%) 91 ± 8 (53%) 39 61 

Rat cardiomyocytes 2394 ± 102 (96%) 99 ± 18 (4%) 80 20 
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4.3.3 The organization of phosphotransfer network depends on the 
availability of key metabolic substrates (Paper II) 
Since glucose and glutamine are important carbon sources for cancer cells (Figure 16A), 
we investigated whether their availability may alter the phosphotransfer networks of 
cancer cells. Activities of main enzymes of glycolytic, AK and CK phosphotransfer 
networks were analyzed in the presence and in the absence of glutamine as well as under 
the physiological levels of glucose (5 mM) and at high glucose concentration (25 mM), 
which is usually used in most common cell growth mediums, such as Dulbecco’s Modified 
Eagle’s medium. 

 

Figure 15. Intracellular location of adenylate kinase 1 (AK1) and adenylate kinase 2 (AK2) in Neuro-2a 
cells and cardiomyocytes. To isolate cytosolic fractions, cell membranes were lysed with 35 μg of 
digitonin per 4 × 106 of Neuro-2a cells or with 25 μg/ml of digitonin for rat cardiomyocytes. Then, 
cell suspensions were centrifuged at 1000 g for 10 min. Supernatants containing cytosolic fraction 
were further centrifuged at 10000 g for 15 min to pellet any remaining cellular debris. (A) Enzymatical 
activities of AK1 and AK2 were measured in cytosolic fractions and whole cell lysates. Firstly,  
the total AK activity was measured. Then, samples were incubated with specific AK1 inhibitor  
N-ethylmaleimide for 1 h at 25°C and the AK activity attributed to AK2 was measured. Results are 
presented as mean ± SEM (n = 3). (B) Western blot analysis on the presence of AK1 and AK2 in the 
cytoplasm (Cyto) and whole cell lysates (WCL) of Neuro-2a cells and cardiomyocytes. α-tubulin  
(α-tub) was used as a loading control. 

AK1 AK2 AK1 AK2Ad
en

yl
at

e 
ki

na
se

 a
ct

iv
ity

 fr
om

 to
ta

l (
%

)

0

20

40

60

80

100 Neuro-2a cells
Cardiomyocytes 

Cytosolic fractions Whole cell lysates

A

B



37 

The glycolytic pathway was analyzed by HK, PK and LDH activities. The HK activity 
remained unchanged in all experimental groups (Figure 16B). PK and LDH activities were 
significantly decreased after treatment of cells with NaBT in the presence of glutamine 
in the growth media (Figure 16C-D). Thus, the differentiation of Caco-2 cells with 1 mM 
NaBT affected later stages of glycolytic pathway, rather than earlier stages. Although in 
glutamine-free media, PK and LDH activities decreased after NaBT-treatment, an 
enrichment of growth media with additional glucose resulted in similar activities of those 
enzymes in treated and untreated cells.  

The activity of CK was independent on either the availability of glutamine in the 
growth medium or fluctuations in glucose concentration (Figure 16E). The pattern of CK 
activity after differentiation of cells with NaBT also remained unchanged in different 
growth conditions. In contrast, the pattern of AK activity changed in glutamine-free 
medium (Figure 16F). Firstly, the suppressive effect of NaBT on AK activity, which was 
observed in the presence of glutamine, disappeared completely after removing of 
glutamine from the growth medium. Secondly, the supplementation of glutamine-free 
media with additional glucose resulted in the decreased AK activity. However, the 
suppression of AK activity upon NaBT-treatment was not restored. 
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Figure 16. Rearrangement of phosphotransfer system after treatment of Caco-2 cells with sodium 
butyrate. (A): Schematic representation of main pathways analyzed. (B): Hexokinase activity.  
(C): Pyruvate kinase activity. (D): Lactate dehydrogenase activity. (E): Creatine kinase activity.  
(F): Adenylate kinase activity. For this study, Caco-2 cells were grown under different conditions. 
Lower panels on each graph indicate glucose (Gluc) and glutamine (Glut) concentration in cell 
growth medium as well as whether cells were treated with 1 mM NaBT or not. All data are 
presented as mean ± SEM (n = 3-5; *p < 0.05). AK – adenylate kinase, CK – creatine kinase, G-6-P – 
glucose-6-phosphate, NaBT – sodium butyrate, TCA – tricarboxylic acid. 
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5 Discussion 

5.1 Bioenergetic profiles of normal and malignant stem cells 
The unique metabolic flexibility of less differentiated cancer cells allows them to survive 
and expand in harsh microenvironmental conditions. The ability to switch between 
glycolysis and OXPHOS as well as activate alternative energy pathways makes from 
eradication of these cells an extremely complicated mission. There is an increasing 
interest to identify specific metabolic signature of CSCs that can be used to distinguish 
them from other cells and specifically eliminate. The current study uncovers several 
aspects of the relationship between the differentiation state and the energy metabolism 
of cancer cells. 

In Paper I, it was established that the bioenergetic profiles of normal and embryonal 
carcinoma stem cells show distinct features. It was demonstrated that carcinoma stem 
cells exhibit lower rates of cellular respiration and higher rates of aerobic glycolysis 
compared to their non-malignant counterparts. The reduction in oxygen consumption 
rate might indicate the impairment of mitochondrial respiratory chain or inability to 
generate an effective proton gradient. However, our results confirmed the intactness of 
mitochondrial membranes and functional activity of individual respiratory chain 
complexes. Moreover, the rate of proton leak was similar in both cell lines. The maximal 
respiration and mitochondrial reserve capacity were even higher in carcinoma stem cells 
indicating the higher resistance of this cell line to cellular stress factors (such as low 
oxygen and nutrient levels) (Desler et al., 2012). Recent studies have indicated that the 
maintenance of high mitochondrial reserve capacity (also called bioenergetic reserve 
capacity) is critical for survival of cells experiencing acute and chronic stress. When the 
tissue needs a sudden burst of additional cellular energy to resist under a variety of stress 
conditions or increased workload, the reserve capacity can be  used (Desler et al., 2012). 
The loss of the reserve capacity has been associated with cellular death of neurons, 
cardiomyocytes, endothelial cells as well as heart failure in vivo (Choi et al., 2009; Dranka 
et al., 2010; Gong et al., 2003). One of the major factors that regulate the magnitude of 
mitochondrial reserve capacity is the substrate availability (Sansbury et al., 2011). 
Interestingly, another study comparing the metabolic signatures of normal and 
carcinoma stem cells revealed an enriched amount of TCA cycle intermediates in 
carcinoma stem cells (Abu Dawud et al., 2012). It is possible that the increased TCA cycle 
activity supports mitochondrial reserve capacity by supplying additional NADH in 
carcinoma stem cells. Moreover, the intermediates of TCA cycle might be used as 
alternative energy sources in case of nutrient deficiency or as a raw material for 
nucleotide, lipid or protein synthesis (Jose et al., 2011). Nevertheless, the increased 
mitochondrial reserve capacity in addition to increased autophagy and antioxidant 
system serves as an essential component of defence system that helps cancer cells to 
survive in harsh environmental conditions and develop resistance to chemotherapeutic 
agents.  

 



40 

5.2 Effect of cellular differentiation on the bioenergetics of colon 
cancer cells 
Since human carcinoma stem cells, 2102Ep, are relatively nullipotent and, thus, have a 
reduced capacity to differentiate, we took another cell line to investigate the effect of 
cellular differentiation on the bioenergetics of cancer cells. Caco-2 cell line was originally 
derived from a large intestine adenocarcinoma (Fogh, 1975) and has been demonstrated 
to contain a subpopulation of CSCs with tumor initiating capacity characterized by the 
expression of CD133 and CD44 surface markers (Haraguchi et al., 2008). When Caco-2 
cells are cultured under specific conditions, they become differentiated and display 
morphological and biochemical characteristics of the absorptive enterocytes (Sambuy  
et al., 2005).  

In the present work, we used sodium salt of butyrate, NaBT, to induce differentiation 
in Caco-2 cells. Butyrate is a short-chain fatty acid, which is usually produced in the colon 
during bacterial fermentation of the dietary fiber. It serves as the primary energy source 
for colonocytes, promotes growth and proliferation of normal colonic epithelial cells, 
improves colonic defense barrier and has anti-inflammatory and anticancerogenic 
properties (Gonçalves and Martel, 2013). Interestingly, tumors more frequently develop 
in distal parts of the colon, where the level of butyrate is commonly lower. Moreover, 
the inverse relationship was found between the levels of butyrate in the human  
colon and the incidence of colon cancer (Bingham et al., 2003; Clausen et al., 1991).  
The anticarcinogenic effect of butyrate has been attributed to its ability to function as a 
histone deacetylase (HDAC) inhibitor. The inhibition of HDACs leads to altered expression 
of genes that regulate cell proliferation, differentiation and apoptosis (Gonçalves and 
Martel, 2013). The suppressive effect of NaBT on the growth of cancer cells is time and 
dose dependent (Amoêdo et al., 2011). The results of the current study show that the 
inhibition of cellular proliferation is caused by the induced differentiation of Caco-2 cells 
at lower doses of NaBT (1-2 mM), while higher doses of NaBT (5-10 mM) activated 
cellular death programs. Previous research work, where the normal colonic epithelial 
stem cells were studied, have indicated that the antiproliferative effect of butyrate is 
reversible at lower dozes but becomes permanent at higher concentrations of NaBT 
through induction of apoptotic pathway (Kaiko et al., 2016). This dual action of NaBT 
could be potentially utilized to increase the effectiveness of anticancer treatments.  
On the one hand, butyrate is able to induce the death of cancerous colonocytes, on the 
other hand it could induce the differentiation of CSCs, thereby, making them more 
susceptible for conventional therapies. However, the rapid uptake and metabolism of 
butyrate by normal cells significantly reduce the efficacy of butyrate utilization as a 
chemotherapeutic drug (Miller et al., 1987). Therefore, the discovery of more stable 
butyrate derivatives is required. The maintenance of butyrate-producing microbiota 
through fiber-rich diet might serve as a more successful tool in the prevention of colon 
cancer and can be potentially used as a complementary strategy for cancer treatment 
(Donohoe et al., 2012). 

Depending on the availability of oxygen and nutrients in the tumoral microenvironment, 
cancer cells may use glycolysis or OXPHOS for energy production (DeBerardinis and 
Chandel, 2016). In rapidly proliferating and expanding tumor tissue, oxygen diffusion is 
hampered, and cells often reside in hypoxic conditions. Therefore, cancer cells enhance 
glycolytic flux to produce sufficient level of energy and macromolecules for biosynthetic 
needs (Muz et al., 2015). Our results show that Caco-2 cells produce about 70 % of their 
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total ATP by glycolysis while only 30 % was derived from the OXPHOS. Treatment of cells 
with NaBT shifted energy metabolism towards more oxidative pathway, where butyrate 
is used as a preferred substrate. Similar results were previously obtained using other 
cancer cell lines including lung, breast and colon cancer cells (Alcarraz-Vizán et al., 2010; 
Amoêdo et al., 2011; Blouin et al., 2011; Li et al., 2018; Rodrigues et al., 2015). Reduced 
glycolytic flux in Caco-2 cells was accompanied by decreased PK and LDH activities 
suggesting that NaBT affected the later stages of glycolytic pathway, rather than the 
earlier steps. However, it is noteworthy to mention that different cancer cell lines might 
respond in an individual manner to NaBT depending on the metabolic phenotype of 
utilized cell type. Thus, treatment of H460 lung cancer cells with NaBT increased HK 
activity, while PK and LDH activities remained unaltered (Amoêdo et al., 2011). In the 
study investigating the effect of NaBT on various breast cancer cells, treatment with 
NaBT enhanced PK activity in highly metastatic MDA-MB-231 cells only, while LDH 
activity was enhanced specifically in T-47D cells (Rodrigues et al., 2015). Nevertheless, 
despite diverse effect of NaBT on the activity of specific glycolytic enzymes, it in general 
affected the energy metabolism of all studied cancer cell lines enhancing OXPHOS and 
decreasing glycolysis. 

5.3 Flexibility of phosphotransfer networks in cancer cells with distinct 
differentiation states 
Although much is known about the rearrangements in energy producing pathways that 
occur during malignant transformation, the way how the energy is being transported 
within the cancer cell remains underestimated and largely undiscovered. Meanwhile, 
well organized energy transfer system is vital for intracellular communication between 
ATP-producing and ATP-consuming cellular processes (Dzeja and Terzic, 2003). Any 
disturbances in the highly organized phosphotransfer network may lead to the fatal 
consequences for the normal functioning, growth and development of the cell (Bai et al., 
2016; Pucar et al., 2002). The increased levels of various AK isoenzymes were detected 
in lung, breast and colon cancers (Bai et al., 2016; Jan et al., 2012; Ji et al., 2017; Speers 
et al., 2009). Moreover, AK6 was found to promote migration and invasion of colorectal 
CSCs (Ji et al., 2017).  Comparing breast and colon cancer tissues with adjacent normal 
tissues, we showed previously that the phosphotransfer network undergo substantial 
rearrangements during malignant transformation (Chekulayev et al., 2015). More 
specifically, cancer tissues exhibited a decreased CK activity, which was compensated by 
upregulation of AK network. The same pattern of alterations in AK and CK activities was 
detected in embryonal carcinoma stem cells (Paper I). Moreover, an elevated AK2 
expression was found to be responsible for the dominance of AK network over CK 
network in malignant stem cells. There are several evidence indicating that AK2 could be 
involved in the regulation of cellular proliferation and differentiation. For example,  
AK2 was found to regulate viability and cell growth during insect development (Chen  
et al., 2012). Furthermore, AK2 can mediate mitochondrial apoptosis by binding to  
Fas-associated with death domain protein (FADD) and caspase-10 (Kim et al., 2014;  
Lee et al., 2007). The AK2 deficiency was shown to impair the proliferation, survival and 
differentiation of hematopoietic stem cells (Six et al., 2015). Thus, an elevated AK2 
expression might be necessary for increased proliferation of tumor initiating cells.  

In Papers II and III we estimated the ability of cellular differentiation to reverse  
cancer-induced changes in the phosphotransfer system. Indeed, the differentiation of 
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Caco-2 cells with NaBT as well as differentiation of neuroblastoma cells with retinoic acid 
resulted in decreased AK activities and increased CK activities. Interestingly, both 
differentiation agents, NaBT and retinoic acid, have been reported to modulate directly 
or indirectly the AMPK activity (Ishijima et al., 2015; Peng et al., 2009). The AMPK has 
been proposed to act as a tumor suppressor by regulating energy levels, enforcing 
metabolic checkpoints and inhibiting cell proliferation (Li et al., 2015). The AMPK can be 
activated by changes in the intracellular ATP/ADP ratio (Dzeja and Terzic, 2009). Since AK 
mediates nucleotide exchange and AMP signaling, we assume that poorly differentiated 
cancer cell can prevent AMPK activation by upregulation of AK. However, whether 
altered AK network in differentiated cancer cells is a consequence or a cause of AMPK 
activation needs to be determined. 

The availability of different energy sources within cell microenvironment determines 
the metabolic preferences and energetic status of the cell and can potentially affect 
phosphotransfer network. The effect of butyrate and glutamine availability on the AK, CK 
and glycolytic enzyme activities was analyzed in Paper II. The differentiation of Caco-2 
cells with NaBT resulted in increased CK activity independently on the absence or 
presence of glutamine in the growth medium. On contrary, AK activity was sensitive to 
glutamine and glucose presence in the growth medium. Thus, AK activity remained 
unchanged after treatment with NaBT in conditions of glutamine deprivation. However, 
the activity dropped in both treated and untreated cells after addition of supplemental 
glucose. There is no earlier work done in this area and hence it is important subject for 
future research. 

The supplementation of glutamine-free medium with additional glucose also 
abolished suppressive effect of butyrate on PK and LDH activities. Most probably,  
the removal of glutamine forced cells to adjust their metabolic pathways to cope with 
novel conditions. The maintenance of high glycolytic flux might serve as a compensatory 
mechanism to manage the emerging imbalance in  NADH and NAD+ ratio caused by 
glutamine starvation (Fan et al., 2013). Altogether, these results indicate the link 
between rearrangements in phosphotransfer network with metabolic alterations 
induced by differentiation of colon cancer cells with NaBT. 

5.4 Limitations of the study 
There are several limitations in this study that could be addressed in the future research. 
First, the experiments were conducted under normoxic conditions (21 % of O2 in the air), 
while the oxygen level in hypoxic tumor tissues is significantly lower ranging between  
1 % – 2 % and below (Muz et al., 2015). The oxygen consumption rates will most probably 
decline in hypoxic conditions. However, the effect of low oxygen concentrations on the 
overall mitochondrial performance involving proton leak, ATP-linked respiration, 
maximal respiration and mitochondrial reserve capacity is not so obvious. For example, 
it was reported that neural stem/progenitor cells grown at low oxygen tension have a 
significantly higher mitochondrial reserve capacity compared to that under normoxia 
(Chen et al., 2015). Moreover, it was shown that hypoxia enhances the expression of 
stemness markers and increases the number of stem cells (Chen et al., 2015). In the light 
of these observations, it would be plausible to estimate the impact of hypoxia on 
stemness/ability to differentiate and the bioenergetic profile of CSCs.   

The second limitation concerns the phenotypic diversity of cancer initiating cells or 
CSCs. Here, we compared undifferentiated with differentiated cancer cells. However,  
it should be taken into consideration that undifferentiated cell culture may contain 
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several genetic subclones in distinct differentiation states including spontaneously 
differentiated cells. Furthermore, distinct subpopulations of CSCs may represent 
different metabolic and bioenergetic properties (Fiorillo et al., 2019). Studying the 
features of cancer cells in the context of independent subclones is essential as all 
subclones and the corresponding CSCs need to be eradicated for successful treatment. 
In addition, cancer cell lines may not represent the whole repertoire of subclones present 
in the primary tumor. Therefore, future investigations using CSCs derived from patients’ 
tumors are necessary to validate the kinds of conclusions that can be drawn from this 
study. 

5.5 Concluding remarks and future directions 
This research aimed to investigate the relationship between cellular differentiation and 
the energy metabolism of cancer cells. By comparing the bioenergetic profiles of cancer 
cells in distinct differentiation states, it can be concluded that cellular differentiation is 
accompanied by profound alterations in the energy producing and transferring 
pathways. Human embryonal carcinoma stem cells as well as undifferentiated 
neuroblastoma and colon adenocarcinoma cells were found to share a common 
bioenergetic signature characterized by reduced oxidative metabolism compensated by 
increased glycolysis and shifted phosphotransfer towards adenylate kinase network. 
Treatment of cells with differentiation agents was able to reverse theses cancer-induced 
alterations. Moreover, adenylate kinase network was identified as an important player 
in the regulation of metabolic plasticity of cancer cells. However, the effect of cellular 
differentiation or certain differentiation agents on the phosphotransfer system should 
be further examined in depth at the molecular level. Nevertheless, a deeper focus on the 
mechanisms that support metabolic plasticity of cancer cells and allow them to survive 
in harsh microenvironmental conditions would provide novel more effective targets for 
anti-cancer therapy. 
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6 Conclusions 
• The bioenergetic profile of embryonal carcinoma stem cells clearly distinguished 

them from normal embryonal stem cells (Paper I): 
 Embryonal carcinoma cells had reduced respiration and stronger coupling 

between HK and OXPHOS compared to normal embryonal stem cells 
 The phosphotransfer system of embryonal carcinoma stem cells was shifted 

towards AK network  
 
• An organization of phosphotransfer systems depended on the differentiation state 

of the cell (Papers II and III): 
 Undifferentiated colon cancer cells and neuroblastoma cells displayed reduced 

CK activity compensated by increased AK activity 
 Induction of cellular differentiation reversed cancer-induced alterations in the 

phosphotransfer system increasing CK activity and reducing AK activity 
 
• The response of phosphotransfer system to the butyrate treatment was modulated 

by the availability of glutamine in the growth medium (Paper II) 
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Abstract 
Rearrangement of energy metabolism during differentiation 
of cancer cells 
Tumor initiating or cancer stem cells are populations of cancer cells that can both self-
renew and give rise to many cell types that constitute the tumor. These cells are 
considered to be responsible for tumor growth and development, reoccurrence of the 
disease after treatment, formation of metastasis and drug resistance. In the light of 
recent discoveries, the unique bioenergetic phenotype of cancer initiating cells may 
serves as an attractive target for more effective cancer therapy. 

The aim of the current study was to uncover the relationship between cellular 
differentiation and the energy metabolism of cancer cells. The bioenergetic profiles of 
cancer cells in distinct differentiation states were characterized and compared. Three 
essential aspects of cellular bioenergetics were analyzed: oxidative phosphorylation, 
glycolysis and phosphotransfer network. 

Human embryonal carcinoma stem cells as well as undifferentiated neuroblastoma 
and colon adenocarcinoma cells were found to share a common bioenergetic signature 
characterized by reduced oxidative metabolism compensated by increased glycolysis and 
shifted phosphotransfer towards adenylate kinase network. Cellular differentiation 
induced profound alterations in the energy producing and transferring pathways 
resulting in the phenotype similar to that in healthy cells. Adenylate kinase network was 
identified as an important player in the regulation of metabolic plasticity of cancer cells. 
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Lühikokkuvõte 
Energiametabolismi ümberkorraldamine kasvajarakkude 
diferentseerimisel 
Vähk on tuntud kui väga heterogeenne haigus. Üks ja sama kasvaja võib sisaldada 
erinevates proliferatsiooni ja diferentseerumise astmetes olevaid rakke. Vähem 
diferentseerunud kasvajarakke, millel on oma populatsiooni säilitamise ja 
diferentseerumise võime, kutsutakse kasvaja tüvirakkudeks. Arvatakse, et just need 
rakud vastutavad kasvaja arengu, metastaseerumise, taastekkimise ja resistentsuse  
eest. Värskemad uuringud näitavad, et kasvaja tüvirakud on võimelised ümber 
korraldama oma ainevahetust nii, et saada rohkem energiat kiireks paljunemiseks ja 
levimiseks organismis. Seega on vähirakkude bioenergeetilise profiili uurimine uus 
võimalik lähenemine kasvajaprotsesside mõistmisele ning sellest lähtuvalt ka 
diagnoosimisele ja ravimisele. Kuna kasvaja tüvirakkudel on palju sarnasusi normaalsete 
tüvirakkudega, siis võib nende vastu suunatud ravi mõjutada negatiivselt normaalsete 
kudede uuenemist. Seega on väga oluline leida sellised tüvirakkude omadused, mis 
eristaksid neid nii normaalsetest tüvirakkudest kui ka rohkem diferentseerunud 
kasvajarakkudest. 

Käesoleva doktoritöö eesmärgiks oli välja selgitada seosed kasvajarakkude 
energiametabolismi ja diferentseerumise vahel. Selleks iseloomustati 
energiametabolismi erinevate diferentseerumispotentsiaalidega rakkudel: inimese 
normaalsetes pluripotentsetes tüvirakkudes (H9), nullipotentsetes kartsinoomi 
tüvirakkudes (2102Ep), diferentseerumata ja diferentseerunud soole adenokartsinoomi 
(Caco-2) ja neuroblastoomi (Neuro-2A) rakkudes. Energiametabolismi iseloomustamiseks 
uuriti rakkude hapnikutarbimise võimet, glükolüütilist aktiivsust ning adenülaat- (AK)  
ja kreatiinkinaasi (CK) energiaülekande võrgustikku.  

Töö esimeses pooles näidati, et normaalsetes ja kartsinoomi tüvirakkudes rakkude 
bioenergeetilised profiilid erinevad. Kasvaja tüvirakkudele olid iseloomulikud vähenenud 
hapnikutarbimise kiirus, suurenenud aeroobse glükolüüsi tase ning nihkunud 
energiaülekanne AK võrgustiku suunas. Doktoritöö tulemused näitasid, et 
hapnikutarbimise languse põhjuseks ei saa olla kahjustatud mitokondrid ega 
mitokondriaalse hingamisahela vähenenud aktiivsus. Mitokondriaalne võimekus ehk 
lisaenergia, mida rakud saavad kasutada stressi põhjustavate faktoritega 
toimetulemiseks, oli kartsinoomi tüvirakkudel isegi kõrgem kui normaalsetel 
tüvirakkudel. Loetletud eripärasused kartsinoomi ja normaalsete tüvirakkude 
bioenergeetikas aitavad paremini mõista kasvaja tüvirakke toetavaid mehhanisme  
ning nende põhjal on võimalik välja töötada uudseid meetodeid kasvaja tüvirakkude 
spetsiifiliseks eristamiseks normaalsetest rakkudest. 

Järgnevalt uuriti muutusi energiametabolismis, mis järgnesid adenokartsinoomi  
ja neuroblastoomi rakkude diferentseerumisele. Tulemustest võib järeldada, et 
kasvajarakkude diferentseerumisega kaasnevad suured ümberkorraldused 
energiametabolismis. Eelkõige suureneb oksüdatiivse fosforüülimise osakaal energia 
tootmisel, millega kaasneb glükolüüsi vähenemine. Samuti toimuvad olulised 
ümberkorraldused AK ja CK energiaülekande võrgustikes. Kui diferentseerumata rakud 
kasutavad peamiselt AK energiatranspordi rada energia homöostaasi säilitamisel,  
siis kasvajarakkude diferentseerumise käigus asendatakse AK poolt vahendatud rada CK 
rajaga. Varasemad uuringud näitavad, et soolevähi koes on CK aktiivsus langenud,  
mis on kompenseeritud suurenenud AK aktiivsusega. Kasvajarakkude diferentseerimine 
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võimaldas taastada rakkudes energiametabolismi profiili, mis sarnaneb normaalse koega. 
Seega on kasvajarakkude diferentseerimisel suur potentsiaal uute ravistrateegiate 
väljatöötamiseks. 

Lisaks kasvaja poolt põhjustatud muutuste kirjeldamisele, on oluline mõista 
mehhanisme, mida kasvajarakud kasutavad oma energiametabolismi säilitamiseks.  
Kuna meie eelnevad tulemused viitavad suurenenud AK ja CK rollile kasvajarakkude 
energiametabolismi ümberprogrammeerimisel, siis püstitati hüpotees, et kasvajarakkude 
kohandumine muutuvatele kasvutingimustele on seotud AK ja CK poolt katalüüsitud 
reaktsioonidega. Töö käigus leiti seos AK aktiivsuse ja glutamiini, ehk olulise süsiniku ja 
lämmastiku allika, kättesaadavuse vahel. Glutamiini puudumisel säilib soolevähi 
rakkudes kõrge glükolüütiline aktiivsus isegi peale rakkude diferentseerumist ning AK 
tõenäoliselt toetab seda. Kuid selleks, et välja selgitada täpsemat mehhanismi, mis seob 
glutamiini ja glükoosi metabolismi AK poolt katalüüsitud reaktsiooniga, on vaja läbi viia 
täiendavaid uuringuid.  

Kokkuvõttes annab käesolev doktoritöö põhjaliku ülevaate kasvajarakkude 
diferentseerumise käigus toimuvatest ümberkorraldustest energiametabolismis. Need 
uuringud annavad väljundi ka onkoloogia-alastesse teadmistesse, mis aitavad paremini 
mõista kasvaja tekkimise ja arenemise mehhanisme ning seeläbi välja töötada senisest 
paremaid ravimeetodeid. 
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������������� ��������������������������������� ���¡�¢��£¡

¤¥¦§



��������	���
��������	�����	���������	������������������	����������� ������������������� �������������� 	� ��!"�#$$��%& ����'(�����)���*& )�%)'#������	�(�� +�,���%-#�������	���	��	����������	����./����	�������01�.0!������������������������������+2���)3-�����������	�������		��	������������������������������ ��� ���	����������	�����!"�4565789:;<=>?@A?8B7<CD<EF=GHIJ=<KLIHJG7J=>MI<KMD;BIM<HJMNG7<I=�������	�����	�� ��������������	�����������������	�� �����	��	�����������	���	��������
 ����������	�����	���������#���
������	������	�������	�(�	 ���������	�� �����������
���O�P������� �	��������	�����	 ����0����	�������	��	��	��	���������
����	���	����	�����������������	�� ���������!"���������� �������������	������ ��	�(���� 	������	�(�	��������Q��(����	����	����������+2���$-�2���	� #����	�����	���������	����������R��� ��	�����+��ST#"�����
�������	��-#���	����� ����	������������	�+���T#"�����
������	��	�-���	���#������	�������� ��	�� ���+��ST#"�����
���������	��-#������	���	������	�������	�(�	 ��"�����
���#���������2����� #	������	�������	�(�	 ��"�����
�P������U����� 	������	���������	���������������������+$�T-���V#V#VW#VW�	�	����	� ��B����� �����������+�T��#��T-#������	����� ���������
 ����������	�������	�����	 ���+2���$-��������������������	��������!"�������������������
�������� ����������������� +2���%-��	�������	�����������
���������������	��� ���R��0�	�)������	�������������	������� ��X����	��	�������#	����������(������X���������������������� �Y������!"������������������������ �����������	�� 	��������	��#��������������� ��������� ��������	�������������� ������(��������� 	�������"�����	��	��	����(���������	�Z��[#��!"������� ����	��	���	�����������	�����������	� �����������������\�	���#����������������������	���������������\�������� ��	��� 	������+2���%-���������	��	��	���	��������	�����������������	�����	��������	���	���X�����������	�������������	��	#	��"!��	�(�	 ���� �������������0�������	�+������-������	������������	������������������	�����������
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Klepinina, L., Klepinin, A., Truu, L., Chekulayev, V., Kuus, K., Teino, I., Pook, M., Maimets, T., 
Kaambre, T. (2021). Colon cancer cell differentiation by sodium butyrate modulates 
metabolic plasticity of Caco-2 cells via alteration of phosphotransfer network. PLOS ONE 
16(1): e0245348. DOI: 10.1371/journal.pone.0245348 
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Curriculum vitae 
Personal data 

Name: Ljudmila Klepinina 
formerly Ljudmila Õunpuu 

Date of birth: 10.02.1990  
Place of birth: Tallinn, Estonia 
Citizenship: Estonian 

Contact data 
Email:  ljudmila.klepinina@gmail.com 

Education 
2014–2021 Tallinn University of Technology, PhD study, Chemistry and 

Biotechnology 
2012–2014  Tallinn University of Technology, MSc, Gene technology 
2009–2012 Tallinn University of Technology, BSc, Gene technology 
1997–2009 Tallinn Läänemere Gymnasium (gold medal) 

Language competence 
Russian native language 
Estonian fluent 
English fluent 
French basic 

Professional employment 
2018–…. 
 

National Institute of Chemical Physics and Biophysics, Junior 
Researcher (1,00) 

2014–2016 National Institute of Chemical Physics and Biophysics, Junior 
Researcher (1,00) 

Memberships  
2017−...     Estonian Biochemical Society 
2017−...     COST Action CA15203 Mitochondrial fitness mapping MITOEAGLE 

project 
2017−...     Mitochondrial Physiology Society 

Honours & Awards 
2019 Finalist and nominee of the three-minute lecture competition of 

the Estonian Academy of Sciences 
2017 Conference award for the best poster presentation at MiP2017 

(Hradec Kralove, Czech Republic) 
2017 Travel award for participation in FEBS conference in Jerusalem 

Special courses 
2017 Mitochondrial Physiology, University of Copenhagen, Denmark 
2014–2016 Engineering Pedagogy, Tallinn University of Technology, Estonia 
2016, 2015 
 

Laboratory Animal Science, Estonian University of Life Sciences, 
Tartu, Estonia 
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Conferences 
September, 
2018 

13th Mitochondrial Physiology Conference, Jurmala, Latvia. Poster 
presentation: “Metabolic plasticity of cancer stem-like cells” 

April, 2018 MITOEST conference, Tallinn. Poster presentation: “The role of 
dietary fibers in the energy metabolism of human colon cancer 
cells” 

August, 2018 20th European Bioenergetics Conference, Budapest, Hungary. 
Poster presentation: “The phosphotransfer system and metabolic 
plasticity of colon cancer cells” 

November, 
2017 

Mitochondrial Physiology conference, Hradec Kralove, Czech 
Republic. Poster presentation: “The role of dietary fibers in the 
energy metabolism of human colon cancer cells” 

September, 
2017 

42nd FEBS conference, Jerusalem, Israel. Poster presentation: 
“Human embryonal carcinoma cells display distinct bioenergetic 
profile compared to normal embryonic stem cells” 

April, 2015 Environmental and System Biology Conference, University of 
Joseph Fourier, Grenoble, France. Poster presentation: 
“Regulation of mitochondrial respiration in neuroblastoma cells” 
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Intracellular Energy-Transfer Networks and High-Resolution Respirometry: A 
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