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Abstract: Over the last 100 years, many studies have been performed to determine the
biochemical and histopathological phenomena that mark the origin of neoplasms. At the
end of the last century, the leading paradigm, which is currently well rooted, considered the
origin of neoplasms to be a set of genetic and/or epigenetic mutations, stochastic and
independent in a single cell, or rather, a stochastic monoclonal pattern. However, in the
last 20 years, two important areas of research have underlined numerous limitations and
incongruities of this pattern, the hypothesis of the so-called cancer stem cell theory and
a revaluation of several alterations in metabolic networks that are typical of the neoplastic
cell, the so-called Warburg effect. Even if this specific “metabolic sign” has been known
for more than 85 years, only in the last few years has it been given more attention;
therefore, the so-called Warburg hypothesis has been used in multiple and independent
surveys. Based on an accurate analysis of a series of considerations and of biophysical
thermodynamic events in the literature, we will demonstrate a homogeneous pattern of the
cancer stem cell theory, of the Warburg hypothesis and of the stochastic monoclonal
pattern; this pattern could contribute considerably as the first basis of the development of
a new uniform theory on the origin of neoplasms. Thus, a new possible epistemological
paradigm is represented; this paradigm considers the Warburg effect as a specific
“metabolic sign” reflecting the stem origin of the neoplastic cell, where, in this specific
metabolic order, an essential reason for the genetic instability that is intrinsic to the
neoplastic cell is defined.
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1. Introduction

The origin of neoplasms has always been an important aim of researches and surveys. In 1937
Jacob and Morton indicated that a single leukemic cell when transplanted in a mouse reproduced the
disease in all respects [1]. Moreover, the monoclonal origin of antibodies in multiple myeloma among
other facts suggests the monoclonal origin of neoplasms, whereas since the 70s and later in the 80s, the
paradigm was asserted that the origin of neoplastic transformation first and the promotion phase
second were to be researched in the establishment of multiple, unconnected and causal genetic
mutations. During a later stage, thanks also to the works of the last 30 years, epigenetic alterations and
changes in the methylation pattern and in chromatin remodeling support multiple genetic alterations.
Thus, at the end of the 20th century, the leading paradigm of the origin of neoplasms was the
stochastic model or rather somatic cells as a consequence of unconnected, causal genetic and
epigenetic mutation assembly, leading to the processes of transformation, promotion, development and
metastasis, marking all of the occurrences of a neoplasm.

However, the above-mentioned pattern, although describing coherently several aspects of the
neoplastic process, such as the carcinogenesis from mutagens agents, leaves many issues unresolved.
In fact, in the in vivo xenograft tumor model, many cells are required to activate the development of a
neoplasm, thereby negating the monoclonal hypothesis, as it neither considers nor explains the
morphological-functional diversity and the heterogeneity of the various neoplastic appearances, which,
although often discerning mutations in common genes, show peculiarity and a typical morbidity.
However, a contrasting situation can also arise, for example, the p53 gene neither is altered in each
cancer nor is its alteration essential for the development of a neoplasm. In addition, cancers with
identical isotypes often have different mutations and a similar clinical progress [2—7].

Furthermore, it is interesting to underline how, even during the period of embryonic and postnatal
formation, some neoplastic appearances develop and do not lead to a clinically relevant neoplasm; for
example, Mori et al. have highlighted that pediatric acute leukemia and chromosomal translocation
develop with a frequency of greater than 100% in infants compared to the pediatric population during
the postnatal period, who later do not develop a clear disease but live a normal psycho-physical growth
pattern [8]. These results contrast with the monoclonal hypothesis [9].

In recent years, the hypothesis of the so-called cancer stem cell (CSC) theory progressed, beginning
in the 90s when Lapidot et al. demonstrated that only a small population of leukemic cancer cells with
the CD34+CD38— phenotype, could cause cancer after being inoculated in a non-obese diabetic/severe
combined immune deficient mouse [10]. Later, it was illustrated and demonstrated that this breeding
was a matter of neoplastic stem cells [11].
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Since this time, similar results have been achieved for mammary neoplasms [12], cerebral
neoplasms [13,14], pulmonary neoplasms [15], colon neoplasms [16], ovary neoplasms [17,18],
pancreas neoplasms [19,20], prostate neoplasms [21] and thyroid neoplasms [22], in addition to many
additional types of neoplasms, both solid and belonging to the immune-hematopoietic system [23].
It has also been underlined that precisely this under-population supports the cancer growth and causes
chemoresistance [24-26].

Even though this pattern, which is summarized in Figure 1 (modified from Curtin and Lorenzi [24]),
was already highlighted in the 70s and was considered efficient in the case of teratoma, this event was
found to be an exception to the general rule of the monoclonal stochastic pattern [27].

Figure 1. Some important features of the cancer stem cell (CSC) theory are highlighted,
the neoplastic tissue, as the normal tissue, is carried and renewed by its stem cell population,
which self-renews; CSCs, similar to other stem cells, exist in niches with a suitable
microenvironment of low pO,; similar to normal tissue, the neoplastic tissue interactions with
cells in the microenvironment are fundamental; and traditional cytostatic drugs, such as
alkylating agents, are active in the neoplastic bunk but less in CSCs. From this consideration
will result a potential mechanism of metastasization. (Modified from Curtin and Lorenzi [24])
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The two patterns, the CSCs pattern and the monoclonal stochastic pattern, are neither mutually
exclusive nor necessarily completely contradictory [27-29], stem cells are in the GO phase of the cell
cycle for long periods, and because of their longevity, stem cells are particularly subject to mutations
and genetic/epigenetic alterations regarding the origin of CSCs. Many authors have stated that these
cells can originate genetic or epigenetic mutations that are generated by carcinogenic agents or because
of the deregulation of various pathways within the recesses of their own microenvironment. Moreover,
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a genetic mutation or an epigenetic change, depending on the stem cell, is particularly dangerous
because it is inherited and passed on to the daughter cells. Another possible hypothesis, even if it still
requires definition, regards a somatic cell, which, as a result of some genetic/epigenetic events and in
the modulation of the warning network, can be redesigned and return to the stem section to obtain
again the typical morphological and functional features [27].

Stem cells, including neoplastic stem cells, have many features in common, the ability of
self-renewal, the competence of differentiation, the active expression of the telomerase, the activation
of anti-apoptotic pathways, the increase of all of the active membrane transports, and the ability of
metastasis migration [30].

Zygotes and human embryonic stem cells (hRESCs) and those of other species, which are adult stem
cells with reduced differentiating potential (that play an essential role in the cell turnover of adult
individuals), have some common features, they live in recesses; are affected by clear conditions that
are connected to the microenvironment; show asymmetric mitosis; and have a typical metabolic
structure with a lowered oxidative phosphorylation, high glycolysis and reduced levels of intracellular
ATP levels and reactive oxygen species (ROS) [31-33].

This specific metabolic structure has been verified in adult stem cells with reduced differentiation
potential and in pluripotent embryonic stem cells, by now this circumstance has been clarified through
vast material and independent studies. Similarly, it has been demonstrated by that passing from an
undifferentiated stem state to a superior differentiation state results in the recovery of the oxidative
phosphorylation and of mitochondrial biogenesis, as well as an increase in the ROS production. This
result has been demonstrated in hESCs, in myotubes and in myoblasts during their differentiation in
muscle tissue in mesenchymal cells during the differentiation in osteoblasts [34,35]. Recently,
Stringari et al. and Wright et al., through the development of a technique to measure the NADH/NAD"
ratio in living tissues, highlighted a glycolytic gradient in the little intestines of rats under physiological
conditions [36,37]; this gradient decreases beginning in the intestinal stem cells up to the differentiated
erythrocytes, decreasing in glycolytic action, increasing gradually as cellular differentiation progresses.

In addition to mammals, a close dependency between undifferentiated state and glycolytic phenotype
has also been studied in many invertebrates, such as in neurogenesis in Drosophila melanogaster [38]
and even in Caenorhabditis elegans, in the lower vertebrates, and in non-mammalian vertebrates. For
example, during the maturation of oocytes in amphibians, the metabolism is typically glycolytic, and
the tricarboxylic acid cycle is maintained primarily by glutamine, whereas oxidative phosphorylation
is strongly depressed to gradually increase later through development and maturation [39]. A similar
phenomenon can be noticed during the development of rat embryos [40], this is a biological constant
that is common to every species.

In recent years, research of stem cells has advanced considerably. Another meaningful step has
been the discovery of the so-called induced pluripotent stem cells (iPSCs), which are somatic cells
that, by means of the modulation of a complex network of growth factors and genes, are
reprogrammed in the stem cell-like state [41,42]. From a metabolic perspective, it is interesting to note
that, when passing from somatic cells to iPSCs, beyond all genetic or epigenetic modifications, the
basic conditions for reprogramming are a new modulation of the mitochondrial work and a transit
from an oxidative phosphorylation state to a merely glycolytic metabolism [43]. Furthermore,
Vazquez-Martin et al. have demonstrated that the mitochondrial H'/ATP synthase is down-regulated



Int. J. Mol. Sci. 2014, 15 8897

and that various inhibitory factors are activated in addition to a sharp change in the metabolism of fatty
acids [44]. The suppression and/or the reactivation of these changes in H'/ATP synthase strongly
reduce or stop the induction process from a somatic cell to an iPSC. There is also a sharp change in the
morphology of mitochondria during the reprogramming process [45—47]. The arrest of the oxidative
phosphorylation and of the transport chain of electrons is connected to the retention of the
undifferentiated state [48]. Moreover, a close connection among the mitochondrial functions,
glycolytic phenotype and differentiation has been highlighted as a result of the following event,
hexokinase II inhibitors and glycolysis inhibition through other means deeply reduce or totally
suppress the reprogramming process according to the degree of metabolic inhibition [45,49,50].

Even though in hESCs, iPSCs, adult stem cells and cancerous human embryonic cells there are
some differences in the subtle metabolic signs, we can conclude that the undifferentiated state, similar
to neoplastic tissue, is characterized by a decrease in oxidative phosphorylation, a reduced level of
intracellular ATP and a smaller production of ROS relative to the differentiated state [43,44,48,51,52].
These data have been confirmed recently in human osteosarcoma cells [53]. Thus, another relevant and
interesting perspective is that of the so-called epithelial-mesenchymal transition, which is commonly
observed in several neoplasms of epithelial origin during the metastatization process [54,55], further
illustrating phenotypic dedifferentiating reprogramming.

Furthermore, the glycolytic phenotype of stem cells certainly recalls the main feature that is almost
universal of each neoplastic cell, the Warburg effect, which is the marked dependence for the energy
supply from glycolysis [56].

2. The Warburg Effect

It has been known for more than 85 years that almost all neoplastic cells, of an epithelial or
mesenchymal nature, show a deep alteration of their metabolic works and, in particular, a marked shift
towards the glycolysis with a pronounced decrease in the mitochondrial functions or rather of
oxidative phosphorylation. This phenomenon is called the “Warburg effect” and takes its name from
Otto Heinrich Warburg, the researcher who first described this peculiarity [57].

Glycolysis symbolizes one of the first bio-energetic mechanisms to appear during the eukaryotic
phylogeny. Glycolysis leads to the oxidation of glucose with the formation of compounds with three
carbon atoms. This metabolic pathway is anaerobic; however, in neoplastic cells, glycolysis is often
present independently of O,. Therefore, we are dealing with aerobic glycolysis [58].

Historically, Warburg in the mid-50s asserted that aerobic glycolysis could not be a common
pathogenetic feature of neoplastic cells but a basic etiologic mechanism of neoplasms [59]. This
hypothesis was discussed and opposed for many years. However, in recent years, an increasing number
of independent studies and researchers have focused their attention on this phenomenon and on the sets
of metabolic changes arising in neoplastic cells and have shown that, similar to dealing with genes and
epigenetic factors of warning cells such as growth factors, cytokines and so on, the neoplastic process
is marked by a vast alteration of its energetic metabolism [60].

At first, it was believed that the greater glycolysis rate was caused by the lack of vascularization
that inherently involved a lower local oxygenation and could explain the glycolytic switch as a local
homeostatic response to the lesser pO,. However, many researchers have highlighted that this
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phenomenon is hardly affected by vascularization and local perfusion conditions; i.e., it is conditioned
but it is primarily independent [61,62].

Another aspect that has been discussed in recent years, an aspect that caused much disapproval of
Warburg and his colleagues’ work, regards a strong glycolytic switch that is often present in neoplastic
tissues; this switch is independent of pO, but the oxygen consumption is not at all suppressed or,
rather, there is not always a reduction in the oxidative O,-dependent phenomenon. This occurrence
was explained on the basis of the theory of Lynen’s, who was the first to theorize that the first cause of
the Warburg effect was not the cellular inability for using O, in the usual oxidizing-reducing processes
but an uncoupling of oxidative phosphorylation which could also be incidental to the etiopathogenesis
of neoplasms [63].

The peculiarities of energy metabolism in cancer cells are imputable not only to a markedly
glycolytic phenotype, but also to some essential features such as a heavy imbalance in the
NADH/NAD' ratio with a marked production of lactate and reduction of pyruvate into the Krebs cycle
to maintain the high glycolytic flux and prevent an exaggerated store of NADH and a marked
production of lactic acid [64—66]. The produced lactic acid, as a consequence the pH decrease, promotes
neoangiogenesis through hypoxia-inducible factor-1 (HIF-1) stimulation from endothelial cells,
connective tissue degradation, the arrest of T cells chemotaxis and metalloproteinases activation [67—71].
Furthermore, for example, the overexpression of the lactate dehydrogenase-5 (LDH-5) isoform is a
well-known fact in the great majority of human cancers [72—74]. A remarkable proliferative action is
carried out by LDH-5 inhibition both in vitro and in vivo [65,75].

However, the general framework of the Warburg effect is more complex because there is not only a
marked increase of glycolysis and its deregulation compared with normally glycolytic cells, but also of
glutamine and citrate catabolism aberration with several consequences. Above all, there are many
disturbances in the electron transport chain and several alterations of the mitochondrial function.
In many neoplastic cells there is an overexpression of NADPH/NADH-oxidase (NOX), which is a
membrane enzyme that is connected to several protein structures and is regulated by the rat sarcoma
oncogene [76,77]. The activity of these enzymes is considerably increased in cancer cells and leads to
the formation of large amounts of superoxide anion and hydrogen peroxide. Recently, Lu et al
demonstrated that NOX activity both in vivo and in vitro is necessary for the maintenance of the strong
glycolytic flux as it adjusts the alterations of NADH/NAD" ratio [78]; NOX activity also contributes
to increasing the ROS, which is typical of cancer cells. Recently, Lin et al. demonstrated that the
epithelial-mesenchymal transition in vitro and in vivo is connected to the origin of Warburg effect and
to citrate synthase deregulation [79].

Moreover, there is a connection in several cellular lines in vifro and in vivo among malignancy,
epithelial-mesenchymal transition and intracellular ATP levels; apart from this connection, the reactivation
of a suitable ATP level activates again pS3 and suppresses the epithelial-mesenchymal transition.

In addition, a correlation between the Warburg effect and neoplastic transformation or its
modifications has also been suggested after traditional tests of transformation in the embryos
of chicken with Rous sarcoma virus; such a transformation is connected to a clear glycolytic
shift [80]. Similarly, Darekar et al. demonstrated that the transformation of B lymphocytes and
their immortalization as a consequence of the Epstein-Barr virus is closely related to the glycolytic
phenotype of the Warburg effect [81].
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3. Partial Pressure of O,

As previously noted, the Warburg effect is related to the lesser local oxygenation, but it has been
repeatedly highlighted that even under conditions of good oxygen and nutrient contribution, this
phenomenon is not modified. It has been known for more than 40 years that neoplastic cells grow,
renew themselves and reproduce best way in a hypoxic setting [82]; for example, human melanomas,
plated and grown in cultivation, develop better under hypoxic conditions [83]. Moreover, a low pO; is
closely related to the maintenance of an undifferentiated state in human embryonic cells [84]. The
same hypoxia fosters the remodeling of somatic cells to iPSCs [85].

In recent years, researchers have studied angiogenesis inhibition as a possible target therapy.
Normally the tissues under physiological conditions are exposed to a pO, quantity of 20 mmHg,
whereas in neoplastic tissue, there is a marked reduction that is variable with the sizes of the lesion,
on average approximately <5 mmHg. Strongly hypoxic cancers, sarcomas and/or carcinomas
are correlated with a worse prognosis and a marked increase in metastasization potential [86—90].
In addition, the cancer hypoxic setting, in vivo and for various neoplastic types, promotes the
metastasization process [91-96]. Recently, Ebos et al. demonstrated that treatment with powerful and
effective angiogenesis inhibitors enhances metastasization [97]. If angiogenesis inhibition is in theory
useful in neoplasms treatments, there is an inconsistency between the pO, effect and the angiogenesis
arrest. However, if we consider that the majority of neoplastic cells use glycolysis as a sustenance
mechanism, then it is interesting to note that, even if the glycolysis produces only 2 molecules of
ATP from a glucose molecule (compared to the 32 molecules that are produced by oxidative
phosphorylation), under conditions of intense metabolic activity, the glycolytic flux can increase and
maintain constant ATP levels if an adequate contribution of nutrients (glucose and glutamine) is
maintained [98,99]. It is also interesting to note that the vascular system within the neoplastic tissue is
chaotic and lacking in efficiency, there is arteriovenous anastomosis, the non-striated musculature is
absent, the permeability is extremely high and exchanges are reduced [100].

4. Genetics, Epigenetics and Metabolism

According to the classical stochastic model, neoplasms are the product of accumulations of
mutations at the genetic and epigenetic levels. However, as already discussed in the beginning of this
report, there are some inconsistencies that are not explained or characterized by this model. For
example, if a neoplasm could be caused by a single mutation, considering that in the adult there are
approximately 1 x 10" cell divisions a day, and if we consider that the rate of mutation for cell
division is 1.1 x 10°%, there will be 1 x 10" mutations a day, and the incidence of tumors will be very
high. If we consider 4-6 independent point simultaneous mutations, for example, 5 for the neoplastic
transformation, we will have (1 x 10'%) x (1.1 x 107®)° = 1.61 x 107*® chances every day; assuming an
unlikely life span of 120 years, we would have (120 x 365 x 10'%) x (1.1 x 10’ = 7.05 x 10 **
chances, meaning that neoplasms would occur with a probability close to 0 [7,101-103]. In addition, if
we consider that some mutations and/or epigenetic silencing events are common to several types of
malignancies and if we admit that only a few mutations and/or silencing events are necessary, the
possibility of the simultaneous development of two neoplastic forms in the same subject will be equal to 0.
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In addition, many epigenetic alterations are interdependent from metabolic abnormalities rather
than being provoked by these abnormalities and are not caused by them, the high production of lactate
causes a significant imbalance in the NADH/NAD" ratio that can modulate the level of histone
acetylation through interaction with proteins of the sirtuins family [104-106]; the latter mechanism has
also recently been well highlighted in human glioma cells [107]. Similarly, in neoplastic cells occurs
a strong imbalance in the ratio between reduced glutathione and oxidized glutathione, where large
amounts of S-adenosylmethionine (SAME) are used to increase the ratio, causing severe and complex
repercussions on the methylation level of many genes [104,105,108,109]. In turn, the metabolism of
SAME can interfere with the NADH/NAD' ratio through serious consequences, as have been well
documented in alcohol-mediated carcinogenesis [110]. One of the enzymes responsible for the
Warburg effect, the M2 isoform of pyruvate kinase, modifies and regulates the expression of several
genes that are involved in the cell cycle, directly phosphorylating histone H3 [111]. The nuclear
translocation of hexokinase II in cancer cells of the uterine cervix are involved in the mechanisms
of gene expression regulation [112]. With regard to this situation, the nuclear translocation of
hexokinase-II was demonstrated in the yeast Saccharomyces cerevisiae and regulates and modulates
the activity of many glycolytic enzymes [113]. This yeast is a phylogenetically ancient organism that is
particularly suitable for studies of the relationship between energy metabolism and cell growth and
partly also to the study of some common characteristics of neoplasms. Friis et al. have shown that the
glycolytic rate and its speed in the unit of time in this unicellular organism directly influence the
acetylation of a large number of histones and are directly connected to the differential expression of
numerous genes [114]. In addition, Daran-Lapujade ef al. have demonstrated that the flow through the
glycolytic pathway produces modifications in development, in growth and in the cell cycle without
considering genetic factors, and it is evident that there is a hierarchically greater contribution of the
metabolome compared to the processes of gene expression [115].

As shown by Chen et al., it is also important to note that in the yeast Saccharomyces cerevisiae the
DNA replication phase or S phase of the cell cycle is dependent on glycolysis and is closely related to
the activity of metabolic networks rather than to genetic and epigenetic factors [116]. This phenomenon
acquires an important and functional meaning because during the S phase of the cell cycle, there is a
reduction in the level of free radicals and ROS, indicating a greater preservation of genomic integrity.

However, there is another important mechanism through which the energy metabolism can adjust
and modulate the processes of damage-repair and replication and synthesis of DNA. In fact, an
inhibition of oxidative phosphorylation in murine leukemic cells and cervical cancer cells can inhibit
and negatively interfere with the processes of DNA damage and repair [117,118]. In addition, the
levels of intracytoplasmic and nuclear ATP levels are essential for DNA repair and that respiratory
depression, through 2,4-dinitrophenol, blocks or abolishes the repair processes of DNA that are
induced by gamma radiation [119,120].

A close link between cellular respiration and ATP levels for efficient DNA repair was also noticed
in strains of Saccharomyces cerevisiae during damage and repair processes [121]. In prokaryotes, as
well as in strains of Escherichia coli, the ATP/ADP ratio is essential for DNA damage, repair and
recombination [122]; however, for the efficient repair of genotoxic damages, an efficient system of
ATP production is required [123]. Similarly, it was well documented that for a good response and
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repair of the damage, particularly during the earliest stages of genotoxic damage, somatic cells of
invertebrates and mammals respond with a strong production of ATP.

Another interesting fact is the relationship between the ATP/ADP ratio and the S phase of the cell
cycle. Rapaport et al. demonstrated in murine fibroblasts a close relationship between the S phase of
the cell cycle and the nuclear and cytoplasmic ATP/ADP ratio, showing that during the S phase, there
is a strong reduction of the ATP/ADP ratio, both at the nuclear and cytoplasmic levels [124]. Recently,
similar results have also been found in strains of Escherichia coli, where the ATP/ADP ratio decreases
drastically during the S phase of the cell cycle [125]. It is also interesting to consider that in the
metabolism of nucleic acids, at the level of the cell nucleus participate dozens of enzymes, the vast
majority being ATP dependent [126,127]. This behavior differs completely from that of many
glycolytic enzymes, which couple the energy of ATP hydrolysis to favor endergonic reactions. Many
enzymes that govern the remodeling of DNA and RNA use ATP even for exergonic reactions that are
thermodynamically favorable [127]. This result is related to the fact that ATP hydrolysis is essential to
ensure the stability of the entire genome also in processes that are not strictly dependent on broad
energy restoration.

Similarly, the efficiency and activity of the protein p53 is directly influenced by the ATP/ADP
ratio; increasing ADP levels causes a clear inactivation of this protein, affecting its ability to interact
with DNA [128]. In addition, the ATP/ADP ratio is essential for all of the processes of chromatin
remodeling, and its close dependence has been highlighted by several independent authors [129,130].
In conclusion, an optimal ATP/ADP ratio and an efficient production of ATP are essential for the
proper metabolism of nucleic acids [126,127].

It should also be noted that there is an important relationship between the ATP reserves and the
efficiency of the repair process from various genotoxic damage [119,120,131,132]. Several authors
have recently confirmed that both stem cells and iPSCs show a greater susceptibility to genetic damage
and a smaller efficiency in the processes of DNA damage repair [133—136]. This instability appears
constant and is inversely proportional to cellular differentiation, as has been established in previous
studies [137-139].

In the light of all of the expressed considerations and of those that will be described in the section
discussing mitochondria, we can hypothesize a connection between the normal respiratory activity and
the genetic stability, even with DNA repair processes. Stem cells and iPSCs, although in relation to
various genotoxic damages, have more efficient repair systems and are characterized by a greater
instability, as previously highlighted by several authors in different contexts [140].

Moreover, independent of the ATP levels, hESCs and other adult stem cells show greater sensitivity
to genotoxic damage, as Nouspikel and Cousin et al. recently demonstrated [136,141]. In addition, it
should be highlighted that several carcinogenic agents stimulate the induction of HIF-1; they also
cause the over-expression of various glycolytic enzymes.

5. Population Dynamics and Microenvironment

The new concepts emerging from CSC theory highlight another essential idea, a neoplasm is not
composed of only one type of cell but of a heterogeneous population of normal somatic cells
(fibroblasts, mast cells, etc.), CSCs and differentiated cells, even though aberrant and/or in the process
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of differentiation toward a clinical cancer. Therefore, from a biological perspective, it is possible to
speak about the cell population dynamics, and many scholars have applied to these dynamics the
concept of Darwinian fitness.

It is important to remember that a model known as the reverse Warburg Effect has recently been
proposed, in which, as validated in breast cancer, there is a very strong interaction between the stromal
cells and the myofibroblasts [142]. This particular phenotype originates in the process of wound
healing under the action of TGF-beta and is involved in numerous processes, both physiological and
pathophysiological. In addition, it has been shown that in breast tumors, the myofibroblasts can have
an aerobic glycolytic phenotype, representing a phenotypic change, and would originate from the
direct interaction with malignant epithelial cells.

A proteomic analysis was conducted in support of this hypothesis, this mechanism is mediated by
the strong downregulation of the expression of caveolin-1 in fibroblasts that are associated with the
stroma in breast cancer [142]. The loss and/or downregulation of the expression of caveolin-1 by
stromal fibroblasts in breast cancer have been seen as an important biomarker that suggests poor
survival [143]. In addition, in these fibroblasts, there is an upregulation of the lactate shuttle
expression [144,145].

Other important mechanisms of interaction were identified by Samudio et al., who highlighted the
close interaction between mesenchymal stem cells (MSCs) and leukemic cells in the microenvironment
of the hematopoietic bone marrow [146]. In particular, the microenvironment is an essential factor, at
least for hematopoietic malignancies [147,148], and the exposure of leukemic cells of various lines to
the simultaneous co-culture with MSCs under normoxic conditions is associated with mitochondrial
membrane potential depolarization, a marked glycolytic switch and increased lactate in the extracellular
medium. All of these events appear to be mediated by the expression of the uncoupling protein 2
(UCP2). 1t is interesting to note that the depolarization of the mitochondrial potential as well as the
increased expression of the protein UCP2 are rapid phenomena and that they peak soon after
30 min, and after 120 min, are associated with an increased consumption of O,. This phenomenon
could lead to an increase in the B-oxidation of fatty acids if we consider that the latter mediates
the expression of UCP2 [146,149,150]; however, the same B-oxidation of fatty acids stimulates the
expression of uncoupling proteins and in particular of UCP2 [151,152], and the uncoupling and the
depolarization of the mitochondrial membrane potential also leads to chemoresistance, a reduction
of ROS and the stabilization of the mitochondrial permeability with a consequent reduction in
apoptosis [152,153].

Beyond these considerations and the multiple interactions between the microenvironment and cell
population, the classic experiments by Mintz and Illmensee underlined the vital importance of the cell
population in the development and regulation of tumor growth [154]. In these studies, an embryonic
teratoma that originated from a mouse strain expressing a murine dark-haired phenotype and was
obtained from six-day-old embryos was grown for 200 generations in female mice with another
phenotype (white hair) by peritoneal implantation. For 200 generations, these teratomas were
transplanted into a chimeric mouse blastocyst with a white phenotype. The progeny were healthy;
some of the progeny expressed an intermediate phenotype and were healthy. Their progeny could
bring back the original phenotype (dark hair), were healthy, had a normal structure of the XY
chromosomes, produced a healthy seed, and were free of cancer. This result clearly demonstrates the



Int. J. Mol. Sci. 2014, 15 8903

close relationship between the microenvironment and cellular reprogramming. Today, this hypothesis
is extremely interesting, especially in the light of CSC theory.

It is also interesting to note a peculiar, seemingly detached aspect of the yeast Saccharomyces
cerevisiae. This single-celled organism, which we discussed in the previous section, has the intrinsic
pathway of apoptosis. This fact was discovered in the early 90s and was surprising because it was
hardly possible to ascribe a finalistic meaning, such as that of programmed cell death, commonly
found in metazoans. It has been highlighted by several authors that apoptosis is caused by various
environmental conditions, such as nutrient deficiency, and is closely connected to oxidative
phosphorylation. The glycolytic phenotype presents a shutdown of the apoptotic process and a clear
selective advantage compared to the non-glycolytic phenotype and/or to other non-fermenting
microorganisms. This apoptosis block is essential during the early stages of the birth of a colony of
Saccharomyces cerevisiae [155]. However, the glycolytic flux, as we have noted, is strongly modular
and is used for local reserves. Moreover, this close connection between glycolysis, ATP stores, cell
respiration and apoptosis has been clearly highlighted even in eukaryotic cells, both in the normal and
in the neoplastic cells [156,157].

6. Mitochondria

Mitochondrial homeostasis is essential for life. These organelles probably derive from symbiotic
microorganisms and represent a major and crucial step in the transition from anaerobic to aerobic life.
These double-membrane organelles, in addition to producing ATP, play a vital role in calcium
homeostasis, in the regulation of apoptosis and in the production and disposal of free radicals [158-161]. It
is interesting to note that, as previously mentioned in this report, the cellular differentiation of adult
stem cells, embryonic stem cells and/or iPSCs is accompanied by a sharp increase in mitochondrial
biogenesis, by an increase in oxidative phosphorylation and by a remodeling of the mitochondrial
structure [158,162,163]. In addition, the highly hypoxic environment of the uterus and the inherent
characteristics of the zygote and then of the blastocyst cause an absence of mitochondria with poorly
developed cristae, even one or two per cell, and a strong glycolytic phenotype. During differentiation
occurs mitochondrial biogenesis, a very strong acceleration in the rate of synthesis of mDNA. The
abolition of a state of oxidative phosphorylation determines the undifferentiation or the maintenance of
an embryonic state [158,162—-167].

Several mitochondrial alterations are correlated with carcinogenesis and with the transformation
and evolution of a neoplasm. We will analyze some examples that have been highlighted in the
literature. It is interesting to note that the alterations in the activity of the manganese superoxide
dismutase are intrinsically related to carcinogenesis and tumor remission both in vitro and in vivo. This
enzyme, which is encoded by the nucleus and found at the mitochondrial level, is essential for aerobic
life and oxygen utilization for energy production. The complete knockout of this gene in mice and
Drosophila melanogaster is incompatible with life [168,169] due to the abolition of normal respiratory
processes and to the mitochondrial function deficiency. Heterozygous knockout in mice that have only
50% activity with no detected alteration of the immune functions nor accelerated aging but a high
increase in the frequency of each type of cancer [170].
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We know that the mitochondrial oxygen consumption in cancer cells often does not decrease but
increases during the S phase of the cell cycle, even though without any generation of ATP [171].
Numerous tumors are characterized by an overexpression of uncoupling proteins, for instance, in
human colorectal cancers [172—174]. In particular, UCP2 appears to be overexpressed in leukemia and
in other forms of cancer [146]. In addition, the suppression of its expression by siRNA does not
completely abolish the uncoupling but reduces it, suggesting that in addition to this mechanism, there
are other mechanisms that lead to an uncoupling of oxidative phosphorylation and to a dissipation of
the proton gradient [150]. It is also important to note that pyruvate, of the glutamine metabolism and of
the formation of the a-ketoglutarate is essential not only for anaplerotic cycles, i.e., synthesis of
pyrimidines and purines, efc., but also for the B-oxidation of fatty acids, as is well expressed in the old
biochemical aphorism “fats burn in the fire of carbohydrates™ [150,175].

We can also find this particular aspect of the metabolic Warburg effect in stem cells [176]. In fact,
in hPSCs, there is O, consumption with futile cycles, whereas the ATP formation occurs through
glycolysis. However, we observe not only the decoupling and the presence of uncoupling proteins but
also changes in the expression of mitochondrial ATP synthase. The low level of expression of the
mitochondrial ATP synthase is associated with a worse prognosis in renal cell carcinoma [177]. In
addition, many other functional modifications, polymorphisms and mutations in mDNA and defects in
biogenesis and in non-metabolic-related functions have been described in mitochondria [178—180].

In addition to what has been discussed above, we should emphasize that that is an active
communication between mitochondria and cell nucleus. In the yeast Saccharomyces cerevisiae, reply
of retrograde control (RTG) follows the depolarization of the inner mitochondrial membrane potential,
the decrease of ATP stocks or disorders of the electron transport chain [181-184]. This reply is
mediated by a sequence of protein complexes (RTG2), which work as sensors of the intracellular ATP
level and activate the RTG1/RTG3 complex. This complex leads to, by moving to the nucleus, and by
modulating the level of expression of several proteins, a sharp increase in glycolysis and/or oxidative
phosphorylation. On the whole, the effect of RTG upregulates glycolysis and a clear increase in the use
of glutamine for energy purposes [181,185—-187]. Furthermore, RTG2 can also move to the nucleus
and regulate chromosomal stability [182].

Ultimately, we must emphasize that carcinogenesis is a process that strongly depends on and is
connected to the loss of the normal processes of oxidative phosphorylation, which occurs with
cigarette smoking [188,189], in alcoholism [190—192], and in the exposure to several carcinogenic
agents, such as 12-hydroxystearic acid and its methyl ester, which demonstrate their carcinogenic
action through a decoupling of oxidative phosphorylation [193]. We notice the same phenomenon with
many other toxic substances [192]; even several oncogenic viruses cause the loss of oxidative
phosphorylation. Viruses that can affect mitochondrial function include the Rous sarcoma virus,
Epstein-Barr virus, Kaposi’s sarcoma-associated herpesvirus, human papillomavirus, hepatitis B virus,
hepatitis C virus and human T-cell leukemia virus type 1 [194—197].

Otherwise, when the cytoplasm of non-nucleated cells fuses with that cancer cells, even
though nuclear alterations remain, the neoplastic state is reprogrammed and abolished [198-200];
healthy organisms can be born even when transplanting cancer cells into blastocysts with healthy
mitochondria [201-203].
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It is also important to indicate that in the tests of cell fusion and cell hybridization, if the cytoplasm
of the healthy non-nucleated cell shows mutations and/or alterations of the mitochondrial functionality,
the processes of cancer abolition and reprogramming is suppressed [203,204]. Similarly, we can
comment of the classical tests of Mintz’s teratoma that were discussed in the population dynamics
section [154].

7. Metabolic State, Differentiation and Cell Cycle

As already widely expressed, in the past 50 years, the close reliance on the glycolytic phenotype
and on the undifferentiated state have been highlighted. In addition, the glycolytic pathway represents
not only a source of ATP but also an efficient anaplerotic system. We observe both a marked
glycolytic action and a strong alteration of all of the enzymes that are associated with the tricarboxylic
acid cycle and the metabolism of fatty acids and of glutamine. This metabolism is typical of the
so-called undifferentiated state.

It is interesting to note that rapidly growing cells such as T lymphocytes, in the course of their
clonal expansion, are markedly glycolytic and are characterized by the Warburg effect [205]. Even in
the case of normal stimulation with mitotic agents, we observe a shift toward aerobic glycolysis and
toward a strong production of lactate, even in rat thymocytes [206], in hepatocytes during liver
regeneration [207-209], and wound healing [210,211]. We could likely conclude that an anaerobic
metabolism, or rather turning the nutrients into chemical energy in an oxygen-independent manner, is
typical of the undifferentiated state and of cycling cells.

The importance of aerobic glycolysis during the rapid cycles of cell division has been documented
for many years [212]. During the formation of human trophoblasts and the entire development of
homogenesis, changes in the ATP/ADP ratio play essential roles [213]. It was recently shown that
during chondrogenesis and during osteoblast and skeletal structure differentiation are synchronous
oscillations in the production of ATP and in the ATP/ADP ratio [214]. This synchronization with the
other cells derives from the gap junction activity. The blocking of this oscillation abolishes the process
of differentiation of the osteoblasts and the formation of the skeletal matrix. In Saccharomyces
cerevisiae and in many other cells belonging to both animal and vegetable kingdoms, there are
fluctuations in the ATP/ADP ratio.

It is also important to remember that these fluctuations are primarily due to the glycolytic system,
which depends on the energy reserves and on the contribution of glucose for its flow; moreover,
in yeast and in other cell systems, when reaching a certain population density threshold,
a synchronization of the oscillations and a stationary trend occur in unison in all of the cells in
a population. This behavior optimizes the energy reserves and represents an important evolution
strategy [215-217]. In this way, a particular anaerobic or simply O,-independent arrangement cannot
be typical of cancer or of other diseases but can be typical of the undifferentiated state and of rapidly
growing cells, whereas the cellular differentiation and the improvement of a highly ordered state
require efficient oxidative phosphorylation [218]. However, in colon and breast cancers, in melanomas
and in many other cancers, there is a direct link between dedifferentiation, advanced disease, and
metabolic structure that is typical of the Warburg effect [219-222]. In contrast, in the same cancers,
there is a decrease in oxidative phosphorylation, which is fulfilled even for inflammation, carcinogens,
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polymorphisms in the mtDNA and other conditions, leading to a significant increase in the potential
carcinogenicity [223]. Recently, Buravkova et al. demonstrated that human mesenchymal cells
maintain an undifferentiated state with the lowering of the ATP stores [224]; i.e., low ATP levels are
enough to maintain a low degree of differentiation and an undifferentiated state. It is interesting to
highlight how even one of the most famous differentiating agents, retinoic acid and retinoids in
general, mediate their effects through a remodeling of the metabolism and a clear increase in oxidative
phosphorylation. Xun ef al. and Saumet et al. recently stressed again the close connection between
differentiation and cell respiration [225,226].

8. Notes on Thermodynamics

The glycolysis or Embden-Meyerhof-Parnas pathway is one of the most preserved and
phylogenetically old metabolic pathways that produce energy in the form of ATP.

It is common knowledge that glycolysis, which produces phosphoanhydrides by phosphorylation in
the substratum, is less streamlined than is oxidative phosphorylation; one mole of glucose through the
glycolytic pathway will produce only 2 moles of ATP compared to the 32 moles that are derived by
oxidative phosphorylation.

Nevertheless, more than the efficiency of the ATP molecules (moles of ATP per mole of substrate),
the synthesis speed or synthesis rate of ATP per unit of time (moles of ATP per unit time) is also
important. The phosphorylation processes in the substratum, although less efficient, are faster.

The trade-off between a low efficiency mechanism with a fast rate and a high efficiency mechanism
with a low speed of production per unit of time is a discriminating evolutionary factor and is very
important in cellular physiology [98,227].

Unicellular facultative anaerobic organisms take advantage of colonizing other cellular colonies if
they use ATP production at a fast rate but low efficiency. Specifically, the choice between efficiency
and rate or a better balance between the yield and rate is extremely important during the first phases of
the colonization of a field or the invasion of another colony. In terms of evolution, the competition for
resources and for a new colony genesis prefers fermentation for the unicellular organisms, as has been
demonstrated for many anaerobic facultative microorganisms, such as yeasts, which use fermentation
even in the presence of O, [228-230]. It is interesting to observe the behavior of molds, such as the
Mucor racemosus species, which uses fermentation in a unicellular state; during the passage to
multicellular forms, as in during mycelium formation, the development and the passage to oxidative
phosphorylation originate. In fact, the inhibition or knockout of oxidative phosphorylation prevents the
passage from the unicellular form to the multicellular one (mycelium). Pfeiffer et al. demonstrated that
in the competition between unicellular organisms of different colonies and in the passage to metazoan
organisms, we can speak about the “tragedy of commons” that is largely applied in economics and
cooperativism for metazoan organisms, which pass to oxidative phosphorylation [98]. In this meaning,
the fermentation in the cancerous cell is the passage to a non-cooperative form.

The study Pfeiffer ef al. includes an exact mathematic treatment. As is known from the second law
of thermodynamics, the free energy or rather the actually useful energy to perform work, is given by
the following relationship, dG = dH — TdS. Because the vital reactions are isothermal, we approve the
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temperature in the differential dG = dH — dTS. In the case of ATP hydrolysis, as widely known, the
following relationship applies,

AG = AG° + RT1 [ADPI[PI]
- AT (D
whereas the relationship linking the equilibrium constant and the AG is expressed by the following

exponential relationship,
Keq = e_AG/ RT (2)

which is actually an assumption and a simplification as we should account for the pH conditions,
complexometric equilibrium with Mg®", activities of all of the species in solution and several
other variables.

However, it is evident that there is a close connection between the concentration of ATP and the
free energy of hydrolysis, as is well known from the most essential rudiments of thermodynamics. In
biochemistry, cells are structures that are far from thermodynamic and chemical equilibria; indeed the
reaching of a AG = 0, Keq = 1 or rather of the steady state or of equilibrium coincides with death and
the end of all vital activities. Moreover, even minimal changes in the AG of ATP hydrolysis are
extremely dangerous and sharply affect cell homeostasis.

Although it is intuitive to think that a lowering of the energy or a lowering of the ATP/ADP ratio is
dangerous for cellular life, an increase is also dangerous because it causes the loss of ionic homeostasis
and deep changes in the Gibbs-Donnan balance. In fact, there is a strict relationship between ionic
homeostasis and AGarp [231].

The importance of free energy from ATP hydrolysis and of its variations appears to be capital in
every aspect of cell life but even more so for the maintenance of ionic homeostasis and of the
concentration gradients that represent the essential basis of all of the electrophysiological phenomena.

As emphasized by Veech et al. in a review entitled “The resting membrane potential of cells are
measures of electrical work, not of ionic currents” [232], we can state that living systems create
membrane potentials with an electrostatic force,

_Q1Q2 3)
 4meye, r2
producing the potential,
S (4)
4meye,r

In turn, the balance potential is given through the balance that is reached between two opposing
forces that fulfill the osmotic and electrical work, or rather Wc = We with We¢ = AG concentration
[Ton xZ]
[Ton xZ]

energy = RT In and We = AG electrochemical potential = zFE[IonNZ].

As between these two phases, there is a potential in which WC = —We. In absolute value we get a
connection which, even if rounding up and down, is well described through Nernst’s equation,
_ RT [lonN*]out

E[TonN?]0Wt/. = —jn—03—
[lonN7] in= ZF " [IonN“]in )
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and is well summarized with Gibbs-Donnan’s balance. In addition, Veech et al. believe that the
membrane potential, through biological membranes, should not be ascribed to the diffusion potential
nor to a kinetic analysis of this issue as gracefully illustrated by Goldman in 1943 by adopting the
theory of constant electric field; moreover by completing Nernst-Plank’s equation, the origin of the

membrane potential should be ascribed to the electrochemical work on the basis of the following
RT In[Permeant IonZ]OUt/in

zF
This idea implies a close connection between the electrochemical work and the AG of ATP

relation,

hydrolysis, which supplies the essential driving force through the action of membrane
3Na'/2K"-ATPase, which is essential and centrally connected among all of the electrophysiological
phenomena and the potential of cell phosphorylation.

To better understand some ideas, we can imagine an ideal cell. This cell has to constantly fulfill a
specific osmotic function to maintain its integrity. To be more precise, we can imagine the work that
the membrane 3Na'/2K -ATPase has performed. Masuda et al., in studying the electrophysiology of
cardiomyocytes, demonstrated that the relationship among the 3Na'/2K'-ATPase, the membrane
potential and the ATP hydrolysis is supported by the following equation [233]; otherwise, the
close connection between the law of mass action and the dG of ATP hydrolysis is highlighted by
considering that by merely varying the [Pi] we experimentally obtain some predictable variations by
means of the following generalization,

. X[ATP] [Na*]3 [K*]?

AG°ATPHydr — RT lnm + RT an =0 (6)
we can understand how the close relationship between ATP and its production and how diffusion is
basic in all of the ionic processes and must be considered not as an inactive event but as an active
expression of electrochemical work. Therefore, if in the neoplastic cell there is a production of
energy that varies and is not constant in time, we can understand the reason for the numerous
electrophysiological alterations in neoplastic cells, or rather even of the alterations in the activity of
3Na'/2K'-ATPase [234,235].

However, if we can affirm that the major part of energy, ATP in tumoral cells, is derived from
glycolysis, we must consider the prevalent oscillating feature of this biochemical pathway. This event
has already been demonstrated [215-217,236]. This oscillatory behavior is produced by many causes
and carries within it numerous observations, Yang et al. has shown that in cardiomyocytes, conditions
of anoxia or of oxidative phosphorylation block produce an oscillatory behavior of glycolysis and a
marked imbalance between supply and demand in energy terms [217].

These data have recently been confirmed by Ganitkevich et al. [237] as well as in tumor cells,
which produce most of their ATP through glycolysis [238,239]. Many studies have demonstrated the
prevalent feature of PFK-1 in maintaining and regulating glycolysis. It is peculiar that this enzyme is
stimulated by its own product (ADP) and in its turn it is inhibited by the final product of the glycolytic
pathway (ATP). This positive/negative feedback is very important in establishing and regulating the
oscillatory phases [240]. Many studies have demonstrated that, in such a system, the ATP production
and the ATP/ADP ratio are exposed to sudden oscillations according to the cycles. However, these
oscillations are responsible and synchronous with the oscillations of transmembrane Ca*" and K. In
addition, the same glycolytic system provides an increase of [Na'] through both of glucose/Na"
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cotransport and through H'/Na" symport, increasing the activity of the pump 3Na"/2K"-ATPase and an
ulterior increase of [ADP]i, which could stimulate the PFK-1 [241,242].

Many studies have demonstrated a pronounced alteration of the ATP/ADP ratio in neoplastic cells
with sudden changes and a prevalence toward low [ATP]i levels. Several works of magnetic resonance
spectroscopy (31P-NMR) have emphasized that in isolated cells, in vivo during carcinogenesis and in
both animal and human patterns, are intense variations at the levels of ATP (free ATP and complexed
Mg ATP), ADP and Pi. In particular, Baluch et al. have underlined a marked and substantial decrease
in the ATP levels, ATP/ADP ratio, free Mg®" and free energy of ATP hydrolysis in breast cancer [243];
in addition, similar elements have already been highlighted in Ehrlich ascites tumor cells by
Navon et al. [244] and even by Ross ef al in the in vivo murine glioma in intracerebral
xero-transplants [245]. Furthermore, similar events occur in mammary neoplasias both in vitro and
in vivo, which have been studied using the same technique [246—249]. Recently, Golinska et al.
demonstrated that the cancer cells of hepatoma and of other hepatocellular carcinomas, even in the
presence of a marked decrease in the inducible factor from hypoxia (HIF-1), independently of the
modulation of gene expression and of mediated effects through proteomic mechanisms, significantly
decrease the ATP levels and increase those of AMP [250]; these authors also present the stable
retention of a stationary glycolytic state that is maintained through the allosteric effect of AMP on
phosphofructokinase-1. This behavior is also found in undifferentiated cells belonging to the stem cells
that govern self renewal (adult stem cells, ASC) [51,162,251,252].

In fact, many other independent studies using various techniques have demonstrated that neoplastic
and stem cells have less stock of ATP, producing less susceptibility to apoptosis, to carcinogenesis and
an inherent instability of all of the cellular homeostatic states [176,253,254]. It is clear from the
references that, in undifferentiated cells, in neoplastic cells and in all of the system that are prevalently
or exclusively glycolytic, there are sudden changes in the AGarp and on the whole in the capacity to do
work or in other words “the differentiation work”.

As stated by Frieden and Gatenby, living systems, like everything else in the universe, submit to the
laws of thermodynamics and completely satisfy the 2nd principle [255]; however, these systems
present some peculiarities compared to non-living systems:

(a) Living systems show periodic structures with low (but not minimal) levels of entropy; these
structures alternate with those with a disordered degree (greater randomness), such as the plasma
membrane and chromosomes alternating with the cytoplasm;

(b) Living systems use power sources from chemical reactions that far from the thermodynamic
equilibrium to maintain order and ATP hydrolysis; even though there are systems with highly ordered
structures (with low entropy), these systems also have low energy (in balance), such as crystals;

(c) Living systems can replicate, and the cell split also represents a means of entropy decrease, thus
a typical cell, as it finishes its cell loop, increases its order degree; through the split cells with a greater
degree of randomness; the living systems then die or reach thermodynamic equilibrium (AG = 0);

(d) In conclusion, living systems see their entropy and energy varying through time by maintaining
certain parameters; the randomness is neither too high nor too low and oscillating between the
maximum and minimum values occurs.

From these observations, these authors have concluded the following general postulates:
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Living systems are non-equilibrium opened but locally delimited, thermodynamic systems that use
information to convert environmental energy into order. The survival of a living structure requires a
stable state of order despite continuous thermal and mechanical perturbations.

The stability of a living system requires its information content to be maintained at an extreme.

To explain and rationalize this complexity, Frieden and Gatenby have emphasized the importance
of information codes or rather the importance of exact information, for example the genetic code, the
histone code (epigenetics) and so on [255].

Therefore, the codes of information, such as “theory of nets”, produce a state of low or high energy.
Recently, Teschendorff and Severini, using methods of mathematical inference and the analysis of
gene expression patterns, expressed a method to validate the cellular network entropy [256]. These
authors adopted a systems view and considered the sample’s network entropy, a measure of the
signaling pathway promiscuity, which is computable from a sample’s genome-wide expression
profile [257,258]. These authors also indicate the high level of causality in the pattern of gene
expression and in the cellular network entropy, both in cancer and with a progression and increase in
the metastatic cells. Lastly, these authors demonstrate a clear decreasing gradient of entropy during
cellular differentiation, from undifferentiated cells (hESC, iPSCs, rSC, efc.) to differentiated cells,
similar to the decreasing cellular network entropy during the differentiation of leukemic HL-60 after
all-trans retinoic acid treatment [258]. The change in the cellular network entropy guides cellular
differentiation through a classic Waddington’s differentiation landscape [259].

Referencing a brief mention of the theory of ontogeny and of the development of the
Prigogine-Wiame theory, during development, growth and aging, there is a constant decrease in the
dissipation function values, as follows:

¥ 0 (7)
dt
according to this theory, ¥ = qO, + (giyc, in other words, it is equal to the sum of the intensity of the

respiration (consumption of O;) and the glycolysis, the only thermodynamic variables in play:

‘P—Tds—i iXi teady stat 8
—th—..]l i (steady state) (8)
j=i

where W is the dissipation function, 7 is the absolute temperature, V' is the volume or mass of the

ds . . . . . .
system, — is the entropy production, J is the specific thermodynamic flows, and X is the

thermodynamic forces.

That is, the life and the persistence in life of an individual require the settling of a stationary state
and of a precise trajectory in which no entropy is created. In this sense, a living system represents a
dissipative structure.

According to the theory of ontogeny and the development of the Prigogine-Wiame theory, the
development of an individual may be associated with a transient increase in the values of the function
Y with marked deviation from the trajectory and from the stationary state, at low energy and low
entropy at the expense of the environment. This deviation occurs at the expense of the environment
and especially in the fertilized oocyte in which occurs a transitional state of higher randomness that
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corresponds to an increase in the function of dispersion [260] in such a way that it realizes albeit
transiently a condition in which:

d¥Pm
—>0 )
dt

TdSm
< 10

this theory is formulated for thermodynamic systems that are not in equilibrium but are close to
balance; in other words, this theory describes a trend that is valid for linear and irreversible processes
in the proximity of the thermodynamic equilibrium. Therefore, this theory has been the subject of
criticism and concern [261,262].

If we consider a true biological situation, according to what Prigogine-Wiame expressed and to the
evidence, we can conclude that the actual situation of the differentiation of a cell is really opposite and
symmetrical of what the Prigogine-Wiame theory said, where the ideal development of a cell during
the differentiation process matches a decrease in the structural randomness [258] and an increase in the
specific rate of production of entropy in the sense of an increase of the mitochondrial activity until it
reaches a perfect stationary state. While the real situation at the fecundated oocyte level seems to be
more complex and heterogeneous than this theory states, in fact, an oxidative burst and a dissipation of
its energy from the decoupling of oxidative phosphorylation have not been observed [260,263,264].

Regardless of this aspect, it is clear that the capacity of doing “differentiation work™ is expressly
given by oxidative phosphorylation and finally by ATP availability and by its consumption per unit of
time. It is worth noting that there is often confusion between O, consumption and oxidative
phosphorylation. Often in neoplastic cells and in undifferentiated cells, this phosphorylation can also
occur at a high level but is decoupled from phosphorylation so that oxidative phosphorylation is
substituted with substrate-level phosphorylation. However, decoupled respiration could play a
cytoprotective role for O, toxicity [265].

9. Conclusions

We have known for more than 150 years that the neoplastic cells are associated with an
undifferentiated marked state, and the great German pathologist Julius Friedrich Cohnheim, the more
famous assistant of Rudolf Virchow, stated that the origin of cancer could be traced to the presence of
embryonic tissue residues [266]. The recent knowledge of the origin of cancer and of the CSCs
confirms the pivotal role of an undifferentiated population that is responsible for the maintenance and
renewal of neoplasms.

It is also important to note that each neoplasm is not the result of a specific monoclonal population
but of a heterogeneous population of cells, which has its own stem compartment and neoplastic cells in
a progressive, albeit aberrant, degree of differentiation.

As we have seen in the course of this study, a predominantly glycolytic phenotype, with low levels
of ATP, of ROS, and of oxidative phosphorylation, characterized by the presence of anaplerotic cycles,
is typical of the undifferentiated state and of a high number cell division cycles in invertebrates and in
vertebrates. Conversely, during cellular differentiation, we observe increased levels of ATP and ROS
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production and mitochondrial biogenesis, increased oxidative phosphorylation, and decreased
decoupling of oxidative phosphorylation.

Although in the last 60 years cell biology has emphasized the genetic/epigenetic aspects that are
linked to carcinogenesis and cancer, it has been clearly demonstrated in eukaryotes, both in simple
organisms such as Saccharomyces cerevisiae, in other single-celled organisms and in metazoans, that
the set of all of the metabolic reactions (metabolome) can significantly and strongly affect the level of
expression of numerous genes through epigenetic mechanisms, such as the modulation of histone
acetylation, cytosine methylation and also demethylase and deacetylase.

In addition, the ATP/ADP ratio has been valued as an essential factor in the regulation of the cell
cycle, both during S phase, GO/G1 phase and all cellular life. Cellular differentiation and the
maintenance of the differentiated state require considerable work and are necessarily coupled to
special mechanisms that are necessary to produce the correct amount of energy without which neither
cellular differentiation nor the maintenance of a highly ordered state, such as that of a differentiated
cell, can occur. In summary, the careful examination of these data and of the literature shows that
cellular differentiation requires an efficient mechanism of oxidative phosphorylation and constant
metabolic cycles. However, if we consider the neoplastic problem that is sustained by a stem cell
compartment and by a lack of cellular differentiation, then the Warburg effect is not to be considered
as the special chief characteristic of cancer cells but as the typical aspect of the undifferentiated state,
i.e., an intrinsic characteristic of the low cellular differentiation. In addition, this effect reaches one of
the highest chaotic expression levels in neoplasms.

Analyzing a graph of the logarithm of global cancer incidence vs. age, we note that this graph is
similar to a straight line with a gradient of 6—7. According to the value of the power-law exponent,
we can conclude that the genesis of a neoplasm derives from 6—7 independent events [267,268].
Consequently, the lack of development in the oxidative phosphorylation mechanism and the permanent
shift towards a glycolytic phenotype could be seen as a necessary but not sufficient causal factors for
neoplasms where we observe the loss of one of the fundamental requirements for cellular differentiation.

Therefore, neoplastic disease could be identified as being characterized by a lack of differentiation,
and its driving force could be traced in the changes of the metabolome.

In the end, Figure 2 summarizes our model, in which a neoplasm arises from a single cell stem
(ASC) or from an iPSC, in accordance with the current facts about the stem origin of cancer.

The specific metabolic phenotype known here as the Warburg effect is not considered as a
metabolic signature that is acquired during the oncogenesis process but represents an aberrant
expression of a metabolic layout that is typical of the undifferentiated state. The permanent shift
toward this specific metabolic signature is not shown here as the only cause of cancer (Warburg
hypothesis) but as an essential contributory cause. Where neoplasms can be placed even as a pathology
of aberrant differentiation, their exact development and the maintenance of a differentiated cell state
(with less randomness) are due to thermochemical functions. Therefore, we state that as a contributory
cause of the neoplastic development that is related to undifferentiated cells that there is a gradual and
irreversible establishment of an undifferentiated state, with a gradual or complete loss of oxidative
phosphorylation, rather than respiration in itself, which, as we have noted, is often present
in neoplasms.



Int. J. Mol. Sci. 2014, 15 8913

Figure 2. Figure 2 briefly summarizes our model in which, at the origin of a neoplasia,
there are not only changes, genetic or epigenetic, but also triple synchronous changes in
three systems, metabolic, genetic and epigenetic. We propose an integrative model that is
based on cooperative and multiple changes in these three systems. Very probably, a change
in one of these cellular systems is not sufficient cause but serves to prepare the cell. From
all of these facts and from the growing evidence supporting the CSC theory, we can
hypothesize that the transformation process, which foresees this triple progressive change
in the three basis systems, occurs in stem cells that preside over self renewal (ASC) or in
somatic cells that, by the lost of the correct metabolome and by the change in numerous
genetic and epigenetic systems, proceed to a process of somatic rescheduling (iPSC).
Certainly, the energetic homeostasis, mitochondrial function and the metabolome as a
whole play roles of equal importance in genetic or epigenetic phenomena. From this
perspective, more care and attention should be given to other well-know factors.
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This fact leads to a deep alteration of numerous epigenetic mechanisms, greater gene instability,
greater structural randomness, a marked resistance to apoptosis and many other alterations that are
intrinsic to neoplasms.

It is likely that one of the most important challenges of cancer research is determining the
biochemical, chemical-physical and biomolecular mechanisms that drive the failure of the correct
development of oxidative phosphorylation mechanisms in the original stem precursor (ASC) or
iPSC [269,270].

Lastly, the energetic and metabolic state, based on our way of thinking, could represent the central
link between genetic/epigenetic instability and the CSC theory considering that a characteristic and
essential feature of each neoplasm is the lack of differentiation [188,193,271-284].
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