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Abstract

Background: Cancer refers to a group of some of the worldwide most diagnosed and deadliest pathophysiological
conditions that conquered researchers' attention for decades and yet begs for more questions for a full comprehension of
its complex cellular and molecular pathology.

Main body: The disease conditions are commonly characterized by unrestricted cell proliferation and dysfunctional replicative
senescence pathways. In fact, the cell cycle operates under the rigorous control of complex signaling pathways involving
cyclins and cyclin-dependent kinases assumed to be specific to each phase of the cycle. At each of these checkpoints, the cell
is checked essentially for its DNA integrity. Genetic defects observed in these molecules (i.e, cyclins, cyclin-dependent kinases)

the tumor follows.

are common features of cancer cells. Nevertheless, each cancer is different concerning its molecular and cellular etiology.
These could range from the genetic defects mechanisms and/or the environmental conditions favoring epigenetically
harbored homeostasis driving tumorigenesis alongside with the intratumoral heterogeneity with respect to the model that

Conclusions: This review is not meant to be an exhaustive interpretation of carcinogenesis but to summarize some basic
features of the molecular etiology of cancer and the intratumoral heterogeneity models that eventually bolster anticancer
drug resistance for a more efficient design of drug targeting the pitfalls of the models.

Keywords: Lonal evolution model, Cancer stem cell, Cancer stem cell plasticity, Epithelial-mesenchymal transition (EMT),
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Background

Although cancer is a common disease worldwide, its
molecular pathology is characterized by a wide spectrum
of biological aggressiveness that makes all the difficult of
its control, thus a life-threatening disease. Etiologic stud-
ies’ reports about cancer support that its causal agent(s)
could be heterogeneous ranging from genetic mutation
(e.g., somatic mutation (s), inherited mutation (s), un-
avoidable DNA replication errors), to epimutation (hy-
pomethylation of an oncogene (s), tumor suppressor
gene silencing through hypermethylation, Chromatin re-
modeling), to viral infection (Hepatitis B/C, Human Pap-
illoma Virus), exposure to aflatoxin B, efc. However,
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exogenous risk factors and/or lifestyle could also favor
an early onset of certain types of cancers [1-4].

Main text

Carcinogenesis

Cancer occurs due to multistep and multifactorial mo-
lecular events that involve interactions between the
genes and the environment of an organism through a
process called carcinogenesis, also known as tumorigen-
esis or oncogenesis. The so-called process is a multistep
process that involves sequential mutation(s) and/or epi-
mutation(s), leading to uncontrolled cell proliferation
and hedonic homeostatic dysregulation. Modifications
causing cancer modulate stepwise cells metabolism and
behavior. They alter their proliferation control, infinite
lifespan, alter their communication with neighboring
cells, and then confer them the ability to escape to the
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immune system. In brief, they are though damaged gen-
etically and/or epigenetically, but they could divide and
proliferate autonomously [5, 6].

Despite the differentiation process occurring within
multicellular organisms, thereby generating a ubiquitous
cellular diversity, cells function with common schemes
in conducting fundamental processes that regulate cell
proliferation and death. Cancer cells do not obey laws
and rules that govern the intracellular corporation ne-
cessary for homeostasis in a multicellular organism.
Consequently, cancer cells strive off to adapt, proliferate
to invade nearby tissues, and fight off the defense system
through their invasive aggressiveness. In 2000, Hanahan
and Weinberg attempted to picturize the dense com-
plexity of cellular alterations commonly found in cancer
cells (six) as what they called cancer hallmarks. Since
then, the concept has renewed impetus to cancer biolo-
gists and has been evolving. These include (i) perman-
ently switched on the proliferative signal, (ii) evasion
from growth suppressors, (iii) immortality/resistance to
apoptosis, (iv) continuous replication, (v) angiogenesis
induction, (vi) invasion and metastasis, (vii) dysregula-
tion of cellular metabolism, (viii) overriding immune as-
sault, (ix) genomic instability and mutations, and (x)
tumor-promoting inflammation, immunoevasion [7-9].

Thus the fundamentals of cancer pathogenesis are cel-
lular and molecular events. Indeed, defects in proper
control of the cell cycle drive mechanisms responsible
for a permanent switch on of carcinogenesis.

Cell cycle

The cell is defined as the anatomical and physiological
unit of all forms of life. The cell is the unit of the bio-
logical community for multicellular organisms. There-
from, cells fulfill all the characteristics of living things,
namely functional organization, metabolism, homeosta-
sis, growth and development, reproduction, passing on
genetic information, responding to environmental
changes, and adapting through evolution. Cell cycle re-
fers to all the events that relate to cell birth, growth and
development, and reproduction. It comprises the inter-
phase (G1, S, and G2), stages, and cell division/mitotic
(prophase, metaphase, anaphase, and telophase) stages.
The ultimate aim of the cell cycle is strict accuracy in
the DNA replication process and symmetric partition of
genetic material in subsequent generation cells. The
process involves molecular and structural events result-
ing in DNA replication (in S phase of the interphase),
chromatin condensation, spindle formation for anaphase
chromosome ascension, degeneration of the nuclear
membrane, and reorganization of the cytoskeleton.
Throughout the cell cycle’s process, there are regulatory
checkpoints that control the conformity, compliance,
and obedience of the molecular, and structural events
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occurring with respect to the ideal frame of the cell
cycle. At the checkpoints, detected abnormalities trigger
mechanisms leading to various alternative fates, namely
a repair mechanism (DNA repair), cell arrest (senes-
cence) pathways, necroptosis, and apoptosis. When a
proliferating cell fails to activate either of these mecha-
nisms in unicellular organisms, it leads to diminution of
the reproductive capacity, while it leads to uncontrolled
cell growth that potentially results in cancer in multicel-
lular organisms. Two major types of control mechanisms
govern the cell cycle, the first of which is extracellular
and comprises the signaling pathways and intracellular
mechanisms that are harbored by the checkpoints’ con-
trol [10-13].

Clinical significance of regulation and deregulation
of cell cycle In mammalian, the cell cycle is mainly gov-
erned by complex regulatory pathways to ensure correct cell
division. Both extracellular and intracellular control mecha-
nisms are involved in this regulation. First, for a cell to
proceed to the G1 phase and pass the restriction-point (R-
point), extracellular signaling, i.e., necessarily mitogens. After
the extracellular signaling, the cell eventually passes through
S, G2 phase, then through mitosis, but under intracellular
controls. The latter control mechanisms are fundamentally
and separately regulated by genetic programs, namely the
checkpoints. These checkpoints assess the quality of DNA
replication, its integrity, and the eventual progression of the
cell through G2 and mitosis. A fundamental role in the cell
cycle progression is orchestrated by regulatory and effector
proteins and enzymes that eventually permit a carefully con-
trolled series of biochemical reactions necessary for an ideal
cell cycle. These regulatory proteins and catalytic enzymes
could be cited as cyclins (A, B, D, E, and H), and cyclin-
dependent-kinases (1, 2, 4, 6, or 7). The cyclins are a family
of proteins that function as regulatory subunits for cyclin-
dependent-kinases (CDKs) [14—16].

In contrast to yeast, vertebrates have up to four
types of cyclin-dependent-kinases; the amount of each
varies as the cell cycle proceeds from one phase to
another. As such, there are Gl-phase cyclins, G1-/S-
phase cyclins, S-phase cyclins, and M-phase cyclins.
Each of these cyclins forms a complex with cyclin-
dependent-kinases to drive the cell through the subse-
quent phase (Fig. 1). While the cell synthesizes and/
or degrades cyclins as the cell cycle proceeds from
one phase to another, the amounts of the cyclin-
dependent-kinases remain the same throughout the
process. This is because as the concentration of a
given cyclin falls, the corresponding cyclin-dependent-
kinases become progressively inactive. Conversely,
cyclin concentration increases are directly propor-
tional to the activation of the cyclin-dependent-
kinases of the corresponding phase [14, 17-20].
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Fig. 1 Dynamics of the cell cycle with its associated cyclin-cyclin dependent kinase complexes. The interphasic cells, at their G; phase, are
diploids (2n). As to prepare the cell for an eventual division, its genetic material, i.e, DNA, is replicated during the S phase. Thus in the later S
phase and G, phase, the cell has a doubled DNA (4n). The mitotic division occurs from Prophase through Telophase, as shown in the figure. At
the end of mitosis, there is a formation of two daughter cells. Gy symbolizes a quiescent state through which cells could eventually go. The
cyclin-cyclin-dependent kinases reflected on the figure are checkpoints of the cell cycle, each of which could eventually determine the cell’s fate
with respect to the presence and/or absence of mitogens and growth factors

Some of the cyclin-dependent-kinases could bind to
multiple cyclins, while for others, multiple cyclin-
binding is not shared. For instance, CDK1 could bind to
cyclin-A, B, D, and E, but has a higher affinity for cyclin
B. CDK2 has a higher affinity for cyclin A and E, but
could also bind to cyclin B and D. CDK4, and CDK6
have good affinity for cyclin D while CDk7 binds to cyc-
lin H. Besides their regulation through the phase-specific
expression and degradation of cyclins, cyclin-dependent
kinases’ catalytic function is also controlled, as their
name implies, by phosphorylation/dephosphorylation
and by association with other proteins. The latter pro-
teins are called cyclin-dependent-kinase-inhibitors (CDK
inhibitors or CKI). They could either be of the family of
INK4, i.e., specific to CDK4 (p15, p16, p18, p19) or CIP
(p21) and KIP (p27, p57) that are efficient inhibitors to
all CDKs [21-26].

In G1 phase, CDK-cyclin complexes drive the progres-
sion across the restriction point (R-point), through the
phosphorylation of the retinoblastoma protein family
members, namely Rb, p107, and p130. Early-mid G, his-
tone deacetylase (HDAC) forms complexes with Rb and
E2F. Phosphorylation of Rb by CDK-cyclins favors the
release of E2F-DP transcription factors, and therefrom
genes required for the cell cycle to proceed are
expressed [27-30].

The components of the regulatory machinery of the
cell cycle work in concert to ensure ideal conditions for
an appropriate progression of the cell cycle. Besides their
canonical regulatory role in the cell cycle, some of the
members of the regulatory checkpoints have additional
functions that would be located in the different cellular
compartment(s). The most documented of the cell cy-
cle’s regulators with additional function besides being a
checkpoint of the cell cycle are the cyclins, cyclin-
dependent-kinases, CIP, CKI, and E2F family proteins.
These regulators could work either in concert as com-
plexes as is the case in the cell cycle regulation or inde-
pendently from one another. Cases that would exemplify
these non-ministerial regulatory functions include (i)
cyclin E1 works in concert with CDK2 to activate the
transcription factor MYC thereby represses cellular sen-
escence; (ii) CDK2, CDK4, acting in concert with cyclin
D1, cyclin E1, cyclin A2, activate the transcription factor
FOXMIC that in turn acts either, to promote the cell
cycle promotion, or represses cellular senescence; (iii)
cyclin D1, with its functional partner CDK4, represses
NER1 transcription factor, thereby inhibits mitochon-
drial functions; (iv) cyclin D1, alone acts as a repressor
to the transcription factor FOXO1, O3 thereby inhibits
anoikis; (v) the transcription factor JUN is activated by
CDK6 acting alone as stimulation of angiogenesis; and
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(vi) cyclin D2, (D1, D3) represses the transcription factor
DMPI, thereby modulate the p53 pathway, E2F regulates
oxidative metabolism. To sum up, components of the
regulatory machinery have non-canonical functions doc-
umented in various cellular processes, including cell dif-
ferentiation, cellular senescence, cell death, cellular
immune response, cellular metabolisms, mitochondrial
activity, mitochondrial biogenesis, mitochondrial fission,
and mitochondrial apoptosis. Beneath the cell cycle’s
complex processes, there is an important requirement of
energetic commitments provided by the mitochondria
through an appropriate adaptive metabolism. Therefrom,
the mitochondria and the regulatory machinery of the
cell cycle entertain a functional dynamism that drives
cell proliferation, survival, growth, or senescence [14,
31-36].

The cardinal characteristic of all neoplastic diseases is
their pathognomonic feature that emerges from a dys-
regulated cell cycle that results in uncoordinated cell
proliferation. Functional mutations and/or expressional
dysregulation of the cell cycle regulators’ genes have
been documented and proposed as oncogenic events.
Therefrom, it has been of utmost importance to focus
more interest on and have an in-depth understanding of
the molecular control mechanisms of the cell cycle by its
regulators. Abnormal functional activity and/or dysregu-
lated gene expression of these regulators have been char-
acterized in various cancers. The loss of functionality of
some of these regulatory proteins does not hinder the
subsequent cell proliferation in normal cells. However,
the overexpression of others has been observed in many
malignant neoplasms and is even used as a biomarker
for diagnostic and prognostic purposes. Therefrom,
genes governing the cell cycle control are categorized as
oncogenes and tumor suppressor genes. Moreover, since
aberrant gene expression patterns and/or functional ac-
tivities of the regulators characterize cancer cells, scien-
tists aim to take advantage of these specificities in
designing selective therapeutics that would target them
(34, 37-39].

Cellular models of cancer etiology

Mammalian organisms comprise mosaic cell populations
in terms of their functions (e.g., differentiated cells),
morphology, chemistry, and mitotic competence. Herein,
the mitotic competence concerns us the best. Based on
these criteria, three (3) categories of cells could be dis-
tinguished: actively cycling cells, cells that divide in re-
sponse to stimuli (resting cells, stem cells), and cells
would never divide again. Stem cells are those cells that
divide for both the renewal of its type, and for producing
cells that subsequently follow differentiation processes
to eventually perform a given function (an asymmetric
mitotic division of stem cells). Obviously, the clinical
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relevance of eventual aberrant functionality and/or dys-
regulated gene expression of the cell cycle regulators in
the respective pre-cited cell types is not the same. In
fact, only a few cell types have the ability to proliferate
and give rise to a tumor eventually. Per analogy to the
mosaicity of normal organismal cells, tumors are also
characterized by intratumoral heterogeneity. That is to
say that cells of a tumor are heterogeneous in their na-
ture with respect to their morphology, chemistry, and
malignant potentialities. In fact, there are two popularly
established models, and a third establishing model of
cancer cells mosaicity, namely the clonal evolution
model, the cancer stem cell model, and the phenotypic
plasticity/plastic cancer stem cells model, respectively.
These models have supported scientific reports that shed
light on their similarities, and differences with their re-
spective beneficial clinical implications. The growing
knowledge brought about by the investigation around
these models gives rise to a better understanding of can-
cer, and allows for the development of better efficient
therapeutics, and preventive protocols [40, 41].

Cancer stem cell hypothesis According to the cancer
stem cell hypothesis, there is a subset of cancer cells
with the characteristics of stem cells. They drive cancer
initiation, progression, metastasis, and eventual recur-
rence following treatment. The cancer stem cells are fea-
tured with the particular ability to divide both
symmetrically for self-renewal to ensure perennity of un-
differentiated cancer stem cells, and asymmetrically to
generate progenies that subsequently, and irreversibly
differentiate thereby, establishing the hierarchical
organization of the tumor as per analogy to normal tis-
sue. Also, as supportive arguments to this model, the
cancer initiation cells are derived from normal stem
cells, or progenitor cells that would have acquired can-
cerous changes (mutation/epimutation). According to
this model, cancer is a stem cell disorder. The significant
particularities of malignant stem cells are that they are
vested with dysregulated stemness pathways, while
healthy stem cells obey homeostatic stemness pathways
with stable genetic and epigenetic profiles (see Fig. 2).
These cells are also endowed with quiescent properties
that would explain cancer metastasis, and the late re-
lapses that characterize cancer’s resistance to radio- and/
or chemotherapy. Traditional cancer therapy, i.e. radio-
therapy, and chemotherapy, broadly target pathogeni-
cally proliferating cells without any discrimination.
Cancer stem cells, and non-tumorigenic cells have differ-
ent sensitivity to therapy. Cancer stem cells have a great
ability to resist therapeutic assault. This might be par-
tially due to their high content of free radical scavengers
enabling them to remediate DNA-damages following
DNA-targeting therapy eventually. Therefrom, the
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Fig. 2 Intratumoral heterogeneity models. The clonal evolution model suggests that intratumoral heterogeneity emerges from Subsequent
mutational change that favors dominant sub clonal cells. Intratumoral heterogeneity sets up through cell differentiation according to the cancer
stem cell model. The cancer stem cell plasticity model supports that intratumoral heterogeneity could be sourced from dedifferentiation of

isolation, and the study of the mechanistic pathways
through which therapeutic resistance develops in can-
cer stem cells would likely help us to understand how
tumor recurrence occurs, and eventually drive the de-
sign of targeted therapy directed to these pathways
specific to malignant stem cells. However, there is a
growing body of evidence that shapes the non-
universally applicability of the cancer stem cell model
to the complex heterogeneity of malignancies with re-
spect to therapeutic challenges, thus raises issues, of
clonal cancer evolution, of EMT and the clinical sig-
nificance of cancer microenvironment [42-48].

Tumor microenvironment Tumors could be distin-
guished as solid tumors, i.e., localized (at least in their
early stages) as a proliferating mass of cells in a given tis-
sue and tumors like leukemia and lymphomas that occur
in lymphatic tissues, namely blood and lymph, respect-
ively. Structurally, per analogy to healthy tissues, solid
tumors comprise the malignant cells that constitute the
parenchyma and the stroma (microenvironment) within
which the neoplastic cells are enveloped by the basement
membrane surrounded by the tumor microenvironment.

For leukemia and lymphomas, the blood and lymph, re-
spectively, constitute their stroma. Scientific evidence
supports that these structures are interdependent at all
stages of cancer and develop in parallels. Tumor stroma
consists of stromal cells (genetically stable cells), the
basement membrane, and the non-cellular matrix also
called the extracellular matrix (ECM). Carcinogenesis
occurs through multistage patterns; the first is an envir-
onmental assault (initiation), followed by promotion
events. Cancer stem cells, localized in their niches (privi-
leged anatomical sites), entertain a bidirectional commu-
nication with the neighboring microenvironment which
is vital, and determine the progression/metastasis for
primary tumors and dormancy/proliferative status for
metastasized malignant stem cells. Therein, tumoral cells
secrete various biomolecules (growth factors, cytokines,
proteases...) to induce local microenvironmental modu-
lations that result in perturbation of the physicochemical
properties of the host tissue. It has been suggested that
the correctional remodeling of the tumor microenviron-
ment would have normalizing effects on tumoral cells,
thus avoiding their ablation just through stromal cells
re-education. Tumor stromal cells include adipocytes,
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cancer-associated fibroblasts (CAFs), myeloid-derived
suppressor cells, natural killer cells, T-regulatory cells,
perivascular cells, neuroendocrine cells, and others like
mast cells. The extracellular matrix is a complex collec-
tion of macromolecules with various biochemical and
biomechanical properties. Components of the extracellu-
lar matrix include proteins, proteoglycans, glycoproteins,
and polysaccharides. The extracellular matrix is tightly
controlled through embryonic and organ homeostasis
but becomes commonly dysregulated in neoplastic dis-
eases favoring anarchic cell proliferation and metastasis
[49-53].

The process briefly described would start with the can-
cer stem cells secreting growth factors and cytokines re-
leased in the host tissue microenvironment. For
instance, in breast cancer, the cancer stem cells induce
the proliferation of cancer-associated fibroblasts using
the release of secreted platelet-derived growth factors
(PDGF). Subsequently, cancer stem cells activate cancer-
associated fibroblasts that, in turn, synthesize collagen I
and II, components of extracellular matrix and connect-
ive tissue, or stroma that characterize solid tumors. The
so-formed tumor stroma is irrigated by blood vessels
that provide tumor cells with oxygen, nutrients, and
evacuate waste. For the ongoing course of remodeling
the stroma, cancer cells activate cancer-associated fibro-
blasts through the secretion and release of TGF-B. The
activated cancer-associated fibroblasts then release
metalloproteases (MMPs) to digest collagen fibers, which
make up connective tissue. Cancer-associated fibroblasts
would also eventually produce HGF that would drive
motility and invasive behavior of tumor cells [54—56].

Clonal evolution hypothesis of cancer cells’
heterogeneity The current evolutionary biology of car-
cinogenesis originated from Nowell’s “clonal evolution”
model of cancer cells suggested in the 1970s. According
to this model, cancer emerges from a single mutated
cell, which, as it divides, undergoes subsequent add-
itional alterations to generate subpopulations of cells,
the biological and clinical fate of which is determined by
the fitness acquired over time and natural selection.
Thus the clonal evolution model could be pictured as a
succession of clones of cancerous cells. Each new clone
appears by acquiring new mutations conferring a select-
ive advantage: the resulting clonal diversity sets the basis
for the intratumoral heterogeneity [57-61].

The conceptualized clonal evolution model of tumors
explains how mutation (s) and/epimutation (s) of onco-
genes/tumor suppressor genes would drive carcinogen-
esis. However, neither the cancer stem cell model nor
the clonal evolution model could universally apply to all
cancers. The common caveat to the “clonal evolution”
model lies in the hierarchical organization of tumor
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cells, the Sine qua non of the “cancer stem cell” model.
Therefrom, when the intratumoral heterogeneity
emerges from mutational and epimutational events,
clonal evolution would be the most appropriate model
to address this tumor. However, some cancers would re-
quire both models to explain their inhomogeneity, while
others would require either/none of them. The initial
stages of carcinogenesis could start by following a cancer
stem cancer model, then subsequently moves on with
the clonal evolution model. In fact, if an environmental
insult induces selective phenotypical and/or functional
mutation (s)/epimutation (s) into a growing tumor, de-
pending on the stage at which it occurs, the fate of the
intratumoral heterogeneity with respect to its model
would change: (i) if only cancer stem cells are affected,
then the eventual intratumoral heterogeneity sets right
among cancer stem cells (cancer stem cell model); (i) if
the alterations affect non-tumorigenic cells, it would not
be transmitted, provided the tumorigenic status has not
been changed (cancer stem cell model); and (iii) if the al-
terations affect differentiating tumorigenic cells, then the
cancer stem cell and clonal evolution models would be
required to address the resulting intratumoral hetero-
geneity [58, 62—-65].

Epithelial-mesenchymal transition, mesenchymal-
epithelial transition, and cancer stem cell plasticity
Epithelial-mesenchymal transition nd mesenchymal-
epithelial transition Epithelial to mesenchymal transi-
tion (EMT) is an integral physiological process of em-
bryogenesis first described in the 1980s by the American
Developmental Biologist Betty Hay. During this process,
the immotile polarized epithelial cells, through biochem-
ical and epigenetic events, progressively lose some of
their inherent characteristics as they are gaining mesen-
chymal cells’ properties, i.e., as they are becoming motile
invasive potentiated stromal cells. However, changing
from epithelial to mesenchymal cells does not alter their
inherent plasticity. Therefrom, both mesenchymal and
epithelial cells are pluripotent cells. EMT is exemplified
by various homeostatic physiological and developmental
processes such as wound healing, tissue regeneration,
myogenesis, gastrulation, palatogenesis, heart valve for-
mation, etc. [35, 66—68].

The reverse process of EMT, i.e., mesenchymal to epi-
thelial transition (MET), is also a physiologically observ-
able process. MET refers to the phenotypic plasticity
events that involve the dedifferentiation of motile, non-
polarized, and potentially invasive mesenchymal cells to
nonmotile polarized epithelial cells joined to one an-
other and packed onto the basement membrane. Both
EMT and MET are rigorously controlled physiological
processes observed but not properly controlled in dis-
ease conditions such as inflammation, fibrosis, and
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cancer metastasis. Consequently, EMTs are classified
into three biological subtypes: type I EMT, type II EMT,
and type III EMT. Type I EMT is observed in embryo-
genesis and organogenesis; type II EMT is seen in fibro-
sis, wound healing, and tissue regeneration; and type III
EMT is observable in tumor metastasis [69-72].

Molecular mechanisms of epithelial-mesenchymal
transition in cancer The molecular mechanisms gov-
erning EMTs have common and highly conserved hall-
marks, although each of the three biological subtypes
has specific mechanistic features. In general, cells under-
going EMTs are subjected to genetic, epigenetic, and
biochemical events that result in phenotypic and gene
expressional changes. In cancer, the process has been ex-
clusively described in carcinomas, i.e., the most diag-
nosed forms of cancers. The process follows a multistage
program that involves intracellular reorganization and
cell-surrounding events that could be summarized as (i)
detachment and loss of polarity of the epithelial cells re-
cruited to undergo EMT; (ii) local digestion of the base-
ment membrane, intravasation then extravasation
through the lymphatic or blood circulatory system; and
(iii) tissue invasion and dormancy [70, 73, 74].

During embryogenesis, EMT mediates morphogenesis
and stem cell plasticity; in wound healing, it favors tissue
regeneration; and in physiopathological conditions, as it
is the case in cancers, it mediates the most ghastly phase
of cancers, i.e., metastasis. Thus EMT is similar to a
crossway of physiological, homeostatic, and pathophysio-
logical pathways in human life that eventually respond
to intrinsic (mutation, epimutation), and extrinsic
(growth factors, immune response) stimuli. Prior to me-
tastasis, tumoral cells have cohesive adhesion with one
another and with the neighboring microenvironment
until they start releasing the colony-stimulating factors
(CSFs), to recruit macrophages as well as other stromal
cells. The macrophages, in turn, respond through the re-
lease of epithelial growth factors (EGFs), thereby pro-
moting a positive feedback loop with tumoral cells
releasing more CSF. Macrophages subsequently release
cathespin B that generates the primary hallmarks of
EMT [75-78].

The primary hallmarks of EMT reflect the loss of
EMT markers, namely E-cadherin, desmoplakin, Mucin-
1, occludin, and cytokeratins (i.e., CK8; CK18; CK19). E-
cadherin is a transmembrane protein coded by the
CDH1 gene that happens to be a tumor suppressor gene
but also playing supplementary roles in cell polarization,
cell differentiation, cell motility, and cell’s stemness
properties. Extracellular portions of E-cadherin of neigh-
boring cells interconnect while their intracellular tails
bind to actin filaments by means of alpha-catenin. Dur-
ing cancer progression and metastasis, CDH1 undergo
functional mutation or epimutation (i.e.,
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hypermethylation of the gene’s promoter), or transcrip-
tional amplification of the repression factor. Conse-
quently, epithelial cells locally lose their cell-cell
adhesion and basal-apical polarity. Therefore, they are
allowed to detach and migrate toward the adjacent tissue
as their neighboring cells undergo morphogenic re-
arrangement to fill the gap. Stromal cells release matrix
metalloproteases (MMPs) to digest the basement mem-
brane, thereby generating a chemical gradient that re-
sults in the cytoskeletal actin rearrangement by the
chemoattractant, i.e., hepatocyte growth factors via Ras-
like GTPases. The cytoskeletal actin fibers reorganize to
stress fibers and subsequently form lamellipodia, filo-
podia, and invadopodia, each of which has an especially
vital role to play during cancer metastasis. Lamellipodia
are wheel-like actin filaments that mediate the cell’s mo-
bility. Filopodia are spiky membrane protrusions that
sense the surrounding of the cell. Invadopodia produce
proteases containing vesicles to degrade the extracellular
matrix [75, 79-82]

During the ongoing process, macrophages, alongside
EGFs, produce tumor necrosis factor a (TNFa), to
downregulate the synthesis of epithelial E-cadherin
(through upregulation of its transcriptional repressors
a.k.a. as EMT-TFs, namely SNAIL, SLUG, ZEB1, ZEB2/
SIP1), and upregulate the synthesis of mesenchymal N-
cadherin. Thereon, epithelial genes are progressively
“switch down” as mesenchymal genes “switching on” to
allow the phenotypic transition from epithelial to mesen-
chymal along with the characteristic features. They even-
tually acquire invasive abilities as well as resistance to
senescence and apoptosis [83—86].

Therefore, those cells enter the circulatory system
through intravasation. During their journey through the
circulatory system, they are bound to platelets to protect
them from immune attacks. They set the house to the
metastatic site following extravasation from the circula-
tory system at the end of their journey. It is believed that
prior to colonization of the secondary site, the metastatic
cells undergo MET. On the metastatic site, two scenar-
ios are possible: (i) either the metastatic cells successfully
colonize the secondary site and grow as a secondary
tumor after a latent phase called tumor dormancy that
would last for years; (ii) or they revert to normal epithe-
lial cells [87-89].

Cancer stem cell plasticity CSC plasticity model cor-
relates tumor's hierarchical-morphological, phenotypical,
and functional heterogeneity to EMT that mechanistic-
ally mediates dynamic and bidirectional (re)-population
of the CSC pool that essentially characterizes tumorigen-
icity. Let us recall that the CSC model posits that tu-
mor’s heterogeneity emerges from the hierarchical
organization of tumor, which results from differentiation
of a portion of CSCs. On the other hand, clonal



Diori Karidio and Sanlier Journal of the Egyptian National Cancer Institute

evolution supports that cells acquire evolutionarily
transmissible mutations through the sequential course of
tumorigenesis; therefrom tumor heterogeneity emerges.
CSCs’plasticity model, by means of EMT/MET, some-
how combines the intrinsic features of both CSC and
clonal evolution models. In that, it incorporates the fun-
damental hierarchical organization suggested by the
CSC model, but with an eventual dynamic bidirectional
interconversion of CSCs to non-CSCs. From this pro-
spect, EMT is like the knob to three fearsome outcomes
of carcinogenesis: bidirectional interconversion of CSC-
to-non-CSC (setting up the hierarchical organization of
tumor cells), non-CSC-to-CSC (regeneration of the CSC
pool following chemotherapy), and metastasis. Also,
EMT confers non-genetic plasticity that mediates metas-
tasis of a tumor reported in the clonal evolution model.
The portion of a clonal evolution model of a tumor that
undergoes EMT would have stemness properties that
eventually result from dedifferentiation. Diversely, the
plasticity of CSC represents only a fractional aspect of
cancer cells’ plasticity, i.e., the scope of tumor cells’ plas-
ticity is far beyond that. It is believed that more aggres-
sive CSC could emerge from epimutation(s) following an
aggressive therapy. Moreover, a tumor with historical
EMT would have CSC, non-CSC, EMT-CSC, and MET-
CSC subpopulations [90-95].

Mitotic catastrophe

There is no definitive consensus on the definition of mi-
totic catastrophe. Historically, the “microtubule catastro-
phe” reported by Mclntosh in 1984 and the temperature-
dependent lethal abnormal chromosome segregation re-
ported in 1986 in Schizosaccharomyces pombe by Russell
& Nurse settled basic criteria for defining mitotic catastro-
phe [96, 97].

Mitotic catastrophe is a set of events that characterize a
cell death type induced by cell exposure to radiation, che-
motherapeutic drugs, or hyperthermia. The rather com-
plex mechanistic signaling that triggers mitotic
catastrophe is not fully understood, but the process is be-
lieved to occur subsequent to aberrant (partial disintegra-
tion of anaphase nuclei), or premature mitosis. This is a
mechanism of eliminating incompetent mitotic cell dis-
tinct from the programmed cell death-apoptosis in that
mitotic catastrophe occurs in cells with functionally de-
fective apoptotic pathways and deficient in p53. Cells that
undergo lethal damage following exposure to radiation or
cytotoxic drugs during their interphase may never enter
mitosis. Subsequently, rapid cell death usually occurs
through apoptosis. Otherwise, damaged cells entering mi-
tosis terminate with aberrant mitosis at metaphase or ana-
phase. The aberrant mitosis does not properly segregate
chromosomes and results in forming a non-viable cell

(2021) 33:32 Page 8 of 17

with double or more nuclei that are partially or completely
separated from one another [96, 98—100].

The great importance of the mitotic catastrophe lies in
its clinical significance. Many well-documented antican-
cer drugs are known to induce mitotic catastrophe in
cancer cells in their mechanisms of action. Examples of
such drugs include bleomycin, doxorubicin, cisplatin,
etoposide, and Taxol. Anticancer drugs that induce mi-
totic catastrophe are important for many reasons, some
of which are as follows: (i) they are required in lower
doses compared to those that induce apoptosis, and (ii)
they are efficient against apoptosis-resistant cancer cells
due to the fact that mitotic catastrophe occurs in cells
with functionally defective apoptosis pathways. More-
over, mitotic catastrophe potentially occurs in p53-
deficient and/or cells with a weakened G2/M checkpoint
making it relatively selective upon cancer cells. Follow-
ing the mitotic catastrophe, cells either proceed to
necroptosis or apoptosis. In brief, mitotic catastrophe
could be considered a mechanism by mechanism by
which cells perceive potentially pathogenic genetic in-
stability and respond through oncosuppressive events
that lead either to necrosis/necroptosis or apoptosis.
Therefore, a better understanding of the molecular pat-
terns of mitotic catastrophe would be of great benefit for
the design of anticancer therapeutics [101-106].

Senescence

Tissue’s homeostasis involves control of appropriate and
balanced cell proliferation as hypo-/hyper-proliferation
would result in pathological syndromes. Reported ex-
perimental in vitro assays by Leonard Hayflick confined
the number of cell divisions that a given cell can achieve
to an interval of 50 to 70. This is referred to as the “Hay-
flick limit” above which the cell becomes senescent. Sen-
escence is a healthy and physiological growth arrest that
is different from apoptosis because senescent cells could
be metabolically active for a long time. It is also different
from the differentiated/specialized cell; it is a pro-
grammed limit of replicative lifespan to somatic cells.
Senescence is characterized by biochemical and morpho-
logical changes resulting from cellular physiological
functions such as telomere’s shortening following the
cell cycle or prematurely induced by environmental fac-
tors, namely oxidative stresses damaging DNA and
medication. Cellular senescence frequently occurs and at
a higher rate with age [107-111].

Senescence is often considered as a tumor-suppressive
mechanism. In that, scientific reports support that it is
occurring to prevent an overacting oncogene or an
underacting tumor suppressor gene. The oncogenic
stress induced by the oncogenes mediates a hyper-
replicative process that results in oxidative damage to
the DNA due to the generation of unsustainable
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oxidative stress. This acts as a stimulus to an intrinsic
response involving Arf/p53/p21; pl6/pRb- and DNA-
damage response pathways. Similarly, loss of tumor sup-
pressor genes could induce senescence, as illustrated by
the loss of Pten and NF1 genes in mouse and human
cells. However, the mechanism of senescence causation
is yet not fully understood. The nowadays accepted hall-
marks of senescent cells have some opposite outcomes.
It is believed that senescent cells could be either a fail-
safe mechanism, i.e., have tumor-suppressive effects if it
shortly progresses to apoptosis or pro-inflammatory, or
pro-oncogenic effect mediated by the senescence-
associated secretory phenotype (SASP) [112-114].

Tumor metastasis

The high morbidity and mortality of cancer are primarily
due to metastasis rather than primary cancer. Very few
patients are diagnosed with localized primary cancer at
its early stages. Localized solid cancer would be theoret-
ically cured by surgery and local irradiation if diagnosed
early. However, diagnosed patients usually present
already established metastasized or metastasizing cancer
[115, 116].

Metastasis (metastases in plural) stems from Greek
word “meta” meaning “change” and “histanai” meaning
“to place, or cause to stand”; thus, literally metastasis
means “changing place.” Metastasis medically refers to a
multi-step complex process through which cells break
away from a primary tumor to travel through the lymph-
atic system or bloodstream, colonize a unique micro-
environment, and establish malignant growth. Metastasis
is theoretically the ideal and privileged target of thera-
peutics for control and curative treatment of cancer as it
is the key feature determining cancer’s malignancy,
prognosis, and treatment strategy for any patient. As a
general rule: “all metastasized neoplasms are incontro-
vertibly malignant, but not all neoplasms necessarily
metastasize!” In fact, the probability of cancer to
metastasize varies with respect to the type of cancer. For
instance, squamous cell carcinoma of the skin has a low
probability of metastasizing, while squamous cell carcin-
oma of the lung metastasis is common. Similarly, metas-
tasis is rarely observed in gliomas. Both squamous cells
carcinoma and gliomas are locally invasive and aggres-
sive malignancies that rarely metastasize [117-122].

In general, when cancer metastasizes, the organs colo-
nized are the bones, the brain, the liver, the lymph
nodes, and the lungs. To a lesser extent, cancer could
also metastasize to the pleural space, abdominal cavity,
and other organs like the skin, the muscles, etc.

Although metastasizing cells could travel throughout
the body, depending on primary cancer, they tend to tar-
get specific organs: (i) lung cancer usually metastasizes
to the brain, the bones, liver, and the adrenal glands; (ii)
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colorectal cancer metastatic cells target preferably to the
liver and the lungs; (iii) metastatic breast cancer tends to
colonize the bones, the brain, the liver, the lungs, the
chest wall, and the brain; and (iv) prostate cancers
mostly metastasize to the bones [123-126].

However, metastasis is a long-term (lasts for years or
even decades), but discrete complex series of events
through which only a few cancer cells would be fruitful
in colonizing new sites on distant organs from the ori-
ginal, i.e., primary tumors establish then eventually travel
malignant growth (secondary tumor) that is always of
the same type, but that disturbs the hosting organ’s
physiology. Since depending on the primary tumor,
metastatic cells tend to target specific sites, understand-
ing the mechanistic features that drive the motion of
cancer cells toward specific organs, the cancer cells-host
cell interactions, and the molecular events that favor
growth of the cancer cells on a secondary site would be
constructive for any eventual promising approach to
cancer therapy. To properly establish, metastasis takes
three concrete steps, namely (i) intravasation, i.e., cancer
cells break off from a primary tumor and enter the cir-
culatory system that could be either the bloodstream (
hematogenous metastasis), the lymphatic system (lymph-
atic metastasis), or through body cavities (transcoelo-
mic); (i) the survival to the trauma caused by the
intravasation process and survival to the immune sys-
tem’s attack along with the circulatory system, and (iii)
extravasation or the exit from the circulatory system and
establishment of malignant growth at the secondary site
s[125, 127].

Genetics of cancer: oncogenes, proto-oncogenes, and
tumor suppressor genes

Cancer would be characterized by anarchic cell prolifera-
tion and resistance to programmed cell death or apop-
tosis at the cell level. At the gene level, three events
could say to characterize any cancer, namely (i) actively
expressed oncogene(s); (ii) inefficient/defective DNA re-
pair genes; and (iii) defective tumor suppressor genes
(TSGs). Most of the time, defective DNA repair genes
and defective TSGs are taken under the scope of TSGs.
These characteristic events could act in concert among
and/or between themselves to cause a normal cell to ex-
hibit cancerous properties. Functional mutations broadly
fall into three categories, namely mutational inactivation,
mutational activation, and mutational gain of function.
The mutational inactivation usually occurs in tumor
suppressor genes and could be either amorphic, hypo-
morphic, or antimorphic. The mutational activation of
genes could be exemplified by oncogene activation
through hypermorphic mutation. Lastly, when a gene is
mutated to gain novel function(s), the mutation is called
neomorphic [125, 127].
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Oncogenes and proto-oncogenes

The term oncogene was first introduced by George
Todaro & Robert Heubner in 1969 as a derivative from
the Greek words “onkos” meaning “mass/ bulk,” and
“gignere/genui” (i.e., “gene”), meaning “beget/give birth.”
Oncogene refers to any gene that bears the potential to
stimulate anarchic cell growth. Experimental approaches,
i.e, in vitro/in vivo transfection of normal cells/nude
mice with activated oncogenes, would confer a normal
cell with activated tumorigenic phenotype/form tumor
in the nude mice. However, activating a single oncogene
is insufficient to cause healthy cells to exhibit cancer cell
properties. In fact, oncogene cooperation is required for
active tumorigenesis, i.e., the oncoprotein resulting from
the expression of the oncogene would eventually require
subsequent synergetic oncomutation/activation of an-
other oncogene/defective tumor suppressor gene or
other environmental cues such as viral infection. Thus
oncogene cooperation lies in line with the clonal evolu-
tion model of cancer and as well as cancer stem cells
model [128-133].

Therefrom, oncogenes scope out the functional as-
pects of genes, that when abnormally overexpressed/gain
constitutive expression would eventually contribute to
tumorigenesis. Proto-oncogenes mediate cell growth in
healthy cells. They are somehow like precursor genes to
oncogenes. However, they are often abusively referred to
as oncogenes. When proto-oncogenes undergo oncomu-
tation(s), they would eventually convert to oncogenes.
The oncomutation, in some cases, involves a change in
the gene sequence of a proto-oncogene that results in
their constitutive expression. In general, oncomutation is
of three types, namely activating mutation (e.g., K-ras,
H-ras, N-ras; EGFR), gene amplification (e.g., ErbB2/
HER2; Myc), and insertion of influential (viral) pro-
moters [134, 135].

It is noteworthy to mention that oncogenes have been
first identified in RNA viruses, i.e., retroviruses. Since
then, many RNA viruses have been proven to be associ-
ated with cancer in both animals and humans. Although
oncogenes’ possession is not very common across all ret-
roviruses, the few ones that possess it (them) are highly
oncogenic upon infection to animals and human beings.
Some of the most known oncogenic viruses include
Merkel cell-polyomavirus, Hepatitis B virus, Hepatitis C
virus, Epstein Barr virus (EBV), Kaposi’'s sarcoma-
associated herpesvirus (KSHV), and T-lymphotropic
virus. Since the 1970s, many oncogenes have been iden-
tified in human cancers. Their occurrence across the
cancer types varies from one cancer (sub)-type to an-
other. To exemplify that k-ras on computation, a muta-
tion in the gene sequence is prevalent in lung
adenocarcinoma and non-small cell lung carcinomas but
rarely occurs in small cell lung carcinomas. Another
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example, this time that manifests as overexpression of
an oncogene, is myc gene overexpression. This is seen in
both small cell and non-small cells lung carcinomas [51,
136-141].

Tumor suppressor genes

Tumor suppressor genes, also called anti-oncogenes, are
those genes that functionally mediate in vivo homeo-
static cell growth, differentiation, and motility potential.
They act either directly or indirectly to slow down cell
proliferation, promote DNA repair, and favor apoptosis
when required. Any mutation of all kinds that eventually
alters these genes’ function would be a step on the path
to cancer to the cell. There are broadly four mechanisms
that would result in functionally defective tumor sup-
pressor genes: (i) direct mutation/gene silencing muta-
tion; (ii) gene deletion; (iii) loss of heterozygosity; and
(iv) promoter hypermethylation [142-146].

Epigenetic changes in cancer

Epigenetics is mostly concerned with the mechanistic
processes that initiate and/or maintain heritably, but re-
versible alteration (s) in gene regulation in response to
environmental stimuli independently of the DNA se-
quence (that is one of the reasons it is mostly reported
as associated to CSC). The epigenetic changes are called
epimutations. Subsequent to their initiating signal’s dis-
appearance, they could either disappear (changing back
to the state prior to the signal) or last for long (some-
times forever). Epimutations include DNA methylation,
histone modification patterns, chromatin remodeling,
non-coding RNAs (miRNA and others), polycomb-group
of proteins, etc. Epigenetic dysregulation could promote
carcinogenesis and metastasis. All the aforementioned
epimutations have been, in one way or another, reported
as clinically significant in the etiology, diagnosis, and/or
prognostic outcome of cancer [147-150].

Epigenetic modulators, modifiers, and mediators

Genes involved in epigenetic changes are classified into
three (3) major classes: epigenetic mediators, epigenetic
modifiers, and epigenetic modulators. Epigenetic media-
tors are peptides/proteins responsible for cancer cells’
stemness character, flexibility, and eventual intratumoral
heterogeneity of cancerous tissues. They interact with
epigenetic modifiers (HDAC, HAT, HMTs). The later
class sets bases for epimutation through DNA methyla-
tion, chromatin modulation, histone modification, etc.
The third and last class, ie., the epigenetic modulators,
are tissues-specific proteins vital to normal cellular func-
tions as they lead the cell and tissue differentiation
mechanisms. They transmit environmental signals to the
epigenetic modifiers [151-154]
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DNA methylation

DNA methylation is one of the commonest studied and
well-characterized among the epigenetic changes. The
process involves transferring a methyl group to position
5" of the pyrimidine-cytosine of 5'-CpG-3'-rich DNA
regions called CpG islands: a palindromic set of
cytosine-phosphate-guanine dinucleotides found in the
promoter region and other genomic regions. The latter
could be a hemimethylated or homo-methylated respect-
ively when on cytosine residues of only one strand or
both strands of the DNA are methylated. Methylation
could also occur-but to a lesser extent on the cytosine of
5'-CT-3" or 5'-CA-3" residues. DNA methylation im-
plies the dissociation of the DNA from transcription fac-
tors necessary for activity to the methylating enzymes
called DNA-methyltransferases. Some repressor proteins
have an affinity to methylated DNA, including MBD2,
MBD3, MeCP2, etc. DNA methylation thus controls the
transcriptional plasticity of a cell. Different variants of
DNA-methylation have been reported as etiologic events
harboring carcinogenesis and/or metastasis. Among
these are aberrant DNA hypomethylation (overexpres-
sion of oncogenic proteins; loss of imprinting), aberrant
hypermethylation (silencing of TSG), and genomic im-
printing (the expression of some genes depends on the
parent-of-origin) [155-157].

Histone modifications

In eukaryotes, DNA is primarily wrapped around (gene)-
regulatory proteins called histones. A nucleosome struc-
turally comprises 146 base pairs (bp) of DNA (approxi-
mately two turns) coiled around a pair of H2A, H2B,
H3, and H4 histones. H1, the histone linker, is used as
an anchor to stabilize some (but not all), nucleosomes.
The location and direction of DNA wrapping determine
the status of heterochromatin and euchromatin, thus
playing a role in both packaging DNA within the nu-
cleus and regulating gene expression. The N-terminal
tails of the core canonical histones protrude from the
nucleosomal particles and are sometimes subjected to
covalent post-translational modifications including
methylation, acetylation, phosphorylation, sumoylation,
ubiquitinylation, etc. All together, these modification
patterns are referred to as “histone code” which is one of
the control mechanisms of gene expression through al-
teration of chromatin structure. The modifications pre-
vent the transcriptional machinery from accessing DNA.
They mostly occur on specific amino acids (e.g., methy-
lation (Lys & Arg), acetylation (Lys), phosphorylation
(Ser & Thr), ubiquitination and sumoylation (Lys), ADP-
ribosylation (Glu)) [147, 158, 159]. Aberrant histone
modifications and beyond, i.e., oncohistones, have been
reported as associated with various cancer.
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Chromatin remodeling in cancer

In eukaryotic cells, the nuclear DNA is highly coiled and
kinked around histones forming nucleosomes (repeating
structural units of chromatin). The later process is for
efficiently packaging meters of DNA in a nuclear cell
compartment (active, inactive states of chromatin) and a
primary level of regulation to gene expression (limits ac-
cess to gene promoter and enhancer regions). Eu-
chromatin and heterochromatin are hallmarked by
epigenetic signatures on DNA and histones that allow
their structural organization. The heterochromatin (fac-
ultative and constitutive) constitutes the tightly com-
pacted and transcriptionally silent genomic regions,
while the euchromatin refers to the transcriptionally ac-
tive and lightly packed genomic regions. The RNA poly-
merase and transcriptional factors need to access genes
for their eventual expression to take place: tightly coiled
genes in chromatin are not accessible. To permit access
for the transcription machinery (RNA polymerase, tran-
scription factors...), in eukaryotic cells, the chromatin
“opens,” changing from its default state, hereby exposing
selective genes for expression. This dynamic complex
“opening” process that modulates the architecture of
chromatin to expose genomic DNA is called chromatin
remodeling, and it is of vital importance to the func-
tional homeostasis of eukaryotic cells. The process in-
volves various multiprotein complexes called chromatin
remodelers that use ATP hydrolysis to mobilize and
restructuration of nucleosomes. Thus remodelers play a
canonical role in exposing DNA for transcription, chro-
matin structure (default), DNA-repair mechanism, etc.
In general, access to nucleosomal DNA is made possible
by two (2) major classes of multiprotein complexes,
namely (i) covalent histone-modifying complexes (HATs,
HDACs, etc.), and (ii) ATP-dependent chromatin re-
modeling complexes for moving, ejecting, and restruc-
turing nucleosomes. CRCs refer to four structurally and
functionally distinguishable families in eukaryotes:
SWI/SNF, ISWI, CHD, and INO80. Histone modifica-
tion could favor chromatin “opening,” thereby giving
ways to a selective portion of DNA, which in turn
recruit RNA polymerase II. Various histone modifica-
tions have been correlated to chromatin activation
[149, 151, 160, 161].

Epigenetic modulations, nutrients, bioactive food
compounds, microbiota, and cancer

Defining cancer (etiology, diagnosis, and/or prognostic)
is not an easy task and sometimes depends on the ap-
proach-(es) used: it is a cellular disease, a genetic disease,
a metabolic disease, a chronic inflammatory disease, an
epigenetic (nutritional and/or not), a dysbiosis, etc.
These are not necessarily meaning different things. In
fact, it is a disease that is so complex that a good
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attempt to define it would merely with a multidisciplin-
ary approach [162-165].

A plethora of scientific reports suggested, based on in-
triguing evidence, that dietary components (nutrients,
bioactive compounds), their interaction with the gut
microbiota, could impact, through epigenetic modula-
tions, the pathways involved in gene expression. Al-
though a lot is yet to be discovered about the details of
the mechanistic interaction between nutrients/nutrients-
microbiota and the epigenetic events leading to patho-
genesis (especially tumorigenesis), deepening research
fields aiming to understand these mechanisms would be
a great advance to cancer research toward a novel thera-
peutic strategy.

Nutrients and other food components could modulate
their metabolic pathways and sometimes reshape the epi-
genome. They could mediate the phenotypic plasticity of
an organism through epigenetic mechanisms, namely
DNA methylation, histone modification, chromatin re-
modeling, etc. Therefrom, nutrients and other food com-
ponents could be said to play an important role in cancer
prevention, etiology, development, management, and out-
comes. The folate (By), choline, betaine, and vitamin B,
are among the most studied one-carbon nutrients, which
donate a methyl group to S-adenosylhomocystein, convert-
ing it to S-adenosylmethionine (the universal methyl
donor). The latter inhibits methyl-transferases that are re-
sponsible for DNA methylation and histone tails methyla-
tions. The over-take, normo-take, or insufficient nutrition
of one carbon donors have impacts on both gene expres-
sion (through epimutations) and the generation of epigen-
etic signatures to ensure the heritability of gene
expression patterns. As such, it is intimately linked to gene
expression patterns in developmental physiology and
pathological conditions like cancer. In cancer, the highly
proliferative cells require these micronutrients to feed
their DNA synthesis, methylations, and redox metabo-
lisms [166—168].

In both plants and animals, HATs/HDACs play a cru-
cial role in transferring a functional acetoxy—a group
from one organic molecule (donor) to another (ac-
ceptor). Acetylation and deacetylation are merely a re-
placement of an H-atom (in the accepting chemical
compound), by an acetoxy group (from the donor), and
the removal of an acetoxy group from an organic mol-
ecule for an H-atom substitute, respectively. Acetylation
usually occurs on the e-amino group of lysine residues
of histone tails, dissociating them locally from their nu-
cleosomes and freeing access to DNA to transcriptional
machinery, thus promotes gene expression. Conversely,
deacetylation reinforces histone-tails-nucleosomal inter-
actions that secure local DNA from transcription. In ani-
mals, various physiological functions require reactions
ranging from detoxifying xenobiotics to gene regulation
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via histone modifications. There is an intriguing dispar-
ity in the expression and activity of HATSs in normal and
cancer cells. Some oncogene’s expression during car-
cinogenesis and metastasis have been reported as associ-
ated with HATs overexpression and increased activity
(P300/CBP). Conversely, a high expression of HDACs
and activity (usually pairing with low HATSs expression
and activity) would consequentially silence expression of
tumor suppressors, thereby promoting progression of
tumorigenesis and metastasis [169-171].

A growing body of evidence suggests that some dietary
components (found in fruits, cruciferous plants, whole
grains, specific micronutrients, dietary fibers, etc.) have
modulatory effects on histones. In fact, the dietary sup-
ply of acetyl group donors would modify the intracellu-
lar/nuclear pool of acetate that in turn mediate histone
acetylation/deacetylation. A high nuclear pool of acetate
would promote acetylation. Like other epigenetic modu-
lation mechanisms, histone modifications starts right
from embryogenesis and dynamically continue/reshape
throughout the lifespan; thus besides environmental
stimuli, it could be influenced by mother’s diet right in
the womb and reversibly continues [172-176].

The microbiota refers to communities of commensal
microorganisms (~ 2 kg), living within animals’ gastro-
intestinal tract. It has been reported that the qualitative
and quantitative members of this microbial flora play a
very important role in homeostasis through their inter-
actions with their host. The conditions whereby a critical
balance of the desired floral community has been estab-
lished is known as eubiosis and is expected/reported to
be associated with health conditions. In contrast, dysbio-
sis (i.e., an unbalanced ratio of desired: undesired com-
munity members) is associated to various disease
conditions. Dietary components influence the diversity
and function of the microbial community, impacting the
thickness of the mucus (separating them from), protect-
ing the intestine. Eubiosis is usually reflected by thick
mucus size, while dysbiosis is associated to thin mucus
size [177-179]. Through their metabolisms (of dietary fi-
bers, bioactive compounds components of food, short-
chain fatty acids, etc.), and in concert with environmen-
tal cues, they produce bioactive compounds that could
initiate or promote epigenetic modulations and/or set
epigenetic signatures. In concert with the energy bal-
ance, the dietary composition and abundance dictate the
availability of certain nutrients, which are cofactors to
enzymes involved in epigenetic events. In other words,
they produced metabolites that could interact or provide
substrates for methyl-transferase (DNA, and/or histone
methylation/demethylation), HATs/HDACs for histone
acetylation/deacetylation, etc. Various bacterial species
among the members of the gut microbiota, depending
on the microenvironmental conditions, have been
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proven to produce oncometabolite, immunomodulatory,
“onco-reppressive,” or oncolytic metabolites that in turn
mediate ubiquitous epigenetic mechanisms [180-186].

Conclusions

A full comprehension of cancer right from its initiation
through metastasis would require a multidisciplinary ap-
proach that would eventually reveal its molecular etiology
and sets bases forestalling its molecular pathology. Pro-
gresses in cancer research mediate the breaking of fron-
tiers of many scientific disciplines down to a huge body of
interdisciplinary approaches wherein overlap life sciences
for a better understanding of the wishful organismal har-
monic states, their maintenance and their otherwise dis-
turbances that would potentiate carcinogenesis.

Molecular genetics elucidate that genetic defects
could, when they occur on genes of cell cycle check-
points, eventually potentiate unrestricted cell prolifera-
tion or oncometabolisms when a gene that encodes for a
crucial metabolic enzyme is defective. Conversely, CSC
and CSCP models broke the myth of evolutionary car-
cinogenesis by elucidating theoretical mechanisms hith-
erto unsuspected. Moreover, the epigenetic mechanisms
involved in cancer cells have been linked to the dietary
and energy balance which in turn harbor the dynamic
community and metabolism of the gut microbiota (pro-
duction of antioxydants, anti-cancer, oncometabolites,
onco-suppressive metabolites, etc.). Knowledge of these
multiple facets of cancer’s molecular etiology and path-
ology would better serve for drug design of an efficient
and effective personalized medicine.
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