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Abstract. Our review compares evolution of cancer in the
human body to the origin of new species from a common
ancestor organism with respect to the theory of Charles
Darwin. Moreover, the functional role of the
microenvironment as a selective pressure actively participating

tumor

in cancer progression is also demonstrated. Evolutionary
aspects of tumor growth and invasion from the point of view of
modern therapeutic challenges and opportunities in precision
personalized medicine are also discussed.

Increased incidence of oncological disorders poses a major
issue to public health worldwide. In particular, the incidence
rates have increased in most countries since the second half of
the 20th century (1). In recent years, cancer has become the
second leading cause of death globally after cardiovascular
diseases, responsible for approximately 9 million deaths per
year. Although significant effort has been spent in the
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development of new drugs and personalized therapeutic
approaches, which has raised high expectations and slightly
improved patient survival, we must admit that the war against
cancer has not yet been won (2, 3). It may be hypothesized that
all cancers undergo a complex process of natural selection —
similarly as described 158 years ago by Charles Robert Darwin
in his extraordinary publication “The Origin of Species by
Means of Natural selection” (4). Hence, evolutionary aspects
of cancer progression in individual patients can help us better
understand cancer biology and perhaps bring new therapeutic
strategies resulting in improved health care and survival rates.

Cancer: The Health Epidemic of the 21st Century

The increased incidence of cancer may be associated with
several factors including environmental pollutants and
changes in lifestyle. However, aging of the population is also
substantially correlated with the remarkable increase of
cancer burden observed in the population (5). Organisms have
developed sophisticated molecular mechanisms to repair their
damaged genes with reasonably high efficiency. This
represents an investment in the stability of the genome and
enables them to pass unaltered genetic information to the next
generation. Any failure at this stage can lead to vanishing of
affected genes from the population pool. When the repair
program cannot be successfully executed, alternative
machinery leading to cell death is preferred and rapidly
initiated. This important mechanism can also prevent the later
formation of clones from genetically altered cells — the
foundation of future tumors. Unfortunately, the efficacy of
this repair system significantly decreases with age. Of note,
a decrease of fertility is also noted at this stage in life
(roughly 55 years of age in humans). During the passing
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years, all active and proliferating cells randomly accumulate
mutations. This inevitable process results in the genetic
instability frequently observed in the elderly. Even in non-
dividing cells, for example in brain neurons, thousands of
mutations per individual genome can be detected in
octogenarians (6, 7). Therefore, it is not surprising that people
at a higher age (above 60 years) suffer from malignancies of
different nature and different biological behavior than do
younger individuals. Based on available data, it is possible to
interpret the remarkably high incidence of cancer in elderly
people as being a consequence of a developmental and
reproductive strategy of our species, Homo sapiens, where the
gene repair machinery is systematically reduced in the elderly
(8). If so, it is likely that many symptoms of aging such as
cardiovascular disorders, muscle sarcopenia, cognitive
problems and osteoarthritis are also associated with such a
genetic imbalance (9, 10).

A Short Introduction to Darwin’s Theory

The British biologist, geologist and naturalist Charles Robert
Darwin (1809-1882) left the port of Plymouth (United
Kingdom) on board HM.S. Beagle in 1831 and returned from
his trip around the world 5 years later. This journey ignited one
of the most prolific movements of modern evolutionary biology.
During the journey, the ship with Charles Darwin on board also
landed at the Galapagos, the remote volcanic archipelago
located in the Pacific Ocean, approximately 1,000 km from the
nearest coast of Ecuador. Although Darwin spent only 5
weeks in the Galapagos, it fundamentally shifted his view on
life on Earth and its diversity forever. Twenty-three years
after the return home of H.M.S. Beagle, Charles Darwin
published his evolution theory (https://www.britannica.com/
biography/Charles-Darwin) (11).

Briefly, Darwin described his hypothesis of the common
ancestor, whose offspring can vary during long periods of
time. These phenotypic variants are clearly visible evidence
of the developmental shift within a generation. If these traits
prove to be beneficial for survival in the context given by
the environment, they prevail, and a new species can be
established consequently. The bottleneck effect is an extreme
example of when the size of a population is severely reduced
due to a sudden change of external factors leaving behind a
small assortment of survivors. Darwin highly emphasized the
role of sexual reproduction as a tool for the spreading of new
phenotypes (traits) in abandoned environmental niche
leading to an increase in the diversity of life on Earth. When
reproductive isolation coincides with such newly occurring
diversity, species can be readily established. This can be
easily exemplified by the so-called Darwin’s finches from
the Galapagos. They remarkably differ in the shape of their
beaks. The shape of the beak arises from its function, which
is dependent on the predominant food type and its

availability in various islands of the archipelago. The
isolation of birds in remote islands well illustrated the
process of formation of new species. In terms of modern
molecular biology, all organisms have developed systems to
repair gene errors, but its efficiency is not faultless. When
mutation also affects the germ cells, it is carried through to
offspring (12). When it is beneficial to the organism
colonizing the distinct niche of the ecosystem, the mutation
is fixed, and new species are developed from the ancestor
(13, 14). Darwin’s explanation well elucidated the role of the
impact of the genotype, its effects on the position of the
organism in the ecosystem and also on the development of
new species (Figure 1).

The Genetic Heterogeneity of Tumors
and Natural Selection

Although lethal infections are considered to be the most
powerful natural selective forces, a similar selection
mechanism also operates in multiple types of cancer, such as
breast cancer, malignant melanoma, and acute lymphoblastic
leukemia (15-17). Therefore, it is not surprising that tumors
originally sensitive to a certain therapy frequently acquire
resistance. On the other hand, natural selection has also
resulted in several amazing outcomes including ourselves —
human beings — and in not entirely developed rudimentary
or atrophied organs, such as the mammae of male mammals.
Despite the suggested clonal origin of tumors, a clinically
manifested disease reveals remarkable cellular genetic
heterogeneity that is the principal expression of growth,
variation, differentiation and natural selection. Most
importantly, the initial transformation of a cell may occur at
the cancer progenitor or stem cell level and many of types
of cancer develop by transformation of tissue-specific adult
stem cells. Tumors, therefore, include therapy-sensitive cells
along with cells which demonstrate partial or complete
resistance (18, 19).

The robust large-scale modern genetic technologies based
on sequencing have allowed detailed mapping of even subtle
genetic alterations in tumors during the course of disease
progression (20). Outstanding genetic heterogeneity within
individual primary tumors has been observed in various cancer
types (21-23). For example, malignant melanoma is highly
heterogeneous at the single lesion level, and different stages
of tumor development also differ in their genetic profile (24).
It is very likely that this phenomenon is very common in
many solid cancer types (25, 26) and blood malignancies (27).
The comparative analysis of primary tumor and related
metastatic disease brings further evidence that only certain
genotypic variants from the source pool are successful in the
process of metastasis formation (28, 29). These observations
also explain the specific affinity of cancer cells originating
from distinct types of primary tumors for specific targets such
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Figure 1. Mutations are accumulated in cells including germ cells of the
ancestor organism (A) over time. When these mutations have a negative
effect on the organism (m—), it is usually not viable (STOP). The future
of organisms where mutations are beneficial (m+) depends on harmony
with other organisms in the ecosystem. Only beneficially mutated
organisms coexisting in harmonic balance with the whole ecosystem

maintain these mutations resulting in the development of new species
from the original ancestor organism.
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as the brain, lungs or liver, while other organs/tissues are
mostly not affected by tumor circulating/initiating cells (30).
The growth of genetic diversity during tumor progression
seems to be associated with either positive or negative
selection resulting in the establishment of aggressive
phenotype with metastatic behavior (31). In addition to
mutations, the participation of epigenetic modifications in
cancer cell heterogeneity has also been noted (32), but this
appears to be a non-Darwinian type of evolutionary approach.
Of note, other mechanisms may also participate in cancer
evolution since the degree of genetic diversity and number of
mutations seem to be too high (thousands) to be explainable
only according to Darwin’s theory (33).

Darwin’s idea of the evolution of macro-organisms as a
species (34) tempts us to project this concept to the
microscopic landscape of our own tissues in order to explain
the course of cancer progression. The genetic changes
accumulated in cancer cells, however, do not seem to be fully
sufficient to completely drive cancer evolution. Genetically
altered cells critically require complicated interactions with
their surrounding microenvironment. These direct or indirect
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Figure 2. Gene repair activity is significantly suppressed with increasing
age, which leads to formation of primary malignant tumors (A). The
genetic heterogeneity of primary tumor increases (B). New mutations
are extensively formed during tumor progression leading to the
beginning of cancer progression. Interactions within the
microenvironment support the growth of cancer cells with a distinct
genotype leading to successful tumor evolution and cancer
generalization (C). The advanced stages of disease including metastasis
can be genetically different from the initial stage of cancer. This
development is very similar to the Darwinian development of new
species, and the tumor cells with altered genotype forming a balanced
ecosystem with a tumor microenvironment are able successfully grow
to advanced stages of the disease.

interactions generate positive/negative selection pressures
applied to cancer cells with new mutations (35) (Figure 2).
Such a permissive microenvironment must support the growth
of genetically altered cancer cells, including cancer-initiating
cells with stem cell properties. Indeed, cancer stem cells as
found for example in acute lymphoblastic leukemia (see below)
vary significantly in their genotype and phenotype, which make
them a clinically elusive target (36). Every therapeutic
approach affects this cancer ecosystem and brings a new
stimulus, positively or negatively selecting cells to survive or
to die. This also clears the ecosystem and enables a better
chance for surviving cells to proliferate. This so-called tumor
evolution probably represents the crucial reason for the failure
of cancer treatment, including of modern targeted therapy.
These genetic alterations are well reflected by the
morphological heterogeneity of primary tumors (37).
However, pathological examination reflecting heterogeneity
of cancer samples as evaluated by conventional histological
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slides reflects only a short time period and, thus represents
an important limitation to the study of tumor evolution over
time. Here, self learning algorithms and digitalized tissue-
based diagnostics may help us to improve patient care using
automated analysis employing specific algorithms refining
the diagnosis and treatment through tailor-made therapies;
physicians should be aware about the ability to enhance their
work by supporting self-learning (i.e. without medical
control or interaction) digital tools (38-40).

Roles of Chromosomes in Development
of Species and Cancer Clones

It may also be speculated that cancer could evolve as a new
species of its own kind. The notion of a chromosomal role
in cancer development was postulated by Theodore Boveri
over 100 years ago (41). Current progress in molecular
genetics and biotechnology such as fluorescent in situ
hybridization, whole-genome profiling, comparative
chromosomal mapping and synthetic chromosome approach,
have allowed us a better understanding of the role of
chromosomes in cancer evolution (41-44). The arrangement
of genetic materials in eukaryotic cells is significantly
different from that of prokaryotic organisms in that it reflects
the evolution-dependent higher stability of eukaryotic
chromosomes and more complex regulation of gene activity
(45). However, the failure of the mitotic apparatus or
chromosomal structure or function can cause aneuploidy.
Although present in normal tissue, aneuploid cells are
genetically abnormal and frequently associated with many
types of cancer including breast, lung, prostatic, lung and
ovarian, and glioblastoma (46-49). Of note, aneuploidy,
mainly tetraploidy, frequently observed in cancer also seems
to be associated with ageing (50) and also plays a certain
role in stem cell biology (51).

The stability of chromosomes is associated with the
function of telomeres. Their failure is related to genomic
instability and potentially leads to initiation and progression
of cancer, as was noted in melanoma, glioblastoma and several
types of sarcomas but not yet in tumors of epithelial origin
(52, 53). Changes of chromosomal integrity, such as breaks,
translocations or deletions, can significantly influence gene
expression, including resulting in the formation of fusion
proteins that acquire new properties and can participate in
cancer initiation and evolution. These chromosomal
abnormalities can also influence the epigenetic regulation of
cell properties important for tumor biology. This cancer
heterogeneity can be detected by cytogenetic inspection of
cancer cells (54). In this context, evolution of tumor clones
has also been recorded during repeated long-term molecular
analyses at a single patient level (55). It is also well known
that ribosomal DNA repair is associated with the stability of
chromosomes. Accordingly, an inappropriate repair of

ribosomal DNA may lead to centromeric, pericentromeric and
telomeric instability, with important consequences related to
chromosomal aberrations also being responsible for tumor
heterogeneity (56).

In particular, aneuploidy is closely related to karyotype
instability and most importantly can separate several closely
collaborating or co-regulated genes. Most fatal consequences
are observed when chromosomal aberrations affect specific
locations encoding proteins responsible for synthesizing,
segregating and repairing chromosomes. For example,
among commonly observed chromosomal aberrations in
patients with chronic lymphocytic leukemia, the most
unfavorable prognosis is associated with the deletion of 17p
chromosome, which results in the loss of TP53 gene allele
(57). Soft-tissue tumors represent a large family from benign
to highly malignant lesions. The discrimination between
benign/semi-malignant and highly malignant tumors is
crucial for selection of appropriate therapy (58). MET proto-
oncogene (a member of the receptor tyrosine kinase family)
overexpressing myxofibrosarcoma is a common highly
malignant soft-tissue tumor. This tumor exhibits polysomy
of chromosome 7, which causes a high expression of MET,
leading to an unfavorable prognosis (59). However, as seen
during species evolution, only a small minority of mutations
acquire reproductive autonomy (54). Other examples
demonstrating the role of chromosomes in malignant disease
evolution are discussed below.

Cancer as an Ecosystem

The tumor is not an autonomous entity composed entirely of
genetically altered cells; it also contains numerous
genetically unaltered cell types. Collectively, all these
various cell types form a complex ecosystem (60, 61).
Cancer-associated fibroblasts (CAFs), immune and
endothelial cells, and other elements with their products,
including the extracellular matrix, reciprocally interact with
malignant cells within the tissue microenvironment and in
such a way influence the biological properties of tumors
(Figure 3). As space and nutrition are limited, normal and
cancer cells, including different cancer clones, complete with
each other, resulting in tumor evolution. All these factors
include, but are not limited to local aggressiveness and
metastasis formation in a cancer type-dependent manner (62,
63). Therefore, targeting the ecosystem/niche rather than the
cancer clone alone may have an important clinical
implication based on tumor biology. Specific molecules
targeting selected steps in angiogenesis, extracellular matrix
formation, CAF biology, several signaling pathways, growth
factors and the immune system were experimentally
considered to be effective in the modulation the tumor
microenvironment (TME), thus have been selected for
several clinical trials [reviewed by Gdl et al. (64)].
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Figure 3. A: Smooth muscle actin (SMA)-positive cancer-associated
fibroblasts (CAFs) as representatives of the tumor microenvironment are
present in the stroma (asterisk) of skin metastasis of malignant
melanoma. B: Malignant melanoma cells (arrow) express transforming
growth factor beta 1 (TGF-f1) which participates in stimulation of the
transition of fibroblasts to CAFs. C: While CAF's, M2 macrophages and
regulatory T-cells (T-reg) stimulate proliferation and invasiveness of
malignant cells (blue cell), CD8* T-cells, M1 macrophages and natural
killer (NK) cells inhibit cancer cells. The bar is 50 um.

Based on the knowledge of how cancer and non-cancer adult
stem cells interact with the microenvironment to remain
undifferentiated, it should not be a surprising finding that the
function of the TME is cancer-type unspecific. Accordingly,
CAFs isolated from cutaneous squamous or basal cell
carcinomas, malignant melanoma as well as breast cancer were
found to significantly influence the pattern of differentiation of
breast cancer cells; they acquired a more aggressive phenotype
(65). Similarly, CAFs isolated from malignant melanoma
significantly potentiated the invasiveness of glioblastoma cells
in an in vitro model (66). This progressive activity of CAFs
seems to be dependent on interleukin-6 and -8 signaling (67-
70), thus blockade of these pathways, for instance with a novel
class of drugs recently referred to as ‘migrastatics’ (71, 72),
bear certain promise in cancer treatment (67, 70). CAFs also

TCD8*
C

produce factors inhibiting anticancer activities of natural killer
(NK) cells and cytotoxic CD8" T-cells, and stimulate tumor-
supporting regulatory T-cells and M2 macrophages (73).

On the other hand, cancer cells can, under certain conditions,
be recognized and killed by immune cells also representing a
significant part of the TME (74). Viviparous individuals,
including humans, have developed a mechanism preventing
rejection of foreign tissue (embryo/fetus) by suppressing their
immune system (75). Hypothetically, such a mechanism might
also contribute to the reduced ability to effectively recognize
self malignant cells when compared to non-viviparous
organisms. Furthermore, the most intensive evolutionary
pressure on the development of our own immune system has
been mediated by contact with bacteria, parasites and viruses,
leaving little time to evolve to fight against cancer (76).
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Therefore, the recognition of cancer cells and their consequent
clearance by the immune system was recently improved by
application of targeted antibodies and by application of whole
activated cells (dendritic cells, CD8" cytotoxic T-cells) during
immunotherapy, which represents a recent reasonable clinical
option (77, 78). However, the primary lack of effect or later
acquired disease resistance to this therapy represents a serious
clinical complication frequently resulting in the failure of
treatment in individual patients (79).

Carcinomas: Wide Spectrum of
Mutations and Aberrations

An understanding of carcinoma development in evolutionary
terms is perhaps most effectively described by dividing it
into three basic steps. These are initiation of the tumor by a
key gene mutation at a single-cell level, followed by clonal
expansion into a multicellular neoplasm and its introduction
into the ecosystem of the organism. Statistical analysis of
numerous cancer types has determined a strong correlation
between cancer development, life time and the number of
normal stem cell divisions in a healthy tissue (80).

Lung cancer. Non-small-cell lung cancer (NSCLC) represents
a very good example of the most genetically diverse cancer
types. Here, detection of tyrosine kinase-activating epidermal
growth factor receptor (EGFR) mutations and anaplastic
lymphoma kinase (ALK) gene mutations by modern molecular
technologies has been well applied in clinical practice to select
distinct cohorts of patients for personalized first-line therapy
with EGFR (gefitinib) and ALK (crizotinib) tyrosine-kinase
inhibitors, respectively (81, 82). Although these mutations are
not present in all carcinomas (83), recent genome-wide
screenings have revealed that distinct, but different, genetic
abnormalities are typically present in other carcinomas, which
provides further opportunities to develop novel personalized
molecularly-targeted therapeutic strategies in an attempt to
improve the care of specific groups of patients (84, 85).

In addition to several specific gene mutations different for
small-cell lung cancer (SCLC) and NSCLC, both types of
lung cancer also involve a specific set of common numeric
and structural cytogenetic abnormalities. The latter include
non-reciprocal translocations and recurrent losses involving
chromosomes 1p, 3p, 6q, 9p, 11p, 15p and 17p, representing
changes in well known and also potential tumor-suppressing
genes (86, 87).

Pancreatic cancer. In the pancreas, familial cancer occurs
only approximately 5 years earlier than sporadic disease (88).
Pancreatic cancer may be considered as a robust example of
Darwinian evolution (89) and is characterized by three stages:
(i) initiation of the tumor by the acquisition of a driver gene
mutation in a cell of origin, (ii) clonal expansion of the

mutation-carrying cell into a multicellular neoplasm, and (iii)
introduction of the neoplasm into the TME (90). Among
many risk factors (alcohol, smoking, diabetes, obesity, efc.)
promoting pancreatic cancer development (91), the
mechanism by which obesity or type II diabetes induce a
chronic pro-inflammatory state and hyperinsulinemia are still
poorly understood (92). For example, hyperglycemia supports
epithelial-mesenchymal transition and stem cell properties in
pancreatic ductal epithelial cells (93). Over 90% of invasive
adenocarcinomas of the pancreas harbor oncogenic mutations
in Kirsten rat sarcoma virus (KRAS) (94). In this context, it
has been demonstrated that a high fat diet in association with
oncogenic KRAS activation increases the formation of
pancreatic tumors (95). As well as KRAS mutation, cyclin-
dependent kinase Inhibitor 2A (CDKN2A), TP53 and SMAD
family member 4 (SMAD4) are important candidates that may
lead to synergistic effects between mutations. Thus, improved
understanding of crucial driver genes that create a complex
tumorigenic network may lead to the development of new
targeted and immune-modifying therapies into current
treatment programs (96).

Furthermore, cytogenetic analysis of pancreatic
carcinomas have identified alterations in the form of gene
rearrangement or losses in following chromosomes, 1p, 3p,
6q, 8p, 12p, 16q, 17d and 18d. Importantly, chromosomes 17
and 18 carry the TP53 and deleted in colorectal carcinoma
(DCC) genes, respectively (97). Other examples represent
loss of chromosome 20, alterations of chromosome 8 and
amplification of ¢c-MYC oncogene (98). On the other hand,
the allelic loss of a locus at chromosome 3p25, which may
contain a novel pancreatic endocrine tumor-suppressor gene,
may represent a new potential marker of prognosis (99). Of
note, a nondiploid or aneuploid DNA content is usually
associated with advanced tumor stage and shorter survival in
patients with pancreatic cancer (100). However, to date, the
majority of chromosomal-specific changes identified in
pancreatic carcinoma are of a poor diagnostic value.

Colon cancer. In contrast to pancreatic cancer, in tissues with
much higher proliferation activity, e.g. the colon, genetically
familial cancer occurs even more than a decade earlier than
sporadic cancer (101). In addition to genetic mutations of a
single or a group of genes, other relevant mechanism may
also exist through evolution of new cell clones that are
inherently resistant to anti-neoplastic treatment, by a
mechanism called cell fusion (102). During this process two
cells combine their plasma membranes and become a single
one, possessing and retaining certain genetic information
from each parent cell (103). Cell fusion represents a very
effective way of rapid phenotypic evolution that gives rise to
cells with new properties at a rate that exceeds that of random
mutagenesis. For example, in colonic cancer, a number of
proteins, namely tetraspanin CD81/CD9, a disintegrin and
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metalloproteinase domain-containing protein 10 (ADAM10),
GTP-binding protein .13, radixin, myosin regulatory light
chain, and Ras homolog gene family, member A (RhoA),
were identified to play a role in the regulation of cell fusion.
More importantly, fused cells developed resistance to both 5-
fluorouracil and oxaliplatin (104).

Colorectal cancer represents one of the most frequent
types of malignant lesion with a characteristic spectrum of
cytogenetic aberrations. It has been shown that detailed
cytogenetical mapping can predict the response of specific
tumors to radiation therapy well. Namely alterations of
chromosomes 1p, 8p, 17p, 18q, 8q, 13q, and 20q, seem to be
clinically relevant (105).

Breast cancer. Breast cancer is another extraordinary
example displaying considerable inter- and intra-tumoral
genetic heterogeneity. Currently, it is accepted that no two
breast cancers are genetically identical, and that both primary
and metastatic tumors harbor a diverse set of genomic
alterations (106). For example, mutations of estrogen
receptor 1 (ER-a, ESRI) ligand-binding domain are present
at much higher frequencies in metastatic estrogen-positive
tumors from patients who have experienced relapse on
therapy with aromatase inhibitors (107). These included
highly recurrent genetic mutations of p.Tyr537Ser,
p.Tyr537Asn and p.Asp538Gly amino acids. Molecular
dynamics simulations have revealed that the structures of the
Tyr537Ser and Asp538Gly mutants probably involve
hydrogen bonding of the mutant amino acids with Asp351.
Such change favors the agonist conformation of the receptor,
leading to estrogen-induced transcription and proliferation in
the absence of hormone, and also reduced efficacy of anti-
estrogen treatment.

Chromosomal aberrations, such as chromosome 1q21.3
amplification has been established as a good prognostic
marker of cancer recurrence. This aberration affects
amplification of S100 calcium-binding protein (S100A)
family members, mainly S100A7, SI00AS8, and S100A9, and
IL1 receptor-associated kinase 1, which indicates
unfavorable therapy response (108).

Renal carcinomas. Although the complexity of chromosomal
aberrations has been comprehensively studied in
hematological malignancies, they can be also seen in solid
tumors. For example, cytogenetic inspection is very
important for diagnosis of chromophobe renal cell carcinoma
where loss of seven chromosomes (namely 1, 2, 6, 10, 13,
17, and 21) is typically observed. Furthermore, 31 somatic
mutations are being cytogenetically investigated to better
refine diagnosis and to improve individualized therapy and
prognosis (109). Of note, both methodological approaches
are also used for the indication for targeted immunotherapy
in renal cell carcinoma (110).

Melanoma: Mutation of B-Raf proto-oncogene, serine/
threonine kinase (BRAF) and chromosomal alterations.
The BRAF molecule is a member of the signaling cascade
transmitting signal from a membrane-bound growth factor
receptor associated with tyrosine kinase activity in the nucleus.
As a consequence of the signaling, receptor-dependent cell
proliferation is initiated. When BRAF harbors a set of distinct
mutations (e.g. BRAF V600E), the cascade is activated even
without the interaction of growth factor with the receptor (111,
112). Relevant to the context of this article, primary melanoma
lesions are heterogeneous and contain both BRAF-mutated and
wild-type areas (113). Vemurafenib, a small BRAF inhibitor,
successfully inhibits the activity of aberrant BRAFV00F in
cutaneous malignant melanoma and metastases (114).
Unfortunately, after frequently observed initial massive
reduction of tumor burden, disease progression is evident in
some patients. This phenomenon can be explained by acquired
resistance to the therapy (113, 115). The acquisition of
resistance in BRAFV9%F_mutated melanoma cells to small -
molecule inhibitors seems to be associated with a high activity
of CAFs and their supportive effect on malignant cells (116,
117). Fibroblasts isolated from the nonlesional skin of a
patients with BRAFV6OF melanoma at the stage of resistance
to vemurafenib exhibit great similarity to CAFs at both
morphological and molecular levels (118). This suggests a
systemic effect of the malignant disease, which can also be
observed in distant fibroblasts and may represent a mechanism
actively reshaping the normal tissue microenvironment into a
cancer-supporting one.

This phenomenon can also be demonstrated in photodamaged
skin. Normal dermal fibroblasts from the sun-exposed areas of
the body harbor multiple non-tumorigenic genetic mutations in
contrary to fibroblasts from sun-protected areas (119). These
cells acquire properties similar to CAFs. In such a predisposed
microenvironment, the ecosystem is permissive or even
supportive of cancer development. Consequently, invasion by
malignant clones or docking of circulating malignant cells
occurs. This niche also facilitates metastatic behavior and helps
cancer cells to endure and acquire resistance to therapy.

Numerous cytogenetical changes were also detected in
malignant melanoma that contrasts with negligible
chromosomal alteration in benign melanocyte lesions, where
amplification of 4ql12 chromosome, where the genes for
(platelet-derived growth factor receptor alpha (PDGFRA)
and for KIT (a member of the type III transmembrane
receptor tyrosine kinase family) are located (120).

Acute leukemia: Fusion of ETS variant 6 (ETV6)/Runt-
related transcription factor 1 (RUNX1), BCR (B-cell
receptor), RhoGEF and GTPase activating protein (BCR)—
proto-oncogene 1, non-receptor tyrosine kinase [Abelson
murine leukemia viral oncogene homolog 1 (ABL1)]
mutation and chromosomal aberrations. The evolution
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model posited by Charles Darwin may also be implicated in the
most frequently occurring childhood malignancy, acute
lymphoblastic leukemia (ALL). Firstly, it was suggested that
this cancer would be easier to study due to its quicker
development and genetic simplicity when compared for instance
to a carcinoma (15). Based on published data it is logical to
suggest that in many types of cancer, patients actually suffer
from several independent tumors derived from one clone (121).
Therefore, personalized treatment becomes trickier, since prior
to and during the initial therapy, new clones may develop that
may significantly differ in genetic aberrations. ALL represents
a good example onf the important role of the initiating
progenitor cells with stem cell potential, in which ETV6—
RUNXI gene fusion is expected to be an early or initiating
genetic lesion followed by a modest number of copy number
alterations (122). These are independently and reiteratively
acquired in tumor subclones of individual patients. Some
mutations are neutral or passenger, but in particular, mutations
involving ETV6, paired box protein 5 (PAX5) and CDKN2A
(p16) are highly recurrent and may be considered as functional
mutations since they encode protein with functions relevant to
leukemogenesis (123-125). Furthermore, a monozygotic twin
study revealed that after ETV6—RUNXI fusion, all subsequent
postnatal mutations were probably secondary functional
mutations which arose as a result of disease evolution (126).

On the other hand, the cancer stem cells of chronic
myeloid leukemia, in particular during the chronic phase, are
driven by a single fused BCR-ABLI gene with only little
genetic variability (127). Therefore, treatment with imatinib,
a specific tyrosine kinase inhibitor of ABL, c¢-KIT and
PDGFR, has high efficiency during the past almost two
decades (128). Thus, cancer heterogeneity, which fosters
disease evolution, is a key factor responsible for the release
of resistant subclones, and clearly correlates with the
efficiency of currently used treatment.

The important role of chromosomes in tumorigenesis,
subclone evolution and disease progression over time can
also be well shown in acute myeloid leukemia (AML) (129).
A highly specific subset of mutations common for de novo
AML was identified, while a distinct subset of mutations
commonly found in myelodysplastic syndrome progressing
to AML was identified in secondary AML (130, 131).
Somatic mutation studies in AML clonal evolution have
identified key early leukemogenesis-driving genes namely
DNA (cytosine-5)-methyltransferase 3A (DNMT3A), putative
polycomb group protein (ASXLI) and tet methylcytosine
dioxygenase 2 (TET2) in leukemia stem cells and progenitor
cells (132-134). Recurrent mutations in these genes together
with mutations of splicing factor 3B subunit 1 (SF3B1) and
splicing factor, arginine/serine-rich 2 (SRSF2) were
associated with clonal hematopoietic expansion in the
healthy elderly (135, 136). Based on preliminary data, it was
speculated that analogously to monoclonal gammopathy of

undetermined significance progressing to multiple myeloma,
the aforementioned clonal hematopoietic expansion may
progress to hematological malignancy at a very similar rate
(129). The importance of chromosomal aberrations for
precise AML classification is indisputable, as can be seen in
the World Health Organization classification of myeloid
neoplasms, which is predominantly based upon chromosomal
maturations (137). Moreover, sequencing in large cohort
patients with AML revealed gene patterns by which it was
possible to separate patients into 11 groups, each with its
unique clinical importance, prognosis and outcome (138).

Myeloma: Clonal evolution and tumor microenvironment.
Myeloma, sometimes referred as multiple myeloma (MM)), is
a blood cancer of fully differentiated plasma cells. Plasma
cell malignancies present an ideal model to show how firstly
genetic mutations drive tumor progression, followed by the
TME. Plasma cells arise from B-cells, which upon proper
stimulation in the germinal center become immature plasma
cells (139). Sequencing of immunoglobulin heavy-chain
variable region of myeloma cells revealed that the first
tumorigenic mutations emerge in the germinal center, where
two critical mutation-prone processes called isotype class
switching and somatic hypermutation take place (140).
However, these mutations including multiple trisomies were
observed not only in patients with MM, but also in patients
with monoclonal gammopathy of undetermined significance
and smoldering multiple myeloma (141). These dyscrasias
precede practically every MM case, thus it was suggested that
these genetic mutations are necessary but not sufficient to
drive myeloma transformation (142).

Sequencing studies in MM identified huge genetic
heterogeneity of myeloma subclones at diagnosis and five
mutated genes of likely pathogenetic significance,
specifically BRAF, KRAS, NRAS proto-oncogene, GTPase
(NRAS), TP53 and family with sequence similarity 46,
member C (FAM46C) (143-146). What is more is that other
studies showed that these mutations are acquired in a non-
linear fashion, which is typical of a complex ecosystem of
clones competing for survival (147, 148). In myeloma, such
an ecosystem is represented by the bone marrow, where a
supporting TME responsible for maintenance and evolution
of malignant subclones is present (142). Thus, new
therapeutic strategies are required to target such a huge
body-spread reservoir of malignant subclones.

Tumor and Wound Microenvironments:
Do They Express Evolutionary Similarities
with Implications in Treatment?

Organisms throughout the whole evolutionary tree differ
markedly in their ability to regenerate tissues and organs.
While for example, salamanders can regenerate a range of
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body parts throughout all stages of life, the regenerative
capability of frogs is restricted only to early stages of their
development (149). Similarly, mammalian adult skin wound
healing results in scar formation, but a fetus has the ability to
regenerate and restore the original architecture and function
of dermis (150). Recent studies have shown that reduced
inflammatory reaction in fetal wounds contributes to this
scarless healing (151). On the other hand, it is well know that
formation of keloids and hypertrophic scars is characterized
mainly for humans and results from chronic inflammation in
the reticular dermis (152). In this context, it is interesting that
some similarities between tumors and pathological scars have
been noted (153), including the positive role of an
inflammation-supporting micromilieu (154) resulting in
overproduction of immature collagen (155).

Growth factors from the transforming growth factor beta
(TGFp) family also have a characteristic expression pattern
in hypertrophic compared to scarless healing (156). Whereas
fetal healing is characterized by up-regulation of TGFP3 and
down-regulation of TGFf1 and -2, hypertrophic skin repair
also results from an inverse expression pattern of these
TGFpP molecules. Accordingly, prolonged presence of
activated a-smooth muscle-expressing fibroblast, so-called
myofibroblasts, can frequently be seen in hypertrophic scars
but only rarely in keloids (157, 158). Myofibroblasts play
very important functional roles in wound contraction and
substantially modulate biological properties of tumors (62,
64, 159-162). For example, using a breast tumor xenograft
model, it was shown that resident human mammary
fibroblasts were converted into cancer-promoting
myofibroblasts during the course of disease progression
(163). These CAFs acquired two autocrine signaling loops,
mediated by TGFf and stromal cell-derived factor 1 (SDF1)
cytokines, thus with remarkable similarities to myofibroblast
generation from local dermal fibroblasts in healing wounds
induced by TGFp1 (164).

Moreover, hypertrophic scars and keloids are also
considered benign tumors, thus they are in some cases
treated with chemotherapeutic drugs (165). Interestingly,
these cells also acquired a certain level of drug resistance
that is characteristic of malignant tumors. Scar fibroblasts
showed stronger resistance to both verapamil and etoposide
than normal fibroblasts. Furthermore, scar fibroblasts also
expressed more P-glycoprotein and multidrug resistance-
associated protein 1 (MRP1) than their normal counterparts
(166). However, down-regulation of the expression of drug
transporters or disrupting the drug transporter—actin filament
interaction was effective in reducing their resistance to
chemotherapy.

In the context of this article and evolution theory, it is
necessary to note that multiple in vitro and in vivo studies
revealed that there is a close correlation between
regeneration and generation of tumors. Studies comparing

tissue repair/regeneration with aspects of malignancy on the
molecular level revealed that these two processes do have
even more in common (70, 167). In particular, the
proliferative phase of wound repair is characterized by the
production of granulation tissue whose architecture is very
similar to that of tumor stroma. Here, fibroblasts produce
several cytokines/chemokines (e.g. IL6, IL8, CXCL1),
growth/adhesion regulatory galectins (e.g. GAL1) and
growth factors [e.g. vascular endothelial growth factor
(VEGF), TGFp, and epidermal growth factor (EGF)] that on
the one hand stimulate angiogenesis, and on the other hand
support the process of re-epithelization and maintain
proliferation of poorly differentiated epithelial cells (168-
171). Therefore, these data also suggest that cancer utilizes
phylogenetically older pathways reflected in the similarity of
both wound and tumor microenvironments.

Conclusion

Although, clinically available morphological, cytogenetic and
genome-wide expression analysis are available to monitor the
evolution of several cancer types at a single patient level,
application of the evolutionary theory may provide new
philosophical inspiration for further development of
personalized cancer treatment (172, 173). Malignant
genetically altered cancer cells together with the TME form a
functional ecosystem promoting the growth and spreading of
tumors. Therefore, targeting the TME rather than the cancer
cell itself may have an important clinical implication in
stopping tumor evolution in terms of acquisition of resistance
to the applied therapy or to the formation of distant metastases
and thus be the hallmark of personalized cancer therapy (174).
Sophisticated mathematical models of cancer progression
support the evolutionary concept that provides a better
understanding of the process of tumor development and
progression with all clinically relevant consequences (175). Of
note, the importance of cell fusion in cancer progression and
resulting chemoresistance in metastatic colonic cancer has also
been well demonstrated (104). Hence, specific selection
pressure applied to the cancer cells, including cancer-initiating
(progenitor/stem) cells, may influence therapy in the near
future. If so, novel anticancer treatments might effectively
target even resistant cancer cells (176).

Based on the presented data, it is not surprising that
chromosomal abnormalities, including numerical ones, also
participate in tumor initiation and intratumoral heterogeneity,
resulting in the evolution of tumors and metastasis formation
during disease progression. It explains the complexity and
speed of metabolic and functional changes typical of cancer
(177). Detailed analysis of malignant diseases on the
chromosomal level strongly supports the participation of
Darwinian and also Lamarckian principles in disease evolution
(15). The prevailing view that the evolution of cancer cells
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only follows Darwinian selection has never been rigorously
tested in all types of cancer. For example, a study of
hepatocellular carcinoma agreed well with the non-Darwinian
model, with no evidence of positive Darwinian selection (33).
Therefore, the question whether tumor evolution is dominantly
driven by Darwinian or non-Darwinian selection remains
open. A better understanding of all types of mutations and
their role in tumor evolution can help refine diagnostics and
open new horizons for cancer therapy.
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