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From Molecular Biology to Epithelial Carcinogenesis
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The theory of the origin of carcinomas suggests that neoplasias from epithelial tissues are the consequence of
the reactivation of developmental programs. It proposes a model in which the epithelial cells undergo cellular
transitions due to replicative senescence and inflammation towards a mesenchymal-undifferentiated
phenotype with cancerous behavior. The conserved pattern of histological progression and the molecular
biology of carcinomas is congruent with the view of cancer as a developmental disease. In support of the
theory, the experimental literature regarding the molecular, cellular, and histopathological mechanisms
associated with epithelial carcinogenesis were aligned according to the premises of the hypothesis. Thereby
identified a generic process in the carcinogenesis of the breast, endometrium, prostate, colon, lung, pancreas,
bladder, liver, and cervix. Then, is provided a methodology overview of modeling in systems biology derived
from previous research testing the hypothesis. The results illustrate the value of the complex systems
approach to recover behavior that cannot be inferred only by traditional methods. Specifically, the model
suggests that the consistency in the cell types and the directionality of the observed cellular transitions during
epithelial carcinogenesis arise from structural constraints in the molecular networks associated with the
carcinomas. Overall, the results of the dynamical analysis agree with the premises of the hypothesis and
provide an insightful perspective of the potential mechanisms underlying the cellular plasticity displayed
during epithelial carcinogenesis. In an era of big data and yet few advances in the underlying causes of
chronic diseases, the manuscript also aims to inspire molecular biologists to integrate existing empirical
evidence with systems biology modeling in the pursuit of understanding.
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Introduction

The incidence of carcinomas increases exponentially with age, especially in patients suffering from chronic
inflammation. The relationship between aging, inflammation, and tumorigenesis is traditionally understood
from the genetic point of view of cancer. In other words, aging and inflammation would increase the chances
of developing and accumulating random somatic mutations that eventually generate clones of epithelial cells
with cancerous characteristics !. In contrast, a painstaking examination of the histological progression of
carcinomas in adults suggests a robust pattern of cellular and molecular events that more closely resembles a
developmental process than an event generated by chance. Furthermore, the progressive nature of carcinomas
is supported by current histological analysis 2. Namely, carcinomas are preceded by atypical hyperplasia that
in turn progress from typical hyperplasia. The presence of atypia increases five-fold the risk of developing
carcinomas. Therefore, atypical hyperplasia is considered the precursor of carcinoma in situ (CIS), which in
turn increases 10 times the relative risk of developing invasive carcinoma. The carcinoma arising from the
CIS then progresses from low to high histological grade (G1-G2-G3). The latter is a classification that
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describes the cellular and nuclear characteristics of cells and stages its degree of differentiation 4. The overall
process is reminiscent of the intrinsic cellular plasticity displayed during embryo development °. Therefore,
events that result in their reactivation in the adult could organize the malignant transformation of the
epithelium and its dissemination, which outcome is the lethal metastatic disease. The hypothesis of the origin
of carcinomas proposes that the histological progression of carcinomas in adults is the result of discrete
cellular transitions undergone by aged epithelial cells in the hyperplasia due to replicative senescence and
inflammation towards a mesenchymal-undifferentiated phenotype with cancerous behavior °. In this
manuscript the hypothesis was rooted in a thoughtful review of empirical evidence from the carcinomas of the
breast, endometrium, prostate, colon, lung, pancreas, bladder, liver, and cervix. In addition, is provided an
overview of the methodology employed for the construction of a gene regulatory network (GRN) model for
epithelial carcinogenesis. The results of its dynamics and predictions were confronted with current evidence
in support of the hypothesis. The review also aims to illustrate that systems biology approaches to molecular
networks enables to recover a behavior that is useful to comprehend the complex process operating in
carcinogenesis.

1. The carcinogenesis of epithelial tissues
1.1. The dedifferentiation of carcinomas

Cancer that originates from epithelial tissue is called carcinoma and is the most common type of neoplasia in
humans. Up to 85% of cancer diagnosed in adults begins in the skin, breast, endometrium, prostate, colon,
lung, pancreas, bladder, liver, or cervix 7. In general, epithelial tissues are constituted by two types of cells,
the epithelial that line the surface of a tissue or organ and the mesenchymal located in the extracellular matrix.
At the microscopic level, they are composed of epithelial cells attached to the basement membrane, which
establishes an axis of apical-basal polarity and they communicate with each other through cell-cell
interactions. Below the basement membrane is the stroma, which is formed by the three-dimensional
extracellular matrix synthesized by the mesenchymal cells. Broadly, epithelia form specialized three-
dimensional structures adapted to their physiological function, as is the case with secretory organs ®. Hence,
most carcinomas are adenocarcinomas since they originate in the glandular tissue. In fact, the basis for their
histological grading is the formation of glands, being the well-differentiated or low-grade adenocarcinomas
when 95% of the tumor are glands (G1), while in poorly differentiated or high-grade carcinomas (G2-G3) less
than 50% is formed by glands. High-grade invasive carcinomas present desmoplasia, that is, a fibroblastic
proliferation that surrounds the tumor cells. During the progression of carcinomas occurs an inversion in the
ratio epithelium to the stroma. In other words, the content of mesenchymal cells and the expression of their
markers increase outnumbering the epithelial proteins. Moreover, the proportion of stromal content is an
independent factor of poor prognosis °-'2.

The natural history of cancers from epithelial origin indicates that aging and inflammation plays a major role
in the molecular and cellular events shaping the histological dedifferentiation and the progression of
carcinomas. Furthermore, the onset and the aggressiveness of epithelial carcinogenesis is tightly linked to
lifestyle factors. A risk factor is any attribute, characteristic, or exposure of an individual that increases the
likelihood of developing cancer. The duration and the intensity of the exposition to a risk factor influence the
chances for cancer development and the severity of the progression. Other than age, most risk factors for
cancer development are considered modifiable. From the critical revision of the carcinomas of the breast,
endometrium, prostate, colon, lung, pancreas, bladder, liver, and cervix is provided a prototypical set of
events that seem essential for epithelial carcinogenesis. For the sake of clarity, the detailed review of each
carcinoma is provided at the end of the manuscript (Box. 2). In the following, is presented the generic role of
aging, inflammation, and their relationship with lifestyle for sporadic cancer development.
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1.2. Generic events in the natural history of carcinomas

Epidemiological studies indicate the importance of lifestyle factors in carcinoma development. With the
exception of age, the modifiable lifestyle risk factors associated with epithelial carcinogenesis are obesity,
metabolic syndrome, hormone therapy, physical inactivity, western diet, smoking, alcohol consumption, and
certain infectious diseases 7 1*13. Therefore, sporadic carcinomas are considered lifestyle diseases where most
cases are associated with unhealthy habits or infections. Hence, the policy for cancer prevention focuses on
reducing the use of tobacco and alcohol, avoid obesity, the proper management of infections, and dietary
advice '°.

In this contribution, current knowledge was integrated to develop a global picture that links different yet
complementary areas of investigation. In a first approximation, the risk factors associated with carcinoma
development induce an endocrine profile that increases the levels of growth factors, cytokines, and hormones
17. 18 that generate the chronic proliferation of epithelial cells !> 2°, Hormones, growth factors, and cytokines
strongly synergize their inflammatory and mitogenic effects 2! 22, Most epithelial tissues are highly
susceptible to environmental influences and their chronic exposition induces inflammation and conditions
associated with benign proliferative disorders 2*2°. Therefore, in this theoretical framework, lifestyle
essentially modulates the rate of cellular aging and systemic inflammation .

Consistently, most carcinomas are diagnosed in the fifth decade of life and the higher frequency is reached in
the late seventies 2°. Regarding histology, the progression of carcinomas follows a pattern in which
adenocarcinomas in situ arise from atypical hyperplasia. Hence hyperplasias are considered the non-obligated
precursors of epithelial neoplasias. The diagnosis of atypia increases fivefold the risk of invasive
adenocarcinomas 26, which accounts for 80% of all invasive lesions 2’. Among the molecular and histological
changes occurring in hyperplasias is the increased expression of senescence markers 8. Then, their infiltration
with lymphocytes is a common observation in the progression into carcinoma 2° and the concomitant
reduction of senescent biomarkers 332, The loss of differentiation experienced by carcinomas during the
acquisition of higher grades of malignancy is accompanied by the diminution of epithelial histology %33 and
increased expression of mesenchymal ** and stem cell biomarkers 3. Final or advanced stages of carcinomas
are considered high grade with the presence of metastasis 3, which frequently affect the bone, lung, liver, or
brain and the prognosis is poor with a lack of response to palliative therapy 37-*°.

1.3. Cells involved in epithelial carcinogenesis

The set of transcription factors that regulate the gene expression, morphogenesis, and development of
epithelial tissues are the ETS (epithelium-specific) proteins. The conserved ETS domain allows direct binding
to promoter and enhancer regions of target genes crucial for the proliferation and the formation of cellular
interactions between epithelial cells *°. Among the 26 members of the family, the subgroup called ESE
proteins (ETS specific of epithelium) is reserved for epithelial tissues #!. These transcription factors are ESE-
1, ESE-2, ESE-3, and the PDEF (Prostate-derived Ets factor). Consistently, it has been found that the
silencing or downregulation of the ESE family of proteins is necessary for the loss of differentiation of the
epithelial phenotype and the generation of carcinomas .

In the case of hyperplasias, the affected epithelial tissues are enriched with the presence of senescent cells 2
43, 44 The molecular machinery of senescence involves the players of DNA damage response, such as the
ATM protein kinase (Ataxia telangiectasia mutated) 4, p53, and Chk2 (Checkpoint kinase 2) 6. However,
this cellular phenotype is characterized by the activity of the locus of the inhibitors of kinases
(Ink4b/ARF/Ink4a). This locus encodes three genes; the cyclin-dependent kinase inhibitor 2B (CDKN2A /
pl5), the cyclin-dependent kinase inhibitor 2A (CDKN2A / p16), and using an alternative reading frame of
p16 (ARF) is enabled the transcription of the ARF protein product of CDKN2A (p14) ¥’. The induction of
senescence recruits the polycomb proteins (PcG) to the locus Ink4b/ARF/Ink4a 3. Notably, the dissociation
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of the PcG proteins and the activity of the histone demethylases and methyltransferases play a major role in
the reconfiguration of chromatin and the transcriptional capabilities of senescent cells *°. Then, the
transformation of hyperplasias to carcinomas is characterized by a marked diminution of senescent cells 2% 43,
whereas in the late stage of carcinoma progression the most abundant cell type in the tumor
microenvironment is the fibroblasts. These cells account for the characteristic desmoplasia and
dedifferentiation of the high-grade carcinomas 3% 3. The set of transcription factors that seem essential in the
maintenance of these phenotypes are the Paired related homeobox 1 (Prrx 1), the paired-related homeobox
protein SHOT (Shox2), the AP-1 Transcription Factor Subunit (c-fos), the Snail Family Transcriptional
Repressor 2 (Slug), and the Twist family bHLH transcription factor 1 (Twistl) 2. However, according to the
expression of a-SMA these cells correspond with myofibroblasts, which possess cellular plasticity and
multipotency 3. During fibrogenesis or desmoplasia, the mesenchymal cells acquire traits of embryonic cells,
such as increased expression of the pluripotent marker the octamer-binding transcription factor 4 (Oct4),
hypomethylation, and turn highly proliferative 33-%.

Broadly, the epithelial, senescent, and fibroblastic cells, characterize and sometimes outnumber each step of
the histological progression of carcinomas, furthermore, intriguingly they are also involved in the spontaneous
immortalization of epithelial cells in vitro.

The study of primary cultures of normal epithelial cells has shown that eventually, they lose the luminal
phenotype and epithelial biomarkers to became senescent with the expression of p16. However, over the long
term, some senescent cells resume proliferation and adopt the morphology of fibroblasts, with the expression
of vimentin 8 7. Those studies indicate that normal epithelial cells can abrogate replicative cellular
senescence and become immortal in vitro but the process requires the adoption of the fibroblastic phenotype.
According to the premises of the hypothesis of the origin of carcinoma, both events, the in vivo and in vitro
transformation are the result of discrete changes in cellular phenotype driven by cellular aging and
inflammation ©.

1.4. Cellular transitions and epithelial carcinogenesis

The conversion of one cell phenotype into another of a different lineage is considered a cellular transition,
whereas the switch between somatic cell types through genetic reprogramming is also viewed as an event of
transdifferentiation. In this context, the process by which the epithelial cell undergoes replicative exhaustion
is considered the first cellular transition. Once senescent, the cell is prone to dedifferentiate into a
mesenchymal stem cell phenotype. Several studies in vitro provide evidence of the cellular transitions and the
molecular events driving the order among them. For example, the entry to senescence in the epithelial cells is
mainly the result of telomere attrition due to the steady proliferation for renewal and the maintenance of
functions of epithelial tissues %. In each round of cell cycle and DNA replication, the telomeric region is
gradually lost until the onset of the signal of genetic damage that originates the cell cycle arrest and the
acquisition of the phenotype replicative cellular senescence ¥. Telomere erosion is sensed as a DNA damage
response (DDR) ), thus, senescent cells show multiple DNA repair foci that are normally associated with
double-strand DNA breaks in their telomeres °'. One of the initial steps in the formation of those complexes is
the phosphorylation of the histone family member X (H2AX) by the ATM protein kinase (Ataxia
telangiectasia mutated) 4, which also activates the proteins p53 and Chk2 (Checkpoint kinase 2) 4. In turn,
p53 activates its transcriptional targets, such as the cyclin-dependent kinase inhibitor 1 (p21) 2, PML
(Promyelocytic leukemia protein) %, the locus Ink4b/ARF/Ink4a, and PcG 3.

The ATM kinase phosphorylates the NF-kB essential modulator (NEMO), which in turn, induces NF-kB
activity . The senescent cells eventually increase the secretions of cytokines, chemokines, growth factors,
and proteases ® which its expression was found to be coordinated by the transcription nuclear factor kappa B
(NF-xB) . The constant activation of the DDR increases the secretion of proinflammatory cytokines and
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ignite a positive inflammatory signaling loop, that has been associated with the perpetuation of the
proliferative signaling and the acquisition of mesenchymal stem traits 4.

Increasing evidence links inflammation over senescent cells with eventual epithelial to mesenchymal
transition (EMT) and the transformation from the flat cell phenotype into a fibroblast morphology and the
upregulation of the mesenchymal biomarkers . The capacity of the soluble mediators of inflammation to
induce EMT in cell lines derived from carcinoma has been reviewed extensively . The cytokines tumor
necrosis factor-alpha (TNF-a), the transforming growth factor beta (TGF-f), interleukin 1-beta (IL-1p), and
the interleukin 6 (IL-6) converge in the activation of the transcription factor NF-xB ®-7! which constant
stimulation upregulates the expression of Snail, Slug, Twist, Zeb and the Forkhead Box C2 (FOXC2). In turn,
the mesenchymal transcription factors repress the locus Ink4b/ARF/Ink4a and the ETS transcription factors to
stabilize the fibroblastic phenotype 7>74. The abrogation of cellular senescence by EMT generates
mesenchymal cells with the expression of the set of pluripotent genes, such as, SRY-Box Transcription Factor
2 (SOX2), the homeobox pluripotency transcription factor (Nanog), the octamer-binding transcription factor 4
(Oct4), the RNA-binding protein that regulates mRNA translation in embryonic stem cells (Lin28B), and the
neurogenic locus notch homolog protein 1 (Notchl) 7> 76, The process of EMT explains the cancer stem cell
phenotype 77, the resistance to chemotherapy 7 7, the immune system evasion, and the ability to induce
tumors and their heterogeneity %°. Overall, cellular aging justifies the entry of epithelial cells into senescence,
then cellular inflammation induces the EMT of aged cells into mesenchymal stem cells primed for cancer
behavior. According to the hypothesis of the origin of carcinomas, the progressive nature of carcinomas is
mirroring the spontaneous immortalization of epithelial cells in vitro, in other words, discrete transitions
between cell phenotypes (Fig. 1.).
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5-year survival rate 100% 99% 3%

Epithelial cells ESE-1, ESE-2, ESE-3, PDEF and E-cadherin

Cellular senescence pl6, p21, p53, NF-kB, IL-6

Inflammation COX2, NFKB, IL-6, TNFq, IL.-8 and TGF-f Iy
M 1 cells s Snail, Slug, Twist, Zeb and N-cadherin [
Stem cells I Nanog, Oct4 and CD44 [ ]

Fig. 1. Cellular transitions shaping epithelial carcinogenesis. The hypothesis considers that the persistent proliferation of epithelial tissues
to cope with the maintenance of their functions eventually generates an increased content of senescent cells (1). Then, hyperplastic
lesions are infiltrated by immune cells (2) that induce EMT of senescent cells in vivo (3). Cells that emerge acquire fibroblastic and
embryonic traits (4) and the ability to induce carcinomas. Bars illustrate the changes that characterize each process and its relative
abundance during carcinoma progression in the context of the histological stage (In Box. 2 the detailed review is provided). NE; Normal
Epithelium, SH; Simple Hyperplasia, AH; Atypical Hyperplasia, CIS, Carcinoma in situ, G; Grade.
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In this theoretical framework, lifestyle modulates the rate of replicative exhaustion of the parenchyma in
epithelial tissues. Therefore, these conditions lead to changes in epithelia that result in the histology
associated with hyperplasia and the entry of epithelial cells into senescence. The accumulation of senescent
cells in turn induces the infiltration of immune cells that allow the abrogation of senescence by EMT induced
by inflammation. Thus, explaining the association of the progression of the atypical hyperplasia with the
infiltration of immune cells. Hence, an increased burden of conditions fostering the mentioned cellular
transitions leads to progression into higher grades of dedifferentiation and explains the association of
mesenchymal and stem biomarkers with overall adverse prognosis °. In summary, emerges a plausible scheme
of the origin of carcinoma by a series of cellular transitions in vivo. Dynamic models are suitable to test this
type of hypothesis and helps to understand the concept of cellular transition since actually recover behavior
from molecular networks that cannot be inferred from traditional approaches. The following provides an
overview of modeling epithelial carcinogenesis with systems biology.

2. Cancer systems biology
2.1. Gene regulatory networks

The traditional approach to the molecular biology of cancer relies on linear descriptions of causality involving
a small number of elements. However, those strategies are insufficient to describe elaborated networks of
molecular interactions that exhibit non-linear dynamics. With tools of systems biology is possible to combine
the results of empirical experiments in networks to calculate and model biological relationships to gain an
understanding of the principles that operate during carcinogenesis ®'. In addition, cellular transitions are suited
for this type of analysis since the discrete change between cellular phenotypes is the result of the concerted
action of many genes . In a first approximation, cellular phenotypes are discrete entities originated from the
stable expression of a set of genes and a specific group of proteins that characterize their unique morphology
and functions. Another consideration is that transcription factors account for most of the gene expression
profile observed in a certain cell type since those proteins regulate massive transcriptional events and specify
the expression of genes associated with a cellular phenotype while repressing the activity of transcription
factors from other lineages. Furthermore, a large body of evidence showed that the ectopic expression of these
proteins is sufficient to induce the transdifferentiation of somatic cells by recruiting enzymes that result in
chromatin remodeling and the attainment of different cell phenotype with a stable epigenetic configuration.
Currently, is estimated that the human genome is organized by the activity of 1,500 transcription factors that
bind specific DNA regulatory sequences to enable the differential expression of the 24,000 protein-coding
genes to determine a specific transcriptome that generates approximately 200 unique cell types with different
functions and morphology 3.

Transcription factors that act collectively interacting with each other are also called gene regulatory networks
(GRNs) and are mechanistically linked with the organization of cell fates. Furthermore, these modules are
considered responsible for the differential gene expression during the process of developmental or cell
differentiation (Fig. 2.) ®. Since a biological system can be described as a network, to construct a GRN model
the knowledge from molecular biology is captured in nodes and its interactions in the form of edges. Hence,
the fundamental framework of systems biology is the graph theory in which the complexity of a biological
system is described, analyzed, and modeled using mathematical language ®'. Hence, it is possible to integrate
the actions of the molecular components of the GRN and to follow their dynamics to describe the biological
phenomenon from another perspective 8. Often, the molecular interactions translate into emergent properties
that correlate with cell behavior. This allows novel approaches for a deeper understanding of the mechanisms
by which GRNs coordinate stable phenotypes and the cellular transitions among them during the events of
differentiation or transdifferentiation 5. To construct a GRN model is preferred to consider mainly
transcription factors as the nodes and their type of interactions should reflect the reported molecular
regulation. The generated graph illustrates that regulatory interactions among the transcription factors impose
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constraints in the collective dynamics of gene expression. In other words, only a few gene expression patterns
are allowed in which the interactions of all elements are satisfied, and the system reaches equilibrium. These
steady states are called attractors and correspond to the gene expression profiles associated with a cellular
phenotype 3.

Cell type Genetic signature Gene regulatory network

Fig. 2. Cellular phenotypes correlate with a specific configuration of the GRN. Differentiated cells possess an epigenetic profile that
results in unique transcriptional activity. The transcription factors conform GRNs that organize the attainment of several stable states that
correspond with the gene expression profiles associated with every cell type. Therefore, a stimulus that increases the activity of key
transcription factors in the GRNs could induce a discrete switching between phenotypes and provides a theoretical foundation for cellular
transitions. GRNs for the study of differentiation and developmental events can be constructed from data from transcriptomic studies or
from molecular interactions of biomarkers that give the identity of the cellular phenotypes.

The term multistability refers to the ability of the GRNs to produce more than one attractor and its consistent
with the capacity of the genome to produce several cellular phenotypes from the same information. The
unstable states surrounding each attractor represent its basin of attraction and the complete set of possible
configurations of the GRN is called the state space ®. The boundaries between the basins of attraction
compartmentalize the state space and generate the epigenetic landscape. This substructure imposes dynamic
constraints that govern the temporal order of transitions between the attractors produced by the GRN.
Therefore, these models are useful for studying the processes of differentiation and development. Since each
cell fate is associated with an attractor, a cell transition would correspond to the change between attractors 84,
In this theoretical framework, the growth factors, hormones, cytokines, radiation, mechanical forces, or other
external or internal signals can disrupt the state of the GRN by inducing the activity of some nodes and could
lead to new basins of attraction and generate a change in the phenotype. Hence, changes in the GRN activity
induce cellular transitions and potentially modify the epigenetic landscape. Under this view, the cellular
plasticity operating during epithelial carcinogenesis is naturally embraced. The following section presents the
results of the dynamic modeling of the hypothesis using Boolean formalism.

2.2. Testing the hypothesis with Boolean formalisms

Boolean models are the simplest mathematical formalism for studying the qualitative temporal behavior of
GRNs and the effect of perturbations on their dynamics. Boolean models consist of a set of nodes whose state
is binary and is determined by other nodes in the network through Boolean functions (Box. 1.) . These
models are suitable for the evaluation of hypotheses and in a first approximation, every phenotype involved
with the process of epithelial carcinogenesis would be determined by a specific configuration of the GRN,
while the order of the transition between attractors could be associated with the directionality of the
progression.
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Box. 1. Overview of the construction of a dynamic model for carcinomas

Dynamical models of GRNs are effective in describing complex biological phenomena such as cancer
development. To generate a dynamic model for the study of epithelial carcinogenesis was necessary to
identify the molecular biomarkers that characterize the recurrent cellular phenotypes in the process and their
form of interaction based on experimental data. The information was then incorporated in the architecture of
the network that is composed of nodes, links, and their positive or negative modality of interaction (Fig. 3.)

___,®
TR
®—®

The data of the interaction between the nodes of the GRN is used as Boolean functions. These nodes can only
take the value 1 or 0 to represent whether the gene is expressed or repressed respectively (Table 1).

Table 1. Boolean functions

Totipotent ¢ Epithelial ¢ Mesenchymal ¢ Senescent 1r

(or) (or) (and) (not if)

Inputs  Output Inputs Output Inputs Output Inputs  Output
M S T T E E T E M M S S
0
1
1

0 0 0 0 0 0 0 0 0
0 1 0 1 0 1 0 1 1
10 1 0 1 0 1 0 0
1 1 1 11 1 1 1 1 0

In a Boolean GRN model the state of expression of each gene changes along time according to the dynamic
equation:

x () =S () =[x, x2,..., xN]

The solution of this equation is the movement of the state vector x in the N-dimensional gene expression state
space. Then, the GRN is modeled as a dynamic system to recover the attractor states which configuration
should be compared with the expected cellular phenotypes. The state space generates a characteristic
substructure that imposes restrictions on the dynamics of the network. This is compartmentalized by the
boundaries between the attraction basins and leads the unstable states towards the attractors (Fig. 4.).
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Fig. 4. State Space

With the use of a stochastic version of the Boolean model, it is possible to explore the order in which the
system converges to the different attractors. In this model, a constant probability of error ¢ is introduced for
the deterministic Boolean functions. In other words, at each time step, each gene disobeys its Boolean
function with probability &, according to the equation:

Pxi(t+l)[Fi(Xregi(t)]: 1 _5

Therefore, enables the study of the properties of the epigenetic landscape emerging from the interactions of
the molecular actors in the GRN and to understand the transitions between cellular phenotypes during
carcinogenesis. Hence, a cellular transition can be viewed as a switch of the system state that results in a
change of an attractor or the basin of attraction from another attractor (Fig. 5.).

Fig. 5. Epigenetic landscape

The GRN model of the hypothesis of epithelial carcinogenesis was conceived considering the molecular
players responsible for the epithelial, senescent, and mesenchymal phenotypes as well as the processes of
replicative senescence and EMT induced by proinflammatory cytokines. The dynamic analysis of the GRN
recovered three attractors that match the gene expression profile expected for the epithelial, senescent, and
mesenchymal cells (Fig. 6.a). Furthermore, the analysis of the epigenetic landscape revealed that the highest
probability of transition between attractors correlates with the temporal order postulated by the hypothesis. In
other words, the epithelial cells first become senescent, and from the latter emerges the phenotype of
mesenchymal stem cells that is proposed as the cell state with carcinogenic properties. Remarkable, the model
also suggests that the epigenetic landscape changes as a result of proinflammatory conditions, increasing the
basin of attraction of the mesenchymal phenotype (Fig. 6.b) .
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Fig. 6. Representation of the results from the Boolean model of the GRN of epithelial carcinogenesis. a) The model recovered three
attractors that matched the gene expression profile that characterize cells with an epithelial, senescent, and mesenchymal phenotype. b)
The analysis of the Epigenetic Landscape indicated that the most probable order of attractor attainment is epithelial, senescent, and
mesenchymal and that inflammation increases the basin of attraction of the mesenchymal phenotype.

The predictions of the model were consistent with empirical results, for example, a recent study on the effect
of inflammation on epithelial cells found that their incubation in the presence of IL-6 induces proliferation
and eventually cellular senescence. Then, in response to the increased concentration of cytokines, a positive
autocrine loop of inflammation is initiated, and cells emerge through induction of EMT with the morphology
of fibroblasts. These cells also showed the functional properties of migration, invasion, and sphere formation.
Furthermore, their exposure to high levels of inflammatory cytokines was a requirement for the maintenance
of stemness .

The model suggests that the generic series of cell transitions among the epithelial, senescent, and
mesenchymal cells governs the loss of differentiation during carcinogenesis as the emergent result of
restrictions in the endogenous GRN. In other words, provides a non-linear dynamic perspective of the
mechanism by which aging and inflammation induce carcinomas and the spontaneous immortalization of
epithelial cells. In a simple way, it suggests that aging and inflammation underlie the directionality of the
malignant transformation of the epithelia towards dedifferentiation and metastasis. Moreover, for the first
time provided a non-mutagenic explanation for the role of cellular senescence and chronic inflammation with
the emergence of sporadic carcinomas ®,

The model recovers well-known cellular phenotypes involved in carcinomas that were easy to correlate with
the empirical evidence available seven years ago, however, the attractors generated under conditions of
overexpression were hard to understand back then. For example, the simulation of constitutive cellular
senescence produced three attractors showing cellular inflammation and epithelial, mesenchymal, or hybrid
phenotypes respectively (Fig. 7.a), and with the simulation of overexpression of epithelial interactions, or
downregulation of inflammation the model recovered an epithelial phenotype (Fig. 7.b). Current evidence
clarifies the unknown attractors and highlights the predictive capacity of modeling. At present is well
characterized that the molecular events induced by senescence in epithelial cells are similar to a DDR
response and involve cellular inflammation °, hence matches the attractor of senescent epithelial cells. The
second phenotype predicted by the model is a senescent cell with mesenchymal biomarkers; a profile
observed in the elusive myofibroblast. Interestingly, these cells are detected in preneoplasic lesions, chronic
inflammatory conditions, and desmoplasia in carcinomas >* %°. Furthermore, ongoing understanding indicates
that most myofibroblasts emerge from EMT in those conditions °!. The third attractor produced by the
simulation of cellular senescence produced senescent hybrid phenotypes. Interestingly, this attractor emerges
also from the simulation of inflammation and growing evidence shows that cells responsible for tumor growth
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and cell heterogeneity in vivo display hybrid phenotypes. In other words, neither full EMT nor entirely MET,
but cells with multilineage properties are the most malignant °2. Consistently, senescence is now viewed as a
transient form of plasticity in which cells eventually resume proliferation and contribute to the morphogenesis
of tissues %3. Likewise, cells that undergo senescence experience epigenetic changes that make them prone to
stemness and to malignant transformation °*. Finally, the hybrid phenotypes and the malignant potential of
senescent cells are also in line with the notion that stemness is the result of transcriptional hyperactivity,
multilineage expression, and cell plasticity . Hence, cellular aging and inflammation link stemness to
malignancy, and by doing so, suggest the mechanistic basis for tumor reversion °.

a) b)

NF-kB

p16
Snai-2
ESE-2

& o o

Fig. 7. The simulation of senescence and epithelial interactions in the GRN model. a) Constitutive p16 activation recovers three attractors
with intracellular inflammation that matches the biomarkers present in the senescent epithelial cells, the myofibroblasts, and the hybrid
phenotypes with stem and malignant behavior. b) The simulation of epithelial interactions or downregulation of inflammation recovers
the epithelial phenotype and correlates with the mechanism of metastasis formation and recent empirical evidence of the reversion of the
malignant phenotype with anti-inflammatory agents.

The overexpression of epithelial proteins or ablation of inflammation in the model recovers attractors with an
epithelial phenotype. In this regard, growing empirical evidence has shown that exposure to high levels of
inflammation is a requirement for the maintenance of stemness and malignancy. Furthermore, the elimination
or reduction of inflammation restores the epithelial phenotype . A similar phenomenon was documented
with the endogenous inflammation at play during cellular senescence. Namely, the ATM kinase induces NF-
kB activity and confer mesenchymal stem traits %, but the suppression of its transcriptional activities restored
the epithelial phenotype %. In line with this evidence, recent studies found that changes in the
microenvironment enable the mesenchymal to epithelial transition (MET) of tumor cells and offers a
compelling understanding of the mechanism underlying the epithelial phenotype of metastasis °7 °%. The
process of MET is triggered by the interaction of cells with the parenchyma of the lungs and bones. At the
molecular level, the reversion of EMT involved the negative regulation of the mesenchymal transcription
factors product of the downstream signals of the microenvironment while the epithelial proteins are activated
9. 10 The modern conceptualization of the molecular, phenotypical, and dynamical changes that undergo
tumor cells during carcinogenesis is referred cellular plasticity. It became more accepted that the interplay
among microenvironmental cues, genetic or epigenetic alterations and treatment shapes cancer emergence and
progression. Furthermore, is considered that targeting cancer plasticity is a promising strategy that might lead
to novel anticancer treatments %!,

3. Conclusion
The last 50 years of cancer research have been characterized by a constant increase in the heterogeneity and
complexity of its cellular and molecular biology, so the search for generic patterns and the use of simple
Boolean models might seem counterintuitive. Although is well known that descriptive models are
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approximations and are essentially incorrect, as a proof of principle, the present manuscript showed that is
possible to capture understanding from a different perspective by sacrificing details and using tools from
systems biology. In addition, the thoughtful analysis of the histological progression of nine carcinomas
revealed a conserved process that might order the malignant transformation of epithelial tissues. In support of
the theory, the conserved pattern of histological progression and the molecular biology of carcinomas is
congruent with the view of cancer as a developmental disease. Moreover, the dynamical model, suggests that
the directionality of progression towards dedifferentiation and the formation of metastasis might result from
constraints in the GRN that govern the cellular transitions and their interplay with microenvironmental cues.
From a mechanistic perspective, supports that cancer cells mostly arise from senescent cells, and links
hyperplasia with cellular senescence and inflammation from a different angle. The model was consistent with
the premises of the hypothesis of the origin of carcinomas and proposes a basis for the emergence of
enigmatic entities such as the myofibroblasts and the hybrid phenotypes. Finally, the insights of the model are
accordant with the modern concept of cellular plasticity in cancer and indicate that cellular aging and
inflammation account for most events underlying carcinogenesis and suggest novel approaches for
antineoplastic therapy.
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Box. 2. Conserved process in epithelial carcinogenesis

Breast Cancer

Breast cancer is the leading cause of mortality from cancer in women. Epidemiological studies indicate that
the most relevant risk factors for the development of this carcinoma are age, obesity, metabolic syndrome,
hormonal therapy, physical inactivity, the Western diet, smoking, and alcohol consumption > **15. They also
point to the carcinogenic effect of chronic exposure to high levels of insulin, IGF-1, pro-inflammatory
cytokines such as IL-8, IL-6, leptin, and estrogens !” '8, The effects of this endocrine environment in the
glandular epithelium of the breast include increased proliferation and the production of pro-inflammatory
cytokines ' 2°. In addition, estrogen, growth factors, and inflammation generate synergistic effects on
proliferation and a positive loop in their own transcription 2! 22, The mammary gland is particularly
susceptible to environmental influences and inflammatory conditions, that in turn are associated with changes
in tissue that lead to breast diseases such as benign proliferative or inflammatory disorders 2*-?3. Progression
to breast cancer occurs frequently in the fifth decade of life, and 80% of diagnosed women possess an
associated risk factor. Although its clinical detection increases exponentially after menopause, the highest
point is reached at the average age of 79 2¢. Usually, patients under the age of 50 are diagnosed with low-risk
tumors whereas patients older than 70 possess high-grade carcinomas 2, In line with the progressive nature
of mammary gland carcinogenesis, atypical hyperplasias are considered precursors of ductal carcinomas in
situ. Moreover, the diagnosis of these hyperplasias is associated with five times increased risk of developing
invasive ductal carcinoma of the breast 2°. At the time of diagnosis up to 80% of breast cancers corresponds
with that histology ?’. Among the recurrent molecular and histological changes in the hyperplasias before
their progression to carcinomas is the expression of the markers of cellular senescence such as the p16 protein
28 telomere attrition, and lymphocyte infiltration 2% 3. In contrast, invasive carcinomas show an increase in
telomeric regions, telomerase reactivation 3!, and downregulation of pl6 32. Progression towards higher
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histological grades, also named the apocrine stages of invasive breast carcinomas are accompanied by the loss
of luminal histology and biomarkers of breast epithelial differentiation such as proteins ER, PR, and e-
cadherin % 3. The progression is also illustrated by the acquisition of hormone independence that
characterizes the triple-negative phenotype, the presence of metastasis, and the expression of mesenchymal
transcription factors, associated with the induction of EMT ** and with the gain of cancer stem cells markers
such as CD44 3. The cells that emerge from EMT display increased resistance to drugs, immunotherapy, and
radiotherapy . It has been shown that the repression of the mesenchymal transcription factor Twist is
sufficient to inhibit the ability of breast carcinoma cells to colonize the lungs *. In addition, cells with stem
cell markers derived from breast carcinomas generate tumors with histological heterogeneity of the original
mass ', Patients diagnosed with high-grade and metastatic breast cancers progress rapidly despite proper
administration of palliative therapy or chemotherapy. The prognosis is unfavorable, with an average relative
survival rate of 13 months 37. Metastases mostly affect the bones, lungs, brain, and liver 3%. However, the
presence of liver metastasis is associated with the worst prognosis with an estimated survival of one month on
average *.

Endometrial Cancer

Endometrial cancer is the most common invasive gynecologic neoplasm in women. The risk of endometrial
carcinoma is positively correlated with advanced age, obesity, estrogen use, polycystic ovary syndrome,
Western diet, and smoking ', The endometrium is very sensitive to estrogen levels and metabolic diseases
associated with obesity such as hypertension, diabetes, and dyslipidemia. In fact, the endocrine profile of
patients at risk of endometrial cancer is characterized by elevated levels of insulin, estrogens, EGF, IL-18, IL-
6, leptin, IGF-1, and hyperglycemia '°'97. This hormonal environment generates pro-inflammatory and
mitogenic effects in endometrial cells and eventually those patients develop proliferative endometrial lesions
such as hyperplasia and pelvic inflammatory diseases '%. Chronic exposure to these endocrine conditions
increases the risk for malignant transformation; on average, endometrial carcinoma is diagnosed at 61 years of
age. The highest incidence is reached at 79 years but obesity is associated with early endometrial
carcinogenesis; on average the diagnosis among this population is 50 '% ', The precursor lesion of
endometrial adenocarcinoma is the atypical endometrial hyperplasia, characterized by the expression of
biomarkers of senescence such as the p16 protein ''!. The gradual loss of biomarkers of senescence and the
infiltration of immune cells are associated with their progression to carcinoma ''> '3, In turn, the carcinoma in
situ of the endometrium; also called intraepithelial neoplasia, progresses in some cases in less than a year to
endometrial adenocarcinoma ''*. Among the molecular events associated with the progression of carcinomas
in situ is the gain in the expression and activity of telomerase, as well as the extension of telomeres !'>!'7. The
80% of sporadic endometrial adenocarcinomas show endometrioid histology !''*. However, they eventually
progress and generate metastasis that correlates with loss of differentiation and the negative regulation of the
hormone receptors, leptin, and E-cadherin * '"|, On the contrary, vimentin expression, mesenchymal
transcription factors, and cancer stem cell markers are increased. In endometrial carcinoma, EMT has been
associated with all events of progression ''°. Cells emerging from EMT show expression of the CD133
marker and have the ability to self-renew, migrate, and increased drug resistance '*°. When transplanted into
nude mice, they generate heterogeneous cell-enriched tumors that include populations with the mesenchymal
markers 2!, The 5-year relative survival rate for localized endometrial cancer is 95%; while women diagnosed
with advanced or recurrent disease have an unfavorable prognosis with a survival rate of 17%. The estimated
response rate for chemotherapy in advanced endometrial adenocarcinoma is 4 to 9 months. Typical sites for
metastasis are the pelvic lymph nodes, vagina, peritoneum, lungs, and less common the liver, bone, and brain
metastases 122124,

Prostate Cancer
Prostate cancer is the fifth leading cause of death from neoplasms and is associated with modifiable risk
factors that include obesity, androgen levels, the Western diet, consumption of processed meat and dairy
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products, sexually transmitted diseases, and smoking '?> 2%, These conditions propitiate increased circulating
levels of sex hormones, insulin, 11-6, and IGF-1 % '?7_ In turn, this endocrine environment induces
proliferation of the prostatic epithelial cells and enhances their secretion of growth and inflammatory factors
128130 Histologically, a hormonal environment related to the metabolic syndrome or in response to infection
induces prostatitis that is associated with the development of prostate cancer ' '3!. Like the rest of
carcinomas, age plays a crucial role in prostatic carcinogenesis; 80% of young patients show normal
histology, infection, or benign inflammatory processes in the prostate, in contrast up to 34% of elderly present
preneoplastic or neoplastic lesions. On average, prostatic carcinoma is diagnosed at 65 years '32, but, it is
estimated that by the eighth decade of life is present in half of men 3. The precursor lesion of prostate
carcinoma is benign prostatic hyperplasia, which progresses to prostatic intraepithelial neoplasia '3* that
increases 15 times the risk of being subsequently diagnosed with cancer '33. High-grade intraepithelial
neoplasia is characterized by the presence of cells with short telomeres '3, the expression of SA-B -Gal '%7,
pl4 and p16 38 However, its malignant transformation is associated with the infiltration of immune cells '*°,
a diminution of senescent cells 4, and the reactivation of telomerase activity 4" 142, Up to 95% of those
lesions could progress to a prostate carcinoma with a luminal phenotype '#, yet, eventually can
dedifferentiate and lose the biomarkers and architecture of the epithelia >3, The stages of high histological
grades are associated with EMT, increased expression of mesenchymal transcription factors, androgen
independence, and the presence of metastasis '“. The loss of differentiation of tumor glands is accompanied
by the expression of N-cadherin, immune evasion mediated by the enzyme indoleamine 2, 3-dioxygenase, and
the presence of regulatory T cells '%. In patients with prostate cancer on androgen deprivation therapy, the
EMT is associated with the development of hormone independence, drug resistance, the presence of stem cell
markers, and death from prostate cancer '“°. The protein CD44 is a biomarker of cancer stem cells produced
by the process of EMT in prostate cancer, relapse, the detection of distant metastases, and overall poor
prognosis 47 98 The 5-year relative survival rate for localized tumors is 100%, however, patients on
androgen deprivation therapy can progress, and the prognosis with metastatic disease is unfavorable with an
average survival of 14 months. The most common sites for prostate cancer metastases are lymph nodes,
viscera, and bones, being this last one associated with a more aggressive behavior '4°.

Colon Cancer

Colon cancer represents the second leading cause of death from cancer, and its development is linked with
lifestyle factors such as obesity, the Western diet, smoking, alcohol, and high consumption of processed meat
150 These habits generate an increase in the levels of insulin, leptin, IGF-1, glucose, and proinflammatory
cytokines '*!. Chronic exposure to high concentrations of IGF-1 2, IL-6 33, leptin '**, heterocyclic amines,
and saturated fats '** exerts a carcinogenic role in the colon. The epithelium of the colon is sensitive to the
proliferative effects of IGF-1 '2, and IL-6 '35, whereas saturated fats '*® and heterocyclic amines induce
damage due to the increase in the production of reactive oxygen species that generate proliferation to repair
tissue damage 'Y’. The chronic presence of unhealthy habits is associated with the development of
inflammatory bowel diseases such as colitis '*®, which can precede the diagnosis of colon cancer by up to 30
years '*°. The time of diagnosis is on average at 72 years, but 10% are detected before 55 and the highest peak
of diagnosis is reached at 88 '°. Of notice, diagnosis before 40 years of age is associated with a more
aggressive tumor biology '°! and a half patients diagnosed with hyperplastic polyps might develop colon
carcinoma within the same year *® 192, The expression of biomarkers of cellular senescence, the positivity of
the p16 protein, the infiltration of lymphocytes ''!, and the shortening of telomeres are common phenomena
as the atypia of the hyperplasias increases '%3. Upon progression is observed the recovery of the activity of the
enzyme telomerase '** and 90% of histological diagnoses corresponds with colon adenocarcinoma '8, Like
the rest of the carcinomas, eventually evolves to a higher histological grade with loss of glandular
architecture, the expression of E-cadherin, and other characteristics associated with differentiation '%. High-
grade entities overexpress the TGF-f3, SNAIL, Twists, and ZEB1 proteins that correlate with the presence of
distant metastases, cancer stem cells, and overall poor prognosis 17 Colorectal cancer cells that undergo
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EMT exhibit properties of mesenchymal stem cells and cancer stem cells, and express Snail, CD133, and
CD44 proteins. These cells are highly tumorigenic, metastatic, chemoresistant, and radioresistant !’ 172, In the
case of colorectal cancer, an overlap was reported between the genetic programs from those that emerge from
EMT and cells isolated as cancer stem cells '73. The prognosis of patients diagnosed with localized disease is
favorable, with a relative 5-year survival rate greater than 90%. However, patients will develop metastases,
70% of them in the liver due to the anatomical position concerning the portal circulation and the rest in the
lungs, bones, or the brain. The most unfavorable metastatic location for prognosis is the brain, with an
average survival of 5 months 74175,

Lung cancer

Lung cancer is the most common cause of death from neoplasms and the main risk factor is smoking;
however, in the case of non-smokers, the contribution of diet and occupational exposure to lung
carcinogenesis is greater !’6. Is reasonable that most mechanisms described for its malignant transformation
were elucidated using compounds present in cigarette smoke. Tobacco combustion produces at least 60
known carcinogens, most notably benzo (a) pyrene and 4- (methylnitrosamino) -1- (3-pyridyl) -1-butanone.
Carcinogens present in cigarette smoke induce DDR, detoxification, and inflammation in lung epithelia
associated with malignant transformation, apoptosis resistance, migration, and tumor growth !77-180,
Furthermore, cell culture show proliferation in response to damage induced by molecules from cigarette
smoke, as well as the production of interleukin 8 and the monocyte-attractant chemokine '77-'”°, Accordingly,
smokers eventually develop lung disorders characterized by constant inflammation such as chronic
obstructive pulmonary disease, emphysema, and pulmonary fibrosis, which increase the risk of lung cancer
181-183 Patients diagnosed with lung cancer are older than 65 years in 60% of the cases but the incidence peaks
by the age of 80 '*. Young patients are generally diagnosed with adenocarcinomas, while squamous cell
carcinoma is more common among the elderly '*°. The atypical adenomatous hyperplasia is considered the
precursor of lung cancer and both coexist in 36% of cases 3% 137, Pulmonary hyperplasia shows molecular
markers associated with cellular senescence such as the expression of the protein pl6 '8%, and telomere
shortening '®. Notably, the accumulation of senescent cells and infiltration of immune cells are considered
early events in their malignant transformation % ! and 85% of the lesions emerge as non-small cell lung
carcinoma 7. Tumoral progression is accompanied by the silencing of E-cadherin '°? and increased expression
of Twist and Snail. The process of EMT is also associated with tumoral production of the immunosuppressive
cytokines IL-10, TGF-B, the acquisition of mesenchymal histology, and an unfavorable prognosis '*3.
Moreover, cells of the lung epithelium that undergo EMT are capable of expressing Oct, Nanog, CD44, and
CD133 associated with cancer stem cells '**, tumor initiation capacity, and high metastatic activity 3 1%,
Lung cancer progresses aggressively and survival for patients with localized disease is on average 13 months
and 5 months for patients with metastases. The most common sites for metastasis are the nervous system,
bones, and liver, but hepatic metastases have a poorer prognosis with only 3 months of survival '%°.

Pancreatic cancer

Pancreatic cancer is the seventh leading cause of death from neoplasia and the main risk factors are smoking,
exposure to pesticides, obesity, and diabetes '*7. Smoking exposes the pancreas to polycyclic aromatic
hydrocarbons and nitrosamines '®. As a result of the chronic damage, the tissue overexpresses
proinflammatory pathways involving the cyclooxygenases, lipoxygenases, and the production of TGF-p,
TNF-0, IL-1, and IL-6 '8 Repeated proliferation and inflammation are contributing factors in the
development of chronic or autoimmune pancreatitis '*°. In fact, smoking is associated with histological
alterations in the pancreas, and the diagnosis of pancreatitis increases the risk for its malignant transformation
200 The average age of diagnosis is 71 years, however, among smokers drops to 56. Regarding histology, it
has been observed that patients under 58 usually have endocrine tumors, whereas patients older than 67 are
diagnosed with adenocarcinomas and mucinous tumors 2°'» 202, The precursor lesion of the pancreatic
adenocarcinoma is the pancreatic intraductal neoplasia, on average, its diagnosis precedes 2 years the
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detection of the carcinoma 2%. Frequent findings before the malignant transformation of the pancreatic
intraepithelial neoplasia are the expression of pl6, short telomeres, the infiltration of immunological
components, and changes in the stroma associated with inflammation 2%-205, Reactivation of the expression of
the enzyme telomerase is common in pancreatic carcinoma 2% and 95% display histology of ductal
adenocarcinoma 2%, Then, these lesions progress with loss of differentiation of cells epithelial cells, luminal
histology, and the negative regulation of E-cadherin 2*7. The adoption of high tumor grade is accompanied by
the presence of mesenchymal markers that predict poor prognosis 28, Furthermore, the expression of Snaill
and Zebl increase the number of cells with CD24 and CD44 related to the stem phenotype in pancreatic
cancers 2%, In murine models of pancreatitis, cells that undergo EMT exhibit stem cell properties 2!°, and cell
cultures of murine pancreatic cancer cells confirmed that mesenchymal transcription factors are essential for
the acquisition of the cancer stem cell phenotype and the formation of metastasis 2! 2!2, The global prognosis
for patients diagnosed with pancreatic cancer remains unfavorable with a 5-year relative survival rate lower
than 30% even when the disease is localized. Patients treated with first-line chemotherapy develop metastases
rapidly 2% and the relative survival rate at 5 years for metastatic disease is 4%. On average, survival for
patients with metastatic pancreatic cancer is 3 months and the most affected sites for the secondary masses are
the peritoneum, the liver, the lungs, and distant lymph nodes 2'4.

Bladder cancer

Bladder cancer is the thirteenth leading cause of death from neoplasia. Over half of cases are related to
smoking however, in endemic areas of Schistosoma haematobium, infections play a more relevant role for
bladder carcinogenesis 2'> 216, Occupational exposure and obesity are also important factors, yet most
knowledge of the process of malignant transformation in the bladder comes from studies in smokers or
parasitosis. Smoking is associated with elevated levels of methylated polycyclic aromatic hydrocarbon
metabolites and DNA damage. According to analysis, the epithelial cells of the bladder are exposed to the
aromatic amines of tobacco; such as 2-naphthylamine, 4-aminobiphenyl, and benzidine that increase genetic
damage and inflammation 2'7> 28, In the case of carcinogenesis due to schistosomiasis the presence of N-
nitroso compounds found in the urine of patients was related to mutagenesis 2'°. In addition, chronic exposure
to nitrosamines and immunological cells due to infection induces an environment prone to the malignant
transformation of epithelial tissue in the bladder. Increased levels of TNF-a, IL-6, and IL-1a lead to
proliferation, antagonism of apoptotic signals, angiogenesis, and remodeling of the extracellular matrix with
the secretion of metalloproteinases 2'7 22°. In fact, the resulting chronic cystitis is a risk factor for the
development of bladder cancer regardless of the etiology ??!. Transitional cell cancer is the predominant type
of bladder cancer in developed countries, while in endemic regions of the parasite is more common the
squamous cell carcinoma. On average, bladder cancer is diagnosed at age of 62, but the highest frequency is
presented at 89 222, Of notice, patients under 40 years of age generally have small, low-grade tumors 223. The
precursor lesion of bladder cancer is the urothelial hyperplasia and in some cases within two years develops
into neoplasia. As the atypia increases in the urothelial hyperplasia common changes in the molecular and
cytological features are an enhanced expression of senescence biomarkers such as the pl16 protein, telomere
attrition, and the infiltration of leukocytes 2*422°, Histological progression to in situ carcinoma is accompanied
by the reactivation of the enzyme telomerase 2>’ and 90% of tumors corresponds to urothelial histology 22*.
These carcinomas express E-cadherin but gradually evolve towards higher grades and loss the epithelial
differentiation 2?8, In contrast markers of mesenchymal proteins such as Twist and vimentin increase and are
associated with metastasis 2*°. The process of EMT in bladder tumor samples correlates with the expression of
CD44, CD133, BMII1, YAPI, hence with the presence of cancer stem cells but also with the number of
metastasis 23233, The prognosis for patients diagnosed with localized disease is favorable, with a 5-year
relative survival rate greater than 95%; however, in patients with metastatic disease, progression-free survival

is 7 months despite treatment. The tissues most affected by metastases are bone, brain, liver, and lungs 23323,
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Liver Cancer

Liver cancer is the fourth leading cause of death from malignant tumors; over 80% of cases are induced by
viruses or flatworms. The most important are infections with the hepatitis B virus, the hepatitis C virus, or
with the flukes of the species Clonorchis, Opisthorchis, and Fasciola. Other risk factors associated with the
development of hepatocarcinoma are hemochromatosis, exposure to chemicals or drugs, smoking, alcoholism,
obesity, metabolic syndrome, and diabetes 3% 23¢, The combined effect of chronic infection, chemical
exposure, or metabolic disorders causes cellular stress and oxidative microenvironment that enhances
proliferation and inflammation in response to tissue damage in the liver. The production of proinflammatory
cytokines such as IL-6, TNF-a, the activity of the transcription factors NF-kB and STAT-3 mediate liver and
immune system responses to fight infection and to activate the mechanisms of repair 2. In the case of
ethanol, its metabolization produces acetaldehyde, which is very toxic and carcinogenic. As expected, chronic
alcohol use causes liver hyperproliferation and transformation 2. Frequent exposure to risk factors causes
histological changes in the liver associated with hepatitis, fatty liver disease, or cirrhosis, which in turn
precede the development of hepatocarcinoma 2*°. Liver cancer is diagnosed after 45 years of age in 95% of
the cases, on average at 63 but the highest peak is reached at 83. At the time of diagnosis, 80% of liver
neoplasms exhibit the histological subtype of hepatocellular carcinoma, the rest correspond to intrahepatic
cholangiocarcinoma and less common varieties 2*°. The continuous proliferation in response to infection or
toxic chemical substances, generates a progressive telomere shortening 24!, activation of the INK4a locus, and
accumulation of senescent cells expressing markers such as the B-galactosidase and the heterochromatin foci
242 Those molecular changes, in turn, lead to cytological or architectural atypia known as high dysplastic
nodule grade. In half of the cases, this lesion then progresses into hepatocarcinoma within a year 243, The
malignant transformation of the high-grade dysplastic nodule is often accompanied by infiltration of the
immune system and cytokine production 2** and at this stage in hepatocarcinogenesis telomerase is reactivated
245 and pl6 protein is silenced 2. Up to 85% of diagnosed liver neoplasms are well-differentiated tumors
classified histologically as hepatocellular carcinoma 2#7. Upon progression to a high histological grade is
accompanied by the loss of normal morphological characteristics, including the E-cadherin whereas the
transcription factors associated with EMT such as Snail, Slug, and Twist are increased 2% 2¥°. The expression
of mesenchymal proteins correlates with the detection of circulating tumor cells, metastases, and a more
aggressive course of the disease 2> 2!, EMT induced by IL-6 derived from macrophages that infiltrate the
liver tumor promotes the gain of markers of cancer stem cells, invasion, and metastasis. These cells, which
possess the markers CD44 and CD133, predict drug resistance, tumor recurrence, and poor survival even after
successful surgery 2°% 233, Regarding the 5-year relative survival rate, for patients with localized disease is
30% whereas those diagnosed in stage IV is 3%. Metastasis mostly affects the bones, lungs, and brain, this
last one is associated with the worst prognosis with an average survival of only 5 months 234, In general,
cytotoxic therapy does not provide a significant survival benefit in patients with disseminated disease 2°> 2%,

Cervical cancer

Cervical cancer is the fourth leading cause of death from cancer. Lifestyle factors associated with an increased
risk for developing cervical cancer are smoking, human papillomavirus (HPV) infections, herpesvirus, and
hormone therapy. The main etiological agent of cervical cancer is HPV since 70% of cases are associated
with infection 27, Exposure of human cervical epithelial cells to the virus induces their proliferation, the
activation of COX enzymes, the production of inflammatory prostaglandins and Il-1a, IL-6, and the EGF 2%,
Persistent infection with HPV leads to low-grade squamous intraepithelial lesions that eventually progress to
invasive cervical cancer. Other viruses, bacteria, protozoa, foreign bodies, trauma, or chemicals are also
capable of inducing alterations in the epithelium that cause chronic inflammation and the remodeling of the
tissue associated with pelvic inflammatory diseases that can also progress to carcinomas 2°. On average, the
age of diagnosis is 50 years, and 80% of the cases occur in the range of 35 to 54 years. Up to 80% of the
patients present the histological subtype of squamous cell carcinoma and the rest of the cases correspond
mainly to adenosquamous carcinoma 2%, Cervical intraepithelial neoplasia is considered the precursor to
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cervical cancer 2°!. It is estimated that its malignant transformation process takes 20 years, but when

intraepithelial neoplasia is associated with HPV-16 infection, progression takes only 10 years 262,
Intraepithelial neoplasms present overexpression of the protein pl6 263 short telomeres, and lymphocyte
infiltration along with increased atypia 2. In contrast, carcinomas reduce the expression of senescence, and
telomerase activity is recovered 26> 2%, The progression of cervical cancer involves the loss of the epithelial
phenotype and the gain of expression of mesenchymal markers. Furthermore, in cervical cancer, the
expression of vimentin and EMT markers positively correlates with the grade of invasion, higher tumoral
grade 2%, the expression of the mesenchymal transcription factors Snail, Snai2, Twistl, the cancer stem cells
markers CD133, Oct4, Sox2, Nanog, and with the number of metastasis 2°*?7°, The prognosis of patients with
localized disease is favorable, with a 5-year relative survival rate greater than 90%; however, in patients with
metastatic disease, progression-free survival is 11 months despite treatment. The most common sites of
metastasis are bones, lungs, liver, and lymph nodes. However, hepatic metastases worsen the prognosis with
an average survival of 6 months 27!,
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