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Abstract Epidemiological studies have shown that

70–90 % of all cancers are caused due to the chemicals

present in environment. Exogenous exposure to carcino-

gens and their interaction with genetic sequences and en-

dogenous factors, like exposures to products of metabolism

which lead to acute stress, disruption of hormones and

inflammation of tissues, are triggering factors. Due to

relatively small risk of cancer following immediate expo-

sure, the precise quantification of the burden of human

cancer attributed to environmental exposure remains am-

biguous, thereby leading to an assumption that a causal

relationship is relatively large. Research suggests that

90–95 % of all cancers have their roots in the environ-

mental effects on the DNA leading to genetic defects,

whereas only 5–10 % can be attributed to inherited genetic

defects. The hypothesis of the present review is that re-

sponse of the cells to the environmental stimulants could be

an evolutionary process of adaptation of the DNA. Car-

cinogenesis is considered as a process of adaptation of

mammalian cells to sustained stress environment (SSE) by

means of epigenetic alteration (EA) of the genome, muta-

tions which arise due to EA and finally, natural selection of

originated mutant cells evading apoptosis. Process of

adaptation to SSE involves the emergence of senescent

epigenetically reprogrammed cells with specific cancer-

related EA in the genome.

Keywords DNA damage � Environmental risk factors �
Epigenetic alterations � Genetic risk factors � Adaptive cell

environment

Introduction

Cancer cells are formed from normal cells due to a

modification/mutation of DNA and/or RNA. Cancer risk

is enhanced in people of old age and those with genetic

predisposition to mutations. Research estimates that as

many as 2 in 3 cases of cancer (67 %) are linked to some

type of environmental factor (NCI and NIEHS 2003).

These environmental factors collectively conspire with

internal genetic mutations to destabilize normal checks

and balances on growth and maturation, which in turn

lead to cancer (NCI and NIEHS 2003). Lifestyle activities

like smoking and excessive alcohol consumption also act

as risk factors (Anand et al. 2008). The causal risk factor

for cancer-related deaths include 25–30 % due to tobac-

co, 30–35 % due to diet, 15–20 % due to infections and

the remaining due to other factors like hormones, stress,

physical activity, environmental pollutants, and radiation

(Anand et al. 2008). Global cancer statistics suggest the

most frequently diagnosed cancers leading to deaths to be

lung, colorectal, stomach and esophagus without con-

sidering gender-associated cancers, like breast and pros-

trate (Jemal et al. 2011). Lung cancer, being the most

common cause of cancer-related death, is attributable

mainly to smoking habit and exposure to air pollutants

(López-Cima et al. 2013). This statistics prove the direct

co-relation of causal environmental risk factors and

cancer incidence.

Cancer risk appears to follow combinations of multi-

cellularity, cell replacement, genetic and epigenetic
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changes that occur over longtime (Crespi and Summers

2005). Therefore, identification and validation of chemicals

present in environment will have significant impact on

better understanding and management of cancer (Jamal

et al. 2012).

Cellular damage by environmental factors

Humans exist in a contaminant-rich environment; an indi-

vidual’s internal genetic makeup persistently interacts with

the environmental pollutants. External factors such as diet,

sunshine, viruses, bacteria, fungi, parasites, electromag-

netic radiation, microwaves, X-rays, gamma rays, ultra-

violet rays, cosmic, ultrasound and nuclear radiation lead to

some form of cellular damage (Boffetta and Nyberg 2003).

Exogenous factors and certain lifestyle practices trigger

certain endogenous processes such as inflammation. All

these factors lead to cellular oxidative stress, which causes

DNA damage and produces free radicals, creating an un-

healthy cell environment leading to tissue inflammation

(Uttara et al. 2009), which may lead to cancer by con-

tinuous exposure to carcinogens.

DNA damage, due to environmental factors and normal

metabolic processes, occurs at a high rate of

1000–1,000,000 molecular lesions per cell per day. While

this constitutes only 0.000165 % of the human genome’s

*6 billion bases (3 billion base pairs), unrepaired lesions

in critical genes (such as tumor suppressor genes, DNA

repair genes) can impede a cell’s ability to carry out its

function and thus appreciably increase the likelihood of

cancer formation (Lodish et al. 2004). Hence, cancer cells

are very similar to cells of the organs/tissue from which

they originated, but are rapidly dividing and their number

of divisions is not limited by telomeres on DNA, leading to

failure in regulating tissue growth (Colotta et al. 2009).

Activation/inactivation of certain genes propagates DNA

damage, leading to cellular damage, which enhances can-

cer development (Green and Lin 2012). The need is to

establish risk of substances in polluted environment which

has cascade effects like interfering in pathways that

maintain homeostasis and integrity of cells.

Carcinogenesis

Process of carcinogenesis

Carcinogenesis is a multi-step process: Cancer promoters

such as wounding or inflammation promote growth by in-

creasing local blood flow (Gillies et al. 2012). Following

promotion step, cancer growth is eventually slowed due to

substrate limitation, caused by the anatomic constraints

imposed by intra-ductal growth, triggering a cascade of

events like regional hypoxia, upregulation of glycolysis,

microenvironmental acidosis and cellular adaptation to

acid-induced toxicity (Gatenby and Gillies 2004). This

leads to cancer initiation which results from mutations that

weaken local tissue growth constraints, thereby conferring

a selective advantage (Vincent and Gatenby 2008).

Genes which regulate cell growth and differentiation are

altered, caused by DNA sequence mutations, gain of

function of proto-oncogenes, loss of function of tumor

suppressor genes and as well as by epigenetic alterations

(EA). Epigenetic deficiencies in expression of DNA repair

genes likely cause an increased frequency of mutations

(Bernstein et al. 2013). The dynamics of genetic and epi-

genetic gene silencing in response to environmental sti-

mulants vary. Somatic gene mutation leads to a block in the

production of functional protein from the mutant allele, and

if it confers a selective advantage to the cell, the cells

expand clonally to give rise to cancer, in which all cells

lack the capacity to produce a functional protein (Podlaha

et al. 2012), whereas epigenetically mediated gene silenc-

ing occurs gradually, beginning with a subtle decrease in

transcription, promoting decrease in protection of the CpG

island from the spread of flanking heterochromatin and

methylation into the island. This loss results in a gradual

increase in individual CpG sites, thus accounting for var-

iation between copies of the same gene in different cells

(Bartsch and Hietanen 1996).

These sequences of development are critical for evolu-

tion of the malignant phenotype, as the adaptive advantage

of a cell confers the ability to destroy other populations, a

necessary final step in carcinogenesis. This differs from the

conventional assumption that promotion and initiation act

by increasing cellular proliferation (Vincent and Gatenby

2008). The process of carcinogenesis, thus, is not only due

to cell proliferation, but rather due to a change in the ge-

netic configuration of the normal tissue’s adaptive capacity

leading to mutant cell populations’ growth and evolution,

in response to the environmental stimulants (Podlaha et al.

2012). The focus of the review is to list the roles of car-

cinogens present in daily usage substances and relate the

biological changes caused by them to a natural adaptive

mechanism.

Role of environmental carcinogens in carcinogenesis

Carcinogens present in environmental pollutants are basi-

cally classified into genotoxic and non-genotoxic (Ya-

masaki et al. 1992). Genotoxic-chemicals-induced

carcinogenesis involves direct chemical interaction with

DNA (carcinogens or activated pro-carcinogens). DNA

contains nucleophilic bases and, as such, is strongly at-

tracted to electrophilic compounds. Carcinogens such as
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epoxides, nitrogen mustards, nitrosoureas and nitrosamines

and, additionally, pro-carcinogens such as polycyclic aro-

matic hydrocarbons, aromatic amines, mycotoxins (in-

cluding aflatoxin) and, again, nitrosamines, may also act by

this mechanism (Belitsky and Yakubovskaya 2008). Con-

tinuous exposure to carcinogens creates a huge diversity of

DNA adducts like ethenobases, oxidized bases, alkylated

phosphotriesters and cross-linking of DNA (Povey 2000).

The replication of damaged DNA before cell division can

lead to mismatch base incorporation. Daughter cells that

inherit these wrong mismatch bases carry mutations from

the parental DNA sequence (Peltomäki 2001). Indirect

chemical interference with DNA occurs with anti-

metabolites such as purine and pyrimidine analogues,

which inhibit the synthesis of purine or pyrimidine bases

and therefore inhibit the synthesis of DNA. Intercalating

agents interpose between the strands within the grove of

DNA, thereby inhibiting its replication/transcription

(Belitsky and Yakubovskaya 2008), leading to accumula-

tion of DNA adducts. DNA exogenous damage include

UV-B light, which causes cross-linking between adjacent

cytosine and thymine bases creating pyrimidine dimers,

called direct DNA damage, and UV-A light, which creates

mostly free radicals (Berg et al. 2002). Low-level ionizing

radiation may induce irrepairable DNA damage (leading to

replication and transcriptional errors needed for neoplasia

or may trigger viral interactions) leading to premature

aging and cancer (Berg et al. 2002). Thermal disruption at

elevated temperature increases the rate of depurination and

single-strand breaks. The rate of depurination (300 purine

residues per genome per generation) is too high to be re-

paired by normal repair machinery (De Bont and van

Larebeke 2004). These damages to DNA lead to inactiva-

tion of DNA repair and changes in gene expression of

important genes leading to cancer-related EA in the

genome.

This reprogramming of DNA may be induced only by

continuous exposure to environmental pollutants by var-

ious mechanisms other than the ones mentioned above,

which include interference with enzyme control or enzyme

repair mechanisms, damage to the histone which may allow

unregulated or improperly controlled DNA replication,

immunosuppressant drugs and toxicants that depress the

immune system like viral infections that inhibit normal

DNA function and decreases natural killer cells (Belitsky

and Yakubovskaya 2008). Molecular biomarker studies

have suggested that effects of contaminant types and con-

centrations depend on individuals’ susceptibility to these

carcinogens; genetic polymorphisms may contribute to this

variability (Wogan et al. 2004). The list of the different

subclasses of environmental carcinogens and the biological

damage they cause, leading to cancers, is given in Table 1.

Sustained stress environment

During carcinogenic transformations, a sustained stress

environment (SSE)—cellular environment consisting of

persistent production of proliferative and stress-related

survival signals—is created, which may lead to cells gen-

erating mutations by themselves as a result of mutator re-

sponse, an error-prone cell cycle progression with

participation of error-prone polymerases and aberrant mi-

tosis (Karpinets and Foy 2005). This process gives rise to

arrested cells because of DNA damage or replicative se-

nescence. Stress-related survival signals induce a combi-

nation of intracellular proliferative signals and blockade of

apoptosis in the arrested cells, thereby disturbing cell cycle

arrest and activation of error-prone cell cycle progression

(Klein 2013). These changes, in combination with EA,

ensure the high adaptive potential modifications in the

genome of cancer cells, but mutations in the error-prone

replications of epigenetically reprogrammed cells are not

random. The process of adaptation to SSE involves the

emergence of senescent epigenetically reprogrammed (ER)

cells with specific tumor-related EA in the genome (Kar-

pinets and Foy 2005). Epigenetic reprogramming includes

(i) hypermethylation of tumor suppressor genes involved in

the onset of cell cycle arrest, apoptosis and DNA repair; (ii)

hypomethylation of proto-oncogenes associated with per-

sistent proliferative activity; and (iii) the global demethy-

lation of the genome and activation of DNA repeats. These

epigenetic changes in the proliferating cells associate with

their replicative senescence and allow the reprogrammed

senescent cells to overcome the cell cycle arrest and to

activate error-prone replications leading to trigger of Ras/

Raf/MEK/ERK pathway which is responsible for cellular

senescence in several cell types. Continuing replication of

some cells in SSE leads to their senescence in a way that

cannot be accomplished by cell cycle arrest, because, in

addition to the replicative senescence, these cells have

epigenetically silenced genes involved in cell cycle control.

p53 and p16 are important cell cycle inhibitors which un-

dergo epigenetic reprogramming in the form of hyperme-

thylation and transcriptional silencing due to SSE. Their

activity is indispensable to accomplish senescence by cell

cycle arrest; hence, inactivation of these genes prevents

cell cycle arrest and results in carcinogenic transformation

(Karpinets and Foy 2005).

Continuous DNA damage leads to increased rate of

mutations which are crucial components of carcinogenic

potential acquired after epigenetic reprogramming of the

cells in SSE, allowing the cells to easily overcome subse-

quent stresses imposed by cancer progression (Karpinets

and Foy 2005). Epigenetically reprogrammed transformed

cells are faced with a shortage of oxygen or nutrients
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induced by overcrowding and can easily express those

genes that increase their mobility and allow them to mi-

grate and proliferate in new environments (Bernstein et al.

2013). In this way, cancer cells acquire sequential spe-

cialized adaptations that confer metastatic capabilities. It

includes the expression of metalloproteinases, angio-

genesis, lymphangiogenesis and adhesion, which are of

beneficial nature to the natural selection and progression of

cancer cells (Klein 2013).

Inflammatory response to environmental
stimulants, a triggering factor

Inflammation is one of the natural immune responses of the

body, a complex biological process which has protective

functions against environmental infections and carcino-

genic chemicals (Jaiswal et al. 2000). Diet and lifestyle

play a role in inflammation contributing to the body be-

coming overly acidic. Cells function healthiest in a slightly

alkaline pH 7.34; hence, those chemicals are not recog-

nized as foods at an acidic pH, directly contributing to most

illnesses including cancer (Zavros et al. 2005), e.g.,

stomach cancer. Medical experts agree that pH balance is a

key factor in controlling inflammation. Even though many

DNA alterations occur for cancer formation, inflammation

is very important aspect of cancer in order to maintain

integrity and homeostasis in SSE cells.

Role of cytokines

Inflammation leads to production of cytokines which acti-

vate proliferative stress-related survival signals in the cells.

Proliferative signaling activates genetic pathways involved

in cellular replication and suppresses the activation of cell

cycle arrest and apoptosis (Jaiswal et al. 2000). Inflamma-

tory cytokines, can epigenetically activate or inactivate

certain genes. It causes DNA damage, triggers Myc/NF-jB

pathway and anti-apoptosis pathways like Bcl-2/IAP-1

which causes tumor formation (Ranson et al. 2003).

Role of IL-15

During chronic inflammation, IL-15 is present in high

amounts for prolonged periods; IL-15 binds to receptors

on the surface of normal large granular lymphocytes and

activates cancer-causing protein called Myc (Anand

et al. 2008). The high Myc levels bring changes that

cause chromosome instability, additional gene mutations

and also activate a process called DNA methylation,

which turns off a variety of tumor suppresser genes

(Mishra et al. 2012). These tend to stimulate the de-

velopment, survival and proliferation of natural killer

cells, i.e., one of the immune cells which help in de-

struction of cancer and virus-infected cells (Ranson

et al. 2003).

Role of NF-jB

Chronic inflammation precedes carcinogenesis. Most car-

cinogens and other risk factors for cancer have been shown

to activate nuclear transcription factor (NF-jB), a major

mediator of inflammation (Fan et al. 2000). The mechan-

ism of how it is mediated includes a cascade of steps:

Inflammatory markers such as cytokines (TNF, IL-1, IL-6

and chemokines), enzymes (COX-2, 5-LOX and matrix

metalloproteinase-9 [MMP-9]) and adhesion molecules

(such as intercellular adhesion molecule-1, endothelium

leukocyte adhesion molecule-1 and vascular cell adhesion

molecule-1) are activated and regulated by NF-jB (Fan

et al. 2000).

NF-jB has also been shown to control the expression of

other gene products linked with carcinogenesis such as

cancer cell survival or anti-apoptosis (Bcl-2, Bcl-xL, IAP-

1, IAP-2, XIAP, survivin, cFLIP and TRAF-1), prolif-

eration (such as c-Myc and cyclin D1), invasion (MMP-9)

and angiogenesis (vascular endothelial growth factor)(Fan

et al. 2000). Polymorphisms of TNF, IL-1, IL-6 and D1

genes encountered in various cancers are all regulated by

NF-jB (Ranson et al. 2003). Most chemotherapeutic agents

and c-radiation, used for the treatment of cancers, also lead

to activation of NF-jB, which has been linked with

chemoresistance and radioresistance. Mutations in genes

encoding for inhibitors of NF-jB have also been reported

(Wallace et al. 2010). Suppression of NF-jB inhibits the

proliferation of cancers by induction of apoptosis, inhibi-

tion of invasion and suppression of angiogenesis (Wallace

et al. 2010). All chemopreventive agents have been shown

to suppress NF-jB activation (Bharti and Aggarwal 2002).

An additional mechanism involved in cancer-related in-

flammation (CRI) is induction of genetic instability by

inflammatory mediators, leading to accumulation of ran-

dom genetic alterations in cancer cells (Anand et al. 2008;

Colotta et al. 2009).

Cellular evolution of cancer cells, a process
of natural selection

Emerging research indicates that reaction of cell to envi-

ronmental stimulants may be an evolutionary process of

adaptation for survival; therefore immune system cannot

detect cancer cells as they are derivatives of normal cells.

Population biology and evolutionary theory have demon-

strated how selective agents drive the somatic evolution of

cancer in promoting carcinogenesis. Most cancers exhibit a
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strong environmental component owing to the effects of

carcinogens and physiological factors (Anand et al. 2008).

Rapid changes in ecological traits, such as diet and lifestyle

might, therefore, drive increased cancer risk, as a result of

maladaptive mismatches between ancestral and current

environments (Crespi and Summers 2005). This evolu-

tionary potential of cells allows them to adapt to specific

microenvironmental selection forces. Normal epithelial

cells have a novel adaptive landscape that permits coex-

istence of normal cellular population and also allows in-

vasion by mutant phenotypes; cancer evolution is mediated

by cell–cell and cell–extracellular matrix interactions and

adaptations in response to perturbations in microenviron-

ment (Vincent and Gatenby 2008).

Cancers often develop in low-oxygen tissue environ-

ments before becoming vascularized, unfavorable for ef-

fective immune function (Crespi and Summers 2005).

Somatic selection of cancer is driven by differential

replication of cells that differ phenotypically as a result of

genetic mutation and epigenetic alteration (Crespi and

Summers 2005). This somatic evolution leads to adapta-

tions such as increased proliferation, angiogenesis and in-

vasion (Podlaha et al. 2012). EA in the genome imposed by

proliferative and survival signaling in SSE drives the

cancer development (Gatenby and Gillies 2004). EA

primes the cells for error-prone replications and provides

an epigenetic tag in the genome for beneficial mutations, an

adaptive strategy wherein the somatic cells of mammals

respond to SSE (Pepper et al. 2009). This plays an im-

portant role in the development of malignances and also for

creating varied susceptibility.

Research using the mathematical model for under-

standing tumorigenesis has also demonstrated the follow-

ing: Healthy tissue of multi-cellular organisms possesses an

adaptive cell environment that allows coexistence of non-

evolving normal cell populations. However, it also permits

invasion by fitter phenotypes. Thus, the potential for car-

cinogenesis is a natural ‘penalty’ incurred due to tissue

permitting multi-cellular function (Spencer et al. 2006).

Natural selection operates on the phenotypic variability

generated by the accumulation of genetic, genomic and

epigenetic alterations, like point mutations, deletions, gene

fusions, gene amplifications and chromosomal re-arrange-

ments (Podlaha et al. 2012). The natural selection of the

cells is accelerated by their continuing proliferation in

stressful environment, thus favoring the survival of mutant

cells leading to the emergence of transformed cells. This

process, being a natural selection, is the reason why cancer

cells are not very often detected by the immune system

(Maley and Reid 2005).

Cancer prevention by pharmacological interventions

reverses the process by inhibition of mutagenesis, oxida-

tive stress and inflammation by increasing the expression

of electrophile-detoxifying enzymes and antioxidant pro-

teins (Kwak and Kensler 2013). Anticancer drugs in-

cluding novel targeted therapies stimulate autophagy, an

evolutionarily conserved catabolic process which acts as

cellular housekeeper to eliminate damaged organelles and

recycle macromolecules, particularly during malignant

transformation and carcinogenesis, by inhibiting the

PI3 K/Akt/mTOR axis or altering genetic/epigenetic phe-

notype of cancer cells (Sui et al. 2013). Taxol, most

Fig. 1 ‘Carcinogenesis due to

continuous exposure to

environmental pollutants’, is a

natural adaptive mechanism of

the cell
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commonly used intervention, acts by stabilizing micro-

tubules and thereby arresting cycling cells in the G2/M

phase (Liu et al. 2012). Oleanane triterpenoids have a

strong inhibitory effect on an inflammatory response

leading to chemoprevention against chemical carcino-

genesis (Kwak and Kensler 2013).

Conclusion

This review is based on the current knowledge of the role

of environmental factors in carcinogenesis. Environment

pollutants present in daily routine needs are consistently

associated with development of cancer. They are the key

mediators for various molecular changes in the cells, in-

cluding DNA damage, mutation, gene silencing, epigenetic

changes. The chance that an individual may develop cancer

due to continuous exposure to carcinogens depends upon a

lot of factors which include addictiveness/response to rapid

change in environment, coevolution of pathogens, inflam-

mation and genetic susceptibility. It also depends on sev-

eral interacting factors like the longevity, frequency of

exposure to particular carcinogens and associated reactions

with other environmental agents like age, gender, health,

diet, hormonal imbalances, lifestyle practices like tobacco

and betel nut chewing, cigarette smoking, alcohol con-

sumption. Individuals differ in their susceptibility to these

carcinogens, and genetic polymorphisms may contribute to

this variability (Wogan et al. 2004).

Gene alterations contribute to individual differences in

susceptibility to cancer (Cancer and the Environment

2003). Random inherited mutations in a particular envi-

ronment cause some of the variations. This difference has a

chance of survival due to adaptive evolution, and so indi-

viduals’ cells will have better potential to survive accord-

ing to natural selection theory for development of cancer.

Pharmacological alterations to reverse the evolutionary

process adaptive to cancer cell growth will be of great

importance for the treatment after understanding the en-

vironmental mutagenesis.

We propose the hypothesis based on evolutionary con-

cept considering the underlying mechanisms that environ-

mental carcinogens mediate carcinogenesis in a cell,

through a process of natural selection adapted in the body

to combat the external changes, a gradual process of

adaptation, due to uncommon gene alterations at critical

regions of the genome (Fig. 1). Identification of significant

chemical substances present in environment and modifying

environmental factors in the adaptive landscape could

possibly have impact on prevention of cancer. We are now

entering a new era of cancer research in which patients may

be stratified for appropriate therapy on the basis of the

DNA damage response status of their tumor, rather than on

the tissue of origin (Curtin 2012).

Implication and evaluation of our hypothesis include the

following: Though environmental chemicals mediate in-

flammatory response leading to carcinogenesis, genetic

variations within the population are responsible for suscep-

tibility to cancer. This random inherent mutations, occurring

in a particular environment due to continuous exposure and

genetic susceptibility is a process of natural selection.

Future significance

Modifying environmental factors in the adaptive landscape

could possibly minimize cancer growth. For example, if the

landscape located at the cancer strategy value could be

changed from a positive to a negative slope, evolution

would tend to move the cancer cell strategy back toward

aerobic metabolism (Vincent and Gatenby 2008). This

might be accomplished by modifying the microenviron-

ment of the cancer by altering the pH, which could alter the

selection pressures in the adaptive landscape. Similarly,

induction of brief systemic acidosis (by vigorous exercise,

for example) might sufficiently alter the environment in

premalignant lesions to slow or revert the evolutionary

process (Mierke 2013). Pharmacological alterations in

cellular adaptations to the predicted sequence of environ-

mental changes may block evolution of the malignant

phenotype, e.g., drugs that block the Na?/H? anti-port

may reduce the ability of cells to adapt to acidic environ-

ments and halt the evolutionary process (Vincent and

Gatenby 2008). The future of pharmacology intervention

will be toward targeting the EA; this being a reversible

process will reverse the SSE created during carcinogenesis.

Pharmacological inhibition of individual components to

reprogram the EA may result in DNA demethylation and

complex disintegration leading to reversal through reset-

ting multiple processes (Tsai and Baylin 2011). Pharma-

cogenetics and pharmacogenomics are emerging fields that

aim to overcome the failure in routine pharmacological

intervention occurring due to individual genetic variability

and drug metabolic susceptibility. To conclude, there also

exists a natural selection mechanism within the cell which

could reverse the process of carcinogenesis, through any of

natural processes like autophagy. Profounding knowledge

about these mechanisms, learning the value of good life-

style practices like exercising, eating healthy and

strengthening mindset on a daily basis might enhance the

cell to turn into cancer-fighting machine.
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