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Introduction

Cancer remains a leading cause of morbidity and mortality
worldwide. The transformation of a normal cell into a malignant one
is a complex, multistep process influenced by a variety of intrinsic
and extrinsic factors. While the genetic and molecular underpinnings
of cancer have been extensively studied, there is increasing
recognition of the importance of the tumor microenvironment, the
human microbiome, and lifestyle factors in modulating tumor cell
behavior and response to therapy [1,2]. This review aims to provide
a comprehensive overview of the multifactorial nature of tumor
cell behavior, integrating recent insights from molecular biology,
microbiome research, and lifestyle medicine.

Molecular Transformations Preceding Clinically Detectable
Cancer

The journey from a normal cell to a clinically detectable cancer
involves a series of molecular events that often span years or even
decades. These transformations can be categorized as follows:

Genetic Mutations and Chromosomal Aberrations

*  Oncogene Activation: Protooncogenes such as KRAS, MYC,
and EGFR become constitutively active, driving uncontrolled
proliferation [3].

¢ Tumor Suppressor Gene Inactivation: Loss-of-function
mutations in genes like TP53, RB1, and BRCA1/2 remove
critical cell cycle checkpoints and DNA repair mechanisms [4].

e Chromosomal Instability: Structural and numerical
chromosomal abnormalities contribute to genomic chaos and
tumor heterogeneity [5].

Epigenetic Alterations

*  DNA Methylation: Hypermethylation of promoter regions can
silence tumor suppressor genes, while global hypomethylation
may activate oncogenes [6].

e Histone Modification: Changes in histone acetylation and
methylation alter chromatin structure and gene expression [7].

*  Non-coding RNAs: Dysregulation of microRNAs and long
non-coding RNAs influences gene networks involved in cell
proliferation, apoptosis, and metastasis [8].

Preclinical Lesions and Field Cancerization

*  Pre-malignant Lesions: Conditions such as adenomas,
dysplasias, and carcinoma in situ represent stages where
molecular alterations accumulate but invasive cancer has not
yet developed [9].

e Field Cancerization: Widespread molecular changes in
histologically normal tissue predispose to multifocal tumor
development [10].

Table 1: Key Molecular Events in Early Tumorigenesis

Functional

Molecular Event
Consequence

Examples

KRAS, EGFR mutations Uncontrolled

Oncogene activation i i
proliferation

Tumor suppressor TP53, BRCA1/2 Impaired DNA

loss mutations repair, apoptosis
DNA methylation MLH1 i i

. Gene silencing
changes hypermethylation
Chromosomal Aneuploidy, Genomic diversity,
instability translocations heterogeneity

Non-coding RNA
dysregulation

Altered gene

miR-21, HOTAIR )
expression

Adapted from references [3-8].

The Tumor Microenvironment and Microbiome

The tumor microenvironment (TME) is a dynamic ecosystem
composed of cancer cells, stromal cells, immune cells, extracellular
matrix components, and, as recent research has emphasized, the
microbiome [11].

Cellular and Non-Cellular Components of the TME

e Cancer-Associated Fibroblasts (CAFs): Secrete growth
factors, remodel the extracellular matrix, and promote
angiogenesis [12].

¢ Immune Cells: Tumor-associated macrophages (TAMs), T
cells, and myeloid-derived suppressor cells (MDSCs) can
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either suppress or promote tumor progression, depending on
their phenotype and activation state [13].

e Extracellular Matrix (ECM): Provides structural support and
regulates cell signaling, migration, and invasion [14].

The Microbiome and Its Influence on Tumorigenesis

*  Gut Microbiota: The gut harbors trillions of microbes that
modulate systemic inflammation, metabolism, and immune
responses [15].

*  Oncogenic vs. Protective Microbes: Certain bacteria, such as
Fusobacterium nucleatum, have been implicated in colorectal
cancer progression, while others, like Lactobacillus spp., may
have protective effects [16,17].

*  Microbial Metabolites: Short-chain fatty acids (SCFAs),
secondary bile acids, and other metabolites can influence
epigenetic regulation, immune function, and cellular
proliferation [18].

*  Tumor-Resident Microbiome: Recent studies have identified
unique microbial communities within tumor tissues, which may
directly modulate tumor cell behavior and therapy response
[19].

Microbiome and Therapy Response

*  Immunotherapy: The gut microbiome modulates the efficacy
of immune checkpoint inhibitors, with specific bacterial taxa
associated with improved or diminished responses [20].

*  Chemotherapy and Toxicity: Microbial enzymes can
metabolize chemotherapeutic agents, affecting their efficacy
and side effect profiles [21].

Table 2: Microbiome Influences on Cancer Development and
Therapy

Microbiome Factor Cancer Impact Therapy Implication

Fusobacterium Promotes colorectal May reduce
nucleatum cancer immunotherapy efficacy
. Anti-inflammatory, Potential
Lactobacillus spp. " y g
protective enhances therapy

Regulates epigenetics,
immunity

May sensitize to

SCFA production .
immunotherapy

Microbial B-
glucuronidase

Reactivates drug
metabolites

Increases chemotherapy
toxicity

Adapted from references [16-21].

Lifestyle Factors Influencing Tumor Cell Behavior
Lifestyle factors are increasingly recognized as key modulators of
cancer risk, tumor biology, and therapy outcomes.

Diet and Nutrition

e Pro-carcinogenic Diets: High intake of red and processed
meats, saturated fats, and refined sugars is linked to increased
cancer risk, partly through effects on inflammation and the
microbiome [22].

*  Protective Diets: Diets rich in fruits, vegetables, whole grains,
and dietary fiber are associated with lower cancer incidence,
likely due to antioxidant, anti-inflammatory, and microbiome-
modulating effects [23].

*  Obesity: Excess adiposity is a risk factor for multiple cancers,
promoting chronic inflammation, insulin resistance, and altered
hormone levels [24].

Physical Activity

¢ Anti-Tumor Effects: Regular exercise reduces systemic
inflammation, improves immune surveillance, and may directly
inhibit tumor growth via myokine secretion [25].

e Improved Therapy Outcomes: Physical activity is associated
with better tolerance to chemotherapy and improved survival
rates in several cancer types [26].

Tobacco and Alcohol Use

e Carcinogenic Effects: Tobacco smoke contains numerous
carcinogens that induce DNA damage and mutations. Alcohol
metabolism generates acetaldehyde, a toxic compound that can
also damage DNA [27,28].

¢ Synergistic Risk: Combined use of tobacco and alcohol
synergistically increases the risk of cancers of the upper
aerodigestive tract [29].

Psychosocial Factors and Stress

e Chronic Stress: Sustained psychological stress can suppress
immune function, promote inflammation, and potentially
accelerate tumor progression [30].

e Social Support: Strong social networks and psychological
resilience are associated with better cancer outcomes [31].

Tumor Cell Evolution and Heterogeneity
Tumors are not static entities but evolve dynamically under selective
pressures from the host environment and therapeutic interventions.

Clonal Evolution and Selection

*  Genetic Diversity: Tumors consist of multiple subclones with
distinct genetic and epigenetic profiles, resulting from ongoing
mutation and selection [32].

¢ Selective Pressures: Hypoxia, immune surveillance, and
therapy act as selective forces, favoring the survival of resistant
clones [33].

Intratumoral Heterogeneity

e Phenotypic Diversity: Subpopulations within a tumor may
differ in proliferative capacity, metastatic potential, and drug
sensitivity [34].

e Implications for Therapy: Heterogeneity underlies treatment
resistance and disease relapse, as minor subclones can expand
following therapy [35].

Tumor Evolution During Therapy

e Acquired Resistance: Tumors may develop new mutations or
activate alternative signaling pathways in response to targeted
therapies [36].

e Adaptive Therapy: Strategies that modulate treatment
intensity based on tumor response may delay resistance and
improve outcomes [37].

Integrated Perspective on Therapy Response

The interplay between molecular alterations, microbiome
composition, and lifestyle factors shapes tumor cell behavior and
therapeutic outcomes.

Microbiome-Therapy Interactions

*  Immunotherapy: Specific gut microbiota compositions are
associated with improved responses to PD-1/PD-L1 inhibitors
in melanoma and other cancers [20,38].

e Chemotherapy: Microbial metabolism of drugs such as
irinotecan can increase toxicity, highlighting the need for
personalized approaches [21].
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Lifestyle Interventions and Treatment Outcomes

Dietary Modification: Nutritional interventions can modulate
inflammation, immune function, and the microbiome,
potentially enhancing therapy efficacy [39].

Exercise: Physical activity during and after treatment is linked
to improved quality of life, reduced recurrence, and better
survival [40].

Personalized Oncology

Multi-omic Profiling: Integrating genomic, epigenomic,
microbiomic, and lifestyle data enables more precise risk
stratification and therapy selection [41].

Holistic Patient Care: Addressing lifestyle factors and the
microbiome alongside molecular targets represents a paradigm
shift in cancer management [42].

Conclusion

Tumor cell behavior is governed by a complex network of intrinsic
and extrinsic influences, including molecular transformations, the
microbiome, and lifestyle factors. Integrating these aspects into
cancer research and clinical practice is vital for advancing precision
oncology and improving patient outcomes. Future research should
focus on unraveling the mechanistic links among these factors
and translating this knowledge into personalized prevention and
treatment strategies.
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