JOURNAL OF CANCER THERAPEUTICS AND IMMUNOTHERAPY
Jul-Dec 2025, VOL. 2, ISSUE 2, pp. 1-3
https://doi.org/10.61577/jctai.2025.100006

RESEAPRO

JOURNALS

REVIEW

OPENaACCESS

Carcinogenesis: Molecular mechanismes, risk factors, and emerging therapeutic

ta rg et
Amisha Biswal

Department of Biotechnology, MITS School of Biotechnology, Bhubaneswar, Odisha, India

ABSTRACT

Carcinogenesis is a multistep biological process in which normal cells transform into malignant ones
due to genetic, epigenetic, and environmental influences. This review explores the fundamental
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mechanisms of carcinogenesis, including the initiation, promotion, and progression phases. It delves

into the roles of oncogenes, tumor suppressor genes, DNA repair mechanisms, and the tumor
microenvironment. Additionally, the article examines carcinogenic agents such as chemicals,
radiation, and infectious organisms. Emphasis is also placed on emerging molecular targets and
therapeutic approaches in cancer prevention and treatment. Understanding the complex interplay of
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cellular and molecular events in carcinogenesis is vital for developing more effective cancer

diagnostics and interventions.

Introduction

Cancer continues to be among the primary reasons for illness
and death globally. Although progress has been made in early
diagnosis and therapy, the worldwide impact of cancer is still
increasing. Carcinogenesis, the transformation of normal cells
into cancerous ones, is key to comprehending cancer biology
and creating effective treatment approaches. It entails an active
interplay between genetic tendencies and environmental factors
that result in the conversion of a normal cell into a cancerous
phenotype.

The Multistep Model of Carcinogenesis

Carcinogenesis is commonly categorized into three overlapping
yet distinct phases: initiation, promotion, and progression.

Initiation

This stage includes permanent genetic alterations frequently
triggered by carcinogen exposure, resulting in mutations in vital
genes such as proto-oncogenes or tumor suppressor genes. DNA
damage happening during initiation may arise from direct
contact with mutagens or from the metabolic activation of
procarcinogens [1].

Promotion

During this reversible phase, activated cells are prompted to
multiply. Promoters don't directly induce DNA damage but
promote the clonal proliferation of mutated cells. Persistent
inflammation, hormonal influences, and specific dietary
elements frequently serve as contributors [2].

Progression

This concluding phase involves further genetic and epigenetic
changes that promote cell growth, invasiveness, blood vessel

formation, and spread to other sites. Genomic instability
becomes more evident, and tumor cells frequently develop
resistance to apoptosis and immune detection [3].

Molecular Mechanisms in Carcinogenesis
Oncogenes and proto-oncogenes

Proto-oncogenes produce proteins that play a role in cell growth
and survival. When altered, they turn into oncogenes,
promoting uncontrolled cell growth. Examples consist of RAS,
MYC, and HER2. Mutations can arise from point mutations,
gene amplification, or chromosomal rearrangements [4].
Tumor suppressor genes

Genes like TP53, RB1, and BRCA1/2 function as cellular
"brakes" to regulate growth and encourage DNA repair or cell
death. Loss-of-function mutations in these genes create a
conducive environment for tumor growth [5].

DNA repair mechanisms

Effective DNA repair mechanisms are crucial for maintaining
genomic stability. Deficiencies in mismatch repair (MMR),
nucleotide  excision repair (NER), or homologous
recombination repair (HRR) are associated with several
hereditary cancers, including Lynch syndrome and
breast/ovarian cancers linked to BRCA [6,7].

Epigenetic modifications

Epigenetic alterations, such as DNA methylation, modifications
to histones, and expression of non-coding RNAs, affect gene
expression without changing DNA sequences. Irregular
hypermethylation of tumor suppressor genes and overall
hypomethylation play roles in cancer development (Table 1) [7,8].
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Table 1. Overview of carcinogenesis: mechanisms, factors, and implications.

Category Key Components

Role in Carcinogenesis

Phases of Carcinogenesis  Initiation, Promotion, Progression

Genetic Alterations
genes (TP53, RB1), DNA repair genes
(BRCA1/2, MSH2)

Epigenetic Modifications

coding RNAs
Tumor Fibroblasts, Immune cells (TAMs, Tregs),
Microenvironment Extracellular matrix, Cytokines
(TME)

Carcinogenic Agents

Radiation: UV, ionizing radiation, Infectious

agents: HPV, HBV, H. pylori

BRCA1/2 (breast/ovarian), APC
(colorectal), TP53 (Li-Fraumeni)

Hereditary Syndromes

Molecular Biomarkers EGEFR (lung), KRAS (colorectal), HER2

(breast), PSA (prostate)

Emerging Therapies Targeted therapy, Immunotherapy

(Checkpoint inhibitors, CAR-T), Epigenetic

drugs

Prevention Strategies
HBYV), Early screening

Oncogenes (RAS, MYC), Tumor suppressor

DNA methylation, Histone modification, non-

Chemical: PAHs, nitrosamines, aflatoxins,

Lifestyle modifications, Vaccination (HPV,

Sequential stages leading to malignancy; initiation involves
genetic mutations, promotion involves clonal expansion,
and progression includes invasion/metastasis.

Mutations in these genes disrupt cell cycle control, DNA
repair, and apoptosis, promoting uncontrolled cell growth.

Modify gene expression without altering DNA; involved in
silencing tumor suppressors or activating oncogenes.

Supports tumor survival, immune
evasion, angiogenesis, and metastasis through complex
interactions.

External agents that initiate or promote carcinogenesis
through DNA damage, inflammation, or immune modulation.

Inherited mutations increase lifetime cancer risk; early
screening and prophylactic measures often recommended.

Aid in early detection, prognosis, and guiding targeted
therapies.

Personalized and molecular-based treatments showing
improved specificity and efficacy.

Essential for reducing cancer incidence and detecting
precancerous conditions early.

Role of the Tumour Microenvironment (TME)

The TME consists of cancer-associated fibroblasts, immune
cells, endothelial cells, and extracellular matrix components.
These elements interact with tumor cells to promote
angiogenesis, immune evasion, and metastasis. Chronic
inflammation and hypoxia in the TME further exacerbate
tumor  progression. For example, tumor-associated
macrophages (TAMs) often support tumor growth and suppress
cytotoxic T-cell activity [9,10].

Carcinogenic Agents
Chemical carcinogens

Chemical carcinogens can be classified as genotoxic (direct
DNA-damaging agents) or non-genotoxic (promoters of

proliferation). Examples include polycyclic —aromatic
hydrocarbons (PAHs), aflatoxins, and tobacco-specific
nitrosamines. Many require metabolic activation by
cytochrome P450 enzymes [11].

Radiation

Tonizing radiation causes DNA strand breaks and oxidative
stress, contributing to mutations and chromosomal
abnormalities. Ultraviolet (UV) radiation, particularly UVB,
induces pyrimidine dimers and is a major risk factor for skin
cancers [10,12].

Infectious agents

Oncogenic viruses such as human papillomavirus (HPV),

hepatitis B and C viruses (HBV/HCV), and Epstein-Barr virus
(EBV) are implicated in various cancers. These pathogens
interfere with cell cycle regulation and immune responses [13].

Lifestyle and environmental factors

Diet, alcohol consumption, obesity, and physical inactivity have
also been linked to increased cancer risk. Environmental
pollutants like asbestos and arsenic are well-established
carcinogens.

Genetic and Hereditary Factors

Approximately 5-10% of cancers are due to inherited genetic
mutations. Hereditary syndromes such as Li-Fraumeni
syndrome (TP53 mutation), Familial adenomatous polyposis
(APC mutation), and Hereditary breast and ovarian cancer
syndrome (BRCA1/2 mutations) significantly increase lifetime
cancer risk [14].

Emerging Biomarkers and Therapeutic Targets
Molecular biomarkers

Biomarkers for early detection and prognosis are critical.
Examples include KRAS mutations in colorectal cancer, EGFR
mutations in non-small cell lung cancer, and PSA in prostate
cancer [15].

Targeted therapy

Molecular understanding of carcinogenesis has led to targeted
therapies, including tyrosine kinase inhibitors (e.g., imatinib,
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erlotinib), monoclonal antibodies (e.g., trastuzumab), and
immune checkpoint inhibitors (e.g., nivolumab, pembrolizumab)
[16].

Immunotherapy

Harnessing the immune system to combat cancer has
revolutionized oncology. Checkpoint blockade, CAR-T cell
therapy, and cancer vaccines show promise in hematological
malignancies and solid tumors [17].

Epigenetic therapy

Drugs targeting DNA methylation and histone deacetylases are
used in certain hematological cancers, with ongoing research
into their broader application [18].

Prevention and Early Detection
Lifestyle modifications

Smoking cessation, weight management, physical activity, and a
balanced diet are key to reducing cancer risk. Vaccination
against HPV and HBV has shown significant success in
reducing virus-related cancers [19].

Screening programs

Screening tools such as mammography, colonoscopy, Pap
smears, and low-dose CT scans for high-risk individuals
facilitate early detection and improved outcomes [20].

Challenges and Future Directions

Despite progress, cancer heterogeneity, drug resistance, and
metastasis remain major challenges. Future directions include:
Precision oncology provides personalized cancer treatment
tailored to an individual's genomic and proteomic profile,
enhancing therapeutic efficacy and minimizing side effects.
Liquid biopsies offer a non-invasive method to detect
circulating tumor DNA (ctDNA), enabling real-time
monitoring of cancer progression and treatment response [21].
Nanotechnology enables targeted drug delivery and advanced
diagnostic tools, improving treatment precision and reducing
systemic side effects in cancer therapy. Artificial Intelligence
(AI) enhances diagnostic accuracy and optimizes treatment
planning by analyzing complex medical data with greater speed
and precision [22].

Conclusions

Carcinogenesis is a complex, multistep process driven by
genetic mutations, epigenetic changes, and environmental
exposures that transform normal cells into cancerous ones.
Understanding these mechanisms is crucial for improving early
detection, prevention, and treatment strategies. Advances in
molecular biology have revealed key pathways and biomarkers
involved in cancer development, enabling the rise of
personalized medicine. As research progresses, targeted
therapies and precision oncology offer promising approaches to
reduce cancer incidence and improve patient outcomes,
marking a significant shift toward more -effective and
individualized care in oncology.

Disclosure statement
No potential conflict of interest was reported by the authors.

References

1. Vincent TL, Gatenby RA. An evolutionary model for initiation,
promotion, and progression in carcinogenesis. Int J Oncol.
2008;32(4):729-737. https://doi.org/10.3892/ij0.32.4.729

2. Barrelet A, Ricketts S. Haematology and blood biochemistry in the
horse: a guide to interpretation. In practice. 2002;24(6):318-327.
https://doi.org/10.1136/inpract.24.6.318

3. Kaestner B, Spicher K, Jaehde U, Enzmann H. Effects of sorafenib
and cisplatin on preneoplastic foci of altered hepatocytes in fetal
turkey liver. Toxicol Res. 2017;6(1):54-62.
https://doi.org/10.1039/c6tx00342g

4. Dang CV. Oncogenes and proto-oncogenes: General concepts.
Oncogenes. 1989:3-24. https://doi.org/10.1007/978-1-4613-1599-5_1

5. Asiri AM, Al Ali, Abu-Alghayth MH. Retraction in process:
Understanding the Role of Genetics in Tumour and Cancer Biology.
Adv Life Sci. 2025;12(1):35-48. http://dx.doi.org/10.62940/als.v12i1.3334

6. Goyal G, Fan T, Silberstein PT. Hereditary cancer syndromes:
utilizing DNA repair deficiency as therapeutic target. Fam Cancer.
2016;15:359-366. https://doi.org/10.1007/s10689-016-9883-7

7. Spry M, Scott T, Pierce H, D’Orazio JA. DNA repair pathways and
hereditary cancer susceptibility syndromes. Front Biosci. 2007;
12(4191420713). https://doi.org/10.2741/2380

8. Sadeghi-Amiri L, Barzegar A, Rafiei A, Amjadi O. An overview of
the epigenetic modifications of gene expression in tumorigenesis.
Res Mol Med. 2018;6(3):1-9. https://doi.org/10.18502/rmm.v6i3.4606

9. De Visser KE, Joyce JA. The evolving tumor microenvironment:

From cancer initiation to metastatic outgrowth. Cancer cell.

2023;41(3):374-403. https://doi.org/10.1016/j.ccell.2023.02.016

Lawler J. Introduction to the tumour microenvironment review series. J

Cell Mol Med. 2009;13(8a). https://doi.org/10.1111/1.1582-4934.2009.00843.x

. Nohmi T. Thresholds of genotoxic and non-genotoxic carcinogens.

Toxicol Res. 2018;34:281-290. https://doi.org/10.5487/TR.2018.34.4.281

Narayanan DL, Saladi RN, Fox JL. Ultraviolet radiation and skin

cancer. Int ] Dermatol. 2010;49(9):978-986.

https://doi.org/10.1111/j.1365-4632.2010.04474.x

13. De Gruijl FR. Photocarcinogenesis: UVA vs. UVB radiation. Skin
Pharmacol Appl Skin Physiol. 2002;15(5):316-320.
https://doi.org/10.1159/000064535

14.Nagy R, Sweet K, Eng C. Highly penetrant hereditary cancer
syndromes. Oncogene. 2004;23(38):6445-6470.
https://doi.org/10.1038/sj.onc.1207714

15. Dufty MJ. Tumor markers in clinical practice: a review focusing on

common solid cancers. Med Princ Pract. 2012;22(1):4-11.

http://dx.doi.org/10.1159%2F000338393

Yamaoka T, Kusumoto S, Ando K, Ohba M, Ohmori T. Receptor

tyrosine kinase-targeted cancer therapy. Int ] Mol Sci. 2018;19(11):

3491. https://doi.org/10.3390/ijms19113491

Peterson C, Denlinger N, Yang Y. Recent advances and challenges in

cancer immunotherapy. Cancers. 2022;14(16):3972.

https://doi.org/10.3390/cancers14163972

Myasoedova VA, Sukhorukov V, Grechko AV, Zhang D,

Romanenko E, Orekhov V, et al. Inhibitors of DNA methylation and

histone deacetylation as epigenetically active drugs for anticancer

therapy. Curr Pharm Des. 2019;25(6):635-641.
https://doi.org/10.2174/1381612825666190405144026

Demark-Wahnefried W, Jones LW. Promoting a healthy lifestyle

among cancer survivors. Hematol Oncol Clin North Am.

2008;22(2):319-342. https://doi.org/10.1016/j.hoc.2008.01.012

Nanavaty P, Alvarez MS, Alberts WM. Lung cancer screening:

advantages, controversies, and applications. Cancer control. 2014;

21(1):9-14. https://doi.org/10.1177/107327481402100102

Fu SW, Tang C, Tan X, Srivastava S. Liquid biopsy for early cancer

detection: technological revolutions and clinical dilemma. Expert

Rev Mol Diagn. 2024;24(10):937-955.

https://doi.org/10.1080/14737159.2024.2408744

Bhinder B, Gilvary C, Madhukar NS, Elemento O. Artificial

intelligence in cancer research and precision medicine. Cancer Discov.

2021;11(4):900-915. https://doi.org/10.1158/2159-8290.CD-21-0090

10.

1

—

12.

16.

17.

18.

19.

20.

21.

22.

J. Cancer Ther. Immunother., 2025, 2, 1-3

3

© Reseapro Journals 2025
https://doi.org/10.61577/jctai.2025.100006



