



Cancer Biology: Mechanisms, Hallmarks, and Therapeutic Insights



ABSTRACT
Cancer represents a complex and highly heterogeneous group of diseases characterized by uncontrolled cellular proliferation, genomic instability, and the capacity for local invasion and distant metastasis. This review provides an integrated and contemporary overview of cancer biology, highlighting the intricate genetic, molecular, and environmental mechanisms that drive malignant transformation. At its core, carcinogenesis results from the progressive accumulation of mutations in two principal classes of genes: oncogenes, whose activation promotes uncontrolled cell growth and survival, and tumor suppressor genes, whose inactivation removes essential regulatory constraints on cell division and genomic integrity. The widely accepted Hallmarks of cancer framework serves as a conceptual foundation for understanding these processes, encompassing capabilities such as sustained proliferative signaling, evasion of growth suppressors, resistance to apoptosis, replicative immortality, induction of angiogenesis, activation of invasion and metastasis, and evasion of immune surveillance. Beyond genetic alterations, the tumor microenvironment including stromal cells, immune cells, and extracellular matrix components plays an important role in shaping tumor behavior, progression, and response to therapy. Additionally, nonmutational mechanisms such as epigenetic reprogramming and phenotypic plasticity further contribute to tumor heterogeneity and therapeutic resistance. Recent advances in molecular biology and genomics have significantly transformed cancer diagnosis and treatment, leading to the emergence of precision oncology. This includes targeted therapies directed at specific molecular alterations and innovative immunotherapeutic approaches, such as immune checkpoint inhibitors, which enhance anti-tumor immune responses. By linking molecular insights to clinical applications, this review emphasizes how evolving knowledge in cancer biology continues to drive the development of more effective and personalized strategies for cancer management.
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Introduction
Cancer remains one of the leading causes of morbidity and mortality worldwide, placing a substantial and growing burden on health-care systems, economies, and affected individuals. According to recent estimates from the Global Cancer Observatory (GLOBOCAN 2022), there were nearly 20 million new cancer cases globally, accompanied by approximately 9.7 million deaths. Among these, lung, female breast, colorectal, prostate, and stomach cancers ranked as the most frequently diagnosed, with lung cancer continuing to account for the highest number of cancer-related deaths.1 Furthermore, findings from the Global Burden of Disease Study indicate that cancer was responsible for about 14.6% of total global mortality and contributed to 8.8% of disability-adjusted life years (DALYs) in 2021, reflecting its profound impact not only on survival but also on quality of life.2
These alarming statistics highlight the critical need for a deeper and more comprehensive understanding of cancer biology, particularly in the context of evolving environmental exposures, aging populations, and disparities in access to health care.2 Cancer is not a single disease but a collection of disorders driven by complex interactions between genetic mutations, epigenetic alterations, and external risk factors such as lifestyle, infections, and environmental carcinogens. At the cellular level, malignant transformation involves the dysregulation of normal growth control mechanisms, enabling cells to proliferate uncontrollably, evade programmed cell death, and acquire invasive and metastatic capabilities.1
This review explores recent advances in cancer biology, with particular emphasis on the molecular hallmarks that define tumor behavior, the dynamic role of the tumor microenvironment in supporting cancer progression, and emerging therapeutic strategies. By integrating insights from molecular genetics, cellular biology, and translational research, the review aims to provide a clearer understanding of how these interconnected processes contribute to cancer development and how they can be targeted to improve diagnosis, treatment, and patient outcomes.
Conceptual Framework: The Hallmarks of Cancer
The complex biological basis of cancer is most effectively captured by the conceptual framework known as the Hallmarks of Cancer, first introduced by Douglas Hanahan and Robert Weinberg in 2000 and subsequently refined in 2011. This model provides a unifying paradigm that explains how diverse genetic and environmental alterations converge to produce a common set of functional capabilities that define malignant cells.3 Rather than viewing cancer as a collection of unrelated diseases, the hallmarks framework highlights shared biological principles that underlie tumor initiation, progression, and dissemination.
The core hallmarks include sustaining proliferative signaling, whereby cancer cells continuously stimulate their own growth through autocrine and paracrine mechanisms; evading growth suppressors, which involves the inactivation of important regulatory pathways such as those controlled by tumor suppressor proteins; resisting cell death, particularly through the inhibition of apoptosis; and enabling replicative immortality via maintenance of telomere length, often through telomerase activation.4 Additionally, tumors induce angiogenesis to secure an adequate blood supply, thereby facilitating nutrient delivery and waste removal. The activation of invasion and metastasis allows cancer cells to spread beyond their site of origin, establishing secondary tumors in distant organs.3
Further refinements to the framework introduced emerging hallmarks such as reprogramming energy metabolism commonly observed as increased glycolysis in the presence of oxygen and evading immune destruction, which reflects the ability of tumors to avoid recognition and elimination by the host immune system.5 Supporting these hallmarks are enabling characteristics, including genomic instability and mutation, which accelerate genetic diversity within tumors, and tumor-promoting inflammation, which creates a microenvironment conducive to cancer progression.5
This conceptual framework provides a significant foundation for understanding cancer biology and has significant implications for clinical practice.4 By linking specific molecular alterations to functional capabilities, the Hallmarks of Cancer guide the development of targeted therapies and inform modern diagnostic and prognostic strategies.

Advances and Trends in Cancer Therapeutics
Recent progress in cancer therapeutics has been driven by an increasingly sophisticated understanding of tumor biology, including the genetic, molecular, and microenvironmental factors that influence cancer development and progression. Conventional treatment modalities such as surgery, chemotherapy, and radiotherapy remain fundamental pillars of cancer management.6,7 However, their clinical utility is often limited by significant challenges, including systemic toxicity, tumor heterogeneity, and the emergence of drug resistance, which can compromise long-term treatment efficacy and patient outcomes. These limitations have prompted the exploration and development of more targeted and individualized therapeutic strategies.8
One of the most significant breakthroughs in recent years has been the emergence of immunotherapy, which harnesses the body’s immune system to recognize and eliminate cancer cells. Immune checkpoint inhibitors, targeting regulatory pathways such as PD-1/PD-L1 and CTLA-4, have demonstrated remarkable success in treating various malignancies by restoring anti-tumor immune responses. In parallel, adoptive cell therapies, particularly chimeric antigen receptor (CAR) T-cell therapy, have shown promising results, especially in hematological cancers, by engineering patient-derived T cells to specifically target tumor-associated antigens.9
In addition to immunotherapy, the rise of precision medicine has transformed the therapeutic landscape.10 This approach involves tailoring treatment based on the unique molecular and genetic profile of an individual’s tumor, thereby improving treatment specificity and minimizing adverse effects. Combination therapies, which integrate multiple treatment modalities such as targeted therapy with immunotherapy or chemotherapy are increasingly being employed to overcome resistance mechanisms and enhance therapeutic efficacy.7
Despite these advances, several challenges remain. Late-stage diagnosis continues to limit treatment success in many regions, while tumor microenvironmental factors such as hypoxia, immune evasion, and stromal interactions contribute to therapeutic resistance. Furthermore, significant global disparities in access to advanced cancer treatments persist, particularly in low- and middle-income countries. 7,11



Origins of Cancer and Genetic Alterations
Cancer arises through a multistep process driven by the progressive accumulation of genetic and epigenetic alterations in normal cells, ultimately leading to malignant transformation. Central to this process are mutations in critical gene classes, including oncogenes, tumor suppressor genes, and DNA repair genes.12 Activation of oncogenes promotes uncontrolled cellular proliferation and survival, while inactivation of tumor suppressor genes such as TP53 and RB1 removes essential regulatory checkpoints that normally restrain cell division and maintain genomic integrity. In addition, defects in DNA repair mechanisms further exacerbate the accumulation of mutations, allowing damaged DNA to persist and propagate during cell division.11
These molecular alterations contribute to genomic instability, a hallmark feature of cancer characterized by chromosomal rearrangements, point mutations, and copy number variations. Genomic instability accelerates tumor evolution by increasing mutation rates, thereby generating diverse subclonal populations within the same tumor.13 This phenomenon, known as intratumoral heterogeneity, plays a crucial role in disease progression, metastasis, and resistance to therapy, as different tumor cell populations may respond variably to treatment.
Beyond intrinsic genetic changes, the tumor microenvironment exerts a significant influence on cancer development and progression. This dynamic environment comprises stromal cells, immune cells, signaling molecules, and components of the extracellular matrix, all of which interact with tumor cells to support growth, invasion, and immune evasion. Factors such as chronic inflammation, hypoxia, and altered intercellular signaling further enhance tumor adaptability and survival.11
Recent advances in high-throughput sequencing technologies and molecular profiling have greatly improved our understanding of the genetic and epigenetic landscapes of various cancers. These innovations have paved the way for precision medicine, an approach that tailors therapeutic interventions to the specific molecular characteristics of an individual tumor.14 By targeting important genetic alterations and signaling pathways, precision oncology aims to improve treatment efficacy while minimizing adverse effects, marking a significant shift toward more personalized cancer care.11

Genetic and Molecular Basis of Cancer
Cancer is not a single disease but rather a complex and heterogeneous group of disorders characterized by the uncontrolled growth and spread of abnormal cells.¹⁵ This transformation from a normal to a malignant state is driven by the accumulation of genetic and epigenetic alterations that disrupt the tightly regulated processes governing cell proliferation, differentiation, and death. Central to this transformation are two major classes of genes: oncogenes and tumor suppressor genes.¹⁶
Oncogenes arise from the activation of normal cellular genes known as proto-oncogenes, which ordinarily function in regulating cell growth, survival, and differentiation. When these proto-oncogenes become mutated, amplified, or aberrantly expressed, they are converted into oncogenes that drive continuous and unregulated cell proliferation.¹⁷˒¹⁸ Such alterations may lead to constitutive activation of growth factor signaling pathways, independence from external growth stimuli, and enhanced cellular survival. For instance, mutations in genes encoding receptor tyrosine kinases or intracellular signaling molecules can result in persistent mitogenic signaling, thereby promoting tumorigenesis.
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Figure 1: Diagram showing Genetic and Molecular Basis of Cancer5

Conversely, tumor suppressor genes serve as critical regulators that inhibit cell division, repair DNA damage, and initiate programmed cell death (apoptosis) when cellular injury is beyond repair.¹⁹˒²⁰ These genes act as the “brakes” of the cell cycle, ensuring genomic integrity and preventing malignant transformation. Loss-of-function mutations, deletions, or epigenetic silencing of tumor suppressor genes remove these regulatory constraints, allowing cells to proliferate uncontrollably. Typically, both alleles of a tumor suppressor gene must be inactivated a concept known as the “two-hit hypothesis” to fully abolish its function.
Mutations affecting oncogenes and tumor suppressor genes collectively give rise to the defining biological traits of cancer, commonly referred to as the hallmarks of cancer.³ These hallmarks represent the functional capabilities acquired during tumor development and progression. One of the primary hallmarks is sustained proliferative signaling, whereby cancer cells maintain chronic activation of growth pathways through mechanisms such as autocrine signaling, receptor overexpression, or downstream pathway activation.²¹
Another critical hallmark is resistance to apoptosis, which allows cancer cells to evade programmed cell death despite the presence of genetic damage or cellular stress.²² This resistance is often mediated by alterations in pro-apoptotic and anti-apoptotic proteins, leading to prolonged cell survival. Closely related is replicative immortality, achieved through the activation of telomerase, an enzyme that maintains telomere length and enables cells to divide indefinitely without undergoing senescence.²³
Tumor growth and survival also depend on angiogenesis, the process by which new blood vessels are formed to supply oxygen and nutrients to the expanding tumor mass.²⁴ Cancer cells can secrete pro-angiogenic factors such as vascular endothelial growth factor (VEGF), thereby promoting vascular development within the tumor microenvironment. Furthermore, malignant cells acquire the ability for invasion and metastasis, enabling them to penetrate surrounding tissues, enter the bloodstream or lymphatic system, and establish secondary tumors at distant sites.²⁵
Another hallmark, metabolic reprogramming, reflects the ability of cancer cells to alter their metabolic pathways to support rapid growth and proliferation.²⁶ A well-known example is the Warburg effect, in which cancer cells preferentially utilize glycolysis for energy production even in the presence of oxygen, thereby generating metabolic intermediates required for biosynthesis. In addition, cancer cells develop mechanisms for immune evasion, allowing them to escape detection and destruction by the host immune system.²⁷ This may involve the expression of immune checkpoint molecules, secretion of immunosuppressive cytokines, or downregulation of antigen presentation pathways.
Beyond these core hallmarks, certain enabling characteristics further facilitate cancer progression. Genomic instability increases the rate of mutation, thereby accelerating the acquisition of additional oncogenic alterations.²⁸ Chronic inflammation also plays a significant role by providing a tumor-promoting microenvironment rich in growth factors, survival signals, and pro-angiogenic mediators.
More recently, the conceptual framework of cancer biology has expanded to include additional emerging hallmarks and enabling features. These include phenotypic plasticity, which allows cancer cells to transition between different cellular states (such as epithelial-to-mesenchymal transition), enhancing their adaptability and metastatic potential. Additionally, non-mutational epigenetic reprogramming has been recognized as a key mechanism by which gene expression is altered without changes in DNA sequence, involving processes such as DNA methylation and histone modification.⁶˒²⁹ Furthermore, senescence-related mechanisms have gained attention, as senescent cells, although no longer proliferating, can secrete a range of pro-inflammatory and tumor-promoting factors collectively known as the senescence-associated secretory phenotype (SASP), thereby influencing tumor progression.
In summary, cancer development is a multifactorial and dynamic process driven by the interplay of genetic mutations, epigenetic alterations, and microenvironmental influences. The integration of these mechanisms under the framework of the hallmarks of cancer provides a comprehensive understanding of tumor biology and offers critical insights into the development of targeted therapeutic strategies.
Tumor Microenvironment and Heterogeneity
Cancer is increasingly recognized not merely as a disease of isolated malignant cells, but as a complex, organ-like system involving dynamic interactions between tumor cells and surrounding nonmalignant components.30 This integrated perspective highlights the critical role of the tumor microenvironment (TME), which comprises cancer-associated fibroblasts, endothelial cells, immune cells, signaling molecules, and the extracellular matrix. Together, these elements form a highly interactive network that actively supports tumor initiation, progression, and dissemination.31,32
Within the TME, cancer cells engage in bidirectional communication with stromal and immune components to promote survival and growth. For instance, angiogenesis the formation of new blood vessels is stimulated to influence oxygen and nutrients, while also facilitating metastatic spread. At the same time, tumors can evade immune surveillance by modulating immune cell function, suppressing anti-tumor responses, and creating an immunosuppressive microenvironment.32 Stromal signaling further enhances tumor cell proliferation, invasion, and resistance to apoptosis, underscoring the importance of the TME as a driver of cancer progression.
A defining feature of cancer is intratumoral heterogeneity, which arises from continuous cycles of mutation, clonal expansion, and selective pressures within the tumor.33 This heterogeneity results in the coexistence of genetically and phenotypically distinct subpopulations of cancer cells, each with varying capacities for growth, metastasis, and response to therapy. Consequently, heterogeneity represents a major challenge in clinical oncology, as it underlies treatment resistance and disease recurrence.34
Recent technological advances, including single-cell sequencing and spatial transcriptomics, have revolutionized the study of tumor complexity by enabling high-resolution analysis of cellular diversity and spatial organization within tumors. These approaches provide deeper insights into how cancer cells interact with their microenvironment and evolve over time. Increasingly, cancer is being understood through an ecological and evolutionary lens, where tumor progression is shaped by selective pressures, competition, and adaptation principles that may inform the development of more effective and durable therapeutic strategies.35
Emerging Therapeutic Strategies and Prospective Directions
Contemporary cancer therapeutics increasingly focus on targeting specific biological capabilities that drive tumor growth and survival, including dysregulated proliferation, resistance to apoptosis, altered metabolism, and immune evasion.36 Because these processes are interconnected, effective treatment often requires combination strategies that simultaneously disrupt multiple pathways, thereby enhancing therapeutic efficacy and limiting the emergence of resistance.37 Advances in cancer genomics and molecular profiling have accelerated the development of precision oncology, enabling the identification of actionable genetic alterations and facilitating the design of therapies tailored to the unique molecular characteristics of individual tumors.38
Immunotherapy has emerged as one of the most transformative approaches in modern oncology, particularly through the use of immune checkpoint inhibitors (ICIs), which restore the immune system’s ability to recognize and eliminate cancer cells. In addition, novel technologies such as CRISPR and PROTACs are expanding the therapeutic landscape by enabling precise gene editing and targeted protein degradation, respectively.39,40 These innovations offer promising avenues for overcoming previously “undruggable” targets and refining treatment specificity.
Another important area of focus is the role of cancer stem cells (CSCs), a subpopulation of tumor cells characterized by markers such as CD44 and CD133. CSCs possess self-renewal and differentiation capabilities, contributing significantly to tumor recurrence, metastasis, and resistance to conventional therapies.41,42,43 Targeting these cells is therefore essential for achieving durable treatment responses.
Despite these advances, significant challenges remain in translating laboratory discoveries into long-term clinical success. Tumor heterogeneity, the dynamic evolution of resistance mechanisms, and treatment-related toxicities continue to limit therapeutic outcomes.44 Moreover, the Hallmarks of Cancer framework underscores that different cancers rely on distinct dominant pathways, necessitating highly individualized treatment approaches.45,46,47,48 Future directions in cancer therapy will likely depend on integrating multi-omics data, improving early detection, and developing adaptive, patient-specific treatment strategies capable of overcoming resistance and improving survival outcomes.49,50,51
Conclusion
Cancer biology continues to evolve as researchers increasingly integrate insights from genetics, epigenetics, and tumor ecology into a more unified and dynamic understanding of malignancy. This integrative approach has revealed cancer as not only a genetic disease but also one shaped by reversible epigenetic modifications and complex interactions within the tumor microenvironment. Together, these factors influence tumor initiation, progression, and response to therapy, highlighting the multifaceted nature of cancer as a biological system.
Despite remarkable scientific and clinical advances, significant challenges persist most notably tumor heterogeneity and the development of therapeutic resistance. Intratumoral diversity allows subpopulations of cancer cells to survive treatment and drive disease recurrence, while adaptive resistance mechanisms continue to limit the long-term effectiveness of many therapies. These challenges underscore the need for more sophisticated and flexible treatment strategies that can address the evolving nature of cancer.
Ongoing research into the molecular drivers of cancer, as well as the ecological dynamics within the tumor microenvironment, holds great promise for the future of oncology. By leveraging emerging technologies such as multi-omics profiling, advanced imaging, and systems biology approaches, scientists are gaining deeper insights into tumor behavior and identifying novel therapeutic targets. Furthermore, efforts to improve early detection, biomarker discovery, and real-time monitoring of treatment response are expected to enhance clinical decision-making and patient stratification.
In addition, global collaboration and equitable access to emerging therapies will be crucial in translating scientific breakthroughs into widespread clinical benefit. Ultimately, this expanding knowledge base is expected to guide the development of next-generation precision medicine and immune-based therapies, with the potential to improve patient outcomes, reduce mortality, and move closer toward more durable, personalized, and accessible cancer care worldwide.
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Cancer arises from the accumulation of genetic and epigenetic alterations that
dysregulate key cellular pathways controlling growth, survival and genome integrity.
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