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Abstract

Cancer represents a highly heterogencous group of diseases driven by complex genetic, epigenetic, and
microenvironmental interactions that result in diverse biological behavior and clinical outcomes. Despite
substantial advances in molecular biology, diagnostics, and therapeutic strategies, cancer remains a leading
cause of global morbidity and mortality, with advanced-stage disease continuing to pose major clinical
challenges. This narrative review provides an integrated overview of fundamental cancer biology, including
genetic alterations, hallmark capabilities, tumor microenvironmental influences, and intratumoral heterogeneity,
alongside contemporary classification and staging systems. It examines the biological mechanisms and clinical
consequences of metastasis, which remains the principal cause of cancer-related death, and reviews current
treatment modalities such as surgery, radiotherapy, systemic chemotherapy, targeted therapy, hormonal therapy,
immunotherapy, and emerging cellular therapies. The review critically discusses the major limitations of modern
cancer treatment, including therapeutic resistance, treatment-related toxicity, immune escape, high cost, and late-
stage diagnosis. Particular emphasis is placed on understanding why metastatic (Stage I'V) cancer remains largely
incurable despite modern therapeutic advances, highlighting the roles of metastatic burden, microenvironmental
protection, cellular dormancy, impaired drug delivery, and genetic instability. Finally, emerging future directions
including precision oncology, oncolytic virotherapy, gene editing, nanomedicine, tumor vaccines, and liquid
biopsy—based monitoring are explored as potential strategies to improve early detection, personalize treatment,
and overcome resistance. This review aims to provide a cohesive, biologically informed synthesis to support

more effective and personalized approaches to cancer care.
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1. Introduction

Cancer remains one of the leading causes of morbidity
and mortality worldwide and continues to pose a major
global health challenge. According to recent global
estimates, nearly 20 million new cancer cases and
approximately 10 million cancer-related deaths occurred
in 2022, with a disproportionate burden observed in
low- and middle-income countries where delayed
diagnosis, limited screening programs, and restricted
access to effective treatment contribute to poorer outcomes
[1]. Beyond its epidemiological impact, cancer represents
a biologically complex group of diseases encompassing
more than two hundred distinct tumor types, each
characterized by unique molecular and cellular features.
This heterogeneity arises from the accumulation of genetic
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and epigenetic alterations, dysregulation of oncogenes and
tumor suppressor genes, and dynamic interactions between
malignant cells, the tumor microenvironment, and the
host immune system, leading to substantial variability in
disease behavior and therapeutic response [2].

A detailed understanding of cancer biology is
fundamental to improving patient outcomes and guiding
therapeutic development. The biological basis of cancer
is underpinned by a defined set of functional capabilities,
collectively described as the hallmarks of cancer, which
represent common traits acquired during malignant
transformation. These include sustained proliferative
signaling, evasion of growth suppressors, resistance to
programmed cell death, genomic instability, induction or

Corresponding Author:
Akhil Rachaveti

Undergraduate Medical Student, A.C.S.R Government Medical College, India.

Email: akhilrachaveti@gmail.com

Asian Pacific Journal of Cancer Nursing

15



apjcn.waocp.com

access to tumor vasculature, and activation of invasion and
metastatic spread [3]. This conceptual framework provides
a unifying model that distills the biological complexity
of diverse malignancies into shared underlying principles
and has become central to modern oncology, informing
mechanistic insights as well as the rational development
of targeted and immune-based therapies.

Clinical staging is a cornerstone of cancer management,
providing critical information for prognostication,
treatment planning, and outcome assessment. The tumor—
node—metastasis (TNM) classification system offers
a standardized method for describing disease extent
by evaluating primary tumor characteristics, regional
lymph node involvement, and the presence of distant
metastasis. By integrating clinical examination, imaging,
and pathological findings, TNM staging enables patient
stratification and guides therapeutic decision-making
across solid tumors [1]. While early-stage cancers may
often be effectively treated with localized modalities,
advanced-stage disease typically requires systemic or
multimodal therapy and is associated with significantly
poorer prognoses.

Metastasis remains the principal cause of cancer-related
mortality and represents a major barrier to curative
treatment. The metastatic process is a complex, multistep
cascade involving tumor cell invasion, dissemination
through lymphatic or hematogenous routes, and
colonization of distant organs, regulated by interactions
between tumor-intrinsic factors and the surrounding
microenvironment [4]. Once metastatic disease is
established, therapeutic options become limited and long-
term remission is difficult to achieve. Despite substantial
advances in cancer treatment, including molecularly
guided therapies and immunotherapeutic approaches,
recurrence, resistance, and treatment-related toxicity
remain common challenges, underscoring the need for
earlier detection and more effective, biologically informed
treatment strategies [2].

Despite substantial progress in understanding cancer
biology and developing new therapeutic strategies, an
integrated perspective that links tumor biology, staging
systems, metastatic progression, treatment evolution, and
therapeutic limitations is often presented across disparate
sources. This article presents a narrative, educational
review that provides a comprehensive and integrative
overview of these interconnected domains, with the aim
of supporting clearer understanding of current challenges
and informing biologically grounded and personalized
approaches to cancer care.

2. Biology of Cancer

2.1 Genetic alterations

Cancer initiation and progression are driven by the
accumulation of genetic and epigenetic alterations that
disrupt normal cellular homeostasis. Activating mutations
in oncogenes promote constitutive signaling through
pathways that regulate cell proliferation, survival, and
cellular metabolism, thereby enabling uncontrolled cell
growth [5]. In contrast, loss or functional inactivation of
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tumor suppressor genes, such as TP53 and RB1, removes
critical regulatory checkpoints that normally restrain cell
cycle progression, preserve genomic integrity, and trigger
apoptosis in response to cellular stress [2, 5].

Defects in DNA repair mechanisms including
mismatch repair and homologous recombination pathways
further contribute to genomic instability, facilitating the
accumulation of additional mutations and chromosomal
alterations over time [2, 5]. These genetic abnormalities
may be inherited, conferring an increased lifetime risk
of malignancy, or acquired sporadically as a result
of environmental exposures such as tobacco smoke,
ionizing radiation, oncogenic viral infections, and chronic
inflammation [2, 5]. Collectively, these alterations disrupt
key pathways governing cell cycle regulation, apoptosis,
growth factor signaling, and genome maintenance,
establishing the molecular foundation for malignant
transformation and tumor evolution [5].

2.2 Hallmarks of cancer

The hallmarks of cancer describe a set of functional
capabilities progressively acquired during tumour
development that collectively enable malignant growth.
Central to this framework is sustained proliferative
signalling combined with evasion of growth-suppressive
pathways, allowing continued cell division despite
normal regulatory constraints. Cancer cells also acquire
resistance to programmed cell death, enabling survival
under conditions of oncogenic stress, DNA damage,
and metabolic imbalance [3]. Maintenance of telomere
integrity permits replicative immortality, allowing tumour
cells to bypass intrinsic limits on cellular lifespan. To
support sustained growth, tumours induce or co-opt
vasculature through angiogenic signalling, ensuring
adequate delivery of oxygen and nutrients [3]. Another
defining hallmark is activation of invasion and metastatic
dissemination, which underlies disease progression and
accounts for the majority of cancer-related deaths. More
recent expansions of this framework include deregulated
cellular metabolism, avoidance of immune destruction,
and tumour-promoting inflammation, reflecting the
dynamic interactions between cancer cells and their
microenvironment [3, 6, 7]. Together, these hallmarks
provide a unifying biological framework that has guided
the development of targeted therapies, anti-angiogenic
agents, metabolic inhibitors, and immunotherapeutic
ategies.

2.3 Tumor Microenvironment

The tumor microenvironment (TME) comprises
immune cells, stromal fibroblasts, endothelial cells,
extracellular matrix components, and soluble signaling
factors that surround malignant cells [8]. Rather than
acting as a passive scaffold, the TME actively regulates
tumor growth, invasion, immune evasion, and therapeutic
response [8]. Immune cells within the TME frequently
adopt immunosuppressive phenotypes, including tumor-
associated macrophages, regulatory T cells, and myeloid-
derived suppressor cells, which impair effective antitumor
immunity and contribute to resistance to immunotherapy
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[9]. Stromal components such as cancer-associated
fibroblasts remodel the extracellular matrix and secrete
growth factors that promote tumor progression, while
hypoxic conditions drive angiogenesis and selection
of aggressive cellular phenotypes [8]. In addition,
tumor—stromal communication mediated by extracellular
vesicles, including exosomes, enhances survival signaling
and therapeutic resistance [10].

2.4 Tumor Heterogeneity

Tumor heterogeneity refers to the coexistence of
genetically, epigenetically, and phenotypically distinct
cancer cell populations within the same tumor and across
disease sites. This diversity arises through continuous
tumor evolution driven by genomic instability, selective
pressures from the microenvironment, and therapeutic
interventions, resulting in branched clonal architectures
[11]. Single-cell sequencing studies have revealed
extensive intra-tumoral heterogeneity, identifying rare
subclonal populations that contribute to treatment
resistance and disease relapse [12]. Inter-tumoral
heterogeneity between patients further reflects differences
in genetic background, environmental exposures,
and tumor biology, complicating the development of
universally effective therapies [11].

3. Benign vs Malignant tumours

Benign and malignant tumors represent biologically
distinct forms of neoplastic growth that differ in their
evolutionary dynamics, growth behavior, invasive
capacity, and clinical consequences [13]. Benign tumors
arise from localized cellular proliferation and are typically
characterized by slow growth, well-circumscribed
margins, and preservation of normal tissue architecture,
reflecting limited evolutionary selection pressures within
the tumor microenvironment [13]. These lesions remain
confined to their site of origin, lack the capacity for tissue
invasion or metastatic dissemination, and therefore exert
minimal impact on overall survival [13]. Many benign
tumors retain a high degree of cellular differentiation and
may remain asymptomatic throughout life, although they
can cause clinical manifestations through mass effect or
hormone secretion in specific anatomical settings, such
as endocrine tissues [14].

In contrast, malignant tumors are defined by
uncontrolled proliferation accompanied by progressive
loss of tissue organization, infiltrative growth, and the
ability to invade surrounding structures and disseminate
to distant organs via lymphatic or hematogenous routes
[15]. The capacity for invasion and metastasis represents
a fundamental biological distinction between benign
and malignant neoplasms and is responsible for the
majority of cancer-related mortality [15]. At the cellular
level, malignant tumors display marked cytologic
atypia, increased mitotic activity, genomic instability,
and ongoing clonal evolution, enabling adaptation to
environmental and therapeutic pressures and driving
disease progression and treatment resistance [13].

These biological differences have profound clinical
implications. Benign tumors are often effectively treated
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with complete surgical excision and rarely recur when
adequately removed, reflecting their limited invasive and
evolutionary potential [14]. In contrast, malignant tumors
frequently require aggressive multimodal treatment
strategies, including combinations of surgery, radiotherapy,
systemic therapy, and immunotherapy, depending on
tumor stage and biological characteristics [15]. Accurate
differentiation between benign and malignant lesions is
therefore essential for appropriate treatment selection,
prognostic assessment, and optimization of patient
outcomes.

4. Cancer classification and staging

4.1 Classification

Cancers are commonly classified according to their
cell type and tissue of origin, an approach that reflects
underlying biology and remains central to diagnosis and
clinical management. Carcinomas arise from epithelial
cells and constitute the majority of human malignancies,
encompassing subtypes such as adenocarcinomas and
squamous cell carcinomas that originate from glandular or
surface epithelia, respectively [16]. Sarcomas derive from
mesenchymal tissues, including bone, muscle, adipose
tissue, and connective tissue, and although relatively
rare, they often exhibit aggressive biological behavior
and marked histologic diversity [16]. Hematologic
malignancies including leukemias, lymphomas, and
plasma cell neoplasms originate from hematopoietic or
lymphoid lineages and are typically characterized by
diffuse growth rather than solid tumor formation [17].

Additional categories include melanomas arising
from melanocytes, germ cell tumors originating from
reproductive cells, and neoplasms of the central nervous
system and neuroendocrine system, each reflecting distinct
developmental origins. This histogenetic classification
framework provides a foundation for prognostication,
therapeutic selection, and integration of emerging
molecular classification systems in modern oncology.

4.2 TNM Staging

The tumor—node—metastasis (TNM) staging system,
developed and periodically updated by the American
Joint Committee on Cancer (AJCC) and the Union for
International Cancer Control (UICC), represents the
most widely accepted global framework for describing
the anatomic extent of solid malignancies [18]. The TNM
system evaluates three core components: the primary
tumor (T), regional lymph node involvement (N), and the
presence or absence of distant metastatic disease (M), each
contributing independently to prognosis and treatment
planning [18]. The T category reflects tumor size and the
degree of local invasion, while the N category characterizes
regional nodal involvement based on the number, size, and
distribution of metastatic lymph nodes. Recent studies
have highlighted the prognostic significance of tumor
deposits discrete tumor nodules lacking identifiable
lymph node architecture which are not fully captured by
traditional nodal staging and may indicate more aggressive
disease biology [19]. The M category denotes distant

Asian Pacific Journal of Cancer Nursing 17



apjcn.waocp.com

metastatic spread, a defining feature of advanced-stage
cancer associated with poor prognosis [18]. By integrating
clinical evaluation, imaging, and pathological assessment,
TNM staging provides a standardized language for
communication, research comparison, and evidence-
based decision-making. Although primarily anatomy-
based, contemporary TNM staging is increasingly
refined through periodic updates and, in selected cancers,
complemented by biological and molecular markers to
improve prognostic accuracy [20].

4.3 Stage Grouping I-1V

Following assignment of individual T, N, and M
categories, tumors are grouped into overall stages ranging
from Stage I to Stage IV, summarizing disease extent
and guiding clinical management [21]. Stage I cancers
are typically localized and associated with favorable
outcomes following local therapy. Stage Il disease
generally reflects larger tumors or limited regional
extension and may require adjuvant treatment. Stage 111
cancers demonstrate significant regional spread, including
extensive lymph node involvement or invasion of adjacent
structures, often necessitating multimodal therapy. Stage
IV disease is defined by distant metastasis, representing
systemic dissemination and markedly reduced long-term
survival. Overall stage grouping is essential for prognostic
stratification, treatment selection, and patient counseling,
as early-stage cancers may be potentially curable, whereas
advanced stages usually require systemic therapy and are
associated with poorer outcomes [21].

5. Metastasis

Metastasis is the defining biological feature of
malignant tumors and is responsible for the majority of
cancer-related deaths worldwide, accounting for more
than 90% of cancer mortality [22]. Unlike primary tumor
growth, metastatic dissemination is a highly inefficient
and selective process in which only a small fraction of
tumor cells successfully establishes secondary lesions
[23]. The lethality of metastasis arises from the ability of
disseminated cancer cells to survive hostile conditions,
adapt to distant tissue environments, and generate
progressive disease that is difficult to eradicate [22].

5.1 Mechanisms of Metastasis: EMT to Colonization
The metastatic cascade typically begins with
epithelial-mesenchymal transition (EMT), a reversible
cellular program that enables epithelial cancer cells to lose
polarity and cell—cell adhesion while acquiring enhanced
migratory and invasive properties [24]. During EMT,
epithelial markers such as E-cadherin are downregulated,
whereas mesenchymal markers, including N-cadherin and
vimentin, are upregulated, facilitating detachment from
the primary tumor and invasion into surrounding tissues
[24]. EMT is regulated by transcription factors such as
SNAIL, TWIST, and ZEB family proteins and frequently
occurs in partial or hybrid states that enhance metastatic
fitness rather than complete phenotypic conversion [22].
Following local invasion, tumor cells degrade the
basement membrane and extracellular matrix through
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matrix metalloproteinases and subsequently enter
blood or lymphatic vessels in a process known as
intravasation [22]. This step is promoted by tumor-
associated macrophages, inflammatory cytokines,
and increased vascular permeability within the tumor
microenvironment [22]. Once in the circulation,
circulating tumor cells are exposed to mechanical shear
stress and immune surveillance, leading to the elimination
of most disseminated cells [23]. Survival is enhanced
by the formation of circulating tumor cell clusters and
interactions with platelets, which shield tumor cells from
immune-mediated clearance [23, 25].

Surviving tumor cells adhere to the endothelium at
distant sites and migrate across the vascular wall through
extravasation [25]. The final and most rate-limiting step
of metastasis is colonization, during which disseminated
tumor cells must adapt to the metabolic, mechanical,
and immune conditions of the secondary organ [26].
Many disseminated tumor cells enter a dormant state
that can persist for prolonged periods before reactivation,
contributing to late metastatic relapse and therapeutic
failure [22]. Successful colonization requires immune
evasion, induction of angiogenesis, and remodeling of
the local stromal niche, underscoring that metastasis
represents a complex evolutionary process rather than
simple physical dissemination of cancer cells [22].

5.2 Organ Tropism

Metastatic dissemination is not random, as many
cancers exhibit a preference for colonizing specific
distant organs, a phenomenon known as organ tropism
[27]. This selectivity reflects the interaction between
anatomical routes of spread and molecular compatibility
between tumor cells (“seeds”) and the microenvironment
of'target organs (“soil”), consistent with the seed-and-soil
hypothesis [27]. For example, colorectal cancer frequently
metastasizes to the liver due to portal venous drainage,
whereas breast cancer commonly spreads to the bone,
liver, and lung [28]. Beyond anatomical factors, organ-
specific metastasis is driven by molecular mechanisms
including chemokine receptor—ligand interactions,
integrin-mediated adhesion, metabolic adaptability, and
immune permissiveness within target tissues [28]. Tumor-
on-chip models further demonstrate that organ-specific
microenvironmental cues actively regulate cancer cell
survival and colonization, providing experimental
validation of organ tropism [29].

5.3 Why Metastasis Kills

Metastatic disease accounts for the vast majority of
cancer-related deaths because it represents a systemic,
multi-organ process rather than localized tumor growth
[30]. When cancer cells colonize vital organs such as
the liver, lungs, brain, or bone, even a limited metastatic
burden can disrupt essential physiological functions,
ultimately leading to organ failure and death. Population-
based analyses show that more than 80% of patients with
advanced cancer die as a direct consequence of metastatic
progression, with median survival often measured in
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months despite therapeutic advances [31]. Biologically,
metastases differ from primary tumors by exhibiting
increased genetic heterogeneity, phenotypic plasticity,
and resistance to therapy, reducing the effectiveness of
chemotherapy, targeted agents, and immunotherapy [30].
In addition, metastatic cells exploit protective organ-
specific microenvironments that limit drug penetration and
promote immune evasion, while dormant disseminated
tumor cells can persist for years before reactivation,
driving late relapse and poor long-term outcomes [30].
Together, organ dysfunction, biological adaptability, and
therapeutic resistance make metastasis the most lethal
stage of cancer progression.

6. Current treatments

Cancer treatment has evolved from predominantly
local interventions to integrated, biologically informed
strategies that combine surgery, radiotherapy, systemic
therapies, and immunomodulation. Advances in tumor
biology, molecular profiling, and immunology have
expanded therapeutic options to include targeted agents,
immunotherapies, and cell-based treatments alongside
conventional modalities. Contemporary cancer care aims
not only to achieve tumor control but also to prolong
survival, reduce recurrence, and preserve quality of
life. Treatment selection is increasingly individualized,
guided by tumor histology, disease stage, molecular
alterations, patient-related factors, and healthcare
resources. Consequently, most patients are managed
through multidisciplinary treatment plans that strategically
integrate local and systemic therapies to optimize clinical
outcomes [32].

6.1 Surgery

Surgical resection remains a cornerstone of cancer
treatment, particularly for early-stage solid tumors. The
primary objective of oncologic surgery is complete tumor
removal with histologically negative margins while
preserving organ function. When disease is localized,
surgery alone may be curative, as observed in early breast
cancer, colorectal cancer, and many soft tissue tumors [32].

Technological advances have refined surgical practice,
with minimally invasive approaches such as laparoscopic
and robotic-assisted surgery increasingly adopted. These
techniques reduce perioperative morbidity, postoperative
pain, and recovery time while maintaining oncologic
outcomes comparable to open surgery [33]. Beyond
curative intent, surgery serves important diagnostic
and palliative roles, including tumor biopsy, relief of
obstruction or bleeding, and cytoreduction to enhance the
effectiveness of adjuvant therapies. In advanced metastatic
disease, surgery is rarely curative and is most effective
when integrated with systemic treatment strategies rather
than used in isolation [32].

6.2 Radiotherapy

Radiotherapy is a central pillar of modern oncology
and is utilized in approximately half of all cancer patients
during their disease course [34]. By delivering ionizing
radiation, radiotherapy induces DNA damage particularly
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double-strand breaks that impair tumor cell replication and
lead to cell death through apoptosis, mitotic catastrophe,
or senescence [34].

Advances in imaging, treatment planning, and
radiation delivery have transformed radiotherapy into
a highly precise modality capable of achieving durable
tumor control while minimizing injury to surrounding
normal tissues. Techniques such as intensity-modulated
radiotherapy (IMRT), image-guided radiotherapy,
stereotactic body radiotherapy (SBRT), and proton beam
therapy allow conformal dose escalation and improved
sparing of critical organs [34]. These innovations have
expanded the curative potential of radiotherapy in both
early-stage and locally advanced cancers.

Radiotherapy may be administered with curative
intent as definitive treatment, for example, in head and
neck, cervical, or prostate cancers, or as adjuvant therapy
following surgery to reduce local recurrence risk [34]. In
metastatic disease, radiotherapy plays a vital palliative role
by alleviating symptoms such as bone pain, spinal cord
compression, brain metastases, and airway obstruction,
thereby improving quality of life [34].

At the molecular level, epigenetic regulation influences
radiosensitivity and DNA damage response pathways,
creating opportunities for radiosensitization and rational
combination with systemic therapies [35]. Nonetheless,
radiotherapy is associated with dose- and tissue-dependent
toxicities, including fibrosis and organ-specific late effects,
underscoring the need for individualized planning and
long-term follow-up [36].

6.3 Chemotherapy

Chemotherapy remains a foundational component of
systemic cancer treatment and has been used for decades
across a wide range of malignancies [37]. Cytotoxic agents
primarily target rapidly dividing cells by disrupting DNA
synthesis, mitotic spindle formation, or essential metabolic
processes, leading to tumor cell death [37]. Because these
mechanisms are not tumor-specific, chemotherapy also
affects normal proliferating tissues, accounting for its
characteristic toxicities.

Multiple classes of chemotherapeutic agents are
employed in clinical practice, including alkylating agents,
antimetabolites, anthracyclines, and taxanes, each with
distinct molecular targets and toxicity profiles [38].

Chemotherapy may be administered in the neoadjuvant
setting to reduce tumor burden before local therapy, as
adjuvant treatment to eradicate microscopic residual
disease, or as palliative therapy to prolong survival and
control symptoms in advanced cancer [39]. Combination
regimens, such as FOLFOX for colorectal cancer or
CHOP for lymphoma, are designed to maximize antitumor
efficacy while limiting resistance through non-overlapping
mechanisms of action [39].

Despite proven survival benefits, chemotherapy
is limited by substantial acute and chronic toxicities,
including myelosuppression, neuropathy, cardiotoxicity,
mucositis, and fatigue [37]. Tumor resistance either
intrinsic or acquired remains a major cause of treatment
failure. Mechanisms include genetic mutations, activation
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of alternative signaling pathways, increased drug efflux,
altered metabolism, epigenetic reprogramming, and
protective effects of the tumor microenvironment [38].
Tumor heterogeneity and clonal evolution further promote
the selection of resistant subpopulations under therapeutic
pressure [37].

6.4 Hormonal Therapy

Hormonal therapy is central to the management of
endocrine-dependent malignancies, particularly breast and
prostate cancers, where tumor growth is driven by estrogen
or androgen signaling [40]. These therapies suppress
hormone production or block receptor activity, depriving
cancer cells of critical proliferative signals. In breast
cancer, agents such as tamoxifen, aromatase inhibitors,
and ovarian suppression are widely used across disease
stages [41]. Prostate cancer treatment relies on androgen
deprivation therapy using LHRH agonists or antagonists,
often combined with androgen receptor inhibitors [40].
Although highly effective initially, resistance frequently
develops through receptor mutations, intratumoral
steroidogenesis, and activation of alternative signaling
pathways. Long-term therapy is also associated with
metabolic, skeletal, and cardiovascular adverse effects
[40, 42].

6.5 Targeted Therapy

Targeted therapies have transformed cancer treatment
by selectively inhibiting molecular pathways that drive
tumor growth and survival, offering a more precise
alternative to cytotoxic chemotherapy [43]. These agents
act on defined abnormalities such as activating gene
mutations, receptor overexpression, or dysregulated
signaling cascades, thereby improving efficacy while
reducing damage to normal tissues [43]. Clinically
established examples include EGFR inhibitors in non-
small cell lung cancer, HER2-directed therapies in
breast cancer, BRAF/MEK inhibitors in melanoma, and
ALK or ROSI inhibitors in molecularly defined lung
adenocarcinomas [43, 44].

The success of targeted therapy depends on accurate
molecular profiling and identification of actionable
alterations, highlighting the importance of precision
diagnostics in modern oncology [45]. Although targeted
agents often produce dramatic initial responses and
improved survival, resistance commonly emerges.
Mechanisms include secondary mutations, pathway
bypass, receptor amplification, and intratumoral
heterogeneity that enables clonal escape under treatment
pressure [43]. Targeted therapies may also cause off-
target toxicities, including cardiotoxicity, dermatologic
reactions, hepatotoxicity, and gastrointestinal adverse
effects [43]. Despite these limitations, targeted therapy
remains a cornerstone of precision oncology and continues
to expand through the discovery of new targets and rational
combination strategies [43, 44].

6.6 Immunotherapy
Immunotherapy represents a major paradigm shift in
cancer treatment by harnessing the host immune system
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to recognize and eliminate malignant cells [46]. Immune
checkpoint inhibitors targeting PD-1, PD-L1, and CTLA-4
have been particularly transformative, restoring effective
T-cell-mediated antitumor immunity by reversing tumor-
induced immune suppression [46, 47].

Checkpoint inhibitors have demonstrated durable
clinical benefit across multiple malignancies, including
melanoma, non-small cell lung cancer, renal cell
carcinoma, and selected colorectal cancers [47, 48].
Combination strategies, especially dual blockade
of PD-1/PD-L1 and CTLA-4, enhance antitumor
responses by acting at complementary stages of T-cell
activation, although with increased toxicity [49]. Other
immunotherapeutic approaches, such as cancer vaccines
and adoptive cell therapies, aim to stimulate or augment
tumor-specific immune responses [46].

However, immunotherapy is not universally effective.
Resistance may arise from low tumor antigenicity,
impaired antigen presentation, immunosuppressive
microenvironments, or alternative immune escape
mechanisms [46, 47]. Immune-related adverse events
can affect multiple organs, including skin, gastrointestinal
tract, lungs, endocrine glands, and liver, sometimes
necessitating immunosuppressive treatment [50]. Despite
these challenges, immunotherapy continues to reshape
oncology practice, with ongoing research focused on
predictive biomarkers, rational combinations, and
strategies to overcome resistance [46—49].

6.7 CAR-T Therapy & New Modalities

CAR-T cell therapy is an advanced form of adoptive
immunotherapy in which autologous T cells are
genetically engineered to express synthetic receptors
that recognize tumor-associated antigens independently
of major histocompatibility complex presentation [51].
CAR-T therapies have achieved remarkable success
in hematologic malignancies, particularly B-cell
acute lymphoblastic leukemia and diffuse large B-cell
lymphoma, producing durable remissions in heavily
pretreated patients [51, 52].

However, efficacy in solid tumors remains limited
due to antigen heterogeneity, poor tumor infiltration,
immunosuppressive microenvironments, and antigen
escape [52, 53]. CAR-T therapy is also associated
with significant toxicities, including cytokine release
syndrome and immune-mediated neurotoxicity, requiring
specialized management [51]. Emerging strategies include
next-generation CAR designs, combination approaches
with radiotherapy or checkpoint inhibitors, and novel
modalities such as bispecific antibodies, oncolytic
viruses, RNA-based therapies, and nanomedicine aimed
at enhancing tumor targeting and immune activation [53].

6.8 Palliative and Supportive Care

Palliative and supportive care is an essential component
of comprehensive cancer management, focusing on
symptom control, psychosocial support, and preservation
of quality of life throughout the disease course [54].
Importantly, palliative care is not limited to end-of-life
settings. Early integration alongside standard oncologic
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treatment has been shown to improve quality of life,
reduce depressive symptoms, decrease aggressive end-of-
life interventions, and even prolong survival in patients
with metastatic cancer [55]. Key interventions include pain
and symptom management, nutritional and psychological
support, and shared decision-making aligned with
patient goals. Supportive strategies such as structured
physical exercise further improve functional capacity and
well-being in advanced cancer patients [56].

7. Limitations of current treatments

7.1 Therapeutic Resistance

Despite major advances in cancer therapeutics,
resistance to treatment remains one of the most significant
barriers to durable clinical benefit. Therapeutic resistance
may be intrinsic, where tumor cells possess pre-existing
molecular features that confer insensitivity to therapy,
or acquired, developing over time as a consequence
of selective pressure imposed by treatment [57, 58].
Intrinsic resistance is frequently driven by baseline genetic
alterations, epigenetic states, or protective interactions
within the tumor microenvironment that limit drug efficacy
from the outset [58].

Acquired resistance arises through dynamic tumor
evolution and involves multiple adaptive mechanisms,
including activation of drug efflux transporters, enhanced
DNA damage repair, rewiring of oncogenic signaling
pathways, metabolic reprogramming, and epigenetic
modifications that enable cancer cells to survive therapeutic
stress [57]. Targeted therapies are particularly vulnerable
to resistance mediated by secondary mutations or
compensatory pathway activation, whereas chemotherapy
resistance often reflects altered cell-cycle regulation,
detoxification pathways, and evasion of apoptosis [57].

The tumor microenvironment plays a central role in
resistance development. Cancer-associated fibroblasts,
immune cells, and extracellular matrix components
create a protective niche that limits drug penetration
and promotes survival signaling [58, 59]. Notably,
fibroblast-derived extracellular vesicles can transfer
regulatory RNAs, proteins, and metabolites to tumor
cells, actively inducing resistance across chemotherapy,
targeted therapy, radiotherapy, and immunotherapy by
promoting epithelial-mesenchymal transition, stemness,
metabolic flexibility, and immune evasion [59]. Tumor
heterogeneity further exacerbates resistance, as genetically
distinct subclones respond differently to treatment, leading
to selective enrichment of resistant populations and
disease relapse [57]. Overcoming resistance will require
rational combination strategies, biomarker-guided therapy
selection, and longitudinal monitoring of tumor evolution.

7.2 Toxicity

Treatment-related toxicity remains a major limitation
of modern cancer therapy because most anticancer
modalities damage normal tissues in addition to malignant
cells [60]. Radiotherapy produces dose- and field-
dependent adverse effects, including acute inflammation
and late complications such as fibrosis, vascular injury,
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organ dysfunction, and secondary malignancies, which
may persist for years after treatment completion [60].
Immunotherapy introduces a distinct toxicity profile
characterized by immune-related adverse events resulting
from nonspecific immune activation, commonly affecting
the skin, gastrointestinal tract, lungs, endocrine organs,
and cardiovascular system [61]. These toxicities may
be delayed, severe, or life-threatening and often require
immunosuppressive therapy and multidisciplinary
management [62]. Collectively, treatment-related
toxicities limit dose intensity, compromise quality of
life, and may necessitate treatment interruption, thereby
reducing therapeutic effectiveness.

7.3 Immune Escape

Immune escape represents a major biological barrier
to effective cancer immunotherapy and reflects the ability
of tumors to evade immune surveillance through both
intrinsic and extrinsic mechanisms [63]. Cancer cells
may reduce immunogenicity by downregulating tumor
antigens, impairing antigen processing, or suppressing
major histocompatibility complex expression, limiting
recognition by cytotoxic T lymphocytes [64]. In parallel,
tumors establish immunosuppressive microenvironments
through upregulation of immune checkpoint ligands such
as PD-L1, recruitment of regulatory T cells, and expansion
of myeloid-derived suppressor cells [63, 65]. These
mechanisms contribute to primary resistance and limit the
durability of responses to immune checkpoint inhibitors.
Overcoming immune escape will require rational
combination immunotherapies, improved predictive
biomarkers, and strategies aimed at reprogramming the
tumor immune microenvironment [65].

7.4 Cost and Late Detection

High treatment costs and delayed diagnosis remain
major systemic barriers to effective cancer care worldwide.
Many contemporary therapies, including targeted agents,
immunotherapies, and advanced radiotherapy techniques,
are expensive and inaccessible to large populations,
particularly in low- and middle-income countries, leading
to financial toxicity and reduced treatment adherence [66].
Late-stage diagnosis further worsens outcomes, as many
patients present with advanced disease due to inadequate
screening, limited diagnostic infrastructure, nonspecific
early symptoms, and socioeconomic disparities [66].
Advanced-stage cancers require complex, costly
treatments with lower survival benefit. Improving early
detection and reducing economic barriers are essential for
equitable global cancer control [66].

8. Why does stage 4 cancer remain incurable?

Stage IV cancer represents the most advanced phase of
malignant disease, defined by the dissemination of tumor
cells to distant organs [67]. Despite substantial advances in
systemic therapy, a durable cure remains rare in metastatic
cancer because disease spread fundamentally alters
tumor biology, treatment response, and host interactions
[67, 68]. Metastatic cancer is characterized by widespread
tumor burden, microenvironmental protection, cellular
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dormancy, limited drug delivery, and profound genetic
instability, which together create a disease state that is
intrinsically resistant to eradication [68, 69].

8.1 Metastatic Burden

In Stage IV disease, tumor cells have colonized
multiple anatomical sites, resulting in a high and
heterogeneous metastatic burden that overwhelms
physiological reserve [68]. Unlike localized tumors,
metastatic lesions are rarely amenable to complete
surgical resection and must be treated primarily with
systemic therapies [68, 70]. Multi-organ involvement
including liver, lung, brain, and bone metastases leads to
progressive organ dysfunction and directly contributes
to cancer-related mortality [70]. Large-scale genomic
analyses demonstrate that increasing metastatic burden is
associated with chromosomal instability and aggressive
tumor evolution, increasing the likelihood that resistant
subclones are present or emerge during treatment [71].

8.2 Microenvironment Protection

Metastatic tumor cells are supported by specialized
microenvironments that promote survival and therapeutic
resistance [72]. Organs such as bone marrow and liver
provide stromal- and extracellular matrix—rich niches that
deliver anti-apoptotic and pro-survival signals [72, 73].
Collagen-rich extracellular matrix niches have been
shown to actively regulate metastatic cell persistence
and resistance by enforcing protective cellular states
[73]. Interactions with stromal cells, cytokines, and
immunosuppressive components alter drug metabolism,
enhance repair pathways, and suppress immune-mediated
clearance, rendering metastatic lesions less responsive to
therapy than primary tumors [73, 74].

8.3 Dormant Cells

Dormant disseminated tumor cells represent a major
barrier to curative therapy in Stage IV cancer [69]. These
cells persist in a quiescent or slow-cycling state, enabling
them to evade treatments that primarily target proliferating
cells, such as chemotherapy and radiotherapy [69, 73].
Dormant cells may remain clinically undetectable for
prolonged periods before reactivating and driving late
metastatic relapse [73]. Their survival is regulated
by distinct microenvironmental and stress-response
pathways, making them poorly susceptible to conventional
therapeutic approaches [69, 73].
8.4 Drug Penetration Limits

Effective eradication of metastatic disease is further
limited by inadequate drug delivery to tumor sites [74].
Abnormal tumor vasculature, dense extracellular matrix,
and elevated interstitial pressure restrict uniform drug
penetration within metastatic lesions [74, 75]. Certain
organs, such as the brain, are protected by physiological
barriers that limit the entry of many systemic agents
[75]. Hypoxic regions within metastases further reduce
sensitivity to radiotherapy and promote more aggressive
phenotypes [74]. Although nanoparticle-based delivery
systems show promise in improving intratumoral drug
distribution, these strategies remain largely investigational
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[75].

8.5 Genetic Instability

Metastatic cancers exhibit marked genetic and
epigenetic instability, resulting in diverse subclonal
populations with variable therapeutic sensitivities [71].
Comprehensive sequencing studies reveal that metastatic
progression is accompanied by ongoing chromosomal
alterations and organ-specific evolutionary trajectories
[71, 76]. Under therapeutic pressure, cancer cells rapidly
adapt through acquisition of resistance mutations, pathway
reprogramming, and antigen loss [76]. This dynamic
evolutionary landscape makes simultaneous targeting
of all malignant clones extremely difficult, contributing
fundamentally to the incurability of Stage IV cancer
[68, 71].

9. Future directions

9.1 Personalized Medicine

Personalized medicine represents a paradigm shift in
oncology, aiming to tailor treatment according to the unique
molecular and biological characteristics of an individual
patient’s tumor rather than population-based averages
[77]. Advances in next-generation sequencing have
enabled comprehensive genomic profiling, facilitating
the identification of actionable mutations and guiding
the selection of targeted therapies and immunotherapies
matched to specific oncogenic drivers [78]. This
approach has already transformed the management of
non-small cell lung cancer, melanoma, and selected
hematologic malignancies, where molecular alterations
increasingly dictate treatment decisions [77]. Beyond
genomics, integration of transcriptomic, proteomic,
immunomic, and metabolomic data provides deeper
insight into tumor behavior, therapeutic vulnerability,
and resistance mechanisms [78]. Machine learning and
artificial intelligence are being applied to integrate these
multidimensional datasets, predict treatment response,
and optimize combination strategies. However, clinical
implementation remains limited by tumor heterogeneity,
evolving resistance, cost, and unequal access to molecular
diagnostics, underscoring the need for robust biomarkers
and scalable precision oncology frameworks [77, 78].

9.2 Oncolytic Viruses

Oncolytic virotherapy employs naturally occurring
or genetically engineered viruses that selectively infect,
replicate within, and destroy cancer cells while sparing
normal tissues [79]. Tumor selectivity arises from defects
in antiviral signaling, dysregulated cell-cycle control, and
impaired interferon responses characteristic of malignant
cells [79, 80]. Viral replication induces direct tumor cell
lysis and releases progeny virions that propagate infection
within the tumor mass [79]. Importantly, oncolytic
viruses also promote immunogenic cell death, releasing
tumor antigens and inflammatory signals that enhance
antitumor immune responses [86]. Clinical translation
has been demonstrated by the approval of talimogene
laherparepvec (T-VEC) for advanced melanoma [79].
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Ongoing trials are evaluating diverse viral platforms
and combination strategies with immune checkpoint
inhibitors, radiotherapy, and targeted agents to overcome
immune suppression and enhance efficacy [79, 80].

9.3 CRISPR and Gene Editing

CRISPR—-Cas gene-editing technology offers
unprecedented precision for modifying genetic alterations
that drive cancer initiation, progression, and treatment
resistance [81]. Using programmable guide RNAs,
CRISPR enables targeted disruption or regulation of
oncogenes, tumor suppressor genes, and resistance-
associated pathways [81]. In oncology, CRISPR-based
loss-of-function screens have identified novel drug targets
and synthetic lethal interactions, accelerating therapeutic
discovery [81, 82]. In immuno-oncology, CRISPR is used
to engineer immune cells by enhancing tumor recognition
and effector function, with early-phase clinical trials
demonstrating feasibility and acceptable safety [81, 82].
Challenges remain, including off-target effects, delivery
limitations, immune reactions, and long-term genomic
stability, although advances in high-fidelity Cas variants
and improved delivery systems continue to expand clinical
potential [82].

9.4 Nanomedicine

Nanomedicine applies nanoscale materials to improve
cancer diagnosis and therapeutic precision by overcoming
biological barriers that limit conventional treatments [83].
Nanoparticles can encapsulate chemotherapeutic agents,
nucleic acids, or imaging probes, enhancing tumor-specific
delivery while reducing systemic toxicity [83, 84]. Their
physicochemical properties enable preferential tumor
accumulation through the enhanced permeability and
retention (EPR) effect [83]. Advanced nanocarriers
incorporate active targeting and stimuli-responsive
release mechanisms, responding to pH, enzymes, or
hypoxia within the tumor microenvironment [84]. Several
nanomedicines have achieved clinical approval, validating
translational potential [83], though challenges such as
variable EPR effects, immune clearance, long-term safety,
and scalable manufacturing persist [83, 85].

9.5 Tumor Vaccines

Tumor vaccines aim to stimulate antitumor immunity
by targeting tumor-associated antigens or patient-specific
neoantigens derived from somatic mutations [86].
Advances in sequencing and epitope prediction have
enabled personalized neoantigen vaccines that avoid
immune tolerance and induce robust CD4* and CD8*
T-cell responses in early clinical studies [87]. Vaccine
platforms include peptide, dendritic cell, viral vector, and
mRNA-based approaches [86]. However, clinical efficacy
remains limited by tumor heterogeneity, antigen loss, and
immunosuppressive microenvironments. Combination
strategies with immune checkpoint inhibitors and
adjuvants are therefore central to improving durability
and clinical benefit [86].
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9.6 Liquid Biopsy and MRD Monitoring

Liquid biopsy enables non-invasive detection of
tumor-derived biomarkers such as circulating tumor
DNA (ctDNA), circulating tumor cells, and extracellular
vesicles, allowing real-time assessment of tumor dynamics
[88]. Its most impactful application is monitoring
minimal residual disease (MRD), defined as microscopic
tumor burden persisting after treatment and preceding
clinical relapse [89]. Prospective studies demonstrate
that ctDNA positivity strongly predicts recurrence and
inferior survival, particularly in colorectal cancer [90].
Longitudinal monitoring enables early detection of
resistance and treatment failure, often months before
imaging, supporting personalized surveillance and
adaptive therapy strategies [88-90].

In conclusion, cancer represents a highly complex
and heterogeneous group of diseases driven by dynamic
genetic, epigenetic, and microenvironmental interactions.
This review has outlined the fundamental biological
mechanisms underlying cancer initiation and progression,
including genetic alterations, hallmark capabilities,
tumor microenvironmental influences, and intratumoral
heterogeneity. It has further examined the clinical
distinction between benign and malignant tumors,
contemporary classification and staging systems, and
the pivotal role of metastasis in cancer-related mortality.
Despite substantial advances in surgery, radiotherapy,
systemic therapies, and immunotherapy, treatment
resistance, toxicity, and disease recurrence particularly in
advanced-stage cancer remain major challenges.

Importance of Early Diagnosis

Early diagnosis is one of the most effective strategies
for improving cancer outcomes. Detection at localized
stages enables curative treatment with less intensive
therapy, reduces treatment-related morbidity, and
significantly improves survival. In contrast, delayed
diagnosis often results in advanced or metastatic disease,
where therapeutic options are limited and prognosis is
poor. Expanding access to screening programs, improving
diagnostic infrastructure, and integrating emerging tools
such as liquid biopsy for early detection and minimal
residual disease monitoring are essential components of
effective cancer control, particularly in resource-limited
settings.

Hope From Upcoming Therapies

Rapid advances in precision oncology, immunotherapy,
gene editing, nanomedicine, and real-time disease
monitoring offer renewed hope for transforming
cancer care. Personalized treatment strategies, rational
combination therapies, and early intervention guided
by molecular profiling have the potential to overcome
resistance and improve long-term outcomes. Continued
translational research and equitable implementation of
these innovations will be critical to reducing the global
cancer burden and moving closer to durable disease
control.
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