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1. Introduction

Cancer is a multifaceted disease that causes over 10 
million deaths annually, worldwide. It is characterised by 
diverse biological traits and a wide range of phenotypes 
[1, 2]. Breast cancer, the most prevalent malignant 
tumor among women, exemplifies this heterogeneity 
through its varied cellular states and interactions [3]. 
This complexity arises from the interplay of genetic, 
environmental, and host factors, resulting in biological 
heterogeneity that influences the pathophysiology, tumor 
biology, and clinical outcomes [4]. Research indicates 
that bulk tumors often originate from “cancer stem cells” 
(CSCs), which are responsible for cancer initiation and 
recurrence [1]. Epigenetic mechanisms are integral to 
cancer development, alter cellular states, and play a 
significant role in tumour origin and progression [1]. 
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The global impact and complexity of cancer necessitate 
ongoing molecular research to enhance clinical care and 
develop personalised treatments. Advanced technologies, 
such as single-cell RNA sequencing (scRNA-seq), are 
revolutionising cancer research by providing insights 
into cellular heterogeneity [3]. Understanding molecular 
characteristics at the genomic level is crucial for improving 
clinical care and developing personalised precision 
medicine approaches for patients with cancer [4]. The aim 
of this narrative review is to synthesize the foundational 
molecular mechanisms, the complexities of the tumor 
microenvironment, and emerging precision therapeutic 
strategies to provide a comprehensive perspective on the 
current landscape of oncology.
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2. Cellular Foundations of Cancer

Normal cell cycle and regulation
The eukaryotic cell cycle involves the synthesis and 

degradation of cyclins that activate cyclin-dependent 
kinases (CDKs) [5]. Key proteins, including cyclins, 
CDKs, and the inhibitors p21 and p16, control cell 
proliferation at checkpoints [5]. These checkpoints 
function as DNA surveillance mechanisms during cell 
division [6]. In response to damage, checkpoints can 
delay progression or induce cell cycle exit or apoptosis 
[6]. CDC25 phosphatases are crucial in cell cycle phase 
transitions and are targets of the checkpoint machinery 
[7]. Meiotic cycles have checkpoints that ensure 
recombination completion before spindle formation 
and proper chromosomal attachment. Animal oocytes 
maintain meiotic arrest via cytostatic factors [8]. Cell 
cycle regulation occurs through temporal and spatial 
information, including the synthesis and activation of 
proteins that regulate gene expression. Checkpoints 
link cell division to chromosome states, whereas 
regulatory components direct organelle positioning [9]. 
Understanding these mechanisms is crucial for developing 
cancer therapies and addressing cell cycle disorders.

Fundamental cellular alterations in cancer
Cancer development involves cellular modifications, 

including genetic disruption and molecular changes, 
that enable malignant progression. Genetic inactivation 
of tumor suppressor genes such as p16 (INK4a)/p14 
(ARF) and NF2 and epigenetic silencing of genes such 
as RASSF1A are prevalent in cancers. The activation 
of receptor tyrosine kinases and deregulation of the 
MAPK and PI3K-AKT signalling pathways contribute 
to cancer cell survival [10]. Although specific oncogene 
mutations, such as KRAS, are common in certain cancers, 
they are not universal [10, 11]. Cancer is characterised 
by dysregulation of pathways that drive aberrant cell 
growth. Cellular transformation involves oncogene 
activation and tumour suppressor inactivation [11]. The 

interaction between genetic mutations, epigenetic changes, 
and altered signalling contributes to cancer progression. 
Understanding these processes is vital for developing 
targeted therapies and improving treatment.

Hallmarks of cancer development
Cancer progression is characterized by uncontrolled 

growth and systemic transformation. The framework 
of Hanahan and Weinberg (2000,) [12] explains the 
complexity and adaptability of cancer [13, 14]. Core 
hallmarks include sustained proliferative signalling, 
evasion of growth suppressors, resistance to cell death, 
replicative immortality, angiogenesis, and metastasis 
[13, 15, 16]. Emerging hallmarks include dysregulated 
cellular energetics, immune evasion, genome instability, 
and tumor-promoting inflammation [14]. The AKT 
pathway influences multiple hallmarks, thereby affecting 
cellular physiology and oncogenesis [14]. TGF-β functions 
as a tumor suppressor in normal cells and promotes tumor 
growth in malignant cells [16]. Understanding these 
hallmarks is crucial for developing targeted therapies. 
The multifaceted nature of cancer requires comprehensive 
approaches addressing tumor biology [17, 18] (Table 1).

3. Genetic and Molecular Basis of Cancer

Genomic instability
Genomic instability, a defining characteristic of cancer, 

arises from chromosomal aberrations, failures of the 
DNA damage response (DDR), and structural alterations. 
DNA damage can result from endogenous sources, 
such as replication errors, or exogenous factors, such as 
radiation and chemicals, leading to nucleotide changes 
or chromosomal abnormalities [19]. Unrepaired damage 
disrupts cellular homeostasis, activates oncogenes, 
inactivates tumor suppressors, and drives carcinogenesis 
[19, 20]. Chromosomal instability encompasses karyotypic 
changes, copy-number alterations, and structural 
abnormalities [20]. DNA-damaging events, such as 
chromothripsis and chromoplexy, can cause extensive 

Table 1. Key Cancer Hallmarks and Corresponding Targeted Therapeutic Strategies

Hallmark Key Molecular Mechanism(s) Example Therapeutic Class / Drug

Sustained Proliferative Signalling Oncogene activation 
(e.g., EGFR, HER2, BRAF)

Tyrosine Kinase Inhibitors
(e.g., Osimertinib, Trastuzumab, Dabrafenib)

Evasion of Growth Suppressors Inactivation of RB pathway CDK4/6 Inhibitors (e.g., Palbociclib)

Resistance to Cell Death Overexpression of anti-apoptotic proteins 
(e.g., BCL-2)

BH3 Mimetics (e.g., Venetoclax)

Replicative Immortality Telomerase activation Telomerase Inhibitors (e.g., Imetelstat)

Induction of Angiogenesis Upregulation of VEGF Anti-VEGF Monoclonal Antibodies 
(e.g., Bevacizumab)

Activation of Invasion & Metastasis EMT activation; HGF/c-MET signalling MET Inhibitors (e.g., Crizotinib)

Deregulating Cellular Energetics Warburg effect; IDH mutations IDH Inhibitors (e.g., Ivosidenib); Glycolysis inhibitors 
(experimental)

Genome Instability & Mutation Defective DNA Damage Response (DDR)
 (e.g., BRCA mutations)

PARP Inhibitors (e.g., Olaparib)

Avoiding Immune Destruction Expression of immune checkpoints 
(e.g., PD-L1)

Immune Checkpoint Inhibitors
(e.g., Pembrolizumab, Nivolumab)

Tumor-Promoting Inflammation Inflammatory signalling (e.g., NF-κB) Anti-inflammatory drugs 
(e.g., IL-6 inhibitors, JAK inhibitors)
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baseline rate of tumor suppressor gene inactivation 
may be faster than previously thought. Although some 
passenger mutations harm cancer cells, their cumulative 
effect creates a barrier to cancer progression, defined by 
critical population-size and mutation-rate thresholds [34]. 
The genetic evolution of cancer involves balancing the 
driver and passenger mutations. Although drivers mainly 
propel cancer progression, passenger accumulation can 
significantly affect tumor fitness and treatment outcomes. 
This understanding has implications for cancer therapy, 
suggesting that targeting the collective burden of 
passenger mutations is promising [34, 35]. The timing 
and dependencies of mutations, including low-frequency 
drivers, are crucial in cancer genomics [36].

Epigenetic modifications
Epigenetic modifications include DNA methylation, 

histone modifications, chromatin remodeling, gene 
regulation, and cancer development. DNA methylation, 
particularly promoter hypermethylation, can silence tumor 
suppressor genes and contribute to cancer progression 
[37]. Histone modifications affect chromatin structure and 
gene expression, with aberrant patterns found in various 
tumor types [38, 39]. Interactions between epigenetic 
mechanisms increase the complexity of gene regulation 
in cancer. Crosstalk between N6-methyladenosine (m6A) 
RNA methylation and other epigenetic modifications 
initiates epigenetic remodeling and influences 
tumorigenesis [40]. The relationship between histone 
modifications and regulatory elements in breast cancer 
cells shows that active regulatory elements are associated 
with active histone modifications near transcription start 
sites [41]. Dysregulation of epigenetic mechanisms 
contributes to cancer development. The reversible nature 
of these modifications has led to epigenetic therapies 
targeting the enzymes involved in DNA methylation 
and histone modifications [37, 38]. Understanding the 
interplay between epigenetic mechanisms and their roles 
in gene regulation is crucial for developing effective 
cancer treatments and advancing the knowledge of tumor 
biology [42].

Genomic landscape of cancer
Genomic analyses of different cancer types have 

revealed a landscape of genetic alterations, including 
mutations, copy number changes, and structural variations. 
Whole-genome sequencing of 403 adult gliomas has 
identified recurrent coding and non-coding mutations, 
providing a map of structural variants and copy-number 
changes [43]. Analysis of 33,036 solid tumors showed that 
copy number changes in cancer driver genes are broadly 
prognostic, whereas mutations are rarely associated 
with patient survival [44]. There are discrepancies in 
the prognostic value of genetic alterations. Although 
mutations in cancer driver genes do not correlate with 
patient outcomes, copy number changes and methylation 
patterns are more informative for risk assessment [44]. 
The genetic landscape varies among the cancer types. 
RHOA mutations were observed in 14.3% of diffuse-type 
gastric tumors but not in intestinal-type tumors [45]. The 

genomic insults and exacerbate genomic instability 
in cancers [21]. Defects in the DDR pathway can 
lead to aberrant DNA repair and tumorigenesis [22]. 
Dysfunctional telomeres trigger DDR activation, 
causing chromosome-end fusion and genomic instability 
[22]. Abnormalities in DDR-associated genes and 
dysfunctional ubiquitin-proteasome systems are prevalent 
in metastatic castration-resistant prostate cancer [23]. 
Understanding these mechanisms is crucial for developing 
novel prognostic biomarkers and targeted therapies [21, 
23]. Clinically, instability can be assessed by using 
histopathological tools. Immunohistochemistry (IHC) for 
mismatch repair (MMR) proteins is a standard method 
for screening Lynch syndrome and has become a critical 
pan-tumor biomarker for immune checkpoint inhibitor 
responses [24]. Loss of nuclear staining for these proteins 
provides a visual correlation to genomic defects and has 
therapeutic implications [25].

Oncogenes and tumor suppressor genes
Oncogene activation and tumor suppressor gene 

silencing are pivotal for cancer initiation and progression. 
Oncogenes, which are proto-oncogenes involved in 
cell growth, can be activated by gene amplification, 
chromosomal rearrangements, or mutations [26, 27]. 
This activation led to uncontrolled cell proliferation. 
Tumor suppressor genes that inhibit cell transformation 
and regulate cell cycle control and apoptosis are 
inactivated in cancer cells through mutations, deletions, 
or epigenetic silencing [28, 29]. Studies have shown a 
correlation between oncogene activation and epigenetic 
silencing of specific tumor suppressor genes [30]. The 
transcriptional repressor Id1, which is overexpressed in 
numerous cancers, targets tumor suppressor genes such 
as TSP1 and CDKN2A (p16). The precise mechanism 
of this silencing remains unclear, as Id1 overexpression 
alone does not repress these target genes in melanoma 
cell lines [30] (Healey et al., 2010). This suggests that 
oncogene activation may require additional genetic or 
epigenetic alterations to silence the tumor suppressor 
genes. The interplay between oncogene activation 
and silencing of tumor suppressor genes is complex. 
Understanding these mechanisms is crucial to developing 
novel cancer therapies. Emerging techniques, such as 
RNA interference, zinc finger nucleases, and CRISPR, 
offer promising avenues for targeting these molecular 
pathways in cancer treatment [26].

Genetic mutations and cancer progression
Driver mutations confer a selective advantage to 

cancer cells, while passenger mutations are considered 
neutral or mildly harmful [31]. Drivers are the primary 
contributors to carcinogenesis, while passengers 
have minimal impact. Recent studies have shown 
complex interactions among these mutations during 
cancer evolution. Computational models suggest that 
passenger mutations can accelerate cancer evolution 
by reducing population fitness and boosting the fitness 
of intermediate mutants in tumor suppressor gene 
inactivation pathways [32, 33]. This suggests that the 
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genomic terrain of cancer shows heterogeneity across 
cancer types. Mutations, copy-number alterations, and 
structural variations contribute to molecular signatures. 
Integrating genomic, epigenomic, and transcriptomic 
profiles provides an understanding of cancer biology 
and may improve diagnostic, prognostic, and therapeutic 
strategies [45, 46]. This approach offers insight into 
personalized medicine and targeted therapies. In clinical 
practice, Next-Generation Sequencing (NGS) panels are 
used to analyze tumor genomics. The data, identifying 
driver mutations, copy number alterations, and fusions, 
are discussed by molecular tumor boards (MTBs) to 
recommend targeted therapies or determine prognosis. 
Integrating genomic data into clinical decision-making 
is essential for precision oncology [47].

4. Molecular Signalling in Cancer Development

Cell proliferation signalling pathways
Protein kinases play a pivotal role in cellular signalling, 

governing cell growth, proliferation, and survival [48]. 
These networks encompassing numerous kinases and 
phosphorylation sites are frequently dysregulated in 
cancer. MAPK cascades convey signals to intracellular 
targets and initiate cell proliferation, differentiation, and 
apoptosis [49]. In cancer, mutations or aberrant protein 
expression can disrupt these networks uncontrolled cellular 
growth. Ras G-proteins, which regulate MAPK pathways, 
are mutated in approximately 30% of human cancers [50], 
highlighting the need for targeted therapies. Research 
shows more kinases than previously recognized contribute 
to tumorigenesis, suggesting new therapeutic strategies 
[48]. The complexity of these networks is demonstrated by 
pathway interactions; cAMP can modulate growth factor 
responses by decoupling MAPK cascades and activating 
signals via PKA [51]. Understanding these interactions 
and molecular alterations in signalling pathways is 
essential for elucidating cancer growth circuits and 
developing effective therapies.

Apoptosis and cell survival mechanisms
Cancer cells employ molecular strategies to circumvent 

cell death, a fundamental characteristic of malignancy, 
by suppressing apoptosis and resistance to pro-death 
signals [52]. Dysregulated apoptosis contributes to 
cancer progression and resistance to treatments such 
as radiation and cytotoxic drugs [53]. Cancer cell 
survival depends on the overexpression of anti-apoptotic 
proteins, such as Bcl-2, which confer resistance to 
apoptosis-inducing agents and are activated in lymphomas 
and other cancers [53]. Resistance develops through 
mutations in pro-apoptotic genes, increased expression of 
anti-apoptotic proteins, and the silencing of pro-apoptotic 
genes via DNA hypermethylation [54]. Studies have 
shown that endocytosis plays a key role in apoptotic 
resistance and immune escape, with tumors exhibiting 
dysregulated endocytic dynamics that support metabolic 
demands and resistance to therapy [55]. Alternative cell 
death pathways, such as ferroptosis, entosis, necroptosis, 
and immunogenic cell death, present new intervention 

opportunities [56]. Cancer cells resist death by disrupting 
apoptotic pathways and altering endocytic dynamics. 
Understanding these mechanisms is crucial for developing 
therapies targeting the apoptotic machinery and alternative 
cell death mechanisms for effective cancer treatment 
[55-57].

Growth factor signalling
Receptor tyrosine kinases (RTKs) are integral 

to cellular communication through growth factor 
signalling. These transmembrane proteins are activated 
upon ligand binding, inducing receptor dimerization 
and autophosphorylation of tyrosine residues within 
the intracellular domains [58]. This activation triggers 
signal transduction cascades involving adaptor proteins 
and enzymes that regulate cellular processes, including 
growth, differentiation, metabolism, and motility [59]. 
RTKs can also translocate to the nucleus to initiate 
transcription [60]. Proteomic studies have identified 
novel post-translational modification sites, highlighting 
the complexity of these networks [61]. Aberrant RTK 
signalling occurs during cancer progression through 
receptor overexpression, mutations, gene amplification, 
and defective regulation [60, 62]. These changes activate 
pathways, such as MAPK, PI3K/Akt, and JAK/STAT, 
promoting cancer stemness, angiogenesis, and metastasis 
[62]. Although RTKs are attractive therapeutic targets, 
resistance and toxicity challenge RTK-targeted therapies 
[63], underscoring the need for new approaches to 
modulate these pathways in cancer treatment.

Cellular communication and transformation
Cancer cells interact through molecular transformations 

and signalling networks to establish tumor progression 
and immune evasion [64]. These interactions occur 
via extracellular vesicle (EVs)-transferring of proteins, 
nucleic acids, and microRNAs between cells [65]. The 
tumor microenvironment (TME) enables intercellular 
communication, in which tumor-associated macrophages 
(TAMs) maintain immunosuppression through EVs 
[66]. Adipocytes in the breast stroma secrete EVs that 
promote tumor growth [65]. Tunneling nanotubes 
(TNTs) enable direct intercellular transport, which affects 
cellular reprogramming and chemotherapy resistance 
[67]. Cancer cells use these pathways to modify their 
TME. Understanding these interactions is vital to 
developing novel therapeutic strategies. Single-cell RNA 
sequencing and tools such as CellChat have enhanced our 
understanding, potentially leading to improved anticancer 
therapies [68-71].

Immune system evasion mechanisms
Cancer cells utilize molecular mechanisms to evade 

immune surveillance and resist immune checkpoint 
inhibitors (ICIs). These mechanisms include the 
modulation of immune checkpoints, molecular alterations, 
and systemic immune resistance. Cancer cells evade 
immune attacks by modulating immune checkpoints, with 
tumors upregulating inhibitory checkpoints, such as PD-1/
PD-L1 and CTLA-4, to suppress T cell activity [72, 73]. 
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Alternative immune checkpoint activation contributes to 
resistance to PD-1/PD-L1 inhibitors [74]. The triggering 
receptor TREM2 negatively affects antitumor immunity 
by inhibiting T cell proliferation [75]. Cancer cells evade 
detection through neoantigen loss or impaired antigen 
presentation [74]. Epithelial-mesenchymal transition 
facilitates immune evasion by altering the expression 
of checkpoint molecules [76]. Epigenetic modifications 
alter the expression of immune response genes and 
contribute to drug resistance [74]. Cancer cells create 
an immunosuppressive tumor microenvironment by 
reprogramming their metabolism to generate nutrient 
scarcity and hypoxia [77] (Jiang et al., 2020). “Cold” 
tumors lacking T cell infiltration render ICI therapy 
ineffective [78], while gut microbiome dysbiosis 
contributes to resistance [74]. Understanding these 
mechanisms is crucial to developing strategies to 
overcome resistance. Solutions include combining ICIs 
with alternative checkpoint therapies and enhancing T 
cell infiltration [72, 78].

5. Cancer Microenvironment

Tumor microenvironment composition
The cellular landscape of cancer is defined by 

interact ions between cancer  cel ls  and tumor 
microenvironment (TME) components, forming a 
dynamic ecosystem that supports cancer cell survival 
and growth [79, 80]. Cancer cells interact with stromal, 
endothelial, and immune cells, creating an ecosystem that 
facilitates tumor progression and treatment resistance 
[80]. TME comprises immune cells, stromal cells, 
and soluble factors that interact with cancer cells 
[79]. This crosstalk shapes the immune landscape and 
influences tumor progression and therapeutic response 
[79, 81]. Cancer-associated fibroblasts (CAFs) undergo 
phenotypic changes that affect tumor growth, promote 
cancer cell survival, and facilitate immune evasion [82]. 
The extracellular matrix (ECM) regulates cell growth, 
survival, and migration through cellular interactions [83]. 
Cancer cell plasticity enables environmental adaptation, 
contributing to tumor diversity and drug resistance through 
processes such as epithelial-mesenchymal transition [84]. 
Metabolic interplay within the TME supports cancer 
cell proliferation [82]. Understanding the interactions 
and mechanisms underlying tumor heterogeneity and 
drug resistance is crucial for developing effective cancer 
therapies [79, 81, 84].

Role of stromal cells
The tumor microenvironment (TME) is integral to 

cancer progression and metastasis through interactions 
between cancer cells, stromal cells, and extracellular 
matrix (ECM) components. These interactions form 
communication networks that support tumor growth and 
invasion [85-87]. Cancer-associated fibroblasts (CAFs) are 
crucial within the TME for synthesizing and modulating 
the ECM, which serves as a scaffold for growth factors 
and cytokines that promote tumor growth and metastasis 
[88]. ECM components regulate growth factors, such as 

hepatocyte growth factor (HGF) and its receptor c-MET, 
influencing cellular processes, including proliferation and 
angiogenesis [86]. Gap junctions (GJs) show context-
dependent effects on cancer progression, potentially 
inhibiting metastasis in some models, while promoting 
epithelial-to-mesenchymal transition (EMT) in breast 
cancer [89]. Stromal dynamics of cancer progression 
involve complex communication networks and molecular 
pathways. Understanding these interactions is crucial for 
developing TME-targeted therapies and for improving 
cancer management [90, 91].

Inflammation and cancer progression
Inflammation plays a dual role in cancer, functioning 

as both a protective mechanism and a potential catalyst 
for tumorigenesis. Acute inflammation defends 
against pathogens and tissue damage, whereas chronic 
inflammation can facilitate malignant transformation 
[92]. The inflammatory microenvironment is regulated 
by mediators, including cytokines (TNF-α, IL-6, TGF-β, 
and IL-10), chemokines, and growth factors, which 
contribute to tumor progression [93]. A bidirectional 
relationship exists between inflammation and cancer; 
chronic inflammation can lead to cancer, and cancer 
cells can induce inflammatory responses that support 
tumor development. Breast cancer cells produce TSLP, 
triggering dendritic cells to express OX40L, which in 
turn drives the development of inflammatory Th2 cells 
that promote tumor growth [94]. The IL-6 amplifying 
mechanism, involving NF-κB and STAT3, sustains 
chronic inflammation and drives tumorigenesis [95]. 
Molecular triggers such as PAMPs and DAMPs initiate 
chronic inflammatory responses [96], creating conditions 
for tumor development by inducing DNA damage, 
promoting cell proliferation, and suppressing antitumor 
immunity. Understanding these interactions is essential 
for developing targeted therapies against inflammation-
associated malignancies.

Angiogenesis
Blood vessel formation involves multiple molecular 

switches that are critical for tumor nutrient acquisition 
and growth, including vasculogenesis and angiogenesis 
[97, 98]. Hypoxia and the hypoxia-inducible factor (HIF) 
transcriptional system trigger blood vessel growth in 
malignant tumors [99]. HIF-1α stabilization under hypoxic 
conditions increases the transcription of proangiogenic 
genes, particularly vascular endothelial growth factor 
(VEGF) [98]. The angiogenic switch involves transitioning 
from a pre-vascular to a vascularized tumor phenotype, 
which is controlled by pro- and anti-angiogenic factors 
[100]. Vascular remodeling integrates existing vessels into 
tumor vasculature and vessel regression, transforming 
healthy networks into tumor-specific vasculature [101]. 
This process is influenced by molecular pathways, cell 
activities, microenvironment, and mechanical forces 
[101]. NRP1 is essential for embryonic angiogenesis and 
vessel remodeling [102]. Understanding these mechanisms 
is crucial for developing therapeutic strategies that target 
tumor angiogenesis. Computer simulations can provide 
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insights into blood flow and drug distribution, thereby 
facilitating effective treatment protocols [101, 103].

Extracellular matrix interactions
 Invasion of cancer cells involves interactions between 

tumor cells and the extracellular matrix (ECM) via 
various molecular mechanisms. This process involves 
cytoskeletal dynamics, cell-ECM adhesion, and tissue 
remodeling in response to microenvironmental signals 
[104]. Tumor cells use collective and single-cell migration 
strategies to adapt to microenvironmental challenges 
[104]. During tumor progression, the ECM undergoes 
remodeling, with cancer cells and stromal fibroblasts 
producing matrices and enzymes that support invasion 
[105]. The tensional force field from cell contraction 
drives collagen fiber remodeling, which enhances cell 
polarization and invasion by increasing the matrix 
stiffness [106]. Cellular contractility is essential because 
its inhibition reduces tumor cell invasion. The interaction 
between cellular mechanics and ECM remodeling reveals 
mechanochemical coupling during invasion [106]. Key 
molecules involved in invasion include integrins, focal 
adhesion kinase (FAK), and matrix metalloproteases 
(MMPs). Integrins mediate cell-ECM adhesion, whereas 
FAK mediates integrin signalling [107, 108]. MMPs 
facilitate ECM degradation, and MMP-2 plays a 
significant role [109]. Cancer-associated fibroblasts 
contribute to ECM remodeling, promoting tumor rigidity, 
and FAK activation [110]. Cancer cell invasion involves 
cellular and molecular mechanisms that enable tumor cells 
to adapt to microenvironmental conditions and therapeutic 
challenges.

6. Metastasis Mechanisms

Invasion and migration processes
Cancer cell migration and invasion are complex 

processes involving multiple mechanisms that enable 
tumor cells to escape from primary sites and metastasize 
[104,111]. These processes exhibit plasticity and 
adaptability, allowing cancer cells to respond to 
microenvironmental cues and overcome therapies [104, 
112]. The primary mechanisms include collective, 
mesenchymal, and amoeboid cell migration, distinguished 
by cell-cell junctions, actin cytoskeleton organization, 
matrix adhesion, and protease activity [112]. Cancer 
cells can transition between these migration modes, 
demonstrating plasticity that helps them navigate 
microenvironments and evade therapies [112, 113]. 
Migration and invasion involve interplay between 
cellular components and signalling pathways, including 
cytoskeletal remodeling, ECM degradation, and cell 
adhesion changes [108, 111]. Cross-talk between the 
ECM, integrin receptors, matrix metalloproteases, and 
Rho GTPases modulates cell shape, tension, and migration 
[108]. The tumor microenvironment influences collective 
tumor cell invasion [114]. This plasticity manifests 
itself as histopathological changes. During Epithelial-
Mesenchymal Transition (EMT), epithelial cells lose 
polarity and cell-cell adhesion while gaining mesenchymal 

markers, thereby driving invasion [115]. This process is 
visible at tumor ‘invasive fronts.’ Tumor grading reflects 
this process, with high-grade tumors showing loss of 
epithelial architecture and a discohesive appearance 
consistent with EMT, indicating an invasive potential 
[116] (Figure 1).

Metastatic cascade
Metastatic progression of cancer involves molecular 

events and cellular transformations that enable tumor 
cells to spread from primary sites to distant organs. The 
metastatic cascade begins when cancer cells acquire pro-
metastatic characteristics and develop a supportive tumor 
microenvironment (TME) [117]. This process involves 
loss of cell polarity, altered adhesion, and deregulated 
receptor kinase signalling, enabling tumor cell detachment 
and invasion. Epithelial-to-mesenchymal transition (EMT) 
is critical, marked by decreased E-cadherin and increased 
vimentin and Twist1/2 expression (Sridaran et al., 
2016). Cancer cells must overcome anoikis and immune 
surveillance before leaving the primary tumor [117]. The 
tumor stroma engages in molecular crosstalk within the 
TME, promoting angiogenesis and immunosuppressive 
responses. Circulating tumor cells face challenges during 
their intravasal journey [117]. CTCs interact with the 
immune system and may be more susceptible to immune 
effector cells [118]. Successfully extravasating CTCs can 
colonize distant sites and adapt to survival [117, 119]. This 
process involves interactions between tumor cells and 
their microenvironment, creating an immunosuppressive 
milieu that fosters metastatic tumors [119].

Molecular determinants of metastasis
Metastasis, the leading cause of cancer mortality, 

involves complex events regulated by molecular factors 
and signalling pathways. Reactive oxygen species (ROS) 
signalling facilitates the metastatic cascade and SIRT3 
regulates cell migration through ROS control [120]. The 
invasion-metastasis cascade is influenced by pathways 

Figure 1. Histopathologic and Molecular View of EMT
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including TGFβ, Wnt/β-Catenin, Hedgehog, p53, and 
cancer stem cell maintenance, which are modulated 
by proteins like Kindlin-2 [121]. NF-κB is critical in 
pancreatic cancer metastasis, regulating cell proliferation, 
anti-apoptosis, angiogenesis, epithelial-mesenchymal 
transition, and inflammation [122]. The MAP pathway, 
regulated by RKIP, contributes to cell growth, invasion, 
and metastasis [123]. Hypoxia-induced alterations 
mediated by HIF-1 and pathways, such as c-Src and c-Met, 
contribute to the metastatic phenotype [124]. It defines that 
metastasis is regulated by molecular factors and pathways, 
including ROS signalling, NF-κB, MAP, and hypoxia-
induced pathways. Understanding these mechanisms is 
essential for developing targeted therapies to prevent 
metastasis. The involvement of tumour stromal cells, 
particularly endothelial cells, in early tumour metastasis 
underscores the complexity of this process [125].

Organ-specific metastasis
Cancer cells demonstrate organ-specific preferences 

during metastasis through interactions between the 
tumour cells and the target organ microenvironment. 
Organ tropism is influenced by several mechanisms. 
The metastatic cascade selectively favours the survival 
of specific subpopulations of metastatic cells within the 
primary tumour [126]. These cells have properties that 
enable organ colonisation. Breast cancer cells exhibit 
organ-specific malignant behaviour in response to organ-
conditioned media, matching their in vivo metastatic 
potential [127]. The organ microenvironment is crucial for 
metastatic colonisation. As proposed by Paget’s “seed and 
soil” hypothesis, the organ microenvironment influences 
tumour cell invasion, survival, growth, and apoptosis 
[126]. This interaction occurs via paracrine stimulation by 
organ-derived growth factors and cytokines [126, 128]. 
A key insight into this hypothesis is the pre-metastatic 
niche (PMN), where primary tumours “prepare” distant 
sites by secreting extracellular vesicles (EVs) that create 
a favourable microenvironment[129]. Organ-specific 
metastasis results from the interplay between cancer cell 
properties and organ microenvironment characteristics. 
Understanding these mechanisms is crucial for developing 
targeted therapies and predicting metastasis. Future 
research should focus on organ-derived factors influencing 
metastatic and the pre-metastatic niche role [127, 129].

Metastatic colonization
Cancer cells employ mechanisms to colonise distant 

organs and form secondary tumours. Metastasis involves 
escape from primary tumours, survival in circulation, 
and organ colonisation. Cancer stem cells are crucial 
for initiating new tumours at secondary sites [130]. To 
colonise organs, cancer cells must overcome shear stress 
and adapt to new microenvironments [131]. Cancer 
cells reprogram their metabolism to survive in new 
environments. This metabolic reprogramming of amino 
acid metabolism is essential for colonisation of organs 
such as the lung, liver, brain, peritoneum, and bone [132]. 
Primary tumours secrete extracellular vesicles (EVs) to 
form pre-metastatic niches (PMN) that prepare distant 

sites for colonisation [133]. Metastatic colonisation 
depends on interactions between cancer cells and the 
host microenvironment, involving metabolic adaptations 
and niche formation. Understanding these mechanisms is 
crucial for developing therapies to prevent metastasis, the 
main cause of cancer mortality [131-133].

7. Cellular Metabolism in Cancer

Metabolic reprogramming
Cancer cells undergo metabolic reprogramming 

to facilitate rapid growth and survival in adverse 
conditions. This metabolic adaptability allows them to 
fulfil their energy needs and sustain their viability in 
challenging environments [134]. Key alterations include 
the Warburg effect and changes in lactate, glutamine, and 
lipid metabolism to supply intermediates for nucleotide, 
protein, and fatty acid biosynthesis [135, 136]. Recent 
research indicates that cancer cells depend on glutamine, 
lipids, and mitochondrial metabolism [137]. The 
carnitine system regulates metabolic flexibility, enabling 
transition between glucose and fatty acid metabolism 
[134]. MicroRNAs (miRNAs) modulate these metabolic 
changes and often act as downregulated tumour 
suppressors in cancer [135, 137]. Cancer cells utilise 
metabolic reprogramming strategies involving glycolysis, 
glutaminolysis, lipid metabolism, and mitochondrial 
function [138, 139]. Understanding these adaptations 
offers opportunities to develop innovative diagnostic tools 
and therapeutic strategies [137, 140]. A notable example 
is the ‘porphyrin overdrive’ mechanism, an imbalanced 
heme-metabolic pathway representing a promising target 
for future therapies [141].

Warburg effect
The Warburg effect is a metabolic phenomenon in 

cancer cells characterised by increased glycolysis and 
lactate production even in the presence of adequate oxygen 
[142]. This metabolic reprogramming enables cancer cells 
to fulfil energy and biosynthetic requirements for rapid 
proliferation [143].

The Warburg effect includes key metabolic alterations:
1. A preference for aerobic glycolysis over oxidative 

phosphorylation for ATP production [143].
2. An increase in glucose uptake and lactate production 

[144].
3. Reprogramming of mitochondrial oxidative 

phosphorylation [145].
4. Activation of lactate dehydrogenase A to convert 

pyruvate into lactate [144].
While the Warburg effect is a hallmark of cancer 

metabolism, its universality remains debated. Some 
studies show that certain cancer cells exhibit high 
mitochondrial respiration and low glycolysis [146]. The 
‘reverse Warburg effect’ proposes that glycolytic stromal 
cells secrete lactate, which is used by oxidative cancer 
cells, highlighting complex metabolic interactions within 
the TME [146].

The Warburg effect provides advantages to cancer 
cells:
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1. Rapid energy production and increased proliferation 
[143].

2. Enhanced survival under hypoxic conditions [144].
3. Support for tumor progression and resistance to cell 

death (Coelho et al., 2018).
4. Promotion of invasiveness and metastasis [144].
These metabolic alterations confer growth advantages 

to cancer cells and contribute to therapy resistance. 
Understanding this reprogramming offers opportunities 
for targeted cancer therapies [142, 144].

Metabolic vulnerabilities
Cancer cells possess metabolic vulnerabilities that can 

be targeted because of their altered metabolic processes 
(Table 2). These vulnerabilities arise from metabolic 
reprogramming during tumor development [147, 148]. 
A key vulnerability is modified glucose metabolism. 
Tumors rely on glycolysis for energy production, even 
in the presence of oxygen (the Warburg effect), which 
can be exploited with glycolysis inhibitors [149, 150]. 
The increased lactate production has led to therapies 
targeting lactate transporters (MCTs) [151]. Another 
vulnerability is glutamine metabolism dependence, vital 
for biosynthesis and energy. Glutaminase inhibitors show 
potential here [149, 150, 152]. Some tumours rely on 
mitochondrial oxidative phosphorylation (OXPHOS), 
making them susceptible to OXPHOS inhibitors [149, 
151]. Other vulnerabilities include lipid and nucleotide 
metabolism, as well as specific pathways [147, 153]. 
Targeting metabolic interactions between cancer cells 
and tumour microenvironment shows promise [154, 155]. 
Cancer cells’ metabolic reprogramming offers exploitable 
vulnerabilities through inhibitors and combination 
therapies. However, tumour heterogeneity and adaptive 
resistance require personalised approaches and predictive 
biomarkers [149, 150].

Metabolic interactions in tumor microenvironment
Metabolic interactions between cancer cells and 

the tumor microenvironment (TME) are crucial for 
cancer progression. Cancer cells undergo metabolic 
reprogramming, altering their glucose and lipid metabolism 
to adapt to the TME [156, 157]. This reprogramming affects 
surrounding cells, creating metabolic crosstalk within 
the TME [66, 158]. Cancer cells stimulate adipocytes 
to release fatty acids, thereby supporting their growth 

and survival [159]. These interactions are reciprocal. 
Cancer-associated fibroblasts (CAFs) and stromal cells 
influence cancer cell metabolism by supplying nutrients 
and signals that promote tumor growth and metastasis 
[160]. Metabolic changes in immune cells within the 
TME alter their function, potentially enabling cancer 
cells to evade the immune response [159, 160]. Metabolic 
interactions between cancer cells and the TME create a 
supportive environment for tumor growth, metastasis, and 
therapy resistance. Understanding these interactions offers 
opportunities to develop therapies targeting metabolic 
pathways in cancer cells and the TME [156, 157, 160].

8. Molecular Therapeutic Approaches

Targeted therapies
Targeted therapies represent a cutting-edge approach 

to cancer treatment, designed to address molecular and 
genetic abnormalities that drive tumor growth [161]. 
These therapies disrupt specific receptor signaling 
pathways that are crucial for tumor cell proliferation, 
survival, and migration [162]. Targeted therapies include 
small-molecule inhibitors, monoclonal antibodies, 
antibody-drug conjugates, and gene-editing technologies 
[161]. Their success depends on precise detection and 
sustained targeting of initial and evolving driver mutations 
within cancer cells [163]. In non-small cell lung cancer 
(NSCLC), targeted therapies address specific molecular 
alterations, such as EGFR mutations, ALK and ROS1 
fusions, and BRAF, RET, MET, HER2, and KRAS 
alterations [164]. This enables personalized treatment, 
tailoring therapies to a patient’s tumor’s molecular 
profile [165]. However, challenges persist, including 
tumor heterogeneity and clonal evolution, leading to 
drug resistance and treatment failure [163]. While some 
targeted therapies have shown significant efficacy, others 
have produced suboptimal outcomes in clinical trials 
[166]. The development of targeted therapies, driven by 
advances in molecular profiling techniques, represents 
progress towards more effective and personalized cancer 
care [161, 164].

Immunotherapy mechanisms
Precision medicine customizes cancer treatments for 

individual patients by considering their genetic, molecular, 
and clinical characteristics to deliver more effective 

Table 2. Key Metabolic Vulnerabilities in Cancer and Potential Therapeutic Targets
Metabolic Pathway Key Alterations in Cancer Rationale for Targeting Example Therapeutic Strategy

Glucose Metabolism 
(Warburg Effect)

Increased aerobic glycolysis High glucose uptake and l
actate production

Glycolysis inhibitors (e.g., 2-DG) 
MCT1 inhibitors 

(block lactate export)

Glutamine Metabolism "Glutamine addiction" for biosynthesis Cancer cells depend on glutamine 
for nitrogen and anaplerosis

Glutaminase (GLS) inhibitors 
(e.g., CB-839)

Lipid Metabolism De novo fatty acid synthesis Required for building
 new cell membranes

Fatty Acid Synthase (
FASN) inhibitors

One-Carbon Metabolism High demand for folate pathway Needed for nucleotide 
(purine/pyrimidine) synthesis

Antifolates 
(e.g., Methotrexate)

Amino Acid Metabolism Dependency on specific amino acids 
(e.g., Arginine, Serine)

Some tumors cannot synthesize these 
"non-essential" amino acids

Arginine-degrading enzymes 
(Arginase)
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therapies while reducing adverse effects. In oncology, 
precision medicine applies genetic and patient-specific 
information to optimize preventive and therapeutic care 
[167]. It uses biomarkers, including genetic, epigenetic, 
protein, and metabolite markers, to identify patients who 
are candidates for targeted therapies [168]. This approach 
has enabled companion diagnostics, where molecular 
assays measure proteins, genes, or mutations to provide 
tailored therapy [167]. Patient-derived tumor organoids, 
combined with genomic sequencing and drug screening, 
allow researchers to model personalized therapeutic 
responses [169]. Circulating biomarkers assess patient 
risk and tumor characteristics and monitor treatment 
outcomes [170]. Precision medicine aims to complement 
standard approaches by tailoring treatments to unique 
tumor characteristics [171]. By integrating genomic 
profiling and targeted therapies, precision medicine offers 
the potential to improve cancer treatment outcomes [161, 
172]. However, challenges including tumor heterogeneity, 
limited biomarkers, high costs, and resistance to targeted 
therapies must be addressed [168] (Figure 2).

Precision medicine
Precision medicine customizes cancer treatments for 

individual patients by considering their genetic, molecular, 
and clinical characteristics to deliver more effective 
therapies while reducing adverse effects. In oncology, 
precision medicine applies genetic and patient-specific 
information to optimize preventive and therapeutic care 
[167]. It uses biomarkers, including genetic, epigenetic, 
protein, and metabolite markers, to identify patients who 
are suited for targeted therapies [168]. This approach 
has enabled companion diagnostics, where molecular 
assays measure proteins, genes, or mutations to provide 
tailored therapy [167]. Patient-derived tumor organoids, 
combined with genomic sequencing and drug screening, 
enable researchers to model personalized therapeutic 
responses [169]. Circulating biomarkers assess patient 
risk and tumor characteristics and monitor treatment 
outcomes [170]. Precision medicine aims to complement 
standard approaches by tailoring treatments to unique 
tumor characteristics [171]. By integrating genomic 
profiling and targeted therapies, precision medicine offers 
the potential to improve cancer treatment outcomes [161, 
172]. However, challenges including tumor heterogeneity, 
limited biomarkers, high costs, and resistance to targeted 
therapies must be addressed [168].

Emerging therapeutic strategies
The latest emerging therapeutic strategies for 

cancer treatment encompass innovative approaches 
to overcome drug resistance and enhance patient 
outcomes. Targeted therapies, combination treatments, 
and immunotherapies have demonstrated significant 
potential in addressing cancer’s molecular mechanisms 
[173]. Nanotechnology-enhanced photodynamic therapy 
(PDT) with immunotherapy has shown synergistic 
effects in preclinical studies, enhancing immune 
responses and mitigating the immunosuppressive tumor 
microenvironment [174]. Smart therapeutic carriers 

have emerged as an effective strategy to improve drug 
delivery and patient outcomes, with promise for cancer 
immunotherapy. Two-dimensional molybdenum disulfide 
(MoS2) has demonstrated potential as a platform for 
cancer theranostics, offering applications in imaging, 
photothermal therapy, and drug delivery [175]. Emerging 
therapies for pancreatic cancer include immunotherapy, 
genetic profiling, and targeted approaches [176]. 
Targeted therapies and personalized strategies are being 
investigated to address CRC treatment resistance [177]. 
Precision medicine and immunotherapy are transforming 
lung cancer treatment [178]. Cancer therapeutics is rapidly 
evolving, emphasizing personalized approaches that 
leverage nanotechnology, immunotherapy, and molecular 
biology for improved outcomes.

Molecular targeting approaches
Molecular targeting strategies enhance the specificity 

and efficacy of cancer therapy by focusing on tumor cells’ 
unique molecular characteristics. These methodologies 
identify and target specific molecules involved in cancer 
growth, enabling personalized treatments. Targeted 
therapies deliver anticancer agents to tumor cells while 
minimizing damage to adjacent cells, resulting in higher 
effective doses and improved responses [179]. Aptamers, 
single-stranded oligonucleotides, bind to target molecules 
with high specificity, promoting localization and uptake 
by specific cell populations [179]. Advancements 
in genomics, proteomics, and transcriptomics have 
identified molecular targets, leading to the development 
of monoclonal antibodies and intracellular targeting agents 
[180]. These therapies inhibit cancer cell proliferation 
by interfering with tumor growth molecules [181]. 
Small-molecule inhibitors and antibody-drug conjugates 
enhance treatment precision [161]. Molecular-targeting 
approaches enable precise, personalized treatments based 
on tumors’ genetic and molecular characteristics. This shift 

Figure 2. Clinical Workflow of Precision Oncology
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from organ-centric to personalized approaches has enabled 
more effective cancer treatments (Silva et al., 2023; Silva 
et al., 2024). However, drug resistance, toxicity, and high 
costs remain challenges to these therapies [181].

In conclusion, cancer is an intricate and evolving 
disease system shaped by the interplay of genetic 
mutations, cellular dynamics, and microenvironmental 
influences. A comprehensive understanding of these 
molecular mechanisms is essential for developing effective 
therapeutic strategies. Precision medicine, supported by 
advances in genomics and molecular profiling, continues 
to redefine treatment paradigms through targeted and 
personalized interventions. The integration of artificial 
intelligence and machine learning into cancer research is 
accelerating the discovery of predictive biomarkers and 
therapeutic targets, while patient-derived models such 
as tumor organoids are enhancing the precision of drug 
screening and individualized therapy design. Collectively, 
these emerging approaches signal a transition toward more 
adaptive, data-driven oncology one that aims not merely 
to treat but to manage cancer as a chronic, controllable 
condition.
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