
Article Not peer-reviewed version

Cancer Therapies: Cellular and

Molecular Mechanisms

Yashoda T Rao and Gundu H.R. Rao *

Posted Date: 9 May 2025

doi: 10.20944/preprints202505.0689.v1

Keywords: types of cancer; cancer biology; targeted cancer therapies; immunotherapy; CAR T-Cell Therapy;

cancer vaccines; monoclonal antibodies

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/1936913


 

 

Article 

Cancer Therapies: Cellular and Molecular 
Mechanisms 
Yashoda T Rao 1 and Gundu H. R. Rao 2,* 

1 Independent Researcher, USA 
2 University of Minnesota, Minneapolis, Minnesota, USA 
* Correspondence: gundurao9@gmail.com 

Abstract: Cancer therapy has evolved dramatically over the past few decades, progressing from 
traditional treatments such as surgery, chemotherapy, and radiation therapy to more advanced 
approaches that target the cellular and molecular mechanisms underlying cancer. Understanding 
these mechanisms is crucial for developing more effective. While surgery, chemotherapy, and 
radiation therapy remain the cornerstones of cancer treatment, they are often associated with 
significant side effects and limited specificity. These treatments work by targeting rapidly dividing 
cells, but they cannot distinguish between cancerous and normal cells, leading to collateral damage. 
Cancer is fundamentally a disease of cellular and genetic dysregulation. Understanding the cellular 
and molecular mechanisms that drive cancer progression is essential for developing targeted 
therapies that can more precisely attack cancer cells while sparing normal cells. Signal transduction 
pathways regulate various cellular processes, including growth, differentiation, and survival. In 
cancer, these pathways are often dysregulated, leading to aberrant cell behavior. For example, the 
PI3K/AKT/mTOR pathway is frequently activated in cancer, promoting cell growth and survival. 
Combining different types of therapies can enhance their effectiveness and overcome resistance. For 
example, combining targeted therapies with immunotherapy or traditional treatments can lead to 
better outcomes. Researchers are continually exploring new combinations to find the most effective 
strategies. The field of cancer therapy is rapidly evolving, with ongoing research into new molecular 
targets, biomarkers for early detection, and strategies to overcome resistance. Advances in 
technologies such as CRISPR gene editing, artificial intelligence, and personalized medicine are 
poised to revolutionize cancer treatment. In conclusion, understanding the cellular and molecular 
mechanisms of cancer is crucial for developing more effective and less toxic therapies. While 
traditional treatments have their limitations, targeted therapies and new approaches offer hope for 
better outcomes and improved quality of life for cancer patients. Continued research and innovation 
are essential to conquer this complex and formidable disease. 

Keywords: types of cancer; cancer biology; targeted cancer therapies; immunotherapy; CAR T-Cell 
Therapy; cancer vaccines; monoclonal antibodies 
 

Introduction 

Metabolic disturbances, such as insulin resistance and hyperglycemia, have been linked to an 
increased risk of developing vascular disease, cancer, and neurodegenerative diseases in later life. 
These conditions can disrupt normal metabolic processes, leading to chronic inflammation, oxidative 
stress, and cellular damage. The connection between metabolic disturbances and disease 
development is thought to be mediated by various molecular mechanisms, including epigenetic 
changes, impaired cellular signaling pathways, and alterations in gene expression [1–12]. Therefore, 
early identification and management of metabolic disturbances are crucial for preventing or delaying 
the onset of these diseases. Metabolic syndrome is also linked to an increased risk of certain cancers, 
including colon adenomas, colorecta cancer, non-alcoholic liver disease and liver cancer. Metabolic 
disorders, including insulin resistance and mitochondrial dysfunction are implicated in the 
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development and progression of neurodegenerative disease like Alzheimer’s disease (AD), 
Parkinson’s disease and Huntington’s disease. Established obesity-related cancer are defined as those 
for which the International Agency for Research on Cancer (IARC) has concluded that there is 
sufficient evidence linking them to obesity, including cancers of the esophagus ( adenocarcinoma) 
gastric (cardia), and colon. Recent research has proposed a novel concept,-that AD as “type-3 
diabetes” highlighting the critical role of insulin resistance and impaired glucose metabolism as the 
common pathogenesis of these two diseases[12]. 

Meticulous research conducted by the Framingham Heart Study group, established risk factors 
for the development of coronary artery disease [13]. The INTERHEART study found that nine easily 
measurable modifiable risk factors could explain more than 90 percent, the risk of heart attack 
globally, in all geographical regions and major ethnic groups [14]. They concluded that management 
of modifiable risk factors will have the potential to prevent most premature myocardial infarctions. 
Khera and associates from Harvard University, demonstrated that among participants, even with 
high genetic risk, a favorable lifestyle was associated with a nearly 50% lower relative risk of coronary 
artery disease [15]. According to a report from the researchers of the Imperial College London, 
Cardiovascular mortality has declined, and diabetes mortality has increased in high-income countries 
[16]. It’s encouraging to note, that death due to cardiovascular disease has decreased by two thirds 
in industrial nations over the past 60 years. According to various studies, the reduction in 
cardiovascular mortality can be attributed to improvements in medical care, lifestyle changes, and 
advancements in disease prevention and treatment. The decrease is also linked to increased 
awareness and education about heart health, as well as the implementation of public health initiatives 
aimed at reducing risk factors such as high blood pressure, high cholesterol, and smoking [17]. Death 
rates from cancer on the other hand, have hardly reduced in the more than fifty years since the War 
on Cancer was declared. 

The War on Cancer, declared by President Richard Nixon in 1971, aimed to eliminate cancer as 
a major health threat by the end of the 20th century. Despite significant advances in cancer research 
and treatment, death rates from cancer have not decreased substantially over the past five decades. 
In fact, according to the American Cancer Society, cancer remains one of the leading causes of death 
worldwide, with over 18 million new cases and 9.6 million cancer-related deaths reported in 2020 
alone. This suggests that the war on cancer has yet to be won [18]. Cancer is developed from a normal 
healthy cell, a disease that is endogenous, and therefore the aim should be better management than 
to cure. According to the experts, it is more realistic to treat cancer as one of the chronic, manageable 
diseases [18]. There is worldwide effort to shift the public health policies towards prevention than 
curing. Cancer is the second leading cause of death in the USA right behind heart disease. Then why 
is there such a difference in the management of these two diseases? 

The difference between the management of these two diseases is that we understand the 
metabolic risks that initiate and contribute to the progression of metabolic diseases such as 
hypertension, obesity, type-2 diabetes and vascular diseases. Therefore, we have come up with robust 
management of the modifiable risk factors associated with vascular diseases [19–23]. 

In contrast, cancer remains a multifaceted disease with numerous subtypes, each with distinct 
genetic and environmental risk factors. While certain modifiable risks like smoking, diet, and 
environmental carcinogens are recognized, cancer’s initiation and progression are often influenced 
by genetic mutations and complex cellular interactions, making prevention and management more 
challenging. Cancer arises from genetic mutations, environmental factors, and lifestyle influences, 
making it harder to pinpoint universal preventive strategies. While screening programs exist for 
some cancers (e.g., mammograms for breast cancer, colonoscopies for colorectal cancer), many 
cancers remain undiagnosed until later stages. Unlike CVD, where long-term medication use can 
manage symptoms effectively, cancer therapies (chemotherapy, radiation, immunotherapy) often 
face challenges like drug resistance and recurrence. Cancer treatment increasingly relies on targeted 
therapies based on individual genetic profiles, making management more specialized and costly. 
Increasing awareness of lifestyle-related cancer risks and promoting healthier habits could help 
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reduce incidence rates. Investing in better screening technologies and biomarkers can lead to earlier 
diagnosis and better outcomes. Just as CVD patients benefit from multidisciplinary care, cancer 
patients could receive more integrated support, including metabolic health monitoring. Utilizing 
genetic and metabolic profiling may help identify individuals at higher risk, enabling more targeted 
preventive measures. 

In a recent article we reviewed, ‘Cardiometabolic Diseases; Cellular and Molecular Mechanisms’ 
[10]. In this article, we briefly review the importance of early diagnosis, challenges related to the early 
diagnosis, types of cancers, unique characteristics, early origin of cancer, role of microenvironment, 
advance imaging and biomarker assays and treatment options. 

Cellular and Molecular Mechanisms of Cancer 

Cancer is primarily a disease caused by cellular, genetic and tissue organization dysregulation 
[24]. Understanding the molecular and cellular mechanisms driving cancer progression is essential 
for developing targeted therapies that selectively attack cancer cells while minimizing harm to 
normal cells. Cancer arises when normal cells undergo genetic and epigenetic alterations, disrupting 
cellular homeostasis and leading to tumor formation, invasion, and metastasis. Genetic mutations 
play a key role in cancer development by driving uncontrolled cell growth and division.[25]. 
Oncogenes, such as RAS, MYC, and HER2, are mutated or overexpressed genes that enhance cell 
proliferation and survival. In contrast, tumor suppressor genes like TP53, RB1, and BRCA1/2 
normally regulate cell division and promote apoptosis (programmed cell death)[26]. Loss-of-function 
mutations in these genes impair DNA repair, apoptosis, and cell cycle control, contributing to cancer 
progression. Additionally, defects in DNA repair genes such as MLH1 and MSH2 lead to genomic 
instability and an accumulation of mutations [27]. 

Epigenetic alterations also play a significant role in cancer by modifying gene expression 
without changing the DNA sequence [28]. Hypermethylation of tumor suppressor genes silences 
their protective functions, whereas hypomethylation of oncogenes increases their expression, 
promoting uncontrolled proliferation [29]. Dysregulation of microRNAs (miRNAs) can either 
promote or suppress cancer growth [30]. Moreover, mutations affecting key cell cycle regulators such 
as cyclin-dependent kinases (CDKs), cyclins, and P53 allow cancer cells to bypass checkpoints (G1/S 
and G2/M), resulting in unrestricted cell division. Cancer cells evade programmed cell death by 
overexpressing anti-apoptotic proteins like BCL-2 or downregulating pro-apoptotic factors such as 
BAX and caspases[31]. Mutations in TP53 further disrupt apoptosis pathways, allowing damaged 
cells to survive. To sustain their rapid growth, cancer cells require an ample blood supply for oxygen, 
glucose and other nutrients. They achieve this by secreting vascular endothelial growth factor 
(VEGF) to stimulate new blood vessel formation, which assures substrates for energy and metabolic 
needs [32]. 

Metastasis, the spread of cancer to other tissues, occurs through epithelial-mesenchymal 
transition (EMT), a process in which tumor cells lose adhesion and gain invasive properties. Key 
players in EMT include matrix metalloproteinases (MMPs), downregulation of E-cadherin, and 
integrins. [33,34] Additionally, cancer cells evade immune destruction by upregulating immune 
checkpoint proteins like PD-L1 and CTLA-4, which inhibit T-cell activity, and by recruiting 
immunosuppressive cells such as regulatory T cells (Tregs) and myeloid-derived suppressor cells 
(MDSCs)[35]. Cancer cells also alter their metabolism, switching to aerobic glycolysis (Warburg 
effect)—favoring glucose fermentation even in the presence of oxygen—to meet their biosynthetic 
and energy demands [36,37]. Understanding these cellular and molecular mechanisms is critical for 
developing targeted therapies, including immunotherapy, small-molecule inhibitors, and gene 
therapy, to effectively combat cancer [38–40] 

Signal transduction pathways regulate various cellular processes, including growth, 
differentiation, and survival. In cancer, these pathways are often dysregulated, leading to aberrant 
cell behavior [41–43]. For example, the PI3K/AKT/mTOR pathway is frequently activated in cancer, 
promoting cell growth and survival. When activated under normal physiological conditions, it 
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responds to growth factors, such as insulin and epidermal growth factor (EGF). However, in cancer, 
mutations in genes such as PIK3CA (encoding PI3K), PTEN (a tumor suppressor that negatively 
regulates PI3K), or AKT can lead to persistent activation of the pathway, driving oncogenesis [44,45]. 
Hyperactivation of the PI3K/AKT/mTOR pathway has been implicated in various cancers, including 
breast cancer, glioblastoma, and lung cancer. This leads to increased cell proliferation, resistance 
to apoptosis, enhanced angiogenesis, and metabolic reprogramming. Due to its critical role in 
cancer progression, this pathway has become a major target for cancer therapy. Drugs such as mTOR 
inhibitors (e.g., rapamycin and its analogs), PI3K inhibitors, and AKT inhibitors are being 
developed and tested in clinical trials to block aberrant signaling and suppress tumor growth.[46,47] 
However, in cancer, signal transduction is often dysregulated due to genetic mutations, epigenetic 
changes, or external influences, leading to uncontrolled cell proliferation, evasion of apoptosis, and 
metastasis. 

Cancer is a complex disease influenced by both genetic and environmental factors. While rare 
mutations in high-penetrance genes (e.g., BRCA1/BRCA2 in breast cancer) play a role in hereditary 
cancers [48]. Genome wide association studies (GWAS) focuses on identifying common genetic 
variants that have a small effect but collectively contribute to cancer risk in the general population. 
The Cancer Genome Atlas (TCGA), a landmark cancer genomics program of the National Cancer 
Institut4e, USA, molecularly characterized 20, 200 primary cancer and matched normal samples 
sampling 33 cancer types in hopes to finding the precise genetic changes that cause various types of 
cancer, such as breast, kidney, and liver cancer [49]. The results showed that each cancer type had 
more than one hundred different mutations and those mutations were more or less random and 
exhibited no definite pattern. A few gens emerged as drivers of cancer, including TP53, KRAS, 
common in pancreatic cancer, PIC3A, common in breast cancer and BRAF, common on melanomas. 
However, few if any shared these known mutations across all tumors [50]. For instance, the breast 
cancer is not only different from colon cancer but is different between even the two breast cancer 
patients. 

Wound healing is one of the most complex and highly dynamic process, which occurs all the 
time in response to any tissue injury (Figure 1). Wound healing and cancer share some similarities in 
their effects on tissue, but they are fundamentally different processes. Wound healing is a natural, 
highly regulated process that involves the coordinated effort of various cell types to repair damaged 
tissues. On the other hand, cancer is an uncontrolled, aggressive growth of cells that can lead to the 
destruction of healthy tissues. While wound healing seeks to restore tissue integrity, cancer aims to 
disrupt it, making it a significant threat to overall health. It is of great interest to know how tissue 
repair and cancer share cellular and molecular processes that are highly regulated in wound healing 
but misregulated or rather dictated by cancer to meet the needs of altered metabolism. In recent years 
it has become clear that cancer progression and metastasis is more like a non-healing wound that is 
out of control. Unresolved tissue injury may initiate the process that leads to cancer [51]. 
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Figure 1. Schematic Representation of Tissue Injury and the Repair Process (Prepared for the Authors by the 
University of Minnesota Artists). 

There are some emerging views that chronic or repetitive tissue injury, coupled with imperfect 
wound healing, can drive pathological processes instead of successful regeneration. Each cycle of 
wound healing involves inflammation, cell proliferation, and remodeling. However, when these 
processes are dysregulated—whether due to persistent stressors, accumulated DNA mutations, or 
epigenetic changes—tissue repair can veer toward fibrosis, chronic inflammation, or tumorigenesis 
[52]. This prolonged inflammatory state is a hallmark of diseases like inflammatory bowel disease 
(IBD), atherosclerosis, and even cancer (e.g., colitis-associated colorectal cancer. Repeated cycles of 
injury and incomplete resolution lead to excessive extracellular matrix (ECM) deposition, primarily 
driven by myofibroblast activation and TGF-β signaling[53]. Continuous cellular turnover due to 
damage increases the likelihood of acquired mutations in key oncogenes (e.g., KRAS, TP53) or tumor 
suppressor genes [54]. Chronic inflammation contributes to a pro-tumorigenic environment, 
promoting angiogenesis, immune evasion, and uncontrolled proliferation. Over time, fibrosis can 
impair normal tissue function, as seen in liver cirrhosis, pulmonary fibrosis, and cardiac fibrosis. 
Continuous cellular turnover due to damage increases the likelihood of acquired mutations in key 
oncogenes (e.g., KRAS, TP53) or tumor suppressor genes [55]. Understanding the differences 
between these processes that lead to the initiation, progression of tumor growth and metastasis can 
help develop treatment strategies. 

Types of Cancers 

Cancer is a group of disease characterized by uncontrolled cell growth and the potential to 
invade or spread to other parts of the body. There are more than 100 types of cancers, classified based 
on the type of cell they originate from. In a general review like this, it is not possible to cover all types 
of cancer, readers are urged to refer to specific monographs related to this topic [56–61]. 
Internationally accepted cancer classification developed by the Union of International Cancer 
Control(UICC) and the World Health Organization (WHO) are based on histotype, site of origin, 
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morphology and spread of the cancer in the body [56]. Tumors are currently diagnosed by routine 
histology and immunochemistry, based on their morphology and protein expression [57]. 
Classification based on the gene expression signatures also have been developed with the help of 
artificial neural networks [58]. Global Cancer Burden using the GLOBOCAN 2020 estimates of cancer 
incidence and mortality published by the International Agency for Research on Cancer, Worldwide, 
an estimated 19.3 million new cancer cases and almost ten million cancer deaths [59]. According to 
GLOBOCAN 2022, approximately 3 out of 5 people in India die following a cancer diagnosis[60]. The 
incidence and prevalence of different types of cancer vary based on several factors, including 
geography, ethnicity, metabolic activities, and lifestyle choices [61]. In the next few paragraphs, we 
describe briefly some of the common cancers. 

Carcinomas originate in epithelial cells, which line the skin and internal organs. They account 
for about 80-90 of all cancers. Adenocarcinomas begin in mucus-producing glands (breast colon, 
lungs, pancreas and prostate). 1). Squamous cell carcinomas arise in the flat cells of the skin and lining 
of internal organs (skin, esophagus, lungs, bladder and cervix). Basal cell carcinoma is a common 
type of skin cancer, slow-growing and rarely spreads. Transitional cell carcinoma found in the lining 
of the bladder, ureters and renal pelvis. 2). Sarcomas develop in bones, muscles, fat cartilage and 
other connective tissues. They include; Osteosarcoma, the cancer that originates in the bones, 
Chondrosarcoma that arises in cartilage cells. Liposarcoma which arise in fat tissues. 
Leiomyosarcoma which affects smooth muscle cells and Rhabdomyosarcoma, a rare cancer of skeletal 
muscle tissues. 3). Leukemias; acute lymphoblastic leukemia (ALL), Acute myeloid leukemia (AML), 
Chronic lymphocytic leukemia (CLL), Chronic myeloid leukemia (CML). 4). Lymphomas; Hodgkin 
lymphoma (HL), marked by the presence of Reed-Sternberg cells, Non Hodgkin Lymphoma, a more 
common type, with various subtypes. 

5) Myelomas, cancer of plasma cells, a type of white blood cell found in bone marrow, which 
disrupts immune function and bone health. 6). Brain and spinal cord cancers; Gliomas, which arise 
form glial cells, Meningiomas, which develop in the meninges (the protective layer of the brain and 
spinal cord), Medulloblastomas, most common in children. 7) Melanoma develops from melanocytes, 
the cells responsible for skin pigmentation. It is more aggressive than other skin cancers. Basal cell 
carcinoma, most common and slow-growing. Squamous cell carcinoma 8). Germ Cell Tumors, which 
arise from reproductive cells. Can occur in the testis ovary pr even outside the reproductive organs. 
Testicular cancer,-seminoma, and non-seminoma, Ovarian germ cell tumors are rare but aggressive. 
Extragonadal germ cell tumors, found in areas like chest or brain. 9) Neuroendocrine tumors which 
arise form neuroendocrine cells. Types of this cancer include, Carcinoid tumors often found in the 
gastrointestinal tract and lungs. Pancreatic neuroendocrine tumors (PNETs), which affect the 
pancreas. 10). Rare and uncommon cancers include; Mesothelioma, a cancer that occurs in the lining 
of the lungs and abdomen, Thyroid cancer that affects thyroid glands, Adrenal Cancer, which 
develops in adrenal glands and Wilms Tumor a type of kidney cancer in children. 

Cancer Cell Biology, Metabolism and Growth 

Cancer cells possess unique biological and metabolic traits that distinguish them from normal 
cells, enabling uncontrolled growth, resistance to cell death, and metastasis [62–64]. Unlike normal 
cells, they bypass regulatory mechanisms that control cell division and deactivate programmed cell 
death, leading to prolonged survival[65]. Genetic mutations in oncogenes (e.g., RAS, MYC) and 
tumor suppressor genes (e.g., p53, RB) drive cancer progression [55]. Many cancer cells activate 
telomerase, preventing telomere shortening and allowing unlimited replication[66]. Instead of 
relying on oxidative phosphorylation, cancer cells prefer glycolysis even in oxygen-rich conditions, 
facilitating rapid energy production and biosynthesis [67]. They often overexpress glucose 
transporters (e.g., GLUT1) to meet their high metabolic demands and alter lipid synthesis and amino 
acid metabolism to support rapid growth. Additionally, tumors promote new blood vessel formation 
to ensure an adequate supply of oxygen and nutrients [68]. Cancer cells can detach from the primary 
tumor, invade nearby tissues, and spread to distant organs through the bloodstream or lymphatic 
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system[69]. They also evade immune responses, enhancing their survival. Understanding these 
processes is essential for developing targeted therapies to inhibit cancer growth and metabolism. 

Environment of Cancer Tissues 

The tumor microenvironment (TME) plays a vital role in cancer progression, treatment 
resistance, and metastasis. It comprises cancer cells, stromal cells (such as fibroblasts and immune 
cells), and endothelial cells that drive angiogenesis, the formation of new blood vessels [70]. The 
extracellular matrix (ECM) in cancer tissues undergoes modifications that facilitate tumor growth, 
invasion, and immune evasion. Many tumors experience low oxygen levels (hypoxia), which 
promotes angiogenesis, metabolic alterations, and resistance to therapies [71]. The TME actively 
suppresses the immune system by attracting immunosuppressive cells, including regulatory T cells 
and myeloid-derived suppressor cells. Cancer cells within this environment adapt their metabolism, 
increasing glycolysis (Warburg effect) to meet elevated energy demands. Additionally, chronic 
inflammation in the TME fuels tumor progression by supplying growth factors and cytokines. 
Understanding the TME is essential for developing targeted therapies, such as immunotherapies and 
drugs designed to alter the tumor’s surroundings. 

Cancer spreads from the primary site to other tissues in a series of steps, growing into, or 
invading, nearby normal tissue (Figure 2). Moving through the walls of nearby lymph nodes or blood 
vessels. Traveling through blood or lymph to other parts of the body. By forming mass of tumor cells, 
capable of developing blood vessels to grow and bring in the needed glucose and nutrients. 
Metastatic cancer usually has the same name as the primary cancer. Cancer can spread to almost any 
part of the body, although different types of cancer are more likely to spread to certain preferred sites. 
The most common sites are bone, liver and lung, 

 

Figure 2. (Source: National Cancer Institute). 

Cancer Treatment Strategies 

Altered Metabolism and Cancer Therapy 

Targeting cancer metabolism offers a promising and relatively selective approach to therapy. 
As our understanding of tumor-specific metabolic pathways grows, so does the potential to design 
more effective and less toxic treatments. Metabolic pathways like glycolysis, oxidative 
phosphorylation, glutaminolysis, and lipid metabolism regulate and contribute significantly to the 
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development of tumors [72]. Some of the metabolic pathways that could be targeted include; 
Glycolysis inhibitors,-by block enzymes like hexokinase, lactate dehydrogenase, one can slow the 
tumor growth by cutting off energy supply. Glutaminase inhibitors, stop glutamine metabolism. 
Drugs like CB-839 are in clinical trials. In order to target Fatty Acid Metabolism, one can use blocking 
enzymes like FASN or VCPT1 and disrupt membrane synthesis of energy production. Inhibitors of 
IDH1/2 mutations (e.g.,; in gliomas/leukemias) block oncometabolites like 2-hydorglutaraate and 
target the TCA energy cycle. AMPK which acts as a metabolic checkpoint and mTOR which is a 
central regulator of cell growth and metabolism which is hyperactive in cancer cells can be 
modulated. Many tumors are hypoxic; drugs that activate under low-oxygen condition or target HIF 
(Hypoxia Inducible Factor) can be effective. Combination therapies using 

Mitochondria play a critical role in cancer therapy due to their distinct characteristics and 
essential functions. Often referred to as the cell’s “powerhouses,” they are responsible for generating 
energy through cellular respiration. However, in cancer cells, mitochondrial function is frequently 
impaired, leading to an increased reliance on glycolysis for energy production—even in the presence 
of oxygen. Targeting mitochondrial function has emerged as a promising approach in cancer 
treatment. Strategies include inhibiting mitochondrial biogenesis to suppress tumor growth and 
altering mitochondrial dynamics to trigger apoptosis in cancer cells. Once thought to be static 
structures, mitochondria are now known to be highly mobile. Researchers are investigating how 
mitochondrial transfer between cells can influence cancer progression and whether this phenomenon 
can be leveraged for therapeutic purposes [73]. Emerging studies suggest cancer cells may impair 
immune cells by transferring damaged mitochondria into them, thereby depleting their energy 
supply [74]. Dysfunction in mitochondrial DNA (mtDNA) expression contributes to mitochondrial 
failure and is associated with cancer, aging, and neurodegenerative diseases[75–77]. However, the 
mechanisms by which cells switch mitochondria under metabolic stress and the signaling pathways 
involved in mitochondrial exchange for immune suppression remain unclear. 

Cancer cells are known to favor glycolysis over mitochondrial oxidative phosphorylation 
(OXPHOS) even when oxygen is abundant, a phenomenon known as the Warburg effect [75,76]. 
Tumors demonstrating this effect often have fewer mitochondria than their tissue of origin and 
display elevated levels of hexokinase-2 (HK2), which binds to the mitochondrial membrane. Dr. Peter 
Pedersen of Johns Hopkins University significantly advanced our understanding of HK2’s role in 
cancer metabolism. HK2, located on the outer mitochondrial membrane, promotes rapid glucose 
consumption to fuel tumor growth and helps cancer cells evade apoptosis by interacting with the 
voltage-dependent anion channel (VDAC). Dr. Young H. Ko, a colleague of Dr. Pedersen, 
investigated the anti-cancer properties of 3-bromopyruvate (3BP), a compound that enters cancer 
cells via monocarboxylate transporters. 3BP disrupts glycolysis and mitochondrial function, 
selectively inducing cancer cell death while sparing normal cells [37]. 3-Bromo Pyruvate has been 
investigated as a potential anticancer agent due to its ability to induce apoptosis, inhibit cell 
proliferation, and modulate metabolic pathways. Studies have shown that 3-BP can selectively target 
cancer cells, including those resistant to chemotherapy, by disrupting energy metabolism and 
inducing oxidative stress. Its mechanism of action involves the inhibition of pyruvate kinase M2 
(PKM2), a key enzyme in the glycolytic pathway, which is often upregulated in cancer cells [78]. 

In a special publication, Dr. Ko and collaborators described 3BP as a small, highly reactive 
molecule capable of eradicating cancer cells with minimal side effects [79]. Efforts by Dr. Ko, Tod 
Powell, and collaborators—including Dr. Gundu HR Rao—aimed to launch multinational clinical 
trials of 3BP. In 2016, Dr. Rao visited several cancer centers in India, including the HCG Cancer Center 
in Bengaluru, the Ranga Dorai Cancer Center, and Medanta Cancer Institute in Gurugram. These 
institutions agreed to participate in Phase-1 clinical studies. Unfortunately, ongoing patent disputes 
between Dr. Ko and Johns Hopkins University hindered the progress of this promising collaboration. 
It is disappointing that despite early research by Dr. Pedersen in 1969 and comprehensive animal 
studies demonstrating 3BP’s potential, the development of this molecule as an anticancer drug has 
been delayed—largely due to commercial issues rather than scientific ones [80]. 
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Signal Transduction Pathways 

Inhibitors of signal transduction mechanisms have emerged as powerful tools in the treatment 
of cancer. These drugs specifically target the cellular signaling pathways that are often dysregulated 
in cancer cells, leading to uncontrolled growth, survival, invasion, and resistance to apoptosis. We 
have described cancer as a metabolic disease and as such these cells share a common metabolic 
pathway requiring the key nutrients, glucose, fatty acids and amino acids. Cancer cells need 
increased availability of these three nutrients to meet growth needs. There are various studies 
targeting the metabolic sensors and key mechanisms that modulate the availability these key 
nutrients. After the need for specific metabolites are recognized, the information is transformed by 
various signaling mechanisms. Signal transduction pathways are critical for cancer development and 
progression, and targeting these pathways is a promising therapeutic strategy [81]. G-protein 
coupled receptors (GPCRs) are the most prominent family of receptors involved in regulating all 
molecular and cellular functions [82]. In this family of receptors, GPR31 is a protein-coupled receptor 
that recognizes the citric acid cycle intermediates. This receptor plays a key role in inflammation as 
well as contributes to the tumor progression. 

Signal transduction refers to the process by which a cell responds to signals (e.g., growth factors, 
hormones) from its environment through a series of molecular events, typically involving protein 
kinases, that lead to a functional response. In cancer, these pathways are often overactive or mutated, 
leading to unregulated proliferation and survival. Many key signaling pathways, including 
MAPK/ERK, PI3K/AKT/mTOR, and Wnt/β-catenin, NF-kb are deregulated in cancer and contribute 
to processes like cell proliferation, apoptosis, and metabolism. Targeting these pathways with 
inhibitors, small molecules, or oligonucleotides can lead to cancer cell death or increased sensitivity 

to other therapies. Of the many signal transduction pathways modulating tumor proliferation and 
growth and metastasis, the one governed by multi-kinase inhibitors is the mitogen activated (MAPK) 
pathway, including the RAS-RAF-MAPK kinase (MEK)-extracellular signal-related kinase (ERK), 
which control various essential cellular processes. As such, targeting RAF by developing appropriate 
inhibitors seems very promising therapeutic strategy. 

Types of Signal Transduction Inhibitors used in cancer therapy include Tyrosine kinase 
inhibitors like Imatinib (Gleevec), which targets BCR-ABL in chronic myeloid leukemia, Erlotinib 
and Gefitinib, which target EFGR in non-small cell lung cancer and Sunitinib and Sorafenib, -
multitargeted TKIs used in renal cell carcinoma. These drugs competitively bind the ATP-binding 
site of tyrosine kinases and prevent phosphorylation and downstream signaling events. Second class 
of inhibitors include monoclonal antibodies that bind extracellular domains of the receptors or 
ligands, blocking signal transduction. Examples include Trastuzumab which targets HER2 receptor 
in breast cancer, Cetuximab, which works on EGFR in colorectal and head/neck cancers. and 
Bevacizumab which prevents angiogenesis. These drugs prevent receptor dimerization, promote 
immune-mediated killing and block ligand-receptor interactions. mTOR inhibitors (Everolimus, 
Temsirolimus) target the mammalian target of rapamycin, a serine /threonine kinase involved in cell 
growth and metabolism. MEK/ERK and RAF inhibitors target the MAPK/ERK pathway, commonly 
activated in cancers with RAS or BRAF mutations. Vermurafenib targets BRAF in melanoma and 
Trametinib is an MEK inhibitor used in combination with BRAF inhibitors. PI3K/AKT inhibitors 
include Idelalisib, a P13Kδ inhibitor for CLL and follicular lymphoma and Alpelisib a PI3Kα 
inhibitor for PIK3CA-mutant breast cancer. These drugs inhibit kinase activity, thus impairing cell 
metabolism and survival signaling. Advantage of using these inhibitors is their specificity in targeting 
specific signaling events with minimal effects on normal cells, availability of oral drugs, and synergy 
with other therapies. 

Angiogenesis and Its Role in Tumor Development and Treatment Strategies 

Angiogenesis—the biological process through which new blood vessels form from pre-existing 
vasculature—is a fundamental mechanism not only in normal physiological functions like wound 
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healing and embryonic development, but also in pathological conditions such as cancer. For tumors 
to grow beyond a minimal size (typically 1–2 mm in diameter), they must establish their own blood 
supply to receive adequate oxygen and nutrients necessary for continued proliferation and survival 
[83]. One of the key drivers of tumor-induced angiogenesis is vascular endothelial growth factor 
(VEGF). VEGF stimulates the growth of blood vessels by binding to receptors on the surface of 
endothelial cells, promoting their survival, migration, and proliferation. As a result, the tumor is able 
to hijack the body’s vasculature system to support its own growth and facilitate the spread of 
cancerous cells to distant organs (metastasis). Given this dependence on vascular supply, anti-
angiogenic therapy has emerged as a powerful strategy in oncology. The concept is straightforward: 
by inhibiting the formation of new blood vessels, one can effectively “starve” the tumor, cutting off 
its supply of nutrients and oxygen. This therapeutic approach not only limits primary tumor growth 
but also reduces the potential for metastasis. 

One of the most well-known drugs in this category is Bevacizumab (brand name: Avastin), a 
humanized monoclonal antibody that specifically binds to VEGF, thereby neutralizing its activity. By 
blocking VEGF, Bevacizumab disrupts the angiogenic signaling pathways that tumors rely on for 
vascular development. Clinical research has demonstrated the potential of combining anti-
angiogenic agents with other forms of cancer therapy. In particular, a pivotal. 2003 clinical trial 
showed that Bevacizumab, when used in combination with immunotherapy, improved outcomes in 
patients with metastatic colorectal cancer [84]. This combination therapy proved effective in 
targeting both the tumor vasculature and the immune evasion mechanisms employed by cancer cells. 
Today, anti-angiogenic therapy is frequently employed alongside chemotherapy and 
immunotherapy, offering a multi-faceted approach that not only attacks tumor cells directly but also 
alters the tumor microenvironment to enhance overall treatment efficacy. 

Tumor Metastasis and Current Therapeutic Strategies 

Tumor metastasis is the complex process by which cancer cells spread from a primary tumor to 
distant organs, forming secondary growths. This process involves several key steps: local invasion, 
entry into the bloodstream or lymphatic system (intravasation), survival in circulation, exit into new 
tissue (extravasation), and colonization of distant organs. Metastasis is responsible for the majority 
of cancer-related deaths and presents a significant therapeutic challenge. Current treatments aim to 
control both the primary tumor and metastatic disease. Systemic therapies like chemotherapy, 
targeted therapy, hormonal therapy, and immunotherapy are widely used to treat advanced cancers. 
These therapies can help shrink tumors, slow disease progression, and prolong survival. Local 
treatments such as surgery and radiation therapy may also be employed to manage specific 
metastatic sites. Emerging therapies are exploring new frontiers in combating metastasis. Anti-
angiogenic drugs aim to cut off the tumor’s blood supply, while novel approaches like CAR-T cell 
therapy, nanoparticle drug delivery, and cancer vaccines show promise in enhancing precision and 
immune response. Despite these advancements, metastasis remains difficult to treat due to tumor 
heterogeneity, drug resistance, and the ability of cancer cells to lie dormant. 

Current therapies targeting metastasis include chemotherapy, hormonal therapy, targeted 
therapy (HER2 in breast cancer, EGFR in lung cancer), immunotherapy, boosting the immune system 
to fight cancer (checkpoint inhibitors, like PD-1/PD-L1 blockers). Surgical procedures may be used 
to remove isolated metastases (brain or liver). Radiation therapy may be used to target sites to relieve 
symptoms or control growth. Emerging therapies include the use of anti-angiogenic agents, drugs 
that target specific steps of the metastatic cascade, nanoparticle-based delivery systems, CAR-T Cell 
Therapy, cancer vaccines and oncolytic viruses. 

Targeted Cancer Therapies 

Targeted therapies represent a modern and highly specific approach to cancer treatment. Unlike 
traditional chemotherapy, which attacks all rapidly dividing cells—both cancerous and healthy—
targeted therapies are designed to interfere with specific molecules (often proteins) that are involved 
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in the growth, progression, and spread of cancer[85–89]. These molecules, known as molecular 
targets, are usually found in or on cancer cells and are involved in key signaling pathways that 
regulate cell division, survival, and communication. Targeted therapies work in several ways, 
depending on the type of target and its function in the cancer cell. For example, some targeted drugs 
block the action of enzymes or growth factor receptors that cancer cells need to grow. Others may 
mark cancer cells so they are more easily recognized and destroyed by the immune system, or they 
may deliver toxic substances directly to cancer cells while sparing healthy tissue. 

This precision-based approach often results in fewer side effects than traditional chemotherapy 
because it minimizes damage to normal cells. Additionally, targeted therapies can be more effective 
when used alone or in combination with other treatments, especially in cancers that are driven by 
well-defined genetic mutations or abnormalities. Advancements in genomic technologies have 
significantly aided the development of targeted therapies, allowing doctors to perform molecular 
profiling of a patient’s tumor to identify potential targets. This has given rise to the concept of 
personalized or precision medicine, where treatment is tailored to the individual characteristics of 
each patient’s cancer. However, it’s important to note that cancer cells can sometimes develop 
resistance to targeted therapies, much like they can with chemotherapy. As a result, ongoing research 
is focused on understanding resistance mechanisms and developing next-generation drugs to 
overcome them. These novel therapies use small molecules or specific antibodies as signal 
transduction inhibitors and have become the backbone of precision and personal medicine [88]. 

HER2-targeted therapies for breast cancer include, Trastuzumab (Herceptin), a monoclonal 
antibody that targets HER2 protein, overexpressed in some breast and gastric cancers. Pertuzumab 
(Perjeta) works with trastuzumab to block HER2 more completely. T-DM1 (Kadcyla) is an antibody 
conjugate that links trastuzumab to a chemotherapy agents, delivering it directly to HER2-positive 
cancer cells. Whereas EGFR inhibitors for non-small lung cancer (NSCLC) and colorectal cancers 
include Erlotinib (Tarceva) and Gefitinib. These target mutant forms of EGFR in some lung cancers. 
Cetuximab (Erbitux) a monoclonal antibody targets EGFR in colorectal and head and neck cancers. 
BCR-ABL inhibitors for chronic myeloid leukemia (CML) include Imatinib (Gleevec) which 
revolutionized treatment by targeting the BCR-ABL fusion gene (Philadelphia chromosome). Newer 
generation TKIs with improved efficacy and resistance profile are Dasatinib (Sprycel) and Nilotinib 
(Tasigna). For melanoma and colorectal cancers BRAF inhibitors Vermurafenib (Zelboraf) and 
Dabrafenib (Tafinlar) which target the BRAF V600E mutation often found in melanoma seem to be 
effective. 

PARP Inhibitors Olaparib (Lynparza), Rucaparib (Rubraca) and Niraparib (Zejula) exploit 
DNA repair pathways in ovarian, breast pancreatic and prostate cancers (especially BRCA-mutated). 
CD20-targeted therapies include the use of Rituximab (Rituxan), a monoclonal antibody against 
CD20 on B cells in the treatment of B-cell non-Hodgkins lymphomas, chronic lymphocytic leukemia 
(CLL). Newer agents include Obinutuzumab (Gazyva) and Ofatumumab. Targeted VEGF inhibitors 
in the treatment of colorectal, kidney, lung and glioblastomas include Bevacizumab (Avastin) which 
inhibits vascular endothelial growth factor , thus starving tumors of blood supply. Oral VEGF 
receptor kinase inhibitors include, Axtinib, Sunitinib, and Sorafenib. Crizotinib (Xalkori) is the first 
ALK inhibitor used for targeting ALK-positive non-small lung cancer. Alectinib (Alecensa), 
Brigatinib, and Lorlatinib (Lorbrena) are some of the newer agents with better brain penetration and 
efficacy in resistant cases. These therapies are often used in combination with other treatments, 
including chemotherapy, radiation, or immunotherapy, depending on the type and stage of cancer. 
The key to their success is identifying the right patient with the right molecular target, which is why 
genetic, and biomarker testing is now routine in oncology [88]. This is a continuously evolving field 
of drug development and NCI lists Targeted Therapy drugs approved for specific types of cancer 
[89]. 

Immunotherapy 
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Immunotherapy has emerged as a transformative approach in cancer treatment by harnessing 
the body’s immune system to recognize and eliminate cancer cells [90–93]. Immune Check Point 
Inhibitors are drags that block proteins that inhibit T-Cell activation, effectively “releasing the 
brakes” on the immune system [94]. Examples include PD-1/PD-L1 inhibitors (nivolumab, 
pembrolizumab) and CTLA-4 inhibitors (ipilimumab) used for treating melanoma, lung caner and 
renal cell carcinoma. Whereas CAR-T-Cell therapy (chimeric antigen receptor T-Cells) involves 
engineering a patients T cells to express receptors specific to cancer antigens [95]. The technique 
involves collection of T-cells from patients, modifying in the laboratory and reinfusing into the 
patients.Engineer3ed CAR-T cells are used in certain leukemias and lymphomas (e.g., B-cell ALL, 
DLL). Another approach involves designing cancer vaccines to stimulate the immune system to 
attack cancer cells by presenting tumor cell antigens [96]. Examples include HPB vaccine to prevent 
cervical cancer and Provenge as therapeutic for prostate cancer. Monoclonal antibodies (mAbs) are 
also being developed to target specific antigens on cancer cells [97]. They can directly target cancer 
cells, recruit immune cells or deliver cytotoxic agents (Rituximab, Trastuzumab). 

We have developed this review on the assumption that translational sciences play a critical role 
in bridging the gap between basic knowledge about ‘Cellular and Molecular Mechanisms’ that 
modulate the initiation of malignancy, progress of the disease and the use of this knowledge for 
improving clinical decision making in the management of the progress of cancer. We have refrained 
from discussion the chemotherapy and radiation therapy approaches. Translational research 
identifies and validates biomarkers—molecular indicators of cancer presence or risk—using 
genomics, proteomics, and metabolomics [98]. Examples include Circulating tumor DNA (ctDNA) 
for liquid biopsies. Protein-based biomarkers (e.g., PSA for prostate cancer). Autoantibodies and 
metabolic profiles. Development of Non-Invasive Screening Methods include. Liquid biopsies: 
Detect tumor-derived materials (ctDNA, exosomes) in blood or other fluids, Advanced imaging: 
Integration of molecular imaging with traditional modalities (e.g., PET-CT), AI and machine 
learning applied to imaging and genomics enhance screening accuracy. Risk Stratification Models 
combine genetic, environmental, and lifestyle data to predict cancer risk and personalize screening 
intervals [99]. 

Improved Diagnosis and Prognosis can be achieved through Molecular Profiling and 
Precision Diagnostics [100]. Translational efforts have been achieved with next generation 
sequencing (NGS) to characterize tumor genomes. Pathways analysis have led to identify 
actionable mutations (E.g.: EGFR, BRCA). Histopathological innovations using AI have resulted 
in refined tumor grading. Personalized prognostic tools have helped development of risk 
calculators and prognostic indices to tailor treatment intensity based on individual tumor 
biology[101]. Translational research has shortened the time from target discovery to clinical trials. 
Identifiable druggable targets have resulted from tumor molecular profiling and repurposing 
existing drugs using the knowledge from shared biological pathways [102]. Advances in 
understanding tumor biology has led to the development of check point inhibitors (e.g., PD-1, CLTA-
4) and improvement in CAR-T cell therapy for hematological malignancies. Adaptive clinical trials 
and real time monitoring of basket trials have been able to test multiple therapies across tumor types 
or mutations. Use of biomarkers and imaging to assess treatment response in real-time. Bench to 
bedside applications usually take decades of time, however, collaboration among clinicians, 
researchers and regulatory bodies ensures that innovations translate into approved diagnostics and 
therapies at much shorter time periods. 

Cytokines like interleukins (IL-2) and interferons (IFN-α) are used to boost immune activity. 
However, this approach may result in significant side effects, hence this approach is mostly replaced 
by targeted therapies. Oncolytic virus therapies involve engineering viruses selectively to kill cancer 
cells and also to stimulate immune response (Talimogene laherparepvec (T-VEC) for melanoma. 
Similar to CAR-T cell therapy, adaptive cell therapy (ACT) involves expanding tumor -infiltrating-
lymphocytes (TILs) ex-vivo and reinfusing to cancer patients. This method seems to be promising for 
the treatment of melanoma and experiments solid tumors. Some of the challenges facing 
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immunotherapy include tumor heterogeneity, immune-related adverse events (irAEs), inherent 
resistance mechanism, development of effective combination therapies (e.g., immunotherapy + 
chemotherapy or radiation) [103]. A clinical trial at Memorial Sloan Kettering Center treated 103 
patients with MMRD tumors using checkpoint inhibitor dosatarlimab. All 49 rectal cancer patients 
experienced complete remission without chemotherapy, radiation, or surgery. Among the remaining 
patients with colon stomach and other cancers. 35 achieved full remission. The results of this study 
was presented at the 2025 American Association of Cancer Research [104]. 

Gene Therapy: Gene therapy approaches for cancer management have evolved significantly over 
the past few decades. Gene therapy can be used to enhance the immune system’s ability to recognize 
and attack cancer cells. Some gene therapies use genetically modified viruses to selectively infect and 
kill cancer cells, while leaving healthy cells unharmed. Gene replacement therapy. aims to replace 
defective or missing genes in cancer cells with functional genes to restore normal cell function and 
prevent tumor growth. Gene silencing uses techniques like RNA interreference (RNAi) to silence or 
“turn off” genes that [promote cancer cell growth and survival. As discussed earlier, CAR-T cell 
therapy involves  genetically modifying a patient’s own T cells to express chimeric antigen receptors 
(CARs) that can recognize and attack cancer cells. The CRISPR-Cas9 gene editing tool can be used to 
precisely target and modify cancer-related genes, potentially leading to more personalized and 
effective cancer treatment. Gene therapy treats disease by modifying a patient’s DNA. At this time, there 
are only three FDA-approved gene therapies available, and each involves the transfer of genetic material 
into cells to correct an abnormal gene. Delivering gene therapy effectively to cancer cells presents significant 
challenges [105].The FDA has approved several gene therapies to treat various diseases. 

These treatments involve modifying or replacing genes to prevent or treat illness. Some notable 
examples include: Luxturna (voretigene neparvovec) for inherited vision loss. Zolgensma 
(onasemnogene abeparvovec) for spinal muscular atrophy. Kymriah (tisagenlecleucel) for certain 
types of blood cancers. Yescarta (axicabtagene ciloleucel) for certain types of lymphoma. These gene 
therapies have undergone rigorous clinical trials and have been proven to be safe and effective in 
treating their respective conditions. There are successful examples of gene therapy for cancer, 
particularly in the treatment of blood cancers like leukemia and lymphoma. CAR T-cell therapy, a 
type of gene therapy, has shown promising results in extending survival and even achieving 
complete remission in some patients [106–110]. Other gene therapy approaches, like oncolytic 
virotherapy and CRISPR-based gene editing, are also showing promise in preclinical and clinical 
trials. While these gene therapies show promise, they are still relatively new and ongoing research is 
needed to fully understand their long-term effects and applicability to a wider range of cancers.  

Combination Therapies 

Combination therapies are a treatment approach used in cancer care, where two or more 
therapies are combined to achieve a synergistic effect and improve treatment outcomes. This 
approach is often used to combat drug resistance, improve response rates, and enhance overall 
survival. Common combination therapies for cancer include chemotherapy and targeted therapy, 
chemotherapy and immunotherapy, and radiation therapy and hormone therapy. The combination 
of therapies can help to target cancer cells from multiple angles, reducing the risk of cancer recurrence 
and improving quality of life for patients. Well thought-out drug combinations based on 
understanding of the underlying cellular and molecular mechanisms associated tumor growth, 
proliferations and resistance to therapy offer potentially useful treatment options [111–113]. There is 
greater emphasis in cancer research directed at the use of combination therapies that target different 
metabolic pathways for generating optimal combination of cancer therapy [111]. 

Researchers at the Institute of Cancer Research (NHS Foundation Trust, UK) have created a 
prototype test that can predict which drug combinations are likely to work for cancer patients in as 
little as 24 to 48 hours. This cutting edge technology uses artificial intelligence to analyse large-scale 
protein data from tumor samples and is able to predict patients response to drugs more accurately 
than is currently possible. Rao V. Papineni and associates report the advances of a cloud-based 
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software utilizing advanced algorithms to identify the molecular cancer drivers and its signal 
transduction. The tool developed by this group intends to use biological domain knowledge by way 
of creating gene expression classifier for obtaining better clinical outcome [114]. Gene expression 
knowledge improves combination therapy by providing insights into the molecular mechanisms 
underlying disease progression. By analyzing gene expression profiles, researchers can identify key 
genes and pathways involved in the disease, as well as potential biomarkers for treatment response. 
This knowledge enables the design of combination therapies that target multiple aspects of the 
disease, increasing the likelihood of achieving a better therapeutic outcome. Additionally, gene 
expression analysis can help identify potential drug interactions and adverse effects, ensuring safer 
and more effective treatment options. This, in turn, can lead to improved patient outcomes and 
survival rates [115]. 

Emerging Technologies for the Management of Cancer 

Advances in personalized medicine, such as the use of AI, machine learning, and next-
generation sequencing, are enabling more targeted and individualized cancer therapies. These 
technologies help identify specific genetic or molecular signatures of a patient’s cancer, allowing for 
more precise and effective treatment decisions [116]. Some of the approaches include; the use of 
monoclonal antibodies (mAbs), bispecific antibodies (BsAbs), bispecific T cell antibodies (BiTEs), 
dual variable domain antibodies (DVDs), VAR-T Therapy, cancer vaccines, oncolytic viruses, lipid 
nanoparticle-based mRNA cancer vaccines, nanoparticles as sensitizers for radiation therapies. Yet 
another area of great interest is early detection of cancer, which is crucial for reducing the global 
burden of cancer. Clara Rodriguez Fernandez describes in the Labiotech (December 10, 2024) that 
four new technologies will change cancer treatment. According to her, “New approaches to tame the 
immune system in the fight against cancer are getting us closer to a future where cancer becomes 
curable. Personalized vaccines, cell therapy, gene editing and microbiome treatments are the four 
technologies that will change the way cancer is treated”[117]. 

A novel proteomics-based plasma test seems to test for early detection of multiple cancers [118]. 
Liquid biopsies are non-invasive tests that involve analyzing circulating tumor DNA (ctDNA) or 
other biomarkers present in bodily fluids, such as blood or urine. They can detect cancer-related 
genetic mutations and provide valuable information on tumor biology and behavior. Liquid biopsies 
offer several advantages, including real-time monitoring, reduced invasiveness, and improved 
patient comfort. However, their accuracy and clinical utility are still being evaluated, and they are 
not yet widely used as a standard diagnostic tool for cancer. Liquid biopsies are a non-invasive 
diagnostic tool for detecting cancer at an early stage. They involve analyzing circulating tumor DNA 
(ctDNA) or other biomarkers in a patient’s blood or urine. This approach allows for real-time 
monitoring of cancer progression and response to treatment. Liquid biopsies have shown promise in 
diagnosing various types of cancer, including lung, breast, and colorectal cancer. They offer several 
advantages over traditional tissue biopsies, including reduced risk of complications, increased 
patient comfort, and faster turnaround times for results. This technology holds great potential for 
improving cancer diagnosis and treatment outcomes [119]. American Institute for Cancer Research 
(AICR) describes this approach as a revolution in early cancer detection. 

Discussions and Conclusion 

In our introduction to this topic, we mentioned that metabolic dysfunctions lead to the 
development of cardiometabolic disease as well as cancer and neurodegenerative diseases. The 
Cleveland Clinic emphasizes that significant reductions in premature mortality due to cardiovascular 
disease can be achieved through lifestyle changes (Cleveland Clinic Newsroom News Update 
September 2021) Specifically, they highlight the importance of healthier diets, regular exercise, and 
avoiding smoking. The Mediterranean diet can reduce the risk of certain types of cancer. The diet, 
rich in fruits, vegetables, whole grains, legumes, nuts, and olive oil, and low in processed meats, may 
offer protection against various cancers, including breast, prostate, colorectal, and those linked to 
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obesity. While the evidence is strong, it is crucial to remember that most studies are observational 
[120,121]. In the case of metabolic diseases, the Framingham Heart Study played a pivotal role in 
identifying key risk factors—such as hypertension, diabetes, and obesity—that contribute to the 
development of cardiovascular disease. However, a similar comprehensive framework of risk factors 
has not yet been fully established for the development and progression of various types of cancer 
[13]. 

In the absence of key risk factors that promote various types of cancer, the fight against cancer 
has seen substantial evolution, transitioning from broadly destructive modalities such as 
chemotherapy and radiotherapy to more refined approaches including targeted therapies and 
immunotherapy. Conventional therapies, while effective to some extent, are limited by their lack of 
specificity and the resulting collateral damage to healthy tissues. Chemotherapy, for instance, 
indiscriminately attacks rapidly dividing cells, leading to severe side effects such as 
immunosuppression, fatigue, and organ toxicity. Radiation therapy similarly affects surrounding 
normal tissues, constraining the dose that can be safely delivered to tumors. 

The emergence of targeted therapy marked a significant shift in the treatment paradigm. By 
focusing on specific molecular abnormalities unique to cancer cells—such as overexpressed receptors 
or mutated proteins—these therapies offer a more precise and often better-tolerated alternative. 
Agents like trastuzumab (Herceptin), which targets HER2 in breast cancer, and imatinib (Gleevec), 
which targets BCR-ABL in chronic myeloid leukemia, have dramatically improved survival and 
quality of life in subsets of patients. Nonetheless, challenges such as acquired resistance, limited 
applicability across all cancer types, and high treatment costs remain significant barriers. 

Immunotherapy represents a newer frontier, with the promise of durable responses and the 
potential for long-term remission, even in advanced cancers. Immune checkpoint inhibitors, such as 
PD-1/PD-L1 and CTLA-4 inhibitors, unleash the body’s own immune system against cancer cells, as 
illustrated in the accompanying figure (Figure 3). This figure summarizes the mechanism by which 
immunotherapy reactivates T cells to recognize and destroy tumor cells that have evaded immune 
surveillance. Additionally, CAR-T cell therapy and cancer vaccines are broadening the scope of 
immune-based treatments. However, not all patients respond to immunotherapy, and immune-
related adverse events—ranging from skin rashes to severe autoimmunity—pose new clinical 
challenges. 
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Figure 3. Visual Chart of Immune Therapy Approaches Developed by Chat GPT. 

In conclusion, while no single therapeutic strategy is universally effective, the integration of 
conventional, targeted, and immune-based therapies offers a comprehensive framework to combat 
cancer. Personalized medicine, guided by genetic and immunologic profiling of tumors, is the way 
forward. Continued research into tumor biology, immune evasion mechanisms, and biomarkers of 
response will be essential to improve outcomes. 
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