
Vol. 32 No. 02 (2025): JPTCP (962-978)                                                                               Page | 962 

Journal of Population Therapeutics  

& Clinical Pharmacology   
   

RESEARCH ARTICLE  

DOI: 10.53555/2hhd3j20 
 

MOLECULAR PATHOLOGY OF CANCER: UNDERSTANDING 

GENETIC AND EPIGENETIC ALTERATIONS 
 

Dr Ameet Premchand* 

 

*Assistant Professor, KMSK Govt. Medical College Chandrapur. Email id: 

ameetpremchand87@gmail.com 

 

*Corresponding Author: Dr Ameet Premchand 

*Assistant Professor, KMSK Govt. Medical College Chandrapur. Email id: 

ameetpremchand87@gmail.com 

 

Abstract 

Cancer arises from a combination of inherited and regulatory molecular alterations that contribute to 

tumor initiation, progression, and resistance to therapy. Determining how molecules alter needs to be 

fundamental for creating custom treatment approaches that are both precise and personalized. An 

overview of the most recently published work describing how variations in the genome and how gene 

expression control mechanisms are disrupted lead to malignancy is presented. Oncogenes, tumor 

suppression genes, DNA methylation, histone remodeling, and non-coding RNA are focused on. The 

review will also discuss the advanced methodologies to detect such changes, such as Next Generation 

Sequencing (NGS), Polymerase Chain Reaction (PCR), and liquid biopsy techniques. The united 

changes in cancer development that occur at the DNA level, changes in chromatin structure, and the 

modification of transcriptional regulation form a network of mutations. Tests on tyrosine kinase 

inhibitors adjunct with immune checkpoint blockers and agents for aberrant methylation therapy show 

positive results in clinical testing. One way to achieve this understanding will be to improve our 

understanding of the structural changes in DNA as well as the regulatory disruptions that accompany 

these changes. Decreasing them further is based on continual innovation in diagnostic tools and 

integrative treatment strategies in patient care. 
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Introduction 

Multiple factors define cancer including abnormal cell multiplication and death resistance persistent 

blood vessel formation tissue penetration and metastatic spread. The malignant transformation of cells 

occurs because of genetic and epigenetic alterations in normal cells. The development of cancer cells 

includes acquiring distinctive hallmarks that allow them to evade normal cell cycle regulatory 

mechanisms as well as DNA repair systems and apoptosis processes. Genetic mutations especially 

those affecting oncogenes and tumor-suppressor genes together with genes that control cell-cycle 

progression significantly contribute to cancer development and cancer progression. The field of 

cancer biology has increasingly recognized epigenetic changes because these modifications to the 

genome without changing DNA sequence play an essential role in cancer development.1 Various 

genetic mutations starting from small point mutations and extending to large chromosomal aberrations 

serve as cancer triggers. Genetic mutations produce two major effects that activate cancer-causing 

genes and disable genes needed for cellular homeostasis maintenance. The development of cancer 
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occurs through both genetic modifications and epigenetic modifications of DNA. Gene expression 

controls function through epigenetic modifications that do not affect DNA base sequences. DNA 

methylation joins histone modifications and non-coding RNA regulation as different epigenetic 

modifications that affect gene expression. The modifications in cancer cells silence tumor suppressor 

genes or activate oncogenes which create essential regulatory mechanisms necessary for cancer 

development. Medical studies regarding cancer biology have progressed rapidly in recent decades 

because they better recognize how both genetic and epigenetic factors contribute to tumorigenesis. 

Gene mutations function as the main force behind cancer development according to standard medical 

understanding while epigenetic modifications establish vital control systems to manage gene 

expression which directly affects tumor initiation together with progression and metastasis.2 Cancer 

biology becomes highly complicated because of genetic and epigenetic interaction patterns so must 

comprehend these modifications properly to establish successful therapeutic solutions. 

Molecular pathology of cancer depends seriously on genetic modifications that alter important cancer-

linked genes. Cancer cell proliferation becomes possible through Kirsten Rat Sarcoma Viral 

Oncogene Homolog (KRAS), v-Raf Murine Sarcoma Viral Oncogene Homolog B (BRAF), and 

Epidermal Growth Factor Receptor (EGFR) genetic abnormalities or abnormal overexpression in 

cells. Cells become able to skip essential control checkpoints during the cell cycle and repair processes 

when tumor suppressor genes TP53, BRCA1, and RB1 become inactivated thus promoting 

tumorigenesis. Environmental factors such as tobacco smoke and UV radiation together with intrinsic 

DNA replication errors and repair defects cause genetic mutations that lead to cancer development. 

Epigenetic alterations that do not modify DNA sequence content remain essential components for 

cancer development. DNA methylation stands as the most extensively epigenetic modification that is 

studied in cancer. The silencing of tumor suppressor genes occurs through hypermethylation of their 

promoter regions yet chromosomal instability develops from hypomethylation in repetitive DNA 

sequences. The chromatin structure and gene expression patterns in cancer cells become dysfunctional 

because histone modifications which include acetylation methylation and phosphorylation affect DNA 

function.3 Among the different RNA molecules non-coding RNAs including microRNAs (miRNAs) 

and long non-coding RNAs (lncRNAs) control gene expression pathways which medical science 

identifies as crucial to cancer development. MicroRNAs act either as tumor suppressors or oncogenes 

through their mechanism of regulating target mRNA stability and translation levels. It shows miRNA 

expression patterns exhibit changes in many cancers which lead to tumorigenesis as well as metastasis 

and treatment resistance.4 Many found that long non-coding RNAs influence various stages of cancer 

biology through chromatin remodeling functions and both transcriptional regulation and tumor 

progression activities. Genetic and epigenetic interactions remain vital for cancer development and 

they both affect diagnosis procedures and treatment methods. The analysis of alteration effects on 

cancer biology brings value to biomarker search for early detection as well as prognostic assessment 

and individualized treatment strategies. The environment which epigenetic modifications create 

promotes genetic instability thus making genetic mutations easier to acquire. Cancer requires a 

synchronized approach to analyze both genetic and epigenetic actions that serve to explain tumor 

biology. 

The study aims to explore to examine how genetic variations trigger cancer formation and 

development through oncogenes and tumor suppressor gene mutations while analyzing their influence 

on cancer biological processes and metastasis. The study investigates modifications such as DNA 

methylation along with histone modification and non-coding RNA expression which affect cancer 

development by studying their relationship with genetic alterations. 

 

Genetic Alterations in Cancer 

Types of Genetic Mutations 

Any change in DNA sequence that results from genetic mutations causes different cellular problems 

leading to cancer development. Cancer cells contain three main categories of genetic mutations which 

include point mutations and both insertions and deletions as well as chromosomal translocations. DNA 

replication errors and genetic mistakes cause point mutations which activate oncogenes while 
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inactivating tumor suppressor genes to initiate carcinogenesis pivotally. Chromosomal translocations 

represent a common genetic change that occurs when chromosome segments break off and move to 

different chromosomes in cancer cases including leukemia and lymphoma. The mutations lead to 

improper cellular control of growth differentiation and apoptosis which initiates tumors and allows 

them to progress.5 

 

Point Mutations 

Point mutations appear frequently as one of the major genetic alterations that occur in cancers. Such 

mutations replace a single DNA sequence nucleotide which can lead to functional changes in the 

protein that gets encoded. The changes in DNA base pair sequences lead to three distinct types of 

mutations silent, missense, and nonsense mutations which determine how a protein will alter. The 

alteration of one amino acid through missense mutations demonstrates particular importance for both 

oncogenes and tumor suppressor genes. The activation of the protein becomes continuous following 

KRAS gene mutations which drives uncontrolled cell proliferation. Cancer cells that develop point 

mutations can affect regulatory DNA segments including promoters and enhancers leading to 

tumorigenesis.6 

 

Insertions and Deletions 

The genetic mutation is known as an indel result from the addition or removal of DNA nucleotides in 

the DNA sequence. The genetic code reading frame shifts when frameshift alterations occur because 

of these mutations thus creating entirely new protein products. The occurrence of indels in cancers 

generates harmful effects by disrupting essential genes that regulate cell cycle processes and apoptosis 

and DNA repair functions. The BRCA1 gene which functions in DNA repair becomes nonfunctional 

when indels occur thus leading to breast and ovarian cancer development.  It shows that indel 

accumulation in cancer genomes constitutes a genetic instability sign that promotes cancer cells to 

progress toward metastasis.7 

 

Chromosomal Translocations 

A chromosomal translocation represents a genetic mutation that moves a chromosomal segment from 

one chromosome to another chromosome. The BCR-ABL fusion gene which arises from chromosome 

9 and 22 translocation serves as a key factor in chronic myelogenous leukemia (CML) along with 

various other hematological cancers. The translocated chromosome creates a hybrid protein that 

maintains constant kinase function which drives cells to divide without restraint. The identification of 

these translocations enabled medical professionals to create targeted therapy approaches including 

tyrosine kinase inhibitors for treating CML patients.8 

 

Oncogenes and Tumor Suppressor Genes 

Oncogenes and tumor suppressor genes play critical roles in regulating cell growth and preventing 

cancer. Mutated genes known as oncogenes originate from normal proto-oncogenes and cause 

tumorigenesis after mutations activate them through point mutations gene amplification or 

chromosomal translocations. The activation of oncogenes leads to unchecked cell proliferation, 

inhibition of apoptosis, and enhanced angiogenesis. Tumor suppressor genes maintain processes that 

both stop cell cycle progression and repair DNA. Mutations that inactivate these genes result in cancer 

cells that cannot detect DNA damage or halt cellular division so they continue growing uncontrollably. 

The tumor suppressor genes TP53 BRCA1 and RB1 serve as important examples because mutations 

of these genes result in the elimination of essential cellular checkpoints which encourages cancer 

formation.9,10 

 

Role of Oncogenes in Cancer 

The genetic material known as oncogenes transforms into cancer-causing agents when they become 

mutated or overexpressed. Genes that encode proteins that stimulate cell growth and survival and 

proliferation activities are typical in the human body. The normal cellular mechanisms control proto-
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oncogenes to maintain proper functional outcomes. The HER2 gene functions as an oncogene in breast 

cancer patients because its amplification generates excessive signaling pathways for cell division. The 

activation of the RAS protein remains active continuously because of KRAS oncogene mutations 

resulting in uncontrolled cell signaling and division. The therapeutic approach involving targeted 

treatment of oncogenes and their connected signaling routes through specific inhibitors including 

EGFR inhibitors has shown positive outcomes for cancer patients whose diseases relate to particular 

oncogene mutations.11,12 

 

Tumor Suppressor Genes and Their Inactivation 

Normal cellular functions depend on tumor suppressor genes because they stop cell growth while 

enabling DNA repair and apoptosis. Cells become unable to regulate their growth after mutations or 

deletions affect these genes leading to malignant transformation. The gene TP53 functions as the best-

studied tumor suppressor because its p53 protein controls cell cycle checkpoints while triggering 

programmed cell death after DNA damage occurs. TP53 gene mutations exist in more than half of all 

human cancers. Mutations in DNA repair genes BRCA1 and BRCA2 increase the substantial risk of 

breast and ovarian cancers developing in individuals. The loss of tumor suppressor genes resulting 

from mutations combined with deletions as well as epigenetic silencing helps drive tumor growth and 

cancer advancement.13,14 

 

Driver vs. Passenger Mutations 

The field of cancer genomics divides mutations into two categories which include driver mutations 

and passenger mutations. Any genetic change that directly leads to cancer initiation serves as a driver 

mutation because these changes affect important genes responsible for cell growth and survival along 

with metastasis. The genetic elements known as oncogenes and tumor suppressor genes tend to 

develop mutations that serve as driver mutations. The DNA sequence variations known as passenger 

mutations develop in cancer tumors because of their genetic instability yet they fail to advance cancer 

progression. The medical community needs to identify driver mutations because this discovery 

enables effective targeted therapy development and improves treatment success.15,16 

 

Genetic Instability and Its Role in Cancer Progression 

The genome of a cell develops higher mutation rates when DNA repair mechanisms fail along with 

chromosomal segregation and replication processes. The unstable nature of cancer cells serves as a 

key indicator of the disease while promoting the development of mutations that fuel tumorigenesis as 

shown in Figure 1. Cancer cells with genetic instability develop aneuploidy and chromosomal 

translocations as well as heterozygosity loss that promotes cancer progression and metastasis. The 

DNA repair pathways as essential targets for therapeutic intervention because studying the genetic 

instability mechanisms in cancer cells provides efficient strategies for cancer treatment 

enhancement.17,18 
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Figure 1: Genetic Alterations in Cancer 

 

Epigenetic Alterations in Cancer 

Overview of Epigenetics 

Epigenetics means modifications in genetic expression and cellular characteristics that do not change 

the fundamental sequence of DNA. Such modifications play an essential role in cellular regulation 

and preserve cellular identity. Cancer development occurs when epigenetic modifications distort cell 

expression patterns which allows uncontrolled proliferation of cancer cells along with tumor growth. 

The principal epigenetic regulatory mechanisms consist of DNA methylation together with histone 

modifications and chromatin remodeling in addition to non-coding RNA regulation. The possibility 

of reverse epigenetic changes presents them as therapeutic targets that can be pursued. Cancer 

initiation and progression together with metastasis development stem primarily from epigenetic 

process dysregulation.19,20 

 

DNA Methylation 

The main epigenetic modification of DNA methylation occurs when a methyl group attaches to 

cytosine residues at their 5' position located inside CpG dinucleotide sequences. The modification 

serves an essential role in both gene control mechanisms and genome protection. The normal cellular 

process of DNA methylation enables the regulation of X-chromosome inactivation controls imprinting 

effects and suppresses repetitive sequence activity. Cancer cells show frequent occurrences of 

abnormal DNA methylation patterns.21 The silencing of tumor suppressor genes happens through 

promoter hypermethylation but genomic instability develops from widespread hypomethylation 

which activates oncogenes. DNA methyltransferase inhibitors as cancer treatments have developed 

because DNA methylation shows reversibility.22 
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Hyper- and Hypomethylation in Cancer 

The process of tumorigenesis in cancer involves both hypermethylation and hypomethylation because 

they affect the expression of genes and genomic stability. The silencing of many tumor suppressor 

genes during cancer development stems from the hypermethylation of CpG islands located in their 

promoter regions. The tumor suppressor gene BRCA1 becomes inactivated through hypermethylation 

during the development of breast and ovarian cancers.23 The process of hypomethylation removes 

methyl groups from DNA which triggers the activation of oncogenes and generates increased 

chromosomal instability. DNA modifications work synergistically with one another to drive cancer 

development during its initial stages and subsequent growth.24 

 

Impact on Tumor Suppressor Genes 

Epigenetic modifications serve as a well-accepted mechanism for tumor suppressor gene inactivation 

during the development of cancer. Cancer cells develop uncontrolled cell proliferation because DNA 

methylation and histone modifications become abnormal and inactivate these genes. TP53 serves as 

a well-known example because its silencing leads to the loss of p53 protein which plays a vital role 

in tumor suppression.25 The epigenetic suppression of TP53 creates cells that fail to properly control 

their cycle and survive apoptosis thus promoting tumor formation. The malignant phenotype of cancer 

cells develops further because epigenetic mechanisms silence tumor suppressor genes including 

BRCA1, CDKN2A, and PTEN.26 

 

Histone Modifications 

Chromatin structure alongside gene expression gets regulated through essential epigenetic 

mechanisms that modify histones. The process adds or removes acetyl methyl and phosphate chemical 

groups to histone proteins. Gene expression gets either promoted or inhibited through chromatin 

accessibility changes enabled by these modifications. The reduction of histone acetylation levels in 

cancer cells frequently leads to gene silencing because acetylation is normally linked to gene 

activation. The effects of histone methylation on gene expression vary depending on where the 

modification occurs in the DNA. The cancer-related histone modifications enable scientific teams to 

develop epigenetic treatments that focus on modifying these pathways.27 

 

Types of Histone Modifications (Acetylation, Methylation, etc.) 

The histone proteins undergo multiple post-translational modifications which include acetylation as 

well as methylation phosphorylation and ubiquitination. Histone acetylation at lysine residues 

produces neutralized positive charges that create an open chromatin structure which lets transcription 

factors reach DNA. The activation of genes requires H3K4 methylation whereas H3K27 methylation 

results in gene silencing.28 The process of histone phosphorylation controls chromatin structure when 

cells perform DNA repair and cell division. The disease state of cancer cells comes from modification 

abnormalities that create distinct gene expression patterns encouraging tumor expansion and 

therapeutic drug resistance.29 

 

Histone Code and Cancer 

As per the histone code hypothesis genes obtain expression control through particular histone 

modification ensemble patterns which serve as language codes.  Cancer cells often malfunction their 

histone code which results in transformed gene expression patterns that promote cancer development. 

Cancer cells exhibit abnormal acetylation and methylation patterns which participate in turning off 

tumor suppressor genes and turning on oncogenes. The analysis of histone codes in cancer 

applications is a method for understanding gene control mechanisms while revealing treatment 

possibilities.30 Medical studies are investigating histone deacetylase inhibitors (HDACi) as well as 

other epigenetic drugs to treat cancer through gene expression restoration by modifying these 

alterations. 
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Non-coding RNAs 

The regulatory functions of the gene expression process lie in non-coding RNAs (ncRNAs) which 

defeat the need to produce proteins yet drive key processes in biological systems. MicroRNAs 

(miRNAs) and long non-coding RNAs (lncRNAs) function as ncRNAs that have established a 

connection with cancer pathogenesis. These RNA molecules manage gene expression by binding to 

target mRNAs in their 3' untranslated regions to either trigger mRNA breakdown or block 

translation.31 Cancer cells with miRNA expression abnormalities end up activating oncogenes while 

silencing tumor suppressor genes thus promoting tumorigenesis. LncRNAs have been demonstrated 

to control gene expression through chromatin restructuring and transcriptional control functions as 

well as mechanisms involving transcriptional regulation. Medical studies identify miRNAs and 

lncRNAs as essential components in cancer development while establishing them as new therapeutic 

possibilities. 

 

MicroRNAs in Cancer 

The gene expression regulatory activity of microRNAs (miRNAs) depends on their ability to find 

matching sequences on target mRNAs which results in mRNA breakdown or impaired translation. 

The cancer-promoting oncomiRs known as oncogenic miRNAs show frequent overexpression in 

tumors because they suppress tumor suppressor genes. During cancer development, tumor-

suppressive miRNAs become less active which results in elevated expression of oncogenes. Many 

cancers experience miR-21 overexpression which promotes tumor growth through the inhibition of 

PTEN whose function as a tumor suppressor gene makes it vital for cancer control. The cancer-related 

miRNAs deliver crucial knowledge about cancer biology which also enables the development of 

potential therapeutic approaches based on miRNAs.32 

 

Long non-coding RNAs and Cancer Pathogenesis 

The RNA molecules known as long non-coding RNAs (lncRNAs) exceed 200 nucleotides in length 

and do not produce proteins yet control critical gene regulatory functions. The post-transcriptional 

and transcriptional gene expression regulation in cancer cells through chromatin interaction and 

transcription factor binding and RNA molecule relationships is performed by lncRNAs. The lncRNAs 

activate essential cancer processes which include cell proliferation, apoptosis, metastasis, and drug 

resistance.33 The well-known lncRNA HOTAIR promotes breast cancer metastasis through its ability 

to bind chromatin-modifying complexes. Cancer cells that display abnormal lncRNA regulation help 

tumors begin and advance which makes these molecules promising therapeutic targets.34 

 

Chromatin Remodeling and Cancer 

Gene accessibility for transcription becomes controlled by the dynamic rearrangements that occur in 

chromatin structure. The SWI/SNF complexes together with other chromatin remodeling proteins 

determine how transcriptional machinery accesses DNA by controlling its accessibility.35 

Tumorigenesis occurs because mutations and dysregulation affect these complexes which results in 

abnormal gene expression patterns. The SWI/SNF complex component SMARCB1 undergoes 

mutations which are discovered in multiple cancers together with malignant rhabdoid tumors as 

shown in Table 1. Cancer gains essential knowledge about cancer cell metastasis and uncontrolled 

growth after studying chromatin remodeling processes.35 
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Table 1: Cancer Gene Mechanisms 

Gene/Mechanism Mutation 

Type 

Role in 

Cancer 

Detection 

Methods 

Example 

Genes 

Treatment 

Implications 

Point Mutations Substitutions Driver 

mutations 

NGS, PCR KRAS, 

EGFR 

TKIs, 

Targeted 

Therapy 

Insertions and 

Deletions 

Frameshifts Frameshift 

mutations 

lead to 

abnormal 

proteins 

NGS, PCR BRCA1, 

TP53 

Gene editing, 

Targeted 

therapy 

Chromosomal 

Translocations 

Chromosomal 

rearrangements 

Lead to gene 

fusion, 

affecting 

normal 

function 

FISH, NGS BCR-ABL, 

MYC 

Targeted 

therapies 

Oncogenes Activation of 

growth 

Activate cell 

proliferation 

NGS, PCR RAS, 

EGFR 

Oncogene 

inhibitors 

Tumor Suppressor 

Genes 

Inactivation of 

growth control 

Prevent 

apoptosis and 

cell cycle 

control 

NGS, PCR TP53, 

BRCA1 

Tumor 

suppressor 

reactivation 

Histone 

Modifications 

Acetylation, 

Methylation 

Regulate 

gene 

activation or 

silencing 

ChIP-seq, 

NGS 

H3K4, 

H3K27 

HDACi, 

DNMTi 

Non-coding 

RNAs 

Gene 

expression 

regulation 

miRNAs 

inhibit tumor 

suppressors, 

LncRNAs 

regulate gene 

expression 

RNA-seq, 

ChIP-seq 

miR-21, 

HOTAIR 

MiRNA 

therapy, 

lncRNA 

inhibitors 

DNA Methylation Methylation of 

CpG islands 

Silencing of 

tumor 

suppressor 

genes 

Methylation 

profiling 

BRCA1, 

p16 

DNMTi 

Epigenetic 

Reprogramming 

Reversal of 

epigenetic 

modifications 

Reversing 

abnormal 

epigenetic 

marks 

Epigenetic 

profiling 

p53, PTEN Epigenetic 

drugs 

Chromatin 

Remodeling 

SWI/SNF 

complex 

mutations 

Alteration of 

chromatin 

accessibility 

ChIP-seq, 

NGS 

SMARCB1, 

ARID1A 

Chromatin 

remodeling 

inhibitors 

Histone Code Specific 

histone 

modifications 

Gene 

expression 

regulation 

based on 

histone 

patterns 

ChIP-seq, 

NGS 

H3K4, 

H3K27, 

H3K36 

Histone 

deacetylase 

inhibitors 
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Molecular Mechanisms Underlying Genetic and Epigenetic Interactions 

Gene Expression and Regulation in Cancer 

Cancer development closely relates to cellular gene expression regulation control which maintains 

homeostasis yet deregulation of this process marks cancer cells. The regulatory pathways in cancer 

cells experience disruption which causes cells to proliferate without control prevents apoptosis and 

enables metastasis. Mutations of oncogenes and tumor suppressor genes lead to proliferative signaling 

pathway activation and growth-regulating pathway inactivation at the genetic level. The three types 

of epigenetic modifications including DNA methylation histone modifications and non-coding RNA 

regulation modify how genes express themselves. Tumor suppressor genes become silent while 

oncogenes become active through these genetic changes which lead to tumorigenesis. These 

mechanisms enable the advancement of better cancer treatment therapies through directed medical 

approaches.36 

 

Crosstalk Between Genetic Mutations and Epigenetic Changes 

Cellular genetic defects create conditions for epigenetic modifications through their impact on 

regulatory genes that control chromatin regulation and DNA maintenance along with the cell cycle. 

The DNA becomes more or less accessible to regulatory factors through changes in chromatin 

structure which affects how mutated genes express themselves. The genetic mutations of chromatin-

remodeling protein-encoding genes such as SWI/SNF complexes create epigenetic mark 

misregulation which activates oncogenes and silences tumor suppressor genes. A two-way genetic 

mutation and epigenetic alteration mechanism produces a repeated cycle that intensifies cancer 

progression. Combining knowledge regarding DNA structure modifications with genetic profiles 

holds vital importance for cancer-related to the treatment development of personalized medicine. 

 

Epigenetic Reprogramming in Cancer Cells 

The acquisition of malignancy hallmarks by cancer cells depends upon epigenetic reprogramming 

because it permits these cells to achieve self-sufficiency in growth signals evasion of apoptosis and 

enhanced invasion and metastasis. In cancer, epigenetic reprogramming leads to the alteration of 

normal gene expression patterns without changes in the underlying DNA sequence. DNA methylation 

modification together with histone modifications and chromatin structure alteration result in the 

activation of oncogenes while blocking tumor suppressor genes. Epigenetic reprogramming is an 

innovative cancer therapy approach because this strategy maintains the potential to reset abnormal 

cellular changes back to their normal status. 

 

Impact on Cancer Stem Cells 

Cancer stem cells (CSCs) represent a specific group of tumor cells that demonstrate self-renewal 

capabilities together with differentiation properties and primary tumor initiation potential.  Genetic 

mutations together with epigenetic changes function as essential regulators of cancer stem cells. The 

CSC phenotype stays active through mutations in Wnt, Notch, and Hedgehog signaling pathways 

which support cell survival and growth. Rance cell maintenance and differentiation-related gene 

expression are controlled through modifications of DNA methylation and histone patterns as shown 

in Figure 2. Tumor suppressor genes in CSCs become blocked from differentiation through 

hypermethylation events which maintains stemness. The combination of treating genetic changes with 

epigenetic pathway alterations in CSCs presents new possibilities to eradicate resistant cells and stop 

cancer recurrence.37 
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Figure 2: Mapping Genetic and Epigenetic Interactions in Cancer 

 

Detection and Diagnosis of Genetic and Epigenetic Alterations 

Techniques for Detecting Genetic Alterations 

Medical professionals need genetic alteration detection to diagnose cancer and determine suitable 

treatment options. Three main techniques for genetic mutation detection include NGS, PCR, and 

Fluorescence In Situ Hybridization (FISH). The detection of point mutations together with 

insertions/deletions and chromosomal translocations is possible through these analytical methods. 

Precision medicine benefits strongly from NGS because this sequencing technology delivers 

extensive data about genetic mutations across complete genomes at high speed. The diagnostic 

methods PCR and FISH detect specific mutations and chromosomal abnormalities in cancer while 

providing targeted information about cancer diagnosis. 

 

Next-Generation Sequencing (NGS) 

The DNA sequencing technology known as Next-Generation Sequencing (NGS) serves as a main 

method for identifying genetic alterations that affect cancer. The sequencing power of NGS allows to 

analysis of whole genomes collectively along with selected genetic regions through a rapid process 

that reveals solitary nucleotide polymorphisms and both insertions/deletions and structural genomic 

modifications. The NGS provides excellent capabilities to discover infrequent genetic alterations and 

new diagnostic markers it enables individualized cancer therapy development in oncology practice. 

 

PCR and Fluorescence In Situ Hybridization (FISH) 

PCR and FISH represent two fundamental laboratory techniques that help identify particular genetic 

changes in cancer cells. PCR technology enables DNA sequence amplification to detect point 

mutations and both insertions and deletions and other genetic alterations. PCR-based tests including 

quantitative PCR enable the assessment of gene expression levels which shows the cancer-causing 

effects of particular mutations. The detection method in FISH relies on fluorescent probes to identify 

translocations and amplifications that commonly occur in cancer cells. The two diagnostic approaches 

demonstrate high sensitivity and remain standard procedures for detecting genetic variations in 

medical facilities. 

 

Techniques for Epigenetic Profiling 

Multiple techniques exist to profile epigenetic modifications because these alterations substantially 

contribute to cancer development. The detection methods study three main areas of DNA methylation 

together with histone modification and chromatin structural changes. The epigenetics of cancer 
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requires the essential tools presented by DNA methylation profiling in addition to Chromatin 

Immunoprecipitation Sequencing (ChIP-seq). DNA methylation profiling determines the presence of 

abnormal promoter methylation in tumor suppressor genes yet ChIP-seq reveals histone modifications 

together with chromatin binding factor activity to explain cancer cell epigenetic control. 

 

DNA Methylation Profiling 

DNA methylation profiling represents a crucial method to detect epigenetic changes that happen in 

cancer cells. The silencing of tumor suppressor genes appears frequently through CpG island cytosine 

methylation modifications which cancer cells commonly exhibit. Different laboratories use 

methylation-specific PCR as well as bisulfite sequencing and microarrays to conduct DNA 

methylation profiling. The detection methods reveal both increased and decreased DNA methylation 

in genomic areas which supplies important data about cancer-driving epigenetic transformations. The 

analysis of DNA methylation generates great diagnostic potential while offering prospects for cancer 

detection biomarkers that track treatment efficiency.38 

 

Chromatin Immunoprecipitation Sequencing (ChIP-seq) 

The powerful molecular technique ChIP-seq enables to examine protein-DNA interactions combined 

with histone modifications that occur in cancer cell chromatin structures. ChIP-seq enables to 

detection of protein binding sites in the genome through its fusion of chromatin immunoprecipitation 

with DNA sequencing methods. The method provides opportunities to evaluate gene activation and 

repression patterns for histone modification control in cancer cell gene expression regulation. 

Studying cancer progression through epigenetic modifications depends on ChIP-seq whereas the 

technology also provides treatment possibilities for epigenetic therapies. 

 

Liquid Biopsies and Their Role in Early Detection 

Through analyzing blood samples medical professionals can detect genetic and epigenetic cancer 

alterations using minimally invasive liquid biopsy testing. Assessments of circulating tumor DNA 

exosomes and microRNAs through liquid biopsy methods enable healthcare providers to detect 

mutations together with gene amplifications and cancer-related methylation patterns. The 

measurement of circulating tumor DNA through liquid biopsies brings significant advantages to the 

early diagnosis process disease monitoring and residual disease identification thus enabling more 

precise targeted cancer treatments as shown in Table 2. Liquid biopsy procedures enable non-invasive 

monitoring and therapeutic response assessment because they can be used for frequent cancer 

surveillance to deliver individualized cancer treatment. 

 

Table 2: Detection and Diagnosis of Genetic and Epigenetic Alterations 
Techniq

ues 

Description Genetic/ 

Epigenetic 

Focus 

Key Targets Detection 

Methods 

Clinical 

Application

s 

NGS High-

throughput 

sequencing 

for 

comprehensiv

e mutation 

analysis 

Genetic Genomic 

mutations, 

insertions/del

etions 

Sequencing 

platforms, 

bioinformatics 

Mutation 

detection, 

precision 

medicine 

PCR Amplifies 

DNA 

sequences for 

detecting 

specific 

mutations 

Genetic Point 

mutations, 

insertions, 

deletions 

PCR 

amplification, 

qPCR 

Mutation 

identificatio

n, 

personalized 

treatment 
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FISH Uses 

fluorescent 

probes to 

detect 

chromosomal 

abnormalities 

Genetic Translocatio

ns, 

amplification

s 

Fluorescent 

probes, 

microscopy 

Cancer 

diagnostics, 

targeted 

therapy 

ChIP-

seq 

Evaluate 

protein-DNA 

interactions 

and histone 

modifications 

Epigenetic Histone 

modification

s, protein-

DNA 

interactions 

Immunoprecipit

ation, 

sequencing 

Gene 

regulation 

analysis, 

cancer 

progression 

DNA 

Methyl

ation 

Profilin

g 

Analyzes 

CpG island 

methylation 

to detect 

silenced 

tumor 

suppressors 

Epigenetic DNA 

methylation 

of tumor 

suppressors 

PCR, bisulfite 

sequencing, 

microarrays 

Cancer 

biomarkers, 

treatment 

monitoring 

Chrom

atin 

Remode

ling 

Studies 

chromatin 

structure and 

modifications 

Epigenetic Chromatin 

accessibility 

and 

modification

s 

ChIP-seq, NGS Gene 

expression 

regulation, 

treatment 

targeting 

Liquid 

Biopsies 

Detects 
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Therapeutic Implications of Genetic and Epigenetic Alterations 

Targeted Therapy Based on Genetic Mutations 

The drugs of targeted therapy target cancer-causing genetic mutations in particular. Modern cancer 

treatments have transformed based on molecular cancer cell drivers that avoid harming healthy cells. 

The treatment approach uses tyrosine kinase inhibitors (TKIs) to stop abnormal proteins that stimulate 

cell growth together with therapeutic strategies to target mutated tumor suppressor genes. Genomic 

profiling leads to the discovery of particular mutations that enable to creation of treatment options 

that surpass traditional chemotherapeutic methods both in their productive effectiveness and reduced 

toxicity. Through precision oncology targeted therapies have become vital elements for cancer 

treatment since they produce optimistic results across multiple disease types. 

 

Tyrosine Kinase Inhibitors (TKIs) 

The targeted treatment known as Tyrosine kinase inhibitors (TKIs) inhibits particular tyrosine kinase 

activities responsible for cancer cell signaling. The normal functioning of tyrosine kinases controls 

cell growth survival and cell division but cancer development typically involves their improper 

regulation. Imatinib which treats chronic myelogenous leukemia along with gefitinib used in non-

small cell lung cancer patients leads to enhanced treatment results through their activity against 

essential signaling pathways. Genomic testing identifies appropriate candidates for these therapies 

because TKI effectiveness requires specific mutations. 

 

Immune Checkpoint Inhibitors 

Moderna Immune checkpoint inhibitors (ICIs) provide a new therapeutic method that unlocks immune 

system potentials to discover and combat cancer cells. The immune checkpoint inhibitors block three 

critical checkpoints including PD-1, PD-L1, and CTLA-4 which cancer cells use to hide from immune 
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detection. ICIs prevent immune checkpoint signals from blocking the immune system so it can 

identify and eliminate tumor cells. Medical studies demonstrate that pembrolizumab and nivolumab 

along with other drugs effectively treat melanoma and non-small cell lung cancer and additional 

cancer types. Immune checkpoint inhibition emerges as an effective cancer treatment method focused 

on genetically different tumor types.39 

 

Epigenetic Therapy in Cancer 

The main goal of epigenetic therapy is to undo cancer-related abnormal epigenetic modifications. 

Through molecular interventions clinicians adjust mechanisms responsible for gene expression at the 

DNA methylation along with histone modifications level and chromatin remodeling stage. Various 

cancers demonstrate positive clinical trial results with epigenetic drugs that consist of DNA 

methyltransferase inhibitors (DNMTis) and histone deacetylase inhibitors (HDACis). This emerging 

field gives doctors fresh approaches to treating epigenetic abnormal cancer cases and could help 

counteract both therapeutic resistance and disease recurrence which will be seen in the future.40 

 

DNA Methyltransferase Inhibitors (DNMTi) 

The drugs from the DNA methyltransferase inhibitor (DNMTi) class block DNA methylation which 

functions as a fundamental cancer-related epigenetic modification. Several types of cancer develop 

due to hypermethylation which results in tumor suppressor gene promoter silencing. The epigenetic 

modifications in DNA methylation become reversible when patients receive DNMTi drugs azacitidine 

or decitabine which block DNA methyltransferase enzymes. It indicates that DNMTis provide clinical 

benefits for myelodysplastic syndromes and study their potential applications in solid tumor 

treatment. 

 

Histone Deacetylase Inhibitors (HDACi) 

HDACis functions by blocking enzymes that remove histone acetyl groups thus causing chromatin 

condensation that leads to gene repression. The abnormal regulation of histone acetylation within 

cancer cells leads to suppressed activity of tumor suppressor genes along with activated oncogenes. 

The cancer therapy drugs vorinostat and romidepsin function by creating more accessible chromatin 

which enables the reactivation of tumor suppressor genes while making cancer cells detectable to the 

immune system. The therapeutic potential of HDACis demonstrates positive results in treating 

cutaneous T-cell lymphoma while conducting clinical trials for solid tumor cancer treatment. 

 

Combination Therapies: Genetic and Epigenetic Approaches 

The medical field now explores combined therapeutic strategies that attack genetic mutations together 

with epigenetic mutations in cancer patients. A dual treatment method brings together genetic drivers 

and epigenetic dysregulation therapy because it enhances drug response and treatment effectiveness. 

The combination of DNMTis drugs with TKIs and immune checkpoint inhibitors maintains tumor 

suppressor gene function to treat cancer along with genetic mutation targets as shown in Figure 3. The 

combination strategy provides promising prospects for developing better-customized cancer 

therapies. 

 



Molecular Pathology Of Cancer: Understanding Genetic And Epigenetic Alterations 

 

Vol. 32 No. 02 (2025): JPTCP (962-978)                                                                               Page | 975 

 
Figure 3: Innovative Cancer Treatments 

 

Challenges and Future Directions 

Limitations in Targeting Epigenetic and Genetic Alterations 

The advancement in understanding cancer-related genetic and epigenetic modifications has not 

produced effective methods for their direct targeting. Genetic and epigenetic alterations show broad 

variability between different tumors because these changes differ substantially between individual 

patients as well as between multiple tumor regions. One major obstacle exists in the search for 

appropriate biomarkers that serve as effective indicators for treatment monitoring purposes. The 

development of better therapeutic approaches demands precise multi-pathway treatment strategies 

that might combine various therapeutic methods. 

 

The Promise of Personalized Medicine 

Individual cancer therapies developed through genetic and epigenetic profiling of each patient 

represent an effective method to enhance treatment results for cancer. Through genomic and 

epigenomic advancements clinicians can create therapy protocols that select specific targets of the 

alterations responsible for individual cancer development. Through personal medicine healthcare 

providers can identify those patients most suitable for particular treatments so therapeutic 

effectiveness grows while adverse drug reactions decrease.  Progressive investigation together with 

harmonious multi-omics data analysis will determine the complete implementation of personalized 

cancer treatment approaches. 

 

The Role of Artificial Intelligence in Cancer Genomics 

Artificial intelligence technology shows promise as a disease tool because it enables comprehensive 

analysis of enormous complex data from genomic sequences and both epigenetic profiles and medical 

information. Machine learning algorithms allow for the identification of patterns, and prediction of 

outcomes and imply accelerated discovery of new biomarkers and therapeutic targets. AI-driven 

technologies operate currently to produce custom cancer therapy designs that reference genetic and 

epigenetic transformations inside cancer cells as shown in Table 3. The application of AI in this field 

faces two main obstacles the requirement of access to extensive high-quality data as well as accurate 

interpretive skills to analyze artificially generated outputs. 
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Table 3: Challenges and Future Directions in Cancer Treatment 

Description Challenges Current 

Approaches 

Key 

Technologies 

Obstacles Future 

Directions 

Difficulty in 

targeting 

genetic and 

epigenetic 

alterations 

directly 

Variability 

between 

different 

tumors and 

patients 

Precision 

multi-pathway 

treatment 

strategies 

NGS, PCR, 

FISH 

Lack of 

effective 

biomarkers 

Development 

of better 

multi-

pathway 

strategies 

Tailored 

therapies based 

on individual 

genetic and 

epigenetic 

profiles 

Identifying 

the best 

therapeutic 

targets for 

each patient 

Targeted 

therapy based 

on profiling 

Genomic and 

epigenomic 

profiling 

Patient-

specific 

treatment 

suitability 

Integration 

of multi-

omics data 

Use of AI to 

analyze 

complex 

genomic and 

epigenetic data 

for cancer 

treatment 

Need for 

large high-

quality 

datasets and 

interpretive 

capabilities 

AI-driven 

therapy design 

and biomarker 

discovery 

Machine 

learning 

algorithms, 

AI tools 

Lack of 

data 

quality and 

analysis 

skills 

Improved AI 

models for 

personalized 

therapy 

 

Conclusion 

The molecular understanding of genetic and epigenetic alterations in cancer has significantly 

advanced over recent decades. Oncogene and tumor suppressor gene changes function as the major 

genetic elements that drive cancer emergence and advancement. Cancer development receives 

additional support from epigenetic changes which include DNA methylation along with histone 

modifications and non-coding RNA dysregulation as these mechanisms control gene expression 

without altering the primary DNA sequence. The developmental process of tumors originates from 

the integrated regulatory system produced by mutations in DNA and modifications to gene expression 

patterns. The medical field benefits from innovative technologies such as Next-Generation 

Sequencing (NGS) and liquid biopsies through which early detection becomes possible alongside 

personalized treatments. Advancements in therapeutic approaches now include tyrosine kinase 

inhibitors together with immune checkpoint inhibitors while DNA methyltransferase inhibitors and 

histone deacetylase inhibitors belong to epigenetic therapies. Progress in medical science has been 

made but current barriers still exist between coping with tumor diversity and treatment resistance 

while developing reliable outcomes prediction. Information technology along with detailed genomic 

analysis through artificial intelligence will enable personalized treatments that generate better cancer 

therapy results. Additional knowledge about genetics together with epigenetic modifications will 

advance both diagnostic methods and treatment solutions which enhances patient survival rates. 
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