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Preface

As a professional duty, editing a book demands considerable effort. A book editor is 
responsible for assisting contributors in reaching their full potential and ensuring that 
the final product is presented to readers with professionalism and accuracy. During 
2020–2021, I served as editor for the IntechOpen book entitled Biomechanics and 
Functional Tissue Engineering, a useful resource for scientists, researchers, engineers, 
and clinical practitioners involved in investigating and developing bio-engineering 
solutions for improving patient quality of life. The content focused on applied and 
functional bio-dental tissue engineering, drug/gene delivery (controlled and metered 
systems) and cell (stem cell) therapy, bio-scaffolds, image-guided and image-assisted 
surgery, nano-dentistry, regenerative medicine, and the involved biomechanics 
thereof. In this project, better innovative solutions and strategies tackling acute and 
chronic problems and conditions of the oro-dental and cranio-maxillo-facial com-
plex and beyond were presented. Moving and/or implementing benchtop research, 
development, and innovation (R&D&I) to market and/or clinical practice (i.e., 
translation) is a lengthy and tedious process, often requiring years. Consequently, a 
second IntechOpen book completed during 2021–2022 aimed to address the fields of 
biomimetics, bio-design, and bio-inspiration, all of which are relatively new areas of 
science and R&D&I where researchers look to mimic (or rather emulate) aspects of 
nature to help solve human problems. This project presented biomimicry in a simpli-
fied and practical manner. Biomimetics - Bridging the Gap presented the biomimicry 
processes as either problem- or solution-based. Today, biomimicry is considered the 
most advanced process of applying cellular and biological principles that underlie 
morphology, structures, and functionality of physiological entities to design and 
formulate or fabricate human-made efficient solutions for persistent challenges. In 
the book, we wondered what new lessons can be learned to live better? 

Understanding DNA replication, methylation, epigenetics, and gene therapy is inte-
gral to designing and developing novel treatments for various challenging diseases. 
By studying such natural mechanisms and sophisticated processes, researchers can 
gain insights into how to, for example, modulate gene expression in a controlled and 
targeted manner, providing opportunities for developing novel drug delivery systems 
and gene therapies. Furthermore, biomimicry was suggested to have the capability to 
inspire the development of novel gene editing tools that, in turn, would mimic natural 
DNA repair mechanisms. For instance, consider the CRISPR-Cas9 system, a revolu-
tionary gene editing tool, inspired by the bacterial immune system. Consequently, the 
present book DNA Replication – Epigenetic Mechanisms and Gene Therapy Applications 
revisits the basic fundamentals and the latest trends relevant to DNA replication 
research, including the involved molecular mechanisms of initiation and termina-
tion, functional cross-talk and/or association to the genome, DNA recombination 
and repair, and analytical methods, presenting recent and emerging applications 
and discussing the future directions of the field. This book is a concise yet thorough 
resource that brings together and synthesizes contributions from active and promi-
nent researchers in the field, with chapters addressing such topics as basic molecular 



biology of the cell, cell growth and division, DNA isolation and duplication, DNA 
damage response, epigenetics, DNA methylation, and gene silencing. It also reviews 
the most recent and advanced (modern) analytical and computational tools such as 
drug delivery systems and genomic imprinting and their relevance to human dis-
ease. There is also a section dedicated to dentistry and oral health, highlighting the 
revolutionary potential and use of DNA replication in a range of clinical and surgical 
treatments, procedures, and interventions, such as dental pulp inflammation repair, 
the fate of dental mesenchymal stromal/stem cells, gingival and periodontal therapy, 
augmented dental implantology, and whole tooth bioengineering. 

This book is organized into three sections. 

Section 1, “Introduction to DNA Replication, Methylation, Epigenetics and Gene 
Therapy”, provides simplified definitions for DNA and RNA methylation and the 
mechanisms of histone modification and presents a variety of epigenetic modifica-
tions that can lead to anti-tumor drug resistance, amongst other potential and 
pertinent applications. By attempting to unravel the complexities of DNA replication, 
epigenetics, and gene therapy, the section also explores how targeting epigenetic 
modifiers can reverse drug resistance. It also discusses the wide-ranging potential 
applications of DNA replication, epigenetics, and gene therapy in the field of oral 
health care, dentistry, and cranio-maxillo-facial surgery.

Section 2, “DNA Replication Mechanisms and Epigenetics”, dives deeper into the 
processes of DNA and RNA methylation and the mechanisms of histone modifica-
tion. It presents a variety of modern pharmacotherapeutic approaches and targeted 
epigenetic modifications that can lead to controlled anti-tumor drug resistance. It 
provides valuable insights into controlled delivery and how epigenetic therapy and 
targeting epigenetic modifiers can reverse drug resistance in contemporary and 
future oncology.

Section 3, “Gene Therapy Applications”, amalgamates the previous sections and 
chapters by providing expert perspectives and applied examples of gene therapy 
through discussion of specific and clinically relevant scenarios. Topoisomerase 1 
(TOP1) as a therapeutic target and its relationship with colorectal carcinoma is a fine 
example. Colorectal carcinoma, commonly known as colorectal cancer, is cancer 
that develops in the colon or rectum. It is the third most common cancer globally 
and has various underlying genetic and molecular alterations contributing to its 
development and progression. TOP1 is an enzyme involved in the regulation of DNA 
topology, specifically in the relaxation of supercoiled DNA during processes like DNA 
replication and transcription. It accomplishes this by introducing transient single-
strand breaks in DNA, allowing the DNA strands to rotate and relieve tension. More 
importantly, TOP1 has been identified as a potential therapeutic target in colorectal 
carcinoma. Several chemo-therapeutic agents, such as irinotecan, work by inhibiting 
TOP1 activity. These drugs stabilize the cleavable complex formed by TOP1 on DNA, 
leading to DNA damage and cell death. Irinotecan is commonly used in the treatment 
of colorectal cancer, particularly in advanced or metastatic stages. Alterations in the 
TOP1 gene itself have been observed in colorectal carcinoma. These mutations can 
affect TOP1 function, leading to changes in DNA topology regulation. Furthermore, 
TOP1 mutations are associated with an increased risk of developing colorectal 
cancer and thereby can influence response to TOP1-targeted therapies. Studies have 
IV

examined the expression levels of TOP1 in colorectal carcinoma and its association 
with patient prognosis. High levels of TOP1 expression have been linked to poorer 
outcomes in terms of disease progression and survival rates. This suggests that TOP1 
expression could serve as a potential prognostic marker in colorectal cancer. This 
section highlights that resistance to TOP1-targeted therapies, such as irinotecan, 
can also develop in colorectal carcinoma patients. Mechanisms of resistance include 
alterations in TOP1 expression or function, DNA repair pathways, drug efflux pumps, 
and other cellular processes. Understanding these resistance mechanisms is deemed 
crucial for developing novel methods, strategies, and modalities to help overcome 
drug resistance and thus improve treatment outcomes.

The integration of DNA replication, epigenetics, and gene therapy discussed in this 
book has the potential to revolutionize medicine and improve patient outcomes, 
survival, and quality of life. As we move towards personalized and precise medicine, 
it is important to remember that the genetic material is identical in every cell, while 
epigenetics is highly variable within different cells and tissues of an organism and is 
affected by aging and environmental factors. As such, identifying and validating such 
novel epigenetic modifications associated with cancer chemoresistance in clinical 
studies cannot be underestimated. As researchers continue to make breakthroughs, 
the translation of these discoveries from benchtop to bedside will be crucial for deliv-
ering effective treatments to our patients. On a final note, the possible and potential 
applications of DNA replication, epigenetics, and gene therapy in medicine, oncol-
ogy, and oral and dental health care, amongst other related fields are vast, and with 
ongoing R&D&I, state-of-the-art literature, and cutting-edge technologies driving 
the field forward, it is highly likely to yield many exciting new findings, tools, and 
applications in the years to come.

“Utilizing the scientific knowledge gained from genetics and epigenetics can strengthen the 
effectiveness of innovation, novel therapies and thereby alleviate human suffering.”

Dr. Ziyad S. Haidar, 
Professor,

BioMAT’X (HAiDAR R&D&I/I+D+i LAB),
Centro de Investigación e Innovación Biomédica/ 

Biomedical Research and Innovation Center (CiiB),
Faculties of Dentistry and Medicine (Cross-Appointment),

Universidad de los Andes, 
Las Condes, Santiago de Chile, Chile
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Chapter 1

Introductory Chapter: Unraveling 
the Complexities of DNA 
Replication, Epigenetics, and Gene 
Therapy Applications
Ziyad S. Haidar

1. Introduction

“DNA Replication: Epigenetic Mechanism and Gene Therapy Applications” is 
primarily conceived to present the latest trends of the DNA replication research field 
via presenting the basic fundamentals, involving molecular mechanisms of initia-
tion and termination, functional cross-talk and/or association to the genome, DNA 
recombination and repair, analytical methods, recent applications and discussing 
the future directions of the area; a highly-exciting and -timely book to the interested 
reader, designed to provide a dedicated focus on the clinical contexts and translational 
processes. Hence, this book aims to bring together and synthesize contributions from 
active and prominent researchers, with the chapters ranging from the basic molecular 
biology of the cell, cell growth and division, DNA isolation, duplication, and DNA 
damage response, to epigenetics, DNA methylation, and gene silencing, to a review 
of the most recent and advanced (modern) analytical and computational tools, to the 
relevance of all this to human disease, in general, drug delivery and genomic imprint-
ing in specific and last but not least, a dedicated section to dentistry and oral health, 
highlighting the revolutionary potential and use of DNA replication, via an applied 
demonstration in a range of clinical treatments, procedures, and interventions, such 
as dental pulp inflammation repair, the fate of the dental cells, periodontal therapy, 
augmented dental implantology, and whole tooth bioengineering. Henceforth, “DNA 
Replication: Epigenetic Mechanism and Gene Therapy Applications” is a comprehensive 
guide to the latest research and advancements in the field of genetics. The book 
provides an in-depth exploration of DNA replication, epigenetics, and gene therapy 
applications, offering a detailed understanding of the mechanisms that govern our 
genetic makeup and how they can be manipulated to improve human health. The 
book is a suitable resource for students, researchers, and medical professionals look-
ing to expand their knowledge of genetics and explore new avenues for therapeutic 
interventions. With contributions from leading experts, it is a must-read for anyone 
interested in understanding the fundamental processes that underlie our genetic 
code, in a simplified manner. For instance, the introductory chapter aims to define 
DNA and RNA methylation, the mechanisms of histone modification, and presents 
a variety of epigenetic modifications which can lead to anti-tumor drug resistance. It 
also explores how targeting epigenetic modifiers can reverse drug resistance.
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The fields of DNA replication, epigenetics, and gene therapy are all complex and 
rapidly evolving, with many exciting developments and challenges ahead [1, 2]. Briefly, 
DNA replication involves the intricate molecular mechanisms that ensure accurate dupli-
cation of genetic material, and hence, understanding these processes is crucial for vari-
ous fields, including genetics, cancer research, and drug discovery [3, 4]. Epigenetics, on 
the other hand, focuses on the regulation of gene expression through modifications of 
DNA and its associated proteins and has emerged as a vital area of research with implica-
tions for aging, development, and disease [3–7]. Last but not least, gene therapy aims to 
correct or modify genetic material in order to treat or prevent disease, has the potential 
to revolutionize medicine [8, 9], and nonetheless also poses significant challenges related 
to gene delivery, bio-efficacy, and -safety [10–12]. It can be projected that in the future, 
the integration of these sub-fields will likely continue to drive the advances in personal-
ized medicine, with gene therapy and epigenetic modifications being used to target 
specific diseases and individual patients [10, 12]. Additionally, ongoing research in DNA 
replication and repair mechanisms will likely lead to the development of new therapies 
and drugs for cancer and other genetic diseases [13–15]. Henceforth, it is worth men-
tioning that while there are still many unknowns and complexities to be navigated, the 
potential benefits of this research and innovation area are immense and will undoubt-
edly play a critical role in shaping the future of medicine and biotechnology [1, 3, 6, 10].

2. DNA replication

DNA replication is the process by which a cell makes an identical copy of its DNA 
[1, 2]. It is a crucial process that occurs in all living organisms and is necessary for cellular 
division, mitosis, and the transmission of genetic information from one generation to 
the next [2, 4]. Basically, during DNA replication, the double-stranded DNA molecule is 
unwound and separated into two strands. Each strand then serves as a template for the 
synthesis of a new complementary strand by the attachment of nucleotides in a specific 
order, according to the base-pairing rules (A-T, C-G). The end result is two identical DNA 
molecules, each consisting of one original and one new strand [1–6]. DNA replication 
(Figure 1) is a complex and highly regulated process crucial for the accurate transmission 
of genetic information from one generation of cells to the next. It involves the duplication 
of the entire DNA molecule in a semi-conservative manner, meaning that each new DNA 
molecule holds one original strand and one newly synthesized strand [1, 4, 6].

3. Epigenetics

Epigenetics is the study of changes in gene expression that occur without any alter-
ation in the DNA sequence itself [7]. These changes can be heritable and reversible and 
are caused by modifications to the DNA molecule and its associated proteins, which 
regulate gene expression. Examples of epigenetic modifications include DNA meth-
ylation, histone modification, and non-coding RNA molecules. Epigenetic changes 
can influence gene expression by either activating or silencing genes, and they play a 
crucial role in various biological processes such as development, aging, and disease. 
Likewise, epigenetics is a rapidly growing field that has the potential to revolutionize 
our understanding of gene regulation with effects on many areas of bio-medicine, 
such as cancer, neurological disorders, personalized-medicine and -dentistry.
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Figure 1. 
DNA methylation and replication and some of the involved enzymes and proteins. DNA methylation is 
a biochemical process that involves the addition of a methyl group (-CH3) to the DNA molecule. It is 
a fundamental mechanism of epigenetic regulation, which plays a crucial role in gene expression and 
cellular differentiation. DNA methylation is a dynamic process and primarily occurs at cytosine residues 
within CpG dinucleotides, where a cytosine is followed by a guanine in the DNA sequence. It involves: 
DNA methyltransferases (DNMTs): DNA methylation is catalyzed by a group of enzymes called DNA 
methyltransferases. The two main DNMTs involved in establishing and maintaining DNA methylation patterns 
are DNMT3A and DNMT3B, responsible for de novo methylation, and DNMT1, which maintains existing 
methylation patterns during DNA replication; CpG Islands: CpG islands are regions of DNA that contain 
a high frequency of CpG dinucleotides. These regions are often found near the promoter regions of genes and 
are involved in the regulation of gene expression. CpG islands can be either unmethylated, associated with 
active gene expression, or methylated, associated with gene silencing; methylation patterns: DNA methylation 
patterns can vary across different cell types, tissues, and developmental stages. They are heritable during cell 
division and can be influenced by environmental factors and cellular signaling pathways. Methylation patterns 
can undergo dynamic changes throughout life, playing a crucial role in cellular processes such as embryonic 
development, X-chromosome inactivation, genomic imprinting, and gene regulation; methylation and gene 
regulation: DNA methylation typically represses gene expression by interfering with the binding of transcription 
factors and other regulatory proteins to the DNA sequence. Methylated CpG sites can recruit proteins that 
modify chromatin structure, leading to a condensed chromatin state (heterochromatin) and preventing gene 
activation. However, DNA methylation can also be associated with gene activation in certain contexts, such as 
gene bodies; and DNA demethylation: In addition to DNA methylation, DNA demethylation processes exist 
to remove or alter DNA methylation patterns. Passive DNA demethylation occurs during DNA replication 
when newly synthesized DNA strands lack methyl groups, leading to a gradual loss of DNA methylation 
over successive cell divisions. Active DNA demethylation involves enzymatic processes that actively remove or 
modify methyl groups, including 10–11 translocation (TET) enzymes. Please note that DNA methylation can be 
influenced by various factors, including environmental cues, hormonal signals, and disease states. The precise 
patterns of DNA methylation are crucial for normal development and cellular function, and aberrant DNA 
methylation can be associated with various diseases, including cancer, neurological disorders, and imprinting 
disorders. On the other hand, the DNA replication process is tightly regulated to ensure accuracy and efficiency. 
Various checkpoints and control mechanisms exist to monitor the integrity of the DNA and ensure that any 
errors or damage are corrected before the replicated DNA is passed on to the next generation of cells. During 
DNA replication, several enzymes and proteins work together to coordinate and carry out the process. Some of 
the key players involved are helicase: This enzyme is responsible for unwinding the double helix structure of the 
DNA molecule, separating the two strands and creating a replication fork; DNA polymerase: These enzymes are 
responsible for synthesizing new DNA strands by adding complementary nucleotides to the existing template 
strands. There are several types of DNA polymerases involved in different stages of replication, including the 
main replicative polymerases (DNA polymerase alpha, delta, and epsilon) and the DNA repair polymerases; 
primase: Primase is an enzyme that synthesizes short RNA primers on the DNA template. These primers 
provide a starting point for DNA polymerase to initiate DNA synthesis; single-Strand binding proteins (SSBs): 
These proteins bind to the separated DNA strands and stabilize them, preventing them from re-annealing 
or being degraded by nucleases; DNA ligase: DNA ligase is responsible for sealing the gaps between the newly 
synthesized DNA fragments, known as Okazaki fragments, on the lagging strand; topoisomerases: These 
enzymes relieve the tension and strain that builds up ahead of the replication fork by cutting and rejoining the 
DNA strands; and DNA proofreading and repair proteins: These proteins monitor the replication process and 
check for errors. If any errors are detected, they can remove the mismatched nucleotides and replace them with 
the correct ones. Remember that the precise patterns of DNA methylation are crucial for normal development 
and cellular function, and aberrant DNA methylation can be associated with various diseases, including cancer, 
neurological disorders, amongst others.
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4. Gene therapy

Gene therapy can be defined as a biomedical approach that involves the introduc-
tion, removal, and/or alteration of genetic material within the cells of an individual 
to either treat or prevent disease [8]. Herein, this genetic material can be in the form 
of DNA, RNA, or proteins and can be delivered to cells using various methods such 
as viral vectors, liposomes, or nanoparticles (and gene editing tools). The aim of gene 
therapy is to correct or replace faulty genes, modify gene expression, or introduce 
new functional genes to cells, with the goal of curing or alleviating genetic disorders, 
as well as some non-genetic diseases such as cancer and infectious diseases [9, 10]. 
The process typically involves: [1] Vector Selection where a suitable vector, often a 
modified virus or a plasmid, is chosen to deliver the therapeutic gene into the target 
cells. The vector acts as a vehicle to transport the desired genetic material; [2] Gene 
Insertion where the therapeutic gene or the modified gene is inserted into the chosen 
vector, which is then introduced into the target cells. Various techniques, such as 
viral-mediated gene transfer or non-viral methods like electroporation or lipofection, 
can be used for gene delivery; [3] Cellular Uptake where the target cells, depending on 
the specific strategy, take up the vector carrying the therapeutic gene. Once inside the 
cells, the vector releases the therapeutic gene; and [4] Transcription and Translation: 
where the introduced therapeutic gene is transcribed into messenger RNA (mRNA) 
by the cellular machinery, including enzymes involved in DNA replication. The 
mRNA is then translated into a functional protein. Remember that while gene therapy 
is not directly related to the process of DNA replication, it does rely on the under-
standing of DNA replication and the cellular machinery involved in DNA synthesis. 
Henceforth, gene therapy is an exciting and rapidly evolving field that holds great 
promise for the treatment of a wide range of diseases [11, 13]. Yet, as with any new 
technology, it poses some challenges related to the safety, specificity, efficacy, and 
delivery of genetic material to target cells (gene therapy can lead to activating onco-
genes which can cause cancer and the use of viral vectors can also trigger an immune 
response in the body leading to inflammation amongst other adverse effects). Note: 
The successful integration and expression of the therapeutic gene rely on the cellular 
processes involved in DNA replication, including the availability of DNA polymer-
ases, DNA repair mechanisms, and other proteins that facilitate DNA synthesis and 
gene expression [4, 7, 8, 10].

5. Perspective

Today, DNA replication, epigenetics, and gene therapy are at the forefront of 
cutting-edge research and innovation with many recent advances and promising 
developments [12, 14, 15]. In laboratories, researchers are working to unravel the 
complexities of DNA replication, with a particular focus on the mechanisms of 
initiation and termination, functional cross-talk with the genome, and DNA recom-
bination and repair, for example. Further, new analytical methods, such as single-cell 
sequencing and CRISPR-based gene editing, are also being developed to enhance 
our understanding of DNA replication and its role in human health and disease. In 
the sub-field of epigenetics, recent studies have revealed the potential of epigenetic 
modifications, such as DNA methylation, histone modification, and non-coding RNA 
molecules, to be used as therapeutic targets for a range of diseases [15]. For example, 
recent research has shown that targeting epigenetic modifiers can reverse drug 
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resistance in certain cancers, while other studies have demonstrated the potential 
of epigenetic therapies for neurological disorders such as Alzheimer’s disease. Gene 
therapy, meanwhile, is also advancing rapidly from bench-top to bed-side, with a 
growing number of clinical trials and approved treatments. Recent successes include 
the development of gene therapies for genetic disorders such as spinal muscular atro-
phy and inherited retinal disease, as well as for non-genetic diseases such as cancer 
and infectious diseases. Patents are being filed for new gene therapies, such as those 
utilizing CRISPR-Cas9 gene editing technology, with an increasing interest in the use 
of gene therapy for personalizing health care.

In the field of oral health care, dentistry, and cranio-maxillo-facial surgery, in 
particular, there are many potential applications of DNA replication, epigenetics, and 
gene therapy [8–11]. Here are a few examples (Figure 2): Dental pulp inflammation 
repair: Gene therapy has been investigated as a potential treatment for dental pulp 
inflammation, which can lead to tooth loss. Researchers have explored the use of gene 
therapy to deliver anti-inflammatory cytokines to the inflamed pulp tissue, which 
could promote healing and prevent further damage to the tooth. Fate of dental-derived 
mesenchymal stem/stromal cells: DNA replication and epigenetic modifications play 
a critical role in the development and differentiation of dental cells. Understanding 
these processes could help researchers to develop new therapies for conditions such as 
tooth loss and gum/periodontal disease. Periodontal therapy: Epigenetic modifications, 
such as DNA methylation and histone modifications, have been shown to play a role 

Figure 2. 
DNA replication, epigenetics, and gene therapy in Oral, dental, and Cranio-Maxillo-facial applications. 
While applications do hold promise, please note that they are still under active research and development and 
innovation (R&D&I). The translation of concepts into clinical practice requires further investigation, ensuring 
safety, efficacy, and long-term outcomes. Nonetheless, advancements in DNA replication, epigenetics, and gene 
therapy have the potential to significantly impact Oral health care and cranio-maxillo-facial surgery in the 
future. Some examples include genetic disorders: Gene therapy holds promise for treating genetic disorders that 
affect oral health, such as orofacial clefts (e.g., cleft lip and palate) and genetic syndromes associated with dental 
abnormalities. By introducing functional genes or correcting genetic mutations, gene therapy could potentially 
address the underlying genetic causes of these conditions; periodontal disease: Epigenetic modifications, including 
DNA methylation and histone modifications, have been implicated in the development and progression of 
periodontal disease. Understanding the epigenetic mechanisms involved could lead to the identification of novel 
therapeutic targets for preventing or treating periodontal disease; salivary diagnostics: Saliva contains DNA 
from oral tissues, and the analysis of saliva-derived DNA can provide valuable diagnostic information. DNA 
replication techniques, such as polymerase chain reaction (PCR), are commonly used in salivary diagnostics to 
detect and quantify specific pathogens or genetic markers associated with oral diseases; tissue engineering and 
regenerative medicine: DNA replication plays a crucial role in cell proliferation and tissue regeneration. In 
dentistry and cranio-maxillo-facial surgery, tissue engineering approaches aim to regenerate damaged or lost oral 
and facial tissues, such as bone, cartilage, and teeth. Gene therapy can be used to enhance tissue regeneration by 
introducing genes that promote cell growth, angiogenesis, or extracellular matrix synthesis; pain management: 
Epigenetic modifications can influence pain perception and sensitivity. Understanding the epigenetic mechanisms 
involved in chronic orofacial pain conditions could lead to the development of targeted therapies for pain 
management in dentistry; and oral cancer: Epigenetic alterations, including DNA methylation and histone 
modifications, play a critical role in the development and progression of oral cancer. Epigenetic therapies, such as 
DNA demethylating agents and histone deacetylase inhibitors, are being investigated as potential therapy options 
for oral cancer (and others).
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in the development and progression of periodontal disease. Researchers are exploring 
the potential of epigenetic therapies to target these modifications and prevent or treat 
periodontal disease. Augmented dental implantology: Gene therapy has been investi-
gated as a potential approach to enhance the integration of dental titanium implants 
with the surrounding hard/soft tissue. Researchers have explored the use of gene 
therapy to deliver growth factors and other molecules to promote osteogenesis and 
growth of other tissues around the implant. Whole tooth bioengineering: Researchers 
are exploring the use of gene therapy and tissue engineering techniques to develop 
fully functional teeth that can be implanted in patients who have lost their natural 
teeth. This could revolutionize oral and dental care, particularly for patients who can-
not opt for traditional dental implants due to insufficient bone (quantity/quality).

6. Closing remarks

In conclusion, the integration of DNA replication, epigenetics, and gene therapy 
has the potential to revolutionize medicine and improve patient outcomes [3, 14, 15]. 
As researchers continue to make breakthroughs, the translation of these discoveries 
from bench-top to bed−/chair-side will be crucial for delivering effective treatments 
to our patients. Indeed, the possible applications of DNA replication, epigenetics, and 
gene therapy in medicine, oncology, oral and dental health care amongst other related 
fields are vast, and with ongoing research, development and innovation, state-of-the-
art literature, and cutting-edge technologies driving the field forward, it is likely to 
yield many exciting new discoveries and applications in the years to come.
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Abstract

Metastasis, the spread of cancer cells from the primary tumor to the surrounding 
tissues and to distant organs, is one (and perhaps the primary) of the major causes 
of cancer-related death (or cancer morbidity and mortality). Indeed, it is estimated 
that metastasis is responsible for about 90% of cancer deaths. The major factors 
contributing to the metastasis of cancer cells are epithelial-mesenchymal transition 
(EMT) and cancer stem cells (CSCs). Herein, the cancer cells must detach from 
the primary tumor, intravasate into the circulatory and lymphatic systems, evade 
immune attack, extravasate at distant capillary beds, and invade and proliferate in 
distant organs. Accruing evidence suggests that the malfunction of epigenetic regula-
tion in the functioning of a gene is directly related to the generation of tumors and 
cancer. Henceforth, the potential and capacity to change or re-program the epigenetic 
landscape within the epigenome of cancer is possibly the most promising and pur-
sued targeted therapy, nowadays. Such would lead to reversing drug resistance and 
so, new therapeutic modalities. Indeed, contemporary oncologic pharmaco-therapy 
for cancer has and continues to undergo remarkable changes; especially lately, in 
terms of the introduction of effective cancer-specific molecular-targeted therapeutic 
agents. This introductory chapter to the book titled: “DNA Replication – Mechanisms, 
Epigenetics, and Gene Therapy Applications” discusses DNA and RNA methylation, 
the mechanisms of histone modification, and presents a variety of epigenetic modi-
fications which can lead to anti-tumor drug resistance. It also explores how targeting 
epigenetic modifiers can reverse drug resistance.
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1. Introduction

Clinically, selecting the ideal anti-cancer therapy might consider combining 
epigenetic-related drugs. Indeed, epigenetic regulation and epigenetic changes, 
during treatment have been reported as one of the correlating mechanisms for 
anti-tumor drug resistance. This is due to the fact that during treatment, the 
development of drug-resistant tumors continues to pose a critical challenge in 
oncology; severely increasing the mortality rate, worldwide. This resistance can 
be categorized as either de novo or acquired depending on whether the resistance 
is inherent or has been acquired due to continuous drug administration [1]. 
Mostly, the research on cancer drug resistance has focused on the genetic aspect 
of the disease but the importance of epigenetic regulation is coming to light. 
Epigenetics events have always been important in the progression of cancer. 
Two very important epigenetic events that affect the expression of genes are 
methylation and acetylation which activates the oncogenes and reduces the tumor 
suppressor genes which lead to cancer drug resistance. Herein, both, ovarian and 
breast cancers are tumors whose epigenetic basis has been studied in detail [2]. 
Tyrosine kinase inhibitors have an important role in the therapy of cancer. The 
effectiveness of (TKIs) is good for both solid and liquid cancer. This is used to 
reduce the oncogenic activity with the epidermal growth factor receptor (EGFR), 
as well as tyrosine kinase receptor has developed resistance against EGFR-TKIs 
[3]. The role of demethylases in resistance against TKIs upregulation of these 
demethylases leads to resistance against TKIs. The events of epigenetics are not 
limited to solid tumors, a common childhood malignancy (lymphoblastic leuke-
mia) where the changes in genetics are not enough to prove the increased relapse 
and chemo-resistance [4]. The less studied portion of the cell is the centrosome 
(archaically cyto-center) in the context of epigenetic regulation of drug resis-
tance. The centrosome organelle (microtubule organizing center) has a very 
important role during the division of the cell in which the centrosome distributes 
cellular components within daughter cells. Any abnormal function of the cen-
trosome in epigenetic events can degrade the integrity of the cells, resulting in 
genetic instability [5]. Consequently, the main issue in anti-cancer therapeutics 
is the development of resistance which has become the biggest problem in cancer 
survival rates. Indeed, resistance to cancer therapy can develop in a multitude of 
ways which also includes alteration in epigenetics in cancer cells [6]. There are 
many ways by which cancer cells reconstruct their epigenomics landscape so that 
they can resist anti-cancer treatment. To tackle the effects of chemo-resistance, 
there are various modifiers that are used, including histone deacetylase inhibitors, 
DNA hypomethylating agents, and histone demethylase inhibitors. A modifier 
has an average success, whether when used alone or in combination, yet the best 
result, to date, was achieved when modifiers were used with some of the conven-
tional or traditional anti-cancer therapeutics [7]. Herein, pharmaco-therapeutics 
that modify epigenomes succeed in weakening cancer cells via different processes, 
such as restoring cell cycle control, damaging pro-survival signaling, preventing 
DNA damage, reparation, and/or suppression of the immune system, to mention a 
few [8].
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2.  Cancer epigenetics: epigenetic mechanisms, regulation,  
and modification

As aforementioned, abnormal epigenetic modifications in specific oncogenes 
and tumor suppressors genes can result in un-controlled cell growth and division. 
Indeed, alterations in epigenetic modifications in cancer regulate various cellular 
responses, including cell proliferation, apoptosis, invasion, and senescence. Through 
DNA methylation, histone modification, chromatin remodeling, and noncoding 
RNA regulation, epigenetics play an important role in tumorigenesis. Nevertheless, 
it is worth-mentioning that abnormal epigenetic modifications in regions of DNA 
outside of genes, alongside other environmental factors, can also lead to or result in 
cancer. Numerous studies in the literature studied and continue to investigate the 
different landscapes of the genome from oncogene-driven signaling to all the muta-
tion spectrum in all types of cancer sub-types [9]. It can be stated that the epigenetic 
modification can be categorized into three sub-types (carcinogenic mechanisms): 
DNA methylation, RNA methylation, and modification of histones and non-coding 
RNAs [10]. Those will be discussed in the next pages.

2.1 DNA methylation

Briefly, alterations in DNA methylation are common in development as well as 
in a variety of tumors. For example, if a gene necessary for DNA repair is hyper-
methylated, this would result in deficient DNA repair and lead to an accumulation of 
DNA damage. An Increase in DNA damage will then cause increased errors during 
DNA synthesis, therefore, leading to mutations that can or tend to give rise to cancer. 
Hence, the methylation of DNA is one of the most studied mechanisms in epigenetics 
which usually occurs in CpG islands which is located at 5ˊ promoter region studies 
in more than 50% of human genes, this usually displays function in diseases and 
development which also include embryonic development, X chromosome inactiva-
tion, epigenetics reprogramming, genomic imprinting, and the establishment of cell 
identity [11]. Generally, it shows gene silencing with the addition of the groups of 
methyl from S-adenosylmethionine also known as (SAM) to five positions (cytosine 
pyrimidine ring) [12]. Now, this 5-methylcytosine structure can either restrict access 
of many transcriptional factors to the sites of binding in DNA, or it can take methyl 
binding domain proteins with histone modification to re-configure the chromatins, 
thus they can show expression of genes [13]. Generally, there are three DNA methyl-
transferases, and are known as DNMT1, DNMT3b, DNMT3a; which help in catalyz-
ing the methylation of the DNA (Figure 1) [10].

2.1.1 DNA methylation processes: de novo-, hyper-methylation, and demethylation

DNA methylation regulates gene expression via recruiting proteins involved in 
gene repression or by inhibiting the binding of transcription factor(s) to the DNA. 
During development, the pattern of DNA methylation in the genome changes as 
a result of a dynamic process involving both de novo DNA methylation and de-
methylation. If hyper-methylation occurs in DNA, the methyl group will attach to 
the cytosine at Carbon 5 and is catalyzed by the DNA methyl transferase, also known 
as (DNMTs), which also includes DNMT1, DNMT3b, DNMT3a. This methylation 
step of cytosine occurs at the CpG dinucleotides, and DNMT1 is highly responsible 
for maintaining the methylation by sending the methyl group to DNA strands which 
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is hemi-methylated following the replication of the DNA [14, 15]. There are several 
methylating agents capable of methylating cytosine residues such as DNMT3A and 
DNMT3B, also known as de novo methylation [16]. Dinucleotide CpG is separated all 
over the human genome and are compiled up in regions rich in CpG in some regions 
with big repetitive sequences [17]. There are many processes of hyper-methylation 
that induce suppression of transcriptional factor; the first step is the CpG island 
which is methylated and absorbs proteins which have inhibitory factors proteins that 
stop the interaction with the transcription factor and with the sequences of DNA. 
There is also another mechanism the CpG-methyl protein that basically can recognize 
the methylated CpG and could suppress the activity of the methylated DNA. Over the 
years, many scientists have actually exposed the fact that the proliferation of tumors 
and initiation of human cancer is indeed caused by the silencing of various tumor 
suppression genes which once methylated, will lead to changing the pathways and 
then will eventually result in carcinogenesis [18].

2.2 RNA methylation

Even in cells with the correct DNA sequencing, the RNA may go through changes 
that would alter which proteins are produced. Herein, clinically, such changes may 

Figure 1. 
DNA methylation and regulators thereof. DNA methylation is a chemical modification process that involves the 
addition of a methyl group to the cytosine base of DNA molecules. It is an essential epigenetic mechanism that 
regulates gene expression and plays a crucial role in various biological processes. The process of DNA methylation 
is carried out by a group of enzymes called DNA methyltransferases (DNMTs), which are themselves regulated 
by various factors such as histone modifications, transcription factors, and non-coding RNAs. Regulators of DNA 
methylation are factors that control the activity and expression of DNMTs and thus modulate the level of DNA 
methylation. These regulators can be classified into two main categories: (1) positive regulators, which enhance the 
activity of DNMTs and increase DNA methylation levels, and (2) negative regulators, which inhibit the activity 
of DNMTs and decrease DNA methylation levels. Examples of positive regulators of DNA methylation include 
histone methyltransferases, which modify histone proteins and create a favorable chromatin environment for 
DNMTs to function, and certain transcription factors that recruit DNMTs to specific genomic regions. Negative 
regulators include DNA demethylases, which actively remove methyl groups from DNA, and some non-coding 
RNAs that can inhibit DNMT expression or activity. Overall, these regulators play a critical role in maintaining 
the appropriate DNA methylation patterns in cells and ensuring proper gene expression and cellular function. For 
example, RG108 and MG98 are both small molecules that have been developed as inhibitors of DNMTs. However, 
there are some differences between these two compounds. RG108 is a non-nucleoside inhibitor of DNMTs that 
works by binding to the catalytic site of the enzyme and blocking its activity. It has been shown to be effective 
in reducing DNA methylation levels in various cell types and has been used in several studies to investigate the 
role of DNA methylation in gene expression and other cellular processes. RG108 has also been evaluated for its 
potential therapeutic applications, including as a treatment for cancer and other diseases that are associated with 
abnormal DNA methylation patterns. On the other hand, MG98 is a nucleoside-based inhibitor of DNMTs that 
acts by incorporating into DNA during replication and inhibiting the activity of DNMTs. It has been shown to 
be effective in reducing DNA methylation levels in cancer cells and has been evaluated in several clinical trials 
as a potential treatment for various types of cancer, including non-small cell lung cancer and pancreatic cancer. 
Both RG108 and MG98, are promising compounds for the development of DNMT inhibitors, yet have different 
mechanisms of action and hence may be more suitable for different applications or disease indications.
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lower the protein levels that impact killing the cancer cells or even increase the protein 
levels that prompt a cancer cell to continue dividing.

The modified version of RNA N6-methyladenosine can also be referred to the resi-
dues of adenosine at the position of the N-6. It was originally discovered in the 1970s 
taking epigenetics and cancer biology by storm [19]. Modifications of the m6A usually 
start near the stop codon, 3 UTR, and also, within the long internal exons. Such 
usually affects all the processing of the RNA, including degradation, transcription, 
translation as well as splicing. Furthermore, there are studies that suggest that m6A 
is dynamic and reversible [20]. Briefly, the formation of the m6A requires multiple 
methyl-transferases. Examples include: METTL3, METTL16, and also METTL14 [21].

2.2.1 Is “m6A” the most common RNA modification involved in various cancers?

The most common modification in RNA is m6A, confirmed worldwide, in vari-
ous yeasts, drosophila, mammals, viruses and are involved in various aspects of 
biology and medicine [22]. The modification of the RNA m6A can lead to different 
consequences such as affecting mitosis, cell division, gametogenesis, immune homeo-
stasis, and a different biological rhythm [23]. In recent studies, the modification of 
m6A is investigated elaborately, primarily in mammals. The methylation of the m6A 
RNA takes place within a sequence of purine [G>A] m6AC [A/U/C], but m6A is not 
situated at all methylated sites [24]. Further, the modification of m6A takes part in 
different pathogenesis of several other human diseases; particularly in cancer. Indeed, 
the modification of m6A RNA is so dynamic that it plays important role in cancer 
progression and carcinogenesis [25]. As a target, modification of m6A is taken as a 
potential tumor marker for diagnosis. There are mainly three components for m6A 
regulation: the m6A methyltransferases (“writers”), m6A demethylases (“erasers”), 
and the binding protein decoder called m6A methylation (“readers”). Also, it is 
noteworthy that m6A is present in different forms of RNA but not present in the small 
nuclear RNA, ribosome RNA, long non-coding RNA, and circular RNA [26]. There 
are several enzymes involved in m6A modification: methyl transferase complex, 
which is a composition of several components including methyltransferase-like 
protein 14 (METTL14), methyltransferase-like protein 3 (METTL3), and Wilms’ 
tumor 1–associated protein (WTAP) [27]. The earliest known of these three enzymes 
is the “m6A-writers”. Some of the newly discovered writer proteins are zinc finger 
CCCH domain-containing protein 13 (ZC3H13) [28], methyltransferase-like protein 
16 (METTL16) [29], KIAA1429 (VIRMA) [30], CBLL1 (an E3 ubiquitin ligase) [31], 
and RNA-binding motif protein 15 (RBM15) [32]. These enzymes play role in differ-
ent pathways [33] and in RNA modification. Different capabilities were revealed in 
a recent study where distinct genes were silenced (siRNA) like WTAP, METTL3, and 
METTL14, in cell lines such as HeLa and 293FT (Figure 2) [34].

2.3 Histone modifications and modifiers

Histones are a family of small, positively charged proteins that are responsible 
for packaging DNA into chromatin structures in eukaryotic cells. They play a crucial 
role in the organization and compaction of DNA, which is necessary to fit the long 
DNA molecules into the small nucleus of a cell. Histones are divided into five main 
classes: H1, H2A, H2B, H3, and H4, based on their sequence and structure. They 
contain a high proportion of positively charged amino acids, particularly lysine and 
arginine, which enable them to interact with the negatively charged DNA backbone 



DNA Replication – Epigenetic Mechanisms and Gene Therapy Applications

18

and form tight complexes. Histones can be modified by various post-translational 
modifications, such as acetylation, methylation, phosphorylation, ubiquitination, 
and sumoylation, which can affect their structure, function, and interactions 
with other proteins and DNA. These modifications are critical for regulating gene 
expression, DNA replication, DNA repair, and other cellular processes. Histone 
modification is an important post-translational process that plays a key role in 
gene expression. The modifications impact this gene expression by changing 
the structure of chromatin or through the recruitment of histone modifiers. The 
modification of histones, proteins that bind to the DNA, has been documented to 
be involved in the pathogenesis of autoimmune diseases, including rheumatoid 

Figure 2. 
RNA methylation regulators and N6-methyladenosine (m6A). RNA methylation, particularly 
N6-methyladenosine (m6A) modification, is an essential post-transcriptional regulatory mechanism that affects 
RNA stability, splicing, localization, and translation. Several regulators have been identified that control 
the activity and expression of the m6A writer and eraser complexes, as well as other factors that affect m6A 
modification. These regulators can be classified into three main categories: (1) writer complex regulators, (2) 
eraser complex regulators, and (3) reader protein regulators. The m6A modification is added to RNA molecules 
by a complex of proteins known as the m6A writer complex, which includes methyltransferase-like 3 (METTL3), 
methyltransferase-like 14 (METTL14), and Wilms tumor 1-associating protein (WTAP). The m6A modification 
is removed by a complex of proteins known as the m6A eraser complex, which includes fat mass and obesity-
associated protein (FTO) and alpha-ketoglutarate-dependent dioxygenase homolog 5 (ALKBH5). Writer 
complex regulators include proteins such as RNA-binding motif protein 15/15B (RBM15/15B), which enhances the 
activity of the writer complex, and heterogeneous nuclear ribonucleoprotein C (HNRNPC), which competes with 
the writer complex for RNA binding sites and can inhibit m6A modification. Eraser complex regulators include 
proteins such as insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2), which stabilizes m6A-modified 
RNA and can protect it from eraser complex-mediated demethylation. Reader protein regulators include proteins 
such as YTH domain-containing proteins (YTHDFs), which bind to m6A-modified RNA and affect RNA stability 
and translation. The regulation of RNA methylation is a complex process that involves multiple factors, and a 
better understanding of these regulators and their interactions is critical for elucidating the functional roles of 
RNA methylation in various biological processes and diseases. Indeed, recent studies have shown that dysregulation 
of m6A modification and its regulators can contribute to various diseases, including cancer, neurological disorders, 
and viral infections. Therefore, to re-emphasize, understanding the mechanisms of RNA methylation and its 
regulation by different factors is crucial for developing novel therapeutic approaches targeting this pathway.
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arthritis, systemic lupus erythematosus, systemic sclerosis, primary biliary cirrho-
sis, and type 1 diabetes. Basically, histones are highly basic proteins abundant in the 
lysine and arginine residues that are found in the eukaryotic cell nuclei. Histones act 
as spools around which the DNA winds to create the structural units called nucleo-
somes, which in turn are wrapped into fibers (30 nm) that form the tightly-packed 
chromatin. The DNA in the chromatin which is packed in a highly compact struc-
ture, and which is wrapped with histones where it forms a nucleosome structure; 
is also referred to as “beads on a string”. This also helps in controlling the ability 
to access the DNA sequence [35]. Briefly, all histone octamer consists of tetramer 
two copies of histones 2A and also two copies of histones 2B, bounded by histone 
4 and histone 3. There are five types of histones namely H2A, H2B, H3, H4, and 
H1 linker histone. These proteins generally consist of a C-terminal domain and a 
tail of a terminal N that results in post-translational modification are acetylation, 
phosphorylation, methylation, SUMOylation, citrullination, and also biotinylation 
at some of the specific amino acid group [36]. Among the post-translational modifi-
cation, acetylation and methylation are the most studied on the residues H3 and H4 
[37]. Histone modifications impact gene expression either via changing the struc-
ture or regulating the physical properties of chromatin or through the recruitment 
of histone modifiers (Figure 3).

Figure 3. 
Examples of histone deacetylase inhibitors. Histone deacetylase inhibitors (HDAC inhibitors) are a class of 
compounds that interfere with the activity of histone deacetylases, which are enzymes that remove acetyl groups 
from histone proteins. By inhibiting these enzymes, HDAC inhibitors increase the acetylation of histones and other 
proteins, leading to changes in chromatin structure and gene expression. HDAC inhibitors have been studied for 
their potential therapeutic applications in various diseases, including cancer, neurodegenerative disorders, and 
inflammatory diseases. Some examples of HDAC inhibitors include: (1) Vorinostat (also known as SAHA): This 
was the first HDAC inhibitor to be approved by the US FDA for the treatment of cutaneous T-cell lymphoma. 
It works by inhibiting class I and II HDACs. (2) Romidepsin: This is another HDAC inhibitor that is approved 
for the treatment of cutaneous T-cell lymphoma. It works by inhibiting class I HDACs. (3) Belinostat: This is 
an HDAC inhibitor that is approved for the treatment of peripheral T-cell lymphoma. It works by inhibiting 
class I, II, and IV HDACs. (4) Panobinostat: This is an HDAC inhibitor that is approved for the treatment of 
multiple myeloma. It works by inhibiting class I, II, and IV HDACs. (5) Entinostat: This is an HDAC inhibitor 
that is being investigated for its potential use in breast cancer, lung cancer, and other types of cancer. It works 
by inhibiting class I HDACs. (6) Trichostatin A: This is a natural product that was the first HDAC inhibitor to 
be discovered. It works by inhibiting class I and II HDACs. These are just a few examples of the many HDAC 
inhibitors that have been developed and studied over the years. Each inhibitor has its unique characteristics, 
including its peculiar mechanism of action, target specificity, and potential therapeutic applications.
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3. Role of histone modification and associated inhibitors in tumorigenesis

Cancer is a complex disease, and the first human disease to be correlated with 
epigenetic alterations. As mentioned throughout this chapter, it is today clear that 
epigenetics plays a key role in tumorigenesis (tumor development and metastasis) 
via the regulation (and control) of gene expression. This is mainly through DNA 
methylation, histone modifications (established and removed by the modifier 
enzymes: writers and erasers, respectively), histone variant incorporation, chromatin 
remodeling, and non-coding RNAs. Briefly, mutations within the chromatin remodel-
ing complexes or the histones affect the cell phenotype, thereby, leading to various 
human diseases, including cancer. Indeed, with the promoter-targeted histone 
modification, the studies have recently shown that the modification of histones at the 
cellular level is highly related to the prognosis of cancer. The initial interest evolved 
when there was a histone modification derived from yeast [38], and all the patterns 
of the histone modification at the promoter to the expression of the gene in the yeast 
suggested that the histone can keep multiple biological information in the pattern of 
modification [39]. Histone modification takes place throughout the genome, and any 
possible changes if occur in the specificity or activity of the enzymes (which helps in 
the modification of the histones) can result in changes. Those are detectable at many 
specific modifications of the histones and at the level of the individual nuclei, in the 
process of immunostaining [40].

It is perhaps worth mentioning herein, that while there are several approved (by 
the US Food and Drug Administration or FDA) epigenetic-based drugs or epi-drugs 
to treat cancer with abnormal histone modifications, many are still in the pre- or 
clinical phase. Such indicates the need to better understand the regulatory pattern 
of epigenetics, especially histone modifications, in cancer. The modification of 
histones suggests replacing “histone code” to follow and maintain the interaction 
of histones with a protein associated with chromatin and allow all the downstream 
functions [41]. Consistently, the HATs enzymes which are known as the “writers” 
transfer the acetyl groups to some targeted lysine group and arginine group residues 
in the histone tails, which often results in the activation of the gene [42]. Also, the 
well-known “erasers” and the HDAC enzyme often delete the acetyl group from the 
histone tail and downregulate the targeted gene. The “writers” and “erasers” can 
modify the histones and control the silent and active state of chromatin and thus 
can transcriptionally control the transcription of all genetic information present in 
the DNA [43]. For treatment and clinical diagnosis, therapeutic targets are key [44]. 
Various modified drugs are useful to block cancer metastasis and the progression 
of the tumor via a major impact on the modification of histones, mainly via histone 
acetylation [45, 46]. Indeed, the dysregulation of histone modification enzymes plays 
an important role in tumorigenesis. Herein, miRNA acts directly on two pathways, 
the translational silencing mechanism, and the transcriptional silencing mechanism 
[47, 48]. In one of these cases, the miRNA ties up with the sequence, for example, 
mutation, and the regulation of the main gene gets out of control and can often result 
in chemo-resistance and tumorigenesis, subsequently [49]. For example, in ovarian 
cancer, the regulation of miRNA is downregulated and the let-7i resistance toward 
cisplatin is consequently increased with slower progression. The survival time for the 
patient decreases in the late stage of ovarian cancer [50] and the possible treatment 
for those patients is gene therapy; the only way to silence aberrant miRNA expression 
or restore the lost endogenous miRNA expression. Therefore, therapeutically, this can 
often be accompanied by an approved epi-drug [51]. Remember, both, acetylation or 
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deacetylation of histone proteins regulates gene expression, and the combination of 
epi-drugs together or with other inhibitors has displayed favorable clinical outcomes 
(Figure 4).

Histone modification is a key step in gene regulation that determines cell fate. For 
epigenetic therapy, the main target is chemo-resistant cells. DNA methylation that 
occurs at GHD CpG islands can often result in the inactivation of the transcriptional 
gene which is highly present in tumors. Inhibition of some enzymes such as DNMTs 
(which catalyze the methylation of the DNA), results in a decrease of the DNA 
methylating agent, and therefore re-activates the genes which are potentially anti-
cancerous [52]. Modification of histones is un-altered via some special set of enzymes 
including the HDACs and HKMTs. Furthermore, targeting atypical hypo-acetylation 
through HDACi can result in and/or lead to the re-activation of the foregoing and 
transcriptionally inadequate chromatin [53]. Likewise, the suppression of the special 
atypical histone methyltransferases or HKMTs stops the methyl marks that may cause 

Figure 4. 
Epigenetic regulation in tumorigenesis. Epigenetic regulation plays a critical role in tumorigenesis, which is 
the process of tumor formation. Alterations in DNA methylation, histone modifications, and non-coding RNA 
expression can lead to abnormal gene expression patterns that contribute to tumor development and progression. 
Epigenetic changes can affect various cellular processes, including cell proliferation, apoptosis, DNA repair, and 
immune response, among others. Additionally, epigenetic alterations are reversible, making them an attractive 
target for developing new cancer therapies. Hence, understanding the epigenetic changes associated with 
tumorigenesis is deemed crucial for identifying new targets for cancer treatment and developing personalized 
therapies based on the unique epigenetic profile of the patient.
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gene repression; HP1 to H3K9me3, for example. Two vital processes of epigenetics 
are: histone modification and DNA methylation. Also, remember that atypical 
expression of miRNA (21–23 nucleotides small and non-protein-coding RNAs) has a 
direct connection with tumorigenesis [54]. Cancer is a complex and systemic disease 
instead of a single organ or tissue failure. Therefore, a single drug cannot solely treat 
or cure the tumor completely; often resulting in tumor recurrence or resistance. 
Precision oncology medicine is the hope.

4. Mechanisms of acquired anti-tumor and -cancer drug resistance

Resistance to anti-cancer drugs can be acquired by several mechanisms within 
neoplastic cells. Some include the alteration of drug targets, expression of drug 
pumps, expression of de-toxification mechanisms, reduced susceptibility to apopto-
sis, and increased ability to repair DNA damage, among others. Similarly, anti-tumor 
drug resistance of cancer cells is chiefly acquired through one of the three mecha-
nisms of (a) mutation in gene, (b) gene expression increase, and (c) decrease in gene 
expression [55]. An example of anti-tumor drugs is the PI (Protease Inhibitor)-based 
drugs which act by inhibiting important cell signaling pathways [56]. Mono-therapy 
with PI has failed miserably, nonetheless, in patients with multiple myeloma (MM), 
for instance, due to the development of slow drug tolerance. It is also a common 
observation that many ovarian cancer patients treated with only platinum-based 
drugs do change into refractory cancer from being advanced and recurrent [57]. It 
has also been reported that cisplatin resistance is associated with hypomethylation of 
CpG sites in the first intron of S100A4 [58]. Anti-tumor drug resistance is associated 
with down-regulation of tumor protein p53 (TP53) and interferon regulatory factor 1 
(IRF1) and activation of HDAC [59]. Hence, to avoid the development of drug toler-
ance in MM patients combination therapy (HDAC inhibitors + PI-based therapy) has 
shown an overall good therapeutic effect and negated the drug tolerance pathways 
[60]. Remember that resistance can occur when even a small group of cancer cells 
within a tumor contain or undergo molecular changes rendering them insensitive to a 
or any specific drug before the oncology treatment even begins (Figure 5).

5. Targeting of epigenetic modifiers via acting against drug resistance

Today, despite the availability of several potential drugs targeting HDACs 
(histone deacetylases) and DNMT/HMT (DNA/histone methyltransferases) for 
treating a wide range and types of cancers; yet, are often limited in efficacy to 
function only at certain stages of the disease. Indeed, in some cases and even after 
the drug treatment, the reversible nature of methylation persists. Hence why, recent 
studies tend to increasingly emphasize the need to develop novel drugs capable of 
specifically targeting the HDACs and DNMT inhibitors as an emerging bio-effective 
anti-cancer strategy. On the other hand, there are several studies that have proved 
that mutation in a gene, and modification in the epigenetics do play a very vital role 
in chemo-resistance in the cells which are infested by cancer [61]. The alterations 
in the epigenetic are very much reversible and must be maintained by epigenetic 
modifiers rendering them a good target for therapeutic interference [62, 63]. The 
recent research and understanding of the CSC epigenome provide a new perception 
of anti-cancer therapy which is much targeted by many epigenetic drugs to overcome 
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resistance toward CSC drugs [64], as mentioned earlier. Accruing research tends to 
show that drugs with epigenome modifying capabilities or epi-drugs, alone or com-
bined with other treatments may/can modify the epigenetic treatment and decrease 
the resistance toward the drug. Also, drugs which have the capability to alter the 
genome are “non-specific” in nature and can affect the expression of the global-
gene, with increasing evidence in the literature that such drugs can make changes 
in gene expression depending on the chromatin environment [65]. Furthermore, 
other studies demonstrated that the sensitivity toward epigenetic alternators can 
be genomic loci specific depending upon the three-dimensional structure of the 
chromatin itself [66]. As noted earlier, there are various epigenetic modifiers which 
are mostly used in the present-time anti-cancer therapy clinical trials and research, 
i.e., HDACs, DNMTs, and HMTs [67]. Noteworthy that various inhibitors used for 
HDACs, DNMTs, histone demethylases (HDMs), HMTs and bromodomain proteins 
are generally, in clinical trial studies, used in combination with or without chemo-
therapy [68].

Figure 5. 
Epigenetic modifications can be tumorigenic and contribute to the development and progression of cancer. 
The study of epigenetic modifications in cancer has revealed new insights into the molecular mechanisms of 
tumorigenesis, as well as potential biomarkers for cancer diagnosis, prognosis, and treatment. Epigenetic changes 
can affect key pathways involved in DNA damage response, cell cycle regulation, and immune surveillance, 
leading to genomic instability and immune evasion. Furthermore, epigenetic changes can drive cancer cell 
heterogeneity, making tumors more resistant to therapy. The reversibility of epigenetic changes makes them 
an attractive target for developing new and innovative translational cancer therapies. However, there are still 
significant challenges to developing effective epigenetic therapies, including identifying specific epigenetic targets 
and minimizing off-target effects. Understanding the complex interplay between epigenetic modifications and 
cancer is deemed crucial for developing new strategies to prevent, diagnose, and treat cancer. Indeed, it is worth 
noting that epigenetic modifications are not always tumorigenic and can play essential roles in normal cellular 
processes, including development and differentiation. Remember that epigenetic regulation is a complex and 
dynamic process that involves the interplay of various enzymes, chromatin-associated proteins, and non-coding 
RNAs. The dysregulation of these epigenetic regulators can lead to aberrant gene expression patterns that 
contribute to tumorigenesis. Therefore, identifying the specific epigenetic modifications that contribute to cancer 
development and progression is henceforth deemed critical for developing novel targeted therapies that can 
“selectively” reverse these changes and later, restore normal cellular function.
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6. Conclusions

Cancer is a complex disease. For carcinogenesis and tumorigenesis, epigenetic 
changes are fundamental mechanisms and can serve as potential methods for 
early detection, treatment, and prognostic assessment for our oncology patients. 
Epigenetics was first introduced by Conrad Waddington in 1942 to define stable and 
heritable changes in the cell phenotype and gene expression without genetic altera-
tions or DNA sequence. Today, epigenetic modifications and processes include DNA 
and RNA methylation, histone covalent modifications, chromatin remodeling, and 
the effect of non-coding RNAs and polycomb proteins in gene expression. Herein, 
and in the landscape of epigenetics, the methylation of DNA and RNA and modifica-
tions of histone in the cancerous cells may be responsible for drug resistance and 
the recurrence of cancer. While epigenetic changes may be used as tools to diagnose, 
treat, and provide prognostic information for our cancer patients, a better under-
standing of such mechanisms associated with epigenetic modifications; an ongoing 
investigation and research effort, will eventually not only result in the development 
of new epigenetic bio-markers capable of early detection of tumors and the mainte-
nance of continuous surveillance but also in the identification of distinct epigenetic 
profiles that will corroborate to the identification of prognostic tools and a potential 
predictor of tumor response to therapy. Further, as we move toward personalized and 
precise medicine, it is important to remember that the genetic material is identical in 
every cell, while epigenetics is highly variable within different cells and tissues of an 
organism and is also affected by aging and environmental factors. Herein, identifying 
and validating such novel epigenetic modifications associated with cancer chemore-
sistance, in clinical studies, cannot be underestimated. Together, the discovery of new 
epigenetic biomarkers for individual cancer chemo-resistance can and will open the 
possibility for the development of novel epi-drugs, which can be used as an adjuvant 
therapy associated with conventional chemotherapeutic drugs, enhancing tumor sen-
sitivity to traditional agents and ultimately increasing therapeutic efficacy. Regardless 
of the type or location of the cancer, epigenetic modifications induced by epi-drugs, 
aligned with the prospective identification of epigenetic biomarkers, are an exciting 
frontier in cancer biology, awaiting to be explored.
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Abstract

Scientists have made a remarkable breakthrough by uncovering DNA and its role 
in living organisms. Epigenetics examines the phenotypic divergences due to DNA 
methylation and its effects at certain genetic spots. Epigenetic and genetic problems 
combine to cause cancer and its growth, as seen by frequent mutations in genes that 
manage the epigenome. Recently, new therapies targeting epigenetic alterations 
have been proposed. Drugs with longer shelf life and better absorption are also 
being manufactured and tested. On this aspect, CRISPR technology has been used 
to create various strategies for epigenetic engineering and is a practical approach to 
understanding and manipulating biological processes. Furthermore, studies on the 
advantages of probiotics have advanced previous interventional studies to recognize 
the molecular mechanisms involved. Numerous probiotic genomes include epigenetic 
components that influence gene expression for fundamental functions. Consequently, 
we suggest investigations incorporating genomic and meta-epigenomic information 
to better understand the mode of action of probiotics and their related microbiomes 
in epigenetic therapy. Here, we review established epigenetic discoveries, combined 
with the rapid advancement of immunotherapies, to create new possibilities for 
cancer treatment.

Keywords: epigenetics, epigenomes, CRISPR-cas, probiotics, microbiome, DNA 
methylation

1. Introduction

One of the greatest discoveries made in the twentieth century is recognizing that 
phenotypic changes are not merely based on genetic alterations but are implications 
due to external stimuli/epigenetic factors [1]. Epigenetic trait is a phenotype whose 
inheritance is stably heritable without altering the genetic code. Thus, for the normal 
development of an organism, regulations in the epigenome or epigenetic state are 
equally important as changes in gene expression. Today, epigenetics is a dynamic field 
aimed at studying individual and fundamental processes in mitosis and meiosis [2]. 
Several endogenous factors are found to be involved in modulating epigenetic states 



DNA Replication – Epigenetic Mechanisms and Gene Therapy Applications

32

and their activity can be affected by each other. Cellular functions can be preserved 
for an extended period by generating and transmitting epigenetic states [2]. Genomic 
characteristics such as chromatin reconstitution and epigenetic factors’ alterations 
could play a role in epigenetic states. However, epigenetic changes must be precisely 
defined to obtain a complete and detailed picture [3–5]. Understanding the role of 
epigenetic alterations and their effect on gene expression and the awareness that 
epigenetic traits are reversible has opened the door to developing diagnostic tools to 
treat several diseases, including cancers [6].

Epigenetic alterations are essential for the regulatory processes associated with 
several biological phenomena, including genomic imprinting, X-chromosome 
inactivation, control of tissue-specific gene expression, genomic stability, repression 
of transposable elements, aging, and some diseases, including cancer [7]. The most 
common epigenetic modifications that modify DNA accessibility to transcriptional 
machinery and impact gene expression are acetylation, methylation, phosphoryla-
tion, biotinylation, and RNA interference [8]. Roberti et al. [9] have identified three 
main components of the epigenetic system: DNA methylation, post-translational 
histone modifications, and noncoding RNAs (ncRNAs). The clustered regularly 
interspaced short palindromic repeats (CRISPR)-associated protein 9 (Cas9)system 
(CRISPR-cas9) is a naturally occurring defense system in many bacteria and archaea 
to protect from invading viruses or plasmids [10]. CRISPR system with the capacity to 
program Cas9 has revolutionized medical research, biotechnology and agriculture. It 
is a precise genome editing tool that can modify specific genome regions in eukaryotic 
cells, particularly mammalian cells [11]. Cas proteins are endonucleases that sever the 
target nucleic acid sequence. Mutations in genes that encode Cas proteins can generate 
deactivated cas (dCas) proteins that maintain their ability to bind DNA in a manner 
targeted by gRNA and serve as programmable DNA binding domains [12]. CRISPRi/a 
domain proteins can be used in epigenetic studies to alter histone acetylation and 
methylation [13]. The dCas-based demethylation approach was discovered to improve 
cell disease conditions. Scientists have found that countering epigenetic changes can 
be an effective cancer therapy [7, 14].

The trillions of intestinal microflora have an intimate relationship with the host 
and impact the host’s physiology and pathology. They play a role in food fermentation, 
vitamin synthesis, and maintaining intestinal epithelial function. The microbiome 
affects the host’s epigenetics, immune system, and metabolism. Certain epigenetic 
changes after exposure to bacteria suggest a connection between the microbiome and 
the epigenome [15]. Investigating the epigenetics and para-epigenetics of a probiotic 
organism and its microbiome is a difficult but critical step in understanding the pro-
biotic mechanism [1]. Researchers have used CRISPR-Cas to precisely alter probiotic 
organisms, explore epigenetics, and improve the effects of probiotics [16, 17]. Certain 
epigenetic changes during childhood are essential for adult health, and short-chain 
fatty acids (SCFAs), such as butyrate, can influence human genes by being epigenetic 
regulators [18, 19]. Researching the various probiotic molecules and their interac-
tions with human epigenetic systems could reveal new health benefits and assess 
the safety of consuming these organisms. Current and future technologies can help 
researchers understand microbial meta-epigenomics and how it can improve human 
health. In the current study, a search strategy was assigned, and the search words 
with “EPIGENETICS”, CRISPR-cas9 EDITING IN EPIGENETIS” and PROBIOTICS 
THERAPY IN EPIGENETICS” has been used and the related articles were retrieved 
from PubMed, Web of Science, and Scopus databases from 2010 to Jan 2023. This 
article discusses epigenetic therapy and its potential new methodologies using the 
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CRIPSR-cas system, epigenetic drugs, and epigenetic regulation by probiotic bacteria 
and the gut microbiota.

2. The emergence of the CRISPR Cas9 system in epigenome editing

Epigenetic changes at the target site can be achieved by securing the epigenetic 
effectors to sequence-specific DNA-binding domains (DBDs). Although the discovery 
of zinc fingers (ZFNs) and TALENs succeeded in DNA binding and genome editing 
efficacy, targeting different regions required redesigning and reengineering of these 
proteins. This has prevented the scientific community from using ZFN and TALEN 
effectively [20]. The rise of the CRISPR Cas system has trounced this major hurdle. 
Although the Cas9 protein of the type II Streptococcus pyogenes system is the most 
widely used in the CRISPR Cas system in gene knockout, the CRISPR-Cas system in 
its basic form has become a powerful technology to flexibly target any specific site 
in the genome simply by employing small guide RNAs (sgRNA). Because most Cas 
proteins are nucleases, mutations in Cas-encoding genes convert them to deactivated 
Cas (dCas) proteins, inhibiting their nuclease activity while retaining DNA binding 
capability. Thus, dCas proteins have become programmable DBP, and the ability to 
bind dCas9 to specific DNA loci can be altered using sgRNA (Figure 1) [12].

2.1 CRISPR Cas9 in epigenome activation and repression

Soon after discovering that wild-type Cas9 could be used as a programmable 
endonuclease, researchers began to exploit dCas9 for gene regulation studies. For 
epigenome editing through CRISPR Cas9, the setup consists of a toolbox for express-
ing sgRNA. In these dCas9 and effector domains, the activation domains retain 
their function when fused to other proteins with different DNA binding moieties 
[21]. Several activation domains have met this criterion which includes the 16-virion 
protein (VP16) of the herpes simplex virus type I, the VP64 domain is a tetramer of 
the minimal activator VP16, p65, the largest subunit of the NF-kappa B transcription 
factor, the Rta domain encoded by Kaposi’s sarcoma-associated herpesvirus/human 

Figure 1. 
Strategies for gene activation and repression using the CRISPR Cas9 system. (A) Targeting specific DNA sequence 
for activation or repression through (a) direct binding of effector domain (ED) to dCas9; (b) effector domains 
bound to the sgRNA scaffold named srRNA 2.0; and (c) recruitment of the effector domain to the target site by 
the Sun tag system. (B) The concept of gene inactivation through CRISPR interference (CRISPRi) using KRAB 
bound to dCas9.
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herpesvirus 8, human heat shock factor 1 (HSF1) etc. [21]. The CRISPR activation 
cabinet (CRISPRa) consisting of dCas9 fused to the activation domain in various 
combinations has been used in the transcriptional activation of genes. In vitro studies 
showed that the dCas9-VP64 and dCas9-p65 fusion proteins have activated the target 
reporter gene in the HEK293 reporter cell line [22]. However, the VPR tripartite acti-
vation domain designed and characterized by George et al. reported a robust multi-
locus activation, outpacing VP64 alone. Furthermore, for nuclease and activation 
pursuit using the dCas9-VPR system, maximum efficiency was achieved by changing 
the length of the gRNAs [23].

2.1.1 Increment in the transactivation potential using dCas9

Several interesting CRISPRa studies have described successful gene activation 
using dCas9-based tools and increased transcriptional activation with multiple 
targeting of sgRNA. However, Konermann et al. [24] have introduced the concept of 
increased activation using single sgRNA and modification of the gRNA scaffold and 
have named it sgRNA2.0. The main objective was to create a flexible sgRNA capable 
of grafting additional activation domains to the target site dCas9. Enhanced stimula-
tion can be achieved with a single sgRNA through multiple activation domains. A 
similar concept of activation domain recruitment to the target site was developed 
by Tanenbaum et al. [25] and named the Sun tag system. This approach uses a 
recombinant peptide array (SunTag) that recruits multiple antibody fusion proteins 
(activator domains). This system achieved higher levels of transcription activation 
with recruitment of VP64 to dCas9 through Suntag to activate the CXCR4 gene in 
K562 cell lines using a single sgRNA. It achieved 25 times higher transcription levels 
than conventional dCas9-VP64-mediated activation [25]. In addition to the tech-
niques manipulated by dCas9 to increase gene expression activation, light-controlled 
manipulation of epigenetic and endogenous genes was introduced [24, 26, 27]. The 
principle involved in this mode of gene manipulation is that two interaction partners 
dimerize upon blue-light activation, where one partner is fused to a DNA-binding 
protein and the other to the transcriptional activation domain. Recently, optogenetic 
systems have used dCas9 and photoinducible dimerization for precise modulation of 
gene expression of mammalian cells.

2.1.2 dCas9-mediated transcriptional repression

Qi et al. initially developed the concept of CRISPR interference (CRISPRi) [12], 
where dCas9 and sg RNAs target a specific transcriptional start site and interfere 
with the activity of DNA binding proteins such as Polymerase II. With this devel-
opment of CRISPRi, modifications have been made in which a stronger repressor 
complex, such as Kruppel’s associated Box (KRAB), was fused to dCas9, resulting 
in a stronger and more specific gene repressor than dCas9 alone [22]. KRAB has 
a highly conserved amino-terminal region of many Krüppel-class Cys2His2 zinc 
finger proteins with repressive function [28]. The KRAB domain functions with the 
KAP1 corepressor that recruits heterochromatin protein 1 (HP1), which recognizes 
and binds methylated H3K9, obtained by methyltransferase activity and recruits 
more HMTs, resulting in chromatin condensation of neighboring nucleosomes [29]. 
Several success stories reported the use of dCas9-KRAB fusion in gene repression, 
and this fusion system can successfully recruit chromatin-modifying complexes for 
amplified CRISPRi effects [21].
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2.2 Epigenome editing through chromatin modulation using CRISPR Cas9

Genomic DNA is organized on a nucleosomal scale by wrapping around various 
histones that can be modified post-translationally using chemical moieties and/or by 
chemical modification, such as methylation at 5-carbon in cysteine residues (5-mC), 
which are collectively termed chromatin markers [2]. Gene editing through chromatin 
edits has become an important aspect in the epigenetic field in altering gene expression. 
dCas9 has been deployed to modulate various histone proteins within a specific DNA 
region that affects gene expression [2]. Although gene expression levels through chro-
matin modulation are modest compared to CRISPRi/a technologies, the highest levels of 
expression are achieved by H3K27ac deposition or DNA demethylation [30, 31].

2.2.1 dCas9 in methylation and demethylation of chromatin marks

Since aberrant methylation has several pathological implications, especially in 
several cancers, there is an urgent need to manipulate these epigenetic characteris-
tics. Although small molecules such as 5-azacytidine that target DNA methylation 
as epigenetic inhibitors are in clinical use, these inhibitors target the entire genome 
where normal methylation occurs [20]. This limitation has been overcome by target-
ing specific gene loci mediated by the dCas9 system, which has been used to deposit 
and remove methylation from target genome sites. The deposition of DNA methyla-
tion has been achieved by fusion of dCas9 with the catalytic domain of eukaryotic 
DNA methyl transferase (DNMT3A) [32, 33] or prokaryotic DNA methyltransferase 
(MQ3) [34]. In addition to targeted DNA methylation, the active removal of methyla-
tion marks from the endogenous DNA sequence is another mode of gene expression 
manipulation. Ten–eleven translocation (TET) proteins (TET1, TET2 and TET3) are 
involved in endogenous DNA demethylation that regulates cell type-specific gene 
expression. Therefore, in epigenetic DNA demethylation using the CRISPR system, 
guidable dCas9 fused to TET-1 has been used to achieve locus-specific DNA demeth-
ylation [31, 35–37].

2.2.2 dCas9 mediated modification of histone proteins

In addition to the role of methylation and demethylation in gene regulation, 
 epigenetic information is stored in histone proteins that wrap DNA around them 
to form chromatin fiber. These epigenetic features in a cell are constituted by post-
translational modification of the histone tails that reveal key insights into regulatory 
activity. For example, mono and dimethylation at the four positions of lysine of 
Histone H3 (H3K4me1/2) and acetylation at the 27 positions of acetylation of Lysine 
(H3K27ac) are elements of active distal regulation. At the same time, trimethylation 
(H3K4me3) is a marker of active or poised bivalent promoters [11]. Since specific 
writers, correctors, and erasers regulate the modification of chromatin, researchers 
have used the dCas9 system to recruit histone modifiers for the methylation and 
demethylation of histone proteins [20]. Examples of histone-targeted epigenome 
editing include LSD1, a histone demethylase that removes the H3K4me2 mark, which 
was fused to dCas9, resulting in a substantial local decrease in the active enhancer 
markers H3K4me2 and H3K27ac and altered expression of target genes [38]. Unlike 
these findings, a fusion of histone acetyltransferase P300 with dCas9 resulted in a sig-
nificant increase in local induction of H3K27ac expression in both the promoter and 
enhancer regions [39]. Histone modifications through the CRISPR system were used 
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to suppress gene activity where local induction of H3K4me3, a marker of the active 
promoter for the re-expression of silenced targets, was used. Histone deacetylation by 
fusion of full-length histone deacetylases (HDAC) with dCas9 was shown to reduce 
H3k27ac and ultimately down-regulate target gene expression [40].

3.  Gut microbiota and probiotics: the mysterious players in epigenetic 
changes

The gut microbiota/microbiome is the collective term used for the genes con-
tributed collectively by viruses, bacteria, and fungi that are present in different 
regions of the human body and play a dynamic role in the health of the individual 
human [41]. Human gut co-habitants with various symbiotic microorganisms, 
including Bacteroides, Firmicutes, Actinobacteria, Proteobacteria, Fusobacteria, and 
Verrucomicrobia. The number and composition of these microbial species can vary 
according to age, diet, and lifestyle [42, 43]. The gut microbiota colonizes from the 
time of delivery and during breast feeding that gets continuously modulated during 
development due to dietary and environmental factors [44].

Food and Drug Administration (FDA) and World Health Organization (WHO) 
define probiotics as “live microorganisms that can provide health benefits to the host 
when administered in adequate amounts” [45]. Well-established probiotic bacteria 
include Lactobacillus rhamnosus, Lactobacillus reuteri, Bifidobacteria, Lactobacillus 
casei, Lactobacillus acidophilus, Bacillus coagulans, Escherichia coli strain Nissle 
1917, and Enterococcus faecium SF68 [46]. In addition to protecting the intestinal tract, 
probiotics help improve various diseases, including cardiovascular disease, diabetes, 
and obesity [10, 47]. The well-known fact is that probiotics that restore intestinal 
microbiota balance support their efficiency in preventing the development of chronic 
immune-mediated diseases (Figure 2).

As there was substantial evidence that the intestinal microbiota and probiotics 
impact several metabolic functions within the human body, such as digestion, absorp-
tion of nutrition, regulation of hormonal secretion, modulation of inflammation 
and immunity processes, synthesis of vitamins and various metabolites, dysbiosis of 
this microbiota negatively influences the onset of diseases such as obesity, diabetes, 
inflammatory bowel disease, cancer, etc. [44, 48, 49]. In recent years, the commensal 
microbiota has also been appreciated to play a prominent role in host epigenetics 
by altering gene expression, affecting homeostasis and health status [44, 50, 51]. 
Although the mechanism through which the gut microbiota regulates host epigenetic 
changes remains a mystery, this has, however, been revealed through studies with 
advanced computational tools for metagenomics that have focused on understanding 
the crosstalk between the microbiota and epigenetics [52].

3.1 Gut microbiota and host epigenetic features

Host epigenetics can influence the shaping of the microbiota in the intestine. 
Studies have shown that host miRNAs could control microbial gene transcription, 
thus modeling the structure of the microbial community, vice versa was observed 
where the gut microbiota and its metabolites were found to regulate epigenetic 
changes and influence host metabolism [41]. Short-chain fatty acids (SCFAs) are 
the main metabolites in host epigenome modulation that are produced by intestinal 
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microbes and are found to affect body health and disease status [53, 54]. The gut 
microbiota synthesizes many bioactive compounds that serve as epigenetic substrates, 
cofactors, or regulators of epigenetic enzyme activity [55, 56]. For example, folate 
and B vitamins (B2, B12) donate methyl groups for DNA or histone methylation. 
SCFAs inhibit the deacetylase activity of histone deacetylases (HDACs), leading 
to changes in chromatin [57, 58]. Studies in rodent models have shown that the gut 
microbiota was found to influence host epigenetic transcriptome markers. Alteration 
of intestinal microflora in normal, modified, and germ-free (GF) mice was found to 
affect the modification of N6-methyladenosine (m6A) in the cecum and the decrease 
in expression in the liver, which ultimately affected host metabolism, inflammation, 
and antibacterial process. Akkermansia muciniphila and Lactobacillus plantarum could 
influence the modification of m6A in mono-associated mice [59]. This microbiota 
was also found to modulate host miRNA expression patterns to maintain intestinal 
homeostasis [60]. The intestinal microflora negatively regulates miR-107 expression 
in dendritic cells and macrophages, thus affecting the activity of the MyD88 and 
NF-B pathways, which subsequently influenced immune homeostasis and the expres-
sion of the target gene IL-23p19, which are responsible for oral cancer [61]. Probiotic 
supplementation could prevent and treat colon cancer by regulating miRNAs [6]. 
Coculture of probiotic Leuconostoc mesenteroides with HT-29 demonstrated effective 
down-regulation of miRNA-21 and miRNA-200b, thus promoting colon cancer cell 
apoptosis [62].

3.2 Probiotic and host epigenetics

Probiotics reduce the risk of certain diseases primarily through clinically validated 
mechanisms involving epigenetic regulation. The intestinal flora in the large intestine 

Figure 2. 
A schematic representation of the external factors responsible for inflamed gut and the altered phenotype due 
to epigenetic modifications. The figure also depicts epigenetic therapy and the restoration of a healthy gut by 
epigenetic drugs, probiotics, and their metabolites.
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Bacteria Epigenetic Changes Health effect Reference

Lactobacilli Down-regulated miRNAs (miR-
200b, miR-215, and miR-192)

Maintain homeostasis 
and shape the host 
response to infection

[70]

Leuconostoc mesenteroides Modulates miRNA-21, 
miRNA-200b

Promote the apoptosis 
of colon cancer cells

[62]

Fusobacterium nucleatum Modulates the Toll-like receptor, 
miRNAs (miR-4802 and miR-18a)

Improve the response to 
chemotherapy, reduce 
cancer recurrence,

[71]

VSL#3 (VSL 
Pharmaceuticals, 
Ft Lauderdale, FL, 
USA): 3 × 1011 CFU/g 
of bifidobacteria (B. 
longum, B. infantis, and 
B. breve), lactobacilli 
(L. acidophilus, L. 
casei, L. delbrueckii 
subsp. L. bulgaricus 
and L. plantarum) and 
Streptococcus salivarius 
subsp. thermophilus.

Increases IL-10 production from 
Peyer patches and the spleen, along 
with increased expression of IL-10 
in the pancreas.

Prevent the 
development of 
autoimmune diabetes in 
NOD mice and Induced 
immunomodulation by 
a reduction in insulitis 
severity

[72]

Lactobacillus johnsonii 
N6.2-Mediated

Increases the cytokines IL-6 and 
IL-23 within the mesenteric lymph 
nodes of BBDP fed LjN6.2.

Confirms the resistance 
of T1D

[73]

Lactococcus lactis Increases the frequencies of 
local Tregs accumulated in the 
pancreatic islets

Restorative therapy for 
autoimmune diabetes

[74]

Bifidobacterium spp. Reduces the expression of insulin 
receptor substrate 1, protein 
kinase B (Akt / PBB), IKKa and 
IkBa, protein-1 (MCP-1) and 
interleukin-6, (IL-6)

Promotes recovery 
of β-cells of pancreas 
cell-cells and increases 
insulin sensitivity in 
mice by enhancing the 
function of the insulin 
signaling pathway as 
a promising strategy 
for the treatment of 
diabetes.

[75]

Lactobacillus reuteri inhibits osteoblast TNF-a signaling 
and osteoblast maturation markers.

Blocks the loss of bones [76]

Lactobacillus 
kefiranofaciens M and 
Lactobacillus kefiri K

Stimulates GLP-1 secretion, 
inhibits pro-inflammatory and 
inflammatory cytokine production, 
increases IL-10 production, and 
modifies the intestinal microbiota 
cytokine TNFa and TH

Potentially inhibits type 
1 diabetes progression 
in vitro and in vivo by 
improving GLP-1

[77]

Lactobacillus brevis 
KLDS1.0727 and KLDS 
1.0373

GABA overexpression Inhibits the 
development of T1D in 
diabetics mice model

[78]

Lactobacillus johnsonii 
N6.2

decreases the K: T ratio significantly 
(CD45RO + CD183 + CD196–) and 
cytotoxic CD8+ T cells.

Reduced risk of T1D [79]
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undergoes fermentation to transform dietary fiber into SCFAs, with butyrate being 
one of the major SCFAs produced [41]. SCFAs such as acetate, propionate, and 
butyrate are found to modulate the host’s immune system [63]. Gut bacteria and some 
probiotics produce enzymes such as methyltransferases, acetyltransferases, deacety-
lases, Bir A ligase, phosphotransferases, kinases, and synthetases. Furthermore, they 
produce S-adenosylmethionine (SAM), acetyl-CoA, NAD+, α-KG, and ATP, which 
are essential cofactors for many epigenetic processes that regulate DNA methyla-
tion, post-translational histone modifications, and nucleosome position [41, 44, 51]. 
Butyrate is an anti-inflammatory molecule produced by the gut microbiota and some 
probiotics can influence the host’s epigenome by decreasing intestinal permeability, 
preventing autoimmunity for type 1 diabetes (T1D), and protecting against autoim-
munity of islets [64, 65].

SCFAs are the main probiotic metabolites that have been indicated to have a 
protective function in the intestine and exert anti-inflammatory effects in several 
animal and human models. SCFAs exert health-promoting actions by lowering 
intestinal pH, acting as energy sources for colon-inhabiting microbes, stimulating 
colonic blood flow, helping in the contraction of smooth muscle cells, enhancing 
transepithelial chloride secretion, and aiding in the proliferation of colonic epi-
thelial cells. These SCFAs are the class of epigenetic drugs with histone deacetylase 
inhibitory activity (HDACi) that plays a vital role as anticancer agents with strong 
antiproliferative effects on tumor cells [66, 67]. The administration of SCFAs, such 
as butyrate and acetate, has shown promising results in ameliorating inflammatory 
lesions in mouse models of allergic airway disease and colitis [68]. The probiotic 
bacterium Propionibacterium freudenreichii produced a high level of SCFA, acetate, 
and propionate [69]. Butyrate, acetate, polyphenols, and vitamins are the main 
metabolites of intestinal microbes that participate in epigenetic processes. Table 1 
lists some examples of probiotic bacteria that modulate the epigenetic makeup with 
their functional attributes. Studies have shown that butyrate can reduce inflam-
mation (by increasing IL-10 expression) in inflammatory bowel disease and help 
protect against colitis and mortality [81]. Another LMW associated with epigen-
etic regulation is acetate, which is one of the immunomodulatory peptide drugs, 
“Glatiramer Acetate”. This was reported to increase the expression of the FOXP3 
transcription factor (Forkhead box P3), which increased Treg cell proliferation and 
differentiation. This reduced the rate of diabetes and insulitis in NOD mice [82]. 
These SCFAs inhibit HDAC activity, protect against neurodegenerative diseases, and 
promote immunoglobulin secretion and intestinal mucosal barrier function [83]. 
Vitamins such as B2, B12, and B6 are essential for an enzyme that systemizes SA, 
the primary methyl-donating substrate for DNMT and HHMT. Probiotic species 
such as Lactobacillus and Bifidobacterium can confer better protective effects by 
biotinylating proteins in the intestines. This process is important for DNA repair and 
chromatin structure [84].

Bacteria Epigenetic Changes Health effect Reference

Lactobacillus rhamnosus 
GG and Bifidobacterium 
lactis Bb12

Prevents islet cell destruction Reduce the risk of 
autoimmunity

[80]

Table 1. 
Probiotic bacteria with their epigenetic changes.
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4. Epigenetic therapies

Epigenetic therapies are a promising new area of treatment for cancer and 
other diseases. They involve manipulating gene expression using drugs, probiotic 
bacteria, enzymes, or other molecules that interact with DNA. The gut microbiota 
and probiotics can affect the host epigenome by activating epigenetically silenced 
genes in cancer cells. Butyrate, produced by gut microbiota can prevent colon can-
cer and other diseases by reducing pro-angiogenic factors such as EGF and HIF 1α 
[85]. Sodium butyrate is an HDAC inhibitor and can increase cell death in human 
medulloblastoma cells [86]. Below we have discussed the epigenetic treatment 
for major organs that are effected by cancer, including lung, liver, gastric colon, 
breast, etc.

4.1 Epigenetic therapy in gastric cancer (GC)

GC is one of the most fatal forms of cancer in the world. Its grim prognosis is 
due to the complexity of the disease, late diagnosis, and unsatisfactory treatments. 
In addition to genetic changes and external influences, studies have shown that 
modifications in epigenetic processes are instrumental in the emergence and develop-
ment of gastric tumors, which has become a distinctive feature of GC [87]. In most 
cases, it is caused by Helicobacter pylori infection characterized by chronic gastritis 
and peptic ulcers. H. pylori harboring the pathogenicity island of the cytotoxins-
associated gene (CagPAI) induces the dephosphorylation of histone H3S10, H3 
threonine 3, and the deacetylation of H3K23 in gastric epithelial cells [88]. DNMT 
inhibitors (DNMTi) and histone deacetylase inhibitors (HDACi) have been shown to 
be the most effective epigenetic drugs for treating GC in animal models. Nucleoside 
analogues of DNMTi (such as 5-azacitidine and 5-aza-dC or decitabine (DAC)) and 
non-nucleoside analogues of DNMTi (such as hydralazine) are separated accord-
ing to their ability to integrate into freshly produced DNA [89]. A total of 485,512 
methylation locations (482,421 at CpG sites and 3091 at non-CpG sites) from 55 
cancer-related genes showed that epigenetic aberrations could alter various cancer-
related pathways [87]. With the addition of the epigenetic drug to neoadjuvant 
epirubicin-oxaliplatin-capecitabine, a response rate of 67% was observed in patients 
with well-differentiated gastro-esophageal tumors, including 25% with a complete 
response. Hypomethylation of tumor-associated loci was observed at all 5-azaciti-
dine doses, and the degrees of hypomethylation were correlated with a therapeutic 
response [90]. Gut bacteria can help fight cancer by producing bioactive metabolites 
that inhibit HDAC and HAT. These metabolites like SCFAs, propionate and butyr-
ate can alter the epigenetic profile of cancer cells, making them more susceptible to 
treatment [91]. However, changing epigenetic profiles may represent new treatment 
approaches for GC. Cancer heterogeneity can be overcome and cancer homeostasis 
can be reprogrammed so that it is more likely to react to cytotoxic drugs or immune 
checkpoint inhibitors if epigenetic processes are targeted.

4.2 Epigenetic therapy in colon cancer

Colon cancer is one of the most fatal forms of the disease worldwide. Its genesis is 
linked to the collection of genetic and epigenetic modifications in the epithelial cells 
of the colon that cause them to morph into adenocarcinomas. In the last 10 years, 
there has been enormous progress in understanding cancer epigenetics, notably 
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aberrant DNA methylation [92]. Microbial exposure was perceived to induce DNA 
hypomethylation, which increases the expression and activity of the DNA demeth-
ylase enzymes Tet3 and Dnmt1 [50, 93]. DNA methylation in colon biopsies is cor-
related with microbial composition, inflammation status, and disease classification in 
ulcerative colitis and Crohn’s disease patients [85]. Ulcerative colitis is associated with 
colorectal cancer, since Fusobacterium is associated with increased DNA methylation 
[94–96]. Yu et al. [71] demonstrated DNA methylation, particularly in the 3’CpG 
islands of glycosylation genes involved in cell maturation, which was substantially 
hampered in the absence of the intestinal microbiota. Changes in the fecal microbiota 
with decreased SCFA (acetate, propionate, and butyrate) have been attributed to the 
development and progression of colon cancer [97]. Studies have shown a low level 
of butyrate-producing bacteria in patients with colorectal cancer with a concurrent 
increase in mucin-degrading species such as Akkermansia muciniphila [98]. Probiotics 
can reduce the risk of colon cancer by improving intestinal microbiota balance. They 
can also reduce side effects of chemotherapy and radiation therapy by regulating 
neutrophil function and supporting anti-inflammatory activity by inducing TNF-α 
and miRNA-dependent expression of p21 gene [99, 100].

4.3 Epigenetic therapy in breast, ovarian, and endometrial cancer

Most ovarian cancers, 14–24%, are inherited diseases caused by gene mutations 
in BRCA1 and BRCA2 [101]. When BRCA1, BRCA2, BRIP1, RAD51C, RAD51D, 
and FANCM are altered, genomic instability results in ovarian cancer with an early 
somatic mutation in TP53 [102]. The epigenetic environment of these tumors can 
contribute to increased immune activity. Although durable and long-lasting responses 
have been shown in solid tumors such as melanoma, lung cancer, and renal cell 
carcinoma [103], checkpoint blockade therapies have not been successful in ovarian 
cancer. Six genes that help control the cell cycle—BRCA1, CDKN2A, RASSF1A, LOTI, 
DAPK, and ICAM-l—are suppressed when hypermethylated gene promoters are 
detected in cancer. Studies have shown that extensive cessation of CpG hypermeth-
ylation in ovarian cancer leads to slower growth of cancer cells [104]. The research 
found that ITF2357 and 5-azacytidine (AZA) inhibited the DNMT1 enzyme and 
stimulated T cell participation by upregulating ERV expression in a mouse model of 
ovarian tumor. This activated a type I interferon response by increasing the expres-
sion of endogenous retroviruses (ERV), pieces of ancient viral DNA that make up 8% 
of our genome [105]. Moufarrij et al. [106] demonstrated that DNMTi decitabine suc-
cessfully treats ovarian cancer that does not respond to chemotherapy. Furthermore, 
Cicek et al. [107] determined that the epigenetic drugs can enhance expression of 
tumor antigen NY-ESO-1 by changing its methylation status. It is important to study 
the combined pharmacodynamics and multifactorial mechanisms of epigenetic drugs 
when combined with targeted or immune therapies.

The gut microbiome has been observed to modulate estrogen metabolism [108]. 
Shimizu et al. [109] showed a significant increase in the reproductive capacity of 
germ-free mice with the introduction of microbials. Bacterial introduction normal-
ized the estrous cycle and increased the copulation and implantation rates. An 
aggregate of enteric bacterial genes in the human gut microbiome can influence 
the estrabolome. Bacterial β-glucuronidases and β-glucuronides enhance estrogen 
deconjugation and conjugation [110]. Deconjugation results in the re-absorption 
of free estrogens, leading to the development of estrogen-driven cancers such as 
breast, ovarian, and endometrial cancers. Daidzein, a class of hydroxy isoflavones, 
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is converted to dihydrodaidzein, S-(−)equol, and O-desmethyl angiotensin by the 
concentration of equol in the urine of intestinal bacteria has been correlated with a 
reduced risk of breast cancer. Therefore, epigenetic modifications can affect cancer 
progression [111].

4.4 Epigenetic therapy in liver and lung cancer

Tumor forms of cancer are thought to result from oncogene activation and TSG 
silencing due to mutations in epigenetic regulatory pathways. These epigenetic 
alterations can also be related to resistance to chemotherapy [112]. Studies show that 
methylation of certain genes (like CDK2A, p16, CDH13, RASSF1A, and APC) corre-
lates with the recurrence of stage I non-small cell lung cancer (NSCLC) after surgical 
resection and epigenetic changes that affect p16, and p16 expression are associated 
with reduced survival after early-stage NSCLC resection [113]. In a phase I/II trial, 
patients with advanced untreated NSCLC received an 8-hour continuous infusion of 
high-dose decitabine (200 to 660 mg/m2). Only one patient completed more than 
one cycle, affecting the efficacy of treatment [114]. Pharmacodynamic studies have 
found that one-third of patients with lung cancer have higher levels of p16, MAGE-3, 
and NY-ESO-1 [115]. Histone modifications, HAT, and HDAC inhibitors are currently 
used in lung cancer treatment, but are still a few years away from being used as lung 
cancer biomarkers and guide therapy [116].

Dietary regulation, balanced gut microflora, and epigenetic modification can 
be useful in preventing liver and lung cancer. Studies have shown that chromatin 
modifications and other epigenetics (especially miRNA) are critical to the develop-
ment of chronic obstructive lung disease (COPD) and lung cancer [117, 118]. SCFAs 
produced by the gut microbiota bind to the G protein-coupled receptor 43 (GPR43), 
affecting inflammatory responses [30]. GPR43 is important in reducing inflammation 
in models of colitis, arthritis, and asthma [68].

5. Conclusions

As scientists continue to explore the potential applications of epigenetic repro-
gramming, the possibilities are endless. This research could transform the way a 
disease is treated and prevent it from occurring in the first place. There is much to 
learn about this process, but the medical and scientific communities are excited to 
explore the potential of these organisms. Epigenetic detection has been an important 
advance in cancer research. By shedding light on how cancer develops and progresses, 
new treatments have been developed on the basis of these findings. In spite of many 
challenges like aberrant promoter methylation, inactivated mutations, tumor micro-
environment, and external factors, these developments could have a significant 
impact on the fight against cancer. Epigenetic therapies are a promising new field 
of medicine that has the potential to revolutionize healthcare. Epigenetic drugs and 
other therapies are being studied for their potential to treat a wide range of diseases, 
including cancer. The gut microbiome can be used to manage and treat cancer and 
gut-related diseases. The bioactive metabolites produced by beneficial probiotic 
microbes affect the epigenome and the differentiation and functioning of various 
immune cells, enterocytes, and pancreatic cells. Modifying the intestinal microbiome 
by repairing dysbiosis through diet intervention or fecal transplants would be a prom-
ising approach to treating metabolic syndromes. Additionally, several clinical trials of 
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epigenetic therapy are currently underway and could offer insight into the potential 
of epigenetic therapies. A new generation of epigenetic therapies could revolutionize 
healthcare care and change the way we live in the near future.
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Abstract

Topoisomerase 1 is the main enzyme playing an important role in relaxing. The 
supercoiled DNA strands allow the replication fork to transcribe the DNA to RNA 
and finally control protein production in active and replicating cells. Blocking this 
essential machinery is a cornerstone mechanism in treating tumors, such as liver, 
breast, and metastatic colorectal carcinoma. Irinotecan is a topoisomerase inhibitor 
that blocks the replication ending in DNA break and tumor cell death. This chemo-
therapy has been successfully used in combination to overcome metastatic colorectal 
carcinoma. The topoisomerase-1 inhibitor makes a protein DNA complex stuck with 
the replicating fork creating a single DNA break, unlike topoisomerase-2, which is 
responsible for double DNA break. This inhibitor is exposed to drug resistance with 
complex machinery. Drug resistance can occur as a result of altered DNA methyla-
tion, changes in topoisomerase expression, histone recombination, or drug export 
pump. High expression of topoisomerase-1 is a marker of the number of tumors 
suggesting multiple roles of topoisomerase-1.

Keywords: topoisomerase-1, irinotecan, colorectal carcinoma, epigenetic, drug 
resistance, supercoiled DNA

1. Introduction

DNA topoisomerases are important enzymes that modify the double-stranded DNA 
topology. They act in both directions to relax supercoiled DNA and enforce relaxed DNA 
to be tenser. These 3D structure modifications share in the control of DNA transcription 
and finally protein translation. In humans, there are two types of isomerases: the first 
one is topoisomerase-1 (TOP-1); the second one is topoisomerase-2 (TOP-2). Because of 
the canonical functions of TOPs, these enzymes have been a target for treating overac-
tive cells, such as cancer cells or bacteria that contain different types of isomerases [1]. 
TOPs covalently bind DNA and create DNA adducts aiming to release the over-twisted 
DNA strand. Topoisomerase inhibitors (TOP inhibitors) create TOP/DNA obstacles in 
front of the active replicating fork. The smash between the fork and the DNA protein 
complex ends in a DNA break. TOP-1 differs from TOP-2 in that the first one is respon-
sible for a single DNA break, while the latter is involved in double DNA damage [2]. In 
this chapter, we are going to discuss the relationship between TOP-1 and cancer. The 



DNA Replication – Epigenetic Mechanisms and Gene Therapy Applications

56

chapter aims to put a spot on the role of TOP-1 in cancer colon, and TOP-1 inhibitors’ 
role to overcome cancer colon. It is important to discuss TOP-1 resistance.

1.1 Topoisomerase-1 and cancer

Since 1989, scientists recorded the high expression of TOP-1 in aggressive tumors 
such as late-stage colorectal carcinoma. It seems that such tumors use TOP-1 to 
support their replication machine. These findings were reported in renal tumors or 
brain neoplasms. The excess TOP-1 activity was highest seen in leukemia besides 
cancer colon. Moreover, TOP-1 overactivity correlated with poor prognosis in these 
tumors [3, 4].

TOP-1 may exert complex relation to the process of carcinogenesis. Experimental 
work demonstrated that knock-out TOP-1 plays a role in oncogenic property. The 
knock-out cells showed less aging and more replication capacity. Interestingly, the 
genome was more resistant to DNA damage [5]. More recent work showed opposite 
results concluding that oxidative stress induces cell aging with excess TOP-1 activity 
[6]. It is suggested that both senescence and active replication are parts of the process 
of neoplasia. An immunohistochemical study of secondary pterygium showed both 
overexpression of TOP-1 and glutathione in the same pathology [7].

A recent study on cancer liver samples using both immunohistochemistry and 
microarray demonstrated upregulation of TOP-1 and TOP-2 expression in poor 
prognosis liver cancer candidates. Both genes were involved in the function of the 
guardian p53 pathway and apoptosis cascade. The study showed that it is a wise idea 
to consider topoisomerases as oncogenes. Furthermore, these 2 targets are potentially 
good potentials for cancer chemotherapy [8]. TOP-1 inhibitors include etoposide, 
camptothecin, and Adriamycin with wide use in clinical practice. More research on 
different extracts to decrease the side effects and improve the efficacy is going on 
[9, 10]. Studies in yeast demonstrated that active or aberrant TOP-1 induces DNA 
mutagenicity, and later on, unstable DNA contributes to cancer development. This 
mechanism is controlled in mammalians by safety SUMOylation post transcrip-
tion mechanism [11]. The small ubiquitin-like modifier (SUMO) is a pathway that 
contributes to transcription, immunity, signaling, and stabilization of the genome. 
Unfortunately, defective TOP-1 and its regulatory SUMOlyation may end in tumor 
genesis [12].

Topoisomerase-1 gene expression is considered a marker of drug response in meta-
static colorectal carcinoma. It is recommended to use irinotecan (TOP-1 inhibitor) to 
treat these advanced colorectal tumors where TOP-1 expression is over-expressed. It 
seems that these tumors over-express TOP-1 to support the tumor DNA repair making 
the tumor cell resistant to death [13]. TOP-1 inhibitor irinotecan has been tested on 
cell lines to induce acetylation of the p53 and interrupt the histone deacetylase activ-
ity, making the resistant genome of growing cancer cells suitable for DNA break. It 
seems that TOP-1 inhibition is challenging in the understanding of the cancer colon 
pathway [14]. Metabolomic analysis of colorectal carcinoma cells treated by irinotecan 
showed shifting to glycolysis and an increase in oxygen consumption as markers of 
good response to cancer chemotherapy [15].

1.2 Topoisomerase inhibitors

The TOP-1 inhibitors were first discovered from a tree growing in China named 
Camptotheca acuminate. The extraction product of this tree was a component of 
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Chinese medicine. Later on, in the 70s and the 80s, research work managed to con-
struct TOP-1 inhibitors in the lab and formulate them as chemotherapy [16].

Drugs inhibiting TOP-1 have been used for decades to treat malignant tumors. 
These chemotherapies are called TOP-1 poisons. The first-generation candidate of 
these compounds is camptothecin. Newer generations, include irinotecan, topotecan, 
and belotecan [17]. Like any chemotherapy, camptothecin derivatives have many 
side effects. Scientists are working with non-camptothecin generations with fewer 
hazards [18]. TOP-1 poisons have been prescribed for multiple tumors including 
colorectal cancer, ovarian tumors, small cell lung malignancy, and myeloid prolifera-
tive disorders [19]. Aggressive neoplasms over expressing TOP-1 are suggested to be 
good candidates for TOP-1 inhibitors as in breast or ovarian cancers besides colorectal 
malignancy. It is expected that TOP-1 will be radical chemotherapy for these tumors 
exposing their DNA to break [20–22]. The researchers were working with TOP-1 
inhibitors for half a century. They managed to get the crystal structure of the enzyme. 
The advances in molecular docking in the last 20 years give scientists a great opportu-
nity to design lots of derivatives to discover new drugs that are more potent with more 
specific functions aiming to reduce the side effects. However, the difficulty was that 
the mechanism of action is canonical that it is extremely difficult to avoid hazards. To 
overcome such obstacle, the advances in drug delivery will reduce the side effects by 
loading the chemotherapy dose directly onto tumor cells [23].

1.3 Topoisomerase-1 inhibitors and cancer colon

Irinotecan is considered the first drug of choice in treating metastatic colorectal 
carcinoma in combination with 5 fluorouracil and folinic acid. Irinotecan is a working 
TOP-1 inhibitor that is metabolized in the liver to a more active compound SN-38. This 
chemotherapy is characterized by a high volume of distribution. Fortunately, cancer cells 
have excess carboxylesterase enzymes that can metabolize irinotecan into its active com-
ponent [24–26]. Irinotecan is a derivative of camptothecin and was approved for cancer 
colon in 1994. Its major side effects are neutropenia and diarrhea, which are responsible 
for dysbiosis. This chemotherapy was approved for children and adults. It is successful 
for metastatic colorectal neoplasia, as well as, solid tumors. The drug was constructed by 
the Japanese Yakult Honsha company. The newer generation products have been tested 
as new chemotherapy but failed in the late clinical phases such as rubitecan, gimatecan, 
lurtotecan, diflomotecan, elomotecan, silatecan, exatecan, namitecan [27, 28].

New compounds are being verified for TOP-1 inhibitors with better profiles. These 
compounds include belotecan and gimatecan. The first one is hydrophilic while the 
latter is dissolved in fat [29, 30].

Belotecan has been used to treat resistant ovarian tumors with better side effects 
in combination with other new modalities [31]. Other trials have been applied to treat 
lung carcinoma and biliary tumors [32, 33]. There is little data about the efficacy of 
belotecan on colorectal neoplasms. On the other hand, gimatecan showed promising 
results in brain tumors [34].

The advances in nanotechnology and drug delivery can overcome the side effects 
of traditional TOP-1. Nano liposomal irinotecan has been applied in a pancreatic 
neoplasm with the hope to achieve success. The results expressed better side effects, 
but the overall survival represented a weak response [35]. Nano liposomal irinotecan, 
in combination with other classic chemotherapy, showed better cancer pancreas 
response. Diarrhea seems to be less counted, but the patients still suffered from 
neutropenia in a fifth of cases treated to the new model [36].
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In regard to colorectal cancer, there are promising clinical trials that liposomal 
TOP-1 will help in overcoming late-stage conditions. The experimental trials in mice 
showed better survival rates with fewer side effects [37]. Another strategy is to use a 
lipophilic active gradient of irinotecan SN38 to suppress advanced colorectal tumors. 
The results showed a successful modality and the FDA approved the drug for the 
treatment of late-stage cancer colon [38].

New drugs, which are non-camptothecin derivatives, have been introduced to 
manage different tumors. These modalities include dibenzonaphthyridines, as well as, 
indeno isoquinolines. They are more strong stable DNA-protein complexes. Trials of 
metals such as platinum, gold, copper, zinc, and others have been suggested as TOP-1 
modulators [39].

More research work is concerned with indenoisoquinolines, regards the capability 
to inhibit TOP-1. These new groups of the drug are subjected to structural modi-
fication. They represent promising drugs with potentially fewer side effects. It is 
proposed that the new chemical will have a multi-mechanism of action like nuclear 
receptors targeting, TOP-2 interaction, modulating estrogen receptors, and manipu-
lating VEGFR and HIF-1 alpha [40]. Studies suggested that indenoisoquinolines are 
weak TOP-1 inhibitors in combination with other functions. It seems that weak TOP-1 
inhibitors in conjunction with other drugs, or even other pathways, are good ratio-
nales for modern cancer therapy [41].

1.3.1 Indenoisoquinolines

More than 20 years ago, a group of scientists managed to create a new anti-TOP-1 
chemical 6,11-dimethyl-6,11-dihydro-5H-indeno[1,2-c]isoquinolin-5-one. This 
compounds the parent of quinolone family, and it exerted promising results on differ-
ent human cell lines [42]. Since that time, dozens of derivatives have been introduced 
to be tested experimentally. These compounds have the advantage of being flat ones 
that strongly bind the TOP-1/DNA hybrid. The new compounds bind the TOP-1 at the 
arginine 364 of the enzyme TOP-1 [43]. These potential new drugs showed stronger 
cytotoxicity relative to their anti-TOP-1 mechanism and are expected with combined 
dynamic to have a less toxic profile [44]. Other pathways affected by indenoiso-
quinolines include induction of cell cycle arrest, stimulation of apoptotic response, 
and modulation of MAPK cascade. Other potential role includes phosphorylation of 
JUNK pathway and inhibition of the oncogene MYC pathway [45]. On the other hand, 
despite the strong multi-dynamic function of these drugs, they did not replace the 
classic TOP-1. Research is still going to tune drugs with a balance between efficacy 
and hazard effects.

1.4 Topoisomerase-1 inhibitor resistance

Topoisomerase inhibitors, like other chemotherapy, are subjected to resistance. 
Many mechanisms are involved in this process. The tumor uses efflux mechanisms to 
reduce the level of the drug in the tumor mass. Mutations of the TOP-1 make the drug 
less effective in inhibiting the enzyme. Other strategies include enhancing the DNA 
repair to overcome TOP-1 poison. The tumor cells stimulate p53 to support the malig-
nant mass to survive and suppress apoptosis. Limiting the drug’s bioavailability can be 
another way to overcome chemotherapy [46].

Recent work put the spot on cancer colon stem cell role in the development of 
cancer. These highly replicating cells can overexpress the ATP cassette transporters. 
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The experimental work showed that the over-expressed MYC oncogene supports the 
tumor resistance by enriching ATP transporters [47]. The ATP cassette sub-family G 
isoform 2 is expected to overcome xenobiotic effects with abundance in the GIT and 
near blood vessels. Besides their role in cancer stem cells, they represent a defense 
mechanism against chemotherapy. Tyrosine kinase inhibitors, phosphodiesterase-5 
inhibitors, and the fumitremorgin-type indolyl diketopiperazine have been used to 
support chemotherapy to overcome resistance by inhibiting the ATP transporters 
[48]. The resistance was marked in cases associated with the marker ATP cassette 
type G group member 2 [49]. To overcome the resistance obstacles, the use of an ATP 
cassette inhibitor has been introduced. Another method was to apply the new TOP-1 
inhibitor FL118, which possesses the capacity to overcome efflux resistance. This new 
analog is weakly transported by ATP carriers [50]. KO143 is a potent antagonist of 
ATP cassette sub-family G member 2. It is stable and not easily metabolized by the 
cytochrome enzymes in the liver [51].

ATP-binding transporters have been involved in the resistance to TOP-1 inhibitors 
in cancer breast. Experimental work on cancer colon cell lines concluded that colon 
tumor cells expressed a similar mechanism. Furthermore, it is possible to add com-
pounds inhibiting efflux mechanisms such as SCO-201 to the chemotherapy regimen 
to sensitize the tumor to respond to the chemotherapy indicating better survival rates 
[52]. It is important to notice that overexpression of the ATP transporters is a marker 
of resistance to cancer colon. It is recorded that candidates’ higher expression is most 
likely to resist camptothecin derivatives.

1.4.1 ATP efflux mechanism

The master mechanism of resistance of colorectal tumors to chemotherapy is drug 
efflux mechanism. The ATP-binding cassette sub-family G member 2 (ABCG2) is 
responsible for decreasing anti-TOP-1 bioavailability inside the tumor microenviron-
ment leading to failure of the therapy [53]. The promoter regulating the expression 
of these shuttles is epigenetically regulated by methylation. Aggressive tumors 
express high ATP cassettes to get rid of the xenobiotic load. Hypomethylation of the 
promotor-regulating ATP transporter was recorded in different tumor cell lines [54]. 
The ABCG2 is formed from a sequence of 655 amino acids weighing 72-kilo Dalton. 
The structure is homodimer with two nucleotide-binding sites to export the drugs 
[55, 56]. The transporters play important role in the maintenance of the tumor micro-
environment. They keep the balance of osmotic pressure. They have another role in 
antigen processing and modulation of cell division. Cell trafficking and cholesterol 
metabolism are affected by the ATP transporters [57].

Recently, N6-methyladenosine (m6A) RNA modification has been a new modality 
to treat ATP transporter through epigenetic mechanism at the RNA level [58].

Another important mechanism to defeat chemotherapy is the mutation of DNA 
repair response. In cancer cells, positive mutations make the tumor resistant to TOP-1 
effects. The tumor genes such as BRCA1, BRCA2, PLAB2, and BARD1 have been 
mutated. Studies recorded alterations in 86 genes related to DNA repair. Such overac-
tivity makes the single DNA break to the TOP-1 less effective [59].

Cancer colon cells expressing both SENP-1 (sentrin specific protease) and 
HIF-1α (Hypoxia inducing factor alpha) are resistant to chemotherapy. Both of them 
overexpress proteins SUMO pathway and make the tumor resistant to hypoxia [60]. 
Recently, SENP1 is a target of new compounds to develop a new regimen to overcome 
resistance [61].
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Cancer cells can develop an alternative way to resist chemotherapy, specially 
irinotecan by augmenting the detoxification pathway. The active metabolite SN-38 is 
inactivated by glucuronidation making the drug short of killing the cancer cells. The 
nuclear receptors pregnane X receptors and steroid/xenobiotic receptors enhance 
the metabolism process of SN-38. It is important to notice that they are expressed 
in excess in the liver and the GIT. They also induce a battery of genes that express 
xenobiotic transporters that make irinotecan ineffective within a short period [62].

To repel TOP-1 inhibitors, the tumor cells induce a high copy number of 
the TOP-1 gene to make the drug subtherapeutic to kill the neoplastic cells. 
Furthermore, the TOP-1 is subjected to chromosomal alterations to be transcribed 
from different loci. These overexpressed loci are considered biomarkers of the drug 
response later on [13, 63].

The cancer colon cells are smart enough to create mutated TOP-1 that is not 
responding to the classic inhibitors. Experimental studies on resistant cell lines 
demonstrated several mutations that resist camptothecin derivatives or the new 
generation TOP-1 drugs [64].

The antioxidant balance in the cancer metabolism plays important role in protect-
ing the tumor cells from xenobiotic toxicity and oxidative stress. One of the common 
mechanisms to support the redox is to express a high amount of glutathione reductase 
allowing the tumor to grow in unnatural situations and protect the mass from chemo-
therapy [65].

Another model for TOP-1 inhibitor resistance is colorectal tumors expressing 
active epidermal growth factor (EGFR). It was recorded that the active metabolite 
SN-38 is subjected to resistance because of the over-expression of EGFR. This 
factor triggers a trophic response in cancer growth via a cascade of a signaling 
pathway [66, 67].

1.5 Epigenetic therapy and cancer colon

New work has applied epigenetic modifier agents in combination with classic 
chemotherapy with a promising response. The epigenetic changes improved the 
drug response and reduce the needed dose to improve the clinical outcome. These 
transformers include DNA methyl transferase, decitabine, azacytidine, and zebula-
rine. The study also used drugs that were considered histone deacetylase inhibitors 
including the well-known mood stabilizer valproic acid with promising results [68]. 
During the process of cancer evolution, cancer cells have different strategies to 
survive. It was recorded that p53 is mutated and histone deacetylases (HDACs) are 
over-expressed. It was considered that this epigenetic mechanism corresponds to 
drug resistance. Experimental inhibition of HDACs by small hairpin RNAs resulted 
in a better response of chemotherapy against the resistant SW480 cell lines. Indeed, 
epigenetic modification is part of the process of carcinogenesis and drug resistance 
response [69].

The DNA topology is inherited by an epigenetic mechanism. However, the process 
is unclear. The status of DNA twisting is a unique criterion of each cell type. This 
information is considered a cellular memory that is transmitted from the parent cells 
to the daughters by mitosis. The status of DNA 3D structure controls transcription 
and gene expression [70]. It has been recorded that parent cells with excess supercoil-
ing deliver daughter cells with the impaired cell cycle. DNA supercoiling is important 
in the process of chromatin condensation. Previously, it was thought that DNA 
remains quiet during the process of mitosis. However, recent evidence that a battery 
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of genes is still active in the mitosis process to be involved in the development of the 
next generation of cells [71]. The activity of the TOP-1 allows the chromatin to adapt 
to the DNA-positive supercoils. On the other hand, an excess of negative supercoils 
ends in DNA/RNA hybrid structure with resulting in DNA damage [72]. Although, 
DNA/RNA hybrid is considered a mechanism of regulating gene expression called an 
R loop [73].

1.6 Topoisomerase-1 biomarkers of response

The first line of treatment for wild-type RAS metastatic colon cancer was the 
anti-EGFR immunotherapy cetuximab or panitumumab [74]. Experimentation 
searched for the colorectal cancer biomarkers in the blood. Recently, kits to extract 
the tumor cDNA are available clinically to evaluate associated parameters predicting 
the response of the tumor to classic chemotherapy. Moreover, liquid samples assay-
ing RAS and BRAF oncogenes have a role in chemotherapy of colorectal cancer. The 
assays showed that tumors with wild-type RAS and BRAF were more responsive to 
camptothecin chemotherapy in combination with immunotherapy as a third line of 
treatment for colorectal metastasis [75]. The selection of the biomarkers as a strat-
egy of personalized medicine in colon tumors reduces the side effects for precisely 
predicted response to the combined TOP-1 chemotherapy-related regimen. These 
markers include DYPD, UGT1A1, HPP1, HER2, HER3, PIK3CA, and PTEN [76]. It is 
important to say that EGFR is modulating a battery-controlling factor or biomarker 
that can predict the tumor response. It influences RAS/BRAF/MEK/MAPK and PI3K/
PTEN/AKT cascades [77].

1.7 Topoisomerase and other diseases

TOP-1 is an essential enzyme in the machinery of DNA transcription by modify-
ing the topology of the DNA helix, and it is an important factor in stabilizing the 
genome. Furthermore, this enzyme has another role in the process of transcription in 
a way not directly related to unwinding DNA. Researchers proposed TOP-1 targets as 
a potential treatment for autism [78]. Mitochondria depend on the imported TOP-1 
to relax the DNA during the process of transcription. Mitochondrial DNA damage 
is involved in many, such as neurodegenerative disorders and cancer. TOP-1 with its 
double role is a valuable object of cancer chemotherapy [79].

Another important scope of drugs inhibiting TOP-1 is modulating the immune 
response on exposure to microorganisms. Experimental studies showed that loading 
mice with endotoxins expressed a less harmful immune reaction than candidates 
tested with TOP-1 inhibitors. Low-dose TOP-1 chemotherapy such as camptothecin 
improved the antiviral unfavorable reaction. Interestingly, the low-dose poison with 
mild DNA break improved the situation in fighting the viral load [80].

Recently during the COVID-19 crisis, topotecan (TOP-1) has been applied to 
reduce the aberrant immune response to corona infection. Experimental work on 
hamsters and mice showed that a topotecan dosing improved the immune response. 
The TOP-1 inhibitors may exert antiviral capacity [81].

1.7.1 Mutated TOP-1

Mutated TOP-1 was a part of different chronic disorders. Malfunctioning TOP-1 
is associated with unstable DNA. The causes of such complex pathology are still 
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unknown. The hybrid TOP-1/DNA abnormal complex works as a TOP-1 inhibitor 
ending in excess DNA break. These phenomena were recorded in massive spinocer-
ebellar disorders. It was reported that ATM (ataxia telangiectasia, mutated), a serine/
threonine protein kinase, plays an essential role in cell cycle activation, chromatin 
remodeling, DNA repair, or stimulation of apoptosis. Experimental knockout of ATM 
showed accumulated pathogenic TOP-1/DNA complex with excess DNA break creat-
ing neurodegenerative pathology in animal models. Furthermore, healthy ATM can 
mediate TOP-1 complex ubiquitination [82]. These results established the idea that 
healthy TOP-1 is essential for development of central nervous system.

1.8 Innovations and novel strategies from a clinical perspective

Recently, the advances in multi-omic studies provided a signature of metastatic 
colorectal carcinoma cases aiming to predict the response of the chemotherapy. 
Metastatic candidates expressed unique proteomic profiles. There is a distinct profile 
for colorectal tumors, associated with liver metastasis. As regarding the genomic 
profile, there was no significant difference between early or late-stage tumors. These 
findings build up personalized strategies to treat or predict poor prognosis. Metastatic 
colorectal patients showed overexpression of oxidative phosphorylation and Krebs 
cycle enzymes [58]. A new strategy to use drugs that inhibit the rate of metabolism 
has been introduced in clinical trials as an adjuvant in colorectal metastasis in the 
liver. This modality is considered as tumor micro immunity reprogramming [83].

On the other hand, the analysis of circulating tumor DNA in the blood showed a 
mutation signature related to the tumor outcome. The status of RAS/BRAF mutations 
correlated with the prognosis of patients. The RAS/BRAF mutation load correlated 
with overall survival. As fewer mutations were detected in the blood sample, higher 
rates of remission were detected [84]. Another clinical study showed a similar profile. 
Excessive mutation RAS/BRAF suggested poor response to the first line of treatment 
of colorectal carcinoma [85].

A new modality mXELIRI (capecitabine plus irinotecan) has been recently applied 
with or without immunotherapy. The patients tolerated therapy for colorectal tumors 
with acceptable efficacy and toxicity profile [86]. Other trials have been applied to 
combine irinotecan and vincristine in soft tissue tumors [87].

New combination chemotherapy has been introduced recently. The anti-HER3 
antibody patritumab has been added to the new TOP-1 inhibitor DX-8951 derivative 
(DXd) to treat resistant colorectal cancer with potential success [88].

2. Conclusions

TOP-1 gene and TOP-1 target protein are important in both carcinogenesis and 
pharmacology of different tumors. It is concluded that TOP-1 classic inhibitors 
Table 1 are the main line of treatment of metastatic colorectal carcinoma. These 
drugs with complex mechanism of action are associated with profound side effects 
and subjected to different types of machinery of drug resistance. The discovery of 
new drugs with multi dynamics, including mild TOP-1 in conjunction with other 
actions, is a promising modality to bypass the toxic effects of classic TOP-1 inhibi-
tors as shown in Table 2. Too strong anti-TOP is no longer a wise strategy to apply 
because of the canonical TOP function in almost every cell. Epigenetic tools can be 
added to improve the chemotherapy outcome.
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The drug The study The host Reference

Exatecan derivative (DX-
8951 derivative, DXd)

The drug was combined with the 
immunotherapy DS-8201a is a 
human epidermal growth factor 
receptor 2 (HER2)

HER2-positive NCI-N87 
cells and HER2-negative 
MDA-MB-468-Luc cells 
incubated in mice

[97]

Topotecan (TPT) Potential role in COVID patients 
with success in reducing the 
immune storm

Transgenic mice [81]

Marine alkaloid 
lamellarin D drivatives

More effective in treating cancer 
colon

Murine colon cancer [98]

AZD2014 or INK128 
in combination with 
irinotecan

Induce apoptosis in Malignant 
peripheral nerve sheath tumors

Zebra fish [99]

7-Ethyl-10-hydroxy-
camptothecin (SN38), 
the active metabolite of 
irinotecan (CPT-11)

Liver breast and colon cancer 
model expressed better response

Both in vivo and in vitro [100]

Quercetin A flavonoid with anti TOP anti-
gastric cancer

Both in vivo/in vitro [101]

Table 2. 
In vivo studies with TOP1 inhibitor.

Drug The study Cell line Reference

Hydroxycampthecin The drug inhibit 
TGF-beta1 and 
inhibit fibrosis

Human fibroblast [89]

Homocamptothecin E-beta ring 
hydroxylactone

New anti TOP1 Molecular docing [90]

1,3-disubstituted-4-hydroxy-6-
methylpyridin-2(1H)-one

New anti TOP1
Managed to treat 
leishmania with good 
cytoxicity profile

Leishmania [91]

7,12-dihydrodibenzo[b,h][1,6] 
naphthyridine and 7H-Chromeno[3,2-c] 
quinoline derivatives

Non campthecin 
TOP1 inhibitor

Human cancer cell lines 
(A549 and MCF-7) and 
in silico

[92]

9-Aminocamptothecin (9-AC) Anti TOP1 for 
prostate cancer with 
promising results

Prostate cell lines [93]

Metallated porphyrins Ant TOP1 for 
different cell lines

K562, U937, HL-60, 
Jurkat, A549 and HeLa 
cancer cell lines

[94]

Heteroliptic cupper Anti TOP for 
mulriple cancer cell 
lines with success

Human lung (A549), 
cervical (HeLa) and 
colon (HCT-15)

[95]

Irintotecan Alter metabolism 
of gut

Enterocytes [96]

Table 1. 
In vitro studies with TOP1 inhibitors.
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Chapter 5

Marker Assisted Selection  
in Groundnut
Diriba Beyene Goonde and Seltene Abady

Abstract

Groundnut (Arachis hypogaea L.) is an important oilseed crop worldwide. 
Objective of this review is to highlight molecular breeding approach such as marker 
assisted selection on groundnut improvement with future perspectives. The review 
analyzed application of marker assisted selection including simple sequence repeats, 
random amplified polymorphism DNAs, single nucleotide polymorphism, amplified 
fragment length polymorphism and inter simple sequence repeats on groundnut 
improvement. Among the molecular markers, random amplified polymorphic DNA 
is a rapid method for developing genetic maps and to determine DNA fragments 
to characterize peanut cultivars. DArTseq is used for SNP discovery and genotyp-
ing, which enables considerable discovery of SNPs in a wide variety of non-model 
organisms and provides measures of genetic divergence. Polymorphism screening 
performed using these newly developed SSRs will greatly increase the density of SSR 
markers in the peanut genetic map in the future.

Keywords: genome, molecular markers, simple sequence repeats, groundnut,  
marker assisted selection

1. Introduction

Groundnut (Arachis hypogaea L.), also known as peanut, is a member of genus 
Arachis and family Leguminosae [1]. Peanuts are key oilseed and food-legume crops 
for both humans and livestock in tropical and subtropical regions, and globally they 
are the fourth largest source of edible oil and third most important source vegetable 
protein. Its seed contain about 50% of edible oil and the remaining 50% of the seed has 
high quality protein (36.4%), carbohydrate in the range (6–24.9%), minerals and vita-
min [2]. It is believed to have originated in the southern Bolivia to northern Argentina 
region of South America. Cultivated Groundnut (A. hypogaea L., 2n = 4x = 40, AABB) 
is self-pollinating allotetraploid legume crop belonging to the Fabaceae family [3].

Groundnut was introduced to Ethiopia by Italian explorers in the 1920s [4]. 
Globally China ranks first in groundnut production with 17.39 million tonnes followed 
by India 6.95 million tonnes, Nigeria 2.88 million tonnes, Sudan 2.88 million tonnes 
and Ethiopia ranks 31th with 0.129 million tonnes with national mean yield is 1.75 
tons/ha, and the total area under groundnut production is 115,291 ha [5]. The most 
common groundnut production constraint in Ethiopia in general and the southern 
region, in particular, were the lack of access to improved seeds, biotic, abiotic stress, 



DNA Replication – Epigenetic Mechanisms and Gene Therapy Applications

74

and the use of low-yielding local varieties [6, 7]. Therefore, the objective of this 
review is to highlight molecular breeding approaches such as marker assisted selection 
on groundnut improvement and opportunities, challenges with future perespectives 
of the crop.

2. Status production of groundnut

Groundnut are predominantly grown in developing countries (Africa and Asia 
where the crop finds appropriate climate for optimum production). Although, the 
production is concentrated in Asia (50% global area and 68% global production) and 
Africa (46% global area and 24% of global production) (Table 1).

3. Genomic resources

Genomic resources such as molecular markers are powerful tools to characterize 
and harness the genetic variation present in the germplasm collection. Peanut has 
comparatively lower genomic resources (including transcriptome data) compared 
to other legumes like medicago, lotus and chickpea [8], robust molecular markers, 
specifically the genetic ones, as they provide the insight into the functional informa-
tion. However, the available peanut high throughput transcriptome sequences are not 
complete; many have low N50 values, ranging from 500 to 750 bp [9]. Because peanut 

Figure 1. 
Publicly available expressed sequence tags in different Arachis species. Source: [9].

Country Production (tons in million) Hectare (tons in million) Yield (kg/hectare)

China 16.685 4.541 3.674

India 6.857 5.800 1.182

Nigeria 3.028 2.680 1.130

USA 2.578 0.626 4.118

Sudan 1.826 2.315 788.8

Ethiopia (31th) 0.129 74.861 1.731

Source: [5].

Table 1. 
The top leading country in production and productivity of groundnut in the world.
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has such a large number of genes, it is important to have a good representation of the 
transcriptome. On other hand, ESTs data of cultivated peanut is still remain unex-
plored for the development of SSR markers (Figure 1).

4. Marker assisted selection

Marker-assisted selection has been a plant breeding tool since it was proposed by 
Sax in 1923 [10]. The theory behind this method is that plant breeders could observe 
easy-to-score phenotypes to select difficult-to-score or low heritability traits that 
are linked to them. Marker assisted selection is the indirect selection of selected 
or desired plant phenotype depending on the closely linked DNA marker. MAS is 
an efficient molecular tool for breeding, in which markers linked with the desired 
genes are used for indirect selection for that gene in non-segregating or segregating 
populations. MAS is an important method for the selection of traits that are difficult, 
like, biotic and abiotic stress tolerance in a crop [11]. Compared with conventional 
phenotypic selection, MAS is not influenced by environmental conditions because it 
detects the structural polymorphisms at the molecular level. Further MAS is cheaper 
and less labour intensive, allows selection in off-season nurseries and has a potential 
to accelerate the breeding process [12].

Molecular markers among all genomic resources, molecular markers have direct 
use for germplasm characterization, trait mapping and molecular breeding. Several 
marker systems have been developed during the last three decades. For instance 
restriction fragment length polymorphisms (RFLPs), random amplified polymorphic 
DNAs (RAPDs), amplified fragment length polymorphisms (AFLPs) and diversity 
arrays technology (DArT) markers have proved their utility from time to time [13]. 
However, simple sequence repeats (SSRs) or microsatellites and single nucleotide 
polymorphism (SNP) markers are generally preferred for plant genetics and breeding 

Molecular markers Type Amplification of markers/technique used for 
identification

Restriction fragments length 
polymorphism

Co-dominant Depends on point of mutation

Sequence characterized 
amplified region

Co-dominant Depend on mutation at primer annealing site in 
the specific region of DNA strand

Amplified fragment length 
polymorphism

Dominant Depend on mutation at primer annealing site 
in the target DNA and change restriction site in 
the target DNA

Simple Sequence repeats Co-dominant Difference in the number of repeats of motif

Diversity arrays technology Dominant Micro array hybridization, they produced from 
genomic libraries through amplification of 
candidate or random clones

Single nucleotide 
polymorphism

Co-dominant Point mutation along with sequence 
information

Sequence characterized region Co-dominant Depend on mutation at primer annealing site in 
specific region of DNA strand

Table 2. 
Commonly used molecular markers are as below.
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applications. While SSR markers are multi-allelic, codominant and easy to use, 
the SNP markers are highly amenable to high-throughput genotyping approaches. 
Development and application of SNP markers, however, is still not routine in crop 
species and especially not in low-tech laboratories (Table 2).

4.1 Markers for target traits

The approach of identifying markers for targets traits swiftly changed with the 
development of linkage maps in groundnut [14]. Seed weight is controlled by a com-
bination seed features such as Seed length, Seed width, and seed thickness. Several 
genes for seed-related traits have been obtained in many crops using the forward 
genetic strategy and reverse genetic strategies [15]. QTL analysis was used for identi-
fication of QTLs for several important traits such as drought tolerance related traits, 
resistance to foliar disease and nutritional quality traits (Table 3).

4.2 Molecular markers in groundnut

Cultivated groundnut has been analyzed by several markers systems including 
RFLPs, RAPDs, AFLPs and SSRs.

4.2.1 Restriction fragment length polymorphism

Restriction Fragment Length Polymorphism (RFLPs) represented the first marker 
system that had a large number of polymorphisms. They are used widely both to 
create linkage maps and to implement indirect selection strategies. In A. hypogaea, 
little molecular variation has been detected by using RFLP technologies have been 
used to analyze species in section Arachis (representing taxa that will hybridize with 

Population Traits Marker

Yuanza 9102 × ICGV 86699 Rust resistance AFLP

TAG 24 × GPBD 4 Rust resistance SSR

TAG 24 × GPBD 4, TG 26 × GPBD 4 LLS and rust resistance SSR

Zhonghua 5 × J 11 Aflatoxin contamination AFLP

TAG 24 × ICGV 86031 Drought tolerance SSR

Tamrun OL01 × BSS 56 Pod and kernel traits SSR

TG 26 × GPBD 4 Protein content SSR

TG 26 × GPBD 4 oil content, and oil quality SSR

Germplasm accessions and breeding 
lines

High oleic acid content (FAD2A) Real time-PCR

Arachis hypogaea × TxAg-7 M arenaria resistance RFLP

Yuanza 9102 × Chico Bacterial wilt resistance SSR

RAPD, Randomly Amplified Polymorphic DNA; RFLP, Restriction Fragment Length Polymorphism; SSR, Simple 
Sequence Repeat; AFLP, Amplified Fragment Length Polymorphism; AS-PCR, Allele Specific Polymerase Chain 
Reaction. #FAD, Fatty acid desaturase;; ELS, Early Leaf Spot; LLS, Late Leaf Spot.

Table 3. 
Molecular markers associated with trait specific genes/QTLs in groundnut.
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A. hypogaea) and clusters that formed using multivariate analyses [16] correspond 
closely with morphological groups [17]; tetraploids were clearly separated from 
diploids in both investigations. Stalker et al. [18] utilized RFLPs to examine genetic 
diversity among 18 accessions of A. duranensis Krapov. and We. Gregory and found a 
large amount of variation in the species. Individual accessions also could be uniquely 
identified by RFLP patterns. Kochert et al. [19] concluded that the cultivated pea-
nut resulted from a cross between A. duranensis and A. ipaensis Krapov. and W.C. 
Gregory, and chloroplast analysis indicated that A. duranensis was the female progen-
itor of the cross. An RFLP map was developed for peanut by analyzing an F2 popula-
tion from the diploid (2n = 2x = 20) interspecific cross of A. stenosperma Krapov. 
and W.C. Gregory (ace, HLK 410) and A. cardenasii Krapov.and W.C. Gregory (ace, 
GKP 10017). The linkage map covered 1063 cM with 117 markers in 11 linkage groups 
[20]. Fifteen unassociated markers also were reported. A second molecular map of 
peanut was created by Burow, Patterson, and Simpson using the tetraploid cross 
Florunner X 4x [A. batizocoi Krapov. and W.C. Gregory (A. cardenasii X A. diogoi 
Hoehne)] Burow (pers. commun.). Most of the 380 RFLP markers that have been 
mapped had disomic inheritance, with the exception of one linkage group which may 
be polysomic.

4.2.2 Simple sequence repeats

Simple sequence repeats (SSRs) are genomic fragments that consist of tan-
demly repeated units that are present in both coding and non-coding regions of 
the genome [21]. SSR markers, designed by flanking sequences, are useful for and 
widely applied in plant genetic analyses and marker-assisted selection breeding. 
Currently, g-SSR markers are common and popular for such analyses, and they have 
wide applications in molecular genetics and breeding, because they have multiple 
advantages, such as simplicity, abundance, ubiquity, variation, co-dominance, and 
multi-allelism [21]. Even though the peanut genome had not yet been resolved. With 
the recent completion of genome sequencing of peanut and two diploid progenitor 
species, A. duranensis and A. ipaensis, a large number of genome-wide g-SSRs were 
identified. SSR markers linked to resistance to early leaf spot, groundnut rosette 
disease, and rust and aflatoxin contamination across African cultivated groundnut 
varieties were identified useful to identify suitable parents for mapping populations 
or breeding [22].

Genotypes with similar genetic backgrounds tended to cluster in the same sub-
group, indicating the effectiveness of SNP markers in assigning the tested genotypes 
into homogenous groups [23].

Simple sequence repeat (SSR) alleles associated with agronomic traits in at least 
two environments. These markers were further investigated for their potential use in 
genetic studies by ascertaining their genetic diversity in the natural population.

4.2.3 Inter simple sequence repeats

Inter Simple Sequence Repeats (ISSR) marker has been reported as a rapid, 
reproducible, and cheap fingerprinting technique based on the variation found in the 
regions between microsatellites. It is a fast, inexpensive genotyping technique based 
on variation in the regions between microsatellites (Inter Simple Sequence Repeats 
analyses offer breeders and geneticists with competent means to link phenotypic and 
genotypic variations in various fields of plant improvement) [24].
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4.2.4 Randomly amplified polymorphic DNA markers

Among the molecular markers, random amplified polymorphic DNA (RAPD) is a 
rapid method for developing genetic maps and to determine DNA fragments to char-
acterize peanut cultivars. PCR based Randomly Amplified Polymorphic DNA mark-
ers are good genetic markers because they give rapid results, economically convenient 
and use small oligonucleotide primers. With a small quantity of template, a very large 
number of fragments are generated from different regions of the genome and hence, 
multiple loci may be examined very quickly [25, 26].

4.2.5 Diversity arrays technology

Diversity Arrays Technology (DArT), which is based on genome complexity 
reduction and SNP detection through hybridization of PCR fragments has been used 
in genome-wide association studies (GWAS), construction of dense linkage maps and 
mapping quantitative trait loci (Table 4) [27].

SSR, simple sequence repeat markers, TEM, Transposable element markers, 
RAPD, random amplified polymorphic DNA.

Marker name Marker 
type

Marker sequence

Forward primer Reverse primer

IPAHM103 SSR GCATTCACCACCATAGTCCA TCCTCTGACTTTCCTCCATCA

GM1536 SSR AAAGCCCTGAAAAGAAAGCAG ATGCATTTGCAGGTTCTGGT

GM2301 SSR GTAACCACAGCTGGCATGAAC CTTCAAGAACCCACCAACAC

GM2079 SSR GGCCAAGGAGAAGAAGAAAGA GAAGGAGTAGTGGTGCTGCTG

GM1991 SSR GAAAATGATGCCGAGAAATGT GGGGAGAGATGCAGAAAGAGA

TE 360 TEM GGATATGATGCCCATAGCTGA TGCTGACTACTTGCAATGCC

TE 498 TEM ATGACTTACATGTAGCAATTG TGAAAGGAGTCAAAGGTCATG

S197 RAPD CTGTCGAACCATGGAAGAAGATCC CCAACTTGATGGTAGAAGTATGCTT

AHCW0061 SSR TCATGTGAATTTGTGGACGGT CCAGGTTTTTGAGGTCCCTGA

AHCW0310 SSR GTTCAAGGGCTGTGCATTGG GGGTTCGACTCCCGTCTTAT

AHCW0545 SSR ACAGAAGAAGAAACAGCGCG TTCCGTCATGTGCTTCGGAA

AHCW0618 SSR AAATTTGAGCACGCATCCCC TGTCTTTTTCCTCGCCTTTGT

AHCW0700 SSR TGGAAGTTTCACGGGACAGG GTAGCAAGCTTCCCCACCAT

AHCW0768 SSR GGACCCATTTTTGCAAGAGAGA CGGATTGCAACATTGGCGAA

AHCW1250 SSR ACAGCTGCCTCTTCTCTGTG CCCACTCAAAATCGGATTTGGA

AHCW1510 SSR TCCTGCACCATGACCATGAA TGTTCGGCACCAATCTGTCA

AHCW1765 SSR CGCTGGTCTGGCATTTAACG AAGGGAGGAGGAGTTGGGTT

AHCW1862 SSR TGTTCAGGGATGTGTTTGGACT GGGCAAGCTCTTTAAACTGCA

Table 4. 
Some molecular marker systems developed for genetic analysis and breeding in groundnut. Source: [6, 7].
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5. Perspectives

Molecular markers can assist in the selection process with phenotypic selec-
tion and speed up the pace of breeding cycle, in recent times technologies such as 
next generation sequencing i.e. low with high throughput, Genome Selection and 
Genotype by sequencing can be used to achieve the desired goal in molecular breeding 
approaches. The genome/gene space sequence would provide the opportunities to link 
the phenotype with genes. The future of peanut genomics and use of molecular tools 
in breeding seems to be bright that will ensure the peanut improvement for different 
production as well as quality constraints.

6. Conclusion

Molecular markers are used to identify quantitative trait loci which enhance the 
efficiency of selecting complex trait in plant breeding. MAS is an efficient molecular 
tool for breeding, in which markers linked with the desired genes are used for indirect 
selection for that gene in non-segregating or segregating populations. Now a days, 
DArT, SSR, SNP, ISSR, etc. with high throughput technologies are very exciting mark-
ers, which enhances the crop with desired traits and induces tolerance against biotic 
and abiotic stresses in a short period of time.

Molecular markers can provide information that can help define the distinctive-
ness of species and their ranking according to the number of close relatives and 
their ranking according to the phylogenetic position. RAPD patterns generated from 
peanut cultivars could be used as genomic fingerprint to establish the identity of a 
given genotype. The utilization of DArT marker system may limit efficient genetic 
analysis of groundnut genetic resources for cultivar development. Development of 
highly discriminative and informative DArT markers is useful for genetic analysis and 
breeding in groundnut.

A desirable molecular marker should have high polymorphism, frequent occur-
rence, should be easy to use and should be quick, co-dominant inheritance, equally 
dispersed all over the genome, high transferability and reproducibility, less expensive 
and phenotypically neutral. However, it will still take some time before cost-effective 
SNP genotyping platforms are available for genotyping the tetraploid peanut germ-
plasm collections or peanut mapping populations. Extension of SNP-based maps to 
the tetraploid has not been accomplished yet, and will require separation of A- and 
B-genome sequences, but is expected to greatly accelerate genetic mapping and 
marker-assisted selection.
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