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Abstract
Epigenetics, a rapidly developing field within genetics, involves the study of heritable alterations in 
gene expression that are not caused by changes in the DNA sequence. Notable modifications include 
histone modifications, non-coding RNA, and DNA methylation molecules, which collectively reg-
ulate gene expression without modifying the genetic code. This review underscores the influence of 
physiological, pathological, and environmental factors on these modifications, utilizing Angelman 
syndrome and Rett syndrome as examples. Furthermore, this review highlights the broader impact of 
epigenetic alterations caused by lifestyle choices, including smoking and poor diet, on increasing the 
probability of chronic illnesses such as diabetes and cancer. The dynamic nature of epigenetic regula-
tion emphasizes the need to consider environmental and lifestyle factors in understanding complex 
diseases, such as Angelman syndrome, offering significant implications for both etiological compre-
hension and the development of potential therapeutic interventions.
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Introduction:
The scientific community has been en-

couraged by the rapidly expanding field 
of epigenetics 1. This is the examination of 
molecules and mechanisms that may main-
tain alternative gene activity states within 
the context of the same DNA sequence. 
Gene expression alterations or cellular 
phenotypes that dont involve alterations 
to the DNA sequence itself are referred 
to as epigenetics, that is derived from the 
Greek word “epi”( that translates as above/
on top of) 2. Epigenetics is frequently used 
to describe any non-Mendelian unexpect-
ed mode of inheritance. The investigation 
of the mechanisms that determine how the 
genotype produces the phenotype in the 
context of progression was an early descrip-
tion of epigenetics by Conrad Wadding-
ton3. He proposed an alternative definition 
of “epigenetics” by defining two cellular 
control mechanisms: auxiliatory mecha-
nisms that regulate the cellular expression 
of genes and template replication mech-
anisms of DNA sequences 4. Currently, 
Waddington’s interpretation of epigenetics 
is considered to be a tool for controlling 
gene expression. Although it might be clas-
sified as epigenetic in accordance with, it is 
crucial to highlight that this investigation 
was inherently genetic rather than epigen-
etic. Furthermore, Waddington et al. were 
unaware of prokaryotes as organisms rec-

ommended for genetic investigations1-3.
A theoretical framework has been devel-

oped by certain scholars, in which genes 
at various hierarchical concentrations of 
control interact to be detected. Fate of 
cells during progression via differential 
gene expression5,6. The aforementioned 
model not only offered an initial complete 
comprehension of genetic regulation in 
greater organisms, but also proposed sig-
nificant evolutionary consequences. It was 
hypothesized that transcriptional mecha-
nisms might be influenced by changes in 
regulatory regions, which might result in 
stable gene systems that stimulate evolu-
tionary innovations. Empirical studies on 
the regulation of genes during the process 
of development and the examination of 
evolutionary factors that impact changes 
in body plans further refined the model, 
which concentrates on the consolidation 
of DNA sequences responsible for genetic 
expression7.  

There was a significant contribution to 
the field of epigenetics during the 1980s and 
1990s, when numerous expanded meanings 
for the concept were proposed 8. These con-
tributions have facilitated the progression 
of various interpretations and understand-
ings associated with the term epigenetics. 
This theory proposes that epigenetic alter-
ations must be classified as changes in gene 
expression, which are the consequence of 
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DNA methylation or demethylation pro-
cesses. Additionally, the author proposed 
that abnormalities in germline cells at the 
epigenetic level have the potential to be 
passed down to subsequent generations, 
thereby contradicting Waddington’s per-
spective and highlighting the critical role 
of intergenerational heredity in the field of 
epigenetic phenomena 9, 10. Subsequently, 
the investigation of modifications in his-
tone proteins was acknowledged as a pro-
cess that contributes to the phenomenon of 
“epigenetic inheritance,” thereby expand-
ing the conceptual framework surrounding 
this concept 11. Regarding12, a researcher 
studying chromatin changes made a hu-
morous remark about the intriguing nature 
of these changes, attributing their appeal 
to their epigenetic categorization. In an ef-
fort to accurately capture the fundamen-
tal nature of epigenetics, the multitude of 
meanings has increased. According to13, it 
is “the investigation of heritable alterations 
in gene function that are the outcome of 
meiotic and mitotic processes and can’t be 
explained by alterations in DNA sequenc-
es.” Correspondingly, 14, it is characterized 
as “the alteration of chromosomal regions 
to report, communicate, or keep altered ac-
tivity states.”

However, it is crucial to acknowledge 
which of these descriptions cannot consis-
tently distinguish between scenarios where 

changes are transmitted throughout cell di-
vision, thereby preserving gene expression 
patterns, and cases in which changes are 
merely components of the transcriptional 
machinery 15. Consequently, the concept 
of “epigenetics” is subject to a variety of 
interpretations. A substantial portion of 
medical epigenetic studies relate to the ex-
amination of correlations, rather than the 
establishment of causal correlations. The 
role of epigenetic factors in the regulation 
of gene expression has been the subject of 
numerous studies with a specific focus on 
the genome as the predominant determi-
nant. According to the molecular immu-
nologist Ellen Rothenberg, sequence-spe-
cific transcription factors are the primary 
catalysts for changes in the epigenetic envi-
ronment. These parameters are essential for 
establishing the initial positions for histone 
modifications and their effect on the acces-
sibility of DNA16. These variables indicate 
a dynamic point of convergence between 
regulatory history and future trajectories, 
significantly influencing the restructuring 
of the epigenetic landscape.

The contemporary definition of the term 
“epigenetics” presents significant challeng-
es because of the recognition that certain 
epigenetic modifications are not inherited 
during cell division or transmitted through 
the germline. Rather than being restricted 
by a specific designation, these systems play 
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a critical role in controlling gene expres-
sion. Therefore, more detailed research is 
required. A previously presented perspec-
tive 16 is consistent with the idea that the 
distinctions between epigenetics and ge-
netics have grown less apparent, which is a 
positive development. Genetic and genom-
ic investigations have not been displaced by 
the current surge in epigenetic investiga-
tions, which encompasses the investigation 
of chromatin modification, DNA methyl-
ation, and correlated areas. Additionally, 
this has resulted in the investigation of new 
pathways that pertain to the long-standing 
inquiry into gene regulation during the 
development of more complex organisms, 
in addition to their potential applications 
in medicine. The prevailing belief that ge-
nomic information is the primary factor 
affecting heredity and advancement is not 
challenged by epigenetic research. Kuhn’s 
concept should be taken into account when 
considering the aspiration for a paradig-
matic transformation through the lens of 

epigenetics: scientific paradigms, which 
include genetics, help scientists acquire a 
more profound understanding of reality 
rather than completely substitute them 17.

The objective of this review is to pro-
vide an easily understood overview of epi-
genetics, which encompasses its meaning, 
categorization, and role in human illness. 
Furthermore, this study investigated the 
influence of environmental factors and life-
style on epigenetics and focused on several 
epigenetic syndromes.
Understanding Epigenetic Modifica-
tions:

Histone modifications, non-coding 
RNA molecules, and DNA methylation 
(Figure 1) are examples of epigenetic modi-
fications that control gene expression with-
out altering the underlying genetic code 18, 

19. DNA methylation involves the addition 
of methyl groups to DNA, whereas his-
tone modifications change the structure 
of chromatin, affecting gene accessibility 
and frequently leading to gene silencing.

Figure 1:DNA methylation.
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Figure 1.Histone modifications, non-cod-
ing RNA molecules, and DNA methyla-
tion are examples of epigenetic modifica-
tions that control gene expression without 
altering the underlying genetic code.
1.	 DNA methylation:

An essential epigenetic alteration discov-
ered in DNA primarily involves the addition 
of a methyl group (Figure 2) to the cytosine 
base. This modification is predominantly 
observed in CpG dinucleotides, which are 
frequently identified in aggregates known 
as CpG islands. These islands are relative-

ly uncommon, representing approximately 
one percent of the entire genome, and are 
distinguished by their extent of more than 
200 bases, with a G + C composition ex-
ceeding 50%. They are present in mamma-
lian DNA. It is important to mention that 
a significant percentage of human gene 
promoters are correlated with CpG islands 
and frequently lack methylation in healthy 
cells. However, tissue-specific methylation 
has been observed in a small proportion of 
CpG islands, approximately six percent, 
during the early stages of progression 1, 20, 21.

Figure 2:DNA methylation process.
Hypomethylation, which is the term 

used to describe the global reduction in 
methylation concentrations throughout the 
genome, has significant functional implica-
tions if it occurs within the coding regions 
of genes. Alterations in the composition or 

abundance of messenger RNA may result 
from this phenomenon. The DNA of le-
sions in patients with colon cancer shows 
extensive hypomethylation, which is one 
of the primary epigenetic anomalies iden-
tified 22. 
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Hypomethylation has the potential to 
influence the progression of malignancy via 
various pathways, such as the promotion of 
chromosomal instability and the reactiva-
tion of transposable elements. As a tumor 
advances, hypomethylation increases 23.

In contrast, the phenomenon of hy-
permethylation, which involves the addi-
tion of methyl groups to specific genes, is 
well-established. Transcriptional silencing 
of the gene and the consequent reduction 
in protein production have been correlated 
with the prevalence of hypermethylation in 
the CpG promoter region. The biophysi-
cal properties of DNA are altered by the 
protrusion of methyl groups into the major 
groove. These alterations can influence the 
binding affinity of DNA with specific pro-
teins in either a positive or negative man-
ner. The transcription process of converting 
DNA into RNA is impaired when RNA 
polymerase shows inaccurate binding to 
DNA. Hyper-methylation has also been 
associated with carcinogenesis4,21,22.
2.	 Chromatin modifications: 

Chromatin is composed of DNA and his-
tones. Histones are crucial proteins that are 
abundant in arginine and lysine residues 24. 
They are primarily located in the nuclei of 
eukaryotic cells. These entities act as cylin-
drical structures that allow for the coiling 
of DNA, thus serving as essential compo-
nents of its structural organization. The cell 

nucleus contains a significant amount of 
DNA molecules in each chromosome. To 
achieve this, DNA undergoes a process in 
which it coils around histone protein com-
plexes, thereby enhancing the compaction 
of the chromosome structure25. The histone 
repertoire comprises five different families: 
H1/H5 (linker histones), H2A, H2B, H3, 
and H4 (core histones). The nucleosome 
core consists of two H2A-H2B dimers 
and one H3-H4 tetramer. The fundamen-
tal reason for the compact coiling of DNA 
around histones is primarily the electro-
static attraction between the negatively 
charged phosphate backbone of DNA and 
positively charged histones 26.

Furthermore, histones play a crucial role 
in the regulation of gene expression27. His-
tones are susceptible to alterations that sim-
ulate the function of the closed and open 
indicators commonly found in commercial 
establishments15,19. Distinctive changes in 
histones around a gene, resembling acces-
sibility markers, indicate that the gene is 
engaged and active in transcription28. Con-
versely, when these histones show particu-
lar changes, such as closed signs, it signifies 
that the gene is in a state of transcriptional 
repression or inactivity. Analysis of his-
tones and their modifications has provided 
significant insights into the mechanisms 
underlying gene activation or suppression 
in many cellular contexts 29.
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Histones undergo several modifications 
at different sites, with over 60 unique resi-
dues on histones displaying alterations that 
can be identified using specific antibodies 
or mass spectrometry methods. Nonethe-
less, this figure significantly underestimates 
the potential modifications that may occur 
in histones 30. The complexity increases due 
to the existence of three unique forms of 
methylation at arginine or lysine residues. 
An extensive array of modifications has 
significant potential for various functional 
responses. It is essential to recognize that 
previously described modifications cannot 
occur simultaneously on a single histone 30.

One technique for modifying chroma-
tin structure involves the introduction of 
chemical groups, including phosphate, 
acetyl, or multiple methyl groups, into his-
tone residues. Additionally, it is feasible to 
covalently adhere tiny peptides, including 
ubiquitin and SUMO, to particular lysine 
residues 31.
3.	 Non-Coding RNA molecules:

The discovery of long non-coding RNA 
segments (lncRNA) is one of the most in-
triguing explorations in the era of modern 
genetics. Numerous studies have shown 
that specific lncRNAs may influence a 
variety of cellular functions through gain- 
and loss-of-function, as well as the genesis 
and development of diseases 32. Further-
more, the regulation of genes is significant-

ly influenced by widely recognized long 
non-coding RNAs, such as Xist 33. It is in-
teresting to observe that the preponderance 
of haplotype blocks associated with genet-
ic conditions does not commonly contain 
genes for protein coding; rather, they com-
monly encode long non-coding RNAs. 
Unexpectedly, mutations at a number of 
long non-coding RNA loci are heritable in 
human disorders, indicating that these loci 
may play a role in Mendelian genetics 34. In 
summary, these findings indicate that long 
non-coding RNAs are a frontier in the field 
of genetic regulation in the human genome.

The first step in gene production is the 
assembly of factors and RNA polymerase 
II (PII) at the promoters. This is followed 
by elongation, intron splicing, addition 
of a methyl guanine cap, and a polyade-
nine tail35. These biogenesis pathways 
are essentially shared by mRNAs and 
long non-coding RNAs. However, long 
non-coding RNAs and mRNAs demon-
strate a wide range of outcomes, regardless 
of their shared characteristics 36. lncRNAs 
are typically less prevalent than mRNAs 
and are commonly found in the nucleus, 
whereas mRNAs are abundant and rapid-
ly disseminated throughout the cytoplasm. 
Consequently, it is necessary to consider 
that distinct regulatory mechanisms are 
involved in similar production routes 37.
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Epigenetic Syndromes:
Often involving DNA methylation, his-

tone alterations, and chromatin remodeling, 
epigenetic syndromes are illnesses brought 
on by aberrant gene expression without 
changes to the basic DNA sequence 38. 
Among the most well-known disorders is 
Angelman syndrome, which results from 
the lack of maternal UBE3A gene expres-
sion on chromosome 15q11–q13, causing 
developmental delays, speech difficulties, 
and a pleasant disposition 39. Caused by a 
lack of paternal gene expression in the same 
area, Prader-Willi syndrome presents with 
intellectual impairments, hypotonia, and 
obesity. With Beckwith-Wiedemann syn-
drome (BWS), overgrowth, macroglossia, 
and cancer risk result from dysregulation 
of imprinted genes on chromosome 11p15. 
On the other hand, growth retardation 
caused by hypomethylation at 11p15.5 or 
maternal uniparental disomy of chromo-
some 7 defines Silver-Russell syndrome 
(SRS). MECP2 gene mutations produce 
Rett syndrome, which causes stereotyped 
hand-wringing, motor and verbal retarda-
tion, and seizures. Associated with CGG 
repeat expansion and hypermethylation of 
the FMR1 gene, fragile X syndrome caus-
es intellectual impairments and behavioral 
problems. Finally, DNMT3B mutations 
cause ICF syndrome—Immunodeficiency, 
Centromeric Instability, and Facial Anom-

alies—which results in intellectual impair-
ments, facial anomalies, and immunodefi-
ciency. These diseases show the important 
role epigenetic control plays in human de-
velopment and the consequences of its dis-
turbance 40-42.
1.	 Rett syndrome:

An early indicator of neurological disor-
ders is the slow development of the head, 
which ultimately results in microcephaly by 
the second year of life. A German physician 
initially identified this phenomenon. Mi-
crocephaly is characterized by weak pos-
ture, weight loss, and overall growth delays 
as developmental progress diminishes. This 
is due to muscle hypotonia 43.   

Scientists have, for the first time, iden-
tified a correlation between heritable dif-
ferences in DNA methylation and gene 
expression 44. They focused on the effects 
of this modification on gene function and 
determined that CpG dinucleotides are the 
primary sites of DNA methylation in mam-
malian genomes. CpG islands have been 
shown to be unmethylated in their natural 
state, with the exception of segments on the 
dormant X chromosome. Modifications in 
chromatin structure and gene silencing are 
correlated with CpG methylation 44-46.

Two pathways have been identified for 
DNA methylation-mediated gene repres-
sion. In the first mechanism, methylation 
of CpG sites in gene promoters prevents 



Majmaah Journal of Health Sciences ,Vol. 13,  Issue 2 , April - 2025, Shawwal - 1446

189Exploring the Epigenetic Landscape: Unraveling the Intricacies of Gene Regulation

the binding of transcription factors to 
particular sequences. In the second, more 
prevalent mode of repression, methyl-CpG 
binding proteins bind specifically to meth-
ylated CpGs and modify the structure of 
chromatin to prevent it from being accessi-
ble to the transcription machinery 47. At the 
same time, the investigation of DNA meth-
ylation discovered repression mechanisms, 
including methyl-CpG binding proteins, 
and the Rett community was attempting 
to discover the underlying mechanisms of 
this perplexing situation 48. The RTT study 
achieved significant progress in 1999 with 
the determination of its genetic foundation. 
The fields of neuroscience and epigenetics 
have been linked through the unexpected 
discovery that RTT is caused by mutations 
in the extensively expressed MECP2 gene. 
The X chromosome is also correlated with 
Rett syndrome, as a greater percentage of 
cases occur in women 49.  
2.	 Angelman Syndrome: 

The illness, now referred to as Angelman 
syndrome (AS), was initially defined by the 
English physician Angelman. Current es-
timates indicate that the disease affects 1 
in 15,000 individuals. It is characterized 
by hyperactivity, seizures, verbal difficul-
ties, and movement problems, and is com-
monly associated with autism spectrum 
disorders49. The first step in diagnosing 
the illness is to assess the DNA methyl-

ation status of chromosome 15q11–q13 

50. When the methylation pattern exclu-
sively demonstrates a paternal imprinting 
pattern, additional testing is required to 
confirm the diagnosis of Angelman syn-
drome. Investigations in human genetics 
have identified four molecular mechanisms 
causing Angelman syndrome, all involving 
defects in chromosome 15q11–q13 that al-
ter the expression of the inherited UBE3A 
gene (3–5%) 51. The size of the deletion may 
be determined by chromosomal microarray 
analysis, with larger deletions often associ-
ated with more severe symptoms. Angel-
man syndrome can also be attributed to a 
DNA imprinting fault if no chromosomal 
deletion is detected but abnormal DNA 
methylation patterns are evident 52. Abnor-
mal DNA methylation has been identified 
in 80–90 percent of Angelman syndrome 
cases. The remaining cases, which exhibit 
a typical pattern of DNA methylation, are 
attributed to UBE3A point mutations or 
minor intragenic rearrangements 25, 45.
Effect of Lifestyle and Environment:

Epigenetic profiles of complex organisms 
are subject to modifications. As organisms 
grow, a multitude of epigenetic modifica-
tions are necessary for regulating the reg-
ular growth and differentiation of cells. 
Despite the apparent stability of epigene-
tic modifications, they may be affected by 
various factors, including environmental, 
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pathological, and physiological conditions 
[31]. Epigenetic modifications are influ-
enced by factors such as stress, diet, toxins, 
and socioeconomic status. Aberrant epi-
genetic alterations, including those caused 
by negative lifestyle habits, such as smok-
ing or inadequate nutrition, have the po-
tential to increase the probability of chron-
ic illnesses, such as diabetes and cancer. In 
contrast, the dynamic nature of epigenetic 
regulation is illustrated by the potential for 
positive lifestyle adjustments, such as exer-
cise and a healthy diet, to repair detrimen-
tal epigenetic changes 53.  

Environmental influences on epigenetics 
are possible even when the fetus is in the 
uterus. The phenotypic progression of the 
progeny may be influenced by the environ-
ment in the womb. These changes may lead 
to long-term alterations in gene expression 
that persist throughout an individual’s life-
time. These consistent gene regulations are 
affected by epigenetic mechanisms, as indi-
cated by current investigations. The epigen-
etic profile of the progeny is influenced by 
factors such as uterine size and nutritional 
intake during embryo growth. Similarly, 
epigenetic modifications in the embryo are 
associated with maternal obesity 50, 53.  

The epigenetic profile of the offspring 
has been analyzed with regard to mater-
nal environmental factors, including the 
mother’s diet. Agouti mice illustrate the 

consequences of specific epigenetic mod-
ifications on their offspring 54. The agouti 
alleles regulate pigment production in each 
hair follicle. Agouti mice are thin and free 
of diabetes due to the expression of agouti 
proteins, which results from DNA methyl-
ation of the agouti promoter. Interestingly, 
methylation of the agouti gene in the prog-
eny of pregnant female mice significantly 
increased when methyl donors were ad-
ministered before and during gestation55, 56.  

It has recently been discovered that the 
long-term epigenetic traits of a mother’s 
progeny in humans can be significantly 
influenced by the mother’s diet. Methyla-
tion levels of the IGF2 gene were found 
to be lower in individuals who experienced 
prenatal hunger during the Dutch Hunger 
Winter than in their non-exposed siblings 
of the same sex, even 60 years later 57. These 
epigenetic modifications occur during the 
periconceptional phase, demonstrating the 
significance of early mammalian develop-
ment in the imprinting and maintenance 
of epigenetic patterns. The theory that the 
creation and preservation of epigenetic 
signatures are significantly influenced by 
early developmental stages is supported by 
previous investigations. This suggests that 
environmental factors encountered during 
early life can cause permanent alterations in 
an individual’s epigenetic structure 58.  

The impact of environmental exposure 
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on development and health is pervasive, 
and epigenetic modifications are believed 
to be significant mediators of these effects. 
In mammals, conditions before, during, 
and after conception can influence DNA 
methylation, non-coding RNA expression, 
and histone modifications58. The poten-
tial effects of these alterations on genomic 
transcription may, in turn, influence devel-
opmental trajectories. Research on inter-
generational epigenetics has traditionally 
focused on maternal environmental expo-
sure, but laboratory and epidemiological 
studies suggest that paternal environmen-
tal exposure is also significant 59. Such ex-
posures are linked to various outcomes in 
offspring, including behavioral, metabol-
ic, and neurological characteristics, with 
effects potentially lasting across multiple 
generations. This demonstrates the influ-
ence of developmental plasticity and en-
vironmental factors on epigenetic inheri-
tance54,55.  

Various studies have investigated the 
relationship between environmental expo-
sure to chemicals and epigenetic changes, 
identifying numerous detrimental agents 
that may induce these alterations. While 
most research has focused on DNA meth-
ylation, recent investigations have explored 
how environmental contaminants affect 
histone modifications60-64. Animal mod-
els have demonstrated that these epigen-

etic mechanisms can be transmitted across 
generations 65. However, it remains unclear 
whether this inheritance occurs in humans 
or if transgenerational epigenetic effects 
from environmental exposure are present 
in human populations.  

Nonetheless, growing evidence indicates 
that epigenetics may serve as a valuable tool 
in developing biological markers to identify 
individuals at higher risk of disease or in-
creased susceptibility to specific exposures. 
Achieving this requires laboratory meth-
ods that are highly sensitive, precise, and 
comprehensive in human studies. These 
methods enable the detection of epigenetic 
changes prior to disease onset. Research 
indicates that toxins can alter epigenetic 
marks following repeated exposures, with 
such marks found in tissues affected by 
associated illnesses 65. Further prospective 
research is necessary to determine wheth-
er individuals exposed to these chemicals 
experience gradual alterations in their 
epigenetic profiles over time and whether 
these changes increase their disease risk.
Conclusions:

Without changing the underlying DNA 
sequence, epigenetic mechanisms—in-
cluding DNA methylation, histone chang-
es, and chromatin remodeling—have a vi-
tal function in controlling gene expression. 
The dynamic character of these changes 
emphasizes the great impact on gene con-
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trol across development and across genera-
tions of environmental, physiological, and 
pathological elements. The data provided 
emphasizes the possibility of both good and 
negative environmental exposures—such 
as nutrition, pollutants, and stress—can 
cause epigenetic modifications that might 
last beyond the lifetime and, occasionally, 
be passed on to next generations.

Research on prenatal influences—such 
as the Dutch Hunger Winter and model 
animals like the agouti mouse—showcases 
the ongoing effect of early environmental 
factors on gene expression. Furthermore, 
the intergenerational consequences of 
mother and father exposures highlight the 
need of addressing both parental surround-
ings while assessing epigenetic factors on 
health and disease.

Reliable epigenetic biomarkers devel-
oped as research improves could offer im-
portant instruments for early illness iden-
tification, risk assessment, and focused 
treatments. Future studies should concen-
trate on determining the long-term conse-
quences of environmental exposures on the 
epigenome and elucidating the human epi-
genetic inheritance mechanism. Knowing 
these mechanisms will help us to develop 
better plans for treating diseases having an 
epigenetic base, therefore strengthening 
our knowledge of gene-environment inter-
actions in both health and illness.
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